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Abstract

In this work, the problem of the transient heat and mass transfrstability within a salt-gradig solar pond has been numerically
investigated by mean of a 3D-model with all properties variable as function of temperature and salt concentration. The pond has been
subject to real external perturbations fésg from the variations of the local weatheonditions. The initial conditions correspond to an
‘artificially stabilized’ pond with the linear temperature and salinity profiles in the gradient zone. Numerical results as obtained for a Tunisian
experimental test-site have been satisfactorily compared and valalgaétst measured temperature data. They have clearly shown that after
a relatively short period of operation, say only a few days, the changes in the weather conditions have produced important effects not only on
the internal temperature field of the pond, bigbeon its stability as well. In general, one magpect that some instdty 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 the bottom
surface. The transient behaviours of the pond, irtipalar its stability, have also been investtgd for a very short period of time, say 24
hours of operation. It has been clearly observed that the overnight cooling at the water free surface may rend unstable the immediate regior
beneath that surface. On the other hand, the solar heating effect during the daytime may have adverse effect on the stability near the bottor
surface. Finally, results have also shown that the water tramspabas an important effect onetpond stability itself. A pond with good
transparency water has been found to be moreepiile to instattities than apoor transparency one.
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1. Introduction the mixing of the surface zone as well as on the erosion
of the gradient zone have also been observed for a partic-
ular solar pond operated in an arid region [3]. Many ana-

) ) ) o ) lytical and numerical works have been published in the do-
Due to its wide and potential applications in thermal and i as well shedding an important insight into the thermal
solar energy systems such as in heating and desalinationpenaviours and the performance of a solar pond under var-
the salt-gradient solar pond, Fig. 1(a), has received a spe-jous conditions. In particular, the effects due to several op-
cial attention from the researers over the past decades. erating parameters such dmetextracted heat load imposed

Many experimental solar ponds were constructed, operatedon the pond, the boundaries heat losses, the pond depth as

and instrumented around the world, see, for example, [1-well as the thickness of the gradient zone have been thor-

5]. The temporal behaviours of the thermal field within the oughly investigated [6-11]. Most of these studies were con-

pond and the adverse effects due to a strong wind on bothcerned, however, with the problem of one-dimensional heat
diffusion with a constant salinity profile prescribed along
the pond depth. Only in few recent numerical works, the
two-dimensional and three-dimensional character of the so-

* Corresponding author. Fax: (506) 858-4082 lar pond have been considered while studying the same prob-
E-mail addressnguyenc@umoncton.ca (C.T. Nguyen). lem of heat diffusion [12,13]. In particular, the thermal effect
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Nomenclature
C, specific heat of the fluid......... Ky tk-t Tsky  skytemperature.......................... h
C; humid heat capacity of air. ... ... G X, Y, Z spatial coordinates alongaxes............. m
D coefficient of salt diffusion ........... 1 U, heat transfer coefficient of the
k thermal conductivity of the fluid.. Wh—1.K~1 ground ... wi—2.K1
P, partial pressure of water vapor in ambient % wind average velocity ................. gt
Al mirg Greek letters
Py vapor pressure of water at the surface
temperature...................oo.... nitg P relative humidity
P atmospheric pressure ................ rhim o coefficient of thermal expansion ......... -k
q0 incident solar radiation upon the free surface of 8 coefficient of salt expansion
thepond............................ Y2 gw emissivity of the water free surface, fixed to 0.97
0. the convective heatloss .............. W2 by latent heat of evaporation of water . . . . -kg!
Qev the evaporation heatloss............. T2 7 extinction coefficient (Egs. (9), (10))..... Th
0, the radiation heatloss................ M2 0 fluiddensity ........................ kg3
S salinity ........ (kg of salt)(kg of solution)* o Stefan—Boltzman constant....... 2K —4
Sh heat source generating from the solar absorption Indices
(o) ) T wi—3
t e s a ambient condition
T saline temperature ........................ K & ground
T, ambient temperature .. .................... K r reference condition (293.15 K)
T, ground temperature ....................... K s surface

due to the underground was also taken into account [13]. test-site under the influence of real external perturbations in
With regard to the pond stability that constitutes, as stated Tunisia.

before, a major factor in its operation and performance, it

has been studied by several researchers who employed, in

most cases, the well-known linear perturbations theory (see2. Mathematical modelling

in particular [14-19]). Results as obtained from these studies

have provided meaningful details and information regarding 2.1. Governing equations

the onset of the instabilities, the map of marginal stability of

the pond as well as the existence of several .possible stable \\e study the problem of the transient behaviours of the
or unstable states that may be encountered in the pond deghermal and concentration fields inside a solar pond as well
pending upon the ratio of the thermal Rayleigh number with 5 jts stability in time. Fig. 1(b) shows the geometry of
respect to the salinity Rayleigh number (see, for example, the system under consideration, which consists of a paral-
[14,15,18,19]). The influence of the radiation absorption and |elepiped basin of saline solution. The physical properties
that due to the variability of the diffusivities of the saline so- of the latter (thermal conductivity, density, thermal and salt
lution on the pond stability has also been investigated [19]. diffusion coefficients) vary as function of both the tempera-

It should be noted, however, that due to the assumption ofture and the salinity. The solar pond under consideration has
infinitesimal perturbations used in the above studies, the re-a surface area of 1004vand a depth of 2.2 m. It is sub-
sults obtained cannot be, in principle, applied to a real situa- ject to a solar radiation and heat exchanges through all of its
tion where the pond is often subject to rather large and dras-boundaries. We also assume that at the beginning, the pond
tic perturbations resulting from rapid changes in the weather is ‘artificially stabilized’ so hat the convection currents can
conditions. In a very recent work, the authors have studied Pe considered negligible and remain as such during the pe-
the transient behaviours of a three-dimensional pond consid-"od of operation. o

ering both the transfer of mass and energy and variable prop-  11€ Process of heat and mass transfer within the solar
erties of the saline solution [20]. The results have shown, in PONd is governed by the following general equations of
particular, that the solar radiation absorption as well as the conservation res_ultlng from the principle of conservation of
heat losses through the pond free surface may have advers&"€M9Y and species:

effects on the long-term staity of the pond. In the present
paper, we are interested to investigate the temporal evolu-a(pC”T)/at =V (&VT)+ S (1)
tion of the pond stability during ahort period of time fora  d(pS)/dt =V - (pDVS) (2)
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(mf Loy — of solar radiation (mostly in short wave radiation range)
2.2 | reaching a certain depthin the pond suffers an exponential

Surface zone

<= Initial Profiles —. decays as follows [18,24,25]:

UCZ
qz = 0.6q0exp(—p(2.2— 2)) (4)
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|

|

| Gradient zone wheregqg is the solar radiation incident on the water free
: surface, which is assumed to be normal to that surface [18].
i
|
|

NCZ The expression fof}, is then as follows:
Sh =8qz/8Z=O.6/queXF(—p,(2.2—Z)) (5)

: : where n is the extinction coefficient that represents the
; ; Storage zone transparency of the saline solution. In general, the values
LE% — of this parametey. are obtained by least-square fitting of
0 i i - Eq. (4) to the experimental values of radiation absorption
21 % 5 25 T and8 in pure water and in samples taken from an experimental
@ pond [23]. In the absence of such data, we have chosen
R FO—— in this study some typical values for this coefficient, say
“| sk /amblent air n = 0.2 and 0.8 m!; the first value corresponds, in fact, to
I\ _Y the pure water that exhibits minimum radiation absorption,
~

% e i.e., good transparency, while the second one corresponds
(5m) 17 /[) s X L. .
i _ 7 S approximately to a weak transparency condition that is often
11

0.5 } 1

D

Vertical planes
of symmetry ~H -----

(P, Py

/ encountered in an experimental solar pond. In general, it is

A
s believed that for a low value of., the pond will develop
7 /// 7
2.2. Boundary and initial conditions

greater temperature gradierdgrfthe same solar radiation
\ The appropriate boundary conditions are detailed in

(2.2 m)

input, and as a result, it would likely be more susceptible to
instabilities tha a poor transparency one [18]. The complete
details regarding the above exponential attenuation model as
well as its validation may be found in [24,25].
X Appendix A. As initial conditions, we assume that at
(b) the beginning of the operation period, i.e., at the time
t = 0, the pond has beerattificially stabilized so that
Fig. 1. (a) lllustration of a salt-gradient solar pond and initial conditions in the gradient zone, both the temperature and salinity
used; (b) Geometry of the solar pond under study. increase linearly as function of the depth towards the bottom,
while in the surface zone and the storage zone, the fluid
with the equation of state of the saline solution given as temperature and its salinity are considered to be uniform.

follows [21]: These initial conditions are shown in Fig. 1(a). Note that
o= pr[l — (T —T,) + (S — Sr)] 3) the same conditions were consistently used when performing

parametric studies.
In the above equationg, and S are, respectively, the saline
solution temperature and salinity (i.e., the mass fraction
of salt in the solution);,x and B are the coefficients of 3. Numerical method and validation
thermal and salt expansion; the subscrigtrefers to the
reference temperature of 2G. All of the fluid properties are The resolution of the system of governing equations (1),
variable as function of andS according to known formulas  (2) subject to the boundary conditions and constitutive equa-
published in the literature. The mathematical expressions oftions has been successfully carried out by employing the
the fluid properties have been summarised in [30]; see alsopowerful FLUENT code [28] that is based essentially on the
[8,21,22]. ‘finite-control-volume apprach’ where each of the govern-
ing equations is integrated over finite control-volumes. The
The source terns;, in Eq. (1). This term represents the heat and mass fluxes through the boundaries of any control-
rate of energy generation per unit volume in a layer resulting volume have been evaluated using the well-known exponen-
from the absorption of the solar radiation by the saline tial scheme [29]. For the treatment of the transient term in
solution. In the present study, we assume that the amountEgs. (1), (2), we have used a fully implicit second order
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scheme among several options offered by the code. Such arthree specific vertical lines nhamebl;, D, and D3 (see
implicit scheme ensures, in principle, the stability of the so- Fig. 1(b) for their locations). Although a similar pattern
lution regardless the size of the time step used. More detailshas been observed for these profiles, we can easily no-
regarding this numerical scheme may be found in [28]. tice the difference in the values of the temperature from
The algebraic ‘discretised equations’ resulting from the one location to another; this confirms quite eloquently the
above integration process have been solved sequentiallythree-dimensional character of the thermal field. It is also
within each time step using the well-known TDMA (‘Tri-  observed that, in general, fluid temperature continuously in-
Diagonal Matrix Algorithm’) technique. For all the numeri- creases with time and this throughout the pond depth; such
cal experiments performed in this work, a time stepvary- behaviour results obviously from the solar energy absorp-
ing from 1 to 3 hours has been found to be quite appropriatetion process. Thus, in the central region along the line
for the task demanded. A converged solution has satisfacto-(Fig. 2(a)), one can observe that only a few days after the be-
rily been achieved with a residue as small as%and 10°6, ginning of operation, the initial temperature profile has been
respectively, for the equation of salinity and energy. drastically modified. Three different zones may be noticed
In order to ensure the consistency as well as the accuracythrough the pond depth. The first zone, very thin, says just
of the numerical results, several non-uniform grids have about few centimetres of thickness, is located near the wa-
been submitted to an extensive testing procedure. Theseer free surface and is characterized by the existence of a
results, see [30], have clearly shown that thex350 x 60 relatively high temperature gradient along theaxis. Such
non-uniform grid appears to be largely sufficient to ensure an pehaviour is essentially due to the important absorption of
adequate precision of the numerical results. The adopted gridsolar energy by the saline solution in this surface zone. This
has respectively 50, 50 and 60 nodes along the directionssolar energy absorption also affects greatly the central region
X, Y and Z with highly packed grid points along all the  of the pond (the gradient zone). In this zone, we can observe
boundaries of the domain. that the saline temperature tends to become more homoge-
The computer program has been extensively and successnous and the temperature gradient steadily and progressively
fully validated by comparing the calculated temperature field decreases with time. In the third zone (the storage zone), lo-
with available analytical data for several steady-state casescated behind the pond bottom, is characterized by the high-
The quantitative comparison was also carried out by per- est temperature of the saline solution, say abot&7n
forming a transient case on the test pond using real weathethis zone, one can also observe that the initial uniformity of
data [12] from Tunis. The complete details regarding the the fluid temperature does no longer exist.
study of the grid independence, the model validation as well | the regions along the line®, and D3, see Fig. 2(b)
as other numerical informatioare presented elsewhere, see gnd (c), one can observe the striking effects due to the heat
[30] and also [31]. losses through the lateral walls and the bottom surface of the
pond on the temperature profile, in particular in the lower
. ) region near the bottom. In the latter, the fluid temperature
4. Resultsand discussion clearly decreases with incréag time. This is due to the heat
losses to the surrounding ground, which is more pronounced
near the lateral walls and, in particular, in the lower region
where hot fluid is confined; as consequent, the temperature

In order to study the stability of the pond and its
time evolution, the following ‘stability parameter’ has been

defined: difference between the fluid and the ground (assumed at
Fy=(1/pr)(0p/0z) = —adT [0z 4 B3S/0z (6) 7°C) is more important. Such heat losses towards the ground
The solar pond is qualified as stableAf < 0 while F; = is indeed much more important in the lower corner region

0 corresponds to the marginal stability condition. In the &long the lineDs since they result from the combination of
following, the results as obtained for the test-pond located three different surfaces in space. We can also see that at the
in Tunis during the specific period of time from June 20th to Pond bottom, the fluid temperature has decreased nearly by
June 26th 1993 are presented and discussed with emphasi1°C between the centre area (alahg) and the corner area

on the transient thermal behaviors of the pond and its (alongDs).

stability in time. The value of the coefficient of extinction With regard to the time-evolution of the salinity field

n has been fixed to 0.8 T, unless otherwise noted. All during the same week of operation considered, it has been
weather data such as solar radiation, wind velocity, ambientobserved that the salinity profile along the depth aXis

air temperature and humidity, have been obtained from remains essentially unchanged with time. Such behaviour
published information [12]. appears physically realistic since it is well known that the

mass diffusion of salt is rather slow with respect to that of
4.1. The transient behaviours of the pond during one week the heat diffusion (the coefficient of the mass diffusion of
of operation salt is about 10° m?.s~1). Therefore, for a short period of
time as the one under consideration here, there would be,
Fig. 2(a)—(c) show, respectively, the temporal develop- practically, no perceptible changes in the salinity field (see
ment of the temperature profile of the saline solution along [20]).
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Fig. 2. Temporal development of the teempture profile during a week of operation.

In order to study in details the dynamic behaviours of the F; is generally positive and it increases clearly with time.
solar pond during the same week of its operation, we havelt is also very interesting to observe that in the vicinity of
established the time-evolution of the stability paraméler  the free surface, say within the depth of about 5 cm, the
along the three line®;, D, and D3 considered previously,  parameteFy, which is initially negative (i.e., this tiny region
Fig. 3(a)—(c). It is observed, at first, that except for some was initially under stable condition), has changed its sign to
differences in its values, the profiles shown figr exhibit positive only after few days of operation, and it continues to
nearly the same pattern from one line to another. Thus, increase considerably with the augmentation of time. Thus,
we can see that, in general, there exist clearly two critical for example, at the location of the central lid® and on
zones in the pond where the value Bf is positive. The the free surfacef; has increased from — 0.005hat the
first critical zone, of the thickness about 40 cm, is located time r = 38 Hr to 0.027 m! atr = 134 Hr. This indicates
beneath the water free surface. In this region, the parameterclearly that under the solar heating effect, some instabilities
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may develop in time in the region immediate to the free its maximum~ 0.025 nT! on the bottom surface. Hence,

(d)
Fig. 3. Temporal development of the stability profile during a week of operation.
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surface. The second critical zone is observed behind theas stated before for the first critical zone, instabilities may

the parametery, although positive, remains relatively low.

bottom surface of the pond and has a thickness of aboutdevelop as well from within the bottom zone as well. It is

40 cm that appears to remain constant in time. One canvery interesting to mention here that the above behaviours
observe that in this zone, over a first portion of about 30 cm, appear to be consistent with other observations and results,

see in particular [22]. Fig. 3(d) shows finally the comparison

However, in the second portion of the zone, about 10 cm in of the profiles for F; as obtained along the three lines
depth before reaching the pond bottom, the positive value of considered earlier and at a specific time- 134 Hr. The

F; increases considerably withe depth and it has reached same pattern, again, can be observed here through these

R.B. Mansour et al. / International Journal of Thermal Sciences 43 (2004) 779-790
Line D1 ' Line D2
g
15 —+38H
86 H
Z (m)
1 ——134Hr
T T T T T 5 |. W T T
012 01 -008 -006 -004 002 0 002 004 Qe o
Fs Fs
() (b)
. R : 2
Line D3 Time T=134 Hr ‘gaqﬁ
21 21 ﬁf
i i
ﬁ_...v-i(h'“ =
%
- 38H % 181
?%‘ + Line D1
——86H ¥ Z
% {m)
—— 134 Hr ‘%} " - Line D2
+
%
% +-Line D3
B B
s —heqs;
ﬁg.
O Mh T T T T C & —vlﬂ’ T
0.1 -0.08 -0.06 -0.04 0.02 0 002 0.04 012 -01 -008 -006 -004 -002
Fs
(©



R.B. Mansour et al. / International Journal of Thermal Sciences 43 (2004) 779-790 785

5 ] % | @) —— 24 Hr
E
| E ——30 Hr
- ’“‘;;,@ —o— 34 Hr
' e ~—-38Hr
e,
Z (m) N | ——A45Hr

Fig. 4. Temporal development of the teempture profile during a period of 24 hours.

profiles. Also, the boundaries dfifferent critical zones  and drastic changes in the weather conditions such as wind
as discussed previously remain identical for the locations velocity, air temperature and humidity and solar radiation
shown. In the first critical zone near the free surface however, incident upon the pond free surface, we have attempted to
some notable change in the values of the paranm@étdras study the temporal evolution of the temperature and salinity
been noticed. Thus, it is observed that the positive value of fields as well as the pond stability for a very short period of
Fy seems to be higher in the central region (near ihg time, say for the period of 24 hours starting from midnight
indicating that the fluid would become more unstable than June 20th to midnight June 21st 1993.

elsewhere in the solar pond, for example, while compared  Fig. 4 shows, at first, the temporal evolution of the
to the areas near lineb (near the lateral wall) and3 temperature profile along the lin®; during the period
(near the corner). In fact, the surface region around the considered. For discussion purpose, Fig. 5(a) also shows the
corner appears to be the least unstable among the threetime variation of different temperatures as well as that of the
Such behaviour may be attributed to the heat losses to theincident solar radiatiogo upon the pond free surface; and
underground, which are more pronounced in the regions Fig. 5(b) shows the temporal evolution of the heat losses
near the lateral walls. As consequent, the fluid gradient or gains through the two surfaces of interest, the water

temperature along thg-axis is lower in these regions, and  free surface and the pond bottom surface. One can observe,
hence, the fluid would be less unstable than the one Conﬁneq:ig_ 4, that there are clear Changes in the temperature

in the central region. profile with time, in particular within the two critical zones
discussed previously (the first zone beneath the free surface

4.2. The transient behaviours of the pond during a 24 and the second one behind the pond bottom). Thus, in the

hours of operation first zone, it has been observed that initially, i.e.rat

24 Hr or midnight of June 20th, the fluid temperature has
In view of the transient behaviours of the pond for a week slightly decreased towards the water surface. Such behaviour
of operation as discussed previously and because of the rapidnay be attributed to the important heat losses from the
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0] —ma T the water temperature at ifsee surface has considerably
increased in time to reaching nearly A2 at the instant
50 4  —o—Amblant Tomporatire - 550 t = 38 Hr or 2 o'clock in the afternoon of June 21st
< Surface temperature i _ 1993. The surface temperature remained nearly constant
s - 400 g afterwards; in the evening, it started to decrease again under
o i ; Y 5 the effects of heat losses. With regard to the storage zone
= 30 4 a : /\\G L 950 located behind the bottom surface, it is observed that during
0 J u-___d__/ o g the daytime, under the effects of solar energy absorption
i /\ i (Fig. 5(b)), the temporal gradient of the fluid temperature
10 A / P L is positive and the bottom sade temperature has reached
e its maximum of about 64C at the timer = 38 Hr. During
0 T T T T T T -50 the night time however, with no solar energy input, the
24 21 30 tim24(Hr) ® L @ fluid temperature also dezases with time, which is, as
@ stated before, due obviously to the heat losses towards
the underground. We can also observe that the temporal
o variation of the bottom surface temperature appears to be
90 / considerably less pronounced than that of the free surface
65 - L i 3 temperature. Such behaviour can be explained by the fact
e ‘ that the bottom zone is, practically, not much affected by the
bl R Sy changes in the weather conditions and the thermal boundary
§ 5] /.57/:1113\ Time (Hr) i conditions at the walls and the bottom surface are remaining
3 ‘ NS S == constant with time. Furthermon_a, the abso.rpt|o.n of sglar
a ' o energy by the bottom surface during the daytime is remained

relatively weak, as the coefficient of extinctipnhas been
fixed to 0.8 n,

Fig. 6 shows finally the time evolution of the stability
parameterF; for the period considered. We can observe

—-ar-.-1 4 -:-o-Qev o o . )
o — 5 .._aq bottam that within the two critical zones mentioned previously,
3- . - -@ Q_overall{water surface) there is a remarkable change in tig profile with time.
133 Thus, during the night time and in the upper zone of the
®) pond, the parametef, remains positive and has reached its

Fig. 5. (a) Time variation of temperatures and solar radiation during a period max_lmum of about 0.038 nf on the water f_ree surface at

of 24 hours: (b) Time variation of heat losses and gains through the water the instantt = 30 Hr. Such behaviour, as discussed above,

surface and the bottom. is a direct consequent of the overnight cooling of the water
in the vicinity of the pond free surface. Hence, one can

free surface towards the surrounding environment during the 8XPect some forms of instabilities that may be generated
night, especially the heat loss by radiation to the sky that from within this surface region. It is interesting to note that
has been found to be the most dominant at that time, sayStrong values of"; are observed within the depth of about
nearly 66% of the total heat loss through the water surface, 20 cm beneath the free surface. In contrast, in the storage
see Fig. 5(b). With the increase in time, say after six hours Zone and in the absence of solar radiation absorption during
of operation, i.e., at the time= 30 Hr or 6 o’clock in the the nighttime, the heat losses towards the underground have
morning of June 21st, the heat losses are becoming everPositive effects on the local stability. Between the two
more important and as consequent, the water temperaturdnstantss = 30 Hr andz = 38 Hr, i.e., between 6 o'clock

at the free surface has, in fact, dropped from TGt the of the morning and 2 o’clock in the afternoon of June 21st
timer = 24 Hr to 16.5°C at the instant = 30 Hr, Fig. 5(a). 1993, one can notice a striking change on the profilé of
During that interval of time, the overall heat loss from the in the upper zone. Thug, although remaining positive at
free surface is approximately the maximum for the 24 hours the free surface, has decreased clearly freaB0 Hr to the
period, Fig. 5(b). During the daytime, say the period of time time # = 34 Hr. At the instant = 38 Hr in particular,Fs
between = 34 Hr andr = 38 Hr, the solar radiationincident  even turns to negative at the free surface. That is, under the
upon the pond surface becomes much more imporiant; solar heating effect, the surface water has been heated up
533 Wm~2, see Fig. 5(a), which has induced an important (see again Fig. 5(a)) and assult, and it has become more
heating effect on the water surface during that period of stable. Note that the newly formed stability zone is really
time. Such favourable effectombined to some small heat located on the water free surface, say within few centimetres
gain from the ambient air has induced a strong heating beneath the latter; while the adjacent part of the upper zone
on the upper layer of the pond. Thus, as we can notice, is still under the risk of instabilities, i.eF; > 0. During the
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Fig. 6. Time variation of the stability characteristics during a period of 24 hours.

evening, say at = 45 Hr or 9 o’clock, under the effect of 4.3. The effects of the water transparency on the pond
cooling discussed previously, the paramefgrat the free stability
surface has turned again to positive, and the cycle continues.

On the other hand, in the lower zone near the pond bottom  The water transparency, wdfi is characterized by the
and during the daytime, say for time between 30 and 38 Hr, so-called the coefficient of extinction of the water (see

the fluid temperature at the bottom surface has increased (seggs. (4) and (5)) is expected to play an important role not
again Fig. 5(a)). This has rend unstable the region behindonly on the internal temperature field of the pond but also
that surface ag’; now becomes positive. For time further on its stability as well, since such transparency has a direct
than 38 Hr,F; has decreased and become negative again, aimpact on the absorption of the solar energy by the saline
the timer = 45 Hr for example, which coincides with the  solution. In order to study its effects, we have performed
cooling of the bottom zone (see Fig. 5(b)). We can see that calculations for the Tunisian test site considered previously
the variation of F; appears considerably less pronounced during the same period of time, i.e., from June 20th to June
than that in the surface zone, for the same reasons mentioneg6th 1993, and this using the same corresponding weather
previously. In summary, the numerical results presented heredata employed before. The only parameter that has been
have clearly shown that the heat losses from the solar pondmodified is, of course, the parameter which has taken

to the atmosphere as well as the solar heating effect onas value 0.2 m!(corresponding to a clear water condition).
the bottom surface may have adverse effects on the pondwe shall refer, hereafter, to cases 1 and 2 that correspond,
stability, and this even for a very short period of time. respectively, tqu=0.8 mlandyx =0.2m™1.

These results, which are believed to be the first of the kind,  The effect due to the change of the parametesn the
have in fact provided very interesting details regarding the temperature field may be better understood by scrutinizing
dynamic behaviours and the stability of a salt-gradient solar Fig. 7(a) that shows the temperature profile along the main
pond. vertical axis (i.e., lineD1, see again Fig. 1(b)) as obtained for
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higher than the value of 6C as obtained for case 1. These
results may appear somewhat paradoxically but they can be
explained by the fact that for case 2, as the attenuation of the
traversing solar radiation is less pronounced, the remaining
radiation incident on the lilmm surface—which is assumed

to be a blackened surface—would be more important than
the corresponding one of case 1. In fact, the solar radiation
upon the bottom surface has been estimated te-l39%

and ~ 10% of the value ofgo, respectively, for cases 2
and 1. The solar heating effect has also been observed in
the upper part of the pond, although it appears clearly less
pronounced than in case 1 as mentioned earlier. Thus, for
case 2, the maximum temperature difference is only about
5°C with respect to the initlacondition. From the above
results, it is clear that for a lower value @f, i.e., a good
transparency pond, the solar heating effect is less important
than that of a poor transparency one. Such behavior, which
appears physically quite realistic, would have considerable
effect on the stability of the pond as well.

Fig. 7(b) shows, finally, the profiles of the stability
parameterF, along the lineD; as obtained for the cases
considered. One can observe, at first, that the two critical
zones, one beneath the water free surface and the other
one located behind the pond bottom surface, do exist for
both cases studied. However, the local valueg,0énd the
shape of theF;-profiles within these zones as well as their
thickness have drastically changed from one case to another.
Thus, it is very interesting to observe that the maximum
values of F;, occurring at both the free surface and the
bottom surface, are clearly higher for case 2 than for case 1;
for example,fx on the bottom surface, the local maximum is
approximately 0.05 and 0.025Th respectively, for cases 2

and 1, the ratio is almost twice between these values. Also,
as the parameter has changed from 0.8 to 0.2t the
thickness of both critical zones has considerably decreased,
by a factor of 2 or even higher. Such results may be explained
by the behavior of a good transparency pond regarding its
the cases considered at the instant134 Hr. We can notice  solar heating effect as discussed in details earlier. From
the striking differences between the profiles shown. Thus, the above results of the values @&f, it is clear that a

as stated before (see again Section 4.1) and with respecgood transparency solar pond would be more susceptible to
to the initial condition, it is observed that the temperature instabilities than aoor transparency one. Although a direct
profile has been considerably modified in case 1 where thecomparison with other experimental observations and data
important solar heating effect appears to be presentin a largewvas not possible because of a clear lack of such data, it has
region, especially in the upper part of the pond. One can alsobeen found that the above behavior regarding the influence
see that the departure from the initial temperature profile due to the water transparency appears to be consistent with
appears to be very important where the zones of uniform other works in the literature on the solar pond stability (see,
fluid temperature, which existed at the beginning, do no for example, [18]).

longer exist in the pond. Such departure appears clearly less

pronounced for case 2 where the corresponding temperature

profile is closer to the initial one, in particular in the lower 5. Conclusion

central part of the pond. For this case, the solar heating effect

does also exist in the vicinity of the bottom surface where  In this paper, we have investigated, by direct numerical
the temperature gradient along teaxis is, surprisingly, simulation, the problem of the transient heat and mass
considerably more pronounced than that corresponding totransfer within a salt-gradient solar pond, with emphasis
case 1; also, the maximum itlitemperature, nearly 74, on the influence of the external factors on the its stability
occurring on the bottom surface, has been found to be well characteristics. From the results as obtained for a test pond

Fig. 7. (a) Effect of the water transparency on the temperature profile
at r = 134 Hr; (b) Effect of the water transparency on tRe-profile at
t =134 Hr.
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in Tunis using the corresponding weather data, the following Appendix A. Boundary conditions

conclusions seem to be pertinent:

— The solar radiation has an important effect on the inter-
nal temperature field and also on the pond stability char-
acteristics. The solar heating effect has been found con-
siderably more important in a poor transparency pond
than a good one. For the former, such effect is observed
throughout the pond. For the latter, only the surface
and bottom regions seem to be affected; the tempera-
ture gradient along the depdlxis also appears more pro-
nounced, in particular in the vicinity of the pond bottom
surface.

It has been found that there exist two critical zones,

one located beneath the water free surface and the -

other one observed near the bottom surface. It can
be expected that some instabilities may take place
from within these vulnerable areas, and this even af-
ter a short period of time, say several days of opera-
tion.

Regarding the time evolution of the pond characteristics,
results have clearly shown that the above critical zones
appear to become more vulnerable to instabilities with
the increase of time of operation.

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

lateral walls appear to be less susceptible to instabilities
than the interior central areas of the pond.
Although, the solar heating effect is clearly less impor-

tant in a good transparency pond, the results have shown

that it appears likely to be more susceptible to develop
instabilities than @oor transparency one, because of the
fact that for the former, the temperature gradient along

In general, it has been observed that the regions near the

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

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

Qo = Uy(Ty — Ty) (A1)
where the temperature of the groufidand the ground
heat loss coefficient/, are estimated to b&, = 7°C

and U, = 0.36 W-m?.°C™1, which represent realisti-
cally the local conditions at Tunis [12].

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

Qgr =—Ux(Ty — Tg) + 0.6q0exp(—2.2u1) (A.2)

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

aT  aS
x along the plané®;: — =—=
X 00X (A.3)
* along the plané: 0T _ 95 _ .
gihepansz: oy =3y =

It is important to note here that regarding the boundary
conditions for the salinity, a similar zero-mass-flux
condition has also been specified along the normal
across all the boundaries of the domain.

at the water free surface, the heat losses by convection
and evaporation into the djient air combined to that
between this surface and the sky have been considered.
They are summarized as follows:

the depth axis has been found to be more pronouncedin A.1. The radiation heat loss to the sky is given by

the critical zones.
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Qr =40 (T = Tgy) (A.4)
the sky tempearturgsyy is estimated as follows [26]:

Tsky = T,[0.55+ 0.61P05]%%° (A.5)
with
3885
P,=® 18403— ( —— A.
a eXp( 8.403 <Ta—43.15)) (A-6)
A.2. The convective heat loss is given by
Qc = hc(Ts - Ta) (A-7)

with &, the wind convective heat transfer coefficient, which
depends on the average velocityof the wind, is given as
follows [27]:

he=5.7+3.8V (A.8)
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A.3. The heat loss due to evaporation is proportional to [13] M.M. El-Refaee, et al., Transient performance of a two-dimensional
the wind convective coefficient, and to the difference salt gradient solar pond—A numerical study, Internat. J. Energy
between the vapor pressure of the water at the free surface, _Res- 20 (1996) 713-731.

ndth rtial or re of the water v. rin the atm her [14] G. Veronis, Effect of a stability gradient of solute on thermal
andthe partial pressure of tne water vapo eatmosphere.. = ., ection, J. Fluid Mech. 34 (1968) 315-336.

The heat loss can be expressed as follows [27]: [15] G. Veronis, On finite amplitude instability in thermohaline convection,
Mhac J. Marine Res. 23 (1) (1964) 1-17.
Qev=——(Ps — P,) (A.9) [16] L.N. Da Costa, E. Knobloch, N.O. Weiss, Oscillations in double-
1.6Cs P, diffusive convection, J. Fluid Mech. 109 (1981) 25-43.

where P is the vapor pressure evaluated at the surface [17]1 R.S. Schechter, M.G. Velaed J.K. Platten, The Two-Component
temperature: Bénard Problem, in: Adv. Chem. Phys., vol. 26, Wiley, New York,

1981.
3885 [18] M. Giestas, H. Pina, A. Joyce, &linfluence of radiation absorption
Py = eX|O<18-403— m) (A.10) on solar pond stability, Internat. J. Heat Mass Transfer 39 (18) (1996)
S - .
3873-3885.
[19] M. Giestas, A. Joyce, H. Pina, Thdluence of non-constant diffusiv-
ities on solar pond stability, Internat. J. Heat Mass Transfer 40 (18)
References (1997) 4379-4391.
[20] R. Ben Mansour, C.T. Nguyen, N. Galanis, Transient heat and mass
[1] S. Folchitto, Experience with a solar pond at margherita di savoia, transfer of a salt-gradient solgond, in: Proc. Eurotherm 71 on
in: Proc. 1997 Int. Solar Energy Conf., ASME Publications Solar Visualization, Imaging and Data Analysis In Convective Heat and
Engineering, 1997, pp. 223-228. Mass Transfer, LTM — UTAP, Reims, France, October 28-30, 2002.
[2] F.B. Alagao, et al., The design, construction, and initial operation of [21] M.A. Darwich, Solar ponds: A seasonal solar energy storage system
a closed-cycle, salt-gradient solar pond, Solar Energy 53 (4) (1994) for process heat application, in: Proc. 1st Saudi Engineering Confer-
343-351. ence, Jedda, 1983, pp. 1-8.
[3] AM.R. Al-Marafie, et al., Performance of 1700 2msolar pond [22] S.G. Schladow, The dynamics efsalt gradient solar pond, Ph.D.
operation in arid zone, Interbal. Energy Res. 15 (1991) 535-548. Thesis, University of Western Australia, Australia, 1985.
[4] R.L. Reid, et al., Design, construction, and initial operation of a [23] A.A. Green, A.L.M. Joyce, M. Colies-Pereira, A spectrophotometric
3355 nt solar pond in El Paso, Trans. ASME J. Solar Energy Eng. 111 method for studying the transmiesi of radiation in a solar pond, in:
(1989) 330-337. Proc. CEC Workshop on Optical Property Measurement Techniques,

[5] A. Joyce, et al.,, The Portuguese experience on salt gradient solar Joint Research Centre ISRRItaly, 27—-29 October, 1987.
ponds, in: Proc. Workshop on Solar Ponds, Tunis, Tunisia, December [24] D.R.F. Harleman, Hydrothermainalysis of lakes and reservoirs,

20,2001, 5 p. J. Hydraulics Division ASCE Publ. 108 (3) (1982) 302-325.
[6] K. Al-Jamal, S. Khashan, Effect of energy extraction on solar pond [25] M. Hondzo, H.G. Stefan, Lake wet temperature simulation model,
performance, Energy Conversion 39 (7) (1998) 559-566. J. Hydraulic Eng. ASCE Publ. 119 (11) (1993) 1251-1273.
[7] V. Joshi, et al., A numerical study of the effects of solar attenuation [26] G.V. Parmelee, W.W. Anbele, Radiant energy emissions of atmosphere
modelling on the performance of solar ponds, Solar Energy 35 (4) and graund, ASHVE Trans. (1952) 58—85.
(1985) 377-380. [27] V.V.N. Kishore, V. Joshi, A practical collector efficiency equation for
[8] F. Zangrando, On the hydrodynamigsalt-gradient solar pond, Solar non convecting solar ponds, Solar Energy 33 (5) (1984) 391-395.
Energy 46 (6) (1991) 323-341. [28] Fluent 6, User's Guide, Fluent Inc, NH, USA, 2001.
[9] S.G. Schladow, The upper mixed zone of the salt gradient solar pond: [29] S.v. Patankar, Numerical Heat Transfer and Fluid Flow, Hemisphere,
Its dynamics, prediction and caot, Solar Energy 33 (5) (1984) 417- McGraw-Hill, New York, 1980.
426. [30] R. Ben Mansour, Etude numérique du comportement transitoire d’'un
[10] M.J. Safi, Numerical simulationf@ solar pond behaviour, in: Proc. étang solaire a gradient de saliniééNumerical Study of the Transient
Mediterranean Conference On Renewable Energy Sources For Water Behaviors of a salt-gradient solar pond], M.Sc. Thesis, Faculty of
Production, Santorini, Greece, 1996, pp. 173-176. Engineering, Université de Moncton, Moncton, NB, Canada, 2003,
[11] M. Ouini, A. Guizani, A. Belguith, Simulation of the transient behav- 148 p.
iour of a salt gradient solar pond in Tunisia, Renewable Energy 14 (1~ [31] R. Ben Mansour, C.T. Nguyen, N. Galanis, Transient heat and
4) (1998) 69-76. mass transfer withira salt-gradient solar pond under real external
[12] W. Alimi, Simulation Numéique 3D du stockage du rayonnement conditions, in: Proc. Int. Symp. TRCON-03, Cesme, Turkey, August
solaire dans un étang solaire, D.E.A. Thesis, 'ENIT, Tunis, Tunisie, 2003, Paper No. TR 10 CT, in press.

2001.



