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Abstract

In this work, the problem of the transient heat and mass transfer and stability within a salt-gradient solar pond has been numerica
investigated by mean of a 3D-model with all properties variable as function of temperature and salt concentration. The pond
subject to real external perturbations resulting from the variations of the local weather conditions. The initial conditions correspond to
‘artificially stabilized’ pond with the linear temperature and salinity profiles in the gradient zone. Numerical results as obtained for a
experimental test-site have been satisfactorily compared and validatedagainst measured temperature data. They have clearly shown tha
a relatively short period of operation, say only a few days, the changes in the weather conditions have produced important effects n
the internal temperature field of the pond, but also on its stability as well. In general, one may expect that some instability could develop and
growth from within two critical zones: the first one beneath the water free surface and the second one in the region immediate to t
surface. The transient behaviours of the pond, in particular its stability, have also been investigated for a very short period of time, say 2
hours of operation. It has been clearly observed that the overnight cooling at the water free surface may rend unstable the immed
beneath that surface. On the other hand, the solar heating effect during the daytime may have adverse effect on the stability near
surface. Finally, results have also shown that the water transparency has an important effect on the pond stability itself. A pond with good
transparency water has been found to be more susceptible to instabilities than apoor transparency one.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Due to its wide and potential applications in thermal a
solar energy systems such as in heating and desalina
the salt-gradient solar pond, Fig. 1(a), has received a
cial attention from the researchers over the past decade
Many experimental solar ponds were constructed, oper
and instrumented around the world, see, for example,
5]. The temporal behaviours of the thermal field within t
pond and the adverse effects due to a strong wind on
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the mixing of the surface zone as well as on the eros
of the gradient zone have also been observed for a pa
ular solar pond operated in an arid region [3]. Many a
lytical and numerical works have been published in the
main as well shedding an important insight into the ther
behaviours and the performance of a solar pond under
ious conditions. In particular, the effects due to several
erating parameters such as the extracted heat load impos
on the pond, the boundaries heat losses, the pond dep
well as the thickness of the gradient zone have been t
oughly investigated [6–11]. Most of these studies were c
cerned, however, with the problem of one-dimensional h
diffusion with a constant salinity profile prescribed alo
the pond depth. Only in few recent numerical works,
two-dimensional and three-dimensional character of the
lar pond have been considered while studying the same p
lem of heat diffusion [12,13]. In particular, the thermal effe
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Nomenclature

Cp specific heat of the fluid . . . . . . . . . kJ·kg−1·K−1

Cs humid heat capacity of air . . . . . . . kJ·kg−1·K−1

D coefficient of salt diffusion . . . . . . . . . . . m2·s−1

k thermal conductivity of the fluid . . W·m−1·K−1

Pa partial pressure of water vapor in ambient
air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm·Hg

Ps vapor pressure of water at the surface
temperature. . . . . . . . . . . . . . . . . . . . . . . . . mm·Hg

Pt atmospheric pressure . . . . . . . . . . . . . . . . mm·Hg
q0 incident solar radiation upon the free surface of

the pond . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

Qc the convective heat loss . . . . . . . . . . . . . . W·m−2

Qev the evaporation heat loss . . . . . . . . . . . . . W·m−2

Qr the radiation heat loss . . . . . . . . . . . . . . . . W·m−2

S salinity . . . . . . . . (kg of salt)· (kg of solution)−1

Sh heat source generating from the solar absorption
(Eq. (10)) . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−3

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T saline temperature . . . . . . . . . . . . . . . . . . . . . . . . K
Ta ambient temperature . . . . . . . . . . . . . . . . . . . . . . K
Tg ground temperature . . . . . . . . . . . . . . . . . . . . . . . K

Tsky sky temperature . . . . . . . . . . . . . . . . . . . . . . . . . . K
X,Y,Z spatial coordinates along axes . . . . . . . . . . . . . m
Ug heat transfer coefficient of the

ground . . . . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

V wind average velocity . . . . . . . . . . . . . . . . . m·s−1

Greek letters

Φ relative humidity
α coefficient of thermal expansion . . . . . . . . . K−1

β coefficient of salt expansion
εw emissivity of the water free surface, fixed to 0.97
λ latent heat of evaporation of water . . . . kJ·kg−1

µ extinction coefficient (Eqs. (9), (10)) . . . . . m−1

ρ fluid density . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ Stefan–Boltzman constant . . . . . . . W·m−2·K−4

Indices

a ambient condition
g ground
r reference condition (293.15 K)
s surface
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due to the underground was also taken into account [
With regard to the pond stability that constitutes, as sta
before, a major factor in its operation and performance
has been studied by several researchers who employe
most cases, the well-known linear perturbations theory
in particular [14–19]). Results as obtained from these stu
have provided meaningful details and information regard
the onset of the instabilities, the map of marginal stability
the pond as well as the existence of several possible s
or unstable states that may be encountered in the pon
pending upon the ratio of the thermal Rayleigh number w
respect to the salinity Rayleigh number (see, for exam
[14,15,18,19]). The influence of the radiation absorption
that due to the variability of the diffusivities of the saline s
lution on the pond stability has also been investigated [
It should be noted, however, that due to the assumptio
infinitesimal perturbations used in the above studies, the
sults obtained cannot be, in principle, applied to a real si
tion where the pond is often subject to rather large and d
tic perturbations resulting from rapid changes in the wea
conditions. In a very recent work, the authors have stud
the transient behaviours of a three-dimensional pond con
ering both the transfer of mass and energy and variable p
erties of the saline solution [20]. The results have shown
particular, that the solar radiation absorption as well as
heat losses through the pond free surface may have ad
effects on the long-term stability of the pond. In the presen
paper, we are interested to investigate the temporal ev
tion of the pond stability during ashort period of time for a
n

-

-

e

test-site under the influence of real external perturbation
Tunisia.

2. Mathematical modelling

2.1. Governing equations

We study the problem of the transient behaviours of
thermal and concentration fields inside a solar pond as
as its stability in time. Fig. 1(b) shows the geometry
the system under consideration, which consists of a pa
lelepiped basin of saline solution. The physical proper
of the latter (thermal conductivity, density, thermal and s
diffusion coefficients) vary as function of both the tempe
ture and the salinity. The solar pond under consideration
a surface area of 100 m2 and a depth of 2.2 m. It is sub
ject to a solar radiation and heat exchanges through all o
boundaries. We also assume that at the beginning, the
is ‘artificially stabilized’ so that the convection currents ca
be considered negligible and remain as such during the
riod of operation.

The process of heat and mass transfer within the s
pond is governed by the following general equations
conservation resulting from the principle of conservation
energy and species:

∂(ρCpT )/∂t = ∇ · (k∇T ) + Sh (1)

∂(ρS)/∂t = ∇ · (ρD∇S) (2)
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Fig. 1. (a) Illustration of a salt-gradient solar pond and initial conditio
used; (b) Geometry of the solar pond under study.

with the equation of state of the saline solution given
follows [21]:

ρ = ρr

[
1− α(T − Tr) + β(S − Sr)

]
(3)

In the above equations,T andS are, respectively, the salin
solution temperature and salinity (i.e., the mass frac
of salt in the solution);α and β are the coefficients o
thermal and salt expansion; the subscript ‘r ’ refers to the
reference temperature of 20◦C. All of the fluid properties are
variable as function ofT andS according to known formula
published in the literature. The mathematical expression
the fluid properties have been summarised in [30]; see
[8,21,22].

The source termSh in Eq. (1). This term represents th
rate of energy generation per unit volume in a layer resul
from the absorption of the solar radiation by the sal
solution. In the present study, we assume that the am
 t

of solar radiation (mostly in short wave radiation rang
reaching a certain depthZ in the pond suffers an exponenti
decays as follows [18,24,25]:

qZ = 0.6q0 exp
(−µ(2.2− Z)

)
(4)

whereq0 is the solar radiation incident on the water fr
surface, which is assumed to be normal to that surface [

The expression forSh is then as follows:

Sh = ∂qZ/∂Z = 0.6µq0exp
(−µ(2.2− Z)

)
(5)

where µ is the extinction coefficient that represents
transparency of the saline solution. In general, the va
of this parameterµ are obtained by least-square fitting
Eq. (4) to the experimental values of radiation absorp
in pure water and in samples taken from an experime
pond [23]. In the absence of such data, we have cho
in this study some typical values for this coefficient, s
µ = 0.2 and 0.8 m−1; the first value corresponds, in fact,
the pure water that exhibits minimum radiation absorpt
i.e., good transparency, while the second one corresp
approximately to a weak transparency condition that is o
encountered in an experimental solar pond. In general,
believed that for a low value ofµ, the pond will develop
greater temperature gradient for the same solar radiatio
input, and as a result, it would likely be more susceptible
instabilities than a poor transparency one [18]. The compl
details regarding the above exponential attenuation mod
well as its validation may be found in [24,25].

2.2. Boundary and initial conditions

The appropriate boundary conditions are detailed
Appendix A. As initial conditions, we assume that
the beginning of the operation period, i.e., at the ti
t = 0, the pond has been ‘artificially stabilized’ so that
in the gradient zone, both the temperature and sali
increase linearly as function of the depth towards the bott
while in the surface zone and the storage zone, the
temperature and its salinity are considered to be unifo
These initial conditions are shown in Fig. 1(a). Note t
the same conditions were consistently used when perform
parametric studies.

3. Numerical method and validation

The resolution of the system of governing equations
(2) subject to the boundary conditions and constitutive eq
tions has been successfully carried out by employing
powerful FLUENT code [28] that is based essentially on
‘finite-control-volume approach’ where each of the gover
ing equations is integrated over finite control-volumes. T
heat and mass fluxes through the boundaries of any con
volume have been evaluated using the well-known expo
tial scheme [29]. For the treatment of the transient term
Eqs. (1), (2), we have used a fully implicit second ord
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scheme among several options offered by the code. Suc
implicit scheme ensures, in principle, the stability of the
lution regardless the size of the time step used. More de
regarding this numerical scheme may be found in [28].

The algebraic ‘discretised equations’ resulting from
above integration process have been solved sequen
within each time step using the well-known TDMA (‘Tr
Diagonal Matrix Algorithm’) technique. For all the nume
cal experiments performed in this work, a time step	t vary-
ing from 1 to 3 hours has been found to be quite appropr
for the task demanded. A converged solution has satisfa
rily been achieved with a residue as small as 10−5 and 10−6,
respectively, for the equation of salinity and energy.

In order to ensure the consistency as well as the accu
of the numerical results, several non-uniform grids h
been submitted to an extensive testing procedure. T
results, see [30], have clearly shown that the 50× 50× 60
non-uniform grid appears to be largely sufficient to ensure
adequate precision of the numerical results. The adopted
has respectively 50, 50 and 60 nodes along the direc
X, Y and Z with highly packed grid points along all th
boundaries of the domain.

The computer program has been extensively and suc
fully validated by comparing the calculated temperature fi
with available analytical data for several steady-state ca
The quantitative comparison was also carried out by
forming a transient case on the test pond using real wea
data [12] from Tunis. The complete details regarding
study of the grid independence, the model validation as
as other numerical information are presented elsewhere, s
[30] and also [31].

4. Results and discussion

In order to study the stability of the pond and
time evolution, the following ‘stability parameter’ has be
defined:

Fs = (1/ρr)(∂ρ/∂z) = −α∂T/∂z + β∂S/∂z (6)

The solar pond is qualified as stable ifFs � 0 while Fs =
0 corresponds to the marginal stability condition. In
following, the results as obtained for the test-pond loca
in Tunis during the specific period of time from June 20th
June 26th 1993 are presented and discussed with emp
on the transient thermal behaviors of the pond and
stability in time. The value of the coefficient of extinctio
µ has been fixed to 0.8 m−1, unless otherwise noted. A
weather data such as solar radiation, wind velocity, amb
air temperature and humidity, have been obtained f
published information [12].

4.1. The transient behaviours of the pond during one we
of operation

Fig. 2(a)–(c) show, respectively, the temporal devel
ment of the temperature profile of the saline solution al
n

-

.

r

is

three specific vertical lines namedD1, D2 and D3 (see
Fig. 1(b) for their locations). Although a similar patte
has been observed for these profiles, we can easily
tice the difference in the values of the temperature fr
one location to another; this confirms quite eloquently
three-dimensional character of the thermal field. It is a
observed that, in general, fluid temperature continuously
creases with time and this throughout the pond depth; s
behaviour results obviously from the solar energy abs
tion process. Thus, in the central region along the lineD1
(Fig. 2(a)), one can observe that only a few days after the
ginning of operation, the initial temperature profile has b
drastically modified. Three different zones may be noti
through the pond depth. The first zone, very thin, says
about few centimetres of thickness, is located near the
ter free surface and is characterized by the existence
relatively high temperature gradient along theZ-axis. Such
behaviour is essentially due to the important absorptio
solar energy by the saline solution in this surface zone. T
solar energy absorption also affects greatly the central re
of the pond (the gradient zone). In this zone, we can obs
that the saline temperature tends to become more hom
nous and the temperature gradient steadily and progress
decreases with time. In the third zone (the storage zone
cated behind the pond bottom, is characterized by the h
est temperature of the saline solution, say about 67◦C. In
this zone, one can also observe that the initial uniformity
the fluid temperature does no longer exist.

In the regions along the linesD2 andD3, see Fig. 2(b)
and (c), one can observe the striking effects due to the
losses through the lateral walls and the bottom surface o
pond on the temperature profile, in particular in the low
region near the bottom. In the latter, the fluid tempera
clearly decreases with increasing time. This is due to the hea
losses to the surrounding ground, which is more pronoun
near the lateral walls and, in particular, in the lower reg
where hot fluid is confined; as consequent, the tempera
difference between the fluid and the ground (assume
7 ◦C) is more important. Such heat losses towards the gro
is indeed much more important in the lower corner reg
along the lineD3 since they result from the combination
three different surfaces in space. We can also see that a
pond bottom, the fluid temperature has decreased near
11◦C between the centre area (alongD1) and the corner are
(alongD3).

With regard to the time-evolution of the salinity fie
during the same week of operation considered, it has b
observed that the salinity profile along the depth axisZ

remains essentially unchanged with time. Such behav
appears physically realistic since it is well known that
mass diffusion of salt is rather slow with respect to tha
the heat diffusion (the coefficient of the mass diffusion
salt is about 10−9 m2·s−1). Therefore, for a short period o
time as the one under consideration here, there would
practically, no perceptible changes in the salinity field (
[20]).
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(a) (b)

(c) (d)

Fig. 2. Temporal development of the temperature profile during a week of operation.
the
ave

,
me

us,
ical

ted
ete

e.
of
the
n
n to

to
us,

ities
In order to study in details the dynamic behaviours of
solar pond during the same week of its operation, we h
established the time-evolution of the stability parameterFs

along the three linesD1, D2 andD3 considered previously
Fig. 3(a)–(c). It is observed, at first, that except for so
differences in its values, the profiles shown forFs exhibit
nearly the same pattern from one line to another. Th
we can see that, in general, there exist clearly two crit
zones in the pond where the value ofFs is positive. The
first critical zone, of the thickness about 40 cm, is loca
beneath the water free surface. In this region, the param
 r

Fs is generally positive and it increases clearly with tim
It is also very interesting to observe that in the vicinity
the free surface, say within the depth of about 5 cm,
parameterFs , which is initially negative (i.e., this tiny regio
was initially under stable condition), has changed its sig
positive only after few days of operation, and it continues
increase considerably with the augmentation of time. Th
for example, at the location of the central lineD1 and on
the free surface,Fs has increased from – 0.005 m−1 at the
time t = 38 Hr to 0.027 m−1 at t = 134 Hr. This indicates
clearly that under the solar heating effect, some instabil
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(a) (b)

(c) (d)

Fig. 3. Temporal development of the stability profile during a week of operation.
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may develop in time in the region immediate to the f
surface. The second critical zone is observed behind
bottom surface of the pond and has a thickness of a
40 cm that appears to remain constant in time. One
observe that in this zone, over a first portion of about 30
the parameterFs , although positive, remains relatively low
However, in the second portion of the zone, about 10 cm
depth before reaching the pond bottom, the positive valu
Fs increases considerably withthe depth and it has reache
its maximum≈ 0.025 m−1 on the bottom surface. Henc
as stated before for the first critical zone, instabilities m
develop as well from within the bottom zone as well. It
very interesting to mention here that the above behavi
appear to be consistent with other observations and res
see in particular [22]. Fig. 3(d) shows finally the comparis
of the profiles forFs as obtained along the three lin
considered earlier and at a specific timet = 134 Hr. The
same pattern, again, can be observed here through
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Fig. 4. Temporal development of the temperature profile during a period of 24 hours.
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profiles. Also, the boundaries ofdifferent critical zones
as discussed previously remain identical for the locati
shown. In the first critical zone near the free surface howe
some notable change in the values of the parameterFs has
been noticed. Thus, it is observed that the positive valu
Fs seems to be higher in the central region (near lineD1)

indicating that the fluid would become more unstable t
elsewhere in the solar pond, for example, while compa
to the areas near linesD2 (near the lateral wall) andD3

(near the corner). In fact, the surface region around
corner appears to be the least unstable among the t
Such behaviour may be attributed to the heat losses to
underground, which are more pronounced in the reg
near the lateral walls. As consequent, the fluid grad
temperature along theZ-axis is lower in these regions, an
hence, the fluid would be less unstable than the one con
in the central region.

4.2. The transient behaviours of the pond during a 24
hours of operation

In view of the transient behaviours of the pond for a we
of operation as discussed previously and because of the
.

d

and drastic changes in the weather conditions such as
velocity, air temperature and humidity and solar radiat
incident upon the pond free surface, we have attempte
study the temporal evolution of the temperature and sali
fields as well as the pond stability for a very short period
time, say for the period of 24 hours starting from midnig
June 20th to midnight June 21st 1993.

Fig. 4 shows, at first, the temporal evolution of t
temperature profile along the lineD1 during the period
considered. For discussion purpose, Fig. 5(a) also show
time variation of different temperatures as well as that of
incident solar radiationq0 upon the pond free surface; an
Fig. 5(b) shows the temporal evolution of the heat los
or gains through the two surfaces of interest, the w
free surface and the pond bottom surface. One can obs
Fig. 4, that there are clear changes in the tempera
profile with time, in particular within the two critical zone
discussed previously (the first zone beneath the free su
and the second one behind the pond bottom). Thus, in
first zone, it has been observed that initially, i.e., att =
24 Hr or midnight of June 20th, the fluid temperature h
slightly decreased towards the water surface. Such beha
may be attributed to the important heat losses from
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Fig. 5. (a) Time variation of temperatures and solar radiation during a pe
of 24 hours; (b) Time variation of heat losses and gains through the w
surface and the bottom.

free surface towards the surrounding environment during
night, especially the heat loss by radiation to the sky
has been found to be the most dominant at that time,
nearly 66% of the total heat loss through the water surf
see Fig. 5(b). With the increase in time, say after six ho
of operation, i.e., at the timet = 30 Hr or 6 o’clock in the
morning of June 21st, the heat losses are becoming
more important and as consequent, the water temper
at the free surface has, in fact, dropped from 19.6◦C at the
time t = 24 Hr to 16.5◦C at the instantt = 30 Hr, Fig. 5(a).
During that interval of time, the overall heat loss from t
free surface is approximately the maximum for the 24 ho
period, Fig. 5(b). During the daytime, say the period of ti
betweent = 34 Hr andt = 38 Hr, the solar radiation inciden
upon the pond surface becomes much more important,Hs �
533 W·m−2, see Fig. 5(a), which has induced an import
heating effect on the water surface during that period
time. Such favourable effect, combined to some small he
gain from the ambient air has induced a strong hea
on the upper layer of the pond. Thus, as we can no
the water temperature at itsfree surface has considerab
increased in time to reaching nearly 22◦C at the instan
t = 38 Hr or 2 o’clock in the afternoon of June 21
1993. The surface temperature remained nearly con
afterwards; in the evening, it started to decrease again u
the effects of heat losses. With regard to the storage z
located behind the bottom surface, it is observed that du
the daytime, under the effects of solar energy absorp
(Fig. 5(b)), the temporal gradient of the fluid temperat
is positive and the bottom surface temperature has reach
its maximum of about 64◦C at the timet = 38 Hr. During
the night time however, with no solar energy input,
fluid temperature also decreases with time, which is, a
stated before, due obviously to the heat losses tow
the underground. We can also observe that the temp
variation of the bottom surface temperature appears t
considerably less pronounced than that of the free sur
temperature. Such behaviour can be explained by the
that the bottom zone is, practically, not much affected by
changes in the weather conditions and the thermal boun
conditions at the walls and the bottom surface are remai
constant with time. Furthermore, the absorption of so
energy by the bottom surface during the daytime is rema
relatively weak, as the coefficient of extinctionµ has been
fixed to 0.8 m−1.

Fig. 6 shows finally the time evolution of the stabili
parameterFs for the period considered. We can obse
that within the two critical zones mentioned previous
there is a remarkable change in theFs profile with time.
Thus, during the night time and in the upper zone of
pond, the parameterFs remains positive and has reached
maximum of about 0.038 m−1 on the water free surface
the instantt = 30 Hr. Such behaviour, as discussed abo
is a direct consequent of the overnight cooling of the wa
in the vicinity of the pond free surface. Hence, one c
expect some forms of instabilities that may be genera
from within this surface region. It is interesting to note th
strong values ofFs are observed within the depth of abo
20 cm beneath the free surface. In contrast, in the sto
zone and in the absence of solar radiation absorption du
the nighttime, the heat losses towards the underground
positive effects on the local stability. Between the t
instantst = 30 Hr andt = 38 Hr, i.e., between 6 o’cloc
of the morning and 2 o’clock in the afternoon of June 2
1993, one can notice a striking change on the profile oFs

in the upper zone. Thus,Fs , although remaining positive a
the free surface, has decreased clearly fromt = 30 Hr to the
time t = 34 Hr. At the instantt = 38 Hr in particular,Fs

even turns to negative at the free surface. That is, unde
solar heating effect, the surface water has been heate
(see again Fig. 5(a)) and as result, and it has become mo
stable. Note that the newly formed stability zone is rea
located on the water free surface, say within few centime
beneath the latter; while the adjacent part of the upper z
is still under the risk of instabilities, i.e.,Fs > 0. During the
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Fig. 6. Time variation of the stability characteristics during a period of 24 hours.
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evening, say att = 45 Hr or 9 o’clock, under the effect o
cooling discussed previously, the parameterFs at the free
surface has turned again to positive, and the cycle contin
On the other hand, in the lower zone near the pond bot
and during the daytime, say for time between 30 and 38
the fluid temperature at the bottom surface has increased
again Fig. 5(a)). This has rend unstable the region be
that surface asFs now becomes positive. For time furth
than 38 Hr,Fs has decreased and become negative aga
the time t = 45 Hr for example, which coincides with th
cooling of the bottom zone (see Fig. 5(b)). We can see
the variation ofFs appears considerably less pronounc
than that in the surface zone, for the same reasons ment
previously. In summary, the numerical results presented
have clearly shown that the heat losses from the solar p
to the atmosphere as well as the solar heating effec
the bottom surface may have adverse effects on the p
stability, and this even for a very short period of tim
These results, which are believed to be the first of the k
have in fact provided very interesting details regarding
dynamic behaviours and the stability of a salt-gradient s
pond.
.

e

t

d

4.3. The effects of the water transparency on the pond
stability

The water transparency, which is characterized by th
so-called the coefficient of extinctionµ of the water (see
Eqs. (4) and (5)) is expected to play an important role
only on the internal temperature field of the pond but a
on its stability as well, since such transparency has a d
impact on the absorption of the solar energy by the sa
solution. In order to study its effects, we have perform
calculations for the Tunisian test site considered previo
during the same period of time, i.e., from June 20th to J
26th 1993, and this using the same corresponding wea
data employed before. The only parameter that has b
modified is, of course, the parameterµ, which has taken
as value 0.2 m−1(corresponding to a clear water conditio
We shall refer, hereafter, to cases 1 and 2 that corresp
respectively, toµ = 0.8 m−1 andµ = 0.2 m−1.

The effect due to the change of the parameterµ on the
temperature field may be better understood by scrutini
Fig. 7(a) that shows the temperature profile along the m
vertical axis (i.e., lineD1, see again Fig. 1(b)) as obtained f
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Fig. 7. (a) Effect of the water transparency on the temperature pr
at t = 134 Hr; (b) Effect of the water transparency on theFs -profile at
t = 134 Hr.

the cases considered at the instantt = 134 Hr. We can notice
the striking differences between the profiles shown. Th
as stated before (see again Section 4.1) and with res
to the initial condition, it is observed that the temperat
profile has been considerably modified in case 1 where
important solar heating effect appears to be present in a
region, especially in the upper part of the pond. One can
see that the departure from the initial temperature pro
appears to be very important where the zones of unif
fluid temperature, which existed at the beginning, do
longer exist in the pond. Such departure appears clearly
pronounced for case 2 where the corresponding temper
profile is closer to the initial one, in particular in the low
central part of the pond. For this case, the solar heating e
does also exist in the vicinity of the bottom surface wh
the temperature gradient along theZ-axis is, surprisingly,
considerably more pronounced than that correspondin
case 1; also, the maximum fluid temperature, nearly 74◦C,
occurring on the bottom surface, has been found to be
t

e

t

higher than the value of 67◦C as obtained for case 1. The
results may appear somewhat paradoxically but they ca
explained by the fact that for case 2, as the attenuation o
traversing solar radiation is less pronounced, the remai
radiation incident on the bottom surface—which is assume
to be a blackened surface—would be more important t
the corresponding one of case 1. In fact, the solar radia
upon the bottom surface has been estimated to be≈ 39%
and ≈ 10% of the value ofq0, respectively, for cases
and 1. The solar heating effect has also been observe
the upper part of the pond, although it appears clearly
pronounced than in case 1 as mentioned earlier. Thus
case 2, the maximum temperature difference is only a
5 ◦C with respect to the initial condition. From the abov
results, it is clear that for a lower value ofµ, i.e., a good
transparency pond, the solar heating effect is less impo
than that of a poor transparency one. Such behavior, w
appears physically quite realistic, would have consider
effect on the stability of the pond as well.

Fig. 7(b) shows, finally, the profiles of the stabili
parameterFs along the lineD1 as obtained for the case
considered. One can observe, at first, that the two cri
zones, one beneath the water free surface and the
one located behind the pond bottom surface, do exist
both cases studied. However, the local values ofFs and the
shape of theFs -profiles within these zones as well as th
thickness have drastically changed from one case to ano
Thus, it is very interesting to observe that the maxim
values ofFs , occurring at both the free surface and t
bottom surface, are clearly higher for case 2 than for cas
for example,fx on the bottom surface, the local maximum
approximately 0.05 and 0.025 m−1, respectively, for cases
and 1, the ratio is almost twice between these values. A
as the parameterµ has changed from 0.8 to 0.2 m−1, the
thickness of both critical zones has considerably decrea
by a factor of 2 or even higher. Such results may be expla
by the behavior of a good transparency pond regardin
solar heating effect as discussed in details earlier. F
the above results of the values ofFs , it is clear that a
good transparency solar pond would be more susceptib
instabilities than apoor transparency one. Although a dire
comparison with other experimental observations and
was not possible because of a clear lack of such data, i
been found that the above behavior regarding the influe
due to the water transparency appears to be consistent
other works in the literature on the solar pond stability (s
for example, [18]).

5. Conclusion

In this paper, we have investigated, by direct numer
simulation, the problem of the transient heat and m
transfer within a salt-gradient solar pond, with empha
on the influence of the external factors on the its stab
characteristics. From the results as obtained for a test p
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in Tunis using the corresponding weather data, the follow
conclusions seem to be pertinent:

– The solar radiation has an important effect on the in
nal temperature field and also on the pond stability ch
acteristics. The solar heating effect has been found
siderably more important in a poor transparency p
than a good one. For the former, such effect is obse
throughout the pond. For the latter, only the surfa
and bottom regions seem to be affected; the temp
ture gradient along the depthaxis also appears more pr
nounced, in particular in the vicinity of the pond botto
surface.

– It has been found that there exist two critical zon
one located beneath the water free surface and
other one observed near the bottom surface. It
be expected that some instabilities may take pl
from within these vulnerable areas, and this even
ter a short period of time, say several days of ope
tion.

– Regarding the time evolution of the pond characteris
results have clearly shown that the above critical zo
appear to become more vulnerable to instabilities w
the increase of time of operation.

– It has been observed that within the critical zones,
solar heating effect as well as the heat losses f
the free surface have an important influence on
pond stability characteristics in time, even during a
very short period time, say several hours of ope
tion.

– In general, it has been observed that the regions nea
lateral walls appear to be less susceptible to instabil
than the interior central areas of the pond.

– Although, the solar heating effect is clearly less imp
tant in a good transparency pond, the results have sh
that it appears likely to be more susceptible to deve
instabilities than apoor transparency one, because of
fact that for the former, the temperature gradient alo
the depth axis has been found to be more pronounce
the critical zones.
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Appendix A. Boundary conditions

The highly non-linear and coupled governing equati
(1), (2) must be appropriately solved subject to the follow
boundary and initial conditions:

– through the lateral walls of the pond, the heat loss to
surrounding ground has been taken into account an
evaluated as follows:

Qgl = Ug(Ts − Tg) (A.1)

where the temperature of the groundTg and the ground
heat loss coefficientUg are estimated to beTg = 7 ◦C
and Ug = 0.36 W·m2·◦C−1, which represent realisti
cally the local conditions at Tunis [12].

– through the pond bottom, we assume that all s
radiation reaching that surface is entirely absorb
which appears quite realistic since in most cases,
bottom surface is blackened in order to maximize
solar heat absorption. Thebottom surface also losse
heat into the underground by conduction. The resul
heat exchanges for that surface are as follows:

Qgr = −Ug(Ts − Tg) + 0.6q0exp(−2.2µ) (A.2)

– through the two vertical planes of symmetry of the po
(see Fig. 1(b)), the usual conditions of zero heat flux
zero mass flux prevail:

∗ along the planeP1: ∂T

∂X
= ∂S

∂X
= 0

∗ along the planeP2: ∂T

∂Y
= ∂S

∂Y
= 0

(A.3)

It is important to note here that regarding the bound
conditions for the salinity, a similar zero-mass-fl
condition has also been specified along the nor
across all the boundaries of the domain.

– at the water free surface, the heat losses by conve
and evaporation into the ambient air combined to tha
between this surface and the sky have been consid
They are summarized as follows:

A.1. The radiation heat loss to the sky is given by

Qr = εwσ
(
T 4

s − T 4
sky

)
(A.4)

the sky tempeartureTsky is estimated as follows [26]:

Tsky = Ta

[
0.55+ 0.61P 0.5

a

]0.25
(A.5)

with

Pa = Φ exp

(
18.403−

(
3885

Ta − 43.15

))
(A.6)

A.2. The convective heat loss is given by

Qc = hc(Ts − Ta) (A.7)

with hc , the wind convective heat transfer coefficient, wh
depends on the average velocityV of the wind, is given as
follows [27]:

hc = 5.7+ 3.8V (A.8)
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A.3. The heat loss due to evaporation is proportiona
the wind convective coefficienthc and to the difference
between the vapor pressure of the water at the free su
and the partial pressure of the water vapor in the atmosp
The heat loss can be expressed as follows [27]:

Qev = λhC

1.6CsPt

(Ps − Pa) (A.9)

where Ps is the vapor pressure evaluated at the surf
temperature:

Ps = exp

(
18.403− 3885

Ts − 43.15

)
(A.10)
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