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Abstract—The rate of layer growth during thermosolutal convection in a square enclosure is studied both
experimentally and analytically. The thermosolutal convection is induced by the combined thermal and
solutal buoyancies which either augment or opposc cach other. The layer growth process is attributable to
the vertical solutal boundary flow which accumulates and stratifies along the horizontal wall. A math-
ematical model, based on the filling box process used to predict the layer growth rate, is developed. The
solutal boundary flow that enters or exits the stratified layer is calculated by using an integral solution for
natural convection due to combined thermal and solutal buoyancies along a vertical plate. Comparison of
layer growth rate between the prediction and the data is made, and the agreement is excellent if the actual
thickness of the solutal boundary layer flow at the inlet and the outlet of the stratified layer can be
accurately determined. The actual thickness of the solutal boundary layer flow at the inlet and the outlet
is found to increase with increasing buoyancy ratio.

1. INTRODUCTION

NATURAL convection flow caused by buoyancy forces
resulting from temperature and concentration gradi-
ents is generally referred to as thermosolutal con-
vection or double-diffusive convection. This kind of
convection occurs commonly in natural as well as
technological circumstances. In nature, thermosolutal
convection caused by stable vertical concentration dis-
tribution with heating from the side or from the bot-
tom has been widely investigated because of the inter-
est in oceanography. Theoretical analysis based on
stability theory is used to find the criteria explaining
the occurrence of layered structures observed in the
ocean. A brief survey of these problems is given by
Turner [1]. In the technological circumstances, ther-
mosolutal convection has many engineering appli-
cations, such as liquified natural gas storage, material
processing and crystal growth processing. A summary
of the techniques used for the growth of a crystal and
a discussion of thermosolutal convection related to
the process of crystal growth are provided by Ostrach
[2).

Due to the interest in the transport process during
growth of a crystal, a few experimental studies on the
thermosolutal convection in shallow enclosures have
been performed [3-6]. An elclectrochemical system is
used to create a horizontal concentration gradient in
the enclosure, which results in a convection due to a
solutal buoyancy force other than the thermal one. A
copper sulphate—acid solution is clectrolysed to
initiate cupric ion transport between the anode and
the cathode. Three-layered flow structure can be
initiated in the test cell due to the combined thermal
and solutal buoyancies which cither augment or
oppose each other. These studies have found that the

appearance of the layered structurc depends on the
buoyancy ratio and the aspect ratio of enclosures.

Lee and Hyun [7] have studied steady natural con-
vection of salt water due to the simultancously
imposed horizontal temperature and concentration
differences between the end walls in a low aspect ratio
enclosure. Each end wall of the test cell is replaced by
a membranc and a reservoir to supply fresh or salt
water so that a constant concentration on the wall
can be obtained. Multilayer flow structure at certain
ranges of buoyancy ratio is also initiated. It is sus-
pected that the occurrence of the layer may be due to
the interaction of local thermal buoyancy and solutal
stratification, as mentioned by Thorpe ¢f al. [8].

To illustrate that the layer formation is not due to
the interaction of thermal and solutal convection or
the double-diffusive instability described by Thorpe,
a pure solutal convection in the enclosure is performed
[9]. At an earlier time. a thin layer along both the
horizontal top and bottom walls is observed, which
grows with time. Kamotani ez al. [4] have explained,
based on a visual observation, that the occurrence of
the layer is due to thcrmal convection near the cold
anode in the cooperating case, and near the cold cath-
ode in the opposing case, that convects some of the
lighter fluid into the region outside of the solutal
boundary layer along thc anode and causes the
accumulation of the convected lighter fluid. The same
explanation applies to the appearance of the bottom
layer. However, Kamotani’s viewpoint cannot explain
the occurrence of the layer at an earlier time when
the thermal convection inside the thin layer is not
initiated, or when the buoyancy ratio is large and the
thermal convection inside the stratified layer is entirely
absent.

It appears that the observations and explanations
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NOMENCLATURE
area Yo layer thickness
solutal diffusivity z coordinate normal to x and y axes

A

D

F Faraday constant

g gravitational acceleration
H height of enclosure

i current density

k thermal conductivity

L length of enclosure

Le Lewis number, %/D

m mass or solutal gradient
i mass flow rate

M molarity

N’ modified buoyancy ratio, Ra***/LeRa,
Pr Prandtl number, v/x

q ratio of boundary layer thickness

q: mass flux, it,/z F

Ra¥ modified solutal Rayleigh number,
gBgH*vD?

Ra,  thermal Rayleigh number,

BTy~ TOH v
Se Schmidt number, v/D

! time

ty transference number of §O;?

v velocity component in the y-direction
v, characteristic velocity

W width of enclosure
X coordinate normal to the electrodes
¥ coordinate parallel to the electrodes

o valency of cupric 1on.

Greek symbols

o thermal diffusivity
I3 volumetric coefficient of expansion
v dimensionless layer thickness
é boundary layer thickness
n dimensionless boundary layer thickness
0 angle
v kinematic viscosity
o density
T dimensionless time.
Subscripts
c cold plate
h hot plate
i,in  inlet
0, out outlet
s solutal convection
N steady state
t thermal convection.

Superscripts

* modified parameter or the stratified layer
mean value
flux.

of the initiation and growth of layers in the past are
contradictory. The mechanism responsible for layer
growth is not understood. Therefore, the objective of
the present work is to experimentally and analytically
study and find the mechanism for layer growth during
thermosolutal convection. Experiments with flow
visualization, concentration and temperature dis-
tribution measurements are performed [9]. The rate of
layer growth at different buoyancy ratios is measured.
The thermosolutal system used is the same as the one
described in refs, [3-6]. However, the current density
for initiation of electrolysis is maintained at a value
less than half the limiting current condition. It has
been shown experimentally in an isothermal tank that
a constant mass flux boundary condition on the end
wall can be achieved [10}. A mathematical model used
to predict the rate of layer growth is derived and
developed. The model prediction will be compared
with the data.

2. EXPERIMENTAL APPARATUS AND
PROCEDURE

The rectangular test cell was made of 20 mm thick
plexiglass and had insidc dimensions of 80 mm height,
80 mm width and 47 mm depth. Both the vertical side

walls of the enclosure were made of 12 mm thick
copper plate and served as both the electrodes and the
heat sources/sinks. Two identically shaped rec-
tangular heat exchangers were cach bolted with and
used for cooling and heating the copper plate, as
shown in Fig. 1. The temperature of each of the copper
plates was maintained uniform and controlled by a
separate constant temperature bath that circulated
heated or cooled water through the heat exchanger.
The test cell and the experimental boundary con-
ditions were made in such a way that a two-dimen-
sional thermosolutal convection could be expected.
To reduce heat loss to the environment, the test cell
outside was insulated with 25 mm thick polystyrene
foam. For flow visualization experiments, instead of
using polystyrene an air gap was made outside and
used for insulation. To further reduce the heat loss,
the average temperature inside the test cell was main-
tained close to the room temperature.

To initiate electrolysis between the two electrodes,
a d.c. power supply was used to provide the desired
current. A digital multimeter and a recorder were
connected in parallel to the electronic circuit to mea-
sure the temporal variation of the potential and the
current, as shown in Fig. 2. To measure the surface
temperature of the electrode, six Chromel-Alumel
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F1G. 1. Schematic diagram of enclosure: (1) heat exchanger, (2) circulation water inlet/outlet. (3) filling
hole, (4) test cell, (5) plexiglass plate, (6) copper plate, (7) thread fastener.

thermocouples with wire diameter of 0.32 mm were
embedded in each of the electrodes. All of the ther-
mocouples embedded in the electrodes were connected
to a data acquisition system used to record and print
all of the temperatures.

The shadowgraph technique is used mainly to vis-
ualize the growth of the layer interface. The light beam
from the 25 mW He—Ne laser was expanded with a
spatial filter, which was then collimated with a large
diameter plane convex lens. The collimated light pass-
ing through the region having large varintion of
refractive index was deflected and caused shadow on
the screen. The salt finger structure and layer interface
in the flow that had relatively large variation of refrac-
tive index could be clearly observed. A Nikon FM2
camera with a 55 mm microlens was used for pho-
tography.

Since the electrode surfaces can become roughened
due to a long period of deposition of cupric ion, they
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DAS : Data Acquisition
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V : Voltage Meter

VR : Variable Resistance
I : Current Meter

W : Constant

PS : Power Supply Temperature Bath

R : Recorder

FIG. 2. Schematic diagram of the experimental set-up.

can be readily detached from the test cell for polishing
and cleaning. After the surface was cleaned, the pre-
pared solution was carefully poured into the enclos-
ure. Precautions were made to prevent air bubbles
being entrapped inside. The entire test cell was placed
on a platform which could be rotated and adjusted to
ensure that the test cell was not tilted.

Before the experiment, the copper sulphate
solution, having concentrations from 0.02 M to 0.1
M, was prepared. The amount of distilled water was
measured with a graduated cylinder. The copper sul-
phate powder was carefully weighed on a precision
electronic balance, which has an accuracy of +0.001
g, and was then mixed with a given amount of distilled
water to reach a desired concentration. Finally, the
H,SO, solution was added into the mixed solution as
a supporting electrolyte. The concentration of H,SO,
was 1.5 M. The thermal, chemical and transport prop-
erties of the solution are well documented in the paper
of Wilke et al. [11].

To initiate the experiment, both the heated and
the cooled water from each of the circulators were
introduced, respectively, into the heat exchanger on
the back of each electrode. Pure thermal convection
was found to be well established after 3 h. The elec-
trolysis in the solution was then initiated by switching
on the d.c. power supply.

To maintain the current density at less than half
the limiting current condition, the value of limiting
current had to be measured before the experiment.
The limiting current condition was determined by the
potentiostatic—current method. The cell voltage was
set with manual control in a stepwise manner, and the
corresponding current was obtained and recorded.
The procedure was repeated until a potential-current
plateau was attained. To avoid the effect of ohmic
overpotential in the test cell, a reference electrode
was used to measure the cathodic limiting current.
However, the limiting current condition was sig-
nificantly affected by the temperature of the cathode,
the temperature difference between the anode and the
cathode, and the convection between the electrodes.
Therefore, in the present studies, the limiting current
condition was determined after pure thermal con-
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vection was well established. More details on the limit-
ing current measurement can be found in ref. [11].

3. PHYSICAL DESCRIPTION OF THE LAYER
GROWTH PROCESS

The process of layer formation and growth have
been found for the case of pure solutal convection [9]
and the case when the two vertical electrode surfaces
on the sides are imposed with a finite temperature
difference that is not large enough to produce a strong
thermal convection destroying the layered flow struc-
ture [3-6, 9]. The experimental range for N’ varies
approximately from 0.5 to 10. Typical results of layer
growth at different times are shown in Fig. 3. The
flow visualization results, the concentration and the
temperature distribution measurements in ref. [9]
have suggested that the layer formation and growth
is attributable to the fact that the lighter (heavier)
fluid that comes from the solutal boundary layer
accumulates and stratifics along the top (bottom)
wall. The experimental results [9] suggest that the
layer growth process in the current system is very
similar to the density stratification process for a purc
thermal convection in a confined region [12]. This
phenomenon has been identified as the filling box
process [1]. It appears that the layer growth rate in
the current system can be predicted if the mass flow
rate in the solutal boundary layer that enters or exits
the stratified layer can be calculated.

In the system studied by Worster and Leitch [12],
which is a pure laminar thermal convection in a cavity
heated at one end, the development of the density
stratification process, due to a vertical boundary layer
flow along the heated wall which accumulates along
the top wall, is studied both experimentally and ana-
lytically. Since the diffusion coefficient for the thermal
is relatively large as compared with that for the solute,

Hot (cold)
cathode

Cold (hot)
anode

FIG. 3. Growth of layers at f = 2.0 h (a), t =4.0 h (b) and
t = 6.0 h {c) for augmenting convection with N = 3.2 and
Ra, = 5.05x 10,
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no sharp density front between the stratified region
and the uniform bulk fluid is found as in the current
system. During the experiments, different isotherms
which descend in the tank are measured and used to
represent the stratification process and the growth of
the stratified region. The results of a similarity solu-
tion for convective boundary layers along a single
heated plate are used to interpret quantitative features
of the observed flow field and to develop an expression
for the growth of the stratified region. In the stratified
region, however, the momentum boundary layer is
shown both analytically and experimentally to have
approximately the same thickness as the thermal
boundary layer. Therefore, the viscous flow outside
the thermal layer is forced to move into the uniform
bulk flow before entering into the stratified layer. The
model used to predict the downward propagation of
isotherms in the stratified region is compared with the
results of a similarity solution. For the isotherms close
to the edge of the stratified region, however, the dis-
crepancy between the model and the similarity solu-
tion becomes large.

In this report, we will extend the filling box concept
used previously to the current system and develop a
simple model to predict the layer growth process. The
current flow system can be envisioned as shown in
Fig. 4, where three different kinds of vertical boundary
layers along the two vertical side walls are developed,
i.c. the momentum, the thermal and the solutal bound-
ary layers. Since the flow entering the stratified layer is
solely from the solutal boundary layer flow, it appears
that the development of the stratified layer in the
current system is mostly due to the concentration
stratification. Therefore, it can be concluded that the
solutal stratification process can affect and restrict
the momentum boundary layer flow that enters the
stratified layer. In addition, it is expected that the well
established thermal stratification can also affect and
restrict the momentum boundary layer flow. The cur-
rent experimental results for the layer growth
measurement indicate that the thermal stratification
can reducc the layer growth rate (this will be shown
later in Figs. 5-8). The higher the thermal convection,
the higher the thermal gradient in the bulk flow, and
the slower the layer growth rate. It appears that the
actual thickness for the momentum boundary layer
flow entering the stratified layer is expected to be less
than the solutal boundary layer thickness in a pure
solutal convection. Therefore, in the solutally strati-
fied layer it can be expected that, due to both the
thermal and the solutal stratification, the three differ-
ent boundary layers, i.e. the thermal, the solutal and
the momentum boundary layers, have approximately
the same thickness, which is less than the solutal
boundary layer in a pure solutal convection. This has
been confirmed by the flow visualization results in ref.
[9]. which indicate that due to the density strati-
fication, the convective motion of fluid in both the top
and bottom layers is very weak. To calculate the actual
thickness for the momentum layer flow in the com-
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(b) t=4.0 hr.

FiG. 4. Schematic of layered flow model: (1) top layer, (2) uniform bulk fluid, (3) bottom layer, (4) layer
interface.
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bined thermal and solutal stratified layers, one needs
to solve the coupled momentum, energy and species
equations along a vertical plate in the combined ther-
mal and solutal stratified regions. In addition, both
the thermal and the solutal stratifications outside the
boundary layers have to be provided. 1t appears that
this is a difficult task to perform for the current system.
Therefore, one would like to experimentally determine
the actual thickness of the momentum boundary layer
flow that enters or exits the stratified region. This will
be discussed later.

4. MATHEMATICAL FORMULATIONS

The basic ideas used to develop a simple model for
the layer growth has been partially described in the
previous section. The schematic of the layered flow
model is shown in Fig. 4. The dotted lines in Fig. 4
represent the solutal boundary layer flow. The viscous
flow outside the solutal boundary layer, before enter-
ing the stratified layer, is forced to move into the
uniform-solute bulk laver, in which the thermal
boundary layer is in between the momentum and the
solutal boundary layers. In addition to solutal layer
flow into the stratified layer, the opposite boundary
layer flow carries out the fluid inside the stratified layer
and reduces the layer growth rate. For the opposed
convection, the entire flow configuration is the same,
except that the viscous flow outside the solutal layer,
which is driven by the thermal buoyancy, is in the
opposite direction. To simplify the analysis, it is
assumed that the two solutal layer flows that enter
and exist the top or the bottom layer, respectively, are
separated so wide that they do not affect each other.
In addition, the growth of the top layer is independent
of the growth of the bottom one and vice versa. There-
fore, the boundary layer flow along the vertical wall
of the enclosure can be envisioned as the one along a
single vertical plate. Therefore, the total mass flow
that enters or exits the layer can be readily calculated.

All the thermophysical properties, except for the
density that gives rise to the buoyancy, are assumed
constant. The layer growth model can be formulated
by selecting either the top or the bottom layer as a
control volume. The rate of mass accumulated inside
and the net rate of mass flow into the control volume
must satisfy the law of mass conservation which is
described mathematically as follows:

d N ¥ Ay
ﬁ*WLl-Q: {j Pl.:dA} *{j PL’dA} :
ds P v H ey o =y

M

The first {second) term on the right-hand side of
the above equation represents the rate of total mass
flow entering (exiting) the stratified layer. Since the
actual solutal boundary layer thickness in the strati-
fied layer is not known, to calculate the mass flow into
the stratified layer the boundary layer velocity profile
is integrated to a desired location, which is to be
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determined experimentally. However, to calculate the
mass flow out of the stratified layer, the boundary
layer velocity is integrated to the edge.

In the calculation of the boundary layer mass flow
that enters or exits the stratified layer, the integral
method is used to obtain the boundary layer velocity
distribution. The integral method has the advantage
to readily obtain an analytical solution for the
velocity, the temperature and the concentration dis-
tribution. The velocity distribution due to the com-
bined thermal and solutal convection can be assumed
to be any order of polynomials which satisfies the
boundary condition. Since the rate of total mass flow
entering or exiting the stratified layer is due to both
the solutal and the thermal buoyancies, which are
independent of cach other, the velocity distribution
for the combined convection can be assumed to be the
sum of the polynomials, which is a velocity dis-
tribution of the flow due to pure thermal convection
and the one due to pure solutal convection. For aug-
menting convection, the thermal buoyancy is assisted
by the solutal one. Therefore, the total velocity in the
solutal boundary layer can be written as

v =040 @)

where v, is the fluid velocity due to pure solutal buoy-
ancy and v, is the fluid velocity due to pure thermal
buoyancy. For opposing convection, the thermal
buoyancy is opposed to the solutal one. Therefore,
the total velocity is written as

U= vs‘r-:!! «»v‘,'"l}:!v—y,' (3)
E

For the current system, the Schmidt number of
the fluid is very large (Sc¢ =~ 2000), while the Prandtl
number is not so large (Pr = 7). Therefore, the solutal
buoyancy boundary layer is restricted to a very nar-
row region near the vertical wall, while the thermal
layer is relatively large. Therefore, the fluid velocity
distribution due to the solutal buoyancy can be
assumed to be linear. We consider only the case for
the augmenting convection. The total fluid velocity
due to the combined thermal and solutal convection
can be written as follows:

v = v (1=n) 4o, @
= t;ys(l +f" qs)ns

where

(4a)

(4b)

For the case of a pure thermal convection along a
vertical flat plate with a uniform heat flux imposed,
both the characteristic velocity v, and the thermal
boundary layer thickness d, have been obtained ana-
lytically by Sparrow [13]. By using the analogy of heat
and mass transfer, the characteristic velocity #,, and
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the solutal boundary layer thickness d; can be readily
obtained. They are written in the following:

Uy = Cnxs!s (53)
8 = Coxs (5b)

6000Y"* _os| 9Pl

Cy = v( B ) +9 [ Ty {5¢)

(360 vs[eBal]

CZt = (Pri> (P r+ 5) l: v CX . (5d)
U,rs = ClstS (63)
d, = Cx*? (6b)

6000\ . aBal 1"
Cy = V(—S?> (Sc+9) VD {6¢)

6 /5 w145
czguv@—g) (Sc+ )‘/S[ﬂ/’i‘- ] . (6d)

For the case of constant wall temperature and con-
centration condition in a uniform bulk fluid, the ratio
of the characteristic velocity v,, vs v, and the ratio of
the boundary layer thickness d, vs &, have been derived
from a scale analysis in the report by others {3, 14,

15], and they are
v, N2
0~ H O

5 [LeN']W4 N >1
é Le'? N <L

for

for ®)
Therefore, substituting equations (7) and (8) into
equation (4a), one obtains

f=Le" N V4, )

For the case when a constant mass flux is imposed
on the boundary, the modified buoyancy ratio N’ is
used [9], ie

Ra:ﬂ,&

To calculate the mass flow exiting the stratified
layer, the boundary layer velocity distribution in the
stratified layer would have a different form to that in
the uniform bulk layer. In the stratified layer, the three
different boundary layers, i.e. the thermal, the solutal
and the momentum boundary layers, due to the den-
sity stratification are assumed to have the same thick-
ness. Therefore, the boundary layer velocity dis-
tribution due to the solutal or the thermal buoyancy
is assumed to be a second order polynomial which
satisfies the boundary condition. Therefore, the total
velocity distribution in the stratified layer due to the
combined thermal and solutal convection can be
written as follows:

v=pXtoF
= ’»Jh (] - )+v\1’7c (1—— *)
= oX(1+/*) (A —n¥n¥ (11
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where

f*= z (11a)
and ‘

nt = 01 (11b)

and p¥* is the boundary layer velocity in the pure
solutal stratified layer, and »* the velocity in the pure
thermal stratified layer. Worster and Leitch [12] have
demenstrated that for a pure thermal convection, the
boundary layer velocity decreases with increasing
thermal stratification in the bulk. Due to lack of infor-
mation, however, the value of v} /v¥ is assumed to be
equal to v, /v,,, which is (Le/N’ ) '2_ The actual solutal
boundary layer thickness d,, is expected to be less
than §, or 8* and the relationship d,, = C,(N")d, is
assumed. In addition, the characteristic velocity in the
pure solutal stratified layer v¥ is expected to be less
than v, and the relationship ¢} = C:(me,, is
assumed, where m is the solutal gradient in the pure
solutal stratified layer.

Substituting equations (4) and (11) into equation
(1), the rate of growth of the stratified layer is

ey Do ne 0
P L d {péln[(l +f) 3}}“

- { t"ua_ésvaK(N,)(l +f‘*)}()ut (12)

where

L \4/s
18.495.D,Rat " *(1 - %) at the inlet

p"&sl’?}'h = v 4/5
18.495,D, Ra* " ‘( 1;) at the outlet

and C,(N)C,(m) = C;(N"), which accounts for the
ratios of boundary layer thickness and characteristic
velocity. By a closer examination, C;(N') is actually
the ratio of the exiting volume flow rate from the
stratified layer vs that from the uniform layer. By
using the non-dimensional parameters :

© = (18.495,D,Rat "S/p*LH)t  (13a)
=12, (13b)

Equation (12) can be non-dimensionalized as follows :

d ‘ )
d—’_F(J )T g (14
where
R (152)
F, = (C4°> C;ﬁyl(l +/%) (15b)
Cm
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C:m_q p-n Do 3’8 Vu — 15 ﬁm [
Co (Ef)(F) (“) <ﬂ> - (9

To simplify the analysis, the property ratio C,,/Cy
is assumed to be unity in the present experimental
ranges covered. Once the values of 4, and C1{N’) are
determined, both F, and F, can be calculated, and
equation (14) can be readily solved numerically to
obtain the layer interface position at different times.
However, both the values of 5, and C,(N") are not
known and need to be determined from the exper-
imental data.

The actual thickness for the solutal boundary layer
flow that enters or exits the stratified layer is very thin
and could not be readily measured. Therefore, it needs
to be determined indirectly. The only information
obtained, however, which is related to the actual
boundary layer thickness for the mass flow in and out
of the stratified layer is the layer interface position at
different times. In the model equation, there are two
unknowns, i.e. 5, and C,{N"), which need to be deter-
mined. It appears that one needs to select two different
boundary conditions {rom the information of inter-
face position to determine the actual boundary layer
thickness #,; at the inlet and the volume flow ratio at
the outlet. The first boundary condition selected is at
the initial stage (1 = 0) where the layer growth rate is
maximum. At this initial stage, the thickness of the
stratified layer is zero, and only the mass flow in is
related to the layer growth. The mass flow out does
not contribute anything to the rate of laver growth.
Therefore, the second term on the right-hand side of
equation (14) can be climinated. By measuring the
layer growth rate at the initial stage, the value of n
can be determined. The second boundary condition
selected is at steady state when the layer growth rate
is zero. At this stage, the rate of mass flow entering
the stratified layer is equal to that exiting the layer.
Therefore, the two boundary conditions selected and
used to determine »,; and C,(N ') are written in math-
ematical form as follows:

dy
att=0, -=tanfh

s (16a)

where 0 is the angle between the slope of the curve for
layer growth at v = 0 and the horizontal t-axis;

dn
att=1,, =0 (16h)

dr

5. COMPARISON OF INTERFACE DATA WITH
MODEL PREDICTION

Since the interface shape is tilted, an average inter-
face position is determined by measuring the total
volume of the stratified layer and dividing that value
by the width of the enclosure. The dimensionless inter-
face position y measured vs dimensionless time 1 for
both the augmenting and the opposing convection is

C. Gau et al.

0.5 -
g -7
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0.4 |- /Q/
0.3 ‘;"‘*‘
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° * «©
0.2 A a 7.4
Sy N
¢ ¢+ 593
[*] s 380
0.1 x o+ 1.90
-w -~ Prediction
i i 1
Q 12 16 20

FiG. 5. Comparison of the layer growth between the data
and the prediction for both the top and the bottom layer
under augmenting convection.

plotted in Figs. 5-8, respectively, and compared with
the prediction. The agreement between the data and
the prediction is found to be very good. The model
can be used very accurately to predict the layer growth
rate if the value of #,; at the inlet and the value of
C4(N’) at the outlet can be determined and provided.

Both the data and the prediction indicate that when
the temperature difference between the two vertical
side walls becomes large, which corresponds to a
decrease in buoyancy ratio, the layer growth rate for
both the augmenting and the opposing convection
decreases. It appears that the thermal stratification
can reduce the net rate of the solutal boundary layer
flow into the stratified layer. This is attributed to the
fact that thermal stratification occurring in the bulk
can reduce the actual solutal boundary layer thick-
ness. In addition, for the augmenting convection, the
increase in temperature of the fluid causes a decrease
in the viscosity and the density. This leads to an
increase in the net rate of boundary mass flow entering
into the top layer and causes an increase in the rate

Top Bottom N’
e ] L ] o0
A &  6.87
¢ ¢+ 3.52
[+] an 254
x +  1.40
=mT T Prediction
i }
4] 4 8 12 16 20

FiG. 6, Comparison of the layer growth between the data
and the prediction for both the top and the bottom layer
under opposing convection.
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16 20

F1G. 7. Comparison of the growth of the top layer between
the augmenting and the opposing convections.

of layer growth. For the case when N” = 1.9, the top
layer is not initiated. This is attributed to the fact that
the thermal stratification has become so large and the
solutal layer thickness at the inlet has been reduced to
such a small value that the mass flow rate exiting the
stratified layer is greater than that entering the layer.

For the opposing convection at large buoyancy
ratio, the decrease in the buoyancy ratio causes large
deviation of layer growth rate between the top and
the bottom layers, as shown in Fig. 6. The rate of
growth of the top layer is much higher than the bottom
one and even higher than the top layer for the aug-
menting convection, as shown in Fig. 7. This is attri-
buted to the counter-flow motion and the mixing
between the thermal and the solutal boundary layer
flow which can effectively increase the net rate of
solutal layer flow into the stratified layer. This will

0:N =
Augmenting

A:N =74
¢ :N' =593
0 : N = 3.80
X N =1.90
=-=~=- Prediction
Opposing
AN =6.67
¢ N =352
& N =254
+ : N = 1.40
—— Prediction

1 i

16 20

FiG. 8. Comparison of the growth of the bottom layer
between the augmenting and the opposing convections.
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F1G. 9. Solutal boundary layer thickness at the inlet of the
stratified layer.

be discussed later. However, it appears that as the
buoyancy ratio decreases further, as shown in Fig. 6,
which corresponds to the increase in the temperature
difference between the two vertical side walls, the
heavy solutal boundary layer flow which enters the
bottom layer is heated and causes a decrease in the
viscosity and the density of the fluid. This leads to an
increase in the velocity of the fluid and the rate of
total volume flow into the bottom layer. Therefore, as
N’ decreases, the growth rate of the bottom layer
approaches the top one. For the opposing convection,
both the top and bottom layers appear even when the
buoyancy ratio N’ is very small (N" = 1.4). For the
augmenting convection when N’ = 1.4, the layered
flow structure is not initiated. It appears that in com-
parison with the augmenting convection, the opposing
one has the effect of increasing the net rate of solutal
boundary flow into the stratified layer. The results in
Fig. 7 clearly indicate that the layer growth rate for
the opposing convection is higher than for the aug-
menting one. For the top layer, the discrepancy
becomes small, as shown in Fig. 7, when the buoyancy
ratio is small and the temperature difference between
the two vertical walls increases, while for the bottom
layer, the discrepancy becomes large, as shown in
Fig. 8. Both the former and the latter are due to the
decrease in viscosity and density of the fluid which
increases the solutal layer flow into the stratified layer
as the temperature of the fluid increases.

6. EXPERIMENTAL RESULTS

The actual solutal layer thickness at the inlet n,
determined from experimental results is divided by
the solutal layer thickness n .. with uniform bulk fluid
outside, and their variation with the buoyancy ratio
N’ is shown in Fig. 9. For pure solutal convection,
the results of n,/n.,. = 0.8 (which are not shown in
Fig. 9 are obtained. This suggests that the solutal
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stratification can restrict and reduce the solutal
boundary layer flow. In addition, the value of C;(N')
found is less than one. Therefore, the present results
agree with the conclusion of Worster and Leitch [12]
that the density stratification can reduce both the
thickness and the velocity of the solutal boundary
layer flow.

For the case with combined thermal and solutal
convection, the results clearly demonstrate that in
addition to the solutal stratification, the thermal
stratification in the stratified layer can reduce the solu-
tal boundary layer thickness, which leads to a
reduction of the mass flow into the stratified layer and
a slower rate of layer growth. It appears that a higher
temperature difference across the two vertical side
walls causes a higher vertical thermal gradient in the
enclosure, which leads to a thinner solutal boundary
layer. When the combined vertical thermal and solute
gradient becomes so large that they completely restrict
the solutal boundary layer flow, no layered flow struc-
ture can be obtained. It is estimated from Fig. 9 that
for N” < 1.2, no layered flow structure or solutal
boundary layer flow entering the stratified layer can
exist. It is noted that the value of 5, for both the top
and the bottom layer is the same, which increases with
increasing buoyancy ratio N'. It appears that the two
opposite solutal boundary layer flows, which entcr the
top and bottom layers, respectively, have the same
thickness, and are symmetric with respect to the bulk
flow, despite the density and the viscosity in both
layers being significantly different.

For the opposing convection, the same value of
1, as that found for the augmenting convection is
obtained, as shown in Fig. 9. It appcars that although
the thermal convection is opposed to the solutal one,
the combined vertical thermal and solutal gradient
created inside the stratified layer is expected to be the
same as for the augmenting convection. In addition,
due to the counter fluid motion and mixing of the two
opposed boundary layer flows, part of the fluid in the
solutal boundary layer is pushed to move into and be
carricd away by the thermal boundary layer flow.
Since the fluid from the solutal boundary layer is less
(more) dense than the thermal layer fluid near the cold
cathode (hot anode), its motion has been identified by
the shadowgraph as a salt-finger motion. The salt-
finger motion is not observed for the casc of aug-
menting convection. It appears that the portion of the
solutal boundary layer flow moving into the thermal
layer does not affect the solutal layer thickness inside
the stratified layer. This is realized by the fact that the
actual solutal boundary layer thickness in the strati-
fied layer which is affected only by the density strati-
fication is much smaller than the one in the uniform
bulk laycr. Therefore, the refatively slight variation of
the solutal boundary layer flow in the uniform bulk
layer does not affect the actual solutal layer thickness
at the inlet of the stratified layer.

The values of C;(N’) determined experimentally at
the exit for both the augmenting and the opposing

C. GAU et af.

Aug. Opp.
] e Top
6.20 - a » Bottom
-~ 0.15 |-
2
< ., sl
O 010 A
o L
A
A @
005 e« °
i 1 i i
0 2 4 6 8
Nl

F1G. 10. Volume flow ratio at the outlet of the stratified layer.

convections are shown in Fig. 10. The value of the
volume flow ratio at the outlet is linearly proportional
to the buoyancy parameter N’. The results clearly
demonstrate that the thermal gradient inside the
stratified layer can restrict and reduce the amount of
actual solutal boundary layer flow, which is due to
the decrease in boundary layer thickness and the fluid
velocity inside the boundary layer. However, a large
discrepancy is found for the value of C,(N') between
the top and the bottom layers for both the augmenting
and the opposing convections, By examining equation
(15b), one concludes that this discrepancy is attri-
buted to the assumption we made for C,,/Cy. which
is the ratio of the physical properties at the inlet vs
those at the outlet and is assumed to be unity. For the
case of augmenting convection, the maximum value
of C,./Cy for the top layer can be 10% more, and
that for the bottom layer can be 10% less. In addition,
the greatest contribution for the valuc of C,,/C,; that
is different from unity is due to the temperature.
Therefore. for the case when AT between the hot and
the cold walls is large, i.c. the value of N’ decreascs,
the discrepancy of C,,/C between the top and the
bottom layers becomes large. Therefore, to account
for the variation of C,,/C, with temperature, the
value of C5(N’) determined for the top layer can
approach that for the bottom one.

However, a large difference of C3(N') in the top
layer {or the bottom layer) between the augmenting
and the opposing convection is found when a small
temperature difference across the two vertical side
walls is imposed. This is attributed to the counter-
flow motion and the mixing in the uniform bulk layer
between the solutal and the thermal boundary layer
flows, for the opposing convection, which can restrict
and reduce both the thickness and velocity of the
solutal layer at the cxit. However, since the actual
solutal boundary layer in the stratified laycr is much
smaller than the one in the uniform bulk layer, the
reduction in its thickness due to the counter-flow
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motion in the uniform bulk layer is not expected.
This has also been concluded in the discussion of 7.
Therefore, the reduction in C;(N") for the opposing
convection is mainly due to the decrease in the bound-
ary layer velocity which is caused by the opposed
convection. For the case when AT between the hot and
the cold walls is large, i.e. the value of N” decreases, the
heavy solutal boundary layer flow near the anode can
be heated, which causes a decrease in the density and
the viscosity of the fluid. This leads to an increase in
the net rate of volume flow into the bottom layer
which makes the thickness of the bottom layer
approach that of the top one. To account for the
variation of C,,/Cy with temperature in equation
(15b), the value of C,(N’) determined for the top
layer can be smaller than that for the bottom one
when N’ is small.

The values of F, and F, can be calculated from
equations (15a) and (15b) once the values of n,; and
C,(N’) arc obtained, since F, and F, are coefficients
of the term »** and the term (1 —7)*~, which can be
used to calculate the layer growth rate. By examining
equations (15a) and (I1Sb), it is found that F, is a
function of N” and Le, and F, is a function of N’ and
Le, and the ratio of the thermal physical properties
at the inlet vs at the outlet C,,/C,. In the present
experiment, C,,/Cy is assumed to be unity and Le is
a constant. Therefore, both F, and F, are functions of
N’ only. The variations of F, and F, with N’ arc
calculated and plotted in Figs. 11 and 12, respectively.

The variation of F; with N’ is very much like the
variation of n; with N’. A unique function between F;
and N’ can be obtained for each layer growing under
augmenting or opposing convcction. However, the
variation of F, with N’ deviates for each layer grow-
ing under augmenting or opposing convection. F,
accounts for the ratio of the thermal physical prop-
erties at the inlet vs at the outlet of the stratified layer,
which depends on the temperature and the con-
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F1G. 11. Variation of F, with buoyancy ratio at the inlet of

the stratified layer.
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F1G. 12. Variation of F, with buoyancy ratio at the outlet of
the stratified layer.

centration difference between the two vertical side
walls. However, in the model equation the thermal
physical properties are assumed to be constant. There-
fore, a large difference in the F, value between the top
and the bottom layers for the augmenting convection
can be expected. The difference in F, value between
the top and bottom layers increases, as shown in Fig.
12, when the temperature difference between the two
vertical side walls increases, i.e. when the buoyancy
ratio decreases. However, for the opposing convec-
tion, the difference in F, value becomes small,
especially when the temperature difference between
the two vertical side walls increases, because the tem-
perature effect on the thermal physical properties at
the current stage is opposed to the concentration
cffect. However, the F, value for the opposing con-
vection is much smaller than that for the augmenting
one. This is attributed again to the counter-flow
motion and the mixing between the thermal and the
solutal convection in the uniform bulk layer which
can reduce the boundary layer velocity and cause a
decrease in the mass flow rate at the outlet. Therefore,
the layer growth rate for the opposing convection is
much higher.

7. CONCLUSIONS

The process of layer growth is actually the process
of solutal stratification toward the core region and can
be identified as the filling box process. The increase in
the layer thickness is mainly due to solutal buoyancy
which drives the lighter (heavier) fluid in the solutal
boundary layer into the top (bottom) layer and causes
the accumulation of fluid in the layer. In addition to
the solutal boundary layer flow entering the stratified
layer, the opposite boundary layer, which can move
and carry out the fluid inside the stratified layer,
reduces the layer growth rate. In addition, the rate of
layer growth can be reduced by the well established
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thermal stratification. The stronger the thermal con-
vection, the higher the thermal gradient created in the
bulk flow, and the slower the rate of layer growth.
Therefore, the rate of layer growth increases with the
buoyancy ratio. A mathematical model used to predict
the layer interface motion is developed. The model
can accurately predict the layer growth rate if the
actual solutal boundary layer thickness 4 at the inlet
and the volume flow ratio C';(N’) at the outlet are
provided. The values of ,; and C,(N") are both found
to increase with increasing buoyancy ratio.
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MECANISME DE CROISSANCE DE LA COUCHE D’UNE CONVECTION
THERMOSOLUTALE VARIABLE DANS UNE CAVITE CARREE

Résumé—La vitesse de la croissance de couche pendant la convection thermosolutale dans une cavité carrée
est étudiée expérimentalement et analytiquement. Cette convection est induite par les flottements thermique
et solutal combinés qui s’allient ou s’opposent. Le mécanisme de croissance de couche est attribuable a
I'écoulement vertical de frontiére solutale qui s’accumule et se stratifie le long de la paroi horizontale. Un
modéle mathématique basé sur le remplissage de boite est utilise pour prédire la vitesse de croissance de
couche. L’écoulement de couche solutale qui entre ou sort de la couche stratifiée est calculé par une solution
intégrale pour la convection naturelle le long d’une plaque verticale. La comparaison des vitesses de
croissance de couche calculées et expérimentales conduit & un accord excellent si I'épaisseur réelle de
Pécoulement de couche limite solutale a I'entrée et 4 la sortie de la couche stratifiée peut étre déterminée
avec précision. Cette épaisseur augmente quand le rapport de flottement croit.

UBER DAS SCHICHTWACHSTUM BEI DER TRANSIENTEN DOPPELT-DIFFUSIVEN
KONVEKTION IN EINEM QUADRATISCHEN HOHLRAUM

Zusammenfassung—Die Geschwindigkeit des Schichtwachsiums bei der thermisch und konzentrations-
getriebenen Konvektion in einem quadratischen Hohlraum wird experimentell und analytisch untersucht.
Die doppelt-diffusive Konvektion wird durch eine Kopplung der thermisch und konzentrationsbedingten
Auftriebseffekte induziert, die sich entweder verstarken oder entgegenwirken. Der Vorgang des Schicht-
wachstums ist auf eine senkrechte Losungsgrenzschicht zuriickzufiithren, die sich entlang der horizontalen
Wand ansammelt und sich in Schichten aufbaut. Es wird ein mathematisches Modell entwickelt, das auf
der “Filling Box”-Technik zur Bestimmung der Geschwindigkeit des Schichtdickenwachstums basiert. Die
Stromung der Losungsgrenzschicht, die in eine Schicht eintritt oder diese verldBt, wird mit einer integralen
Lésung fiir die natiirliche doppelt-diffusive Konvektion entlang einer senkrechten Platte bestimmt. Ein
Vergleich zwischen berechneten und gemessenen Werten fiir die Geschwindigkeit des Schichtwachstums
zeigt hervorragende Ubereinstimmung, wenn die tatsdchliche Dicke der Losungsgrenzschicht am Eintritt
und Austritt der Schichtung genau bestimmt werden kann. Es zeigt sich, daB diese Dicke mit wachsendem
Auftriebsverhaltnis zunimmt.
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TIPOLIECC POCTA CJIOsI TP HECTALIMOHAPHOM KOHBEKLIMY TEIUIA U
PACTBOPEHHOI'O BEHIECTBA B MOJIOCTH KBAJPATHOI'O CEUEHUA

ARHOTaUHA—DKCNEPHMEHTAILHO ¥ aHAJIMTHYSCKH MCCIIENYETCH CKOPOCTL POCTA CJIOS B MPOLECCE KOH-
BEKIMH TEIIa M PACTBOPEHHOTO BECIIECTBA B MOJIOCTH KBagpaTHOro ceyeHus. KoHBexums BbIzBaHa
HOJBEMHBIMH CHJIAMH TelJla H PAacCTBOPEHHOIO BEIIECTBA, COBMECTHO NEHCTBYIOIIHMH B OZHOM HIIA
IPOTHBONOJIOXHEIX HanpabieHusax. [Ipolecc pocra cnos 06ycnoBiIeH BEpTUKAIBHBIM TEYEHHEM PACTBO-
PEHHOT'O BELECTBA B NOI'PAHMYHOM CJ10€, KOTOPOE HaKaIUIHBAeTCA M CTPATHPHIMPYETCH Y TOPH30HTANIb-
HoW cTenku. Pa3paborama MaTemaTWyeckas MOIEJTb HAa OCHOBE MPOLIECC2 3ANOJIHEHHMS MOJIOCTH,
KCTOJIB3YEMOro TIPH pacyeTe CKOPOCTH POCTa ci10s. TeueHHe paCTBOPEHHOrO BELIECTBA, IIPOHUKAOLIEE B
cTpaTHHUIMPOBAHHAI CJIOH U BBIXOIALEE H3 HETO, ONPENEISeTCA C NOMOLIbIO HHTETDAJIbHOTO PEILeHHs
3a/la4y¥ €CTECTBECHHOH KOHBEKLHH 3a CY€T COBMECTHOIO NEHCTBUA MOJBEMHBIX CHJl TEila U pPaCTBOPEH-
HOTO BEIIECTBA BAOJb BEPTHKAIbHOM IaCTHHBL. CpaBHEHHE PACYETHBIX Y 3KCIEPAMEHTAJILHBIX JAHHBIX
U151 CKOPOCTH POCTa CJ1051 OOHAPYKHBAET OYECHb XOPOILIEe COrNACHE B CJIy4ae, KOTAa MOXHO TOYHO OlIpe-
JOEIMTh PeajibHYIO TOMIMHY MOTOKA PaCTBOPEHHOIO BEWIECTBA B MOIPAHUMHOM CJIOE HA BXOJE U BBIXOJE
M3 cTpatuduuupoBanHoro cnos. HalneHo, 4To 3Ta BeMYMHA BO3PACTAET C YBENIMYEHHEM OTHOLICHHS
TOIbEMHBIX CHJL.
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