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Solutal Convection and Mass Transfer in Inclined Enclosures

C. Gau* and D. Z. Jengf
National Cheng Kung University, Tainan, Taiwan 70107, Republic of China

Both experimental and numerical work are performed to study the solutal convection flow and transport
process in the enclosures that can be inclined at different angles. The enclosure is filled with an aqueous solution
containing CuSO, + H,SO,, where the flow structure is visualized by both a particle tracer and shadowgraph.
With a nonintrusive optical method the concentration fluctuations at desired locations are measured. The mass
transfer Sherwood numbers across the enclosure at various inclinations are also measured and the results are
correlated in terms of relevant nondimensional parameters. In the experiments, the Rayleigh number ranges
from 1.126 x 10® to 1.157 x 10", the Schmidt numbers from 2500 to 3989, the angles of inclination from 30
1o 150 deg, and the aspect ratios of the enclosure from 0.25 to 1. The SIMPLE algorithm developed by Patankar
is employed to calculate the seolutal convection, and the results are compared with the data. It was found that
both the inclination and the aspect ratio of the enclosure have a significant effect on the flow structure and mass
transfer. For a large angle of inclination, the accumulation of solutal boundary-layer flow leads to stratification
of the core and reduction of the mass transfer. For a small inclination, generation and protrusion of solutal

plumes leads to oscillation of concentration and enhancement of mass transfer.

Nomenclature

I

area

aspect ratio, H/L

concentration of cupric ion

solutal diffusivity

Faraday constant

Grashof number, gB,(C, — C.)H?/v?
gravitational acceleration or gram
height of the enclosure

convective mass transfer coefficient
average current density

thermal conductivity

width of the enclosure

molarity

mass

= pressure

mass flux, it,/z, F

solutal Rayleigh number, gB8,(C, — C.)H*vD
Schmidt number

Sherwood number, A H/D
temperature

time

transference number

velocity in x direction

velocity in y direction

coordinate normal to the electrodes
coordinate parallel to the electrodes
coordinate normal to x and y axis
valency of cupric ion

= thermal diffusivity

= volumetric coefficient of expansion
= standard deviation

kinematic viscosity

= density

= dimensionless time

= inclination angle of the enclosure
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Subscripts

a = anode

b = bulk or core
c = cathode

h = hot plate

s = solutal

t = thermal
Superscript

= dimensionless quantity

I. Introduction

ATURAL convection in an enclosure has been a re-

search subject creating much interest due to its diversive
applications, e.g., the thermal insulations for building and
solar collectors, the cooling systems for nuclear reactors, the
convective processes in lakes, and the growth of crystals in
semiconductor industry. The first systematic study with both
theoretical and experimental analysis of natural convection
flow in an enclosure at different inclinations was made by
Hart.' His study was in a large aspect ratio and differentially
heated rectangular box. Hart describes the base flow in terms
of a parallel flow model with certain adjustable parameters.
This has enabled him to carry out the stability analysis of the
flow. Later on, studies on the stability of the flow for an
inclined layer has attracted much research attention, and these
studies can be grouped into three categories: 1) the effect of
the Rayleigh number on the stability of different flow regimes
and structure, especially the longitudinal rolls®?; 2) the effect
of the aspect ratio on the critical angle for transition of flow
from longitudinal rolls to unicellular motion*-°; and 3) the
Prandtl number effect on the stability of convection flow.!7
However, studies on the last category have not been well-
documented. It is noted that the transition angle ¢* for flow
from the longitudinal rolls to a transverse mode is generally
characterized by a minimum in the Nusselt number on a Nu
- ¢ plot.

Studies of heat transfer across an inclined enclosure at both
low and moderate Rayleigh numbers have been reported and
comprehensive reviews on this subject have been available.*”
Ayyaswamy and Catton'® studied the heat transfer in the
boundary-layer regime in the high aspect ratio enclosures and
showed that when the Rayleigh number is sufficiently high,
the heat transfer at different inclination can be obtained by
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using a simple rescaling of the results at ¢ = 90 deg, as
follows:

Nu(¢) = Nu(¢p = 90 deg)sin'"¢ (1)

which is valid for 80 deg = ¢ = 180 deg. For an inclination
angle at 0 deg = ¢ = ¢, the g X cos ¢ scaling has been
incorporated into the buoyancy force and more generalized
correlations covering the entire Rayleigh number spectrum
were obtained.

Natural convection heat transfer at high Rayleigh and Prandtl
(Schmidt) numbers is not well-documented. Goldstein et al.*"
appear to be the first to use the same electrochemical system
as the current one to study the effect of an inclination angle on
the Sherwood number in a high aspect ratio (AR > 1) enclosure
at both high Rayleigh and Schmidt number conditions. They
found that the effect of AR increases dramatically when in-
creasing the inclination angle. For an inclined enclosure, the g
X cos ¢ scaling used for the heat transfer correlations works
well for 0 deg = ¢ = 75 deg. At a given value of Ra and layer
width, the Sherwood number decreases with increasing ¢, and
decreases sharply for ¢ close to and less than 90 deg. However,
the flow structure was not visualized.

Visual observation of flow patterns and measurements of
heat transfer in the inclined fluid layer have been made in a
low aspect ratio (AR < 1) enclosure at high Grashof number
conditions.'> The experimental results indicated the occur-
rence of two corner cells on the sides for heating from below
and unitary circulation cell in the core for heating from above.
The Nusselt numbers, for heating from below, reduce with
increasing the inclination angle. For heating from above, the
Nusselt number results tend to collapse into a single curve in
the range of Gr covered.

Most of the recent work mentioned in the preceding text
has considered the thermal-induced convection in the inclined
enclosures with AR > 1. Little attention has been paid to the
solutal-induced convection flow and mass transfer in low as-
pect ratio (AR = 1) inclined enclosures, especially at high Sc
and Ra number conditions. Information for solutal convection
in this configuration is lacking. In the present work a joint
experimental and numerical study is performed to obtain the
solutal convection flow structure and the mass transfer process
in the low aspect ratio enclosures inclined at different angles.
A comparison of flow structure between the data and the
prediction will be made at r = 30 min when the mass transfer
has reached steady state. The effect of both the inclination
and the aspect ratio on the flow structure and mass transfer
will be studied. The concentration fluctuations will be mea-
sured with a nonintrusive optical method. The Sherwood
number across the enclosure at different inclinations will be
measured, and the results will be correlated in terms of rel-
evant nondimensional parameters.

II. Experimental Apparatus and Procedure

A. Experimental Apparatus

The rectangular test cell is made of 20-mm-thick Plexiglas®
and has inside dimensions of 80 mm in height, 80 mm in width,
and 47 mm in depth. Both of the vertical side walls of the
enclosure are made of 12-mm-thick copper plate and serve as
the electrodes. For the purpose of flow visualization, a smaller
set of test cells is made that has inside dimensions of 20 mm
in height, 20 mm in width, and 47 mm in depth.

A 25-mW He—Ne laser is employed as a light source for
the measurement of concentration (fluctuations) in the so-
lution. The light beam passing through the solution is partially
absorbed. The change of light intensity, which according to
Lambert—Beer’s law is proportional to the magnitude of the
local concentration of the solution, is measured with a power
meter. To avoid the noise generation, however, a reference
beam that is split from the original laser light is made. The
reference beam is directed to pass through a similar test cell

with no convection occurring inside. A differential amplifier
is used to measure signal differences between the reference
and the objective beam, which is a result of concentration
oscillation in the test cell. By using the current apparatus,
however, the noise that is generated can be completely elim-
inated.

The shadowgraph method is used primarily to visualize the
interface shape and its location, and the solutal plume activity.
The light beam from the 25-mW He—Ne laser is expanded
with a spatial filter and is then collimated with a large diameter
of plane convex lens. The collimated light passing through
the region having a large variation of refractive index is de-
flected, and causes a shadow on the screen. The solutal plume
and layer interface in the flow that have a relatively large
variation of refractive index can be clearly observed. As an
alternative, the polystyrene powder with diameter of 6 um is
used as a tracer to delineate and visualize the fluid motion.
A Nikon FM2 camera with a 55-mm microlens is used for
photographing.

B. Experimental Procedure

Since the electrode surfaces can become roughened due to
a long period of deposition of cupric ion, they can be readily
detached from the test cell for polish and cleaning. After the
surface is cleaned, the prepared solution is carefully poured
into the enclosure. Precautions are made to prevent an air
bubble from being trapped inside. The entire test cell is placed
on a platform that can be rotated and adjusted to ensure the
test cell at the desired angle.

Before the experiment, the copper sulphate solution having
a concentration from 0.02 to 0.1M is prepared. The amount
of the distilled water is measured with a graduated cylinder.
The copper sulfate powder is carefully weighed on a precision
electronic balance, which has an accuracy of +0.001 g, and
is then mixed with a given amount of distilled water to reach
the desired concentration. Finally, the H,SO, solution is added
into the mixed solution as a supporting electrolyte. The con-
centration of H,SO, is 1.5M. The thermal, chemical, and
transport properties of the solution are well-documented.'?

The electrolysis in the solution is initiated by switching on
the dc power supply. A digital multimeter and a recorder
were connected in parallel to the electronic circuit to measure
the temporal variation of the potential and the current. To
maintain the current density on the limiting current condition,
the value of limiting current has to be measured before the
experiment. The limiting current condition is determined by
the potentiostatic-current method. The cell voltage is set with
manual control in a stepwise manner, and the corresponding
current is obtained and recorded. The procedure is repeated
until the potential-current plateau is attained. More details
on the limiting current measurement can be found in Ref. 13

To measure the mass transfer coefficient, the experiment
is performed under the limiting current condition. This allows
one to find the concentrations on both the cathode and the
anode surfaces; the concentration on the cathode surface is
zero, while that on the anode is twice the concentration of
the bulk fluid. During the experiments, the limiting-current
per unit area of the cathode can be measured and the mass
transfer coefficient can be calculated by the following equa-
tion:

h

¥

= ilz, FC, (2)
where z, is the charge number of reacting ion.

III. Numerical Calculation

A. Mathematical Formulation

The current natural convection process is modeled with a
two-dimensional cavity filled with an aqueous solution con-
taining CuSO, + H,SO,. The coordinate system used is shown
in Fig. 1. Both the top and the bottom walls are well-insulated.
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Fig. 1 Schematic diagram of the inclined enclosure and the locations
for concentration fluctuation measurements.

For simplicity, all of the thermal transport properties, except
for the density in the buoyancy force term, are assumed con-
stant. In addition, the Boussinesq approximation is used. Ini-
tially, the working fluid is stagnant and has a uniform con-
centration. At time ¢ > 0, natural convection is initiated by
maintaining the concentration on one of the sidewalls at zero,
and the opposite sidewall at 2C,. The development of the
flow structure and transport process inside the cavity is de-
scribed by a set of differential equations. Before the analysis,
the governing equations are nondimensionalized with the fol-
lowing dimensionless parameters:

£=x/H, y=yH, t=t(HYD), = ul(D/H)

o = o(DIH), p = pl(pD¥H?), C = (C — C)C, (3)
AR = H/L, Sc = viD, Ra = BgC,H(vD)

Therefore, the nondimensionalized equations become as fol-
lows:

(7R
=Sy )
ox ay
o ot ot ap aa 97
,—u+12'—lf+z7—11:f_—p_+50 ,_Lf+ _Lj
a7 ax ay ax ax= ay*
+ RaScC cos ¢ (5)
G G (1,
a7 ox Jy ay ax-  dy-
+ RaScC sin ¢ (6)

aC o _aC aC  [(92C | 9°C
- ta - — t - (N
aT 0x ay ax- ay*
Both the initial and the boundary conditions are the same as
the experimental conditions. Before the experiments, the fluid
inside the cell is stagnant and C = 0. As the electrolysis is
initiated, the concentration C on the cathode becomes 1, and
on the anode it becomes 1.

B. Numerical Procedure

The governing equations are discretized using the control
volume approach of Patankar.' In addition, the power law
formulation is employed to determine the combined advective
and diffusive fluxes across the boundaries of each control
volume. The unsteady term is treated with backward differ-
ence. The buoyancy forces in the x-, y-momentum equations
are treated as source terms. The conventional stagger grid
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system used originally in the SIMPLE scheme is adopted. The
discretized equations are solved iteratively with the line-by-
line procedure of tridiagonal matrix algorithm. To account
for the drastic variations of the flow and concentration dis-
tribution during the initial transient period, a nonuniform time
step is used. Depending on the Rayleigh number the A7 in
the beginning is set in a range from 1.74 X 1077 to 1.74 X
10 ¢, which corresponds to a real time from 0.031 to 0.31 s
during the experiments.

Since the solutal boundary layer is confined in an extremely
thin region along the wall, it is necessary to use a mesh that
has very concentrated grids in the boundary layer and coarse
grid in the core. The mesh used here is such that the first grid
near the vertical wall has one-thousandth of the cavity width
and the following grid expands at a rate of 10% until the
solutal boundary-layer edge is reached. From the theoretical
analysis," the solutal boundary-layer thickness is given by &,
~ H/Ra'?. The minimum value of 8§, for the current experi-
mental conditions is 0.01 cm, which has a dimensionless thick-
ness of (.0041. Therefore, one could have a total of six grid
points in the solutal boundary layer, the first grid has a mesh
width of 0.0005 of the cavity width. This results in a grid
system of 100 x 100 points in the entire enclosure.

Before numerical calculation, the modified numerical code
was verified by comparing with a benchmark solution from
De Vahl Davis'® and a solution for natural convection of air
in an enclosure.'® The Nusselt number predicted using the
current scheme agrees well with others at both low and high
Rayleigh numbers.'?

IV. Results and Discussion

A. Flow Visualization

The shadowgraph method allows one to observe and pho-
tograph the flow structure in an enclosure at different incli-
nations, as shown in Fig. 2, approximately 30 min after elec-
trolysis has been initiated and the mass transfer process has
reached steady state. For an inclination of 30 deg, a very
strong solutal plume is initiated along both the top and the
bottom layer. The plume that occurred has a semispherical-
shaped end like a mushroom. The generation of solutal plume
is due to the formation of a thin and lighter (heavier) layer
of fluid near the cathode (anode) than the bulk, as a resuit
of mass diffusion. When this layer becomes thicker and un-
stable at later times, it can protrude into the layer above
(below), like the so-called thermals found in the thermal ex-
periments.'” For heating from below, the thermal plume found
oscillates left and right. For Ru exceeding 10°, this thermal
plume does not rise up immediately once it is produced, but
persists horizontally along the bottom plate for a certain dis-
tance. Similar phenomenon is also found in the current mass
transfer experiment, except that the solutal plume is much
thinner, like a finger. This is due to the relatively small rate
of mass diffusion in comparison with the thermal diffusion.
The persistent movement of solutal plume along the electrode
surface and the protrusion of plume can increase the circu-
lation motion of the core and enhance the mass transfer from
the anode to the cathode.

Since the Schmidt number of the fluid is very high, the
momentum boundary layer is much thicker than the solutal
one. Therefore, a strong intrusion flow moving along the
insulated plate can be produced by the viscous layer. The
intrusion flow from the cathode (anode) is heavier (lighter)
than the solutal boundary-layer flow. In addition, the bulk
fluid is solutally stratified. As the intrusion flow moves along
the insulated plate, it may reach an upper (lower) region
where the surrounding fluid is lighter (heavier). At this stage,
the intrusion flow is forced to turn downward (upward) and
forms multistream of plumes. These plumes are slightly dif-
ferent from the ones generated along the electrode surface.
They have no semispherical shape in the end and do not have
a mushroom-like shape. The multistream of plumes was not



GAU AND JENG: INCLINED ENCLOSURES 265

Fig. 2 Flow pattern by shadowgraph for AR = 1, Ra = 3.53 x 10°, S¢ = 2772 and ¢ = a) 30, b) 45, ¢) 60, and d) 75 deg.

found in the thermal experiments. It is noted that both the
solutal plumes and multistream formed are inherently three
dimensional and highly unstable. The occurrence of these
phenomenon is a problem of hydrodynamic instability. There-
fore, it can be expected that even with a three-dimensional
code, the occurrence of solutal plumes could not be properly
predicted.

By increasing the angle of inclination, the solutal plume
produced along the electrode tends to persist with the inclined
wall (the cathode or the anode) for a longer distance, as shown
in Fig. 2b for an inclined angle of 45 deg. In addition, the
inclination of the plume produced near the insulated plate
becomes higher. For an inclined angle of 60 deg, as shown in
Fig. 2c, the solutal plume produced along the electrode is
hardly observed except in the corner where it rises (descends)
from the cathode (anode) and moves along the insulated wall.
In addition, the multistream of plume produced along the
insulated plate is completely absent. It appears that the angle
of inclinaton at ¢ = 60 deg is a critical one. For ¢ < 60 deg,
the flow structure appears like the one of heating from below
in a horizontal enclosure. For ¢ > 60 deg, it appears like the
one of heating from the side in a vertical enclosure.

For the case when ¢ = 75 deg, two-layer interfaces occur,
which separate the core into three different layers, as shown
in Fig. 2d. The occurrence of both the top and the bottom
layer is attributed to the accumulation of solutal-layer flow.,
When the angle of inclination is large, the rate of solutal
boundary-layer flow along the cathode (anode) entering the
upper (bottom) region of the enclosure is greater than the
mass flow along the anode (cathode) leaving that region. Since
the rate of concentration diffusion is so small that mixing of
the accumulated solutal layer flow with the bulk hardly occurs.
This leads to the results that the accumulated flow separates
sharply with the bulk and causes a density front in-between.
The intrusion and accumulation of the solutal layer causes the

growth of both the top and bottom layer. The sharp density
front and the growth of the layer were not found in the thermal
experiments. For a sufficiently long time, both the top and
the bottom layer combine together and disappear, and the
entire core becomes stratified.

Since the entire flow structure from the shadowgraph results
is still not very clear, particle tracers are used to visualize the
detailed structure of flow. The experimental results will then
be compared, as shown in Figs. 3a-3c, for + = 30 min, with
the prediction based on the SIMPLE algorithm. However,
the plumes produced in the experiments could hardly be ob-
served with this technique since they are very thin and occur
in a random fashion. The streaks shown in Fig. 3 have 25-s
exposures. Since the variations of flow structure with time at
t = 30 min are very slow, the streakline photographed is
nearly equal to the streamline. However, the solutal plumes
were not found either in the photograph of the streakline or
the prediction of the streamline. This is due to the fact that
in the experiments the plumes that were produced could hardly
be observed with particle tracers since they are very thin and
occur in a random fashion. On the other hand, the numerical
calculation could not predict the problem of flow instability
as mentioned previously. Despite this discrepancy, the agree-
ment between the data and the prediction for the entire bulk
flow is very good.

For ¢ = 30 deg, the entire enclosure, except in the top and
the bottom corner, is filled with a clockwise cell with two
symmetric, small clockwise cells enclosed inside. When the
angle of inclination increases, both the large cell outside and
the two small cells inside the enclosure decrease in size, as
shown in Fig. 3b for ¢ = 60 deg. This is due to the fact that
the circulation motion of the core is driven mostly by the
solutal layer on the sides. As the angle of inclination ¢ is
small, due to the vertical buoyancy, the solutal layer tends to
move or protrude into the core and produce a more rapid
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Fig. 3 Comparison of flow structure between experimental observation and prediction for AR = I, Ra = 3.53 x 10°, Sc = 2772 and ¢ = a)

30, b) 60, and c) 75 deg.

and large circulation of the core. As ¢ is large, however, the
solutal layer tends to be confined in a very thin region close
to the side wall and could not effectively drive the core and
produce a large cell. This leads to a result that the circulation
motion of the core becomes weaker, and the mass transfer
rate across the enclosure becomes smaller. Outside the cell
as the vertical boundary layer detrains, flow reversal occurs.
The reversal of boundary-layer flow can also be observed in
the photograph, which becomes more evident as ¢ becomes
large and circulation cells in the core shrink.

For ¢ = 75 deg, the large circulation cell in the core be-
comes weaker. The two small cells inside do not shrink fur-
ther, but move toward the central region like a secondary
cell. The flow structure at the current stage is very much like
the case for ¢ = 90 deg. The lighter (heavier) solutal-layer
flow accumulates layer-by-layer in the top (bottom) corner
and forms a layer interface at the edge connecting with the
bulk, as shown in the previous shadowgraph. The flow ac-
cumulated in both the top and the bottom region is nearly
stagnant and stratified, which can also be concluded in the
prediction of the streamline plot as shown in Fig. 3¢ and the
isoconcentration line.'” With careful examination, the inter-
face location inferred in the prediction is actually very close
to that indicated in the photograph of Fig. 2d. It appears that
the numerical algorithm used can accurately predict the buoy-
ancy-induced convection of a high Schmidt number of fluid.
On the other hand, it can also be concluded that the electro-
chemical system used and the boundary condition created at
the electrode surface are very close to an ideal situation that
was assumed in the numerical calculation. The stratified re-
gion in both the top and the bottom portion of the enclosure
can significantly reduce the mass transfer. This can also be
confirmed in the mass transfer measurement in the following
sections.

B. Concentration Oscillation Measurements

The concentration measurements are performed 30 min
after the electrolysis has been initiated (and the mass transfer
process has reached steady state). A total of six measurement
locations has been selected (Fig. 1): 1) 0.05, 0.05; 2) 0.05,
0.5; 3) 0.05, 0.95; 4) 0.5, 0.95; 5) 0.15, 0.5; and 6) 0.5, 0.5,

where concentration oscillation may occur. Points 1-3 are
located very close to the edge of the solutal boundary layer.
For the case when ¢ = 30 deg, a very large amplitude and
high frequency of oscillation is found at points 2 and 3, as
shown in Figs. 4b and 4c, where plume activity is very intense.
[t appears that the concentration oscillation measured is mostly
due to the rise of the lighter plume or the falling of the heavier
plume. At point 1 (Fig. 4a), which is near the leading edge
of the boundary layer where plume activity is hardly observed,
no oscillation in concentration is found. At points 4 and 5,
which are far from the edge of the solutal boundary layer,
the number of plumes generated passing through these lo-
cations becomes less. In addition, due to mass diffusion, the
plume arriving at this location has the concentration close to
the bulk. This leads to a result that both the amplitude and
the frequency of the concentration oscillation reduce signif-
icantly, as shown in Figs. 4d and 4e. At point 6, which is
located at the center of the core where no plume activity is
found as shown in the previous figure, the concentration os-
cillation is not observed as shown in Fig. 4f.

By increasing the angle of inclination, the plume activity
decreases. For ¢ = 60 deg, the most intense activity of plume
occurs at the corner close to point 3. This causes a relatively
large amplitude and high frequency of concentration oscil-
lation.'> At other points where plume activity is much less,
the concentration oscillations become weaker.”” No plume
activity and concentration oscillation is found at points 5 and
6. For ¢ > 60 deg, both the plume activity and the concen-
tration oscillation are not found. In the numerical calculation,
however, the concentration fluctuations were not found, due
to its inability to calculate the occurrence of the solutal plumes.

C. Mass Transfer

For different aspect ratio of enclosures, the variations of
the Sherwood numbers with enclosure inclination are mea-
sured and plotted in Fig. 5. Both the minimum and the max-
imum in Sherwood number that occur in the thermal exper-
iments*'#1 are not found. The minimum in Nusselt number
occurs when a transition of flow structure from a series of
roll-cells to a single roll-cell occurs. For a very high aspect
ratio of enclosure, Goldstein et al.® measured the Sherwood
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Fig. 5 Variations of Sherwood number with inclination of the enclo-
sure at different aspect ratios.

number in the same electrochemical system as the current
one, and found that a sharp decrease in the Sherwood number
occurs at approximately ¢ = 85 deg. They suspect a change
of flow structure and occurrence of minimum in Sherwood
number at that angle. The critical angle does not change when
the aspect ratio reduces and is close to 1.8. However, Ozoe
et al.* found that as the aspect ratio of enclosure decreases,
the minimum in Nusselt number occurs at a smaller angle of
inclination. For aspect ratio of unity, the minimum in Nusselt
number occurs at approximately ¢ = 10 deg. For current
mass transfer system in an enclosure with AR =< 1, the min-
imum in Sherwood number is expected to occur at ¢ < 10
deg. Due to lack of data, however, this could not be concluded
from the Sherwood number distribution of Fig. 5.

In the thermal experiments,* however, the maximum in
Nusselt number at a critical angle also occurs. For aspect ratio
of unity, the maximum in Nusselt number occurs approxi-
mately at ¢ = 60 deg. However, in the electrochemical system
of a high Schmidt number of fluid with AR > 1.8,%" the
maximum Sherwood number does not appear. This is also
true in the current system for AR < 1. The Sherwood number
decreases monotonically from ¢ = 0 to 150 deg. The largest
value of Sherwood number occurs approximately at ¢ = 0
deg, where intense activity of solutal plume occurs. In addi-
tion, the lighter (heavier) boundary-layer flow tends to move
upward (downward) along the inclined bottom (top) wall,

10°, and Sc¢ = 2772 at point a) 1 (0.05, 0.05); b) 2 (0.05, 0.5); ¢) 3

which results in a thinner solutal layer and higher mass trans-
fer rate. As the inclination of the enclosure ¢ is greater than
60 deg, the Sherwood number for AR close to unity decreases
rapidly, as shown in Fig. 5. The solutal plume at this stage
has diminished completely. In addition, the lighter (heavier)
solutal boundary-layer flow gradually accumulates and strat-
ifies along the top (bottom) region. The two stratified layers
in both the top and the bottom region grow gradually, which
can significantly suppress both the momentum and the solutal
layer flow and reduce the mass transfer rate. In a low aspect
ratio enclosure (AR = 0.25), where the core flow has been
very slow, the stratification of both the top and the bottom
layer could not further suppress in a significant amount the
solutal boundary-layer flow. Therefore, no sharp decrease in
the Sherwood number occurs at ¢ > 60 deg.

For the case with ¢ > 90 deg, the increase of inclination
angle causes the buoyancy force, which drives the solutal
boundary-layer flow along the inclined wall, to decrease. This
results in a slower motion of boundary-layer flow and a rapid
decrease in the mass transfer.

All the Sherwood numbers measured at different experi-
mental conditions are listed in Table 2 of Ref. 15. During the
experiments, the dimensionless parameter for the Re number
varies from 10® to 10'!, the aspect ratio from 0.25 to 1, the
Schmidt number from 2.5 x 10° to 3.0 X 10°, and the incli-
nation ¢ from 30 to 150 deg. Correlations of Sherwood num-
ber with relevant nondimensional parameters at different an-
gles of inclination are made, which are listed in Table 1. Since
the aspect ratio may have a significant effect on the mass
transfer rate, the first attempt was made to correlate the Sh
number with both the Rayleigh number and the aspect ratio.
The results are shown at the second column in Table 1. At ¢
= 30 deg, the Sh number varies linearly with Ra"*'®. The
power of 0.316 suggests that the flow may not completely be
laminar due to the plume activity. As the inclination ¢ in-
creases, which is accompanied with the decrease in plume
activity, the power of Ra in the correlation decreases. As ¢
> 60 deg, where the plume activity has completely diminished
and stratification in both the upper and the lower region oc-
curs, the power of Ra becomes very close to one-quarter,
which is the characteristic of a laminar natural convection.
The small value for the power of AR in the correlations sug-
gests that the effect of the aspect ratio on the mass transfer
rate is very small and can be neglected. In the third column
of Table 1, the Sk number is correlated only with the Rayleigh
number and the correlation results are very satisfactory. Com-
parison of the correlations with the data is shown in Fig. 6.
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Table 1 Least-square-fit of the data at different inclination angles

Angle of Two-parameter One-parameter
inclination correlation correlation
30 Sh = 0.349Ra"3'°(AR) 903 Sh = 0.379Ra"-3%
8 = 0.123 8 = 0.0189
60 Sh = 0.349Ra"3"(AR) 001 Sh = 0.368Ra"-3*
86 = 0.127 8 = 0.0209
90 Sh = 0.443Ra" > (AR)" =7 Sh = 0.414Ra"->*
8 = 0.097 6 = 0.0173
120 Sh = 0.42Ra"*#(AR) V! Sh = 0.433Ra"*
& = 0.0088 é = 0.014
150 Sh = 0.32Ra">}(AR)"003 Sh = 0.324Ra">
& = 0.109 &6 = 0.025
3
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Fig. 6 Correlation of Sh with Ra for inclination angles from 30 to
150 deg.
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Fig. 7 Correlation of Sh with Ra sin ¢ for 90 deg < ¢ = 150 deg.

Allthe data and the correlations indicate a significant decrease
in the Sh number as the inclination angle increases from 60
to 90 deg, where plume activity diminishes completely and
stratification in both the upper and the lower region occurs.

A single correlation for all the heat transfer data at ¢ less
than 90 deg has been obtained in the thermal experiments®
if the Nusselt number is correlated with Ra cos ¢. In addition,
for a high aspect ratio enclosure, a single correlation of Sk
number with Ra cos ¢ is also obtained for 0 deg < ¢ < 60
deg (Ref. 6). This suggests that in the current low aspect ratio
system the Sk number at both ¢ = 30 deg and ¢ = 60 deg
can be correlated with Ra cos ¢, and the result is obtained
as follows:

Sh = 0.437(Ra cos ¢)*37 (8)
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The least-square-fit of data has a standard deviation of 0.0289.
The correlation result is good. For the case with ¢ > 90 deg,
an attempt was made to correlate $h number with Ra sin ¢.
This has been achieved in thermal experiments for Pr = 0.7
and AR in the range from 5 to 83 (Ref. 20). The correlation
for the current data is very successful, and the result is written
as follows:

Sh = 0.302(Ra)">* sin ¢ 9)

The least-square-fit of the data has a standard deviation of
0.0384. Comparison between the correlation and the data is
shown in Fig. 7.

V. Conclusions

A joint experimental and numerical work is performed to
study the solutal convection flow and mass transfer in an
enclosure inclined at different angles. The good agreement
of flow structure between the experimental observation and
the prediction indicates that the current electrochemical sys-
tem can be used to study experimentally the buoyancy-in-
duced convection in a enclosure. Both the data and the pre-
diction indicate that the inclination of the enclosure can
significantly change the flow structure and affect the mass
transfer process. For large angles of inclination, the solutal
boundary-layer flow can accumulate and stratify along both
the upper and the lower region of the enclosure and reduce
the mass transfer. At small angles of inclination, however,
the solutal boundary-layer flow becomes unstable and gen-
erates solutal plume that can protrude into the core and en-
hance the mass transfer. In addition, the random protrusion
of the plume causes strong oscillations of concentration. Since
the solutal plume could not be simulated numerically, the
computation may later lead to an erroneous result.’””

The Sherwood numbers at different inclination and aspect
ratios of the enclosure are measured, which decrease mon-
otonically when increasing the inclination angle. By using
proper nondimensional parameters and scaling, a single cor-
relation of the Sherwood number, covering the entire range
of Ra and AR studied experimentally, can be obtained for
an inclination angle less or greater than 90 deg.
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