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A theoretical and numerical study of the effect of thermodiffusion on the stability of
a gradient layer is presented. It intends to clarify the mechanisms of fluid dynamics
and the processes which occur in a salinity gradient solar pond. A mathematical
modelling is developed to describe the thermodiffusion contribution on the solar
pond where thermal, radiative, and massive fluxes are coupled in the double diffu-
sion. More realistic boundary conditions for temperature and concentration pro-
files are used. Our results are compared with those obtained experimentally by au-
thors without extracting the heat flux from the storage zone. We have considered the
stability analysis of the equilibrium solution. We assumed that the perturbation of
quantities such as velocity, temperature, and concentration are infinitesimal.

Linearized equations satisfying appropriate prescribed boundary conditions are
then obtained and expanded into polynomials form. The Galerkin method along
with a symbolic algebra code (Maple) are used to solve these equations. The effect
of the separation coefficient y is analyzed in the positive and negative case. We
have also numerically compared the critical Rayleigh numbers for the onset of con-

vection with those obtained by the linear stability analysis for Le = 100, u, = 0.8,

and = 0.5.
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Introduction

In recent years, there has been increasing efforts to promote renewable energy in de-
veloping countries [1, 2]. Solar pond is one such technology, which is both appropriate and rele-
vant in the Algerian context. It is a simple and low cost solar energy system which collects solar
radiation and stores it as thermal energy in the same medium for a long period of time [3, 4]. For
this reason, solar ponds present some advantages with respect to other solar energy technologies
which could make it competitive, especially, for example, in those regions where salt is avail-
able for free. Many experimental and theoretical works [5-12] basically concentrate on design,
application, and experimental thermal measurements in solar ponds to investigate the thermal
behaviour of various types of solar ponds in different dimensions [13, 14].
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Initially, the numerical models were generally one-dimensional (1-D) and treated the
problem of transient heat conduction and mass diffusion [15]. Alargo [16] developed a 1-D sim-
ulation model, which simulates the transient behaviour of the pond using a finite difference
method, for a closed cycle in a salt gradient solar pond. Husain ez al. [17] studied the estimation
of radiation flux in a solar pond and proposed a simple empirical formulation.

Only in few recent works, the 2-D and 3-D character of the solar pond have been con-
sidered while studying the same problem [18, 19] with both the transfer of mass and energy and
variable properties of the saline solution have been considered [20, 21]. The results have shown
that, in particular, the solar radiation absorption as well as the heat losses through the pond free
surface may have adverse effects on the long-term stability of the pond. Very recently, Suarez et
al. [22] investigated numerically the effect of double diffusive convection on the thermal perfor-
mance and stability of a salt gradient solar pond. They showed that the temperature in the bottom
of the solar pond increased from 20° to 52°, even though the insulating layer is being eroded by
double-diffusive convection which have profound impacts on the overall stability of solar pond.

With regard to the pond stability that constitutes, as stated above, a major factor in its
operation and performance, it has been studied analytically by several researchers who em-
ployed, in most cases, the well-known linear perturbations theory [23-26]. Results as obtained
from these studies have provided meaningful details and information regarding the onset of
these instabilities, the map of marginal stability of the pond as well as the existence of several
possible stable or unstable states that may be encountered in the pond depending upon the ratio
of the thermal Rayleigh number with respect to the salinity Rayleigh number. However, all these
studies were limited to a layer of a fluid heated from below.

The extraction of the heat from the system could also cause the damage of the
non-convertive zone (NCZ) (see fig.1), and must be performed with caution. Recently, an alter-
native method of heat extraction from these solar ponds has been investigated analytically [27],
and used for industrial process heating [28], space heating, and power generation. In all these
applications, heat is extracted from the bottom of the solar pond (that is, from the lower convec-
tive zone).

To the knowledge of the authors, the only work which has introduced the
thermodiffusion effect into the salt diffusion equation and thus contributing to destabilize the
salinity gradient layer has been done by Angeli ez al. [29]. However, their study was confined to
a 1-D mathematical model numerically solved by a finite difference schema ruling out the heat
extraction from the bottom.

Nevertheless, the thermodiffusion continues to be the only hydrodynamic transport
mechanism that lacks a simple physical explanation, because it strongly varies with the nature of
the components of the mixture and with their concentration. In fact this effect cannot easily be
measured experimentally and predicted theoretically. The aim of the present paper is therefore
to present a numerical and analytical study of the thermodiffusion contribution on the solar pond
using more realistic boundary conditions such as the heat extraction characterized by the frac-
tion f'and the absorption of solar radiation characterized by an extinction coefficient u,.

Mathematical formulation
Solar ponds generally consist of three regions: the upper convective zone (UCZ), the

NCZ, and the lower convective zone (LCZ), as shown in fig. 1. The UCZ is the topmost layer of
the solar pond. It is a relatively thin layer which consists almost wholly of fresh water. The NCZ
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Figure 1. Schematic diagram of solar pond with typical temperature and salinity profiles

is just below the UCZ and has an increasing concentration relative to the UCZ. It also acts as a
transparent insulator that lets sunlight reach the bottom where it remains entrapped, creating a
storehouse of thermal energy in the form of hot brine. The LCZ is the layer in which the salt con-
centration is the greatest, and there is no concentration gradient in it. If the concentration gradi-
ent of the NCZ is great enough, no convective motion will occur in this region, and the energy
absorbed in the bottom of the pond will be stored in the LCZ.

Let us then consider a pond in the NCZ, assumed to be a rectangular cavity of length L
and depth d, filled with linearly stratified saline solution. The modelling of the gradient layer is
based on the Boussinesq-Oberbeck approximation of the Navier-Stokes equations with two
sources terms due to the absorption of the solar radiation in the energy equation and the
thermodiffusion effect (also known as Soret effect) in the species equation. The dynamics of
such system is written in their general form as:

V-V=0
po[%—f+(v~€>0]=—€P+uvzv+po[1—ﬁr(T—Tref)—ﬂc«f—Cref)]gﬁ
oT ; (1)

L V-V =xver+-L_
ot pCp
Fle

a—+(€.\7)C:DV2C+Drco(1—c0)v2T
t

where V(u,w) is the velocity field, P — the pressure, 1 — the dynamic viscosity, k — the thermal
diffusivity, D —the Fick coefficient, and D —the thermodiffusion coefficient of the denset com-
ponent. We assume that the product C(1 — C) in the expression of the mass flux density vector of
the densest component is constant and equal to C(1 — C,). ¢ is the radiative power per unit vol-
ume and C,, is the initial concentration of the solute. The equation of state of the saline solution is
given by:

P :Po[l _ﬁT(T_ Tref) _ﬁC(C_ Cref)] (2)

where B and - are the coefficients of volumetric expansion for temperature and concentration,
respectively. T'is the dimensional temperature and C — the masse fraction of the densest compo-
nent of the mixture. C,;and T, are taken as the reference state, i. e, C,;= (C, + C,)/2 with C,
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and C, being the concentrations of the two horizontal walls, and 7, ;= [T(z=0) + T(z=d)]/2. It
may be useful to note that the two temperatures 7(z = 0) and 7(z = d) are not a priori known; their
values will be given by the steady-state profile of the temperature 7(z) in which we substitute Z =
=0 and Z =d. The two lateral walls are supposed rigid, adiabatic, and perfectly insulated. The
two horizontal walls are free implying that the vertical component of the velocity and its deriva-
tive with respect to the z variable are equal to zero. In the upper wall, the convective heat flux is
produced by the zone of protection and on the lower wall a heat flux comes from the storage
zone. All these conditions are given by the following equations:
c=c,, L9 o 7-0,vx
oz 2
oT  W[T(z=d)-T.]

C =C, =0 (the pure water), i for Z=d,vX
3)
E=6—T=0 for Z=0,L,VZ
0X 00X

w=0and ﬂzo for Z=0,d VX
07

where A, is the convective heat transfer coefficient and A is the thermal conductivity of the wa-
ter.

Study of the basic state

The steady-state solutions can be obtained by equating velocity and all time deriva-
tives to zero in the set of egs. (1).
Thus, we obtain:

vp =p0[.ﬁT(T - Tref) _ﬂc(c _Cref)]gK
VZTz—% with A =pCprk 4)
DV?2C =-D;C(1-C,)V?T
The steady-state solution for the temperature profile is determined by assuming that
the absorption of the solar radiation can be modeled by an extension coefficient u, that takes into

account the transparency of the fluid (Lambert law). It can be expressed by the rate of energy
generation per unit volume in the layer:

q(d) = q(d)p.exp[-u.(d = 2)] (&)

The steady-state equation for the concentration is obtained by resolving the species
equation in the set of eq. (4): 52C
0Z?

where St = D/D stands for the Soret coefficient. We then obtain:
02C d)u exp[—u . (d-Z
=STC0(1—Co)q( e expl—t.(d - 7Z)]
0Z? A

X5 e 1-cp deoplid-D)

:STCO (l_co)%
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[-u.(d - 7)]
A
To evaluate the integration constants 4 and B, we introduce the boundary conditions

C(Z=0)=C, and C(Z = d) = C,. Equation (6) for the steady-state solution C(Z) can be finally
written as:

$1Co(1=Cy iq(d)exp(—md) {expwe 2) _5 [exp(u.d) 1] 1} . CzT—lCl 7+C, (7)
He

At Z=d, §(Z) = q(d) is the heat flux due to solar radiation at the upper boundary of the
gradient zone. Thus, the steady-state heat diffusion in the set of egs. (4) with heat generation be-
comes:

C(Z) = $,C, (1 - C, ) LLDH P +AZ +B (6)

Cy(2)=

T _ ¢ _ q(dp.expl-u.(d-2)]

0Z? 2 1 ©
or _  g(ducexpl-u(d-2)],
07z 2

where A is the constant of integration. At each boundary of the gradient zone, the heat flux by
conduction has to be equal to the heat transferred by convection leading to:

hy[T(d)-T.]

P )

6_T(Z:0):_1 and a_T(Z:d):_
07 A A

In order to guarantee a global energy balance, the heat flux from the storage zone is set
equal to the difference between the total heat absorbed in the storage zone and the total heat ex-
tracted per unit area in the same zone, i. e.:

q = Gabs — Gext (10)
The total heat absorbed in the storage zone can be expressed as:
0 .
Qs = [4(£)dZ = g(d) exp(-p.d) (11

The extracted heat flux (g.,,) can be represented as a fraction f of the total heat flux
(¢.s) absorbed in the LCZ:

9 = Gabs — Gext = (1 =Naps = (1 = Ng(d)exp(-ud) (12)
g(dyexp(-u A1 - (1 -] - q(d) = ~hy[T(d) - T.]

where
g()[1 —fexp(-u.d)] = hy[T(d) - T.] (13)
Solving egs. (8), (11), (12), and (13), we obtain the following temperature profile:
To(Z)=T. + @exp(—ucd){w “f(Z- d)} +

[

LT 9@ _ 14
+q(a’)Lb c +hd} h Sexp(—u.d) (14)
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The case without heat extraction from the pond (f= 0) represents the worst situation for
the onset of instabilities. In this case (f'=0), eq. (14) becomes:

T, (Z)=T. + q;d) exp(—ucd>{M}+q<d){L+i} (15)

)‘:ue hd

He

Substituting Z= 0 and Z=d in eq. (14), we can easily determine the reference tempera-
ture as:

T(Z=0)+T(Z=d)
Tref = 7 =

ST+ jl(d) [1 —exp(—ut.d)] + q(d)[hi —{ ! +1erxp<—ued)} (16)

He d hy 24
enabling us to determine:

AT =T(Z=0)-T(Z=d)= ‘i(d) exp(u d)exp(u,d) —1— fdu,1>0
He
As is evident from the former equations, the temperature and concentration fields are
functions of the vertical direction Z, u., f, q¢(d), T.., hy, St, C,, C,, and C,,.

Dimensionless formulation of equations

The dimensionless formulation is obtained by using the following reference variables:
d for the depth, d?/k for the time, k/d for the velocity, p,(k?/d?) for the pressure, AAT/d for the
heat flux, A/d for the coefficient of convective heat transfer, (C — C,)/AC for the concentration,
and (T'— 7,.p)/AT for the temperature, where AC = C, — C, and AT = T(z = 0) — T(z = d). Thus, the
adimensional equations of conservation for mass, momentum, energy, and chemical species
which take into account the absorption of solar radiation characterised by an extinction coeffi-
cient u,, the heat flux extracted from the storage zone characterised by the fraction f, and the
thermodiffusion effect characterised by the coefficient of separation y, are given by:

) V-V =0
GV* g . e * *\ 17
Py =(V-V)V' =-VP" + PrAV+Pr(Ra, 7" —RayC")K
8t* eXp(,ua)—l—f,ua
0C L Ve =L (vac vy Bivor
* Le Rag

The considered problem involves therefore seven dimensionless parameters: thermal
Rayleigh number Ra, = gB8;ATd?/kv, solutal Rayleigh number Rag = g8 ACd/kv, the coefficient
of separation v =—(8/f1)(D/D)Cy(1 - C,), the Prandtl number Pr = v/k, the Lewis number Le
= /D, the extinction coefficient i, = 1 d, and the fraction of extracted heat flux f. The associ-
ated dimensionless boundary conditions read as:
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=L 0T (=maepCpy) ey
28077 1=(1+ fu, Jexp(—u, )

c :_l, GT* __ Tl SepCp)l gy
2" o0z 1=+ fe, )exp(—, ) (18)
0C" _O0T" _ and V' =0 X" =0,4VZ
oX* oXx*
w' =0 and - =0 Z*=0,1VX

The corresponding dimensionless temperature and concentration fields for the steady-
-state solution are:

1 (2~ D5EXD(K,) —exp1,Z) +05 + f (Z° 05}, (19
T exp(, ) — 1= fit,
cx (Z*)=l// Rat exp(_lua){exp(luaz*)_ Z*exp[_:ua _1] _1} _7* +l (20)
' Rag 1= (14 firy Jexp(—41,)

In the following, the dimensionless quantities will be no starry in order to simplify the
notation.

3. Linear stability analysis

We introduce into the system of eqgs. (17) and (18) the perturbed fields:
V=v, T=Ty+0, C=Cy+c, P=P,+p (21)

where v, 0 ¢, and p are infinitesimal perturbations, and second order terms are neglected in the
perturbed equations. The non-dimensionalized equations involving the perturbed variables take
the form: V.V=0

a—V = —%p + Pr(Ra 0 — Rasc)l;
t

@+W%ZV29
ot 0z

6c+W8C0 _ L Vzc-l-l//—Rat V20
Rag

(22)

ot 0Z Le

where 0T/0Z and 0C,/0Z are functions of the variable Z. Taking the rotational of the
Navier-Stokes equation and keeping only the stationary transition, eqs. (22) can be rewritten as:

62
V4Wﬁ(Rat9 _Rasc) =0

wlo _yog (23)
0z

W8C0 1 Vic+y &VZQ
0 Le Rag
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with the following associated boundary conditions:

c=0 for Z=0 and Z-=1
%:0 for Z=0 and Z=1 (24)
0z
ou
w=0 for Z=0 and Z=1 and —=0
oX

A cell of infinite extension in the x-direction is considered. The velocity, temperature
and concentration perturbations are developed in normal modes as:

w.0,¢) = (W(2), 0(2), c(2))exp(ikX - ot) (25)

where w(Z), 0(Z), and c(Z) are functions which depend on only the variable Z, k is the wave
number along x, and o the temporal expansion rate of the perturbation which is generally com-
plex, i. e,0 =0, + iw and i* =—1 (the neutral stability curve corresponds to o, = 0). The perturba-
tions are then expanded using polynomial series as:

W(Z)=a,(Z 223 +Z*) +a,(Z +22% —6Z* +3Z5)+ Sa,(1-2)3Z
=3
73 N=2 4
0(Z2)=b, +byZ? —2b2?+ Y buy(Z-1)2ZH (26)
i=1
«2)=Se¢(-2)7!
i=1
Substituting expansions (26) in (23), we obtain a new set of equations which satisfy the
whole required boundary conditions and which we solve using the well-known Galerkin
method.
Results and discussion
To test the validity of the used linear stability analysis procedure, we study in a first

time, the case of a pure fluid (v = 0) and our results are depicted in fig. 2. This case allows us to
make a comparison with the results already ob-

tained by Chandrasekhar [30].

17203 T

Ha‘ﬂm: \ /'I As is evident from fig. 2, the marginal sta-
17164 \ I;" bility leading to an initiation of the oscillatory
171 4: :\.l motion (onset of natural convection) is around
17124 ‘\_ / Ra, =1706.98 and k = 2.6 (the minimum of the
B “-.,\ , curve). This result agrees very well with th'e one
o b's calculated by Chandrasekhar [30] and which is

3 e equal to 1707.76 for impermeable and infinites

1706: walls, implying that the expansion polynomials
Lo which we propose are appropriate.
'702: Figure 3 presents the temperature and con-
1700

23 24 25 26

2.7

2.8

‘29

k

3

centration profiles in the steady-state case, with
f = 0 (without extracting the heat from the

Figure 2. Rayleigh number vs. wave number for
M,=0.2, Le =94.3, and v = 0 (pure fluid case)

pond). These profiles are in good agreement
with those found experimentally [31-33].
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Figure 3. Steady-state temperature profile (left) and concentration profile (right) in the case of f=0
The thermodiffusion in the solar pond

To the best of our knowledge, there are few data about thermodiffusion in solar ponds.
Rothmeyer [34] calculated salt fluxes for the University of New Mexico solar pond and found
that the flux due to Soret effect roses to almost 30% in the summer when the temperature gradi-
ents are strong. However, his estimation comes from a rough analysis of various terms of the dif-
fusion equations, without any solution of differential equations. Angeli ef a/. [29] introduced the
thermodiffusion effect into the salt diffusion and solved numerically a 1-D mathematical model.
The later has been dimensioned as the one operating at El Paso (Texas). Their results showed
that the thermodiffusion can reach an annual averaged percentage of the total flux close to 10%,
with picks of about 15% in the summer at the bottom of the NCZ. In this work and to get better
insight onto the problem, we use the study of the linear stability reported above to describe the
thermodiffusion contribution to the salt diffusion within a gradient layer. First, we vary the coef-
ficient of separation y according to the critical Rayleigh number corresponding to the marginal
state conditions for the stability of the gradient zone in the infinite extension solar ponds.

Positive separation coefficient

case (y > 0) — e Ra, =1(y)

In view of the results reported in tab. 1, =

the convection occurs latter than in the pure
fluid case (w= 0). The wave numbers de-
crease with increasing y, in contrast to the
Rayleigh-Benard problem, where the criti- |
cal Rayleigh number associated with the //

first bifurcation decreases. This means that R e

the number of cells contained in the gradi- 5 i . . .
ent layer of the solar pond decreases, indi- 0.0 02 0.4 0.6 08 ¥ 10
cating therefore that the system is more sta-
ble when v is increased (fig. 4).

100004

Figure 4. Critical Rayleigh number vs. separation
factor (v >0), u,=0.2, Le =100, and f= 0.5
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Table 1. Critical values of the thermal Rayleigh number and the wave number for
different positive values of y, with 1, = 0.2, Le =100, and f= 0.5

v 0 0.0005 0.005 0.01 0.03 0.04 0.05

Ra, | 1706.72 1707.8 1717.97 1729.35 1776.26 1800.5 1825.4
k 2.545 2.543 2.54 2.534 2.51 2.49 2.486
74 0.1 0.2 0.3 0.4 0.5 0.6 0.8
Ra, | 1959.76 2286.9 2718.9 3293.2 5217.66 6695.3 16161
k 2.424 2.294 2.154 1.199 1.4 1.43 1.189

Negative separation coefficient case (v < 0)

In tab. 2, when changing the y values, the evolution of the critical Rayleigh number
with the wave numbers, is opposite to the case studied (y > 0). However, the convection is ad-
vanced with decreasing y <0 to compare to the pure fluid, this may explain the system instabil-
ity for negative values of  and the waves number increases producing thermosolutal cells for-

mation in the gradient layer, fig. 5.

Table 2. Critical values of the thermal Rayleigh number and the wave number for
different negative values of v, with u, = 0.2, Le = 100, and f'= 0.5

v 0 —0.0005 —0.01 -0.04 —0.1 -0.2
Ra, 1706.7 1705.6 1684.6 1641.9 1506.7 1345.5
k 2.545 2.546 2.557 2.581 2.66 2.767
v -0.3 -0.4 —-0.5 -0.6 -0.7 -0.8
Ra, 1213.4 1103.4 1010.7 931.72 863.6 804.39
k 2.86 2.96 3.048 3.129 3.2 3.27
;800 Determination of the critical values
a, Ray = f{y) A
1600 i 2 . . . .
In this part, we determine numerically the criti-
1400 / cal value of the thermal Rayleigh number for the
P relative values of a solar pond, namely, ¢, = 0.8,
12001 P f=0.5,Le=100 and for two different values of y.
o00. ‘/" In order to detect the onset of the convective
! e movement, the manner consists in varying the
gl Ray!e.igh numbgr around thg value given by the
stability of the linear analysis and to observe the
-08 08 04 02 w 00  temporal evolution of the different fields. After
Figure 5. Critical Rayleigh number vs. the that, we can refine the range of this critical value

separation factor (y < 0), with u, = 0.2,
Le =100, and = 0.5

leading to a more fine determination of this critical
value of the Rayleigh number (see fig.6). A 2-D
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Figure 6. Projection of streamlines, isoconcentration and isotherms for Le =100, u#, = 0.8,
=05, and v =-0.7

Femlab [35] model is performed, using the built-in thermal and concentration calculations,
which uses a finite element method for high Lewis number. The system of egs. (17) is then inte-
grated numerically taking into account the appropriate boundary conditions (18). The following
parameters u, = 0.8, f=0.5, y =-0.7, y = 0.5, and 4 = L/H = 10 (large enough to simulate the

convective motions in an infinite length . .
long the x-direction) have been chosen. In Table 3. Critical values of thermal Rayleigh number
along ) and the wave number for two different values of vy,

fig. 6, we present for the case y = 0.7, the  with y, = 0.2, Le = 100, and £= 0.5

streamlines, isotherms and isoconcentrations - = -
before and after the transition towards a con- Limersibillyy | - emssieal s
vection. Ra, Ra,

On tab. 3, we show an acceptable agree-
ment between the results obtained by the nu- y=05 319 290
merical simglation anq those obtained by the w=-07 259 57 250
linear stability analysis.

Conclusions

The double diffusive problem has been extensively studied by different authors in the
context of solar ponds. Linear profiles of salt and temperature were generally assumed and sta-
bility criteria for this situation has been determined considering a layer of fluid heated from
below.

Nevertheless, due to the solar radiation absorption in the gradient zone of a solar pond,
the initial profile and the boundary conditions for temperature in the upper and the lower of the
gradient zone are not a priori known such as the concentration; their values depend on others
conditions such as the depth Z of the pond, the heat extracted from bellow and the
thermodiffusion contribution acting in the salt diffusion equation which cannot be neglected.

In the present paper, we have considered the thermosolutal gradient layer of a solar
pond with more realistic boundary conditions for temperature and concentration profiles. The
analysis of this problem is performed by solving the Boussinesq approximation of Navier
Stokes equations with two sources-terms due to the absorption of the solar radiation in the en-
ergy equation and the thermodiffusion effect in the species equation.

The stability of these equations is analysed and the marginal states for the onset of con-
vection are obtained using a Galerkin method based on a weak formulation of the governing
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equations for perturbations. The results are in good agreement with the previous results obtained
by authors for y = 0, in the case of a fluid heated from below. Also, upon studying the effect of
the coefficient of separation y for positive and negative case, we showed that the convection oc-
curs late when increasing y in the positive case and the wave number decreases. However, the
convection is advanced with decreasing y < 0 in comparison to the pure fluid case. A brief com-
parison was also performed in order to determine the critical value of the Rayleigh number and
to visualize the temporal evolution of the different fields, namely, velocity, temperature, and
concentration. The results were shown to be in a satisfactory agreement with those obtained
from the linear analysis.

Nomenclature
A — aspect ratio (=d/L) X — dimensional horizontal co-ordinate, [m]
C — salt concentration, [kg 'm™] Z — dimensional vertical co-ordinate, [m]
c — perturbation of concentration Greek letters
G, — specific heat of the solution, [Jkg '°C™']
D — coefficient of salt diffusion,[m’s '] Br — coefficient of thermal expansion, E"C’l]
d — depth of gradient zone, [m] B — coefficient of salt expansion, [°C ']
f — the fraction of the heat flux extracted K — thermal diffusivity of the fluid,
from the storage zone [Wm'°C™]
g — acceleration of gravity, [ms %] A — thermal conductivity of water,
hy — convection heat transfer coefficient, [Wm'°C™]
[Wm™2°C™] p — fluid density, [kgm™]
K — wave number v — separation coefficient
k — unit vector pointing upwards Uy — dimensionless coefficient of extinction
L — length of gradient zone, [m] (=ued)
Le — Lewis number, [—] He — dimensional coefficient of extinction,
Pr — Prandtl number, [—] [m™]
q — heat generated per unit time and volume, 0 — perturbation of temperature
(W] )
Ra, — thermal Rayleigh number, [—] Indices
Rag - solutal Rayleigh number, [-] 0 — initial
St — Soret coefficient, [°C']
T — temperature, [°C] Acronyms
T. — upper convective zone temperature, [°C] LCZ — lower convective zone
u — horizontal component of velocity, [mzsfl] NCZ — non-convective zone
w — vertical component of velocity, [ms’l] UCZ - upper convective zone

Reference

[1] Grani¢, G., Renewable Energy Projects in Croatia, Present Situation and Future Activities, Thermal Sci-
ence, 11 (2007), 3, pp. 55-74

[2] Houdkova, L., ef al., Biogas-A Renewable Source of Energy, Thermal Science, 12 (2008), 4, pp. 27-33

[3] Tabor, H., Weinberger, Z., Nonconvecting Solar Ponds, in: Solar Energy Handbook (Eds. J. F. Kreider, F.
Reith), McGraw-Hill, New York, USA, 1980, p. 10

[4] Hull, J., Nielsen, C. E., Golding, P., Salinity Gradient Solar Ponds, CRC Press, Boca Raton, Fla., USA,
1989

[5] Folchitto, S., Experience with a Solar Pond at Margherita di Savoia, International Solar Energy
Conference, ASME Publications Solar Engineering, 1997, pp. 223-228

[6] Caldwell, D. R., Experimental Studies on the Onset of Thermohaline Convection, J. Fluid Mech., 64
(1994), 2, pp. 347-367



Akrour, D., et al.: A Theoretical and Numerical Study of Thermosolutal Convection: ...
THERMAL SCIENCE: Year 2011, Vol. 15, No. 1, pp. 67-80 79

[7] Joyce, A., et al., The Portuguese Experience on Salt Gradient Solar Ponds, in: Proceedings, Workshop on
Solar Ponds, Tunis, Tunisia, 2001, p. 5

[8] Alagao, F. B., Akbarzadeh, A., Johnson, P. W., The Design, Construction and Initial Operation of a
Closed-Cycle, Salt-Gradient Solar Pond, Solar Energy, 53 (1994), 4, pp. 343-351

[9] Ramadan, M. R.1,, et al., Experimental Testing of a Shallow Solar Pond with Continuous Heat Extraction,
Energy Build, 36 (2004), 9, pp. 955-964

[10] Jaefarzadeh, M. R., Thermal Behavior of a Small Salinity-Gradient Solar Pond with Wall Shading Effect,
Solar Energy, 77 (2004), 3, pp. 281-290

[11] Xiang, Y.L, Kanayama, K., Baba H, Maeda, Y, Experimental Study About Erosion in a Salt Gradient So-
lar-Pond, Renew. Energy, 23 (2001), 2, pp. 207-17

[12] Kurt, H., Ozkaymak, M., Binark, A. K., Experimental and Numerical Analysis of Sodium-Carbonate Salt
Gradient Solar-Pond Performance under Simulated Solar-Radiation, Applied Energy, 83 (2006), 4,
324-342

[13] Shukla, S. K., Rai, A. K., Analytical Thermal Modelling of Double Slope Solar Still Using Inner Glass
Cover Temperature, Thermal Science Journal, 12 (2008), 3, pp. 139-152

[14] Velmurugan, V., Kumaran, S., Niranjan Prabhu, V., Sirithar, K., Productivity Enhancement of Stepped
Solar Still-Performance Analysis, Thermal Science Journal, 12 (2008), 3, pp. 153-163

[15] Angeli, C., Leonardi, E., A One-Dimensional Numerical Study of the Salt Diffusion in a Salinity Gradient
Solar Pond, Int. J. Heat Mass Transfer, 47 (2004), 1, pp. 1-10

[16] Alagao, F. B., Simulation of the Transient Behavior of a Closed-Cycle Salt-Gradient Solar Pond, J. Solar
Energy, 56 (1996), 3, pp. 245-260

[17] Husain, M., et. al., Computer Simulation of Salt-Gradient Solar-Pond’s Thermal Behaviour, Renew. En-
ergy, 28 (2003), 5, pp. 769-802

[18] Ouni, M., et al., Simulation of the Control of a Salt Gradient Solar Pond in the South of Tunisia, Solar En-
ergy, 75 (2003), 2, pp. 95-101

[19] Angeli, C., Leonardi, E., A Computational Study of Salt Diffusion and Heat Extraction in Solar Pond
Plants, Solar Energy, 80 (2006), 11, pp. 1498-1508

[20] Mansour, R. B., Nguyen, C. T., Galanis, N., Transient Heat and Mass Transfer and Long-Term Stability of
a Salt-Gradient Solar Pond, Mechanics Research Communications, 33 (2006), 2, pp. 233-249

[21] Ben Mansour, R., Nguyen C. T., Galanis, N., Transient Heat and Mass Transfer of a Salt-Gradient Solar
Pond, Proceedings, Eurotherm 71 on Visualization, Imaging and Data Analysis in Convective Heat and
Mass Transfer, LTM — UTAP, Reims, France, 2002, pp. 28-30

[22] Suarez, F., Tyler, S. W., Childress, A. E., A Fully Coupled Transient Double Diffusive Convective Model
for Salt-Gradient Solar Ponds, International Journal of Heat and Mass Transfer, 53 (2010), 9-10, pp.

1718-1730

[23] Veronis, G., Effect of a Stability Gradient of Solute on Thermal Convection, J. Fluid Mech, 34 (1968), 2,
pp. 315-336

[24] Veronis, G., On Finite Amplitude Instability in Thermohaline Convection, J. Marine Res, 23 (1964), 1, pp.
1-17

[25] Giestas, M., Pina, H., Joyce, A., The Influence of Radiation Absorption on Solar Pond Stability, Inter. J.
Heat Mass Transfer, 39 (1996), 18, pp. 3873-3885

[26] Giestas, M., Joyce, A., Pina, H., The Influence of Non-Constant Diffusivities on Solar Pond Stability,
Intert. J. Heat Mass Transfer, 40 (1997), 18, pp. 4379-4391

[27] Kaffel, L., Investigation of the Thermosolutal Convection in Stratified Fluid (in French), Ph. D. thesis,
IMFA, Clermont-Ferrand, France, 2005

[28] Andrews, J., Akbarzadeh, A., Enhancing the Thermal Efficiency of Solar Ponds by Extracting Heat from
the Gradient Layer, Solar Energy, 78 (2005), 6, pp. 704-716

[29] Angeli, C., Leonardi, E., Maciocco, L., The Effect of Thermodiffusion on the Satability of a Salinity Gra-
dient Solar Pond, /nt. J. Heat Mass Transfer, 48 (2005), 21-22, pp. 4633-4639

[30] Chandrasekhar, S., Hydrodynamic and Hydromagnetic Stability, Dover, UK, 1961

[31] Joyce, A., Giestas, M., Pina, H., The Dynamics of Free Convection in a Solar Pond. Il Word Renewable
Energy Congress, Reading, UK, 1992

[32] Hull, J.R., Passive Stabilisation of Gradient Zone Boundaries in Solar Ponds. Proceeding, American Solar
Energy Society, Anaheim, Cal., USA, 1984



Akrour, D., et al.: A Theoretical and Numerical Study of Thermosolutal Convection: ...
80 THERMAL SCIENCE: Year 2011, Vol. 15, No. 1, pp. 67-80

[33] Zangrando, F., On the Hydrodynamics of Salt Gradient Solar Ponds, Solar Energy, 46 (1991), 6, pp.
323-341

[34] Rothemeyer, M. K., Saturated Solar Pond-Modified Equations, and Results of Laboratory Experiment,
M. Sc. thesis, University of New Mexico, Albuquerque, N. Mex., USA,1976

[35] http://www.comsol.fr

Paper submitted: June 13, 2010
Paper revised: September 14, 2010
Paper accepted: October 5, 2010



