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Abstract—Numerical results are presented of double-diffusive convection in a rectangular cavity. The
externally imposed temperature and concentration gradients are antiparallel and aligned in the horizontal
direction, constituting the cooperating gradients flow configuration. As a sequel to the previous account
on the opposing gradients situation, the present paper provides comprehensive numerical solutions to the
full, time-dependent Navier-Stokes equations at large thermal (R,) and solutal (R,) Rayleigh numbers.
The details of velocity, thermal and solutal structures are revealed for a large Lewis number. In an
analogous manner to the cases of opposing gradients, four distinct steady-state flow regimes are identified
as the buoyancy ratio R, (=R,/R,) varies over a wide range. When R, is moderate, the multi-layered
flow structure in the interior core is discernible; the associated S-shaped thermal field and the step-like
concentration field are clearly disclosed. Time-evolutions of the flow developments are displayed. The
major discrepancies between the results of the cooperating gradient cases and the opposing gradient cases
are exposed. The present numerical results are found to be qualitatively consistent with the available
experimental observations. Based on the numerical data, the steady-state mean Nusselt number Nu and
the Sherwood number S% are computed over a broad range of R,. Differences are noted in the behavior
of Nu and S with varying R, between cooperating gradient ﬂows and opposing gradient flows.
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1. INTRODUCTION

Lee anpD HyuN [1] presented a detailed numerical
account of double-diffusive convection in a rec-
tangular cavity. The numerical studies were obtained
by solving the complete, time-dependent Navier—
Stokes equations at large thermal (R,) and solutal (R,)
Rayleigh numbers. The motion was initiated by the
externally imposed gradients of the two diffusive
properties, i.e. heat and solute, both of which were
applied in the horizontal direction. The significance
of such horizontally-aligned gradients of the diffusive
properties has been stressed previously (see, e.g.
Ostrach [2]). In particular, as was observed by
Kamotani et al. [3], Wang et al. [4} and Lee et al. [5],
this flow configuration is of relevance to industrial
applications in modern material processing, among
others. Some of the salient flow characteristics of this
fluid system have been explored by the experimental
endeavors cited in the above. One notable accomplish-
ment has been a conclusive demonstration of the exis-
tence of the layered flow structure, together with the
attendant characteristic thermal and solutal dis-
tributions, in the interior core of the cavity. The exper-
imental flow visualizations by Lee et al. [5] confirmed
that the layered structure was established under per-
tinent parameter settings.

t Author to whom all correspondence should be addressed.

In order to complement and reinforce the prior
experimental investigations, comprehensive numeri-
cal stimulations have been performed by the present
authors. Obviously, since the Lewis number Le is
large, the solutal boundary layer becomes extremely
thin; resolving this thin layer has been a major
obstacle hampering tangible progress in numerical
studies of double-diffusive phenomena. By utilizing
the much expanded computing resources of the cur-
rent computer facilities, we were able to obtain
numerical solutions to the full Navier-Stokes equa-
tions [1]. As a sequel to that work, the present paper
will continue to report on the extensive numerical
results.

In ref. [1], the horizontal gradients of temperature
and concentration of a heavier substance were aligned
parallel to each other. Consequently, the buoyancy
effects due to thermal and solutal gradients were coun-
teracting, creating a flow configuration with so-called
opposing gradients [2]. The numerical results, as well
as the preceding experimental data, pertaining to the
opposing case were analyzed in ref. [1].

In the present paper, the flow configuration with
cooperating gradients will be dealt with. As shown in
Fig. 1, for definiteness, the left vertical wall at X = 0
represents the low-temperature (6) and high-con-
centration (C,) boundary, and the right vertical wall
at X = 1 denotes the high-temperature (6,) and low-
concentration (C) boundary. As is intuitively clear,
the buoyancies due to the thermal and solutal effects

1605



1606

J. M. Hyun and J. W. Lee

NOMENCLATURE
Ar  aspect ratio, H/L v dimensional vertical velocity
C, dimensional concentration at the high- component
concentration side wall X nondimensional horizontal coordinate
G dimensional concentration at the low- x dimensional horizontal coordinate
concentration side wall Y nondimensional vertical coordinate
AC  concentration difference, C,—C, y dimensional vertical coordinate.
D mass diffusivity
g gravity Greek symbols
H height of cavity B coefficient of volumetric expansion with
L width of cavity concentration
Le Lewis number, k/D B coefficient of volumetric expansion with
Nu  local Nusselt number temperature
Nu  mean Nusselt number d solutal boundary layer thickness
Pr Prandt! number, v/x 4, thermal boundary layer thickness
Ra  effective Rayleigh number, 0, dimensional temperature at the high-
R+ Le'"* R, temperature side wall
R, solutal Rayleigh number, g8, ACL?/xv 6, dimensional temperature at the low-
R, thermal Rayleigh number, gB,A8L%/kv temperature side wall
R, buoyancy ratio, S, AC/B,A0 A@  temperature difference, 8, -0,
S nondimensional concentration K thermal diffusivity
Sh local Sherwood number v kinematic viscosity
Sh mean Sherwood number P dimensional density
T nondimensional temperature o* nondimensional density
U nondimensionalized horizontal velocity Do dimensional reference density
component T nondimensional time
u dimensional horizontal velocity T nondimensional heat-up time scale
component T, nondimenstional ‘e-folding time’ for a
V nondimensionalized vertical velocity purely solutal convection
component v nondimensiona!l stream function.

are mutually augmenting; thus this is termed the
cooperating case. The rectangular cavity is of width
L and height H, and the Cartesian coordinates (x, y),
with the corresponding velocity components (u, v),
are denoted. Initially, the fluid is motionless, and the

Y,y  insulated
ilpe?‘l‘eable
2 1 O
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L
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FiG. 1. Flow configuration and coordinate system.

temperature and concentration are uniform through-
out at 8, = (8,+6)/2 and C, = (Cy+ C))/2, respec-
tively. At the initial instant ¢ = 0, the temperature and
concentration at the vertical side walls are abruptly
altered, and they are maintained thereafter.

The numerical methodologies and the subsequent
analyses of the numerical data proceed in the same
way as in ref. [1]. For the governing equations, the
boundary and initial conditions, and the specific
numerical model used, the reader is referred to ref.
{1]. The values of the relevant parameters used in the
study are identical to those in ref. [1], i.e. the Lewis
number, Le = 100; the Prandtl number, Pr = 7; and
the aspect ratio (H/L), Ar = 2, with the exception that
the solutal Rayleigh number R, = 1.38 x 10® and the
flow configuration is of a cooperating type instead of
the opposing type of ref. [1]. In this paper, we shall
only illuminate the essential results of numerical simu-
lations and discuss the eminent characteristics of flow,
thermal and solutal fields for the flows with coop-
erating horizontal gradients. Cross-checking of the
present numerical results with the available exper-
imental observations as well as the flows with oppos-
ing gradients will be conducted.
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FIG. 2. Plots of isotherms, isohalines, stream functions and vertical profile of horizontal velocity at mid-

width. Conditions are R, = 20 and 1 = 0.005. Values for isotherms are, from left to right, —0.389, —0.278,

—0.167, —0.0556, 0.0556, 0.167, 0.278 and 0.389. Values for isohalines are: (A) —0.389; (B) —0.278;

(C) —0.167; (D) —0.0556; (E) 0.0556; (F) 0.167;(G) 0.278 ; (H) 0.389. Values for y are, from boundaries
to interior, 15, 30, 45, 60, 75, 90 and 105.

2. RESULTS AND DISCUSSION

First, we shall describe the gross features of the
early time flow characteristics. In the early phase well
within the heat-up time scale 7, [6], owing to the large
difference in diffusivities of heat and concentration,
the overall thermal and velocity fields resemble those
of purely thermal convections. In the bulk of cavity
the concentration is at the initial uniform value
S = 0.0, except within the extremely thin solutal
boundary layers adjacent to the vertical side walls,
The above-stated general pattern is similar to that
observed in the opposing gradient case [1]. However,
one notable difference is seen with regard to the exis-
tence of the thin, localized corner regions of hori-
zontally advancing fluids along the top and bottom
boundaries [7]. Unlike the opposing case, such small
regions of horizontally moving fluids are not visible in
the present cooperating case, since the two buoyancy
effects are augmenting each other. Figure 2 exemplifies
the stream patterns at very small times.

We shall now look into the details of the flow fields
as they are explicitly influenced by the relative mag-
nitudes of the two buoyancy effects. When the buoy-
ancy ratio R, [= R,/R/] is sufficiently small, due to the
dominance of the thermal buoyancy, the entire time-
evolving processes are governed primarily by the ther-
mal convection. Figure 3 provides exemplary results
for a small buoyancy ratio (R, = 4.0) at a large time
(r = 1.0). As anticipated, the thermal and velocity
fields are similar to those of pure thermal convection.
As ascertained previously, since the thermal diffusivity
is much greater than the solutal diffusivity, i.e.
Le = 100.0, the thermally-driven flow field is estab-
lished in much of the cavity at small times. Conse-
quently, the mass diffusion into the core region is
impeded by vigorous thermally-induced convective
activities. Thus, solutal stratification takes place only

in narrow strips very close to the top and bottom end
walls. In the bulk of the cavity, the concentration is
still at the initial uniform value S = 0.0. The vertical
profile of the horizontal velocity component suggests
boundary layer-type behavior in the regions very close
to the horizontal end walls.

When the effects of thermal and solutal buoyancies
are comparable, i.e. for intermediate values of R,
complex, yet highly intriguing, flow characteristics are
apparent. Figures 4-6 display the results when
R, = 41.0. At very early times, as remarked earlier, the
general flow behavior is akin to that of pure thermal
convection. As shown in Fig. 4(a) at 7 = 0.05, in the
interior core, the thermal field is nearly linearly strati-
fied, the concentration being at the uniform value
(S = 0.0), and counter-clockwise circulation is seen.
However, in the sizeable portions of the cavity near
the top and bottom horizontal walls, the solutal field
displays a near-linear stratification, and the velocities
are reduced in strength. As time progresses, the
regions near the top and bottom end walls in which
the solutal field is stratified expand toward the mid-
height. The beginning of the formation of layered
flow structure is discernible (see Fig. 4(b) at t = 0.5).
Notice that almost stagnant regions exist near the
horizontal walls. The layered flow structure in the
interior core becomes more distinct as time elapses
further (see Fig. 4(c) at t = 0.7). In the regions adjac-
ent to the top and bottom horizontal walls, the vel-
ocities are very small and these areas themselves have
decreased in size. At this time instant, three layers
have been fully established and two more layers begin
to form. The time-evolving pictures of Fig. 4 show that
the top and bottom regions of constant temperatures
shrink in size as thermal convection intensifies in these
regions as time progresses. The magnitudes of the
velocities in the core tend to be smaller than the values
of purely thermal convection at the same thermal
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F1G. 3. Plots of isotherms, isohalines, stream functions and vertical profile of horizontal velocity at mid-
width. Conditions are R, = 4.0 and r = 1.0. Values for isotherms and isohalines are the same as in Fig.
2. Values for ¢ are 10, 20, 30, 40, 50, 60 and 70.
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Fic. 4. Time evolving plots of isotherms, isohalines, stream functions and vertical profile of horizontal

velocity at mid-width for R, = 41, Times are t = 0.05 (a), 0.5 (b), 0.7 (c) and 1.0 (d). Values for isotherms

and isohalines are the same as in Fig. 2. Values for y are: (a) 1. 3, 8, 14, 20, 26 and 32; (b) 1.2, 3,6, 9,
[3.5and 18;(c) 1. 2. 4.5, 7and 11:(d) L. 1.7, 5. 10, 15 and 19.
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Rayleigh number (see the results of pure thermal con-
vection of, e.g. ref. [8]). This is attributable to the
presence of the stably-stratified solutal field, which
inhibits the thermal convective activity in the interior.
At large times (see Fig. 4(d) at = = 1.0), five layers
have been fully developed ; it can be ascertained that
the entire cavity has been divided into five mini-cavi-
ties. The velocity and thermal fields within each layer
resemble those of pure thermal convection in a shal-
low cavity with a correspondingly low thermal Ray-
leigh number. Small pockets of isothermal regions are
visible near the top right and bottom left corners.
Figure 5 illustrates the large-time vertical profiles
of the major flow properties for the results displayed
in Fig. 4. The temperature and concentration profiles
are along the mid-width X = 0.5, and the local Nusselt
(Nu) and Sherwood (Sh) numbers at X = 0 are plotted
for three time instants. The times are t = 0.005,
typifying the flow well before the forming of the lay-
ered structure; t = 0.6, when three layers are estab-
lished in the middle portions; and t = 1.0, when five
layers are fully developed throughout the whole
cavity. Much in line with the results of the opposing
gradient case (see Fig. 6 of ref. [1]), the characteristic
S-shaped temperature profile and the step-like con-

centration distribution are clearly depicted. The pro-
file of the local Nusselt number possesses three local
maxima at t = 0.6 and five local maxima at 1 = 1.0
These are strongly suggestive of the significant influ-
ence that the interior flow pattern exerts on the heat
transfer near the side wall. It should also be pointed
out that Nu is nearly zero very close to the bottom
wall. This is in accord with the existence of the iso-
thermal pockets near the bottom left corner area (see
Fig. 4). As observed for the opposing gradient case
(see Fig. 6 of ref. [1]), Sk is insensitive to the precise
flow structure in the interior ; the local mass transfer is
principally governed by the very thin solutal boundary
layer structure, and the flow within this layer is little
influenced by the overall flows in the core.

In an effort to scrutinize further the details of the
boundary layers, the horizontal profiles along the
mid-height (Y = Ar/2.0) at 1 = 1.0 of the principal
flow variables are exhibited in Fig. 6. The ratio of the
thickness of the thermal and solutal boundary layers,
(6,/6,), has been estimated as O(LeR,)"* by Wang et
al. [4]. Examination of the numerical data of Fig. 6
points to the consistency with this scaling. The results
of the run shown in Figs. 4-6 can be compared with
the experimental measurements of Lee et al. [5]. The
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F1G. 5. Vertical profiles of (a) temperature and (b) concentration at X = 0.5. (¢) Local Nu and (d) Sh at

X = 0. Condition is: R, = 41. Times are:

numerical computations were performed by using the
same values of the parameters as those of the exper-
iments of ref. [5]. The large-time behavior of the
numerical results shows substantial agreement with
the data of ref. [5].

Figure 7 demonstrates the effect of R, on the fine
details of the large-time flow characteristics ; the value
of R, is still within the intermediate range such that
the distinct layered flow structure in the interior is
tenable. Figure 7(a) for R, =20.0 exemplifies the
results when R, is closer to the lower end of this
intermediate range of R, for the layered flow regime.
The gross flow properties are similar to those already
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F1G. 6. Horizontal profiles of temperature (7), concentration
(S) and vertical velocity (V* = V/1000) at mid-height
(Y = Ar/2). Conditions are R, = 41 and t = 1.0.

,T1=003; - 1=06; — — — 7= 1.0.

presented in Fig. 4(d) for R, = 41.0. However, the
thermal buoyancy is comparatively stronger for the
case of R, = 20.0 than for R, = 41.0; the localized
isothermal zones surrounding the top right and bot-
tom left corners are smaller in size in Fig. 7(a) than in
Fig. 4(d), indicating more vigorous thermally-induced
activities in the bulk of the core. In the solutal field,
Fig. 7(a) shows that, compared to that of Fig. 4(d),
the height of each layer in the core is larger, the thick-
ness of the layer interface is smaller, and the step-
change of the concentration across the interface is
more abrupt. Also, the strengths of the horizontal
velocity fluctuations in the interior layered regions
tend to increase as R, decreases within the inter-
mediate range. Figure 7(b) at R, = 60.0 exhibits the
opposite trend as R, increases toward the upper end
of the intermediate range. The thermal buoyancy is
now less vigorous; thus, only three distinct velocity
layers are visible in the interior. The thermal buoyancy
is not strong enough to overcome the effect due to the
substantial concentration distribution in parts of the
flow field near the top and bottom horizontal walls;
the fluids in these regions are nearly stagnant, and
these stagnant areas occupy greater portions of the
cavity as R, increases further. Also noticeable are
the enlarged isothermal zones near the top right and
bottom left corners.

We now turn to the question of the flow behavior
when R, takes a very large value. Figure 8 typifies the
time-dependent qualitative flow character under an
extreme R, (R, = 3000.0). At very small times, as
asserted previously, the thermal buoyancy is still
dominant regardless of R,; Fig. 8(a) at 1 =0.05 is
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FIG. 7. Plots of isotherms, isohalines, stream functions and vertical profile of horizontal velocity at mid-
width (r = 1.0). Buoyancy ratios are R, = 20 (a) and 60 (b). Values for isotherms and isohalines are the
same as in Fig. 2. Values for y are: (a) 1.5, 2.5, 8, 14, 20 and 26 (b) 1, 4.5, 8. 11.5 and 15.

qualitatively similar to Fig. 4(a). At a later time, how-
ever, the difference in flow characteristics becomes
conspicuous. At moderate times (see Fig. 8(b) at
7 = 0.3), the temperature is weakly stratified in the
vertical direction only in a narrow band near the mid-
height. Corresponding to this thermal stratification,
a weaker counter-clockwise circulation of restricted
vertical extent is seen near the mid-height in the vel-
ocity field. In this region, the concentration is still at
the initial uniform value S = 0.0. At a still later time
leading to the steady-state (see Fig. 8(c) at 7 = 1.0),
since the solutal buoyancy far outweighs the thermal
buoyancy, the overall flow pattern resembles that of
pure solutal convection. The concentration shows a
near-linear stratification in the vertical direction ; the
temperature field is qualitatively akin to the con-
duction-controlled situations, and the overall velocity
field in the bulk of the cavity is fairly quiescent.
Figure 9 is presented in order to delineate the
changes in the character of the steady flow, ranging
from the layered flow regime for intermediate values
of R, to the solutal-dominant regime for large values
of R,. As is evident in Fig. 9(a) for R, =100.0, a

single thermally-driven counter-clockwise circulation,
together with the vertical temperature stratification,
is discernible in a narrow band surrounding the mid-
height. As R, increases (see Fig. 9(b) for R, = 500.0),
this thermally-induced circulation weakens in mag-
nitude and shrinks in size. At a still further increase
of R, (see Fig. 9(c) for R, = 1000.0), the bulk of the
interior is, by and large, motionless; only the weak
horizontal velocities in thin strips adjacent to the hori-
zontal boundaries are seen. The thermally-induced
motions in the interior core are impeded by the well-
established stably-stratified solutal field. It is also
apparent that the thermal field in the bulk of the
cavity becomes conduction-dominant when R, takesa
sufficiently large value.

In summary, four distinct flow regimes have been
identified as R, varies, in a manner similar to the case
of opposing gradient configurations. They are: (1)
the thermal effect-dominant regime ; (2) the regime in
which both the thermal and solutal effects are com-
parable, producing the well-defined layered flow
structure in the interior core; (3) the regime in which
the solutal effect is prominent in the bulk of the cavity,
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FiG. 8. Time evolving plots of isotherms, isohalines, stream functions and vertical profile of horizontal

velocity at mid-width for R, = 1000. Times are t = 0.05 (a), 0.3 (b) and 1.0 {(c). Values for isotherms and

isohalines are the same as in Fig. 2. Values for ¢ are: (a) 1, 3, 8, 13, 18, 23 and 28: (b) 0.7, 1.6, 2.5, 34,
4.3,5.2,6.1 and 7.0; (c) 0.54, 1.08, 1.62, 2.16, 2.70, 3.24 and 3.78.

with the exception of the thin core band near the mid-
height where the thermal effect is still appreciable;
(4) the solutal effect-dominant regime. Based on flow
visualization studies, Lee ez al. [5] proposed three flow
regimes, which correspond to regimes (1), (2) and (4)
described above. The comparisons of the flow data

obtainable by the present numerical results and the
experimental visualizations of ref. [5] exhibit generally
satisfactory agreement. The agreement is good bothin the
global qualitative characterizations and in the specific
profiles of the essential physical variables. Itis perhaps
worth pointing out that the regime categorized in
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FIG. 9. Plots of isotherms, isohalines, stream functions and vertical profile of horizontal velocity at mid-
width (t = 1.0). Buoyancy ratios are R, = 100 (a), 500 (b) and 1000 (c). Values for isotherms and isohalines
are the same as in Fig. 2. Values for ¢ are: (a) 1,2, 3,4,5,7and 9; (b) 0.7, 1.4, 2.1, 2.8,3.5,42and 4.9;

(c) 0.6, 1.2, 1.8,

the above as (3) was not classified explicitly in the
experimental investigations by Lee et al. [5]. Regime
(3) is located on the border line of the parameter
space, and it could well be characterized as a subset
to the generalized layered flow regime denoted as (2)
in the above.

24,3,3.6and 4.2

In order to portray the fine details of the steady-
state behavior near the vertical walls, enlarged views
of the horizontal profiles are depicted in Fig. 10. When
the buoyancy ratio is large, the temperature variation
in the close proximity of the wall becomes more rapid.
The concentration profiles tend to be quite insensitive
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FiG. 10. Horizontal profiles of (a) temperature (7), (b) concentration (S), and (c) vertical velocity
(V* = V/100) near the low-temperature and high-concentration wall at r = 1.0. The values of R, are: —,
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to the change in R,. At a large Lewis number, the
precise details of the solutal boundary layer structure
are little affected by the interior flows. The vertical
velocity profiles are suggestive of the typical boun-
dary-type shapes. However, it is noticed that, in con-
trast to the opposing gradient cases (see Fig. 9 of
ref. [1]), the maximum value of the magnitude of the
vertical velocity decreases as R, increases. At a small
R, the augmentation of the buoyancies is quite effec-
tive under the overriding influence of the dominant
thermally-induced effect. On the other hand, at a large
R,, as ascertained previously, the thermally-driven
convection occupies a smaller portion near the mid-
height of the cavity, confined to a mini-cavity. This
implies that the global augmentation of the buoy-
ancies in the entire cavity is less complete at a large
R,
The specific impact of R, on the resulting steady-
state density profile is illustrated in Fig. 11, where the
nondimensionalized density p* is defined as

1 P T
* = L _1)=-—4s
" =pac (po > R

The general behavior of p* as R, increases is similar
to that of the opposing gradient cases (see Fig. 10 of
ref. [1]), i.e. smooth variations at low R,. step-like
distributions at moderate R,, and again smooth pro-
files at large R,. Comparisons of the two cases reveal
the nonexistence of the patches of localized gravi-
tationally unstable configuration in the present
results. This can be explained by arguing that, under
the cooperating gradients, the buoyancies are aug-
menting ; thus, even very near the horizontal bound-
aries, the overall density is stably stratified in the
vertical direction.

As was previously done for the opposing gradient
cases (see Table 1 of ref. [1]), the heat and mass
transfer rates across the cavity are computed by util-
izing the numerical results. Table | lists the mean
Nusselt number

o l er
Nu = AJ‘ T/EX)y_,dY
Ar 0
and the mean Sherwood number
o l Ar
Sh = »J —(@S/0X)y oo dY
Ar 0

evaluated at r = 1.0. It should be remarked that this
time instant corresponds to four e-folding time scales

ol
-0.50

1

-0.25

1
0.00

Fig. 11. Nondimensiona! density p* at X = 0.5 at t = [.0.
The values of R, are: —— R, =4; ————, R, =20;
R’,=4|; R,,=60; b s —
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Table 1. Mean Sherwood Sk and Nusselt Nu numbers at a
large time (t = 1.0)

o Nu

R, Sh DDC PTC

0.5 166.84 36.41 36.21

1.0 149.79 30.36 30.16

4.0 120.55 20.44 20.98

20.0 116.13 12.34 13.80

41.0 113.19 8.417 11.44

60.0 111.43 5.857 10.36
100.0 109.78 3.334 9.057
200.0 109.21 2.486 7.541
500.0 108.87 2.196 5.907
1000.0 108.72 2.134 4.897
3000.0 108.61 2.108 3.624
10000.0 108.59 2.104 2,610

PSC 108.58

For the tabulation of Nu, DDC denotes the case of double-
diffusive convection, and PTC denotes the case of pure ther-
mal convection. For the value of R,, PSC indicates the case
of pure solutal convection.

derivable for purely solutal convections [6]. At this
time instant, the overall flows are substantially close
to the steady-state when R, is very large or small;
when R, is intermediate, very minor flow evolutions
are seen in parts of the cavity ; however, the temporal
changes in the global flow patterns are insignificant.
Consequently, the numerical data contained in Table
1 are representative of the steady-state or at least
quasi-steady situations.

Inspection of Table | of the present paper and Table
I of ref. [1] discloses that the heat transfer rates are,
in general, greater for the cooperating cases than for
the opposing cases. This is not surprising since the
buoyant activities are more vigorous for the coop-
erating cases. Perusal of the data for Nu in Table 1
reveals that, when R, is either very small or very large,
the difference in Nu between the double-diffusive con-
vection and the purely thermal convection is quite
negligible. This can be easily explained by pointing
out that these two extreme cases refer to the ther-
mal effect-dominant or the solutal effect-dominant
regimes. Consequently, the general heat transfer will
be similar to that of single-diffusive convection. Obvi-
ously, the explicit nature of double-diffusive con-
vection makes itself felt only when R, is intermediate.
In this regime, Nu for double-diffusive convection
tends to be smaller than that for single-diffusive con-
vection. The presence of the stably-stratified solutal
field hinders the thermal convective activity, which is
the principal mechanism of heat transfer, in much of
the cavity.

Scrutiny of the mass transfer rates indicates that,
when R, exceeds some moderate values, Sh is nearly
constant, approaching a value appropriate for the case
of a purely solutal convection. Sk increases relatively
steeply as R, is reduced from moderate to very small
values. An important aspect in the behavior of Sk is
the existence of a minimum of S at a moderate value
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of R, for the opposing cases (see Table 1 of ref. [1]).
However, for the present cooperating cases, the two
buoyancy effects are augmenting; consequently, the
decrease of Sh with increasing R, is monotonic. The
above-cited patterns of the Sh variations with R, are
strong qualitative agreement with the experimental
measurements of ref. [3]. Reference [3] proposed an
empirical correlation, based on their experiments using a
cavity of low aspect ratio, Sh = 0.67(Le Ra)"*, where
the effective Rayleigh number Ra = R,+Le'?R,.
Reference [3] further stated that this empirical for-
mula would approach the relation tenable for a cor-
responding vertical flat plate when Le Ra becomes
very large. The values shown in Table 1 are slightly
lower than these empirical predictions. As stressed
earlier, these small quantitative differences could be
traced to several experimental uncertainties and the
unavoidable minor discrepancies stemming from the
numerical simulation of such complex physical sys-
tems.

3. CONCLUSION

Numerical computations of the full, time-depen-
dent Navier-Stokes equations have been conducted.
For the flow configurations with horizontally-directed
cooperating gradients of the diffusive properties, flow
details have been acquired and analyzed.

At very small times, since Le > 1, the early time
flow is akin to that of pure thermal convection. How-
ever, at intermediate and large times, explicit depen-
dence of the flow on the buoyancy ratio R, is
conspicuous.

When R, is sufficiently small, the entire temporal
evolutions are governed primarily by the thermal
buoyancy.

When R, is moderate, the thermal and solutal buoy-
ancies are comparable. The gross flow characteristics
display substantial time-dependence. At moderate
times, the solutal field is stratified in the regions near
the top and bottom end walls, and these regions
expand toward the mid-height. The layers form in the
velocity field. At large times, the layered velocity field
is established, together with the S-shaped temperature
profiles and the step-like solutal profiles.The profile
of the local Nusselt number possesses several maxima,
but the local Sherwood number profile is insensitive
to the precise flow structure in the interior. These
eminent flow characteristics are in accord with the
experimental visualizations of Lee et al. [5].

When R, is very large, the global flow properties
are similar to those of pure solutal convection. The
bulk of the interior is largely motionless, and the
thermal field is nearly conduction-dominant.

The flow regimes that can be categorized based on
the numerical data are consistent with the exper-
imental observations of Lee ez al. [5)].

The resulting overall density profile shows smooth
variations at low R, step-like distributions at mod-
erate R, and again smooth variations at large R,.
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Unlike the cases of opposing gradient configurations,
the density is stably stratified throughout the entire
cavity since the two buoyancies are augmenting.

When R, is moderate, the mean Nusselt number Nu
for double-diffusive convection tends to be smaller
than that for single-diffusive convection. due to the
presence of the stably-stratified solutal field. The mean
Sherwood number S decreases monotonically as R,
increases. This is attributable to the fact that, in con-
trast to the opposing gradient case, the buoyancies
are aiding in the present case. The qualitative behavior
of Nu and Sh is consistent with the earlier exper-
imental measurements [3].
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CONVECTION DOUBLEMENT DIFFUSIVE DANS UN RECTANGLE AVEC DES
GRADIENTS HORIZONTAUX COOPERANTS DE TEMPERATURE ET DE
CONCENTRATION

Résumé—Des résultats numériques sont présentés sur la convection doublement diffusive dans une cavité
rectangulaire. Les différences de température et de concentration imposées extérieurement sont appliquées
dans la direction horizontale et elles constituent la configuration de gradients coopérants pour I'écoulement.
On donne des solutions numériques des équations complétes de Navier-Stokes pour des grands nombres
de Rayleigh thermique (R,) et solutal (R,). Les détails des champs de vitesse, de température et de con-
centration sont révélés pour de grands nombres de Lewis. De fagon analogue quatre régimes d'écoule-
ment permanent sont identifiés quand le rapport R, (= R,/R,) varie largement. Lorsque R, est modére,
la structure de 1'écoulement multicouche est discernable dans le coeur ; le champ thermique associé en S et
le champ de concentration en escalier sont clairement disjoints. On expose les principales différences entre
les résultats des cas 4 gradients coopérants et ceux a gradients opposés. Les résultats numériques_sont
qualitativement cohérents avec les observations expérimentales disponibles. Les nombres de Nusselt Nu et
de Shmoyens en régime permanent sont calculés pour un large domaine de R,. Les différences sont dégagées
dans le comportement de Nu et Sh, lorsque R, varie, entre les écoulements 4 gradients coopérants et ceux
a gradients opposés.

GLEICHGERICHTETE DOPPELT-DIFFUSIVE KONVEKTION IN EINEM
RECHTECKIGEN HOHLRAUM MIT HORIZONTALEN GRADIENTEN

Zusammenfassung—In dieser Arbeit werden numerische Ergebnisse fir die doppelt-diffusive Konvektion
in einem rechteckigen Hohlraum vorgestellt. Die von auflen aufgeprigten Temperatur- und Konzen-
trationsgradienten sind nicht-parallel und waagerecht ausgerichtet, wodurch ecine gleichgerichtete
Stromungssituation ensteht. In der Folge einer friiher vorgestellten Arbeit dber die gegengerichtete
Strémungssituation werden hier numerische Ldsungen der vollstindigen zeitabhiingigen Navier-Stokes-
Gleichungen bei groBen thermischen (R,) und Konzentrations- (R,) Rayleigh-Zahlen gezeigt. Es werden
Geschwindigkeits-, Temperatur- und Konzentrationsfelder fiir eine groBe Lewis-Zahl vorgestellt. Ahnlich
wie bei der gegengerichteten Situation ergeben sich vier Bereiche der stationdren Stromung—abhiéngig
vom Auftriebsverhiltnis R, = (R,/R,). Bei mittleren Werten von R, ist eine vielschichtige Stromungsstruktur
im inneren Kern erkennbar; das damit verbundene S-férmige Temperaturfeld und das stufenformige
Konzentrationsfeld treten klar in Erscheinung. Es wird die zeitliche Entwicklung der Strémung vorgestellt.
Ebenfalls werden die wesentlichen Unterschiede zwischen den Ergebnissen fiir den gleichgerichteten Fall
gezeigt. Die numerischen Ergebnisse stimmen qualitativ mit verfiigbaren Versuchsergebnissen iiberein. Auf
der Grundlage der numerischen Daten werden fiir den stationdren Fall mittlere Nusselt-Zahlen (Vu) und
Sherwood-Zahlen (S%) in einem weiten Bereich von R, berechnet. Fiir beide Strdmungssituationen werden
die Unterschiede im Verhalten von Nu und Sh vorgefiihrt.
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KOHBEKTUBHBIA TEIIO- U MACCOOBMEH B TMPAMOYTOJIBHON MOJOCTH INMPU
COBMECTHO JEACTBYIOMUX IOPU3OHTAJIBHBIX FTPAIMEHTAX TEMITEPATYPHI H
KOHUEHTPALIMH

Amvoraums—IIpencrabiensl YMCAeHHRIE pe3y/bTaThl O KOHBEKTHBHOMY TEIUIO- H MAacCOMEPEHOCY B
npAMOyroapHoit monocTH. IIpanoxeHHbe H3BHE rPAAHEHTH TEMNEPATYPH H KOHUCHTPALHH ABJIAIOTCH
AHTHNAPA/LNEIbHHMA H [OPH3OHTANBHO HAMPABJICHHLIMH, Onpeacsd TakuM 06pa3oM koudurypaumo
Te4CHHS ¢ OAHOHANMPABJIEHHBIM MOXBEMHHM HeHCTBHEM IDALMCHTOB. B npono/keHHe npeaslayLiero
HCCIeNOBAHHA CMy4aeB ¢ NPOTHBOACHCTBYIOIUMMY IPANHCHTAMH B NaHHOH CTATHE MPHBOAATCA YHCICH-
Hbie PELlICHHA MONHBX HECTAUHOHAapHBIX ypapHeHuit Hapbe-CTokca npu GONBIINX JHAYCHHAX TEILIOBHIX
(R) H xoHueHTpauMoHHBIX (R,) uncen Panes. PaccuaTaHml AeTanu CKOPOCTHBIX, TEMINEPATYPHBIX H KOH-
LICHTPAUMOHHHX CTPYKTYP MpH GonbUIMX 3HAYEHHAX 4Kcaa Jibtouca. Kax u B npeaniayumieM Hecaen0Ba-
HHH, NPY BapbHPOBAHMH OTHOUICHHS NMOALEMHBIX CHN R, (= R,/R) B WIMpOKOM OHaNa3OHE 3HAYEHHH
o6HapyXeHBl YEThIpE CTALHOHAPHBIX PEXHMA TCYEHHUA. I'Ipn YMEDPEHHBIX 3HAYCHURX YHCAA R, OTYET/IHBO
NpPOABNNETCA MHOTOC/IONHAR CTPYKTYPA TEYEHHS BO BHYTPEHHEM SIpE, 3 TakKe ACHO obuapyxusaioTes
S-o6pa3Hoe TCIIOBOE mOJiE M CTYNMEHYaTOS noje KOHUeHTpauni. ITpOHLTIOCTPHPOBAHO pPa3IBHTHE
TeueHUA BO BpeMeHH. [Toxa3aHbl OCHOBHbIC PACXOXACHHA MEXAY pe3ynbTaTaMu OJIS Clydaes ¢ OedcT-
BYIOLIMMH 8 OJHOM HAMNpaBJICHMM M NPOTHBOREHCTBYIOIMMHA rpaanenTamy. [ToxasaHo, YTO mOMydeH-
Hbie YHC/ICHHBIE DE3YbTATHl KAYCCTBEHHO COIJACYIOTCA € HMMCIOLIMMHCH JKCICPHMEHTAILHBIMH
pabmonennamMu, Ha OCHOBE YMCACHHBIX PE3YNBTATOB PAacCYHMTAHBI CTAUHOHAPHBIC CPEAHHE 3HAYCHHS
uncen Hyccenvta Nu n Mepsyna Sh 8 wpoxom auanasoue 3Hayenuit yncna R,. OTMeueHB! PAa3aHYHA B
nosenenuu wucen Nu  Sh ¢ HIMEHEHHEM 3HAYeHHA 4YHMcaa R, B cayvasx TeueHusA ¢ JeHCTBYIOIMMH B
OIIHOM HamNpaBJICHHHA H npOTHBOBCﬁCTB)'IOLLLHMH [PadHEHTAMH.
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