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Abstract: In this work, the problem of hydrodynamic, heat and mass transfer and stability
in a salt gradient solar pond has been numerically studied by means of computational fluid
dynamics in transient regime. The body of the simulated pond is an enclosure of height H
and length L wherein an artificial salinity gradient is created in order to suppress
convective motions induced by solar radiation absorption and to stabilize the solar pond
during the period of operation. Here we show the distribution of velocity, temperature and
salt concentration fields during energy collection and storage in a solar pond filled with
water and constituted by three different salinity zones. The bottom of the pond is blackened
and the free-surface is subjected to heat losses by convection, evaporation and radiation
while the vertical walls are adiabatic and impermeable. The governing equations of
continuity, momentum, thermal energy and mass transfer are discretized by finite—volume
method in transient regime. Velocity vector fields show the presence of thin convective
cells in the upper convective zone (UCZ) and large convective cells in the lower
convective zone (LCZ). This study shows the importance of buoyancy ratio in the decrease
of temperature in the UCZ and in the preservation of high temperature in the LCZ. It shows
also the importance of the thickness of Non-Convective Zone (NCZ) in the reduction of the
upwards heat losses.

Keywords: energy collection and storage; transient fluid flow, heat and mass transfer; salt
gradient solar pond; solar radiation absorption; computational study



Energies 2012, 5

Nomenclature
A ] 110 A 13 (0 J (A=LH)
C concentration of SOIUtION. ...........ooiiiiiiii i (kg m")
AC concentration difference..........coovevviiiiiiieen, AC = Chax — Ciin
Cpa specificheat of @ir............ooooiiiiii i (kI kg '°C™
G specific heat of solution...............coooiiiiiiiiiiiii (kI kg '°C™)
D diffusion coefficient.............ooeiiiiiiii i (m*s™)
E dimensionless thickness
g acceleration due to ravity.........oovviuiiniiiiini i (ms™?)
H height of the solar pond..............coiiii (m)
h, convective heat transfer coefficient.......................oooiiiii. (Wm2°C™h
L length of the solar pond............cooiiiiiiii e (m)
LCZ lower convective zone
L, latent heat of water evaporation..............cooevveiiiiiiiiiiiniiiieiinnnnn. (Jkg™h
Le Lewis number
N buoyancy ratio
NCZ non—convective zone
p 0 LIS T] (P (Pa)
P dimensionless pressure
Pr Prandtl number
Py vapor pressure of water at pond’s free—surface.......................oooeennl. (Pa)
P, partial pressure of water vapor in air...........coooevieiiiiiiiiiiiiieienienenn, (Pa)
Patm AtMOSPRETIC PIESSUIC. ...ttt ettt ettt e et e e e e e aaeanaas (Pa)
de heat losses due to CONVECHION. ........c.viiiiiiiiiii i eiee e, (Wm™?)
Je heat losses due to evaporation.............covvveiiiiiiiiiiiiiniiieiieaennn, (Wm?)
qr heat losses due to radiation...............ccooeiiiiiiiiiiii i, (Wm?)
qt total heat losses at the free-surface of the pond............................. (Wm?)
qgi incident solar radiation that reaches the free—surface of the pond....... (Wm™)
do solar radiation that penetrates the free-surface after reflection from pond’s

] 0D 17t (Wm™?)
q(z) quantity of solar radiation atdepth z....................oooiiii (Wm?)
Rar thermal Rayleigh number
Ra; internal Rayleigh number
Ry relative humidity
Rag solutal Rayleigh number
Sc Schmidt number
t 131001 (s)
AT temperature difference..................coii AT =Thax— T min
T L1000 1S3 2114 (°O)
Ts temperature of pond’s surface...............ooooiiii (°O)
T, AMDIENt tEMPETATUIE. . ...\ttt et ettt e e et e e e e e e aeeeaeenns (°C)
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Ty SKY tEMPETAtUIE. ...\ttt e e (°O)
A% average velocity of the wind................cooiiiiiiiii i (ms™)
u, w VElOCItY COMPONENLS. . ...ttt ettt ete ettt e e e enaieens (ms)
U, W dimensionless velocity components

ucCz upper convective zone

X, Z cartesian COOTAINALES. .. ...ueett et ettt et e e e aeeaaeenns (m)
X, Z dimensionless cartesian coordinates

Greek symbols

o thermal diffUSiVILY . .........uuneeeeee e, (m*s”'
Br thermal expansion coefficient...............cooiiiiiiiiiiiiiiiii (K™
Bs solutal expansion coefficient..................coooiiiiiiiii (m’kg ™)
Aw water thermal conductivity...........oooiiiiiiiiiiii e, (Wm 'K
2% CINEMALIC VISCOSIEY ..t utintt it ettt ettt et ettt et e e e e e e e (m*s™"
v AynNamic VISCOSILY.....utuutniitt it et e (kgm's™!
p 4153 1S3 1 P (kg m™)
[0) dimensionless concentration

0 dimensionless temperature

0 angle of incidence over pond’s surface...............ccoooiiiiiiiiiii i, °)
0, angle of reflection at the pond’s surface...............cooeeiiiiiiiiiiiiiininnn, (©)
T dimensionless time of heating

€ extinction coefficient of salty water..................coiiiiiiiiiiiiii (m )
Ew emissivity of water

c Stefan—Boltzmann constant.................c.ooiiiiiii i (Wm K™
OF dimensionless absorption coefficient (®; = gH)

Subscripts

a ambient

b bottom

W water

1 local

max maximum value

min minimum value

1. Introduction

Solar radiation constitutes a huge energy source which is abundant and available almost everywhere.
A salt gradient solar pond is a large solar energy collection pool which absorbs an important amount of
solar energy radiation and stores it as thermal energy in the same medium for a long period of time
(months, seasons or even a year).



Energies 2012, 5 3989

Solar ponds can be employed to supply thermal energy in many applications, e.g., heating of
buildings, production of electricity, desalination of sea water, textile processing and food industries, etc.

In this work a solar pond was filled with salty water of different concentrations to form three
distinct zones. The first convective zone with a minimum salt concentration is called the upper
convective zone (UCZ) and is situated on the top of the pond where the incident solar radiation is
partially absorbed and the rest is transmitted to the zone below. The second convective zone is situated
at the bottom of the solar pond and called lower convective zone (LCZ), which has a high temperature,
and a maximum salt concentration. In this zone, solar radiation is absorbed and transformed to thermal
energy. Therefore, it is an absorption and storage zone. These two zones are characterized by uniform
concentration and separated by the important gradient zone called the non-convective zone which
functions as a transparent insulator, permitting solar radiation to be trapped and stored in the bottom of
the solar pond. In this zone, the salt concentration and the temperature increase with depth.

The study of solar ponds, including experimental, analytical and numerical investigations, has
received much attention from numerous researchers. Kaushika et al. [1] and Bansal et al. [2] solved the
one-dimensional equation of heat conduction with fluid internal heating due to solar radiation
absorption. Giestas ef al. [3] analysed the stability of the gradient zone of a solar pond taking into
account solar radiation absorption. Kurt et al. [4] studied the performance of an uninsulated solar pond
by developing one-dimensional transient heat conduction with internal heating of fluid. Their research
shows that it is possible to store solar energy for a long period of time in a correctly planned solar
pond. Hassairi et al. [5] studied experimentally the performance of natural brine solar pond near an
area with high average value of solar radiation. They used the brine of Sabkhat el Hadibat in the
southern region of Tunisia. In their research, the temperature is mostly uniform in the lower layer and
exceeds 45 °C. This temperature decreases near the bottom of the pond due to the heat losses through
the soil. For values of solar radiation and ambient temperature equals to 750 Wm > and 32 °C, the
temperature of the lower layer attains a maximum value of 47 °C. Husain et al. [6] studied numerically
the thermal behaviour of solar pond. In their research, the temperature of UCZ is estimated by three
different approaches. The approaches of Weinberger and Kaushik yield the same temperature while the
approach of Joshi and Kishore yielded a smaller temperature. Husain et al. [7] proposed two simple
formulations to estimate the solar radiation in a depth of a solar pond and took the universal functions
of Hull [8] as a baseline for comparison of accuracy in the estimation of solar radiation. Their results
show that the two formulations provide a significant improvement (20%—25%) in computing time to
simulate the thermal performance of a solar pond. Angeli et al. [9] studied numerically the salt
diffusion and stability of the density gradient in a solar pond using a one—dimensional transient model.
They calculated the optimum thickness of gradient zone and its transient behaviour, taking into
account the seasonal solar radiation and the temperature of solar pond. Jaefarzadeh [10] studied the
thermal behavior of a salinity gradient solar pond. In this research work, the sensitivity analysis shows
the importance of the wall shading effect to reduce the sunny area and the temperature of the LCZ.
Mansour et al. [11] studied numerically the temporal evolution of thermal and solute transfer in a
three-dimensional solar pond considering the influence of the external factors (solar radiation, wind
velocity, ambient temperature, efc.) on its stability characteristics. In their research work, the solar
radiation has an important effect on the internal temperature and the stability of the solar pond. The
solar heating effect is more important in a poor transparency pond. Mansour et al. [12] studied



Energies 2012, 5 3990

numerically the temporal evolution of thermal and solute transfer in a two-dimensional solar pond
considering the influence of the external factors on its long-term thermal and stability characteristics.
Their results show that the solar heating effect appears considerably stronger during the spring and
summer than during the winter and autumn. Kurt et al. [13] studied experimentally the performance of
a small solar pond under simulated solar radiation from two halogen-lamps. Also, they studied
numerically the transient thermal and solute behavior in one-dimensional solar pond. In their
experimental results, the use of salt (sodium-carbonate) in the density gradient zone permits the storage
of a great quantity of solar energy as thermal energy in the LCZ for a long period of time. The
numerical temperature difference between the surface and the bottom of the solar pond became higher
than the experimental temperature difference. This distinction between the numerical and experimental
profiles is caused by the solar simulator radiation. Karakilcik et al. [14] investigated experimentally
and numerically the thermal performance of an insulated salt-gradient solar pond. They showed that
the performance of the solar pond is affected strongly by the temperature of LCZ and the temperature
profile with the depth of the pond. They also established that the introduction of other two zones
(upper convective and non-convective) provides many conveniences to calculate the storage efficiency in
the LCZ and to determine the relations with heat loads, and a best operating state. Hammami et al. [15]
studied numerically the hydrodynamic and thermal behaviours in an enclosure with a vertical solute
gradient but they did not take the solar radiation absorption into account. Ould Dah et al. [16] studied
experimentally and numerically the performance and stability of a mini solar pond. Their experimental
results show an increase of the mini pond daily average temperatures, which reached 54°C in the lower
convective zone after twenty days. They developed again a one-dimensional model to study the
thermal and solute behavior in the mini solar pond. In their research work, the efficiency of the mini
solar pond could be improved considerably by using a new method of heat extraction from the NCZ.
Suarez et al. [17] studied numerically the effects of double-diffusive convection on the heat performance
and stability of a solar pond using a fully coupled two-dimensional model. Wang et al. [18] studied
numerically the nonlinear dynamic behavior of the non-convective zone in a salt gradient solar pond.
In their research work, the linear and nonlinear studies indicate that oscillation is a narrow region
above the stable region. The nonlinear results indicate that the linear stability analysis leans to a larger
upper boundary in the oscillatory regions.

In the previous studies, no attempt was made to describe the velocity, temperature and
concentration field distributions in the salt-gradient solar pond. Hence, the temperature and the
concentration are commonly assumed to be uniform in the entire of the LCZ and the UCZ, which is
undoubtedly a simplifying hypothesis. Also, the effect of buoyancy ratio on the pond stability has not
been studied.

Here, we present a two-dimensional numerical modelling of the hydrodynamic, heat and mass
transfers in a salt-gradient solar pond and its stability. The pond is filled with salty water of different
salinities to form three distinct salty water zones (upper convective, non-convective and lower
convective). The movements of salty water are created in the UCZ and in the LCZ by double-diffusive
natural convection induced by an internal heating process due to solar radiation absorption. Our
objective is to supply by computations detailed knowledge of the hydrodynamic, thermal and solutal
structures of the transient fluid flow developed in a salt—gradient solar pond during the collection and
the storage of energy.
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The resolution of continuity, momentum, thermal energy and mass transfer equations governing the
hydrodynamic, heat and mass transfer developed in the solar pond is conducted using finite-volume
method discretization in transient regime.

This numerical study is divided into six sections: Section 1 introduces the importance of
salt-gradient solar ponds to store a large amount of solar energy and their various applications. Section 2
describes the configuration of the insulated solar pond and necessary simplifying assumptions. Section 3
presents the equations of continuity, momentum, thermal energy and mass transfer governing the
transient hydrodynamic, heat and mass transfer in the solar pond with internal heating of the fluid due
to solar radiation absorption. Section 4 describes the numerical method used in this work and validates
the numerical code specifically developed for the problem of this study. Section 5 discussed the effect
of buoyancy ratio on the stability of the solar pond and on the average temperature and concentration
profiles. This section analyzes again the effects of UCZ, NCZ and LCZ thicknesses on the thermal
behaviour of the solar pond. The numerical study concludes in Section 6.

2. Physical Model and Simplifying Assumptions

The body of the simulated solar pond is a two-dimensional rectangular enclosure of height H and
length L filled with a mixture of water and salt. Figure 1 shows the physical model of the solar pond
under consideration.

Figure 1. Schematic view of the insulated salt gradient solar pond.

Heat losses due to
Reflected solar conyection—evaporation-radiation

radiation

Because different processes are occurring inside and outside the salt gradient solar pond, the
operation of the solar pond is frequently complicated, so some assumptions were made to simplify the
analysis of the hydrodynamic, thermal and solute behavior of the solar pond. The third dimension of
the enclosure is assumed to be large enough so that the fluid flow, heat and mass transfer are
two-dimensional. The fluid is assumed to be Newtonian and incompressible. The solar pond is
constituted by three distinct zones: LCZ, NCZ and UCZ. The vertical walls of the solar pond are well
insulated and impermeable. The free-surface of the solar pond is subjected to heat losses by
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convection, evaporation and radiation, and is impermeable. As shown in Figure 1, a portion of solar
radiation entering the pond is absorbed by the pond’s bottom and converted to thermal energy which is
stored in the lower region of the solar pond. The bottom of the pond is painted in black in order to
increase the solar radiation absorption. The bottom is assumed to be adiabatic and impermeable. The
thermo-physical properties of the salty water do not vary with temperature and salt concentration,
except density in the buoyancy term, which depends linearly on both local temperature and
concentration, i.e., the Boussinesq approximation is assumed to be valid:

p(T,C) = pO(l_BT(T_Ta)+BS(C_Cmin)) (D)
where B, =—1/p,[0p/0T]. and Bs=—1/p,[0p/aC];.

The height of the pond (H) is taken as a reference length for the spatial coordinates (X = x/H;
Z = z/H). The references for time, velocity, pressure, temperature and concentration are defined as
follows: H*/a, o/H, pa’/H?, AT and AC, respectively.

3. Mathematical Model for the Salt Gradient Solar Pond

The quantity, q(z), of solar radiation at different depths of salty water in the solar pond can be

expressed as [19]:

4 c.
9@)=ka, X v, exp{— : (H—Z)} @)

cos0,

where q represents the solar radiation that penetrates the free-surface of the solar pond, which is given by:
q, = (1-1)q; 3)

where q;, is the incident solar radiation that reaches the free-surface of the solar pond and r is the
reflectance of solar radiation at the free-surface of the pond. This coefficient is obtained from [20]:

tan” (0, —0,) , sin’ (6,-6,)

=0.5
! tan’(6,+0,) sin’(0,+6,) “)

where 0; is the angle of incidence; 6, is the angle of reflection and k is a coefficient due to the effects of
salt concentration, propagation of radiation in the layers of salty water and turbidity of water on the
reduction of solar radiation. For the present study, 6; = 60° and r = 0.06 [21]. So, 6; = 40.5° is obtained
from Equation (4). The coefficient k is equal to 0.85 [10]. y; and ¢; are dependent on the absorption of
the particular wavelengths range of the arriving solar radiations. These constants y; and g; are as
follows [10,22] (Table 1):

Table 1. Constants y; and ;.

Wavelength Y €
0.2-0.6 0.237 0.032
0.6-0.75 0.193 0.45
0.75-0.9 0.167 3

0.9-1.2 0.179 35
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Finally, Equation (2) is expressed as follows:

4 CDJ-
q(Z)= 0.85q, le Y, exp{— e (1—2)} (5)

Under the above assumptions, the transient hydrodynamic, heat and mass transfer process in the
solar pond with internal heating of the fluid due to solar radiation absorption is governed by continuity,
momentum, thermal energy and mass transfer equations:

divv=0 (6)
%+div (ﬁ—vgr?iu):—p—log—i (7
%m(w;_vg?adw):-io;—‘mn—n)—m(e—cmm)]g ®)
T div (T?—agrad T)= psg 9)

p
%mw (c v-Dgradc)=0 (10)

In Equation (9), the term Sg represents the rate of energy generation per unit volume in a fluid layer,
which results from the solar radiation absorption by salty water. It is given by:

9q(z) LY E g
Sy=—-—-=0.85 Llexp| ———(H-z
"o W& 076 p{ 076" )} (In
Introducing the following dimensionless groups defined by:
2
X=X, z=2 =0 w= o=tk o= Clm po P8
H H o o AT AC PO H

The dimensionless equations of continuity, momentum, thermal energy and mass transfer can be
written as follows:

divV=0 (13)
U O — oP
—+divi{UV-Prgrad U)]=———
o0 ( g ) X (14)
oW O — oP
W L div WV =Prgrad W)=—Z+PrRa. (—N
- iv rgrad W) ~ TPrRa: (0-No) (15)
—+divleV—9orad0)=085—L> L L exp|-—(1-Z
ot VoV o) Ra, 2% 0.76 Xp{ 076" )} (16)
a—(P+diV( V- orad )—o
p ¢ V-7 grado (17)

The dimensionless parameters that characterize the salt gradient solar pond are the aspect ratio
A = L/H, the thermal Rayleigh number Rar = gBrATH?/(av), the internal Rayleigh number
Ra; = gBTq0H4/(Xan), the solutal Rayleigh number Ras = gBsACH’/(av), the buoyancy ratio
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N = BsAC/(PrAT), the Prandtl number Pr = v/a, the Schmidt number Sc = v/D and the Lewis number
Le = Sc/Pr.

Initially, the fluid is considered in rest condition and at ambient temperature, so the dimensionless
temperature, pressure and velocities have initial values equal to zero. The solar pond is initially (t = 0)
filled with water and subdivided into three zones in where the dimensionless salt concentrations
are as follows:

Zone (0]

LCZ 1 (18a)
NCZ (Zncz— )/ (Zncz— Zicz) (18b)
ucz 0 (18¢)

The boundary conditions on the vertical walls and on the bottom of the pond are: U =W = 0. The
vertical walls of the pond are supposed to be adiabatic and impermeable. At the bottom and the

free-surface of the solar pond, we imposed a zero flux of mass. The boundary condition for velocities
on the free-surface is: 0U/0Z =0 and W = 0. For reasons of symmetry, we consider only the half of

the pond:
. do
~0, 9 _0 4t X=0
x ax o ° (192)
oW 0 O
U=0, W _o, D X _p 4 x=A2
X X X (195)

The boundary conditions for heat flux at the bottom and the free—surface of the solar pond are
detailed in Appendi

4. Numerical Method and Validation

Equations (13—17) were solved using the finite-volume method developed by [23]. The discretization
method and numerical solution procedure used have been described in detail elsewhere [24]. Only the

main features are given here. First, the domain of the enclosure is subdivided in elementary volumes
Q, defined in a Cartesian two-dimensional coordinates. The transport equation is then integrated in

each of these volumes, expressing the balance of flux “J,” of the transport parameter “® > which

represents the components of Velocity vector (U and W), temperature (0) or concentration (¢):
jﬂ% — dv = — mg divIe dv+ mg S, dv (20)
The volume integral of the divergence of Jo is changed into surface integral:

Jﬂ%—dv— ~ [, Jo nds +[[f,, S, dv (1)

where X is the surface area covering the control volume Q,; n is the outward unit normal to the

differential surface area ds and Jo represents the flux term of @ , which is expressed by:

Jo = (D{;—Fq, grad @ (22)
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where T, is the diffusion coefficient; and S, a source term evaluated explicitly.

The definition of @, T, S, and of the flux term Jo for each equation is given, in dimensionless

form, in Table 2.

Table 2. Diffusion coefficients, flux and source terms of variable @ .

(D F(I) j(b S(p

11 % 0

U Pr UV-T,gradU —0P/oX

W Pr WV-T, grad W —0P/0Z+Pr Ra, (6—N o)
4

0 1 OV-T,grad®  0.85Ra,/Ra, Y (y,®,/0.76) exp|- @, (1-2)/0.76]
1

i=

¢ 1/Le @V-T,gradg 0

Using a staggered grid, three different control volumes are defined for a given node point: one for
each of the two vector components and one for the scalar variables. Then, each of the transport
equations is integrated over its own control volume. The spatial discretization of the governing equations
is obtained using the hybrid scheme interpolation.

The temporal integration over a time step has begun using the Alterning Directions Implicit (ADI)
method (Peaceman and Rachford [25]) which produces two separate tridiagonal matrices for each equation.

The pressure-velocity coupling was handled by the Semi-implicit Method for Pressure-linked
Equation Revised (SIMPLER) algorithm [23]. This algorithm consists of correcting velocities
predicted with the momentum equations. As the pressure correction equation is solved until
convergence, we obtain the pressure field, and therefore the estimated velocities are corrected to fit the
equation of continuity.

A computational domain consisting of 50 x 100 grid points with uniform grid spacing in OX and in
OZ directions and a dimensionless time step equal to 10~ were found to be sufficient for producing
accurate results at reasonable computed time.

In order to check on the accuracy of the numerical code specifically developed for the solution of
the problem considered in the present work, it was validated by performing computational simulation
for double-diffusive natural convection, which is reported earlier by Han and Kuehn [26] and
Suarez et al. [17]. In this case, Figure 2 shows comparison for velocities, temperature and
concentration fields of the present numerical study and the numerical results published by Han and
Kuehn [26], and Suarez et al. [17]. Computations are performed for opposing buoyancy conditions
with the constant following parameters: Rar = 3.2 X 106, Rag = 2.4 x 10", A = 1/4, Sc = 2000 and
Pr = 8. Figure 2 shows a good agreement between both results.
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Figure 2. Comparison of velocities, temperature (6) and concentration (o) fields between
the present study (a) and previous studies reported by Suarez et al. [17] (b), and Han and
Kuehn [26] (¢); (Rar = 3.2 x 10°, Rag =2.4 x 10”, A = 1/4, Sc = 2000 and Pr = 8).
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5. Results and Discussion

In this study, we will present computations in transient regime to understand the hydrodynamic,
thermal and solute characteristics induced in a salt-gradient solar pond. A particular interest of this
work is to control parameters that define the fluid flow, heat and mass transfer in a solar pond with
internal heating of the fluid due to the absorption of solar radiation.
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These numerical results are given for constant values of the Prandtl number Pr = 6 and the Schmidt
number Sc = 1000, which correspond to the average characteristics of salt—-water mixtures. The results
are generated for a thermal Rayleigh number Rar= 107 and an internal Rayleigh number Ra;= 1.4 x 10°,

5.1. Effect of Buoyancy Ratio on the Stability of Solar Pond

The effect of buoyancy ratio on the distribution of temperature, concentration and velocities in a
solar pond is represented in Figures 3-5 at T = 0.05 and for Rar= 107, Ra;= 1.4 x 10%, Pr = 6,
Sc = 1000 and A = 3. Figure 3 shows the evolution of temperature distribution with the buoyancy ratio
in a salt-gradient solar pond.

Figure 3. Evolution of temperature field with the buoyancy ratio [(a) N = 0; (b) N = 1;
(¢) N =2; (d) N = 10] in a salt-gradient solar pond at t = 0.05 and for Rar = 107,
Ra;= 1.4 x 10°, Pr=6, Sc = 1000 and A = 3.

(a)

(b)

(©)

(d)

For N = 0 (Figure 3), the flow of the fluid is motivated only by the thermal buoyancy force. Part of
incident solar radiation absorbed at the bottom of the pond warms the pure water in the lower region of
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the pond. The hot water rises to the free-surface where it loses some of its heat by convection,
evaporation and radiation. The cold water, becoming heavier, sinks to the bottom again. Because of
this continuous mixing and heat losses, it is impossible to store solar energy as thermal energy in the
lower region of the pond. For a buoyancy ratio N = 1, the competition between thermal and solute
buoyancy forces becomes the same order of magnitude and the convection movements induced by the
absorption of solar radiation prevent the storage of solar energy in the bottom of the convective solar
pond. For N = 2, irregular NCZ begins to be formed. When the buoyancy ratio reaches a value equal to
10, diffusion dominates heat transfer in the solar pond, so the convection currents are suppressed in the
NCZ and the considerable quantity of solar energy radiation trapped in the LCZ is stored as thermal
energy in the same zone. Figure 3 shows again that the temperature is decreased in the UCZ and
increased in the LCZ when the buoyancy ratio increases from zero to ten. Figure 4 shows the
concentration distribution in a salt—gradient solar pond at the same time of heating T = 0.05 and for
different buoyancy ratios.

Figure 4. Evolution of concentration field with the buoyancy ratio [(a) N = 1; (b) N = 2;
(¢) N = 10] in a salt-gradient solar pond at T = 0.05 and for Rar= 10", Ra;= 1.4 x 10,
Pr=6, Sc = 1000 and A = 3.
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Figure 4 shows that the concentration of salt is disturbed in the solar pond when the buoyancy ratio
is equal to 1. For a buoyancy ratio equal to 2, a stratification of fluid layers tends to be established.
When the buoyancy ratio reaches a value equal to 10, diffusion dominates mass transfer and the salt
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concentration remains invariable, which indicates that the stratified fluid layers in the solar pond are

still stable.
In order to understand the effect of buoyancy ratio on the hydrodynamic behaviour of the solar pond
during the absorption of solar radiation, we have established the distribution of velocities in a salt-gradient

solar pond at the same time of heating t = 0.05 and for different buoyancy ratios (Figure 5).

Figure 5. Evolution of velocities field with the buoyancy ratio [(a) N = 1; (b) N = 2;
(¢) N = 10; (d,e) zoom of velocity vectors] in a salt-gradient solar pond at T = 0.05 and for

Rar= 10", Ra;=1.4 x 105, Pr =6, Sc = 1000 and A = 3.
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It is interesting to observe that for N = 1, there exists little recirculation of fluid in the UCZ and
large fluid recirculations occupying the LCZ and the NCZ. For N = 2, the convective cells are
suppressed in the middle of NCZ. For a buoyancy ratio equal to 10, diffusion dominates thermal and
solute transfer and the flow is suppressed in the NCZ. Then, a succession of small eddies are generated
in the upper convective zone and in the lower convective zone where the flow results from the
competition between thermal and solute buoyancy forces.

5.2. Effect of Buoyancy Ratio on the Temperature and Concentration Profiles

Figures 6 and 7 show the evolution of the average temperature and concentration profiles with the
buoyancy ratio in the solar pond at a solar heating time t = 0.05 and for Rar= 10", Ra;= 1.4 x 10°,
Pr=6, Sc = 1000 and A = 3. The buoyancy ratio is important to prevent convective motions induced
by the absorption of solar radiation where the increase of this parameter will reduce the upwards heat
losses. In this case, Figure 6 shows that the average temperature profile is decreased in the UCZ and
increased in the LCZ when the buoyancy ratio is increased.

Figure 6. Effect of buoyancy ratio on the average temperature profile in a salt-gradient
solar pond at T = 0.05 and for Rar= 107, Raj=1.4 x 108, Pr=6,Sc=1000 and A = 3.
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Figure 7. Effect of buoyancy ratio on the average concentration profile in a salt-gradient
solar pond at T = 0.05 and for Rar= 107, Raj= 1.4 x 108, Pr=6, Sc = 1000 and A = 3.
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Figure 7 indicates that the increase in the buoyancy ratio will decrease the profile of the average
concentration in the UCZ to reach the value of zero. In the LCZ, this profile is increased almost to one.

For N = 10, Figure 7 shows again that the average concentration profile is practical confused with
the initial profile. This implies that the stratified solute layers remain stable.

The evolution of dimensionless average temperature and salt concentration of UCZ and LCZ with
the buoyancy ratio are shown in the Figures 8 and 9. Figure 8 indicates clearly that the increase of the
buoyancy ratio will decrease the average temperature in the UCZ and will increase this temperature in
the LCZ.

Figure 8. Effect of buoyancy ratio on the average temperature of UCZ and LCZ in a
salt-gradient solar pond at T = 0.05 and for Rar= 10, Ra;= 1.4 x 108, Pr =6, Sc = 1000
and A = 3.
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Figure 9 shows clearly that the increase of the buoyancy ratio will decrease the average salt
concentration to almost zero in the UCZ and will increase this salt concentration in the LCZ to reach a

value near one.

Figure 9. Effect of buoyancy ratio on the average concentration of UCZ and LCZ in a
salt-gradient solar pond at T = 0.05 and for Rar= 10", Ra;= 1.4 x 10°, Pr = 6, Sc = 1000

and A = 3.
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5.3. Effect of UCZ Thickness on the Thermal Behavior of a Solar Pond

The thermal efficiency of the pond depends on the UCZ thickness. To limit the effects of the wind
on the thermal performance of the solar pond, it is important to increase the thickness of the UCZ.
However, an increasing of the thickness of the UCZ reduces the amount of solar energy reaching the
storage zone. Therefore, the thickness of the UCZ should be optimised.

To understand the effect of UCZ thickness on the thermal behavior of the solar pond during the
absorption of solar radiation, we have reproduced in Figures 10 and 11 the temperature distribution
and the development of average temperature profile in a salt-gradient solar pond at the time T = 0.05
and for various thicknesses of the UCZ. The dimensionless thickness of NCZ is fixed to 0.4.

Figure 10. Evolution of temperature field with the thickness of UCZ (a—¢) in a salt-gradient
solar pond at T = 0.05 and for Rar= 107, Ra;= 1.4 x 10°, Pr=6, Sc = 1000, N =10 and A = 3.
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By comparing temperature fields illustrated in Figure 10 (Rar= 10" and N = 10), we show in the case
of an intermediate value of UCZ thickness equal to 0.15, thin convective cells appear in the UCZ. These
thermal cells contribute to the homogenisation of the UCZ, which results in the protection of the solar
pond. For a thickness equal to 0.2, multi-cellular thermal structures are more developed. However, for a
thickness equal to 0.1, the heat transfer in the UCZ is dominated by a conduction mechanism.

In the vicinity of the free-surface of the pond, Figure 11 shows that there is a slight increase in the
temperature profile with decreasing of the temperature of NCZ due to the increase of the thickness of
UCZ which reduces the solar radiation transmitted to the NCZ.

Figure 11. Effect of the thickness of UCZ on the average temperature profile in a salt-gradient
solar pond at T = 0.05 and for Rar= 10", Raj=1.4 108, Pr=6,Sc=1000,N=10and A =3.
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5.4. Effects of NCZ and LCZ Thicknesses on the Thermal Behavior of a Solar Pond

The NCZ of the solar pond can act as a thermal insulator and the LCZ is the region where the
thermal energy is stored. To better understand the effects of the thicknesses of NCZ and LCZ on the
thermal behavior of the solar pond during the storage of solar energy as thermal energy in the bottom
of the pond, we have reproduced in Figures 12 and 13 the temperature distribution and the development
of the average temperature profile in a salt-gradient solar pond at the solar heating time t = 0.05 and for
different thicknesses of NCZ and LCZ. The dimensionless thickness of UCZ is fixed to 0.2.

Figure 12 shows that there is a decrease of the temperature of the NCZ due to the increase of its
thickness which increases the insulation property and subsequently reduces the upwards heat losses. In
addition, the decrease of the thickness of LCZ will increase the temperature in this zone, as shown by
Figure 13.
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Figure 12. Evolution of temperature field with the thicknesses of NCZ and LCZ (a—c¢) in a
salt-gradient solar pond at t = 0.05 and for Rar= 107, Ra;= 1.4 x 108, Pr =6, Sc = 1000,
N=10and A =3.
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Figure 13. Effect of the thicknesses of NCZ and LCZ on the average temperature profile in
a salt-gradient solar pond at T = 0.05 and for Rar= 107, Ray= 1.4 x 108, Pr =6, Sc = 1000,
N=10and A =3.
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6. Conclusions

We have numerically studied the problem of hydrodynamic, heat and mass transfer and stability in
a two-dimensional salt-gradient solar pond. The buoyancy ratio has a very important effect to prevent
convection motions induced by solar radiation absorption and to stabilize the layers of salty water in
the solar pond. The increase of buoyancy ratio will decrease the temperature in the upper convective
zone and will preserve a high temperature in the lower convective zone. In this case, solar energy is
stored as thermal energy in the lower region of the salt-gradient solar pond.

The solar heating effect is considerably higher in the lower convective zone at a buoyancy ratio
equal to ten. For this value, the salt concentration gradient is stable in the pond. We clearly detected
the presence of two fluid recirculation zones, one situated in the upper region of the solar pond beneath
the free-surface and the second observed in the lower region near the bottom surface of the pond.

We concluded that the increase of the thickness of UCZ will increase the temperature in this zone.
The thickness of NCZ has a very important effect in the reduction of the upwards heat losses which
causes in this case, a rise in the temperature of LCZ.

Appendix
Boundary Conditions for Heat Transfer

A.1. The free-surface of the solar pond is subject to heat losses by convection, evaporation and
radiation. These heat losses are expressed as follows: Heat losses by convection are given by Kishore
and Joshi [27]; Kurt et al. [4,13]; Mansour et al. [11,12]:

q.=h(T,-T,) (A1)
where h, represents the convective heat transfer coefficient which depends on the wind average velocit
This coefficient is given by Kurt et al. [4,13]; Husain et al. [6]; Mansour et al. [11,12]:

h,=57+3.8V (A.2)

The heat losses by evaporation are given by Kishore and Joshi [27]; Kurt et al. [4,13];
Mansour et al. [11,12]:

LVhC(PS_PV)
= 6c, P (A-3)

pa” atm

Ps is the vapour pressure of water at temperature Ts:

3885
P, =exp| 18.403 - ——
s xp( T + 23()} (A4)
and Py is the partial pressure of water vapour in ambient air at temperature T:
3885
P, =R, exp| 18.403 - ——
v h XP[ T + 23()) (A.5)

The heat losses by radiation are given by Kurt et al. [13]:
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q, =&,0((T, +273.15)" = (T, +273.15) ) (A.6)

and Tq.y 1s the temperature of the sky given as follows:
T,, =T, +[0.55+0.704,p, | (A.7)

A.2. We assume that the quantity of solar radiation reaching the bottom of the solar pond is entirely
absorbed by the fluid at this depth. If it is assumed that the bottom is thermally insulated, then the heat
flux at the bottom of the solar pond is equal to the solar radiation that reaches this depth.
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