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Abstract—The combined effects of thermocapillary and buoyancy forces in an open cavity heated from

one side have been modeled numerically. The configuration is that of two shallow, immiscible superposed

liquid layers. High Prandtl number fluids are considered under both 1- and u-g environments. The interfaces

are considered deformable. It is shown that encapsulation strongly reduces the flow in the lower layer, and

that a p-g environment significantly reduces the flow in the lower layer. The sensitivity of the flow structure

to some physical properties is also described, and particularly the relevance of the thermocapillary forces.
Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

The study of the behavior of fluid flow and convective
heat transfer in a system composed of different super-
posed fluid layers (liquid or gas) is of interest in many
engineering applications. One important area is crys-
tal growth and in particular, growth in a micro-gravity
space environment where it is hoped that high quality,
large size crystals can be grown. Reduction of the
gravity level leads to a reduction in natural convection
and of the hydrostatic pressure level (two suspected
sources of imperfections in crystal growth on earth).
However, then convective effects associated with sur-
face tension driven flows oftentimes become very
important ; that is, the presence of a variation in inter-
facial tension can affect and/or generate fluid flow {1,
2]. One way to minimize the surface tension effect is
by the use of an encapsulant layer as in a liquid-
encapsulated Czochralski configuration where liquid
boron oxide (high viscosity) covers a gallium arsenide
melt. In this case the encapsulant layer also prevents
evaporation of volatile components like arsenic [3]. In
fact the analysis of the behavior of such phenomena
is currently of major interest since there are space
experiments planned which involve multi-layered sys-
tems.

This numerical study concerns the prediction and
the analysis of the flow structure and concomitant
heat transfer which develop in a differentially heated
rectangular cavity containing shallow, immiscible
fluid layers. In this study high Prandtl number fluids
are considered. A space experiment of such a mul-
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tilayered system using the Bubble Drop and Particle
Unit (BDPU) built by the European Space Agency is
planned for the IML-2 mission scheduled for 1994 [4,
5]. One aim of the space experiment is to find criteria
to reduce the surface tension driven flow in the lower
liquid layer which is presumed to be representative of
an encapsulated melt of an electronic material,
although presently no low Prandtl number fluids are
investigated. This study was initiated to aid in the
definition of the space flight experiment as well as
post-flight data analysis. This work was performed in
collaboration with the ground-based experiments in
progress by Koster et al. [4, 5], where the gravitational
force is oriented perpendicular to the interfaces.

The first phase of this numerical study (see ref. [6])
focused on an open, shallow cavity, heated from one
side and filled with a high Prandtl number fluid (taken
to be fluorinert FC75) in a terrestrial environment, in
order to compare with the experiments [4, 5]. The
combined effects of buoyancy and thermocapillary
forces have been analyzed for various experimental
conditions. A significant influence of the ther-
mocapillary forces on the form of the bulk flow in
such systems has been shown [6]. The second phase
described herein concerns a two layer system of immis-
cible liquids where the upper interface is a free surface.
Both the top and the intermediate liquid-liquid inter-
face are considered deformable. This configuration is
subjected to 1- and u-g conditions. The aim is to show
the contribution of a low-gravity environment. First,
the evolution of the flow structure when increasing
the temperature contrast between the two side walls
was studied for a fluorinert FC75-water system under
both I- and p-g environments (see also refs. [7, 8]).
The sensitivity of the nature of the flow to some physi-
cal properties of the upper liquid is described herein.
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A = HjL aspect ratio of each layer
Bd  dynamic Bond number
Ca  Capillary number

e,, e, unit vectors

Fr Froude number

g gravitational acceleration
Gr Grashof number

H height of each liquid layer
H mean Gaussian curvature
k thermal conductivity

L length of the cavity

Ma  Marangoni number

n unit outward pointing normal vector
P static pressure

NOMENCLATURE

v vertical axis.

Greek symbols
f volumetric coefficient of thermal
expansion
¥ temperature coefficient of surface
tension
i dynamic viscosity
v kinematic viscosity
p density
a surface tension coefficient
T stress tensor
¢ contact angle of a liquid
X thermal diffusivity.
W

Pr Prandtl number streamfunction.
R, surface tension Reynolds number
t unit tangent vector. Subscripts
T temperature ¢ cold
U velocity scale h hot
u horizontal component of the velocity 0 reference state
v vertical component of the velocity 1 lower layer (j = 1 or 2)
X horizontal axis 2 upper layer.
y significant effects in these cases when taking into
account a deformable interface (see ref. [6]).
The fluids considered were the fluorinert FC75 for
liquid 2 H2 the lower layer and in most cases water for the upper
cold wall hotwall One. a system which is gravitationally stable, i.e. the
H density of FC75 is larger than that of water.
liquid 1
insulated wall x
L 3. MATHEMATICAL MODEL

Fig. 1. Schematic diagram of the multilayered system.

2. PHYSICAL MODEL

The configuration consists of two immiscible liquid
layers of equal volume contained in a two-dimensional
open cavity (Fig. 1). An aspect ratio of
A= H/L =1/51 (where H is the height and L the
length) representing Koster’s experiments [4, 5] has
been considered for each layer. A temperature gradi-
ent is imposed perpendicular to the gravitational force
by maintaining the isothermal side walls at different
temperatures. The upper interface is taken to be a free
surface, representative of a liquid—gas interface. Both
the top and the intermediate liquid-liquid interface
are deformable, but with fixed contact angles and
subjected to surface tension gradients induced by the
temperature gradient along each interface. At this
time the contact angles ¢ have been taken equal to
¢ = n/2, like in our one layer model [6]. Further
modeling studies including wetting and non-wetting
liquids are planned since Keller and Bergman [9] or
Kamotani [10] have shown that there can be some

In the mathematical model, like for the one liquid
layer configuration [6], the flow in each liquid phase
is assumed to be laminar, the fluid to be Newtonian
and the Boussinesq approximation is made. That is,
physical properties such as viscosity, density (except in
the buoyancy term), volumetric coefficient of thermal
expansion, temperature coefficient of surface tension,
heat capacity, thermal diffusivity, conductivity are
assumed to be constant.

The fluid density in the body force term in the
Boussinesq approximation is modeled using

p=poll = B(T—T,)] (N
where the subscript 0 refers to a reference state

1 0p
B=——2=
pOCTTo

is the volumetric coefficient of thermal expansion, p is
the density, and T is the temperature.

As proposed by Cuvelier and Driessen [11] the fol-
lowing Boussinesq type approximation with respect
to the surface tension is made: the surface tension
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coefficient ¢ equals a constant value ¢, independent of
temperature, except in the tangential force boundary
condition, where o is considered to be a linear function
of temperature

o = ao[l —9(T—Tp)] )
where

1 oy

Gy oT T,

is the temperature coefficient of surface tension. (For
many high Prandt! number liquids the value of y is
positive.)

The governing equations are mass conservation and
the coupled Navier—Stokes and energy equations. The
flow is assumed to be steady in the initial phase of this
work. To non-dimensionalize the variables let

L *i *
i X i _ W pPj

J L uf—U =

1T,
P p U?

L=11.¢

where * denotes dimensional quantities, T}, and T, are
the hot and cold side wall temperatures, respectively
(AT = T, — T, U is the velocity scale, p is the static
pressure, i denotes the different vector components
and j refers to the liquid layer (1 for the lower and 2
for the upper).

As in our one liquid layer model [6], the velocity
scale suggested by Ostrach [12, 13] for a boundary
layer type of flow in u-g was used

_ 00\ (To=T)*v, |'#
|G e

where v is the kinematic viscosity and u the dynamic
viscosity.

Finally, the dimensionless problem is formulated as
follows :

lower layer

Vou=0 ®
@' Vyu= —Vp— %(1 -~ F;;:' T)ey+ Yk V-t
Q)
u-vT = PR VT (M
upper layer
Vou=0 ®)
SV = _vp_ﬁFlr(l_ﬁF;gz‘ T)ey+ﬂ;;/~3V-r
()
ﬁ“'VT=ﬁFr2_R7§3—V2T 10)
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where 1 = u(Vu+Vu') is the stress tensor, u = ue,+
ve, is the velocity vector, (e,,e,) are unit vectors, x is
the horizontal axis, y is the vertical one,

and ﬁ—&

ptee 5t :
M

Por B

The dimensionless parameters which appear are the
Grashof number

_gB,ATL?

>
Vj

Gr;
the Prandtl number, Pr; = v,/y,, the Froude number,
Fr = U*/gL, and the surface tension Reynolds number

ATL

v,

do;

oT

9

Two other parameters will also be used, the Mar-
angoni number

ATL
HiXy

da,
or

Ma, =

J

(Ma = PrR,),

and the dynamic Bond number

_ ﬂjPOngz

Bd,
Yi%o;

(Bd, = Gr;Pr;/{Ma;)
where g is the gravitational acceleration and y the
thermal diffusivity.

No-slip and no-penetration conditions are imposed
along the rigid walls. The vertical sides are maintained
at constant temperatures (hot and cold) ; the reference
temperature has been taken as 7, = T.. The bottom
of the cavity is assumed to be thermally insulated.
These boundary conditions are written as follows :

x=0, 0<y<d4d and A<y<24

u=v=0 T=0 (11)

x=0, y=4 and y=24 u=0 T=0
(12
0<x<l, y=0 u=v=0 —T=0 (13)

dy

x=1, 0<y<H(1) and H,(l) <y < H,(1)

=p=0 T=1 (14)
x=1, y=H/(1) and y= H,(1)

u=0 T=1 (15)

where H(x) is the location of the moving interface j.

At the deformable interfaces the following bound-
ary conditions are obtained from mass conservation,
kinematic constraints, and normal and tangential
stress balances (for x > 0):

Liquid--gas interface

u,'n, =0

(16)



2754
+ /i ! 204 : - T
—p, =My T =204 o 7
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(17)
o ..
fprtm TS -GV (Y
n.-v7. =0 (19)

Liquid-liquid interface

u'n =u-.'n; =40 (20)

1
—A{pr—p2)+ RZ‘;(l—ﬂ)nlnl :
' | 1 \
(t)—1.) =24, <7""""7T -y T (21)
(‘UmR;“ R(i /
3 |
R (—mtn, ;. (1, —1) = — RT;t] (VT, +VT,)
(22)
ki VT, = —k.n VT, (23)
n, A{u,—u,) =0 (24)
T, =T, (25)

where n, and t, are the unit outward pointing normal

and tangent vectors, respectively, on interface /, .#, is

the mean Gaussian curvature at interface /.,

1, U

Cay; = 2k
O,

is the Capillary number at interface /, k is the thermal

conductivity,

. Op2 L
d=— and ="

Tor ’ T

The surface tension coeflicient o, and its variation
with temperature at the liquid-liquid interface was
calculated, as in refs. [14. 15], using the Antonow rule
[16] which states that ““the surface tension between
two liquids is equal to the difference between the o
values for the respective air-liquid systems’. While
the validity of this approximation is questionable, at
the time of this work no experimental results were
available to the authors.

4. NUMERICAL PROCEDURE

The simulations were performed with the FIDAP
code [17] based on a Galerkin finite element (GFE)
technique; see also refs. [6, 17] for more details. The
approach to a moving boundary involves an adaptive
spatial mesh in which the nodes located on the free
boundary remain on the free boundary ; these nodes
move along specified lines (spines). An additional
degree of freedom is associated with the nodes on the
free boundary which directly determines their location

J.-P. FONTAINE and R. L. SANI

in space and all other interior nodes which are moved
along the same lines to maintain mesh grading. Then
the simultaneous calculation of the position of these
nodal locations and the field variables is performed
via an iterative technique. The solution procedure
consists first of a successive substitution scheme (or
Picard iteration), because of its large radius of con-
vergence, and secondly, the utilization of the Newton—
Raphson algorithm because of its faster convergence
rate.

The computations are carried out with non-uniform
(concentrated near the boundaries and interfaces)
meshes of quadrilateral elements with a C* bi-quad-
ratic approximation for the velocity and the tem-
perature fields and a C~' linear approximation for the
pressure.

5. RESULTS AND DISCUSSION

The study described herein analyzes a double layer
system filled mainly with fluorinert FC75
(Pr; =23.38) for the lower layer and water
(Pr, = 7.32) for the upper layer, since they are the
ones used in the physical experiments [4, 5]. This paper
reports on the evolution of the flow structure when
the temperature contrast between the two side walls
is increased up to AT = 1.1 K, enhancing both the
buoyancy and the thermocapillary forces in 1-g, and
10~ g, environments (g, is the terrestrial gravitational
acceleration), hereafter called 1- and p-g. The space
flight experiment is expected to be performed in a
gravitational environment between 10~ g, and 10 °
£,. The sensitivity of the flow structure to some of the
physical properties is described.

5.1. Effect of the temperature gradient in a 1-g environ-
mient

The convective heat transfer rate was studied at
constant dynamic Bond numbers Bd, = 1366 and
Bd, = 24, corresponding to the fluorinert FC75-water
system’s properties [4, 5]. Thus, the Grashof and the
Marangoni numbers vary simultaneously, but at a
constant ratio Bd, (Bd, = Gr,Pr/Ma,). Several flow
configurations were obtained when increasing the
Grashof numbers Gr, from 265 to 3 x 10* and Gr.
from 24 to 2.7 x 10° (the Marangoni numbers ranged
from 4.5 up to 5.1 x 10° for Ma, and from 7.3 up to
8.3 % 10* for Ma.).

Numerous meshes have been used to perform the
computations, using the mesh refinement studies done
in the one layer configuration [6] for guidance. The
results reported herein were obtained on six different
meshes :

(1) a 51 x33 mesh (in the y- and x-directions,
respectively) for Ma, < 170 and Ma, < 277 in 1- and
n-g:

(2) a 51 x 45 mesh for 170 < Ma, < 1.7 x 10" and
277 < Ma, < 2.77x10%in 1-g:
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Fig. 2. Non-uniform mesh of nine node quadrilateral elements; 51 x 73 nodes.

(3) a 51 x 53 mesh for 170 < Ma, < 1.7x10* and
277 < Ma, < 2.77x 10% in p-g;

(4) a 51x73 mesh (Fig. 2) for 1.7x 10> < Ma,
< 1.7x10*and 2.7 x 10®* < Ma, < 2.8 x 10*in 1- and
ng;

(5) a 59%x73 mesh for Ma, > 1.7x10* and
Ma, = 2.77 x 10*in 1- and p-g;

(6) a 59x109 mesh for Ma, = 5.1x10* and
Ma, = 8.3x10*in 1- and u-g environments.

The last mesh is highly refined along the active side
walls and the deformable interfaces, particularly, in
the cold wall region near the free surface and the
liquid-liquid interface. Such a fine mesh is needed
because of the high Prandtl number fluid being con-
sidered. In this case large values of Grashof and Mar-
angoni numbers lead to large Peclet numbers and
concomitantly very small boundary layers are
expected, especially for the thermal field. In addition
a very complicated boundary layer structure is
expected in the corner regions near the deform-
able interfaces. The first node in the corner region
inside the fluid is at (x=1283x107%
y=24-5309x10"%), where (x = 0,y = 24) is the
point where the cold wall and the free surface intersect.
Kamotani and Ostrach [18] suggested a length scale
for the corner region of order Ma~' for a cavity filled
with 10-cs silicon oil and submitted to Ma in the range
10*-10°,

For Gr, = 265, Gr, = 24, Ma, = 4.5 and Ma, = 7.3
(corresponding to AT =~ 10™*K) the primary features
one observes [Fig. 3(a)] are two large co-rotating cells
(one in each liquid) with a very thin elongated coun-
ter-rotating cell inbetween at the bottom of the upper
layer. The cell in the lower layer is driven both by the
buoyancy force in the bulk phase augmented by a
thermocapillary force at the liquid-liquid interface
(flow is from the hot wall, located on the right side,
to the cold one). This driving force is coupled with the
flow motion of the main upper layer cell through a
shear layer in the elongated cell. It is noteworthy that
the surface tension gradient is almost three times
larger at the free surface than at the liquid-liquid

interface and one might expect a shift in structure
as the gravitational force is reduced. The streamlines
show similar mass transport in each fluid layer. There
are two primary reasons for the occurrence of the flow
separation zone in the upper layer. The first one is
that the thermocapillary forces are acting to enhance
the motion of the cell in the lower layer, and to retard
the motion in the upper layer if no flow separation
occurred and there was only a single cell in the upper
layer. The second one is that the buoyancy term in the
momentum equations is 22 times larger in the lower
layer than in the upper one (due to larger density
and volumetric coefficient of thermal expansion in the
fluorinert FC75 than in water) and its buoyancy force
dominates in this case; taking into account that the
two fluids present a similar viscous nature
(ircrs & 1.4pyae)- The thermal field is of conduction
dominated type [Fig. 3(b)].

The major change is then the shift of the strongest
flow velocities near the cold wall in the upper layer
due to the thermocapillary forces, in the presence of
contact angles equal to 7/2; that occurs when
Gr,=210°, Gr,>91x10°, Ma, =>1.7x10° and
Ma = 2.77 x 10°. This typical effect for a high Prandtl
number fluid has been explained in detail for the single
layer model [6] ; see also [10, 19-22].

Increasing the thermal gradient such that Gr, = 10°,
Gry=91x10, Ma, =17x10* and Ma,=
2.77 x 10* (corresponding to AT = 0.36 K) leads to
a flow in the upper layer, except in the separation
zone, which is similar to the one obtained in the one
liquid layer configuration for high Grashof and
Marangoni numbers [6]. A small cell [Fig. 4(a)] is
generated below the free surface near the hot wall
due to surface tension forces. Close to the cold wall
the streamlines are ‘sucked’ into the corner, reflecting
a sharp surface velocity peak. This peak corresponds
to the highest velocities in the entire cavity and is due
to the strong thermal gradient created in the corner.
These two effects are also clearly seen on the surface
velocity profile [Fig. 4(d)]. It is also noteworthy that
the thickness of the separation zone is decreasing when
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(b)

Fig. 3. The temperature gradient, streamlines (a) and isotherms (b) for Gr, = 265, Gr, = 24, Ma, = 4.5,

Ma, =173, Cay=128x10"" Cap=72x10""

and  Fr=1552x107"" iy, = 4321 x107%;

Yo = —4.95% 1074,

increasing the thermal gradient. The horizontal vel-
ocity profile along the liquid-liquid interface [Fig.
4(c)] reflects the strong velocities which occur near the
heated walls in the separation zone, an insignificant
effect at smaller temperature gradients. viz, smaller
Grashof and Marangoni numbers. In the lower layer
one can observe a regular flow structure reflecting a
horizontally stratified thermal structure [Fig. 4(a, b)] ;
approximately 65% of the total temperature gradient
AT occurs near the hot wall in the bottom of the
domain. Contrarily to the one liquid layer model [6],
the highest velocities present in the lower liquid layer
are not located very close to the cold wall like in the
upper layer, but within the upward flow along the hot
wall. Thus, a reduction of the thermocapillary forces
near the cold wall is predicted with this two liquid
layer configuration. The isotherms [Fig. 4(b)] show
stronger horizontal thermal gradients along the
heated walls in the lower layer (Pr, = 23.38) than in
the upper one (Pr, = 7.32). This two co-rotating cell
structure including a secondary cell in the upper layer
has also been predicted by Ramachandran [14] for a
water—hexadecane system of aspect ratio 4 = 0.5 for
each layer, and by Peltier and Biringen [23] for a
FC75-water system of aspect ratio 4 = 1/3.81. Simi-
lar behavior can also be noticed on the isotherms.
Myrum et al. [15] also obtained the same type of main

flow structure for a water-hexadecane configuration
in a complex geometry. Azuma et al. [24] obtained,
experimentally and numerically, this type of flow
structure (two main co-rotating cells and a shear layer
inbetween in the upper layer) for a fluorinert FC70-
silicone oil KF96 system in a cavity of aspect ratio
A = 0.25 for each layer, and with a stronger thermal
gradient applied (AT = 10 K). The separation zone
appears to be much thinner in the experimental visual-
izations of Koster er al. [4, 5], a discrepancy which
could be due to a lack of precise data for the interfacial
tension of the system, or to the fact that the fluorinert-
water interface is not perfectly ‘clean’ (as assumed in
the numerical model). However this flow structure,
including two co-rotating cells and the small ceil
created near the hot wall, is in agreement with the
experiments performed for higher AT or when replac-
ing water by other liquids.

When a stronger temperature gradient is imposed,
the thermocapillary forces on the free surface cause
the occurrence of two secondary internal cells in the
upper layer with the stronger one close to the hot
wall. On Fig. 5(a, b) the flow is represented when
Gr, =3x10% Gr,=27x10°, Ma, =5.1x10* and
Ma, = 8.3x 10, corresponding to AT = 1.1 K. (A
streamline has been added on Fig. 5(a), without main-
taining the difference constant between two successive
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Fig. 5. The temperature gradient, streamlines (a) and isotherms (b) for Gry =3x10° Gr, = 2.7x 10,

Ma, =51x10°.  Ma, =83 x10%

Yo = 3.653x 10

ones in order to emphasize the flow in the lower layer.)
The thickness and therefore, the motion of the sep-
aration zone is significantly affected by this three cell
flow structure. The appearance of three cells is very
likely due to the ‘effective’ aspect ratio which is
decreased due to the separation zone. This flow struc-
ture has a noticeable influence on the isotherms as
well as the thermal gradients close to the active walls
[Fig. 5(b)]. However the primary flow in the whole
cavity is still a two co-rotating cell structure. For these
Grashof and Marangoni numbers the magnitude of
deformation of both moving interfaces is insignificant,
less than 1/2000 of the fluid depth of each layer.

A noticeable effect of the aspect ratio of the cavity
on the flow structure and concomitant heat transfer
has been predicted for a single layer of water sub-
mitted to a thermal contrast between the two side
walls of AT = 2.5 K under a l-g environment, that is
Gr=64x10", Ma = 1.5x10°,and Pr = 7.32 (see ref.
[25]). Two aspect ratios (4 = H/L) were considered :
a shallow cavity (A4, = 1/5.1), and a deeper one
(A4 = 1.525/5.1 = 1/3.81) ; the length L was the same

Cay = 6.46x 10 °
Fimin = —23%x 1070,

Cay, =3.65x107°, and Fr=14x10"°%

(L = 5.1 cm) for both cavities, so only the height was
changed. The main feature of the flow was a cell which
filled three fourths of the cavity at aspect ratio 4, and
half at A4,. while a much weaker motion was seen
close to the cold wall. The isotherms reflected a broad
isothermal zone (more than half of the global volume)
below the free surface for the deeper cavity 4,. Villers
and Platten [22] described also an influence of the
aspect ratio in a single layer heated from one side, in
the absence of gravity. (In their numerical model the
free surface was considered flat and non-deformable.)
When decreasing the aspect ratio 4, a variation of the
number of co-rotating internal cells is observed: a
unicellular flow exists for 4 = %, a second cell occurs
for A = % or 4 = %, and a third cell develops for 4 =
({(viz. L = 6H). This last structure is similar to the one
obtained in our double layer system, where the ‘effec-
tive’ aspect ratio is very close to 4 = é Some com-
putations performed by Peltier and Biringen [23] uti-
lizing a deep cavity (of aspect ratio 4, = 1/3.81 for
each layer) for the fluorinert FC75-water system show
a similar effect occurring in the water layer (upper
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Table 1. Maximum of the velocity vector magnitude of the
fluorinert FC75 times the surface tension gradient to the two
third for the one and two layer models

Gr, Unpax % (60/0T)**|one U pan % (00,/0TY*|two
10* 6.92x 1072 2.937x1072
10° 1.129 x 10~ 4.116 x 1072
10° 2.414x 107! 4,166 x 102
3Ix10° 3.163x 10! 5.044 x 1072

one) compared to our shallower cavity 4,. (In their
numerical model the interfaces were considered flat
and non-deformable.) For a cavity of aspect ratio A4,
we obtained a three internal, co-rotating cell structure
in the upper layer for a AT > 1 K at 1-g, whereas the
secondary and the third co-rotating internal cells were
not observed by Peltier and Biringen [23] at the larger
aspect ratio 4, system, even for AT = 3 K.

A comparison of the maximum magnitude of the
velocity vector for the fluorinert FC75 between the
one layer configuration and the two layer system is
given in Table 1 for different temperature gradients.
The variable reported is

- oo, \*"?
0~ (%)

U being the dimensionless value. One can notice that
the motion is noticeably reduced in the lower layer
when a second liquid layer is superposed above. This
is to be expected when considering a multilayered
system. For the one liquid layer model the velocity
maximum is located on the free surface of these Gra-
shof and Marangoni numbers, reflecting a strong sur-
face tension effect. For the two layer model this
maximum is located below the interface for Gr, = 10*
and inside the upward mass transport along the hot
wall for higher Grashof numbers, showing a buoyancy
driven dominated flow for 10° < Gr; < 10°. When
Gr = 2 x 10° the thermocapillary forces cause the vel-
ocity to be faster at the liquid-liquid interface near the
cold wall, predicting a strong thermocapillary driven
effect.

5.2. Effect of the temperature gradient in a u-g environ-
ment

A micro-gravity environment was studied by con-
sidering a gravitational force of g ~ 10~ °g,. In that
case the dynamic Bond numbers Bd, = 1.4 x 10~% and
Bd, =2.5x107* become very low. As one might
expect, very different flows have been predicted in the
lower layer in comparison with the 1-g results.

For Ma, = 4.5, and Ma, = 7.3 (Gr; =2.7x 1073,
Gr, = 2.5x107*, corresponding to AT ~ 10~*K) one
can see [Fig. 6(a)] a unicellular flow motion in the
upper layer driven by thermocapillary forces on the
free surface which are directed from the hot wall to
the cold wall. The flow in the lower layer is also uni-
cellular and counter-rotating, but very weak com-
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pared to the upper layer, suggesting that this lower
cell is primarily driven by the motion in the upper
layer (at 1-g similar mass transports were obtained in
both layers). Interfacial tension driven flows are vis-
ible in the neighborhood of the liquid-liquid interface
and on the interface close to both heated walls, and
create small counter-rotating rolls in these regions
[Fig. 6(a)]. The maximum of the streamfunction in
the lower layer is about nine times smaller (in absolute
values) than in the upper one and at 1-g they were
approximately equal. The isotherms show a con-
duction dominated type of regime [Fig. 6(b)]. Thus,
one can conclude that u-g environment leads to a
completely modified flow structure in the lower layer
for the present case of a small temperature gradient.

Increasing the Marangoni numbers one observes
the growth of both cells generated close to the heated
walls due to thermocapillary forces acting at the
liquid-liquid interface, and in particular, the right side
cell (hot side) is more noticeably affected. However, a
regular cell persists in the center generated by the
motion of the upper layer. In this layer the sur-
face tension effect generates the strongest velocities
close to the cold wall for Ma,=277x10
(Ma, = 1.7 x 10%), as seen previously. Figure 7(a—d)
shows the flow patterns for Ma, = 1.7 x 104,
Ma, =2.77x10%, Gr, = 10.2 and Gr, = 0.93. [As in
Fig. 5(a) an ‘extra streamline’ has been added in Fig.
7(a).] The upper layer motion is similar to the one
obtained for the same Marangoni numbers under 1-g
conditions, except in the vicinity of the liquid-liquid
interface where the thin separated flow region does
not uniformly influence the entire length. Thus, the
central roll occurring in the bottom layer is still gen-
erated by the upper motion; however, this cell is
weaker than the other two, i.e. the velocity and stream-
function magnitudes are smailer. The stronger one
develops on the right side (hot side) and affects almost
half the cavity. The ratio between the streamfunction
maxima of the two liquid layers is over 13, while it
was of the order of 2 in the 1-g environment. The
isotherms show a strongly convection dominated type
of regime, reflecting the multiceil flow computed [Fig.
7(b)]. Half of the temperature gradient occurs in the
vicinity of the cold wall in the free surface-wall corner,
causing the occurrence of the extremely large ther-
mocapillary forces and concomitantly large velocities.
Contrarily to a 1-g environment, the horizontal ther-
mal gradient is slightly higher near the hot wall in the
upper layer (filled with a lower Prandtl number fluid)
than in the lower layer where the thermal gradients
are largely reduced.

The horizontal velocity profile is plotted along the
liquid-liquid interface in Fig. 7(c) and the free surface
in Fig. 7(d). Figure 7(c) reflects the effects described
above, i.e. the influence of the interfacial tension
driven cells. The hot cell (right side) is rotating almost
twice as fast as the cold one (left side), five times the
central one and extends over half the length of the
cavity. The velocity maximum is about 40% higher in
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(b)

Fig. 6. Typical results for a u-g environment: streamlines (a) and isotherms (b) of the flow computed
at Ma, =4.5. Ma, =73, Gr, =2.7x107% Gr,=2.5x107%, Cay = 1.28x 1077, Cay, = 7.2 x 1078, and
Fr=542x10"° Yy = 5.975 <1077 Yy = —6.91 x 1074,

the 1-g environment [Figs. 4(c), 7(c)] and this is also
true for the maximum of the lower layer (Table 2). A
sharp velocity peak on the free surface close to the
cold wall due to the large thermal gradient [Fig. 7(b)]
is seen in Fig. 7(d). The effect of the cell located near
the hot wall is larger under u-g conditions : the velocity
maximum of the primary peak is twice the maximum
of the secondary peak ; this ratio was over 2.5 in 1-g.
It is also noteworthy that the maximum of the velocity
(of the primary peak which is also the maximum of
the whole cavity) is only 5% smaller in u-g than in 1-
g (Table 2).

Similar to 1-g conditions secondary internal cells
appear in the upper layer [Fig. 8(a, b)] for
Ma, = 51x10* Ma, =83x10°, Gr,=30.6 and
Gr, = 1.38 (AT = 1.1 K). [As in Figs. 5(a) and 7(a)
an ‘extra streamline’ has been added in Fig. 8(a).] The
central roll is stronger than at 1-g; but the major
change is the presence of an extremely thin separation
zone spanning the entire length of the upper layer.
This proves that the thermocapillary forces created
along the liquid-liquid interface become more effec-
tive than the forces generated by the flow in the upper
layer, which is driven by the thermocapillary forces
acting at the free surface. Thus, the lower layer has a
two co-rotating cell structure in which both are driven
by thermocapillarity. For the largest Marangoni num-

bers the magnitude of the deformation of the shape
of both interfaces amounts to 1/180 of the fluid depth
of each layer which is small, but larger than in 1-g.

The presence of very weak buoyancy forces is obvi-
ous along both active walls (lower layer), especially
along the cold wall [Figs. 7(a), 8(a)], where the stream-
lines do not reflect the acceleration to the flow seen at
1-g. In terms of the isotherms [Figs. 7(b), 8(b)] this
effect translates to thinner thermal boundary layers
along both active walls at 1-g. At 1-g buoyancy pro-
vides an acceleration to the flow in the vicinity of
the cold wall which counteracts the adverse pressure
gradient generated by the decelerating core flow, and
so stabilizes the boundary layer on the lower half of
the cold wall, as described by Carpenter and Homsy
[19].

Table 2 contains the maxima of the velocity field in
the whole cavity (U,,.,) and in the lower layer (U} ,.,)
for several Marangoni numbers. Comparison between
1-g and u-g environments shows that the maximum
U.x 18 higher at u-g when Ma, < 170 and Ma, < 277.
This is due to the main flow structure : two co-rotating
cells and a shear layer inbetween in 1-g and two coun-
ter-rotating cells in u-g. In the lower layer the maxima
are almost three times larger in 1-g than in y-g when
Ma, < 1.7x10% and Ma, < 2.77 x 10°, viz. when the
4-g motion in the whole cavity is mainly driven by the
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Table 2. Maximum of the velocity and of the streamfunction of the whole cavity and of the fluorinert FC75 only (U .) In

1- and pu-g

Ma, Unnl 1-8 Ubarl -8 Winal 1-4 Yadlti-g Ui mall-g U\ sl tt-g

45 0.1672 0.1964 0.0043 0.00597 0.0686 0.024

23 0.2881 0.3371 0.0075 0.01025 0.1197 0.0414

170 0.6039 0.6475 0.0158 0.01963 0.2288 0.0793
1.7 % 10} 1.509 1.338 0.0272 0.02814 0.3205 0.1142
1.7 % 10 4298 4.042 0.0238 0.02743 0.3245 0.2154
5.1%10° 5712 0.2608

5.479

0.0365

0.0382

0.3929

(b)

)]

=

Fig. 8. The temperature gradient, streamlines (a) and isotherms (b) for a u-g environment for
Ma, = 5.1x10%. Ma, =83x 10, Gr, = 30.6, Gr,= 138, Cay = 6.46x 107", Cay = 3.65x107°%, and
Fr=138 i = 3824 x 1077 hp = —2.54 % 10 *.

upper layer. When the flow in the lower layer is driven
predominantly by interfacial tension in u-g
(Ma, 2 1.7x10* and Ma, > 2.77 x 10%), the maxima
U\ max are only 50% smaller than in 1-g. This reduction
of intensity is expected when considering a mul-
tilayered system. Whereas the maximum velocity in
the whole cavity U,,,,. located on the free surface, is
only 4% smaller in y-g than in 1-g for Ma, = 5.1 x 10*
and Ma, = 8.3 x 10°.

Finally one can conclude that under u-g conditions
the flow is weaker in the lower layer compared to 1-g,
but almost similar (structure and intensity) in the
upper layer for this fluorinert FC75-water system.
These yi-g results are in agreement with the simulations
of Crespo et al. [26, 27], where it has been shown that
for Ma, = 1/2 Ma, and in the absence of gravity the
lower layer motion is very weak ; when Ma, = 2 Ma,
the lower layer flow is stronger than the upper layer one.
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Fig. 9. Results when p, = pyae/2; streamlines (a) and isotherms (b) for Gr, = 3 x 105, Gr, = 6.8 x 10°,
Ma, = 5.1x10*, Ma, = 8.3x10%, Pr, =23.38, Pr,=14.64, Cay = 6.46 x 107°, Cay, = 3.65 % 10~%, and
Fr=14x10"5 ey = 2.73% 1072} Y = — 2.1 x 1073,

5.3. Effect of physical properties of the upper layer at
l-g

The role of some physical properties of the upper
layer (originally representative of water) on the flow
structure was investigated for the largest temperature
gradient considered AT = 1.1 K. The 73 x 59 mesh
was used. Here we report on the influence of the
density, the viscosity and the thermal diffusivity of the
upper layer, and of surface tension gradients acting at
both interfaces. The main effect observed was a change
in the flow structure in the top layer, in particular
when varying the viscosity.

When decreasing the density, i.e. considering a fluid
less dense than water, but otherwise with the same
physical properties, the Prandtl number is increased
and the Grashof number is decreased. Figure 9(a, b)
displays the flow patterns when the density is reduced
by half (p, = puae/2, Pry = 14.64, Gr, = 6.8 x 10%). In
the top layer one observes the disappearance of the
third co-rotating cell (left side) and a strong weak-
ening of the second one. The main internal cell (near
the hot wall) is reduced in size and intensity : it spreads

over less than L/4, whereas for water it spreads over
more than L/3, and its average angular velocity is a
few % smaller. While the magnitude of the maximum
velocity, located on the free surface close to the cold
wall, is a few % larger (see Table 3). The separation
zone is slightly thicker, and possesses a more uniform
thickness because of the disappearance of the internal
co-rotating cells. In the fluorinert FC75 (bottom
layer) the horizontal velocities are enhanced. The
maximum velocity of this lower layer is 21% larger
than when p, = py..r, and its location on the liquid-
liquid interface moves closer to the cold wall. In the
upper layer the increase of the maximum velocity is
less than 4% (Table 3). This effect is due to the
strengthening of the thermal gradient near the cold
wall visible along both interfaces [Fig. 9(b)]; such a
behavior is not noticeable near the hot wall.
Modeling a less viscous flow, i.e. a smaller viscosity
fluid, translates into a decrease in the Prandtl and
Capillary numbers, and an increase in the Grashof
and Marangoni numbers. In that case a much different
flow structure is obtained. Decreasing the viscosity of
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Table 3. Maximum of the velocity field in the lower layer ( fluorinert-FC75) U, .., and in the upper layer U, .

Single layer FC75

AT =036 K AT=11K

Uimax (ems™ ") Uy gy (cms™")

Upmax (€M 3™ Uy (€ms™")

1-g, 0.2395

FC75-water 1-g, 0.0413
FC75-water* p, = p,/2 I-go -
FC75-water* u, = 3u,/4 1-g,

FC75-water* ¥, = %2 1-g,

FC75-water* éa,/¢T = 0 1-g,

FC75-water* do,/cT = g((’a“ ieT) 1-g,

FC75-water* éo,/¢T = ¢o./0T =0 1-g,

FC75-water

10 “-g, 0.0274

-— 0.6527 -
0.5476 0.1041 1.5138
-— 0.1257 1.5718
0.1123 1.9017
- 0.1227 1.2907
— 0.075 1.5292
- 0.1132 0.3994
0.0741 0.0298

0.515 0.0691 1.452

(b)

=

e

Fig. 10. Results when u, = 3/4p,,,.,; streamlines (a) and isotherms (b) for Gr, = 3 x 10°, Gr, = 4.9 x 10°,
Ma, = 5.1x10°, Ma, = 1.1 x10°, Pr, = 2338, Pr, =549, Cay = 646 x 10~°, Ca,, = 2.74x 10~°, and
Fr=14x10"7 tp, = 4.62x 1072 pin = —2.63x 1077,

the upper layer by one fourth (1, = 3/4uuuer
Pr, =549, Gr,=49x%10°, Ma, = 1.1x10°, Ca,, =
2.74 x 107°), leads to a top layer flow structure con-
sisting of two co-rotating cells [Fig. 10(a, b)]; both
of them extend about half of the cavity. However, the

cell near the hot wall is rotating twice as fast as the
other one. In fact the magnitude of the velocity in the
entire cavity is larger. In the upper layer the maximum
velocity (located close to the cold wall on the free
surface), the speed of the cell generated near the hot
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(b)

~

]

Fig. 11. Reduced thermal diffusivity in the upper layer: %> = Yuwaw/2. Streamlines (a) and isotherms
(b) for Gr, = 3x 105, Ma, = 5.1x 10%, Pr, = 23.38, Cay, = 6.46 x 10~°, Gr, = 2.7x 10°, Ma, = 1.66 x 10°,
Pry = 14.64, Cay, = 3.65x 107°, and Fr = 1.4 x 107°. Yy = 2.95x 1072 i = —2.03x 107,

wall (measured on the free surface), and the maximum
of the streamfunction (center of the right cell) are 27%
larger than for the fluorinert-water system (Table 3).
The lower layer (fluorinert) is affected by an increase
of 8% for the maximum velocity (located on the
liquid-liquid interface near the cold wall), and also
for the local extremum located near the hot wall on
the interface. The shape of the separation zone reflects
this two cell structure, and it is similar in thickness as
for the case u, = pu.e- The major noticeable change
in the isotherms [Fig. 10(b)] occurs in the central
region of the upper layer where the effect of the two
cell flow structure is obvious.

Decreasing the thermal diffusivity of the upper layer
by a factor of tWo (X2 = Ywawr/2), leads to a doubling
of the Marangoni and Prandtl numbers. Fig. 11(a,
b) displays the streamline and isotherm patterns for
Ma, = 1.66 x 10° and Pr, = 14.64. No major effect is
observed on the flow structure; only the magnitude
of different flow parameters is changed. Mainly, the
transport is reduced in the upper layer causing an
increase of the transport in the lower layer, as the flow
intensity in the separation zone which retards the flow

in the lower layer is reduced. A secondary effect is a
slightly thicker separation zone, i.e. the shear layer
between the two co-rotating flows in the upper and
lower layers. Due to the increase in the Prandt!
number, thinner thermal boundary layers are
observed, causing a slight increase in the temperature
gradients near the active walls: the largest increase
amounts to 5% at the free surface close to the cold
wall. The reduced transport causes a drop of 14% at
the free surface (see Table 3) in the maximum velocity
and 5% in the secondary peak near the hot wall. Thus,
the maximum velocity at the liquid-liquid interface is
increased by 18% (see Table 3) and moves towards
the cold wall and concomitantly the thermal gradient
is increased. Along the hot wall a weaker thermal
gradient is observed in the lower layer, causing a 7%
decrease in the secondary maximum velocity present
at the liquid-liquid interface.

As expected, a more significant effect is observed
when reducing the surface tension gradient at the free
surface, that is reducing the thermocapillary effect.
Figure 12(a,b) shows the flow when d¢,/0T is
decreased by a factor of four leading to
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Fig. 12. Reduced surface tension gradient at the free surface :

(o,

T4

1o

waler r
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Streamlines (1) and isotherms (b) for Gr, = 3 % 10", Ma) =51 x10°, Pr = 23.38, Cay = 6.46x 107,
Gr =27 10°, May = 20 x 104 Pry = 7.32. Cu = 3.65x 10 . and Fr = Ldx 10-°. y,. = 9.06x 10~
Yo = —2.6%10 °.

Ma, = 2.1 < 10*. The transport in the upper layer is
dramatically reduced. so that it is not much larger than
in the lower layer. The ratio between the maximum
velocities in both layers drops to 3.5, as compared to
over 14 for the original fluorinert-water system. The
weaker flow generated in the upper layer causes the
occurrence of a thick separation zone at the bottom
of this layer. This ‘shear layer’ has an almost uniform
thickness and fills more than one fourth of the upper
layer. With the reduction of the thermocapillary
forces, one observes an elongated cell and a small
internal co-rotating cell near the hot wall, as observed
previously for a smaller temperature gradient. The
maximum velocity peak (near the cold wall) s
decreased by a factor of 3.8, as is the secondary peak
located near the hot wall on the free surface and the
streamfunction maximum and minimum (the latter is
located inside the separation zone). In the lower layer
the streamfunction maximum is similar [not seen on

the Fig. 12(a) because of the drop in magnitude in the
upper layer]. However the maximum velocity (near
the cold wall on the free surface) is increased by almost
9%. together with a slight increase in the thermal
gradient (Table 3). Near the hot wall, the thermal
gradient is slightly decreased and the local maximum
velocity is reduced by 2%.

As the surface tension gradient at the liquid-liquid
intertace is determined with the Antonow’s rule
because of the lack of experimental data, a con-
figuration with a constant interfacial tension was stud-
ied to try to access the sensitivity of the results to this
approximation as well as the assumption of a ‘clean’
interface. That means Ma, = 0, otherwise the same
parameters are imposed to the flow [Fig. 13(a—d)].
The major difference in flow structure is the strong
reduction of the separation zone. Without ther-
mocapillary forces acting at the intermediate interface,
a strong weakening of the temperature gradient and
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thus, the magnitude of the velocity is seen near the
cold wall. The tangential velocity profile at the liquid—
liquid interface [Fig. 13(c)] exhibited very low velocit-
ies. The maxima (near both heated walls) are reduced
by a factor of four. The maximum velocity in the
lower layer is located in the ascending flow near the
hot wall. In the upper layer a slight increase of the
thermal gradient is seen near the cold wall,
accompanied by a maximum velocity increase of 1%
(see Table 3). Otherwise the flow is similar. As the
separation zone generated by shear in the upper layer
is apparently not observed in the physical experiments
{4, 5], one can conclude that possible reasons might
be that the surface tension gradient calculated via
Antonow’s rule at the liquid-liquid interface is over-
estimated and/or the interface is ‘dirty’.

In order to evaluate the relevance of the ther-
mocapillary forces acting at both interfaces, a purely
natural convection case (Ma, = Ma, = 0) was inves-
tigated. Figure 14(a~d) displays the flow patterns for
a 71 x 65 mesh. In comparing this simulation to the
equivalent with thermocapillarity included, it is seen
that the major effect of not including the thermo-
capillary force is the development of a stronger
mass transport in the lower layer than in the upper
one, which leads to the development of a ‘thick’ shear
layer in between (and constitutes almost one fourth
of the volume of the upper layer). The isotherms result
in smaller thermal gradients in the upper layer, and
much thicker boundary layers (thermal and viscous)
which are particularly noticeable along the fluid-fluid
interfaces. This purely buoyancy driven case leads to
a 29% reduction (see Table 3) in the maximum vel-
ocity in the lower layer (also the maximum velocity in
the entire system). In the upper layer the maximum
velocity is generated by viscosity along the liquid-
liquid interface and amounts to 2% of the one created
by thermocapillarity at the free surface (which was in
that case the maximum velocity in the whole system).
This numerical simulation shows that thermo-
capillarity has to be included in a model for the
accurate prediction of heat and mass transport in such
a multilayered system (large Prandtl numbers fluids),
even in a 1-g environment.

6. CONCLUSIONS

This numerical study investigated the flow and con-
comitant thermal transport in an open cavity con-
taining one [6] or two immiscible, shallow layers of
high Prandtl number liquids. It is shown that ther-
mocapillary forces can significantly influence the bulk
flow for a high Prandtl number fluid, even in the
presence of a significant gravitational force and thus
need to be modeled. The system at 1-g exhibits a
two co-rotating cell structure in agreement with the
observations of Koster et al. [4, 5]. A comparison at
[-g between a single liquid layer configuration (fluor-
inert FC75) and a two liquid layer system ( fluorinert
FC75-water) shows a significantly reduced flow in
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the lower layer when encapsulated (also true for a
fluorinert FC75—ethylene glycol combination, see Part
II). The sensitivity of the flow structure to the
viscosity, the density and the thermal diffusivity of the
encapsulant layer is reflected primarily by the intensity
of the flow in the lower layer at 1-g ; for example, even
a different flow structure is obtained in the upper layer
when decreasing the viscosity. Under u-g conditions,
the strength of the flow in the lower layer is sig-
nificantly reduced and a multicellular flow structure
appears, despite the fact that nearly the same
maximum velocity occurs at the free surface. The
effect of some thermal conditions applied to the pre-
sent cavity is discussed in Part II, as well as the influ-
ence of another encapsulant liquid which is more vis-
cous by an order of magnitude than water. Additional
transient computations to determine the flow stability
of the multilayered system including a deformable
interface would provide additional insight into the
mechanism of the instability.
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