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ABSTRACT

Revise the abstract as follows: This work aims to investigate numerically the influence of the buoyancy ratio and the
Dufour parameter on thermosolutal convection in a square Salt Gradient Solar Pond (SGSP). The absorption of
solar radiation by the saline water, the heat losses and the wind effects via the SGSP free surface are considered.
The mathematical model is based on the Navier-Stokes equations used in synergy with the thermal energy equation.
These equations are solved using the finite volume method and the Gauss algorithm. Velocity-pressure coupling is
implemented through the SIMPLE algorithm. Simulations of the SGSP are performed for three values of buoyancy
ratio (N = 1, 2 and 10), three values of Dufour parameter (Df¼ 0, 0.2 and 0.8) and some sample meteorological data
(Tangier, Morocco). Results show that the highest dimensionless temperature of the storage zone is found for N =
10. In the same zone and for the same value of N, the dimensionless salt concentration decreases very slightly versus
time (unlike for N = 1 or 2). Moreover, increasing Df from 0 to 0.8 causes a decrease in the dimensionless tempera-
ture of the SGSP storage zone and this decrease is more pronounced for N = 1 and N = 2.
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Nomenclature
C* Dimensionless salt concentration ¼ C � Cminð Þ= Cmax � Cminð Þ
Df Dufour parameter ¼ jTC Cmax � Cminð Þð Þ= a Tmax � Tminð Þð Þ
g Gravitational acceleration, m/s2

H Pond height, m
I0 Incident solar radiation, W/m2

Ir Reflected solar radiation, W/m2

L Pond width, m
Le Lewis number ¼ a=D
N Buoyancy ratio ¼ bC Cmax � Cminð Þð Þ= bT Tmax � Tminð Þð Þ
P* Dimensionless pressure ¼ H2 Pð Þ�qa2
Pr Prandtl number ¼ m=a
T* Dimensionless temperature ¼ T � Tið Þ= Tmax � Tminð Þ
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U Wind velocity, m/s
(u*,v*) Dimensionless velocity components ¼ u; vð Þ H=a
(x*,y*) Dimensionless Cartesian coordinates ¼ x; yð Þ=H

e.g.
α Thermal diffusivity, m2/s
κTC Dufour coefficient, m5.K/kg.s
λ Thermal conductivity, W/m.K
ν Kinematic viscosity, m2/s
ρ Density, kg/m3

τ Dimensionless time ¼ a t
�
H2

φ Heat flux density, W/m2

1 Introduction

A Salt Gradient Solar Pond (SGSP) is considered as a simple device for solar energy collection and long
term low-temperature heat storage [1,2]. It is a large pond composed by three water zones of different salt
concentration [3], namely: the Lower Convective Zone (LCZ) at the pond bottom, the Upper Convective
Zone (UCZ) at the pond top and the Non-Convective Zone (NCZ) located between these two convective
zones. The highest salt concentration is in the LCZ whereas the lowest is in the UCZ. In the NCZ, the
salt concentration increases linearly with the depth. Therefore, the heat and mass transfer between the
LCZ and UCZ are by diffusion. The amount of solar heat stored in the LCZ can be extracted with heat
exchangers [4] which are usually placed on the SGSP bottom [5,6]. However many works carried out on
SGSP shown that heat extraction from both NCZ and LCZ improves the overall SGSP efficiency [7,8].
The amount of heat extracted can be used for many applications such as lower temperature industrial
process [9], electricity generation [10] or to preheat the feed water for solar distillers [11].

The concept of a SGSP was introduced in 1902 by Kalecsinsky [12]. The latter noticed that the
temperature of the natural lake Medve in Transylvania, Hangaria (42° 44’ N, 28° 45’ E) reached, at a
depth of 1.32 m, 70°C [13]. Afterwards, several researchers reported the same notice in other lakes, such
as Hot Lake in Washington-United States [14], Lake Mahega in Western Uganda [15] and Lake Vanda in
Antarctica [16]. These lakes were characterized by high salt concentration in the lower part and low salt
concentration in the upper part, leading to a vertical variation of the salt concentration [17]. In this sense,
Kalecsinsky suggested that this high temperature is mainly due to the vertical variation of the salt
concentration that prevents natural convection and traps solar radiation in the lower part of the lake [18].

The presence of both temperature and salt concentration gradients in the SGSPs leads to the
development of thermosolutal convection [19]. The effects of this last one on the SGSP thermal
performance and stability were evaluated for the first time by Suárez et al. [19]. The two-dimensional
model developed is essentially based on Navier-Stokes, energy and mass transfer equations. They
demonstrated that the LCZ temperature is over predicted if the thermosolutal convection is neglected.
Thus, the SGSP efficiency can be overestimated, particularly in models that consider the UCZ
temperature is the same of that of ambient air. Recently, in order to analyze Soret and Dufour effects on
heat and mass transfer in a SGSP and its storage efficiency, Rghif et al. [20] were the pioneers to develop
a two dimensional numerical model. This model is based on Navier-Stokes, thermal energy and diffusion
equations. It was found, that the increase of Dufour parameter from 0 to 0.8 leads to an augmentation of
the heat losses from the SGSP surface by about 8.53% and to a decrease of its storage efficiency by
5.56%. Following Rghif et al.’s study [20], it was recommended to integrate the phase change material in
the SGSP, for the purpose to mitigate Dufour effect, if the value of the Dufour parameter is high [21].
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In a previous work [20], it was shown that Dufour effect must be taken it account in order to avoid
overestimation of the results. However, Rghif et al.’s [20] study was conducted for one value of buoyancy
ratio (N = 10). Therefore, it is necessary to develop a model in order to analyze Dufour effect developed in
a SGSP for different values of buoyancy ratio (N = 1, 2 and 10). Therefore, the present study aims to
investigate numerically the thermosolutal buoyancies with Dufour effect developed in a square SGSP.

2 Mathematical Formulation

2.1 Physical Model
The physical model of the SGSP considered in this study is presented in Fig. 1. It consists of an open

square enclosure (A = 1). Its vertical (x* = 0 or x* = 1 and 0 < y* < 1) and bottom (y* = 0 and 0 < x* < 1) walls
are adiabatic and impermeable while its upper part (y* = 1) exchange heat (φtt) by convection (φconv),
radiation (φrad) and evaporation (φevap) with its surrounding. Moreover, this SGSP has three zones (LCZ,
NCZ and UCZ) of different salt concentration water and thickness as Fig. 1 illustrates. At the saline water
free surface (y* = 1), a part of the solar radiation (I) is reflected back to the atmosphere (Ir), the rest is
gradually absorbed by the saline water and undergoes a continuous attenuation (φy) before reaching the
SGSP bottom (φy* = 0).

2.2 Governing Equations
In this study, it is assumed that: a) The saline water is an incompressible and Newtonian fluid; b) The

flow is two-dimensional and the natural convection in the LCZ and UCZ is carried out in laminar mode; c)
The thermal properties of the saline water are constants except the density in the buoyancy term, which obeys
to the Boussinesq approximation [22,23].

Taking account of the above assumptions, the governing dimensionless equations describing the
transfers that occur in the SGSP can be expressed in the referential (Oxy) as follows:

Figure 1: Physical model of the SGSP considered
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With the dimensionless quantities are:

x� ¼ x

H
; y� ¼ y

H
; u� ¼ u H

a
; v� ¼ v H

a
; P� ¼ H2 P

q a2
; s ¼ a t

H2
; T� ¼ T � Ti

Tmax � Tmin
; C� ¼ C � Cmin

Cmax � Cmin
(6)

The Prandtl number (Pr), the Rayleigh number (Ra), the buoyancy ratio (N), the Dufour parameter (Df),
the dimensionless source term (S´) and the Lewis number (Le) are respectively defined as follows:

Pr ¼ m
a
; Ra ¼ g bT H

3 Tmax � Tminð Þ
a m

; N ¼ bC Cmax � Cminð Þ
bT Tmax � Tminð Þ ;Df ¼ jTC Cmax � Cminð Þ

a Tmax � Tminð Þ ;

S’ ¼ H2 S

k Tmax � Tminð Þ ; Le ¼ a
D

(7)

where S is the heat source term that represents the amount of the solar radiation absorbed by a layer of saline
water. More calculation details of this term is presented elsewhere [21].

The dimensionless temperature profile, the dimensionless salt concentration in the LCZ and the UCZ are
evaluated using the following expressions:

T�
SGSP s; y�ð Þ ¼

Z1
0

T� s; x�; y�ð Þ dx� (8)

C�
LCZ s; y�ð Þ ¼

Z1
0

C� s; x�; y�ð Þ dx� With 0 � y� � 0:4 (9)

C�
UCZ s; y�ð Þ ¼

Z1
0

C� s; x�; y�ð Þ dx� With 0:8 � y� � 1 (10)

2.3 Initial Conditions
As initial conditions (τ = 0), the fluid is assumed to be motionless (u* = v* = 0) and the temperature of the

saline water is equal to its initial temperature; so T* = 0. The salt dimensionless concentration is set equal to:
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For LCZ: C� ¼ 1

For NCZ: C� ¼ 0:8� y

0:4
with 0:4 � y� � 0:8

For UCZ: C� ¼ 0

(11)

2.4 Boundary Conditions
For τ > 0, on the walls, the two components of the velocity are null due to no slip boundary conditions.

At the saline water free surface (y* = 1), the y-component velocity is set equal to 0 and its x-component is
evaluated from the shear stress caused by the wind [24].

@u�

@y�

����
y�¼1

¼ qaCf ;y U2
y H2

q m a
(12)

where Uy and Cf,y are the wind speed at a given height (y) above the SGSP and the drag coefficient,
respectively. These parameters are calculated from the following expressions [24,25]:

Uy ¼ U�

K
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y
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� �
with U� ¼ U K

ln 10=y0ð Þ (13)

C
�1=2
f ;y ¼ 1

K
ln

g y

0:011 Cf ;y U2
y

 !
(14)

K, y and z0 are respectively the Von Karman constant (K = 0.4 [25]), the height above the SGSP free
surface and the roughness length (0.001 m for water [25]).

The evaluation of the heat losses (φtt) at y* = 1 by convection (φconv), radiation (φrad) and evaporation
(φevap) are reported in our previous work [20]. Nevertheless, the vertical and bottom walls are adiabatic and
impermeable. Thus, the dimensionless temperature and salt concentration boundary conditions are expressed
as [20]:

On the SGSP surface :
@T�

@y�
¼ �H ’tt

k Tmax � Tminð Þ ;
@C�

@y�
¼ 0

On the SGSP bottom :
@T �

@y�
¼ H ’y¼0

k Tmax � Tminð Þ ;
@C�

@y�
¼ 0

On the SGSP vertical walls :
@T�

@x�
¼ 0;

@C�

@x�
¼ 0

(15)

3 Numerical Method and Validation

3.1 Numerical Method
Eqs. (1)–(5) associated to initial and boundary conditions (11)–(15) are solved iteratively using the

implicit finite volume method and Gauss elimination procedure. The pressure-velocity coupling is treated
by SIMPLE algorithm [26]. The centered scheme is retained for the convective and diffusive terms. The
iterative procedure is stopped when the following test is respected.

�
sþDs ��s

�sþDs

�����
����� � 10�6 with � ¼ u�;v�;T�;C�ð Þ (16)
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In order to accelerate the convergence of the iterative procedure, under relaxation coefficients 0.50 and
0.85 are used, respectively, for the momentum, the thermal energy and mass equations [26].

3.2 Validation
The numerical model developed in Fortran 95, was validated by applying it to three previous works

reported in the literature (the numerical model validation is described in details elsewhere [20]). The first
one is the problem of thermosolutal convection inside a rectangular enclosure with vertical temperature
and salt concentration gradients (the upper and lower walls are adiabatic and impermeable).
Computations were performed for A = 0.5, Pr = 1, Ra = 105, Le = 2 and for N = 0.8 and N = 1.3. The
second one is about thermosolutal convection inside a rectangular cavity with Soret and Dufour effects.
Calculations were conducted for A = 2, Pr = 1, Ra = 105, Le = 2 and for N = 2. The third one is about
the solar radiation absorption model in Mirror Lake in Storrs, USA. Detailed validation steps are
described in our previous work [20].

4 Results and Discussion

The effects of buoyancy ratio and Dufour parameter on the thermosolutal convection in the SGSP are
investigated during ten days (midnight of July 03 to midnight of July 13) using meteorological data of
Tangier [27,28], with Ra = 1012, Pr = 6, Le = 75, Δτ = 6 × 10–9, N = 1, 2 and 10, Df = 0, 0.2 and
0.8 and for a grid mesh of (50 × 100) [20].

4.1 SGSP Temperature Fields
The dimensionless temperature evolution versus time of the SGSP profiles during the simulation of the

SGSP operation corresponding to a duration between τ = 0 and τ = 0.11 is presented in Fig. 2. As it can be
seen in this figure, the dimensionless temperature profiles are similar from initial state (τ = 0) to τ = 0.008 and
whatever the values of N and Df retained. As time increases, the LCZ and NCZ dimensionless temperatures
increase due essentially to the augmentation of the amount of solar radiation absorbed by the saline water
solution. Moreover, the heat losses via the SGSP free surface reduce the UCZ dimensionless temperature.
At the end of the simulation duration (τ = 0.11), the lower values are located at the UCZ and the highest
values of the LCZ dimensionless temperature are found for N = 10 and whatever the Df value (Fig. 2).
For this value of N, the mass buoyancy forces are predominant compared to those of the thermal origins.
Consequently, the mass convection is superior to the thermal convection leading to this highest
temperature value in the LCZ. Hence, the diminution of the buoyancy ratio from 10 to 1 enhances the
heat transfer in the SGSP more than the augmentation of Dufour parameter from 0 to 0.8.

Fig. 3 shows the evolution over time of the dimensionless temperature at three positions in the LCZ:
y* = 0 (bottom), y* = 0.2 (middle) and y* = 0.4 (top). It should be noted that when the thermal and mass
buoyancy forces are equal (N = 1), the LCZ dimensionless temperature is the same. In addition, whatever
the value of Df considered and for N = 2 or 10, the dimensionless temperature decreases linearly from the
bottom to the top of this zone. It will be noted that this result cannot be obtained from the 1D model
based on the assumption of a homogeneous temperature in the LCZ. Besides, the dimensionless
temperature is depending on the value of the buoyancy ratio and Dufour parameter. For the three values
of Df (0, 0.2 and 0.8), the highest temperature is found for N = 10 for which mass buoyancy forces are
superior to those of thermal origins. Moreover, as buoyancy ratio decreases from 10 to 1, the Dufour
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effect on the LCZ dimensionless temperature is more pronounced. For example, in the LCZ bottom, the
dimensionless temperature decreases as Df increases from 0 to 0.8 by about 0.23 for N = 2 and 0.08 for
N = 10 (Fig. 3). Therefore, the Dufour effect is more relevant on the storage zone temperature as the
buoyancy ratio is small. In this case, the thermal buoyancy forces are greater than to those of mass
origins. Therefore, the thermal convection is predominant compared to the mass convection and
consequently an augmentation of the Dufour effect.

4.2 SGSP Salt Concentration Fields
Controlling the salt concentration distribution in the SGSP is a key parameter for a long period operation

of a SGSP. In this sense, the evolution over time of the dimensionless salt concentration in the LCZ and UCZ
are presented, for the different values of Df and N retained in this study, in Figs. 4 and 5, respectively. As it
can be seen in Fig. 4, the dimensionless salt concentration of the LCZ decreases quickly and continuously for
N = 1 and N = 2 and very slightly for N = 10. The salt concentration of the upper convective zone increases
over time as is presented in Fig. 5. Increasing Df from 0 to 0.8 leads to a decrease of the salt concentration in
the LCZ and an increase in the UCZ for the three values of the buoyancy ratio considered. These results is in
agreement with those reported in previously published work [20].
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Figure 2: SGSP dimensionless temperature profiles during the simulation period
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Figure 4: Variation of the LCZ salt concentration profiles during the simulation period
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5 Conclusions

In this study, the influences of buoyancy ratio and Dufour parameter on thermosolutal convection in a
square Salt Gradient Solar Pond (SGSP) are investigated numerically. The governing equations are solved
using the implicit scheme and Gauss algorithm. The simulations are performed during ten days with the
meteorological data of the Tangier city in Morocco, for three values of buoyancy ratio N = 1, 2 and 10 and
three values of Dufour parameter Df = 0, 0.6 and 0.8. The main conclusions can be summarized as follows:

� Regardless the value of Dufour parameter, the higher LCZ temperatures are obtained for higher value
of the buoyancy ratio (for N = 10);

� Increasing the value of the Dufour parameter decreases the storage zone dimensionless temperature;

� The Dufour effect on the LCZ dimensionless temperature is all the more relevant as the buoyancy
ratio is low;

� The dimensionless salt concentration of the LCZ decreases quickly as time increases for N = 1, 2 and
weakly for N = 10.

As future path of these current findings, an experimental analyze will be perform.
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Figure 5: Variation of the UCZ salt concentration profiles during the simulation period
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