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In this paper, thermal performance of solar pond for different condition was nu-
merically investigated by using discrete ordinates method to facilitate a greater
understanding of the effects of relative various condition on thermal performance
improvement of solar pond. For this, a 3-D prototypes of solar ponds with square
cross-sections were simulated for the oversoil and subsoil, insulated and unin-
sulated, open on and off conditions. The direction of sunlight (zenith angle and
the solar elevation) was automatically computed from the latitude, longitude, time
zone, date, and time. The estimated solar position is accurate for a date between
year 2000 and 2199, due to an approximation used in the Julian Day calendar
calculation. Seasonal temperature variation of solar pond was calculated for the
full period of one year starting from March and calculated data were compared
with experiment to validate simulation accuracy of heat transfer model. Result
indicates that temperatures in the summer time were calculated at around 55 °C,
while temperatures in the winter were in the range of 20 to 30 °C and temperature
changes between 30 °C and 40 °C in spring and autumn.
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Introduction

Solar energy travels to the earth surface in the form of electromagnetic radiation is
selectively absorbed, transmitted and scattered as it goes through atmospheric layers, and fi-
nally heats up everything around the surface and provide energy for all the processes of life.
Today, the world’s energy needs is met from different sources however, the use of clean energy
resources is important to live in a cleaner environment. Because the effects of global warming
have begun to be seen in everyday life and climate changes are affecting our lives negatively.
Therefore, world countries, especially Europe, are investing heavily for the most efficient use
of RES. Solar energy is the most potent RES from these and can be converted into different
forms of energy using different technologies. Solar ponds are one of these technologies and
are used to produce water at a low temperature by using cheaper technology without polluting
the nature. It is possible to obtain hot water up to 60 °C in a solar pond, constructed by using
salt water with different density [1] and generated heat can be used directly for a wide range of
application such as generation of electricity, heating the environment, meeting the need of hot
water, drying food and obtaining fresh water from salty water. Since the geographical locations
of the countries, and therefore the solar view angle is different and the periods of solar shine
durations vary. Countries close to the equator are advantageous while countries close to the
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polar are falling to disadvantage. Due to cyclic nature and time-dependency of the solar energy,
usage has not commercialized in many countries [2]. In recent 20 years, a number of theoretical
and experimental studies have been carried out on the performance of solar ponds in order to
understand its mechanism and to make it available to the community. Overall energy and ex-
ergy efficiencies of the salinity gradient solar pond was investigated numerically and exergetic
performance analysis of a solar pond was calculated [3]. The effect of sunny area ratios on the
thermal performance of solar ponds was investigated and study showed that careful determi-
nation of the boundaries, insulation parameters and rate of incoming solar radiation reaching
the storage areas has increased the efficiency of the solar pond [4, 5]. A mathematical model
was developed to investigate thermal performance of solar pond by introducing nanofluid solar
pond [6]. For this, upper zone of the pond is made of mineral oil but the lower side is formed
with excellent solar radiation absorber which is nanofluid materials. Investigation showed that
because of better solar absorption properties, nanofluid materials have better solar energy stor-
age capacity than a traditional salinity gradient solar pond. On the other hand, salinity-gradient
solar pond uses a large amount of saltwater as a medium for collecting and storing solar heat
from the sun and this makes the system installation cheap and easy [7]. Numerous experimental
and theoretical studies were about the performance analysis of salinity gradient solar pond [8-
14]. Some of these studies concentrated on functioning and mechanism of solar pond but some
others only the cases insulated or uninsulated conditions, some of them related with or without
cover, some others investigated above ground and subsoil conditions of solar pond. To evaluate
thermal efficiency of solar pond several model were developed based on conservation principle
of thermodynamic [15-18]. With the help of the different models, the temperature distribution
in the solar pond, the heat losses from the side wall, floor and the surface can be calculated to
be compatible with the experimental data.

In this study, numerical calculations were conducted for 3-D model solar pond to cal-
culate thermal efficiency for the cases such as insulated and uninsulated, oversoil and subsoil,
and with and without cover. For this, a prototypes of solar ponds with square cross sections
were simulated and calculated data were compared with experimental data to validate simula-
tion accuracy of heat transfer model.

Numerical approaches

Although different liquids or heat holders are used, solar ponds are built in the most
economical way by using salt water. By using layers of saline with different densities, the inter-
mixing of water between the layers is energized, and heat is trapped inside. In fact, solar pond has
been discovered by measuring significant differences in depth-dependent temperature gradients
in salt water lakes. When the side walls and the floor are insulated, the heat stored in the bottom
layer cannot mix with the top layers, so heat loss is minimized. In order to make an efficient solar
pond in terms of heat storage, it must have at least three zone. As shown in fig. 1(a), each layer
convects in itself, but does not interfere with other layers, in this way a natural isolation occurs.
The upper zone is called the upper convective zone (UCZ) and the temperature of this zone is the
same as the outside. Because this zone is in direct contact with the air and natural convection on
the outside immediately absorbs the heat of this layer but the middle layer serves as an isolation
between the upper and inner layers, and this zone is called the non-convective zone (NCZ). The
temperature distribution of this layer varies between the UCZ and the inner zone temperature.
The number of zones of the NCZ can be increased to maximize protection of heat in the inner
layer. Due to this reason NCZ consists of 5 different zones for this study as shown in fig. 1(b).
The bottom zone is called the heat storage zone (HSZ) where maximum amount of heat is stored.
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Figure 1. Schematic design of solar ponds; (a) general lay out of 2-D solar pond,
(b) the 3-D model for this study

In this study, a model solar pond with
2 x 2 m width and depth and 1.6 m height
was modelled. Commercial software COM-
SOL was used to generate the computation-
al mesh. Numerical solution was carefully
tested in preliminary calculations and fine
mesh with tetrahedral types was applied and
mesh density increased to find compatible
result with the experimental observations.
Mesh distribution is given fig. 2.

Solar position of the sun was arranged
and this option is used to estimate exter-
nal radiative heat source due to the direct
striking of the sun rays. Co-ordinates were
defined for a Mediterranean city of Adana.
Geographical co-ordinates in decimal de-
grees are (WGS84) latitude of 37.002, longitude of 35.329. Temperature data were taken from
General Directorate of Meteorology which has been measured since 1927. Daily average tem-
perature data was defined to system. The ambient temperature follows a simple 24-hour peri-
odic sinusoidal distribution around an average temperature [19] and defined with eq. (1) [20]:

Figure 2. Mesh distribution for the model
solar pond

avg

T, =T, +ATcos| 2n' 14 (1)
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where 7., and AT are average temperature and half diurnal temperature variation, respectively,
t —the time in hours, and 7, — the ambient temperature. Although the inner zone is prevented
from mixing with the upper layers due to the density difference, heat losses in addition to con-
duction and convection, the third mechanism for heat transfer is radiation. Every object radiates

over than the zero-absolute temperature, and this condition manifests itself as heat loss for a



Sogukpinar, H.: Seasonal Temperature Variation of Solar Pond under Mediterranean Condition
3320 THERMAL SCIENCE: Year 2019, Vol. 23, No. 6A, pp. 3317-3326

solar pond. As the temperature in the zones increases, the heat loss through the radiation is di-
rectly proportional to forth power of the temperature and defined with the eq. (2):

J = pG+¢en*oT* )

where ¢ is emissivity, p — the reflectivity, n — the refractive index, o — the absorptivity, and T
— the temperature. Radiosity is the sum of reflected and emitted radiation and denoted J. The
total incoming radiative flux at a point is called irradiation and denoted G. The surface proper-
ties of radiation, emissivity and absorption may depend on the emission or absorption angle,
surface temperature or radiation wavelength [21]. For both the rays coming from the sun and
the thermal rays radiating from the inside, they interact with the surfaces are not completely
transparent and the radiation rays interact with the medium. Different kinds of interaction hap-
pen such as absorption, emission and scattering. Let /() represent radiative intensity in a given
direction. Some of the radiation is absorbed, some amount of radiation is reflected and part of
radiation is scattered depend on interaction coefficient. The balance of the radiative intensity
including all contributions (propagation, emission, absorption, and scattering) can now be for-
mulated [20]:

QVI(2)= Klb(T)—,BI(.Q)+O-—; j[(Q‘)go(.Q', 02)de 3)

where /(€2) is the radiative intensity, /;(7) — the blackbody radiative intensity, x — the absorp-
tion coefficient, p(2', Q) — the scattering phase function, f — the extinction coefficients. There-
fore, both the thermal energy that comes from the Sun and the amount of energy lost from the
pond with radiation are calculated with the help of eq. (3). In order to couple the radiation in the
participant media, the radiation heat flux is taken into account in addition to the conductive heat
flux for the side wall, ground and other brine zone. For the conductive heat transfer in the solid
interface can be formulated:

or - Lo ds
pCP(§+utransVT)+V(q+qr)=—aT.E+Q (4)

where p is the density, C, — the specific heat capacity, 7'— the absolute temperature, Utrans — the
velocity vector of translational motion, q — the heat flux by conduction, q, — the heat flux by
radiation, o — the coefficient of thermal expansion, S — the second Piola-Kirchhoff stress tensor,
and Q contains additional heat sources. For the conductive heat transfer in the liquid interface

can be formulated:
pCP(aa—f+ﬁVTj+V(a+ar)z—aPT(%+ﬁij+t:Vﬁ+Q (5)

where 7T is the viscous stress tensor, p — the pressure, o, — the coefficient of thermal expansion.
For this study, radiation transfer equation for participating media approximated with discrete
ordinates method. When this method is selected opaque surface and continuity in interior
boundary are automatically added to the future of model. From the setting page of opaque sur-
face boundary, surface emissivity constant was automatically defined from materials and wall
types was set to gray wall. Refractive index was taken 1 and performance index was set to 0.4
for the radiation discretization method. As the performance index value decreases, a robust
setting for the solver is expected. Angular discretization of the radiative intensity direction, S4
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option was selected. The discrete ordinates method provides a discretization of angular space
into n = N(N + 2) in 3-D discrete directions. In 3-D, S2, S4, S6, and S8 generate 8, 24, 48, and
80 directions [20]. Meteorological data (ASHRAE 2013) was set for ambient variables. The
environmental variables like temperature, pressure, humidity etc., were calculated from month-
ly and hourly average measurements made over several years at weather stations around the
world. The ambient data in the heat transfer interfaces was obtained by processing the data
measured from the ASHRAE Weather Data Viewer 5.0. The UCZ was modeled as pure water,
and the salt concentration of another zone increased by 30 kg/m? in each layer starting from
1030 kg/m>. Relationship between salt density and depth of solar pond and ambient data for soil
temperature are given in fig. 3.
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Figure 3. Salt density vs. depth of solar pond (a) and ambient data for soil (b)

Solar radiation was modeled to absorb 10% of radiation in each layer and the left of
it is to be absorbed in HSZ. The solar pond was insulated with glass wool. The thermophysical
properties of materials for this model are given in tab. 1.

Table 1. Thermophysical properties of materials used in the model [22]

Material Water Salinity water | Stainless steel Glass-wool
Density [kgm™] 1000 1100 - 24-96
Heat conductivity [Wm™°C™'] 0.6 5.4 17 0.033-0.044
Heat capacity [Jkg1°C™!] 4180 850 1000 62

Results and discussion

In this study, 3-D solar ponds were investigated numerically for different situations,
and the consistency of this study was tested by comparing the calculated data with the experi-
mental measurements. Both experimental and numerical studies on solar ponds have been con-
ducted since 2005 district of Adana in Turkey [23, 24]. When examining other localities across
Turkey, there has not been extensive studies on solar ponds outside the Adana. Therefore, the
meteorological data of Adana were used and is given in fig. 4(a). Seasonal temperature varia-
tion was calculated at the height of 10 cm, 50 cm, and 90 cm, respectively from the floor of the
solar pond in the HSZ and presented in fig. 4(b). Numerical calculations were conducted start-
ing on the first day of March for 420 days in total, at intervals of 30 days. Figure 4(b) shows that
both the experimental and the theoretical results are seasonally changed and the highest value
is reached in August at around 55 °C. According to data, numerical results range from 25 °C
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Figure 4. Meteorological data of Adana (a) and Seasonal temperature distribution in the
inner zone of solar pond (b)

to 30 °C, while experimented at 15° and 20° centigrade in January and February, respectively.
Therefore, since the data of January and February are well below the numerical data, they are
not seen in the graph. However, it is observed that the experimental measurements are in a good
agreement with the theoretical data in May to October and the experimental data are slightly
below the theoretical calculation results in March to April and November to December.

The temperature distribution in the solar pond was calculated for each month and are
given in fig. 5. Numerical calculation was started on the first day of March and continued for
one year. The initial temperature of the solar pond was set to 19.6 °C. At the end of the first 30
days the temperature rose by about 15 °C and reached a maximum of 34 °C as seen in fig. 5(a).
Maximum temperature then increased by 6° at the end of April to 40 °C, in fig. 5(b), at the end
of May, it rose to 48 °C. At the end of June, it increased only by 2 °C and the maximum tem-
perature reached 50 °C and finally at the end of July temperature rose by 5 °C to 55 °C, in figure
5(e), and maintained a maximum of 55 °C in August and no appreciable temperature increase
was observed. There was a 5 °C reduction in each month from September to January. At the end
of September, it decreased by 5 °C and the maximum temperature become 50 °C, in fig. 5(g),
at the end of October it become 45 °C, in fig. 5(h), In November and December temperature
continued to decrease and maximum temperatures were calculated 40 °C, in fig. 5(i), and 35
°C, in fig. 5(j), respectively. In January, the temperature decreased by 5 °C and reached 30 °C,
in figure 5(k), In February temperature decreased by 2 °C and becomes minimum at 28 °C, in
fig. 5(1).

The model solar pond insulated with glass wool was numerically investigated for the
subsoil and oversoil conditions and is given in fig. 6. Maximum temperature in the summer
season was calculated at around 52 °C in oversoil pond, while it approaches 55 °C in the sub-
soil case. In the first case, the side walls are in contact with the air. In the latter case, the side
walls are in contact with the soil. Temperature difference is caused by different heat transfer
coefficients of soil and air. On the other hand, in the winter season, maximum temperature was
calculated in the subsoil case higher than the oversoil condition.

Seasonal temperature distribution of solar pond for uninsulated conditions was cal-
culated for subsoil and oversoil case and are given in fig.7. For this part, side walls defined as
concrete and wall is in contact with air in the first case and in the second case it is in contact
with soil. In oversoil conditions where the temperature change very sharply with respect to
seasonal change while in the case of subsoil, variations of temperature appears to be softer.
The maximum temperature was calculated at 46 °C in the oversoil and the lowest temperature
is 10 °C while in the subsoil case, maximum temperature was calculated at around 33 °C,
and minimum at 23 °C. When the maximum temperature values are compared with respect to
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Figure 5. Seasonal temperature distribution of solar pond by months
(for color image see journal web site)

insulated condition, there is 10 °C difference for the oversoil and 22 °C for the subsoil case.
Although the temperature data in the subsoil was simulated lower, but it is seen that the subsoil
pond temperature is maintained throughout the year and the change is less.

Seasonal temperature distribution of solar pond for insulated conditions with glass
cover was calculated and are given in fig.8. The maximum temperature in the oversoil pond was
calculated as 58 °C while in subsoil pons is 60 °C and maximum temperature was changed by
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5 °C compared to open on conditions. Solar pond temperature for oversoil is consistent with the
seasonal temperature change but it is maintained under the ground case.
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Figure 6. Seasonal temperature distribution of solar pond for insulated conditions
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Conclusion

This paper provides numerical investigation of 3-D salt gradient solar pond in Med-
iterranean climate conditions. Present work demonstrates seasonal temperature distribution of
solar pond for the case insulated and uninsulated, with and without cover option for subsoil
and oversoil solar pond. First, numerical investigation was conducted for oversoil model solar
pond by applying climatic condition for district Adana and obtained data was compared with
experimental observation conducted same district to validate simulation accuracy of numerical
approaches. There is a good correlation between simulation and experiment especially in sum-
mer time. Next, numerical calculation was performed for the insulated and uninsulated, and
upper surface of the pond is covered with glass or open to air. Temperature distribution of the
insulated pond is rather high compared to the uninsulated case and temperature distribution of
the oversoil pond varies according to seasonal variation. Although the maximum temperature
point of the subsoil pond is lower than that of the oversoil, it is observed that the temperature
change in the subsoil pond is realized less than other, which ensures that heat is retained even
more during the winter season. Finally, if the hot water is to be stored for a long periods of time,
the subsoil pond is more advantageous in terms of energy efficiency. If hot water is to be used
continuously, it is more advantageous in terms of efficiency to build it on the oversoil.
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Nomenclature
C, — specific heat capacity at constant Greek symbols
pressure, .[Jkgil.K ] . . p — extinction coefficients, [m™]
1(Q) — radiative intensity at a given position K — absorption coeﬁicients’ [m 1]
following the Q-direction, [W(m?sr)™'] p — density, [kem™’] ’
LD - ?r}‘?ecrlfg?d}i\%?r?zs*] o — Stefan-Boltzmann constant, [JK™!]
0 ~ heat sot}ll;ces other than viscous T — Cauchy stress tensor deviatoric, [Pa]
heating, [Wm ] o(€2, Q) — scattering phase function, [—]
q — heat flux by conduction, [Wm™2] Acronyms
- . 3
é]r - hea‘g flux striking thzwall, [Wm™] HSZ - heat storage zone
- strain-rate ten‘s{(i)r,. [s] g NCZ - non-convective zone
s — scattering coefficients, [m™] UCZ - upper convective zone
T — absolute temperature, [K]
u — velocity vector, [ms™']
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