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Abstract—This study investigates the time-dependent double-diffusive convection of NaCl—H,0 con-
cerning the stably stratified salt fluid layer with lateral heating in an inclined cavity. The N-S equations are
solved via a finite difference method with Ra = 1 x 10" and Ra, = 5x 107. The plots of stream function,
isotherms and isosolutal lines at inclined angles from y = 75° to —75° during a long period of time are
presented and systematically discussed. At early time, there are two types of instability onset. At y < 75°,
the cells rotate strikingly in one sense of rotation, but weakly in the other, while at y > 75° the comparable
vortexes rotating in a different sense are generated. The onset of instability is nonsymmetric, being faster
at negative angles than at positive ones. The multi-layered structure is formed with a sharp solutal difference
and a wavy distribution of temperature at all inclined angles. The distribution of local Nusselt number is
periodic due to the layered structure. The average Nusselt number with respect to time reveals more detailed
information about the heat transfer behavior of layer forming, propagating and merging. The prediction
of final layer thickness and flow field agrees well with the experiments and flow visualization. Copyright

© 1996 Elsevier Science Ltd.

1. INTRODUCTION

Double-diffusive convection due to a sailt stratified
fluid layer with differential heating has received
increasing research attention. In nature, it extensively
exists in oceanography, geophysics and geology [1-3].
There are many important applications in engin-
eering, such as for energy storage systems, solar engin-
eering and some material processings [1, 2].

The solutal effect is stable, but the thermal effect
would be unstable. The most interesting feature is
that it will generate a layered structure with sharp
interfaces. Within the layer, the solute distribution is
uniform, but the temperature distribution may exhibit
two different types: wavy or uniform in the vertical
direction. The relevant flow types are horizontal cellu-
lar motion and well-mixed fluid layers [3]. The decisive
reasons are magnitude and orientation of thermal and
solutal gradients.

For lateral heating, Thrope et al. [4] first clarified
the secondary flow pattern of a layered structure that
resulted from the onset of instability in a narrow ver-
tical slot. Chen et al. [5] carried out experiments in a
tank with natural length scale # = aAT/¢,, defining
the modified Rayleigh number Ra,, and proposed the
critical value Ra, ., = 150004 2500 such that the sim-
ultaneous cells are generated on the sidewall if Ra, is
larger than the critical value; while some successive
cells only are found in the vicinity of the top and
bottom walls if Ra, is smaller than the critical value.
The final layer thickness 4 is estimated to be about
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(0.6-0.9). Huppert and Turner [6] and Huppert et
al. [7] measured the final layer thickness in a wide
range, and found that 4 = 0.62+0.05y as Ra, > 10°,
which is independent of the modified Rayleigh
number. More detailed discussions about the cell
propagation and layered structure can be found in the
studies by Tanny and Tsinober [8] and Jeevaraj and
Imberger [9].

Recently, Lee and Hyun [10], Kamakura and Ozoe
[11] and Dosch and Beer [12] numerically simulated
the problem by finite difference [10, 12] or finite
element [11] method. They reported the flow field,
heat and mass transfer characteristics in the closed
rectangular [10], opened rectangular {11] and the con-
centric cavities [12]. Experimental results were also
presented by using the shadowgraph [11] and holo-
graphic interferometry methods [12]. All of them
showed their numerical predictions were similar to
their experimental results or the data in literatures.

Unlike the lateral heating when the heat flux is
imposed from the bottom, the vectors of two gradients
are parallel and opposed to each other such that the
interaction is intensive, and other types of instability
occur in the flow. A row of vortexes rotating with
different sense is generated at the bottom, as shown
in the theoretical analysis by Chen [13] and the
numerical simulation by Kazmierczak and Poulikakos
[14]. The vortexes form the plume structure, eventu-
ally one or more well-mixed fluid layer generates in
the flow, which can be seen in the numerical results of
Kazmierczak and Poulikakos [14] and the exper-
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D

g gravitational acceleration [m s~
H height of cavity [m]

h average size of layer thickness [m]
L width of cavity [m]

Le Lewis number, a/D

Nu  local Nusselt number, equation (12)
Nu average Nusselt number, equation

12)
P dimensional pressure [N m~?]
P nondimensional pressure, pL?/(po?)

Pr Prandtl number, v/a
Ra  thermal Rayleigh number,

gBrATLY/(av)

Ra, solutal Rayleigh number,
gBACL/(av)

R, buoyancy ratio, S, AC/f-AT

Ra, modified Rayleigh number,
grA T [(av)

Ra,, critical value of modified Rayleigh
number

T dimensional temperature [K]

Ty dimensional highest temperature [K}

T, dimensional lowest temperature [K]

t dimensional time [s]

U dimensional velocity in the x-direction
[ms~]

u nondimensional velocity in the
x-direction, UL/a

vV dimensional velocity in the y-direction
[ms~]

v nondimensional velocity in the
y-direction, VL/x

X dimensional coordinate in the

horizontal direction [m]

NOMENCLATURE
Ar aspect ratio, H/L x nondimensional coordinate in the
C dimensional solute [wt%] horizontal direction, X/L
Cy dimensional maximum solute at initial Y dimensional coordinate in the vertical
[wt%] direction [m]
o dimensional minimum solute at initial y nondimensional coordinate in the
[wt%] vertical directon, Y/L.
¢ nondimensional solute,
(C—CH(C—CY Greek symbols
mass diffusivity [m? s o thermal diffusivity [m?s~']

Br volumetric coefficient of thermal
expansion {K ~']

Bs volumetric coefficient of expansion
with solutal [wt% ~']

b0 initial density gradient, 5|dC/2Y|,

n characteristic length of layer thickness,
aA T/,
AC  initial solutal difference, C, — C; [Wt%)]

Ac nondimensional solutal difference

AT  initial thermal difference, T, — T; [K]

AG nondimensional temperature

difference

nondimensional temperature

difference between boundaries,

0—6 =1

Ay difference of stream function

¢ physical variable of interest

y inclined angle [deg]

v kinematic viscosity [m?s~"]

0 nondimensional temperature,
(T-T)/(T,—T)

T nondimensional time, ta/L>

v stream function.
Subscripts

h highest value

1 lowest value

0 initial value

max maximum value

min minimum value.
Superscripts

’ coordinate after rotation

K iteration index.

imental observations of Lewis et al. [15]. It was ana-
lyzed mostly in one-dimensional domain as seen in
refs. [1-3], only a few employed the two-dimensional
simulation [13, 14].

As to the effect of inclination, the positive angles
denote heating from below, while the negative angles
denote heating from above. Some authors investigated
the double-diffusive problem about a slant, heating
plate immersed in a tank with positive angles [13, 16],
they found the value Ra,,xcosy does not change
until it is larger than y = 60°, but then it increases

rapidly as y increases for positive inclined angles.
Paliwal and Chen studied the inclined slot from
y = 75° to —75° by the experimental observation [17]
and stability analysis [18). They noted the onset of
instability is nonsymmetric with respect to y = 0°,
where the secondary flow pattern becomes unstable
in a rather ‘dramatic’ manner at y = 75°. Later,
Thangam et al. [19] also demonstrated the nonsym-
metric phenomenon in an inclined slot by theoretical
analysis. When the cavity is inclined, the flow is less
stable near the upper wall than that near the lower
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wall. Even though without heating the buoyancy
layers transport fluid up along the downward sidewall
and down along the upward sidewall [20]. The heating
effect may augment or resist the motion depending on
the heating from the lower or upper sidewall. The
combined effect causes the solutal gradient near the
heating wall to reinforce or reduce and further affect
the onset of instability. Besides, as the horizontal
layers are formed, the flow is more stable at negative
angles, whereas it is more vigorous at positive angles.

All of the above-mentioned papers about the effect
of inclined angles are restricted in discussing the onset
of instability and the initial solutal gradients are
assumed as the same values. Research about the tran-
sient evolution in the cavity with finite aspect ratio is
still lacking. Practically, for an inclined cavity with
finite aspect ratio, the length between the highest and
lowest points is different at each inclined angle. The
present study numerically investigates the double-
diffusive convection problem in a finite aspect ratio
(equal to 2) rectangular cavity, with inclination angle
varied from y = --75° to 75°. We focus our study
on the NaCl-H,O solution associated with constant
temperature and initial solutal difference. In addition
to the onset of instability, the flow types and mass
transfer characteristics during a long period of time
are systematically discussed. Also, we will compare the
numerical results with those of the flow visualization
experiments by shadowgraph method.

2. NUMERICAL SIMULATION

Mathematic formulation

The fluid is assumed to remain laminar, two-dimen-
sional and incompressible with constant fluid proper-
ties, except for the density change with temperature
and salinity that induces the buoyancy forces, i.e. the
adoption of the Boussinesq approximation. Hence,
the governing equations can be written in the follow-
ing dimensionless forms:

continuity equation

ou ov
PR T @
momentum equations

)
Ou +u% +v% -2 + siny RaPr(0—R,c)

at | ox oy 0x
*u  0u
w242 @
'Qﬁ @J @

G, 0
& +u@ +v@ -2 + cosy RaPr(0—R,c)

ot ox oy dy
v v
+Pri—+—) @3
'Qf @J @

energy equation

Fig. 1. Schematic of the physical domain.

w0 0 _F0 e
ot uax Uay - ox? ayZ ’
concentration equation
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vé’y T Le )

The nondimensional quantities introduced are
defined as

v vk X
u=-—- v=—- x=7
Y w  PL
YT T T po?
T-T, c-q H
6 = = Ar=—
T,—T C.—G L
ATL?
Pr=v R _gﬂ'r
o av
_ghAacL’ _ Ra _a
Ra, = o R, =~ Ra, Le—D.

Here, Ar is the aspect ratio, Pr is the Prandtl
number, Le is the Lewis number, Ra and Ra, are
the thermal and solutal Rayleigh numbers, and R,
represents the relative magnitude of solutal and ther-
mal buoyancy forces.

The schematic diagram of the physical domain is
shown in Fig. 1. Initially, the cavity is filled with fluid
of a linear solutal gradient in the gravitational direc-
tion. Suddenly, one sidewall has a higher temperature
imposed T, and the opposite sidewall remains at the
initial temperature T,, while the top and bottom walls
are kept insulated. All the initial and boundary con-
ditions are as follows:

’

u=p=0=0, c=1—-—2— at 1=0 (6)
1+ 4r
dc .
u=v =a=0 on all boundaries )
6=1 on x=0, 6=0 on x=1 ()
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gg:o on y=0 and Ar. )
oy

Because the coordinate of computational domain
(x—y) may be different from the fixed coordinate
(x’—y"), the initial solutal conditions in equation (6)
needs to be transferred to the (x—y) domain. The
following equation can be used for the positive angles :

Vx*+y*cos(cos™! <—J;—2> —7)
NCEES

c(x,y)=1-—

1+ Ar* cos(cos™! (:/—T_:l_r;;)—y)
(10)

and, for negative angles, equation (10) can also be
employed after changing the heating surface and mir-
roring the results with respect to the axis of x = cosy.

Besides, there is another parameter adopted for dis-
cussing the onset of instability, that is, the modified
Rayleigh number

ATy? Ar\?
Ra, = m<= Ra(_r) )
ov R,

_BAT{ H
"= (‘E)

The length scale # denotes the elevation that the
fluid parcel can rise after their density is changed [35,
10] and ¢ = B,|dC/AY"|,.

The calculated heat transfer at the wall is presented
by the local or average Nusselt number, Nu or Nu,
which are defined respectively, as

N __ﬂ % A_’—L -
"= T8 \ox) TAr)

Numerical method and grid test

Equations (1)—(5) are discretized using the weighing
function scheme [22] and are solved using the finite
difference method, i.e. the APPLE algorithm
developed by Lee and Tzong [23].

The distribution of grid points gradually con-
centrates toward the boundaries for analyzing the
boundary layer. The grid net affects the solution of
simulation, especially in the y-direction. Hence, there
should be enough grids to analyze the multi-layered
structure [11]. We use 60 grid points in the x-direction,
somewhat larger than the grids of Lee and Hyun [10].
Different grid meshes of 65, 75, 85, 95 and 105 in the
y-direction are employed to make the grid test, and
the results are presented in Table 1. As seen from
Table 1, when the grid meshes in the y-direction were
chosen as 75, the cell numbers are 9 at an early stage,
which are less than that with denser grid meshes. The

where

(1)

Nudy. (12)
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Table 1. Grid test at different times

t=02 1t=04 1=06 =08 1=10
105 10 9 5 5 5
95 10 9 5 5 5
85 10 9 S 5 5
75 9 7 5 5 4
65 8 6 4 4 4

cell evolution is also faster than the other cases with
larger grid meshes. Therefore, in our calculations, we
use grid meshes of 95 in the y-direction, considering
both the accuracy and economy of computing. We
have adopted the following convergence criteria at
each time step:

K __ Ar+1y
%‘T <107
| max —¢min l
where ¢ indicates the physical variable of interest and
superscript k denotes the iteration index.

3. RESULTS AND DISCUSSION

In this study, we use the parameters of Ra = 1 x 107,
R, = 5and Ar = 2 within the range —75° <y < 75°.
The modified Rayleigh number Ra, calculated from
Ra, Ra, and Ar, is 6.4 x 10° for y = 0°, which exceeds
the critical value 15 000 £ 2500 by a great amount. The
mechanism of the onset of instability and the layered
structure in our study can also be divided into the
horizontal layer structure (y < 75°) and the well-
mixed fluid layer structure (y = 75°). For convenience,
we shall discuss them separately.

Onset of instability

We look into some features which occur close to
the onset of instability, as shown in Fig. 2, with stream
function, v, defined as ¥ = dY/dy and v = —dy/dx.
At very early time, the cells are generated near the
bottom and top walls, and then, some simultaneous
cells appear in the middle portion and intrude toward
the interior region. The former is due to the end effects
of the bottom and top walls [21], and the latter is the
secondary flow due to the onset of instability [3, 10].
Although the rotation of the major cells is clockwise,
the data of negative stream function in the interfaces
and the near-stagnation regions reveal that some sec-
ondary cells rotate counterclockwise. The secondary
cells are so weak that they cannot be clearly captured
in the plots. This is consistent with the theoretical
predictions reported in refs. [4, 19].

The onset of instability is more pronounced at the
negative angles than the positive ones as seen from
Fig. 2. This nonsymmetric phenomenon is attributed
to the solutal gradient adjacent to the boundaries,
which are different from that in the interior region
owing to the nondiffuse boundary conditions. Accord-
ingly, the isosolutal lines adjacent to the upper side-
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(1)

Fig. 2. Stream line plots at about the onset of instability (t = 0.01), where Ay = —2 for all cases.

(2)

wall curve upward, while the isosolutal lines adjacent
to the lower sidewall curve downward. This phenom-
enon causes the density variation and therefore, the
buoyancy layers induce the flow up and down along
the sidewalls. If the heating is imposed from below,
the thermal boundary layer enhances the flow motion
and the solutal gradient in the vicinity of the lower
sidewall such that the onset of instability is slower.
However, if the heating is from above, the thermal
boundary layer reduces the flow motion and the solu-
tal gradient in the vicinity of the upper sidewall such
that the onset of instability is sooner, as reported in
refs. [17-19]. It is demonstrated in this study by solv-
ing the full N-S equations in the cavity with finite
aspect ratio.

The onset of instability would be the combined
effect of solutal and thermal gradients. All of our
discussions will be focused on the same initial solutal
difference with linear distribution, but the initial solu-
tal gradient is different for various inclined angles.

Stream lines distribution

We shall scrutinize the gross features of the flow at
positive angles (including y = 0°) first and the negative
angles later.

When the onset of instability has occurred for a
period of time, the cell structure develops in the cavity,
as seen in Fig. 3(a). The fluid parcel rising from the
sidewall continuously loses heat to the cold ambient,
and so, the density increases. Hence, the cell intrusion
is slightly lower than the horizontal direction for all
the inclined angles. When the angle increases, the heat-
ing-from-below effect is more and more notable that
the fluid parcel near the left bottom corner thrusts
more and more highly along the sidewall. This makes
the bottom cell more and more vigorous and reduces
the cell numbers accordingly. On the other hand,
because the end effect of the top wall is reducing,
the top cell becomes weaker and weaker as the angle
increases [see Fig. 3(a)].

In the process of the cells’ evolution, merging occurs
between the cells, and the cell numbers decrease in
every angle. At 7 == 0.1 [Fig. 3(b)], the layered struc-
ture is well-developed, i.e. all the simultaneous layers
show a similar structure independent of the inclined
angles. The horizontal interfaces separate the layers

(3)

(4) (5)

and the shear force comes from the circulations in
the two layers acting on them. Because heat is also
subtracted from the right wall, convection is
reinforced so that the merging is also accelerated from
top and bottom. The bottom layer is more unstable
and occupies the larger portion of the cavity as the
angle increases. It is seen from Fig. 3(a,b) that the
inclined angle greatly influences the flow type,
especially for the bottom layer. Hence, at large angles,
the simultaneous layers could become the minor
feature.

The stream function plots at negative angles are
presented in Fig. 4. Although the onset of instability
at the negative angles is sooner than that at the posi-
tive ones for the same |y|, the thermally driven flow is
weaker at the negative angles, as shown in Fig. 4(a).
The simultaneous cells are larger, but are not so com-
plete as that at the positive angles. As compared with
the positive angles, some interesting features are
observed during the cell evolution. Firstly, the bottom
cell is not able to occupy the bottom corner, but
behaves as if there is a horizontal boundary above the
bottom corner because the density of the lowest point
adjacent to the heating wall is smaller than that lower
than it such that the motion of fluid parcel cannot
reach the bottom corner. Secondly, at the upper part
of the heating surface, the cells cannot develop further
owing to the opposite insulated wall and therefore,
are restricted to the upper left corner. For a long
period of time they remain unchanged. The most strik-
ing case is at y = —75°, as presented in Fig. 4(b), due
to the weak heating effect and insulted top wall, the
fluid parcel comes from the heating wall and cannot
arrive at the opposite wall so that the cells show a
sharper front. Hence, the maximum value of the
stream function decreases as the angle decreases [see
Fig. 4(a)]. However, the merging process will retard
the convection, as shown in Fig. 4(b).

Some typical cases at both positive and negative
angles are depicted in Fig. 5 when the flow approaches
a steady state. For y = 0°, the flow types are similar to
the pure natural convection with homogeneous solutal
distribution ; while for y < 0°, the solutal distribution
is not homogeneous in the cavity. As discussed above,
at negative angles, the part of convection cannot
occupy the whole region. Therefore, the solutal distri-
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bution shows a different type in the weak convection
region at the top corner and the no convection region
at the bottom corner. As the angle increases, the time
steadily increases at first then decreases. This is

(1) (2) (3)
Fig. 4. (a) Stream line plots for negative angles at t = 0.02, where Ay = —1 for y = —75° and Ay = —4

for other cases. (b) Stream line plots for negative angles at © = 0.10, where Ay = —1 for y = —75° and
Ay = —4 for other cases.

(4) (5)

Fig. 3. (a) Stream line plots for positive angles at 7 = 0.02, where Ay = —4 for all cases. (b) Stream line
plots for positive angles at T = 0.10, where Ay = —4 for all cases.

because of the merging with different numbers of
layers. It is interesting to note that the tendency of the
time to the steady state are roughly opposed to that
of the onset of instability. That is, at the negative

[Ge—T1=nla

(4) (5)
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(1) (2)

(3)

(4)

Fig. 5. Stream line plots for some inclined angles after a long time. The times from left to right are t = 0.2,
0.4,0.7, 0.6, 0.4, where Ay = —6 for all cases.

angles the steady state is reached sooner than the
positive ones for the same |y|.

Isotherms distribution

Figures 6(a,b) and 7(a,b) are the isotherm plots
for different angles. At T = 0.02 [Fig. 6(a)], the cell
intrusion is progressing. Because only one boundary
is heating, the cells are associated with the vivid con-
vection, while the other portion remains static. Due to
the recirculation within each cell a wavy temperature
distribution exists. The most vigorous convection is
exhibited in the bottom cell such that the temperature
distribution is almost uniform there and the thermal
boundary layer is evident. A stronger convection also
occurs in the top cell. As the angle is increased, the
convection is more and more reinforced at the bottom,
but is more and more retarded at the top. The sim-
ultaneous cells evolve with a similar tendency of tem-
perature distribution. At the interfaces of the cells

(3)

Fig. 6. (a) Isotherm plots for positive angles at T = 0.02, where A§ = 0.1 for all cases. (b) Isotherm plots
for positive angles at T = 0.10, where A8 = 0.1 for all cases.

(1) (2)

the isotherms are denser. There the heat transfer is
dominated by conduction. The heat flux is largest at
the heating sidewall, and induces the entire convection
motion. It is interesting to point out that the rate of
heat transfer adjacent to the top wall is larger than
that adjacent to the bottom wall, even though the
bottom cell is more vigorous in strength for all cases
[see Fig. 6(a) the first isothermal line from the right
wall]. At t = 0.1 [Fig. 6(b)] the layered structure is
well developed for all angles and the conduction
region has disappeared. The heat transferred from the
left wall and subtracted from the right wall enhances
the convection motion. When the heat transfer is large
enough, it will destroy the stable solutal interfaces to
initiate the merging process, the temperature dis-
tribution will be somewhat random, but returns to
wavy distribution as the merging ends. When the angle
is increased, the temperature field becomes more and
more unstable [see Fig. 6(b)].

(4) (5)
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(2)

Fig. 7. (a) Isotherm plots for negative angles at t = 0.02, where A9 = 0.1 for all cases. (b) Isotherm plots
for negative angles at T = 0.10, where A9 = 0.1 for all cases.

(1) (3)

At negative angles, as shown in Fig. 7(a,b), the
tendencies of temperature distribution in the cells and
layers are similar to that at the positive angles, but are
weaker in magnitude. Since the cells cannot fill the
whole region, the conduction dominates accordingly
at the top and bottom corners, and increases as the
angle decreases. Similar to that at the positive angles,
the rate of heat transfer adjacent to the top wall is
larger than that adjacent to the bottom wall.

Isosolutal lines distribution

The isosolutal line distributions are demonstrated
in Figs. 8 and 9. The solute becomes more uniform
in the cell region and remains the linear distribution
outside of the cell regions [see Fig. 8(a)]. Since the
thermal diffusivity is larger than the mass diffusivity,
the solutal distribution responses slowly to the cell
propagation. At 7 = 0.1 [Fig. 8(b)], the layered struc-
ture is well developed and it is exhibited that there is
the sharp solutal difference in the interfaces. Not only
is the heat transferred through the interfaces, but also
the mass is carried up to the upper layers and the
interfaces become thinner and thinner. It is interesting
that some isosolutal lines at the interface are zigzag-
ged. This phenomenon is concerned with the insta-
bility of merging. When the interface becomes very
thin, the shear forces adjacent to the interface might
lead to the onset of Kelvin—-Helmholtz instability.
Since the merging begins near the walls, due to the
thermal boundary layers established along the side-

&

(4) (5)

cd—

(4) (5)

walls, the interface is not able to keep the horizontal
structure anymore and becomes inclined. The inter-
face breaks up near the walls, and then is rapidly
transferred to the inner region. The entire process is
similar to the two-layer system, as delineated in ref.
[25]. Due to the heating-from-below effect, the merg-
ing process is faster as the angle increases.

For the negative angles, at © = 0.02 [Fig. 9(a)], the
mass transfer in the cell region is weaker than that at
the positive angles. As the layers are well developed
[Fig. 9(b)], the solutal gradient at right bottom corner
is still linear and does not vary for a long period of
time. However, it is not entirely linear at the left upper
corner due to the existence of cells with very weak
convection, as discussed previously.

Heat transfer characteristics

Some typical cases of local Nusselt number at the
heated wall at © = 0.08 are shown in Fig. 10. The
distribution of heat transfer at the sidewall is wavy.
The distribution is relevant to the layered structure,
accordingly. The periodic results at y = 0° is con-
sistent with the experimental finding of ref. [6] and the
numerical results of refs. {10, 11]. Owing to the
inclined effect, the number of waves at other angles
are fewer than that at y = 0° and the wavy distribution
is concentrated at the above region for positive angles.
However, the layered structure is mainly evolutionary
at a lower region for negative angles.

The time variations of the average Nusselt number
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(1) (2) (3) (4) (5)

Fig. 8. (a) Isosolutal plots for positive angles at © = 0.02, where Ac = 0.1 for all cases. (b) Isosolutal plots
for positive angles at 7 = 0.10, where Ac = 0.1 for all cases.

at some inclined angles are shown in Fig. 11. Thereisa  modes [12]. It reveals that the layered structure greatly
rugged trend in plots that is different from the smooth influences the heat transfer characteristics. The aver-
distribution of pure natural convection or conduction.  age Nusselt number tends to descend at early time as
Moreover, the distribution is between these two the cells are generated and propagating from the

(a)

S~ —
(1) (2) (3) (4) (5)

(b)

5=

(1) (2) (3) (4) (5)

Fig. 9. (a) Isosolutal plots for negative angles at T = 0.02, where Ac = 0.1 for all cases. (b) Isosolutal plots
for negative angles at t = 0.10, where Ac = 0.1 for all cases.
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Fig. 10. Plot of the local Nusselt number at some inclined
angles at T = 0.08.

heated wall and later it rises abruptly as the cells
transform into the layered structure. It is noted that
the merging between the simultaneous cells does not
lead to a marked change of the average Nusselt
number. The plots have significant variations as layers
merge. Even without merging, the flow field is not
entirely stable in the layers and it will vibrate with
respect to time. There is a drop of it and the instability
becomes more striking as the Kelvin—Helmholtz insta-
bility is incorporated. It reaches to a minimum when
the interface breaks up. This process will repeat again
and again until steady state is achieved as presented
in Fig. 11. The whole behavior is similar to the exper-
imental results in ref. [24]. Due to a constant heat
flux condition, the steady state does not exist in their
results.

Due to the heating-from-below effect, the variations
at positive angles are more vigorous than that at nega-
tive ones for the same |y|, as discussed previously. The
corresponding cell numbers are indicated below the
distribution. The cell number decreases as the angle
increases and steady state is achieved more rapidly at
positive angles. At negative angles, the cell numbers
increase as the angle increases and it takes a longer
time to get to a steady state at a larger angle. We
observe also that at y = — 60° the layered structure is
so weak that the curve is nearly smooth until to the
steady state. At the steady state the average Nusselt
numbers at the positive angles are the same as that of
the natural convection. However, they are sig-
nificantly smaller at negative angles because the flow
cannot move over the entire cavity.

Results of y = 75°

The most interesting caseis at y = 75°. At this angle,
the other kind of instability could be onset. It is mainly
due to the parallel and opposed thermal and solutal
gradients. The typical case is the salt stratified fluid
layer with heating from bottom, as depicted in refs.
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Fig. 11. Transient evolution of average Nusselt number at
some inclined angles.

[2, 3, 13-15]. The bottom cell is replaced by some
pairs of vortexes rotated with different sense [see Fig.
12(1)]. This instability phenomenon and that dis-
cussed previously influence mutually.

The vortexes extend successively along the heating
surface [see Fig. 12(2)]. When they come up to the top
wall, the vortexes rotating in clockwise direction are
reinforced rapidly and severely compress the counter-
clockwise ones, as shown in Fig. 12(3). At 1 =0.2
[Fig. 12(4)], there are only two vortexes rotated with
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(1)

Fig. 12. Transient evolution of stream line plots at y = 75°.

Times are T = 0.02, 0.04, 0.10, 0.2 where Ay = —4 for (1),
(2), (3) and Ay = —6 for (4).

(4)

different sense. Even though the convection is more
vigorous than at the other angles, the growth in the
x-direction is relatively slower. Unlike the flow visualiz-
ation result in ref. [17], with Ar = 25, we do not find
the simultaneous cells in our plots of stream lines.
This is due to the small aspect ratio (4r = 2) in our
study. There are some interesting special phenomena
to be found in ref. [17]. There was a blob of fluid
thrusting from the bottom to the interface which may
come from the repression of the vortexes rotating with
different sense [see Fig. 12(2, 3)].

The corresponding temperature distribution also
behaves differently [see Fig. 13(a)]. Some plumes
thrust from the lower portion of the sidewall. Above
the plumes and also in the region near the upper
part of sidewall, heat conduction is dominant. The
unstable effect leads to a more vigorous convection
than that at the other angles. At T = 0.1, the entire
heating sidewall generates pronounced convective
motion and the temperature is uniform there.
However, the effect of conduction still dominates in
the other part of the cavity. Due to the solutal effect,
the interface of the mixed region is approximately
horizontal. The solutal distribution shows a vortex
occupied region with strong convection and a con-
duction dominant region in the upper part [see Fig.
13(b)].

(a)

=
=
=
=

(b)

Fig. 13. (a) Isotherm plots at y = 75° and (b) isosolutal plots
at y = 75° Times from top to bottom for both (a) and (b)
are T = 0.02, and t = 0.10; Ac = 0.1 for all cases.

Final layer thickness

The final layer thickness 4 is also an important
parameter. As studied previously in refs. [5-8, 10], its
general definition is the average size of the simul-
taneous layers after the temperature difference has
reached the prescribed value. It was thought that the
cells should steadily approach the opposite wall with-
out significant merging phenomena. However, even
though the temperature difference has been at the
prescribed value for a long time, the merging between
the simultaneous cells still exists. This makes the pro-
per estimation difficult and the obtained value is also
not reliable. From the plots of flow field at different
time and the distribution of average Nusselt number
we find that there is a more stable size as the merging
between the simultaneous cells has been completed.
This time corresponds to the first minimum of the
plots in Fig. 11. At this time the average size of all the
simultaneous layers (except to the top and bottom
cells) was measured.

Accordingly, after careful measurements we
obtained the average values at different inclined angles
and reported them in Table 2. From Table 2, the value
at y = 0° is equal to 0.6755, which agrees very well
with the experimental results of refs. [S-8]. As to the
other angles, the layer developed is found thicker as
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Table 2. The final layer thickness for different inclined angles

y=-30° y=—-15° y=0° y=15 y=30°

B 0.64y 0.636n  0.6755  0.6825  0.72y

the angle is increased. However, as the angle
decreases, the thickness becomes slightly thinner at
first and then increases again. For the same [y], it is
found to be nonsymmetric, as in the experimental
results of refs. [17, 18]. The agreement also demon-
strates the accuracy of our calculations. Although
there are more cells propagating toward the opposed
wall, the merging process is also more vigorous
between the simultaneous cells at positive angles. In
contrast, at the negative ones, the merging process
between the simultaneous cells is less striking. There-
fore, the layer thickness at negative angles is smaller
than that at the positive angles for the same |y|.

4. EXPERIMENTAL VERIFICATION

To verify the results of the numerical simulation,
we carried out some flow visualization experiments.
The technique used is the shadowgraph method,
which has been used by many researchers [5-7, 11,
16-19, 24]. The tank used was 8 cm highx4 cm
wide x 3 ¢m deep. It consisted of acrylic plates and
two copper sidewalls. The counter-flow passages were
designed at the back of the sidewalls for keeping the
uniform temperature. Four T type thermalcouples
were installed at each copper plate and the tem-
perature was recorded automatically with a recorder.
Two constant temperature baths with PID controller
were used to maintain the isothermal condition. The
tank was installed on an inclined stand where the
inclination angle could be adjusted. The working med-
ium was NaCl-H,O. A 40 mW He—Ne laser was used
as the light source. The linear solutal distribution was
prepared by the double-bucket method. Because the
solutal difference is quite small in the case studied and
the cell generation seems sensitive to the initial solutal
gradient, the filling process must be done under care-
fully controlled condition. We controlled the filling
process by adjusting the flow rate of the solution drop-
ping into the tank. The linear condition obtained by
the above method had never been tested by the holo-
graphy interferometry method and the deviation is
within 3%. The solutal difference was obtained by
converting the measured data via the densitometer (it
is accurate to +0.001 g cm?). The physical properties
used were adopted from the International critical table.
After the filling process, the experiment is started and
the variation of density field could be recorded by the
camera.,

The flow visualization results by shadowgraph at
positive angle y = 30° and negative angle y = —30°

are shown as an example in Figs. 14 and 15, respec-
tively. It demonstrates that the numerical predictions
of cell progress [Figs. 14(a) and 15(a)] and layer devel-
opment [Figs. 14(b) and 15(b)] are consistent with the
experimental results. The characteristics of the flow
field are also in good agreement with that discussed
previously. The convection in the cells and in a layered
structure is more vigorous at positive angles than that
at the negative ones for fixed |y|. For y > 0°, the fluid
would flow in the entire cavity, but only in part of the
cavity for y < 0°. A minor discrepancy in respect to
time exists. This may be attributed to the three-dimen-
sional effect in the experiments and the idealization in
the numerical simulation.

5. CONCLUSION

The inclined angle influences the onset of instability,
layer number, layer structure and the layer thickness.
For a fixed |y|, the onset of instability at positive
angles is slower than that at the negative ones. The
phenomenon of asymmetry, which results from the
different effects of vertical solutal gradient prior to the
onset of instability, is the same as the results in a
narrow slot [17-19].

More vigorous convection occurs at the positive
angles than the negative ones. This is due to the heat-
ing-from-below effect. At y = 0° the cell numbers are
the greatest. At positive angles there are more cells
than at negative angles for the same |y|. However, the
layer numbers have opposite tendency due to the more
rapid merging at positive angles. The aspect ratio and
the orientation also have a marked effect on the flow
type, especially in the top and bottom layers. The
convective flow will occupy the whole domain at posi-
tive angles, but only part of the domain at negative
angles. The time needed to get to the steady state is
maximum as y = 0° and reduces as the angle increases
or decreases. The temperature and solutal distri-
butions reveal the heat and mass transfer behaviors
of the layered structure.

From the local Nusselt number profiles, the dis-
tributions are wavy due to the layered structure, and
the inclined angle has a profound effect on them.
Merging is a dissipation process, and so, the average
Nusselt number reduces ; while the forming of a new
structure is a restoration process and the average
Nusselt number involves an abrupt rising. At positive
angles the plots vibrate strikingly, while these are
smoother at negative angles.

The other kind of flow type occurs as the cavity
inclines nearly horizontally, e.g. aty = 75°. Some pairs
of vortexes form a well-mixed fluid layer. This kind
of onset of instability is similar to the case in the
horizontal fluid layer at y = 90°, for which the tem-
perature and solutal distribution are uniform, and
differs from the cases described previously.

The comparison of the final layer thickness in our
results and the existing literatures verifies the accuracy
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our numerical predictions. The final layer thick-
sses are thicker at positive angles than that at nega-

tive angles owing to the vigorous merging process.
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