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Abstract—A detailed numerical study has been carried out to investigate transient natural convection in

a binary mixture in square enclosures with the simultaneous presence of temperature and concentration

gradients. Results are particularly presented to illustrate the effects of the combined thermal and solutal

buoyancy forces on the temporal evolution of the flow pattern and the associated heat and mass transfer

for both augmenting and opposing flows. The effects of the buoyancy ratio are found to be rather significant
on the flow pattern and heat and mass transfer especially for the opposing flows.

1. INTRODUCTION

NATURAL convective flows occurring in the natural
environment and technological processes are often
driven by the combined buoyancy forces of heat and
mass transfer. Transfer processes across the ocean—
air interface, control of human body temperature
through simultaneous diffusion of the metabolic heat
and perspiration, evaporative cooling of high tem-
perature systems, and crystal growth from the fluid
phase are just a few examples where the combined
buoyancy effects exhibit profound influences.
Although natural convection resulting from thermal
buoyancy alone has been extensively studied in the
past, natural convection due to the combined buoy-
ancy forces has not received enough attention.

Early studies [1-6] on the natural convection heat
and mass transfer primarily focused on the flow over
a long vertical surface in which the two buoyancy
forces act in the same or opposite directions. For this
simple geometry the flows are normally of boundary
layer type. A critical review on natural convection
with combined driving forces given by Ostrach {7]
pointed out that various modes of flow are possible
depending on the orientation of the buoyancy forces.
Multicomponent natural convection in cavities in
relation to the processes of crystal growth has received
increased attention. The importance of the transport
processes in conjunction with the crystal growth by
various growth methods was indicated by Ostrach [8].
Up-to-date reviews on the buoyancy effects in the
processes of crystal growth from a melt were presented
by Pimputkar and Ostrach [9] and by Langlois [10].
A similar review on the combined buoyancy effects
in crystal growth from vapours was conducted by
Rosenberger [11]. Recently, Rosenberger and his co-
workers [12, 13] showed profound multicomponent
effects during the crystal growth from the chemical
vapour deposition in closed ampoules.

More recently, laboratory experiments were con-
ducted to observe the cell patterns in thermosolutal
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convection flows in shallow enclosures by Kamotani
et al. [14], Ostrach et al. [15], Lee and Hyun [16]
and Wang and Chuang [17]. In these studies both
augmenting and opposing horizontal temperature and
concentration gradients were considered. Under
different experimental conditions various complex
flow patterns were noted ; furthermore, the flow can
become unsteady under certain conditions. In con-
trast to the above studies [14-17], Ranganathan and
Viskanta [18] performed numerical calculations to
study the steady features of flow, and the associated
heat and mass transfer for binary gas natural con-
vection in rectangular cavities relevant to chemical
vapour deposition processes. A similar study has been
conducted by Trevisan and Bejan [19] by using ana-
lytical and numerical techniques to investigate flow,
heat and mass transfer phenomena under various con-
ditions. Scale analysis of the problem for the extreme
cases of heat transfer-driven or mass transfer-driven
situations in the boundary layer flow regime covering
wide ranges of Prandtl and Schmidt numbers were
carried out by Bejan [20], which complemented the
old analyses [1-6]. Close scrutiny on the literature just
reviewed [12-20] reveals that the cell patterns and the
characteristics of heat and mass transfer in the flows
are substantially influenced by all the governing pa-
rameters : the Prandtl number, Schmidt number, as-
pect ratio, ratio of the buoyancy forces, and Grashof
number. However, details of the transport processes
in the flows are still not fully understood.

To explore the detailed mechanisms of momentum,
energy, and species transfer in the thermosolutal con-
vection, time-accurate solutions for the governing
differential equations are required. As a preliminary
attempt to improve our understanding on the natural
convection resulting from the combined driving
forces, the present study investigates unsteady binary
mixture natural convection in square enclosures
resulting from the simultaneous presence of hori-
zontal temperature and concentration gradients by
numerically solving the problem with the SIMPLER
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equation (6)
L height and width of enclosure
Le  Lewis number, S¢/Pr
N buoyancy ratio, equation (6)
local Nusselt number, equation (14)
Nu  average Nusselt number, equation (15)
P dimensionless pressure, equation (6)
ps  dynamic pressure
Pr  Prandtl number, v/x
Sc¢  Schmidt number, v/D

Sh, local Sherwood number, equation (14)
Sh  average Sherwood number

t time

Tc, Ty cold wall and hot wall temperatures

s reference time scale, equation (6)

u,v horizontal and vertical velocity
components
U,V dimensionless horizontal and vertical

velocity components, equation (6)

up  reference velocity, equation (7)

W  dimensionless mass fraction of species 1,
equation (6)

NOMENCLATURE
D binary mass diffusion coefficient w,  mass fraction of species 1
g gravitational acceleration wiw, Wy high and low mass fractions of
Gr  Grashof number for heat transfer, species 1

x,¥ horzontal and vertical coordinates
X, Y dimensioniess horizontal and vertical
coordinates, equation (6).

Greek symbols
o thermal diffusivity of the mixture
Bw  coefficient of volumetric expansion due to
concentration change
Br  coefficient of volumetric expansion due to
temperature change

0 dimensionless temperature. equation (6)

v kinematic viscosity of the mixture

p mass density of the mixture

7 dimensionless time, equation (6).
Subscripts

L at the left-hand wall
R at the right-hand wall or reference
quantity.

algorithm [21-23]. Particular attention is paid to the
cell formation from the initial stationary state to the
final steady state and the associated temperature and
concentration fields under various conditions. Results
are specifically reported for the mixture with Prandtl
and Schmidt numbers of the order of unity (Pr = 0.7
and Sc = 0.6), which are pertinent to the chemical
vapour transport processes [12, 13].

In the following section the mathematical for-
mulation for the problem is first given. The numerical
scheme employed, the grid system and the solution
procedures are described in Section 3. Finally, the
results from the numerical computations are discussed
in detail in Section 4.

2. MATHEMATICAL FORMULATION

Under consideration is a binary fluid contained in
a two-dimensional square enclosure. The top and bot-
tom boundaries of the enclosure are thermally well
insulated and impermeable. Initially, the stationary
fluid and the confining walls are assumed to be at the
same uniform temperature T and the same uniform
concentration wy . At ¢ = 0, the temperature at the
left vertical wall is suddenly raised to a higher level
Ty and maintained at this level thereafter. Meanwhile,
the concentration of the fluid at the left vertical wall
or at the right vertical wall, depending on the aug-
menting or opposing buoyancy forces, is hvpothesized

to be abruptly elevated to a higher value w . Accord-
ingly, horizontal temperature and concentration
gradients are imposed on the fluid. and the flow is
then initiated and evolves under the action of the
combined driving forces due to these gradients. The
transient developments of flow, temperature and con-
centration fields in the cavity can be predicted, with
the Boussinesq approximations {7, 13, 18], by solving
the following governing differential equations in
dimensionless form:

continuity equation

U ev
o+ 2o =0: I
axtar=? M

x-direction momentum equation

U eU eU  oP
] —— — = — ——
w Vet arT Tax

y-direction momentum equation

oV v &V éP
PR ST §7
1 [ev &y
—~— | +{(0+NW); (3
+\/(G,)[axz+cy~] O+NW); (3)
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energy equation
a6 &6 00 1 a8 9%
g+Uﬁ+Vﬁ=—“_Pr\/(Gr)[5.ﬁ+a_ii]' {4)

species diffusion equation
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In nondimensionalizing the governing equations, the
following dimensionless variables were introduced:

X Y
= e = = Y:-—
ﬂg’ U L L
t v
P=£d7, =, T==, Pr=-
Plug Ug 1Y [ 4
Sc=l, 0 = T-Tc . W= W, —W;y
D Ty~Tc Wi Wi

Bu(wiu—wy)

Gr = prg(Tu—Tc)L*v?, N=

Be(Tu—T¢)
I—wy
| ———— 6
Win—Wwy, ©
where
ug = {frg(Tu—Tc)L} "2, ¥

Equations {1)—(5) are subject to the following initial
and boundary conditions:

1<0, V=U=P=0=W=0 ®)

Y=0 and 1, 80/0Y=3aW/0Y=0. (9
For augmenting cases
X=0, 0=1, W=0, V=0
i 1 oW
= e e 10
Sc J(Gr) Ty 0X |y (10)
X=1, 8=0, W=1, V=0
=__..._l_..,__l__._g}£ X an
Se /(Gr) =1 0X{za:
For opposing cases
X=0, 86=W=1, V=0
1 1 aw
T e s e e 12
SejGn T1=D) Xlxao 1D
X=1, 6=W=0, V=0
i 1 éw
& —— . 13
SeJ(Gr) Ty 8X |y =

The interfacial velocities at the vertical walls due to

mass transfer, which may be important at early tran-
sients, are specified in equations (10)-(13) [24].

It is noticed that the volumetric expansion
coefficient due to temperature change, defined as
Br = ~(1/p){8p/0T),,,,, is normally positive, but the
volumetric expansion coefficient for concentration
change, defined as By = —(1/p}(dp/0w,)r,, can be
either positive or negative, In this study By is taken
to be negative, that is, component 1 is assumed
to be heavier than component 2 in the mixture
(Op/dw, > 0). As a result, the buoyancy ratio N is al-
ways negative. To facilitate the analysis, the thermo-
physical properties of the mixture are considered
to be constant except the density in the buoyancy
terms [7, 18]. This simplification is appropriate when
both components in the mixture have comparable
molecular weights or when the mixture is dilute.

Four non-dimensional governing parameters
appear in the above formulation, namely, the Prandtl
number Pr, Schmidt number Sc, heat transfer
Grashof number Gr, and the buoyancy ratio N.

The transient local Nusselt and Sherwood numbers
on the vertical walls can be evaluated by

—(06/eX)x = 1,
for the right-hand wall

=(20/¢X)x = o,
for the left-hand wall

14a
Nit, = (14a)

(14b)
[ (@W/6X), - ,, for the augmenting case at
the right-hand wall (l4c)
—(0W[dX)x = 1, for the opposing case at
(14d)
(0W/]3X)y .. o, for the augmenting case at

the left-hand wall (14e)

Sh. =4 the right-hand wall

~(@W/[0X)y . o, for the opposing case at

L the left-hand wall. (14f)

Integrating the results for the local Nusselt and Sher-
wood numbers along a given wall gives the results for
the average Nusselt and Sherwood numbers for that
wall. For instance, at the right-hand wall

—N'&=J“{~(68/6X)x-,}d}’, (i5)
0

3. SOLUTION METHOD

Since the flow governed by equations (1)-(5) is
known to be parabolic in time but elliptic in space,
the solution for the problem can only be marched in
time, and iterative procedures must be employed to
obtain the solution in the spatial domain. The SIM-
PLER (semi-implicit method for pressure-linked
revised) algorithm developed by Patankar and Spald-
ing {21-23]} was chosen to numerically solve the
governing differential equations in their primitive
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form. To obtain better convergence properties, the
unsteady terms in these equations were implicitly
treated and hence approximated by backward dif-
ferencing. In discretizing the equations in the spatial
domain, the X and Y momentum, energy, and species
diffusion equations were integrated over the respective
control volumes defined on a staggered grid system
at the current time level. The pressure and pressure
correction equations are derived from the continuity
equation to enforce the local mass balance. Conse-
quently, the finite-difference representations for the
governing equations became fully implicit.

For each time step the line-by-line method [23] with
successive under-relaxation was utilized to solve the
finite-difference equations. These equations were
alternately swept in the X- and Y-directions until the
relative changes between two consecutive iterations in
all dependent variables (U, V, 0, and W) at every
nodal point was below 10~ The solutions for the
pressure and pressure correction equations were iter-
ated until the local mass balance was achieved to a
satisfactory degree. The solutions for the problem
were marched from the initial state to the final steady
state. Steady state was considered to be attained by
three criteria. First of all, the solutions at every node
should become almost unchanged with time. In fact,
the following criterion:

¢n+l_¢n

S| < 10-? (16)

was enforced, where ¢ stands for U, V, 0, W, or P.
This criterion can sometimes be met when the time
interval for the numerical integration of the governing
equations is rather small. Other criteria, therefore,
were needed. Secondly, we insured that during the
steady state the heat input to the fluid through the hot
wall must be equal to that leaving the cold wall. This
criterion was fulfilled by requiring that
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Nug — Nuy

<1073 (n

Nug

Finally, the overall mass balance for component 1 at
steady state was invoked by checking whether

Shy — Shy,
Shy

During the program tests, 21 x 21, 31 x 31, 41 x 41,
61 x 61, uniform grid systems were used. The time
interval, first set at a relatively small value from 10~
to 1073 depending on Gr and N, is successively
enlarged by a factor of 1.005, i.e. At, = 1.005 x Az, _ .
In the limiting case of no mass transfer in the flow,
the predicted flow patterns and temperature fields at
the steady state for Pr = 0.71 and Ra = 10°-10° were
in excellent agreement with the benchmark solutions
given by de Vahl Davis [25] for the 41 x 41 grid system.
A detailed comparison of the flow and thermal quan-
tities is given in Table 1. To save on computation cost,
the results presented are obtained from the 41 x 41
grid.

<1073 (18)

4. RESULTS AND DISCUSSION

As was already noted above, the problem under
investigation is governed by four non-dimensional
groups : the Prandtl number Pr, Schmidt number Sc,
Grashof number Gr, and buoyancy ratio N. It is a
formidable task to perform computations covering
wide ranges of all these parameters. Instead, results
were obtained for a given binary gas mixture with Pr
and Sc fixed at 0.7 and 0.6, respectively. Besides, I';
is chosen to be 20. Attention is therefore focused
herein on the effects of the Grashof number and buoy-
ancy ratio. In presenting results the augmenting and
opposing cases need to be separately discussed
because the transport processes in these two cases

Table 1. Comparison of Nusselt numbers and flow quantities with benchmark
solutions {25} for Pr=0.71, 4 = 1

m Numax Numin Umu.\ Vmax
Benchmark
Ra = 10° solutions 1.117 1.505 0.692 0.137 0.139
a= Present
results 1.114 1.497 0.717 0.136 0.149
Benchmark
Ra = 10° solutions 2.238 3.528 0.586 0.192 0.233
a= Present
resuits 2.262 3.590 0.587 0.191 0.233
Benchmark
Ra = 10° solutions 4.509 7.717 0.729 0.130 0.257
a= Present
results 4.655 8.328 0.743 0.131 0.259
Benchmark
Ra = 10 solutions 8.817 17.925 0.989 0.077 0.260
a= Present
results 8.742 19.360 1.009 0.085 0.267
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T=12.33 T=0.90 T=12.33
T =273 T=136.24
(a) (b)
T=0.90 T=12.33
T=2.73 T=136.24

=

FiG. 1. Time evolution of (a) flow patterns, (b) isotherms and (c) iso-concentration lines in aiding flow for
Gr=10% Pr=0.7,8c=0.6, N= —0.2.

are rather different. For each case results have been
obtained for Gr = 10*~10°and N = —0.2 to —5.

4.1. Augmenting flows

In this case the flow near the hot, left-hand wall
is driven vertically upward, and meanwhile the high
concentration at the right-hand wall causes the fluid
near it to sink. Clearly, both the thermal and solutal
buoyancy forces push the fluid clockwise and thus
they simultaneously accelerate the flow. The effects
of the Grashof number and buoyancy ratio on the
temporal developments of the flow, temperature and
concentration fields are of particular interest and dis-
cussed below.

The transient developments of the fluid flow, tem-
perature and concentration distributions are dis-
played through vector velocity fields normalized by
the maximum value at that time instant and iso-value
contours in Figs. 1(a)—(c) for Gr = 10° and N = 0.2.

T 33:2-F

Note that for N = —0.2 the driving force from the
concentration difference is small compared with that
from the temperature difference. The predicted flow
patterns shown in Fig. 1(a) need detailed discussion.
According to the physics of the transport processes,
immediately after the temperature at the left-hand
wall is raised to a higher level at t = 0, the fluid in the
cavity adjacent to the wall is driven vertically upward
due to the presence of the temperature gradient. This
ascending fluid collides with the top wall and is
deflected. A weakly recirculating cell is then formed
near the wall. It is also observed that the fluid, driven
by the small concentration gradient, close to the right-
hand wall moves slowly downward. This slow-
descending fluid eventually hits the bottom wall and
is found to turn left and move along the wall. The
flow field for 7 = 0.90 in Fig. 1(a) clearly illustrates
this phenomenon. At later times, the flow in the
enclosure is strengthened by the action of the com-
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bined buoyancy forces. The up-moving flow, which
is now at higher momentum, in the hydrodynamic
boundary layer along the left-hand wall convects the
cell downstream toward the top surface through the
viscous shearing effects (see the plot for t =2.73 in
Fig. 1(a)). By and large, the flow is still unit-cellular.
As the flow is further accelerated by the buoyancy
forces at larger t, secondary cells appear in the core
region (z = 12.33). Finally, steady state is reached and
the flow pattern resembles that without considering
the species transfer [25]. Heat and mass transfer in the
flow, according to Figs. 1(b) and (c), are respectively
conduction and diffusion dominant at the initial tran-
sient (r < 0.90). At later times (z = 2.73) convection
effects set in causing the distortion of the temperature
and concentration contours. The thermal and solutal
fields finally become boundary-layer type. Because the
Prandtl and Schmidt numbers are comparable, the
temperature and concentration distributions are
analogous.

Next, we investigate the case in which the buoyancy
forces are of equal strength. Figures 2(a)—(c) illustrate
the transient developments of flow, heat and mass
transfer for Gr = 10° and N = —1. In the beginning
of the transient (r = 0.24) two weakly recirculating
but counter-rotating cells shown in Fig. 2(a) are
almost symmetrically formed close to the vertical
walls, which are the consequences of the upward ther-
mal and downward solutal buoyancy forces due to
the existence of the temperature and concentration
gradients near these walls. It is also noted that the
interfacial velocity at the right-hand wall is not neg-
ligible because the concentration gradient near it is
high at this early transient. These cells grow with time
and are carried downstream by the high velocity fluids
near the vertical walls (see the figure for t = 2.74).
Meanwhile, the fluids deflected by the top and bottom
walls, being at higher velocities, are now capable of
crossing the entire enclosure, and thus a primary cell
characterized by the high velocity fluid flow along
the enclosure walls is noted. The flow then gradually
approaches the steady state condition. It is interesting
to observe that the flow pattern in this case is again
almost the same as that in Fig. 1(a). The time devel-
opments of temperature and concentration fields are
similar to those for N = —0.2 except that the tem-
perature and concentration developments with time
become faster and reach almost the same speed.

When the buoyancy ratio is further increased to
—35, the flow is expected to be dominated by the solu-
tal buoyancy force. The results shown in Figs. 3(a)-
(c) evidently elucidate this point. In contrast to the
flow development for N = —0.2, a weakly recir-
culating cell first appears close to the high con-
centration wall and the fluid flows faster along this
wall (plot for T = 0.9 in Fig. 3(a)). A primary cell is
quickly established in the flow along the enclosure
walls with two weak cells embedded in it (z = 2.74).
Steady state is gradually approached. It is worth not-
ing that the species transfer is at a higher rate than
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the energy transfer by comparing the corresponding
contour plots in Figs. 3(b) and (c).

According to the results presented in Figs. 1-3, for
a given Grashof number steady state is easier to
establish when the two driving forces are of approxi-
mately equal strength, that is, when the magnitude of
N is close to unity. Moreover, it is found that heat
transfer is at a faster rate in the flow for |[N| < 1, while
for |N| > ! mass transfer is more effective. Heat and
mass transfer is at almost the same rate for [N} = 1.
The flow patterns in the steady state for the three cases
just discussed are nearly the same.

For other Grashof numbers the results obtained in
the numerical computations for various N indicate
that the influences of the buoyancy ratio on the tran-
sient evolution of the flow, temperature and concen-
tration fields are similar to those for Gr = 10°,

4.2. Opposing flows

The flow, which is initially at rest. isothermal at T
and isosolutal at w,,, in the enclosure is now sim-
ultaneously driven by the higher temperature and con-
centration maintained at the left-hand wall. The
resulting thermal buoyancy force causes the flow near
the left wall to move upward, but the solutal buoyancy
force due to the horizontal concentration gradients
tends to push the flow downward. As a result, the
flow next to the hot wall can move either upward or
downward depending on the magnitude of the buoy-
ancy ratio. Again, particular attention is paid herein
to the influences of the buoyancy ratio and Grashof
number on the transient evolution of the flow field and
the associated heat and mass transfer in the enclosure.

As the solutal buoyancy force is small compared
with the thermal buoyancy force for |.V| < 1, in the
beginning of the transient the flow near the hot surface
is driven vertically upward and a weakly recirculating
cell is formed. The results presented in Figs. 4(a)—{c)
for Gr = 10° and N = —0.2 apparently confirm this
statement. The presence of the small concentration
gradients in the flow only slows down but does not
reverse the flow. The flow, under the continuing action
of the buoyancy forces, speeds up and the cell grows
in size (plot for t = 2.74 in Fig. 4(a)). This growing
cell gradually becomes the primary cell moving along
the enclosure walls. Secondary cells appear in the core
region at later time, and the flow gradually approaches
the steady state. That less-effective heat and mass
transfer is present in the flow, as noted in Figs. 4(b)
and (c), is the result of the slower flow caused by the
opposing solutal buoyancy force.

For |N| > 1 the solutal buovancy force, acting
downward, overcomes the thermal buoyancy force
thereby resulting in a downward flow for the fluid
adjacent to the hot wall. This is observed in the results
given in Figs. 5(a)-(c) for Gr = 10" and N = -5
Here the thermal buoyancy force. in turn, acts to slow
the flow down. The weakly recirculating cetl appearing
in the initial transient quickly grows in size as time
elapses, and the cell gradually evolves into a primary
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FiG. 5. Time evolution of (a) flow patterns, (b) isotherms and (c) iso-concentration lines in opposing flow
for Gr = 10%, Pr = 0.7, S¢c = 0.6, N = —5,

cell, moving counterclockwise. Two small, secondary
cells are found in the core region at a later time. The
flow reaches steady state in a short period of time.

On inspecting the temperature and concentration
contours shown in Figs. 4(b), 4(c), 5(b) and 5(c) for
opposing flows, it is interesting to notice that as ©
exceeds a certain value, the hot and heavy fluid is on
the top over the cold and light fluid for the case with
N = —0.2; the reverse is true for the case with
N = —5. In the former case the flow is thermally
stable but solutally unstable, while the flow is ther-
mally unstable but solutally stable for the later case.
Hence, under simultaneous action of the opposing
buoyancy forces the flow is prone to become oscil-
latory during the transient stage, which is similar to
the study by Patterson and Imberger [26], Patterson
[27] and Briggs and Jones [28] for pure thermal
convection.

4.3. Heat and mass transfer coefficients

Information on how the presence of species transfer
affects natural convection heat and mass transfer
coefficients is most relevant to practice. The transient
variations of the interfacial velocity and local Nusselt
and Sherwood numbers at the left-hand wall at several
time instants are shown in Figs. 6-8 for aiding flow
with Gr = 10° and N = —5. The results indicate that
the interfacial velocity for [’ = 20 is small compared
with the steady U, and V,,,, for pure thermal con-
vection given in Table 1. Obviously, for a smaller I',
the interfacial velocity will exhibit strong effects. At a
given X, Fig. 7 indicates that the Nusselt numbers
oscillate with time [26-28].

Results presented in Tables 2 and 3 give heat and
mass transfer across the enclosure for both aiding and
opposing flows at steady state. The results clearly
indicate that for aiding flows the average Nusselt num-
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Fic. 6. Transient distributions of the interfacial velocity
along the left-hand wall for aiding flow for Gr = 10°
Pr=0.7,8 =06 N= -5.
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ber significantly increases when N is raised from —0.2
to —3 for all the Grashof numbers considered. This
also holds true for the average Sherwood number. But
in the opposing flows the mass transfer effects are
much more complex. For |N]| < | the average Nusselt
and Sherwood numbers decrease with the magnitude
of N. This concurs with the previous discussion that
the flow driven by the thermal buoyancy force is weak-
ened by the opposing solutal buoyancy force. When
the magnitude of N is much larger than unity, the
opposing solutal buoyancy force completely over-
comes the thermal buoyancy force, and therefore the
flow is more vigorous and heat and mass transfer
more effective as the magnitude of the buoyancy ratio
is larger. The results for N = —5 evidently sub-

FIG. 7. Transient locdl Nusselt number distributions along
the left-hand wall for aiding flow for Gr = 10°%, Pr=0.7,
Sc=0.6,N= -5,
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stantiate this point. Results in Tables 2 and 3 can be
correlated by

Nu = 0.13{|N| £ 1]1*% Gr*? (19)

and
Sh=0.12||N| £1[°% Gr*? 20)

where the *+’ and ‘-’ signs are respectively for the
aiding and opposing flows. The above correlations are

Table 2. The effects of buoyancy ratio on the average Nusselt
number for various Grashof numbers

Gr

Nu N 10° 10° 10¢
-5 1.6299 6.3250 12.414
aiding -1 1.2208 5.3487 11.333
-0.2 1.1170 4.5471 9.821
0.0 1.0725 4.1556 8.720
-0.2 1.0294 3.729% 8.028
opposing -0.9  0.9827 1.5520 2.907
-5 1.4240 6.0537 10.820

Table 3. The effects of buoyancy ratic on the average Sher-
wood number for various Grashof numbers

Gr

Sh N 10° 108 10
-5 1.5183 59103 11.463
aiding -1 1.1698 4.9223 10.375
-0.2 1.0890 4.1742 8.934
0.0 1.0480 39110 8.135
-0.2 1.0186 3.4294 7.366
opposing -09  0.9841 1.4306 2.539
-5 1.3410 5.6417 10.091
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not good for the opposing flow with N= —-09 in
which two buoyancy forces are almost of equal
strength. Interestingly, we noted that Sh/Nu = 0.92
which is equal to Le 2. This outcome is in good agree-
ment with the scale analysis proposed by Bejan {20]
for the case with Pr, Sc and Le all smaller than unity.

8. CONCLUDING REMARKS

In this paper transient developments of velocity,
temperature and concentration fields in a binary mix-
ture in square enclosures driven by the simultaneous
action of thermal and solutal buoyancy forces were
numerically investigated. The evolution of the flow
pattern and the associated heat and mass transfer were
found to be significantly influenced by the buoyancy
ratio and the directions of the buoyancy forces. The
flow patterns at the steady state, however, resemble
each other, irrespective of the buoyancy ratio.

The extension of the present study to natural con-
vection heat and mass transfer in tall and shallow
enclosures for various mixtures is of value to many
engineering applications. The existence of oscillatory
flows in binary systems requires further study. This
will be our next task.
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CONVECTION NATURELLE VARIABLE DE MELANGE BINAIRE DANS DES CAVITES
CARREES

Résumé—On traite numériquement en détail la convection naturelle variable d’'un mélange binaire dans

des cavités carrées avec présence simultanée de gradients de température et de concentration. Des résultats

sont présentés pour illustrer les effets combinés des forces de flottement thermiques et solutales sur

I’évolution temporelle de la configuration de I'écoulement et sur les transferts combinés de chaleur et de

masse dans le cas des écoulements favorables ou en opposition. Les effets du rapport de flottement sont

particuliérement significatifs vis-d-vis de la configuration de I'écoulement et du transfert de chaleur et de
masse dans le cas des écoulements en opposition.

INSTATIONARE NATURLICHE KONVEKTION EINES BINAREN GEMISCHES IN
QUADRATISCHEN HOHLRAUMEN

Zusammenfassung—Die instationdre natiirliche Konvektion eines bindren Gemisches in quadratischen
Hohlrdumen wird unter dem gleichzeitigen EinfluB von Temperatur- und Konzentrationsgradienten aus-
filhrlich numerisch untersucht. Insbesondere werden Ergebnisse dargestellt, die den EinfluB beider Auf-
triebskrifte auf die zeitliche Entwicklung der Stromungsform und der damit verbundenen Wirme- und
Stoffiibertragung sowohl fur gleichgerichtete als auch fiir entgegengerichtete Auftriebskrifte zeigen. Es
hat sich gezeigt, daB der EinfluB des Verhiltnisses der Auftriebskrifte auf die Stromungsform und die
Wirme- und Stoffiibertragung ziemlich bedeutsam ist, besonders fiir entgegengerichtete Auftriebskrafte.

HEYCTAHOBUBIIAACSA ECTECTBEHHASA KOHBEKLHMSA BUHAPHOW CMECH B
TOJIOCTAX KBAAPATHOI'O CEYEHHA

AnpoTaims—BbINoHEHO NOAPOGHOE YHCICHHOE HCCEeOPAHME HEYCTAHOBHBLUCHCA eCTECTBEHHO! KOH-
pexuuy SHHAPHOA CMECH B NOTOCTAX KBA/IPATHOTO CCHCHHUA NMPH ONHOBOPEMEHHOM BO3AeHCTBHH TéMne-
PaTypHOrOo M  KOHLCHTPALMOHHOTO TDAJMEHTOB. B  YaCTHOCTH, TNpPHBEACHW  pE3y/ILTATH,
HUTIOCTPHUPYIOLIHE COBMECTHOC BJIMAHHE TEPMHYCCKOR H KOHIUCHTPAUHOHHON BLITAJIKHBAIOIIHX CH Ha
BPEMEHHYIO 3BOJIIOLMIO MOTOKA M COOTBETCTBYIOWMX MPOLECCOB TEILIO- H MACCONMEPeHOCa Kak Ang
OHOKANPABNEHHBIX, TAK H MIA BCTPEHHBIX TeueHuil. OGHApYXeHO, YTO KAPTHHA TCYCHHN H MPOLICCCH
TEMI0- H MACCONEPEHOCA JOBOJILHO CYIICCTBEHHO 3aBHCAT OT BEJIMMHHBEI OTHOLUCHHS NMOABLEMHBIX CHI,
0co6eHHO B CiTydae BCTPEUHBLIX TOTOKOB.
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