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A numerical study of the 3-D double-diffusive natural convection in an inclined
solar distiller was established. The flow is considered laminar and caused by the
interaction of thermal energy and the chemical species diffusions. The governing
equations of the problem, are formulated using vector potential-vorticity formal-
ism in its 3-D form, then solved by the finite volumes method. The Rayleigh number
is fixed at Ra = 10° and effects of the buoyancy ratio and inclination are studied
for opposed temperature and concentration gradients. The main purpose of the
study is to find the optimum inclination angle of the distiller which promotes the
maximum mass and heat transfer.
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Introduction

In engineering, natural convection holds a great importance. In fact, solar collectors,
furnaces, building heating and cooling system, heat exchangers are the typical applications of
heat transfer and buoyancy-induced flow. Many researches, both experimentally and numeri-
cally, focus on the study of natural convection and/or mass transfer in inclined enclosures. The
double-diffusive convection, which takes place when compositionally driven buoyant convec-
tion and thermally driven buoyant convection occur simultaneously, arises in a very wide range
of fields such as oceanography, astrophysics, chemical vapor transport process, drying process,
crystal growth process, efc. Many studies are published in this fields include the work of Os-
trach [1], Costa [2, 3], and Nishimura et al. [4]. Different enclosure geometries were studied in
these researches including square, parallelogram, and rectangular enclosures. Chouikh et al. [5]
studied numerically the natural convection flow resulting from the combined buoyancy effects
of thermal and mass diffusion in an inclined glazing cavity with differentially heated side walls.
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The numerical approach endorsed the authors to analyze the complex natural convection flow
situations arising in the inclined glazing cavity and to evaluate the effect of different parame-
ters on the solar still performance. Nithyadevi and Yang [6] studied numerically the effect of
double-diffusive natural convection of water in a partially heated enclosure with Soret and Du-
four coefficients around the density maximum. The effect of the different parameters (thermal
Rayleigh number, center of the heating location, density inversion parameter, buoyancy ratio
number, Schmidt number, and Soret and Dufour coefficients) on the flow pattern and heat and
mass transfer has been discussed.

However, few studies are interested in the 3-D double-diffusive natural convection.
Sezai and Mohamed [7] studied thermosolutal natural convection in a cubic enclosure subject
to horizontal and opposing gradients of heat and solute, they indicate that the double-diffusive
flow in enclosures is strictly 3-D for a certain ranges of Rayleigh number, Lewis number, and
buoyancy ratio. The same configuration was studied by Abidi et al. [8] but with heat and mass
diffusive horizontal walls. They mentioned that the effect of the heat and mass diffusive walls
is found to reduce the transverse velocity for the thermal buoyancy-dominated regime and to
increase it considerably for the compositional buoyancy-dominated regime.

The performance of a solar distiller could be ameliorated by many parameters such
as depth of water, glass cover angle, fabrication materials, temperature of water in the basin
and insulation thickness, etc. In fact with the aim to maximize the distillate productivity of
the apparatus over current solar stills, Naim [9] developed a single-stage solar desalination
spirally-wound module of original design that makes use of both the latent heat of condensa-
tion of the formed vapor and the sensible heat of the concentrated solution, in preheating the
incoming saline water. For the solar desalination of brackish water, the most used technology
is the capillary film distiller which is composed of identical cells of evaporation-condensation
Bouchekima et al. [10, 11] and Bouchekima [12]. Ben Snoussi et al. [13] studied this config-
uration by simulating numerically the natural convection in 2-D rectangular cavities. Results
show that the flow, mass and thermal fields are strongly dependent on Rayleigh number and
aspect ratio. A recent detailed review on active solar distillation procedures and modeling can
be found in the work of Sampathkumar ez al. [14]. Ghachem et al. [15] studied the numerically
double-diffusive natural convection and entropy generation in 3-D solar distiller with an aspect
ratio equal to two. They found that the variation of the buoyancy ratio affects significantly the
isotherms distributions, iso-concentrations and the flow structure. Particularly for N = 1, the
flow is completely 3-D. Besides, they found that all kinds of entropy generations present a
minimum for N = 1. This result is due to the competition between thermal and compositional
forces. These entropies rise considerably when N grows. On the one hand, the maximum of
Bejan number is found for N = 1 witch indicated the domination of heat and mass irrevers-
ibility's. Outside, friction irreversibilty's are largely dominant. On the other hand, distribution
of local Nusselt numbers changes with changing buoyancy ratio and take a complex structure
for N = 1.The present work presents a numerical study of heat and mass transfer in an inclined
solar distiller submitted to opposing temperature and concentration buoyancy forces. Recently,
Alvarado-Juarez et al. [16, 17] studied numerically the heat and mass transfer in a solar still
device especially the effect of the glass cover in such device. Authors focused their attention to
the energy transmitted through the glass and they found that it is modified the flow pattern, and
increases simultaneously the viscosity, the Nusselt and Sherwood numbers. The variation of the
inclination angle increase the convection Nusselt and Sherwood numbers and the most suitable
case for the solar still was an aspect ratio equal to five and an inclination angle between 6.67°
and 20°. Chen et al. [18] studied numerically the entropy generation of turbulent double-diffu-
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sive natural convection of nanofluid in a rectangular enclosure. They found that the total entro-
py generation of double-diffusive convection of nanofluid will reach its minimum when N = 1.
It is different from its air counterpart. In double-diffusive convection of air, the total entropy is

always a monotonic increasing function of V.

Mathematical formulation

Figure 1 presents the considered physi-
cal system which is composed of a square ba-
sic parallelepiped, with aspect ratio F' = H/'W
equal to 2. Different and uniform tempera-
tures and concentrations are imposed on two
vertical walls, where the thermal and com-
positional buoyancy forces are opposite (op-
posing flow) retards the force, i. e., opposing
flow. All the other walls are considered adi-
abatic. The hot wall warms up by the solar
radiation inducing the evaporation of water
film, the vapor thus produced mixes with the
air then condenses when it reaches the cold
wall. The fluid contained in the cavity is as-
sumed incompressible and the flow follows
the Boussinesq approximation.

The governing equations describing the
double-diffusive natural convection are equa-
tions of continuity, of momentum, of energy
and species diffusion:

Positive rotating angle

Solar
energy

Hot wall
Ty, Gi)

Cold wall
(7, C)

Condensed
water

A

Figure 1. Physical model
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In order to eliminate the pressure term, which is delicate to treat, the numerical meth-
od used in this work is based on the vorticity — vector potential formalism ( — ®). For this, one
applies the rotational to the equation of momentum. The vector potential and the vorticity are,
respectively, defined by the two following relations:

®'=VxV'

and V'=Vxy' (5)

Based on the dimensionless variables the governing equations can be written:

~0=V"y (6)
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For N = 0, there is no mass diffusion and thermal and species diffusions are assumed
to be opposed. For 0 < N <1 the flow is thermal dominated and for NV > 1 the flow is composi-
tional dominated.

The initial and boundary conditions are written as follows.

— Temperature: 7= 1atx =0, 7=0atx =1 0T/don=0 on other walls (adiabatic).

— Concentration: C=1at x=0, C=0 at x=1, dC/dn=0 on other walls (impermeable).
— Vorticity: @, =0, o, =-0V,/ox, ®. =0V, /8x at x=0 and 1, @, =0V_[dy, ©,=0,
. =0V, Joy at y=0 and 1, @, =0V, [éz, @, =0V, [0z, @, =0 at z=0 and 1.

- Vectorpotennal oy, [ox=y, =y =0 at x =0 and Ly, =0y, /6y w.=0aty=0and I,
w, =y, =0y, /82—0 atz=0and 1.
— Velocity: V.=V,=V_=0onall walls.
The local Nusselt and Sherwood numbers are given by:

Nu=8—T and Sh=§

10
Ox |, Ox (10)

x=0,1

The average Nusselt and Sherwood numbers, on the active walls are expressed by:

m=HNuayaz and ﬁ:HShayaz (11)
00 00

Validation test

The validation of the present numerical solution is done by a comparison with the
2-D results of Nishimura et al. [4]. In fact figs. 2 and 3 show the isotherms, iso-concentration,
and velocity vector projection in the XY-plan for N= 0.8 and N = 1.3. These results are in good
agreement with those of Nishimura et a/l. [4]. It is noted that in 3-D configurations the projec-
tions of velocity vector are not closed compared with 2-D configurations.
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Velocity

(a)

Figure 2. Comparison between results of the present work (left) and those of Nishimura et al. [4]
(right) for N = 0.8; (a) isotherms, (b) iso-concentration, (c) z-component of vector potential, (d) velocity
projection in the XY-plan

Velocity
projection

(@

Figure 3. Comparison between results of the present work (left) and those of Nishimura et al. [4](right)
for N =1.3; (a) isotherms, (b) iso-concentration, (c) z-component of vector potential, and (d) velocity
projection in the XY-plan

Results and discussion

Numerical results are presented for Pr = 0.71 and Le = 0.85 which cover water vapor
diffusion into air. The Rayleigh number is fixed at Ra = 10°, and the buoyancy ratio is varied
from N = 0.8 to 1.5 by the respect of the condition of opposing flow. Two parts are presented.
The first one will discuss the effect of the buoyancy ratio on the flow structure and the heat and
mas transfer for a vertical distiller (y = 0°) although the second part will present the effect of
the variation of the inclination angle of the solar distiller on the flow structure and the heat and
mass transfer for three buoyancy ratios N= 0.8, N=0.95, and N = 1.5.

Effect of the buoyancy ratio on the flow structure and
heat and mass transfer for y = 0°

The main purpose of this part is to highlight the behavior of the flow structure and the
heat and mass transfer by the variation of V. For this, the distiller is maintained vertical at y = 0°.
Figure 4 shows the projection of the velocity vector in the central plan for different
buoyancy ratio aty = 0°. For N= 0.8, fig. 4(a), the flow is thermal dominated characterized with
one central vortex which turns in the clockwise. When N = 0.95, fig. 4(b), three vortex are noted.
The first is a thermal vortex witch situated in the core of the cavity and turning in the clockwise.
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(a) N=038 (b) N=0.95

Figure 4. Velocity vector projection in the XY-plan for

y = 0° and different NV

(a) N=038 (b) N=0.95 (c) N=15

Figure 5. Plots of isotherms in the XY-plan for y = 0° and

different vV
y=0°

(a) N=0.8 (b) N=0.95 () N=15

Figure 6. Plots of iso-concentration in the middle XY-plan
for y = 0° and different vV

The secondary two solutal vortex are
situated in the top corner of the hot
wall and the lower corner of the cold
wall. They turn counter clockwise. For
N = 1.5, fig. 4(c), the flow is solu-
tal dominated and it is characterized
by one center vortex turning counter
clockwise with two cells turning in
the same direction.

Figures 5 and 6 show the iso-
therms and iso-concentration in the
middle XY-plan fory = 0°. When N =
0.8, figs. 5(a) and 6(a), the isotherms
and the iso-concentration are vertical
near the active walls and distorted in
the core of the cavity. When N=0.95,
figs. 5(b) and 6(b), the thermal and
the solutal gradients decrease induc-
ing a decrease of the heat and mass
transfer. For N = 1.5, figs. 5(c) and
6(c), the flow is compositional dom-
inated. The thermal and solutal gra-
dients are important especially near
the top part of the hot wall. Although
in the core region of the cavity, they
present a vertical stratification.

Figure 7 shows the variation of the
average Nusselt and Sherwood num-
bers as function of N, for y = 0°. The
minimum of the heat and mass trans-
fer are detected for N = 1. This result
is earlier found by Sezai and Mohamed
[7] for Pr = 10 and Le = 10. When
N > 1, case of compositional dominat-
ed flow, the mean Nusselt and Sher-
wood numbers increase with the in-
creasing of N in the negative direction.

Effect of inclination angle on the flow
structures for N = 0.95and N = 1.5

Figures 8-10 shows the projection
of the velocity vector in the central
plan for different y. The buoyancy ra-
tio is fixed firstly at 0.8 then at 0.95
and finally at 1.5.

For N = 0.8, N = 0.95, and
N = 1.5, an inclination of the so-
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Figure 7. Effect of buoyancy ratio on Nu__ and Sh__for y=0°

lar distiller by y = 10°, has no ef-
fect on the streamlines distribu-
tion. They are similar to those of
y =0°, fig. 4.

For N = 0.8 and by the increase
of the inclination angle, the regime
evolved from one thermal vortex,
figs. 8(a) and 8(b), to two vortexes
turning in the same direction, fig.
8(c).

For N=0.95 and y = 30°, fig. 9(b),
the two solutal vortex that appear for
y = 10°, fig. 9(a), become smaller
and closer to the top corner of the
hot wall for one, and to the bottom
corner of the cold wall for the other.
For y = 70°, fig. 9(c), the solutal vor-
tex disappear totally and one central
thermal vortex takes place and turn-
ing in the clockwise. In conclusion,
the deviation of the distiller, when
N = 0.95, promotes the convection
mode despite the solutal contribution.

In the case of N = 1.5, increas-
ing the inclination angle reduces the
solutal vortexes from two to one, fig.
10(a). Furthermore, it is noted the de-
velopment of a small thermal vortex
located near the top corner of the cold
wall where y = 30° and slightly shift-

@ y=10° (b) y=30°

for N=10.8

y=70°

Figure 9. Projection of the velocity vector in the XY-plan
for N =0.95

ed to the top of the adiabatic wall when y = 70 °, this effect is due to the inclination.

Isotherms and iso-concentration in XY-plan, for N = 0.8, 0.95, and 1.5 are, respec-
tively, presented on figs. 11-16. First off all, it is noted that the maps of isothermal and iso con-
centration are similar for all the studied cases. This is justified by the value of Lewis number

which is near of the unity.
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Figure 10. Projection of the velocity vector in the
XY-plan for N=1.5

@ y=10° (b) y=30° (© y=70°

Figure 12. Iso-concentration in the XY-plan Figure 13. Isotherms in the XY-plan for N = 0.95
for N=0.8

(b) y=30° © y=70°

@ y=10° b) y=30°

Figure 14. Iso-concentration in the XY-plan Figure 15. Plots of isotherms in the XY-plan
for N=10.95 for N=1.5

( © y=70°

For N = 0.8, the regime is thermal dominated. When y = 10°, the isotherms and the
iso-concentration are vertical near the active walls and they are inclined in the core of the cavi-
ty. By the increase of y = 30°, a vertical stratification of the isotherms (iso-concentrations) takes
place in the central region of the cavity. For y = 70°, isotherms (iso-concentrations) become
more distorted in the core region.

Firstly, it is noted that the thermal and solutal gradient slightly increase near the active
walls and decrease in the core region by the increase of the inclination angle. For y = 70°, figs.
13(c) and 14(c), the isotherms and iso-concentration are distorted in the core region.
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In contrast with the previews cases,
when N = 1.5, figs. 15 and 16, the high thermal
and solutal gradients become situated near the
top of the hot wall and the bottom of the cold
wall. The isotherms and iso-concentration are
verticals near the active walls and they are dis-
torted in the core region, y = 10°.

For y = 30°, a small decrease of the solu-
tal and thermal gradients are noticed near the
active walls. Also, a vertical stratification ap-
pears for the isotherms and iso-concentration.
When y = 70°, the thermal and solutal gradient
decreases near the active walls and the iso-
therms and iso-concentration become inclined
and parallel.

Figure 17 shows the evolution of the
maximum of z-component velocity, Vz,,,, for
N=0.8, N=0.95,and N = 1.5 for the differ-
ent positive angles. Firstly, the 3-D character
increases for N = 0.8 from y = 0° to y = 60°.
After that, it slightly decreases for y = 70° and
finally it increases for y = 80° and y = 90°.

For N = 0.95, the evolution of Vz_, has
an optimum at y = 70° after which it decreas-
es. For N = 1.5, the inclination angle cause a
significant decreases of Vz_, from 11.82 (for
y =0°) to 0.31 (for y = 90°). This means a re-
duction in the 3-D nature of the flow.

@ y=10° (b) y=30° (© y=70°

Figure 16. Plots of iso-concentration in
the XY-plan for N=1.5
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Figure 17. Evolution of Z velocity by the
inclination angle for different buoyancy ratio

Figures 18 and 19 present simultaneously the variation of the mean Nusselt and Sher-
wood numbers for different inclination angles. Firstly, one notes that the variations of these
numbers have quietly the same behavior with a major of the Nusselt number values. Besides,
when y is negative and N = 0.95, values of Nu and Sh decrease. However, when y is positive

Nu, Sh
B
!

fs
A
o

T T 1 T T v 1T 71 T T * T ™17
-60 -45 -30 -15 0 15 30 45 60 75 92
Yl
Figure 18. Variation of the mean Nusselt and
Sherwood numbers for NV = 0.95 and different

angles
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Figure 19. Variation of the mean Nusselt and
Sherwood numbers for NV = 1.5 and different
angles
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their values increase by the increase of y. In the other hand, when the flow is compositional
dominated (N = 1.5) a slight increase of Nu and Sh are located at y = —30°. Nevertheless,
when y is positive a great decrease is detected.

A good correlation can be found for the two variations.
— For N = 0.95: the correlation of the mean Nusselt is given by:

Nu =1.3604+0.00512 7 —1.405-107° 52

and the correlation of the mean Sherwood number is given by:
Sh =1.2768 +0.00408 y —8.8036-10° 5>
— For N = 1.5: the correlation of the mean Nusselt is given by:
Nu =3.3245— 0.012y-1.89-107"
and the correlation of the mean Sherwood number is given by:
Sh=3.5827— 0.0124y —2.0485-107 »*
The correlation coefficient for these equations is greater than 99%.

Conclusions

The 3-D thermo solutal natural convection in an inclined solar distiller subject to hori-
zontal and opposing gradients of heat and solute is modeled and solved numerically using finite
volume method. Buoyancy ratio and inclination angle are varied through the study in order to
gain new insights into the variation of mass and heat transfer from one side and into the flow
structure in the other side.

The main finding of the current investigation can be summarized as follows.

e Upon increasing the magnitude of N in the negative direction, a secondary flow is set up in
the transverse plan (N = 0.95).

e When the magnitude of N increases, a reversal of the main flow rotation occurs, resulting
of the increasing dominance of solutal over the thermal buoyancy (N = 1). This can be the
consequence of the minimum seen in the variation of the mean Nusselt and Sherwood num-
bers. It is noted that the solutal dominance takes place for N = 1.4 in the 2-D model (Sezai
and Mohamed [7]).

— For N = 0.8 and by the increase of the inclination angle
The regime evolved from one thermal vortex with one cell to another with two vortexes
turning all in the clockwise direction. The isotherms and iso-concentration are more distorted
— For N=10.95
Upon increasing the magnitude of y the secondary flow disappears gradually the deviation of
the distiller, promotes the convection mode despite the solutal contribution. The Nu and Sh
numbers increase by the increase of y in the positive sense and decrease in the opposite one.
— ForN=15 _ o
The maximum of Nu and Sh numbers is find at y = -30°
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Nomenclature

C  —dimensionless concentration, W —enclosure width, [m]

[=(C-CH/(C,"-CN], [-] x,y,z — Cartesian co-ordinates

D  —mass diffpsivity, [mz.s*‘] . Greek symbols

g  —acceleration of gravity, [ms~]

H  —enclosure height, [m] o —thermal diffusivity, [mzs"]

Le —Lewis Number, [-] S —expansion coefficient, [m’kg ']

N  —buoyancy ratio y  —inclination angle, [°]

Pr  —Prandtl number, [-] p  —density, [kgm™]

Ra - Rayleigh number, [-] v 7k%nema't1c viscosity, [m*s™] . .

Sc  —Schmidt number, [] % —d¥mens%onless vector potinfl'al (:2 y'/a), [-]

Sh - Sherwood number, [] ® —dimensionless vorticity (= ®'a/l7), [-]

T  —dimensionless temperature, Subscripts

[=("=-T")/(I",=T' )], [-] ¢ —compositional

T'. —cold temperature, [K] ¢ _ thermal

T', —hot temperature, [K] o  —initial

¢ —dimensionless time (=¢'a/I* ), [-]_

V  —dimensionless velocity vector (= V'l/a), [-] Superscript

‘ —dimensional variable
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