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Abstract

Access to freshwater is crucial for socio-economic development. In Libya, the
demand for freshwater is soaring, but the supply is limited. Freshwater is
intrinsically linked to energy where the paramount consideration for its sus-
tainability is the amount of energy required to guarantee sufficient supplies
of freshwater through seawater-desalination. This emphasises two paramount
needs that should be promptly sought as a national priority, first stringent wa-
ter conservation, and second the employment of sustainable energy sources to
power desalination.

Salinity Gradient Solar Pond (SGSP) can be one of a mix of technologies lead-
ing to a future based on sustainable energy. This study models the potential and
operation of SGSPs as a source of thermal energy in Libya. The study makes
an original contribution to knowledge by explaining the essence (when, how,
and where) of the SGSP operational instability. It also investigates the opti-
mum zone thicknesses ratio of the three different salinity zones constituting the
SGSP; Upper Convective Zone (UCZ), middle Non-Convective Zone (NCZ),
and Lower Convective Zone (LCZ) while implementing the double-diffusive
convection (DDC) phenomenon.

One-dimensional and two-dimensional numerical studies are conducted. The
results indicate that SGSP has the potential to provide hot saline-water at a
temperature exceeding 70 ◦C for multi-effect desalination thermal vapour com-
pression units which require a minimum top brine temperature of 60 - 65 ◦C.
At a SGSP thermal output of 55 W m−2, 46.8 m2 of land is required for the pro-
duction of 1 m3 per day of distillate. The two-dimensional study explains the
nature of the operational instability where the occurrence and expansion of con-
vective cells at the interfaces of the NCZ due to DDC leads to instability. This
study also gathered evidence on the effect of buoyancy ratio. Salt concentration
differences separating the UCZ and the LCZ should be sustained at 300 kg m−3

to maintain stability. The optimum zone thicknesses for an average SGSP of
2 m height are 0.4, 1.2, and 0.4 meters for the UCZ, the NCZ, and the LCZ,
respectively.

xv



Chapter 1

Introduction

Energy and freshwater are inseparable resources that are essential for human
life and civilisation. The importance of freshwater can hardly be overstressed
as the establishment of habitats principally rely on its availability. Energy is
necessary for development; it puts all human activities in operation. Boiling
freshwater is needed to generate energy. Energy is required to deliver and pro-
duce freshwater. In Libya in 2019, the freshwater and energy supply scenarios
are complicated. The demand for energy and freshwater is increasing, while
the supplies are limited.

Libya has a population of about 7 million with an average freshwater demand
for drinking and other domestic uses of approximately 250 litres per capita per
day [1]. Thus, the average water demand in the country is 1.75 x 106 m3/day
(0.638 x 109 m3 / year). Practically, the watery supply scenario; surface water
accounts for (ca. 2.3%), recycled sewage effluent provides (ca. 0.9%), while
water from desalination covers only (ca. 0.7%) of the annual national demand.
Thus, (ca. 96%) of Libya’s freshwater supply is a groundwater [2]. About 75%
of this groundwater comes from the man-made river reservoirs.

From the Sahara desert, 1.46 x 109 m3 of fresh groundwater is withdrawn annu-
ally via the Man-Made River pipelines shown in Fig. 1.1, for municipal, agricul-
tural and industrial purposes in the coastal areas as most Libyans live in these
areas where the groundwater is salty (8 x 103 ppm) and unacceptable for drink-
ing and other domestic use. The world health organisation states that the max-
imum salinity of drinking water is 1000 ppm [3, 4]. The two major reservoirs
in the Libyan desert have fresh groundwater with total dissolved solids T.D.S.

1
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FIGURE 1.1. Libya water resources map [6].

< 5 x 102 ppm. They contain fossil water that maybe ten thousand years old,
which had accumulated during the last ice age. The first reservoir is located
in Kufra/Sarrir plain (South East); its estimated storage capacity is 3.4 x 1012

m3 of freshwater, its depth is 2 km below the ground surface, and it covers an
area of 700 x 106 m2. The second reservoir is located in Murzak basin; its esti-
mated storage capacity is 4.8 x 1012 m3 of freshwater, its depth is 1 km below the
ground surface, and it covers an area of 350 x 106 m2. Other relatively smaller
reservoirs are located in Sirte, Tazerbo and Fezzan [2, 1, 5].

The reservoirs, though gigantic, are finite. As demand is soaring, the Man-
Made River pipelines are getting longer, and the groundwater levels are falling.
The freshwater supply situation has become even more complicated with a
rapid increase in population. The population growth rate is approximately
3.3% per year (one of the highest and least sustainable in the world) [2]. Thus,
an urgent recognition of this problematic water consumption and supply sce-
nario is crucial if to improve the country’s standard of living and to guaran-
tee economic security for future generations. Consequently, developing non-
conventional sources of freshwater supply is drastically needed. Seawater de-
salination is one of the available options [2].

Unfortunately, desalination systems are energy-intensive processes. The typical
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FIGURE 1.2. Libya solar resources map [8].

multi-effect-distillation energy consumption is approximately 1.8 kW h m−3 of
distillate, while for the multi-stage-flashing unit is 4 kW h m−3 of distillate [7].
Desalination costs are between US. $0.60 to US. $1.0 per cubic meter (exclud-
ing distribution expenses). About 50% of desalination costs come from energy
costs [2]. Even if desalination cost is dropping internationally due to the cur-
rent advancement in the desalination units; the rise of energy cost cancels out
the advantage of more advanced technology. The energy supply situation in
Libya became even more problematic, due to the civil war in the country, and
the decline of fuel resources which urged researchers to find alternative sustain-
able energy options. The paramount consideration for freshwater sustainability
for future generations is the amount of energy required to sustain a sufficient
supply of freshwater through desalination.

Fortunately, there is a correlation between regions of freshwater scarcity (con-
sequently desalination requirement) and the abundance of solar energy. Conse-
quently, there is an excellent potential for exploiting solar-powered desalination
as an attractive option in Libya. Giving the recent advancements in thermal de-
salination units, solar-powered desalination is a promising option. Libya has
an average daily global solar radiation rate of around 7 kWh m−2day−1 on a
horizontal surface, as shown in Fig. 1.2 [8]. One of the intrinsic properties of
solar energy is that it is diffuse and requires a massive investment of capital
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and material resources to collect it and harness it. At present, conventional col-
lection and storage systems are expensive and often uneconomic. It is crucial
to reduce the cost of collection and storage to make them economically feasible.
The material cost of a conventional collection and storage system, such as solar
panels, is close to 75% of the total cost and, as such, the prospect of reducing
the price of a conventional system does not seem to be very likely [9].

Among all solar technologies (i.e. solar panels, photovoltaics), salinity gradi-
ent solar ponds (SGSPs) offer an inexpensive, simple and promising method
for converting solar energy to thermal energy that subsequently can be used
to drive desalination units. The SGSP concept has captured the imagination
of an increasing number of researchers, as there are no devices that are less
costly than a pond holding water, and the picture of areas of otherwise unused
tract producing substantial amounts of heat is powerful image [10]. Typically,
a SGSP is a large body of water that ranges between 1 and 3 meters in depth
with a salinity gradient in the middle. Solar radiation that reaches the bottom
of the SGSP is trapped and stored; due to high densities in the bottom (high
salt concentration) which, makes the solution heavy and hinders the heat loss
via convective movement, subsequently, the heat collected at the bottom can be
utilised to supply thermal energy for desalination unit [9, 11, 12]. If the energy
collection by SGSPs can be sustained at an adequate level without too much ex-
pense, then SGSPs has the potential to be one of a mix of technologies helping
to lead the Earth’s population to a tomorrow based on sustainable energy.

The concept of SGSP appears to be simple; however, in reality, SGSP is an ex-
tremely complex non-equilibrium fluid system, and it is subject to instability
due to the number of physical phenomena involved in its operation. Previ-
ous studies provide an insight into SGSP operation; however, neither the op-
erational stability has been fully explained, nor the essence (when, how and
where) of the hydrodynamic instability has been simulated in sufficient detail.
In addition to the stability issues, SGSP also has some design issues. Previous
models sizing SGSPs zones, excluding the double-diffusive convection DDC
effect have limited accuracy. Thus, more complicated models considering the
DDC effect are needed to understand how to design better SGSPs that can per-
form efficiently and for the longest period.

The present study aims to model the potential and operation of SGSP as a



Chapter 1. Introduction 5

source of thermal energy according to Libya geographical and climate condi-
tions. Also, investigates the optimum zone thicknesses where the SGSP has the
best thermal performance and longest-term operational stability. In order to
meet this aim, several objectives are addressed:

The concept, design, construction and the physics of salinity gradient solar
ponds are described. Existing SGSPs are reviewed in order to shed light upon
current design and operation challenges. The thermal potential of SGSP to
derive thermal desalination units is assessed according to Libya climate. The
long term operational stability of the SGSP is investigated. The formation and
changes occur to the zones of the SGSP during operation are studied, and an
optimal zone thicknesses ratio is recommended. Furthermore, a procedure for
long term operation that will help maintain the optimum thickness of the zones
where the SGSP can sustain performing at its best is proposed. The thesis is
structured as follows:

Chapter 2 explains the SGSP concept, design, and construction. It reviews the
significant previous pertinent research on SGSP physics, thermal behaviour
and stability and finds the literature gap. Chapter 3 shows the development
of theoretical and mathematical models of the SGSP where mass and energy
balances are applied to yield a set of governing nonlinear partial differential
equations that govern the system. Chapter 4 presents a 1-D numerical study
that assesses the thermal potential of SGSP to derive desalination units where
the governing equations are solved numerically applying the finite volume
method for a proposed SGSP located in Libya within the latitude and longi-
tude of (32.54◦ N, 13.11◦ E). Chapter 5 presents a 2-D numerical study that ex-
plains the thermo-hydrodynamic behaviour and the hydrodynamic instability
of SGSPs. The starting point of the analysis in this chapter is the incompress-
ible Navier-Stokes equations; the Boussinesq approximation is applied where
advanced dimensionless analysis has been performed and utilised to perform
the study. Chapter 6 the 2-D model used in chapter 5 is utilised to investigate
the effect of zone thicknesses, buoyancy ratio and heat recovery on the oper-
ation stability; this helps to recommend an optimal zone thickness ratio and
provide a procedure that helps the SGSP to perform at its best. Finally, Chapter

7 presents the conclusion, the recommendations and the future work.



Chapter 2

Salinity gradient solar ponds

2.1 Overview

Today in 2019, Libya has to adopt two strategies for energy and freshwater sus-
tainability; the first is adopting powerful water conservation techniques and the
second is reducing the expense of freshwater production through renewable-
energy based desalination units. Solar power has a promising future as it stands-
out amongst the most promising sustainable energy sources in Libya; however,
unfortunately, most solar technologies require a substantial investment of capi-
tal and material resources, thus, to have a transition to a country energy supply
based on solar energy and if this goal is to be achieved in the future, it is nec-
essary to deploy extremely low-cost solar collectors. In the spirit of low-cost
solar collectors, salinity gradient solar ponds combine low collection cost with
long term storage and can provide heat for a variety of low-grade temperature
thermal applications. The present chapter aims to establish the basis for un-
derstanding the concept, the design, and the construction of salinity gradient
solar ponds. In addition to that, in this chapter, a detailed review of the ma-
jor previous pertinent research on SGSP thermal performance and operation is
given.

In the present chapter, the fundamentals and the concept of SGSPs are ex-
plained. The basics of the SGSP scientific theory is introduced, and this man-
dates providing theoretical definitions of some important termonologies. These
theoretical definitions help to explain the SGSP principle of operation where the
SGSP and its associated natural phenomenons are related to each other to form

6
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complete theory. Reviews for different solar ponds that were designed and con-
structed worldwide are presented to shed light upon the past and the current
design and operation challenges. The design and construction of SGSPs are ex-
plained in detail where critical design and operation factors such as site selec-
tion, salt type, forming the salinity gradient, lining and heat extraction methods
are discussed. The prospects in the works done on SGSPs to improve its per-
formance and pertinent literature concerned with SGSP operational stability
are reviewed. In this chapter, the operational instability sources are divided
into three main categories. That includes design and construction factors of in-
stability, mechanical factors of instability and thermal hydrodynamic sources
of instability. Finally, the limitations of previous work and literature gaps are
identified, and a summary of the chapter is presented.

2.2 Concept

Before proceeding with the concept of salinity gradient solar ponds, it is use-
ful first to shed light upon some fundamentals and define some terms that are
relevant to the physics and working principle of the technology. In particular,
methods of heat transfer and also some hydrodynamic and fluid flow termi-
nologies [13, 14]

⇒ Conduction: Heat transfer by successive atomic collisions and motion.

⇒ Convection: Heat transfer as a result of the movement of fluid.

⇒ Radiation: Heat transfer in the form of electromagnetic wave light.

It is also useful to define some of the physical phenomena involved in salinity
gradient solar pond operation:

⇒ Diffusion: is the movement of a substance from a region of higher chem-
ical potential to a region of lower chemical potential.

⇒ Buoyancy: It is an upward force applied by a fluid that resists the weight
of an immersed object and it is the engine that turns heat into motion.
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⇒ Convection currents: Heated fluid grows and ascends because of the
buoyant force where a cooler, denser fluid falls and takes its place. This
cycle builds up a circular current (convection currents) that stops just
when the heat is uniformly disseminated all through the fluid. This phe-
nomenon alongside diffusion is two important yet problematic natural
phenomena in SGSP operation; however, the aim is not to generate and
enhance them but to halt and suppress.

Now, having defined these terms. Reviewing what occurs in a standard, normal
or typical pond (e.g. a garden pond) is a good point to start from.

2.2.1 Typical pond

As a part of the sunlight incident on a pond (e.g. a garden pond), the sunlight
gets transmitted and absorbed, which leads to the heating of the pond and for-
mation of convection currents everywhere inside the pond as shown in Fig. 2.1.

FIGURE 2.1. A 2-D illustration of the hydrodynamic behaviour of a typical pond with
no salt gradient established. The dark blue indicates low fluid velocity, light blue indi-

cates relatively higher velocity due to convective movement.
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The heated fluid becomes less dense and ascends to the surface where it loses
a portion of its heat due to the differences between the warm surface tempera-
ture and the colder surrounding air. The heat loss from the surface is through
evaporation, convection, and radiation. As the fluid at the surface area cools,
it becomes denser and descends to the bottom of the pond. Due to densities
difference between the hot and cold fluid and the buoyancy effect, continuous
mixing occurs inside the pond.

Therefore, due to the continuous chaotic mixing, as it has been depicted in
Fig. 2.1, it is almost impossible to accumulate and store a significant amount
of heat in such a pond. Salinity gradient solar pond SGSP is simply intended to
suppress the generated thermal convective currents at the bottom, thus, main-
tain the heat at the bottom of the pond by the artificial formation of a salinity
gradient between the bottom (high salt content injected) and top of the pond
(almost freshwater) acting as a transparent insulating layer. Further explana-
tion of the SGSP operation is in the next section.

2.2.2 Salinity gradient solar pond

Salinity gradient solar pond, as the name suggests, is a mass of water in which
a salinity gradient is built in the middle to separate the bottom where the high
salt content is placed from the top where freshwater is added. It works as a
solar receiver, collector and heat storage medium. As depicted in Fig. 2.2, SGSP
consists of three zones (layers).

Upper convective zone

The upper convective zone (UCZ) which is a small layer of almost freshwater. It
protects the salinity gradient solar pond from the external sources of instability
such as the rain and wind.
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FIGURE 2.2. Schematic diagram of salinity gradient solar pond showing the positions
of the three zones (i.e. UCZ, NCZ and LCZ).

Non-convective zone

The non-convective zone (NCZ) is a zone in which salt gradient is created, and
it is positive downward. It works as transparent insulation between the top and
the bottom of the pond.

Lower-convective zone

The third and final zone is the lower convective zone (LCZ) or the storage zone
where the concentration of salt is very high, dense and uniform. It works as a
heat storage medium.

The operational concept is simple. As depicted in Fig. 2.2, a portion of the so-
lar radiation incident on the SGSP, is absorbed in the bottom zone of the pond
(LCZ) which subsequently leads to the heating of the water available in this
region. Water in this zone will not be able to rise due to the less salt content
available in the water above (less dense). Likewise, water in the top (UCZ)
cannot drop to the lower zone as the water below it is denser due to the higher
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salt content. Consequently, the formed convective currents in the lower convec-
tive zone due to the heating effect are suppressed, and heat transfer from the
heated lower convective zone to the relatively colder upper convective zone
solely occur via conduction. Given the weak thermal conductivity of water, the
non-convective zone (NCZ) functions as translucent insulation, allowing solar
radiation to be transmitted, absorbed and stored in the form of useful heat in
the bottom zone and halts it from loss to the top [14, 13].

Therefore, SGSPs are principally designed to suppress convection currents via
the NCZ and to retain the heat in the LCZ, where heat can be removed to pro-
vide the required energy to power a process (e.g. desalination) [14].

Despite the simplicity of the general design concept and operating mechanism,
the vast amount of natural phenomenons associated with its functioning and
operation makes any comprehensive explanation of the system a complex prob-
lem from both physical and the mathematical viewpoints. Even though the
physics of every phenomenon is significantly well-known, the coupling be-
tween the phenomena (how they work collectively towards destabilizing the
pond) requires more investigations in order to help to improve the technologi-
cal potential and subsequently, the technological feasibility of SGSPs for future
implementations.

Throughout this chapter. Detailed knowledge of salinity gradient solar pond
physics, design, construction and operational related issue are presented. Fur-
thermore, the underpinning logic of developing the theoretical models to study
and understand the thermal behaviour and operational stability adequately is
established.

2.3 Chronology

Salinity gradient solar pond was first introduced in 1902 by Kaleciusky who
witnessed that Madre lake in Transylvania (42◦ 44’N, 28◦ 45’E) was recording
high temperatures at a depth of 1.3 m through the summer season. Rudolph
Bloch [15] explained this as solar radiation absorbed in the body of the lake
causes a temperature rise in the lower regions. Due to a natural salt concen-
tration gradient in the lake, lower regions remain denser even when warmer.
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Thus, convection that would typically occur is prevented via this gradient (in-
sulating) layer. The steady lake absorbs and stores solar radiation as thermal
energy. And the majority of the absorbed energy is maintained in the lower
regions, almost at 1.3 meters depth. The only mechanism of heat loss from the
lower regions to the top of the lakes is via conduction. Given the poor con-
ductivity of water, the heat loss is minimal. The salt concentration gradient
is preserved through salt precipitates and deposit at the bottom region of the
lakes, which guarantee near saturation concentrations in the lower regions. The
freshwater currents which run transversely on the top of the lake form a small
upper zone that would protect the erosion of the gradient layer and minimize
the heat loss to the environment which suggest the importance of flushing and
adding fresh water to the UCZ. Towards the end of the summer, temperatures
as high as 70 ◦C have been marked at a depth of 1.3 meters. Rudolph Bloch [15]
stated that adopting controlled conditions; an increase in temperature could be
anticipated.

In 1948, the concept of constructing man-made SGSPs was first introduced by
the same man, Bloch [15]. Later, Tabor [16] and Hull [14] published a series
of experimental and theoretical studies of SGSP. These works introduced the
technology to the world [17]. Since then, the theory of SGSP has been explained
in the literature which includes, amongst other subjects, physics [14, 18, 19],
hydrodynamics [20]; and engineering [16, 21, 22, 23].

Research on SGSPs became active again just in the few past decades, due to the
increasing environmental problems, declining fuel resources and advancement
in low-grade heat applications. Thermal energy generated by SGSPs became
one of the most attractive options for providing heat for low-grade heat appli-
cations such as thermal desalination units when the geographical and climate
conditions are suitable.

2.4 Worldwide examples of SGSPs

Many SGSPs have been constructed worldwide, and some have been operating
for years [24, 11, 25, 26, 27]; however, various operational, performance and sta-
bility issues have also been encountered. Next, are examples from sites across
the world.
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2.4.1 El-Paso solar pond (U.S, 1983)

The El Paso salinity gradient solar pond that is shown in Fig. 2.3 started as an
illustration project managed by Texas university in El Paso region and was fi-
nanced by the US office of reclamation and the state of Texas. The project was
launched in 1983. The El Paso SGSP has been in operation since that time, and
over the years of operation, experimentation and research was taking place.
The El Paso SGSP has contributed positively and provided invaluable, detailed
knowledge and illustration to the multiple utilisation and integrations of SGSP
with other applications. To the best of the author’s knowledge, it is considered
as the first SGSP to produce process thermal energy to an industrial corpora-
tion, and that was in 1985. El Paso was also the first US experimental SGSP
powered desalination facility in 1987 [25, 28, 26].

FIGURE 2.3. The El-Paso salinity gradient solar pond [26].

The El Paso salinity gradient solar pond covers an area of approximately 3000 m2.
The height of the SGSP is around 3.25 m. The UCZ is ≈ 0.7 m, NCZ is ≈ 1.2 m,
whereas LCZ is ≈ 1.35 m. The salt utilised is predominately sodium chloride
NaCl. The 3000 m2 SGSP depicted in Fig. 2.3 recorded an LCZ temperatures
ranges between 70-93 ◦C [25, 28, 26].
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In order to make SGSP more reliable, stable, productive, and efficient technol-
ogy, a range of systems have been developed and examined at the El Paso SGSP
project [25, 28, 26]. These systems include; instrumentations for SGSP monitor-
ing; advanced scanning and injection procedure for advanced salinity gradient
formation and maintenance; innovative liner set; and enhanced heat recovery
arrangement [28, 26].

Throughout its years of operation, El Paso SGSP used to provide heat for vari-
ous processes, such as electricity generation unit and thermal desalination units.
Electricity generation was not a successful application for SGSP as it was not
economically feasible because of the relatively low temperatures achieved in
these ponds during autumn and winter which makes solar-to-electricity con-
version fairly inefficient; however, SGSP assisted desalination is considered one
of the most promising SGSP assisted applications as some desalination systems
requires low-grade heat that ponds can provide consistently. Research has also
shown that for locations where conditions are suitable, SGSPs are as efficient
and less expensive than any other solar collector [29, 30, 31, 32].

SGSP has demonstrated special technological practicability when used to pro-
vide thermal energy to a multi-effect desalination unit. The desalination unit
worked effectively, delivering a high-quality distillate. The price of freshwater
produced fluctuates at US $1.06/m3 for a 3,800 m3 per day plant capacity [25] in
comparison to conventional energy powered medium to small scale units-total
fresh water cost hovering around US $ 0.6 - 1.0/m3. About 50% of desalination
costs come from energy costs [2].

2.4.2 Bhuj solar pond (India, 1987)

The Bhuj SGSP in India is another medium size pond of about 6000 m2 which
was created and run at the Kutch dairy, Bhuj, India, see Fig. 2.4.

The SGSP provides hot water to the dairy. The maximum temperature recorded
was 84 ◦C [33]. The high thermal performance of Bhuj SGSP has made a base
where a commencement could take place for industrial exploitation of SGSP.
More than 20 million litres of hot water was supplied to the dairy between
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FIGURE 2.4. Bhuj solar pond, India [33].

September 1993 and March 1997. Kumar cited that the payback time was ex-
pected to be shorter than five years (neglecting any subsidy or incentives),
which could be satisfactory for an upcoming alternative energy technology [24].
While the Bhuj SGSP project added a significant contribution towards the ad-
vancement and improvement of SGSPs, further advanced research still needs
to be conducted [24].

The critical point was the brine containment, as there was a leakage as a result
of the failure of the liner when the temperature of the SGSP reached nearly
84 ◦C without heat recovery measures [24]. This emphasizes the importance
of heat recovery and installing a high-quality liner to avoid such problematic
scenario. Heat recovery and liner technologies will be discussed in the design
and construction section.

2.4.3 Pyramid Hill solar pond (Australia, 2000)

Another example of a SGSP is the Pyramid Hill SGSP in Australia [26]. The
SGSP project that is shown in Fig. 2.5 was constructed at Pyramid Hill.
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FIGURE 2.5. Pyramid Hill solar pond, Australia. The floating rings shown are wind
suppressors to minimize the wind effect [26].

The project is a collaborative work including two industrial partners and RMIT
University. It is centred around the use of SGSP for industrial process heating.
The SGSP was created with a height of 2.3 m. The LCZ was 0.8 m thick, the NCZ
1.2 m thick whereas the UCZ was approximately 0.3 m thick. The maximum
temperature achieved was 90 ◦C. This 3000 m2 SGSP supplies about 60 kW of
thermal energy for industrial salt production company [34]. Such a facility is a
reliable model of a SGSP composed for a particular application. Hydrodynamic
instability issues were encountered during the operational years [26].

Sherman and Imberger [35] investigated another 1600 m2 SGSP at Alice Springs
in Australia where a storage zone (LCZ) temperature in a range between 85
◦C and 90 ◦C was consistently maintained. According to these studies, SGSP
is suited to Australia geographical and climate conditions. Interestingly, the
pyramid Hill SGSP has a different thermal performance from Alice Springs,
which raises the question of wither there is an optimum design and operational
specification for SGSP to work at its best.
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2.4.4 Granada solar pond (Spain, 2014)

Solvay Minerals in Granada (south Spain) is a leading industrial SGSP that was
set up recently in Europe, in the year of 2014, see Fig. 2.6.

FIGURE 2.6. Granada industrial solar pond, Spain. The barrels role is to protect the
pond from the wind [27].

The goal of this SGSP is to preheat water to 60 ◦C and exchange this heat with
the reagents in the mineral flotation plant. Fuel oil was utilised for this objective
in the past. The establishment of the SGSP contributed significantly towards
decreasing fuel oil burning and reducing its environmental harm, that is prin-
cipally correlated with carbon dioxide emissions [27]. The emission factor of
the fuel oil consumed is estimated to be around 2.868 kg CO2/L; consequently,
31.7 and 22.5 tons of CO2 emissions were avoided during the first and second
periods of operation due to the use of the salinity gradient solar pond [27]. The
surface area of the SGSP is approximately 500 m2, and it has a height of 2.2 m.
The LCZ is 0.6 m thick, the NCZ is 1.4 m thick, and the UCZ is approximately
0.2 m thick. The maximum temperature achieved was 90 ◦C in August 2014 [27].
The SGSP was able to provide the heat required for the application; however,
lining and salinity gradient degradation issues were encountered [27]. The next
section provides more insight into SGSP design, construction and challenges.
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2.5 Design and construction

This section provides an insight into the SGSP design and construction princi-
ples. Understanding the design and construction of the SGSP is essential to un-
derstand its operation. Fortunately, today, in 2019, salinity gradient solar ponds
can employ well-established techniques for the most part of their construction
and operation, including, salt type, controlling biological organisms, maintain-
ing pond transparency, building earth embankments and installing SGSP liners,
pumping fluids and delivering thermal energy to a load; however, some areas
require more investigation and improvement. The present section covers, se-
lection of site, salt type and dissolving methods, excavation, embankment and
lining, forming the salinity gradient and monitoring systems.

2.5.1 Site selection

A salinity gradient solar pond is a horizontal solar radiation collector and can-
not be tilted like solar panels. As a consequence, sites selected for SGSP ap-
plication must not be far from the equator. They should be within a latitude,
where a high level of solar radiation is available year-round. The site decided
for setting up a salinity gradient solar pond must also have other specific char-
acteristics. A source of inexpensive salt or brine has to be accessible nearby
to stock a substantial inventory of salt required to establish the SGSP and to
evade all extra transportation costs. The place has to be reasonably levelled to
minimize the ground shifting job to a minimum. Except if the flawless lining
of the SGSP is ensured, it is not advised to create a SGSP when underground
freshwater is available near the surface to avoid the leaks of salt and heat to
groundwater. Whether the SGSP is (insulated) or not the case, it has not to be
overlaying near to an underground water aquifer. Such aquifers, whether of
freshwater or brackish water, can cause structural and thermal obstacles. In
case the underground water movement is fast, heat is going to be wasted from
the base of SGSP as the soil below is not ideally insulated. A low-cost source
of water is required to be ready to compensate for convection and evaporation
losses from the SGSP [16, 14].

Accordingly, SGSP is fitted to arid and semi-arid regions, such as the potential
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FIGURE 2.7. Libya map illustrates locations of Sebha (south of the country) and Tripoli
(north of the country) cities [36].

sites will be considered in this study, which is located in Libya. And that is
due to the intensity of solar radiation and existence of the extensive sabkhas
(salty areas), vast arid lands and natural salt lakes at zero cost which indicates
a high potential for the utilization of salinity gradient solar ponds. The site has
been selected located in the city of Tripoli at 32.54◦N, 13.11◦E, the city location
is illustrated in Fig. 2.7, is exhibited to solar radiation throughout the year with
prolonged hours during day time. It has an average diurnal solar radiation
rate of approximately 7 kWh m−2day−1 on a horizontal surface on the coast
(Tripoli) [37]. The geographical and climate conditions for the potential site
are applicable to the technology and considered in this study. Later, in this
work, analytical and numerical studies will be performed in order to predict
the thermal potential of SGSP according to these sites climatology data, the
results and discussion will be presented in chapters 4, 5 and 6.

2.5.2 Excavation, embankment and lining

In most places, the pond excavation is carried out with heavy earth moving
equipment, as shown in Fig. 2.8. In smaller ponds, manual labour alone could
be employed. The amount of earth that must be moved to make a pond of
specified depth is not the volume of the pond, but the volume of earth moved
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FIGURE 2.8. Installation of the flexible polypropylene geomembrane liner [25].

is only what is needed to build up an embankment around the perimeter of
the pond. For Libya, SGSP, the earth can be excavated to a certain depth, and
the excavated soil could be used for the formation of embankment around the
perimeter of the SGSP to a height of the SGSP required from the ground level.
Solid walls are also essential for the protection of a pond, and a firm base should
be provided for lining installation [26].

Embankments should be sufficiently compacted to avoid slumping and the
falling or sinking of material down the sidewall. The compaction of the em-
bankment can be performed manually using hand-pulled stone rollers. The dry
density of the soil could be estimated from the samples collected from various
locations of the sloped wall of the pond [25].

Pond bottom and side walls insulation are essential, as two types of leakages
could occur: leakage of water out of the base of the pond and leakage of thermal
energy into the soil. The leakage of hot brine cannot be tolerated as it loses both
heat and salt. Besides, if SGSP is close to underground water, this water will
be contaminated. So lining is crucial. Liners (blackened plastic film) at the
bottom of the SGSP as shown in Fig 2.9 are used to prevent these leakages and
to enhance the absorption of solar radiation that arrives at the ground of the
SGSP [12].
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2.5.3 Salt type and quality

The salt used for a salinity gradient solar pond should grant the following in-
herent characteristics to sustain the pond’s performance and long term stability
[38]; (I) The solubility of the salt should be high in order to fit the level of so-
lution density needed. (II) The solubility of the salt must not vary significantly
with temperature. (III) After dissolving the salt in water, the solution should
be transparent enough in order to allow solar radiation to transmit to the lower
region of the solar pond. (IV) The salt should not has any harmful environmen-
tal impacts, and it must not contaminate the groundwater. (V) The salt should
be affordable and plentiful and located close enough to the pond’s location to
avoid any additional transportation costs. (VI) The molecular diffusivity of the
salt must not be high [39].

The salt diffusivity rate is a critical factor when it comes to enhancing SGSP
long term stability. Fundamentally, the molecular diffusivity of all salt types
is always a function of temperature and salinity. For instance, the solubility of
sodium chloride (Na Cl) at 90 ◦C can be five times greater than its solubility at
10 ◦C [40]. In addition to that, different salts also have different properties [9].

The molecular diffusivities of different types of salt at room temperature are
given by Ref. [9]; however, Hull et al[9] also reported that the diffusivities at

FIGURE 2.9. SGSP with liner system installed at El Paso [25].



Chapter 2. Salinity gradient solar ponds 22

various temperatures had not been examined. Nevertheless, it is agreed that
the diffusion coefficient increases typically at high temperatures, which leads
to boosting the upward salt flux in ponds [9].

Sodium chloride is regarded as the common salt by far for loading and running
salinity gradient ponds worldwide. Sodium chloride is the main and most rec-
ommended type of salt by many researchers to be used in SGSPs [9]. Some of
its inherent advantages are; it has the lowest molecular diffusivity, its solubil-
ity value is high enough to meet the highest solution density required, and its
solubility does not change significantly with temperature. It is also crucial to
mention here that the salt used in SGSPs should also be non-toxic, and ecologi-
cally acceptable to avoid any environmental and economic risks, subsequently,
lining (insulating) the bottom of the SGSP which has been discussed in the pre-
vious section is crucial not only to reduce heat wastes to the soil but also to
protect the environment.

2.5.4 Forming the salinity gradient

The critical requirement of SGSPs is that a salinity gradient must be established
and maintained [9]. The first primary task to implement a SGSP is to create a
gradient salt concentration profile efficiently, in order to function as an insulat-
ing non-convective layer that suppresses convection in the bottom of the pond
and, consequently, disallowing pond overturn and heat loss.

Many ideas and methods to build the gradient zone have been introduced and
experimented in operational SGSPs [9, 41]; (I) Rab and Nielsen method, (II)
Fixed level injection method, and (III) Scanning and injecting method. The se-
lection of what technique is the most effective depends on whether salt and
salty water are accessible, the size of the pond, the significance of wind dis-
ruption anticipated, and the equipment available [20]. This section not only
reviews the three procedures used of creating a salinity gradient but also ex-
plains the physics behind setting up a salinity gradient and forming the three
zones of the SGSP explicitly.

The first well-documented method goes back to 1974. In June 1974 Rabl and
Nielsen [22] built the US first experimental pilot plant salinity gradient solar
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pond in Columbus at Ohio State University. Since then, Nielsen has tried to
resolve several practical difficulties connected with creating a salinity gradient.
The first technique he used to fill the pond was to mix the brine of a proper
concentration in tanks available close from the pond location. This brine solu-
tion created was permitted to run through a pipe over a board that placed on
a pond surface. As the pond filled, the salt concentration was made smaller
to obtain the correct density gradient. This method is not practical due to the
long period of time required to fill in the SGSP and to create the gradient using
this method. In this particular solar pond, Nielsen would sometimes discharge
water at different heights through a relatively large hose to drain out leaves
and other unwanted objects that fall in the pond. After the filtering process, the
solution would be pumped back in at the height it had been withdrawn [22].
This filtering process is unpractical. It produces the onset of internal convec-
tion currents in the gradient non-convective zone of the pond. These particular
internal convection currents cannot be easily observed. The simplest straight-
forward technique for tackling such an issue when noticed was to withdraw
the fluid at that particular height, inject enough salt to make the fluid heavier
and prevent convection. This technique can only be effective for small salinity
gradient solar ponds [22]. For large scale solar ponds, other techniques should
be considered.

The second method is the fixed level injection method for creating the salin-
ity gradient which has been proposed at the University of New Mexico, which
is at that time considered as the easiest and most expedient method to build
and adjust the gradient layer [41]. This does not need supplementary tanks,
and it can be suitable for solar ponds of any size. In this method, the primary
parameters that should be planned for each injection step are the upper and
the lower limits or elevations, and also the amount of freshwater needed to be
added. The lower limit of the first injection step will be the elevation of the
interface between the non-convective zone and the lower convective zone. The
lower limit is maximized by almost 5 cm for each following step. The amount
of water injected at each step is decided to depend on the required salt concen-
tration profile; the salt concentration profile results from the previous injection
step. Complete injection process until the fluid level in the pond approaches
the upper interface of the designated gradient layer. And lastly, add freshwater
onto the surface via a floating diffuser in order to not cause any mixing, until
the SGSP is full [26].
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The critical parameter for the fixed level injection method is the Froude number
Fr. It is a dimensionless number that represents the ratio of the kinetic energy to
the gravitational potential energy of the injected fluid. In order to accomplish
full mixing at the injection diffuser level, the Froude number should always be
kept at a fixed value of almost 18 [42]. At smaller Fr values the injected fluid
rises, via buoyancy force, and consequently, mixes just above the diffuser level.
On the other hand, when Fr value is greater than 18, the injected fluid tends
to entrain large volumes of fluid from underneath the diffuser level. Either of
those scenarios drives to correct gradient profile.

In order to meet the Fr condition throughout the whole injection process ap-
plying the fixed level method, the diffuser geometry and the flow rate must be
customised to suit the density changes of the ambient fluid at all injection steps.
Usually, the radius of the diffuser is fixed, and the flow rate is maintained close
enough to the highest value possible to decrease the time of construction. Ac-
cordingly, the gap of the injection diffuser requires to be modified and adapted
repeatedly throughout the fixed level injection process [24].

Generally, the diffuser gap is 2–3 mm [9], and the gap is customarily limited at
10–20 mm [24]. The restriction of using the ultimate diffuser gap and the ne-
cessity for using and maintaining the critical Fr number, restrict the injection of
the highest flow rate possible; consequently, more time is required for the gra-
dient establishment. When the required non-convective zone gradient profile is
established, the natural physical phenomenon of diffusion transports salt from
the lower zone to the upper zone at low rates. If entrainment at the interfaces
or internal gradient instabilities happens, salt transportation to the top layer is
increased above the molecular transport. All this salt must be discharged from
the upper layer by flushing the upper layer with freshwater [20]. The fixed level
injection process has been adopted at the El Paso salinity gradient pond before
the year of 1995, the gradient layer formation or creating was time-consuming,
tiresome, and also labour intensive.

The third method, which is the scanning injection method. In the year 1995, it
was proposed. It is a similar, but more innovative scanning injection technique
was introduced as a new method creating the salinity-gradient profile in SGSPs.
This new approach was first practised to modify and adjust the gradient profile
[43] and later used successfully to construct the salinity gradient. It slightly
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differs from the fixed injection method where; instead of remaining at a fixed
level, the diffuser is actuated up and down in a precise manner within a preset
area throughout the injection process.

FIGURE 2.10. Fresh water flushing system for the upper convective zone [26].

Zangrando described this technique as a simple method to create a salinity gra-
dient. Zangrando technique can be performed in three steps [20]. Firstly, a
solution at a high level of concentration is poured to fill the depth of the LCZ,
including also almost half the depth of the NCZ. Afterwards, freshwater to be
added to the solution in precise amounts to create the wanted gradient zone.
This particular action will weaken the concentration of the solution and will
form a gradient zone. The third and final step is to add a final layer of almost
freshwater to fill the UCZ. This technique is the accepted technique of filling
SGSP and is widely used. The major issue is to maintain the density gradient
for long times. In order to do so, salt should be injected into the lower zone,
while the surface is regularly flushed with freshwater [9]. The procedure is ma-
ture and has been successfully practised to build the 1.3 m thick gradient in
Miamisburg, Ohio, pond, which is one of the largest operational SGSPs in the
US, with a surface area of 2000 m2 [41]. Furthermore, the Zangrando technique
has also been used to adjust the gradient of the Ohio State pond [44, 41].

Even though the theory of this method appears to be easy; it is a complicated
task from the physical and practical point of views. For a greater understanding
of the technique, a detailed procedure is given here: Assume that a pond with
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FIGURE 2.11. Schematic diagram of relative positions of injector and surface during
establishment of the gradient.

vertical walls (constant area A) needs to have a salinity gradient created. The
pond should have a lower convective zone (Storage Zone) of Height Hs, a gra-
dient of height H , and an upper layer of height Zo. Assume that H must have
a linear gradient profile of salt concentration, from the highest salinity or con-
centration Cs to the lowest concentration Co. Neglecting the little differences in
volume during the time of the fluids being mixed, the average salt concentra-
tion of the gradient insulating layer is 1

2(Cs + Co). When the pond is filled with
a heavy solution of salty water to a height, Hs + 1

2 H. The pond holds all the
salt required yet needs a volume A(12 H + Z0) of almost freshwater. Due to the
fact that the lower convective zone is present and can not be displaced, place
the Z axis at Hs, move Z positive upward, and examine the development of the
gradient zone. A schematic diagram of relative positions of injector and surface
during the establishment of the gradient is depicted in Figure 2.11 [45, 41].

The freshwater is added via a diffuser; this freshwater would experience a
buoyancy force, and it rises to the surface entraining fluid along its path. The
entrainment process is very efficient at mixing the entire volume above the po-
sition Zd of the diffuser (Fig. 2.12 illustrated the diffuser used to set up the
gradient), Zi indicates the surface level, so the concentration above Zd is nearly
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homogeneous, but it varies as a function of time [20].

∂C

∂t
=

∂

∂t

(

Ma

Va

)

= −
C(t)∂Zi

∂t

Zi − Zd

(2.1)

where Ma and Va are the mass and volume of the brine above the diffuser.
In case the diffuser position has not changed, the brine above it is going to
be diluted at a rate C = Cs (Zo/ Zi) as the surface rises. In case, the diffuser
is moved at twice the rate of rise of the surface then ∂Zd

dt
= 2 ∂Zi

dt
, the diffuser

reaches to the surface at height H and the salt concentration profile left behind
becomes [20]:

Cz = Cs

(

H − Z

H

)

(2.2)

FIGURE 2.12. Diffuser used to setup gradient [26].

After building the gradient zone, almost freshwater should be injected to the
upper zone using a flushing procedure, as shown in Fig. 2.10. If this layer of
almost freshwater is not created, ambient turbulence will mix the fluid at the
top, and that will be at the expense of the gradient zone. Any salt gradient
profile can be creating adopting this technique [20].

Compared to a fixed level injection, the scanning injection method has many
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advantages. Firstly, the accomplished gradient profile is much accurate and
neat, also resulted in a perfect match with the required profile. Secondly, the
scanning method is straightforward and simpler to be used; it is far less labour
intensive and can be accomplished in short time[26]. For instance, in the El
Paso salinity gradient solar pond, the scanning method lessened the time re-
quired for establishing the gradient profile by 50 % as compared with the fixed
level injection technique [25, 26]. Moreover, the scanning injection method is
not as sensitive to the Froude number. The single condition for the scanning
injection method is that the injection velocity at the exit of the diffuser needs to
be adequate for obtaining a minimum Fr of almost 18 to guarantee an adequate
level of mixing [25, 26].

2.5.5 Salt dissolving and recharging

It is crucial to have a brine tank at the site, as shown in Fig. 2.13, to compen-
sate the salt loss from the bottom of the pond via diffusion during the pond
operation. A salt charger is used to charge salt into the pond. The salt charger
typically has openings, as shown in Fig. 2.13. The heights of the openings define
the location of the lower boundary of the non-convective zone. This tank could
also be used as a salt mixing tank during the initial filling of the pond. Such a
tank has been provided at the pond site. Also, in case of an emergency, it is also
possible to drain the salt solution to the sea without polluting the environment
[25].

Different investigators have used various other methods for dissolving the salt
in water. Some of the methods, ponds located very close to sea and salt works
directly use concentrated end brine/bitterns for SGSP establishment. For ex-
ample, Tabor and his team have used the end brines directly pumped from the
Dead Sea for all their ponds, including the largest ones. The only cost involved
in this is the pumping cost. Macdonald et al.,[46] have used bitterns from sea-
water desalination for their ponds. The bitterns were stored in a separate pond
and pumped into the main solar pond. Hull [9] while establishing this pond,
pneumatically pumped solid salt into the pond. Water was added, and the salt
was left to dissolve over the winter. The excess salt left salt piles that persisted
for many years without detrimental to the pond operation.
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Collins [47] has reported a fast salt dissolving technique that uses a "lixator", a
down-draft salt dissolver. The dissolver consists of a pit about 1 m in depth,
filled with salt crystals with a sprayer on top. As the freshwater moves through
the salt, it eventually becomes saturated. Due to the filtration action of the salt
stored in the lixator, the solution coming out of the lixator is reportedly a clean,
very clear saturated brine. Direct dumping of salt into the main solar pond and
allowing it to dissolve on its own will take a long time. Further, this causes
localized excess loading of the pond floor due to the salt dumping at a few
locations. Additionally, the bottom of the salt pile will collect either decreased
or nil insolation at its bottom because of the opaqueness and reflectivity of the
salt pile.

Moreover, if the salt crystals are directly dumped on any membrane liner, it may
get damaged because of the sharp edges of the NaCl crystals loaded on it [47].
Otherwise, they have to be powdered, which involves excess labour and energy
to crush the salt into powder. In the lixator type of salt distribution process,
salt has to be periodically and gradually added into the salt pit, which may
require constant feeding of salt into it, which may require a scooper machine to
do it or workforce attention is continuously necessary to load the lixator with
a constant periodicity. Moreover, there is a possibility of clogging of the silt
inside the lixator, which may reduce the brine discharge rate delivered into the
pond [47].

FIGURE 2.13. Salt charger fixed to interface wall [26].
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According to literature, for salt storing and dissolving techniques, the forced
circulation method could be used for the dissolution of the salt as this is simple
and less time-consuming. Further, the scum and other materials which float
on top during mixing could be removed, and the silt which gets settled at the
bottom could also be removed after pumping the brine into the main tank. The
same pump which is used for salt dissolution in the small mixing tank could be
used for establishing the salinity gradient when adopting Zangrando’s method.

2.5.6 Monitoring and control

Reliable instrumentation and careful monitoring schemes are crucial for suc-
cessful SGSP operation. Critical data, such as temperature and salt concen-
tration distribution in the SGSP, hydrodynamic stability, and clarity condition,
should all be observed and examined regularly. At the El Paso SGSP, for an
instant, the parameters which are monitored and controlled on a regular basis
and routinely include density, temperature, turbidity, and the PH; furthermore
continuous salt management analysis, thermal behaviour and stability analysis
are conducted [25, 26].

FIGURE 2.14. Instrumentation tower shown in yellow in the middle of the pond [26].

After the examination of many measurement techniques and instrumentation
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and monitoring systems from 1986 to 1992 at El Paso SGSP, an automated, in-
tegrated instrumentation system had been introduced there. This instrumenta-
tion system utilises a scanner technology integrated with the computer-controlled
data logger. The newly introduced automated instrumentation system at that
time has a drum-cable scanner, sensor head, sample pump, "U" tube density
meter, pH probe, cooling heat exchanger, turbidimeter, and computer. The sen-
sor head was mounted on the scanner. The scanner and sample pump were
mounted on the deck of an instrumentation tower, as shown in Fig. 2.14. The
density meter, pH probe, turbidimeter and heat exchanger were all mounted in
the same enclosure on the SGSP bank close from the instrumentation tower [25,
26].

The computer that is used for control purpose and data logging is placed in an
instrumentation and control compartment near the pond. With the integrated
monitoring and control instruments, all the measurement required can be per-
formed in around 3 hours. This supports a near "real-time" representation of the
SGSP status, thereby allowing more accurate gradient maintenance and conse-
quently higher thermal efficiency [25, 26].

Salt concentration, pH, and turbidity are examined almost every week, as these
variances happen at a slow rate. On the other hand, the temperature is mea-
sured daily, or during extreme operation conditions times a day. The spatial
interval of measurement is critical. As the minimum thickness for the internal
convective zones (gradient breakdown) is of the order of 5 cm [9]; however,
in some critical situations, such as gradient adjustment, the measurement in-
terval is decreased to 2.5 cm or even 1 cm. For the purpose of reducing the
impact of the turbulence on the accuracy of the measurements, the scanner is
moved downward carefully. A similar monitoring system was also adapted by
Pyramid hill solar pond and could be adapted in future solar ponds like the
proposed Libya SGSP. For more detailed information regarding the monitoring
system, see Refs. [25, 26].
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2.6 Heat recovery and integration with desalination

Heat recovery is the main aim of establishing a SGSP. This section discusses heat
recovery techniques and the possible SGSP -thermal desalination integrations.
The heat recovery process can be performed by submerging a heat exchanger
in the bottom of the SGSP, where a heat transfer fluid circulates in a closed cycle
via the internal heat exchanger and transfers its thermal energy to an external
heat exchange, another way of heat recovery is accomplished by pumping out
hot brine from the bottom of the SGSP at one side of the SGSP and after ex-
changing that heat in an external heat exchanger, the (cooled) fluid returned at
a lower level at another side [9], as shown in Fig. 2.15.

FIGURE 2.15. Conventional method of heat extraction using an external heat ex-
changer.

At the El Paso SGSP, heat recovery has been achieved by adopting the fluid-
withdrawal technique that is shown in Fig. 2.15. Where the hot fluid in the
bottom of the SGSP is withdrawn from the lower convective zone by using
an extraction diffuser depicted in Fig. 2.16 that has been placed in the lower
convective zone, the fluid exchange heat in an external heat exchanger before it
is returned to the LCZ via another return diffuser [25, 28, 26].

At Pyramid Hill and Granada salinity gradient solar ponds [26], the heat recov-
ery process is accomplished by circulating fresh water through an internal heat
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FIGURE 2.16. Schematic of suction diffuser of heat extraction system [25].

exchanger placed in the lower convective zone of the pond, and later transport-
ing the heated water to an external heat exchanger that is located 200 m far and
then to the thermal application as depicted in Figs. 2.17 and 2.18.

FIGURE 2.17. Conventional method of heat extraction using an internal heat exchanger.

At Pyramid Hill salinity gradient solar pond [26], the tubes of the internal heat
exchanger positioned inside the lower convective zone, precisely below the
NCZ-LCZ interface, the tubes are made from Iplex Polyplex Blueline Medium
Density Polyethylene (MDPE 80 B) plastic pipes (26 mm inside diameter, 31
mm outside diameter) in order to resist corrosion. The heat transfer surface
area is increased in order to compensate for the low thermal conductivity of the
(MDPE 80 B) plastic tubes (0.37 W/m ◦C). In total, 48 heat extraction (MDPE
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FIGURE 2.18. Heat exchanger (1200 m in length) in the Granada, Spain, distributed in
six independent spirals of 200 m each. Fixation of the heat exchanger pipes was done

by the use of concrete bricks [27].

80 B) tubes were placed, the length of each one of these tubes is about 60 m, as
shown in Fig. 2.19.

FIGURE 2.19. Heat extraction tubes and inlet manifold at Pyramid Hill [26].

The heat extraction (MDPE 80 B) tubes are attached to 2 polyethene manifold
pipes (72.9 mm ID, 90 mm OD) manufactured from the exact same material and
covered with 40 mm expanded polystyrene. Considering the saturated brine
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density which is about 1200 kg m−3 compared to only 1000 kg m−3 for pure-
water and approximately 943 kg m−3 for the (MDPE 80 B) tubes, the pipes have
undergone an up thrust and consequently had to be upheld in place by using an
extra anchoring equipment. The pipes were connected to barbells coated with
plastic to secure them in a specific place. Those design measures were taken
before creating the gradient profile. Furthermore, the pipes were insulated from
the top interface of the non-convective zone to the manifold by 9 mm thick
Armaflex insulation (32 mm ID). Moreover, larger plastic pipes (56.8 mm ID, 63
mm OD) was additionally inserted over the insulation in order to inhibit heat
loss from the pipes when the going fluid moves via the progressively colder
layers over the lower convective zone and out to the atmosphere [26], as shown
in Fig. 2.20.

FIGURE 2.20. Heat extraction tubes with insulation and outer tubes [26].

A 1.5 kW centrifugal pump was utilised to circulate the fluid in the heat ex-
changers. The designed inlet and outlet fluid temperatures were roughly 62
and 57 ◦C, respectively [26].

Accordingly, both heat recovery techniques are efficient for extracting heat with-
out a significant destabilizing effect on the gradient profile; however, in the
withdrawal technique, the velocity and temperature of the fluid being pumped
have to be monitored accurately in order to inhibit erosion of the gradient zone.
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Process integration

Desalination units powered by SGSP is a promising solar thermal desalination
technique when the geographical conditions and more importantly, the climate
conditions are favourable, and the resources are plentiful [25]. Even though
SGSPs provide comparatively low-grade heat, that can be less than 100 ◦C; they
are still regarded as a well-suited technology for providing thermal energy for
thermal distillation units. Notably, in the past decade, and that is due to a mas-
sive improvement in thermal desalination units as some thermal desalination
units can operate at top brine temperature of almost 60 ◦C [48, 49, 50].

There are a number of desalination techniques that have been utilised glob-
ally. A few of the techniques are completely matured and have even been em-
ployed on medium to large scales to desalinate brine water (considered in this
study), while some techniques are yet undergoing to improvements and have
just been accepted for demonstration purposes or at best at small scales. Desali-
nation systems can be classified according to the energy source such as; ther-
mal, mechanical, electrical and chemical energy sources. Another classification
depends on the desalination process: evaporation-condensation, filtration, and
crystallisation technique. Some of the desalination technologies are still un-
der development such as; solar chimney, greenhouse, natural vacuum, adsorp-
tion desalination, membrane distillation (MD), membrane bioreactor (MBR),
forward osmosis (FO), an ion-exchange resin (IXR). The reverse osmosis (RO)
followed by multi-stage flashing (MSF) and multi-effects distillation (MED) sys-
tems are the most worldwide implemented desalination technologies [48, 49,
50].

In order to utilize SGSP heat for medium to large scale desalination purposes,
different mature SGSP - thermal desalination configurations have been assessed
[51, 52, 10, 53]. The assessed configurations below are the most matured and
used medium to large scale desalination systems worldwide.

2.6.1 Multi effect desalination (MED)

The multi-effect desalination system functions by passing vapours from one
effect via a pipe to the following effect. This procedure or process makes the
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vapours condense in the following effect, while the produced heat throughout
the condensation process is utilised to heat the water in the following effect.
In order to accomplish such a process effectively, each effect is sustained at a
specific pressure point, which consequently, drives to a different boiling point
temperature for the water at each effect; however, there is an essential condition
here, which is to maintain the temperature of the seawater at a lower degree
than that of the condensing steam. This condition is crucial for the effective
and efficient functioning of the multi-effect process; otherwise, the following
effect will not get enough thermal energy to perform the task [54].

Generally, MED is deemed to be among the highest performing thermal desali-
nation techniques. The evaporation process and condensation process occur
concurrently in the heat exchanger and the different effects [30]. The features
of the MED method are listed [30]; (I) MED operates with low-heat supplies
such as solar radiation collectors. (II) The MED units can efficiently run at a top
brine temperature (inlet of the first stage) of 60 - 65 ◦C as in MED-TVC [48, 49,
50]). Additionally, it can handle a high concentration ratio of the reject brine
even at saturation conditions. (III) MED systems tolerate operational condi-
tions. Operating at a low temperature makes the system able to avoid scaling
and corrosion. (IV) MED process tolerate the fluctuations in seawater quality
(such as salinity or turbidity); consequently, it provides stable behaviour and
performance. (V) Multi-effect desalination system with thermal vapour com-
pression (MED-TVC) particularly has low energy consumption [7].

2.6.2 Multi effect desalination - thermal vapor compression

In multi-effect desalination thermal vapour compression units MED-TVC, a
mechanical compressor is utilised to compress the water vapour. The water
vapour that has been compressed then transport inside a number of tubes,
which drives to condensation. Figure 2.21 shows a schematic diagram of a me-
chanical vapour compression distillation system coupled with MED powered
by a salinity gradient solar pond. Thermal vapour compression is usually cou-
pled with multiple-effect distillation, which utilises water vapour produced in
each effect [55, 49, 50].
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FIGURE 2.21. Schematic diagram of SGSP coupled with MED-TVC plant.

MED-TVC is characterized by low energy consumption, high-performance ra-
tio, easier operation and low maintenance requirements [7]. The MED-TVC
units can efficiently run at a top brine temperature of 60-65 ◦C [48, 49, 50].

Having reviewed some thermal desalination units. Turning now to studies on
solar thermal desalination processes have been carried out. Since 1987 at El
Paso SGSP [56] research on SGSP-thermal desalination has been conducted.
Research conducted on desalination might be split into two phases. The first
phase from (1987–1994) which centred around testing the technical practicabil-
ity of SGSP coupled desalination systems. Throughout this phase, two single-
effect, 24-stage falling-film desalination units MSF, and a multi-effect,multi-
stage(MEMS) flash evaporator were experimented [57]. The second phase com-
menced in 1997, which concentrated on enhancing the efficiency and thermo-
economics of SGSP coupled desalination system.

The first phase had three significant functions: (I) to advance the thermody-
namic effectiveness of the SGSP-MSF unit; (II) to examine and experiment other
low-temperature thermal desalination integrations; and (III) to improve the
overall systems strategy which combines SGSP coupled with multi-process de-
salination units and brine concentration methods.

An old MED unit was renovated and fitted at the El Paso SGSP in September
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from the same year [28]. The later system was examined under various opera-
tional circumstances, including changeable heat input, temperature level, and
various sources of brackish water. The influential elements affecting distillate
output and energy consumption rate were recognised. It was observed that the
water at the SGSP surface could signify an efficient cooling source for thermal
desalination, and power consumption could be lessened, thereby omitting the
need for cooling tower [28].

Membrane distillation (MD) have likewise been investigated. In order to decide
the technical feasibility and operational efficiency of MD coupled with a SGSP,
a small MD system (about 350 L/day) experimented at El Paso in 1999. The lab-
oratory outcomes proved that SGSPs serve a possible source of electric power
to drive a relatively small MD desalination unit [28]. It was evident from the
experimental research that desalination units that are thermally driven, such as
MSF and MED are more promising than electrically driven such as MD.

Seawater desalination seems to be a promising utilisation of SGSP thermal en-
ergy. Besides producing clean, green energy to derive desalination units, SGSPs
can also help to utilize the waste concentrate. Brine concentrate management
and disposal are recognised as one of the main impediments for desalination
applications. Domestic desalination of salty water must regard not only the fa-
cilities and energy needed to run the units but also environmentally suitable
and economically feasible brine concentrate management and disposal pro-
cesses.

Coupling SGSP with desalination could lead to better brine management as the
situation in El Paso, where the rejected brine from the desalination system is
re-injected to the SGSP thereby compensating the need for disposal, and sub-
sequently transformed to a contamination-free energy source for desalination
units [28]. In order to scrutinise the technical and economic feasibility of the
approach mentioned above, and to gather data and information for a so-called
‘zero discharge plant, a brine Concentrator and Recovery System (BCRS) was
constructed in 1999 and experimented in 2000 at El Paso. Extensive details of
this concept are discussed in Ref. [28].

Saleh et al. .[11] reported a 3000 m2 SGSP integrated with desalination in a lo-
cation close to the Dead Sea was able to provide an annual average production
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rate of 4.3 L/min of freshwater, compared with 3.3 L/min that would be de-
livered by El Paso SGSP and at lower price [25], though, it has approximately
similar surface area [11]; however, at the near Dead Sea SGSP, the appearance
of gassing was witnessed. When the ground below the SGSP touched a tem-
perature of over 60 ◦C, gas bubbles developed at the base of the SGSP which
created mixing and turbidity. At the point, it was supposed that this gassing
was as a result of anaerobic decomposition of organic material below the SGSP,
however, after that, it was noted to be due to the proximity of underground
water which released dissolved air into the SGSP [11].

Geographical and climate conditions play a significant role in SGSP thermal
performance. Thus, each potential site should be assessed separately. In addi-
tion to that, thermal desalination units have advanced significantly during the
past two decades. Recently, some desalination units such as the MED-TVC are
reported to be working at an extremely low-grade heat. Consequently, a new
assessment of SGSP-Thermal Desalination is required. The next section will re-
view the literature (experimental and numerical) studies concerns with SGSP
thermal potential, behaviour and stability.
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2.7 SGSP: thermal performance

Different thermal performances (maximum recorded LCZ temperature) have
been reported, El Paso [25] recorded LCZ temperatures range between 70-93
◦C, Bhuj [33] 84 ◦C, Pyramid Hill [26] 90 ◦C, and Granada [27] also recorded
90 ◦C. This section reviews pertinent experimental, theoretical and numerical
studies concerned with understanding the determining factors of the salinity
gradient solar pond thermal behaviour and performance.

2.7.1 Experimental approaches

Rudolph Bloch In 1948, [15] proposed the first artificial solar pond to investi-
gate SGSP thermal performance. Later, Tabor [16] and Rabl and Nielsen [22]
reported a series of experimental studies of salinity gradient solar pond. Sev-
eral experimental pieces of research have been conducted after that and up to
this date in order to study the SGSP thermal behaviour [58, 59, 60, 61, 62].

Experimental work has principally focused on thermal measurements to inves-
tigate the thermal behaviour of SGSP under different conditions. The thermal
performance differs from one experiment to another, as different experimental
set-ups were used (e.g. different sizes for the zones, different salt types, etc.).

It can be concluded that experimental approaches to study the thermal be-
haviour and performance of salinity gradient solar pond can be time-consuming
and sometimes expensive. Any change in pond parameters necessitates a change
in the experimental set-up. For instance, any damage to the non-convective
zone requires a new salt gradient formation. Due to the long-time requirements
for the pond to heat, long time to detect season variations, and the need for a
completely new set-up in the case of any instability occurs to the zones. The
computer simulations can provide an alternative approach to study the effect
of parameters on pond performance in a shorter time, with different parameters
for any location.
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2.7.2 Theoretical modelling and simulation approaches

Computer simulations can provide an excellent alternative approach to inves-
tigate the effect of various parameters on SGSP thermal behaviour.

SGSP was theoretically investigated by Weinberger in 1964 [63], who made the
first documented attempt to described the physics of salinity gradient solar
ponds. Weinberger, in his study, also predicted the thermal behaviour of SGSPs
by resolving the heat and mass diffusion equations analytically. The partial dif-
ferential equations PDFs analytical solution was accomplished considering an
exponential solar radiation transmission function of the radiation absorption
throughout the SGSP. In his model, Weinberger also made other assumptions,
where he assumed that ignoring sides losses is fair as the SGSP considered to
be well insulated, the upper convective zone temperature of the SGSP is sup-
posed to be equal to the ambient, the UCZ-NCZ and LCZ-NCZ interfaces are
fixed. He stated that analytical solutions are useful for simple indications [17];
however, it can be argued that if more complicated conditions (complicated
boundary conditions) are considered, then numerical methods have to be used
to reach more precise predictions of thermal behaviour and performance.

Followed, in 1975, Rabl and Nielsen [22] used the Weinberger’s model; how-
ever, this time, they have divided the SGSP into a two-zones with LCZ and
NCZ. The top of the non-convective zone temperature (practically the UCZ) as-
sumed to be equivalent to dry bulb temperature of the ambient air, and all solar
radiation transmitted to the lower convective zone is absorbed in that layer.
Basically, Rabl and Nielsen extended Weinberger’s theoretical model, but this
time considering, heat is permitted to be a loss to the ground, considering the
thermal conductivity and heat capacity of the earth.

At that time, Rabl and Nielsen’s model was a more realistic approach to be
taken in order to study SGSP thermal performance, considering that work has
been done before the advancement of insulation liners. In comparison to Wein-
berger theoretical model where he neglected the heat loss to the ground prob-
lem altogether.
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Bryant and Colhcck [64] have used the Rabl Nelsen model to estimate the tem-
perature of SGSP suited to the climate conditions of London. They have esti-
mated that a SGSP with an area almost equal to the area of a residential house
is required for its space heating, with a cost comparable to the cost of using gas
for heating. During their effort, they managed to develop a relationship for the
fraction transmitted of solar radiation reaching any depth of SGSP, from 1 cm
to 10 m, that closely matches the equation developed by Rabl and Nielson and
used in their model [22].

Kishore and Veena Joshi have developed a steady-state model for non-convective
SGSP [65], taking into consideration the heat losses from the top surface and the
bottom of the SGSP. In their model, the UCZ boundary condition of the govern-
ing heat diffusion equation is not fixed to the ambient temperature at the SGSP
location. Alternatively, it adopts the climate temperature for each month and
calculates the heat loss from the surface. Their study has shown that, depend-
ing on climate conditions, the thermal performance of the SGSP can deviate
substantially from that when UCZ temperature is fixed, and issues like heat
losses from the surface were not considered.

Subhakar and Srinivasamurthy [66] have developed a simulation procedure in
which a set of nonlinear PDEs of mass and energy balances of the three zones
UCZ, NCZ and LCZ have been solved numerically using the weighted average
finite difference method to predict the transient thermal behaviour of a satu-
rated SGSP. Thermo-behaviour is considered to be dependent on the hourly
variation of solar radiation, relative humidity, air velocity, ambient tempera-
ture. They concluded that the pond thermal performance indicates that the up-
per convective zone heat losses contribute significantly to the total heat losses
from SGSP. As well as that, the impact of a ground heat loss appears too little
in comparison to the top heat losses. It was also concluded that saturated SGSP
had not proved any significant improvement in terms of thermal performances
over a similar unsaturated SGSP, apart from its stability.

According to the reviewed literature, in terms of method of solving the gov-
erning equation of SGSP, analytical methods are beneficial for simple cases and
indications; however, when more complicated boundary conditions are consid-
ered, numerical methods have to be employed.
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The reviewed literature above are not the only efforts that have been made to
study the SGSP thermal behaviour and performance, but they were the first
efforts to set the basis for future research. Following that, there were several
numerical methods and numerical solutions of the partial differential energy
equation governing the salinity gradient solar pond in the literature. Similar
assumptions and simplifying hypothesis to those made by previous researchers
have been made. Hull [67], Rubin et al. [68], and Kurt et al. [61], Safwan [69]
have used a finite difference method, while Jayadev et al.[70] and Panahi et al.
[71] have applied a finite element technique.

All these efforts helped to understand the thermal performance of SGSP; how-
ever, interestingly, SGSP had different thermal performance even when similar
assumptions and simplifying hypothesis were made, which drives the author
of this research to this conclusion; SGSPs are not off the shelf technology.

SGSPs by their nature exhibit a surprising degree of climatology-specific be-
haviour and subsequently, different thermal performances. The interaction be-
tween the pond and the environment seems to be always of fundamental im-
portance. This fact implies that one best not presuppose that a SGSP can be
built and operated at any site, in the short or the long term, by blindly follow-
ing a simple construction manual. Instead, for future applications, one must
accurately assess and evaluate each potential SGSP via experimental (inflexible
to parameters change, time-consuming and expensive, option), or via computer
simulations, and then assess the application of pond, on its merits.

In order to assess the thermal potential of SGSP as a source of thermal energy
according to the geographical conditions of Tripoli, a study considering Tripoli
climatology should be conducted. Unlike all numerical used in the literature (fi-
nite element and finite Difference), finite volume method will be adopted this
time. Both finite element and finite volume are easy to define up to second-
order accuracy on unstructured grids; however, the finite volume is a new ap-
proach to be used this time for 1-D SGSP thermal potential study. The 1-D study
should provide an indication of the SGSP thermal performance as a stable sys-
tem.
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2.8 SGSP: operational stability

This section aims to review factors that negatively affect SGSP thermal perfor-
mance and long term operational stability. According to experiences from the
reviewed salinity gradient solar ponds [25, 33, 26, 27]. Table. 2.1 summarizes
the most common factors that tend to deteriorated SGSP thermal performance,
behaviour and bring instability [24, 11, 26, 27]. Luckily, there have been con-
siderable theoretical [24, 67, 68, 12, 72] and experimental [73, 61, 34] studies
addressing some of the issues, which include analytical and numerical models
[74, 75, 76], laboratory testing, construction and performance analyses [24, 77].
Factors that affect the SGSP thermal performance and bring instability could be
divided into three main categories (I) Design and construction issues, (II) Me-
chanical sources of instability, and (III) Thermal and hydrodynamic sources of
instability.

TABLE 2.1. Factors affect SGSP thermal performance and stability [78, 14, 79, 11, 26,
27].

Design and
construction

Mechanical factors Thermal and
hydrodynamic

factors

The site selection Heat extraction
system

Double diffusive
convection

Underground-water
table depth

Surface flushing Interfaces motion

Liner quality Wind turbidity

Salt type and quality

Thickness of zones

A review of the previously conducted research studying and investigating these
factors is conducted in the next sections in order to highlight issues that either
have not been studied or has not been investigated in sufficient detail.
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2.8.1 Design and construction sources of instability

Fortunately, today, in 2019, salinity gradient solar ponds can employ well-established
techniques for the most part of their construction and design. The present sec-
tion covers the effect of, selection of site, salt type and dissolving methods,
lining, water clarity and Zones thickness.

Improper site selection

According to the reviewed ponds [25, 33, 26, 27], it can be stated that SGSPs are
not off the shelf technology. SGSPs by their nature exhibit a surprising degree
of site-specific behaviour and subsequently, different thermal performances as
it has been shown in the previous section. El Paso [25] recorded LCZ temper-
atures range between 70-93 ◦C, Bhuj [33] 84 ◦C, Pyramid Hill [26] 90 ◦C, and
Granada [27] 90 ◦C.

Underground-water table depth

In the near dead-sea SGSP, the phenomenon of gassing was observed. When the
ground under the pond reached a temperature of just over 60 ◦C, gas bubbles
appeared at the bottom of the SGSP which caused mixing and turbidity. At the
time, it was believed that this gassing was due to anaerobic decomposition of
organic material under the pond but was then believed to be due to the proxim-
ity of underground water which released dissolved air into the pond according
to Saleh’s study [11]. This shows the importance of the right site selection and
using a liner to insulate the bottom of the SGSP.

Low-quality liners

Various lining practices have been applied in SGSPs, such as flexible membrane
liners and compacted plastic/clay concealed liners. Kumar [24] for example,
stated that Bhuj SGSP provided thermal energy for around two years, which
is enough evidence of the competence of the lining system used. Nonetheless,
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it may not be considered as a high-grade option fundamentally due to linear
Low-Density Polyethylene LDPE and LDPE-variants are not intended for high-
temperature settings. Studies conducted on the LDPE film (Liner Section) in-
dicate that the LDPE film undergoes degradation due to oxidation process and
reduction in mechanical characteristics such as tensile strength and puncture
resistance as a result of which it fails to contain the pond brine leading to leak-
age when the temperature of brine is in excess of 80 ◦C. In the third year of
operation, the site experienced leakage because of the failure of the LDPE liner,
when the temperature of the SGSP was allowed to be close to 85 ◦C without any
heat removal [24].

Throughout the earlier years, the El Paso SGSP had encountered liner collapses
[80], where three distinct types of liners have been applied: a geosynthetic clay
liner (GCL), an XR-5 8130 liner and a polypropylene liner.

The XR-5 liner, a PVC covered polyester fabric, have been applied in the 1970s
in many SGSPs. This liner, possessing a 1.0 kg m−2 weight, was introduced
at the El Paso SGSP in 1984 as part of a double lining arrangement with a
present Hypalon liner under making a secondary containment. The forecasted
endurance of the XR-5 liner was about 20 years. Nonetheless, it collapsed in
1992 after 7 years of SGSP operation. Over 100 holes were spotted on the XR-5
liner on the deeper bottom of the side walls. Failure analysis showed that the
XR-5 liner, close to the LCZ in the SGSP, at points the liner exhibited to high
temperature, tended to be very fragile and the durability of the material wors-
ened to as low as 10% of its primary strength [81].

The GCL was another option to a geomembrane liner which is a compacted
plastic/clay lining system GCL applied for SGSPs in Mexico. A GCL pro-
vides many improvements, including, inexpensive option and extraordinary
puncture endurance. Yet, the features and expenses of GCL are quite location-
oriented and might diversify based on the expertise who construct it[82]. It
might be too challenging to attain a proper regional or domestic clay for GCL.
At El Paso, five local clays had been examined in order to decide the best com-
paction, mineralogical composition and hydraulic conductivity. Unfortunately,
none of the clays demonstrated satisfactory level for use in a SGSP.
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FIGURE 2.22. Installation of Geo-textile between the polypropylene liner and GCL [25].

Following an examination of different kinds of insulation schemes, two sepa-
rate insulation schemes, a flexible polypropylene geomembrane and a geosyn-
thetic clay liner (GCL) for the SGSP base were decided and composed espe-
cially for the El-Paso SGSP. The GCL applied at the El Paso SGSP composed of
a layer of sodium bentonite clay adhered to 30 mm polypropylene. The GCL
is overlain and thus needs no cementing, causing the installation to be simpler
and economical. The bentonite possesses a 92% montmorillonite content and
is formed to combat the impacts of pollution and contaminants from saltwater.
Both liner arrangements were introduced and applied in May 1994. The process
of installation of the liner system is shown in Figs. 2.22 and 2.9.

The liner used for sidewalls was approximately a 40 mm polypropylene seamed
liner placed above a 30 mm polypropylene auxiliary containment liner. The
particular GCL was placed on the base of the SGSP with the clay side below
to reduce contact between the brine from one side and the bentonite from the
other side. Inbetween the GCL and the adjustable polypropylene liner, a film
of geo-textile was fitted to preserve the GCL from damage. The layers of the
GCL were overlaid 30–50 cm and a 146 kg m−2 overburden of soil were placed
as prescribed by the producer. A waste scheme introduced below the GCL was
created to support the monitoring of the leakage percentage. The following
was hydration with freshwater, which is needed for the creation of the SGSP,
dense concentrate brine with dry salt was injected into the SGSP from other
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evaporation ponds at the site. Thus, a salinity gradient was created in March
1995. According to some recorded leak measures, the hydraulic conductivity of
the GCL was determined to be on the order of 2×10−6 cm/s [81, 83].

Lastly, a polypropylene liner was used. In summer 1996, around 2 years after
the establishment of the geosynthetic liner, the 40 mm polypropylene liner on
the SGSP sides collapsed. Due to an inappropriate UV stabilizer was combined
with the resin material while manufacturing, the liner deteriorated because of
the exposure to ultra-violet UV. Cracks and splits occurred above the SGSP wa-
terline, particularly in the north, east, and west sides of the SGSP. Subsequently,
the SGSP was emptied, and the whole SGSP was lined with an upgraded 60
mm polypropylene liner. It had run competently since that point and was still
in excellent shape by the end of the year of 2003 [25].

A thick Nylex Millennium polypropylene liner was used for Pyramid Hill SGSP.
To observe and follow the state of the liner, the bottom of the SGSP a sump was
created. A pipe was fixed below the liner to permit scrutinising the level of wa-
ter in the sump. The water volume in the sump should show whether the liner
is effective or not. This time, the liner was sturdy and gave excellent results
[26].

According to reviewed work, thick Nylex Millennium polypropylene liner is
highly advised. It was chosen for its strength to endure brine at high temper-
atures that could go up to 100 ◦C and also its unique resistance ability to the
ultraviolet type of radiation [26]. The lining represents a considerable, and crit-
ical, the cost in SGSP economics.

Low-quality salt type

According to experiment [25], the topmost three types of salts in terms of resis-
tance to temperature changes are sodium chloride (NaCl), magnesium chloride
(Mg Cl2 ) and sodium sulphate (Na2 SO4), respectively, [25].

Sodium Chloride; this particular salt makes the most part (77%) of the ocean
and seawater salts. Moreover, it is considered to be one of the most exception-
ally stable salts with temperature change. Furthermore, the transparency of Na
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Cl brine is relevantly high, and it is cheap in comparison to other types of salts
mentioned earlier. Sodium Chloride has the capacity to be dissolved in wa-
ter up to 27-30 % prior to approaching full saturation, which is deemed to be
comparatively low. Most of the USA SGSPs use Na CL [9].

Magnesium chloride (Mg Cl2) is another commonly used type of salt in salinity
gradient solar ponds. It is deemed the second-highest salt constituent of the
seawater. Moreover, it makes the most significant portion of salt in the Dead
Sea. This mainly salt is stable during the pond operation, and it manifests high
solubility in creating a brine that is so dense. Mg Cl2 is capable of dissolving
within a range of 35 to 40 % depending on the water temperature. In compar-
ison with Na Cl, magnesium chloride is capable of providing a slightly higher
salinity. Also, it is more stable during the pond’s operation. The only disadvan-
tage it holds in comparison to Na Cl, it is much more costly and not as abundant
[9].

Other types of salts; Murthy and Pandey [84] studied fertilizer salts for oper-
ating solar ponds. Kurt [61] performed both experimental and numerical in-
vestigations of the performance of sodium carbonate salt gradient ponds under
simulated solar radiation. While [85] assessed the performance of magnesium
chloride saturated solar ponds. Hassairi et al. [86] used natural brine. The high-
est temperature achieved in the natural brine salinity gradient ponds is slightly
less than the Na Cl and Mg Cl2 salinity gradient solar ponds [86].

In summary, according to previous experiences, it is not surprising that sodium
chloride is regarded as the common salt by far for loading and running salin-
ity gradient ponds worldwide. Sodium chloride is the main and most recom-
mended type of salt by many researchers to be used in SGSPs [9]. Some of
its inherent advantages are; it has the lowest molecular diffusivity, its solubil-
ity value is high enough to meet the highest solution density required, and its
solubility does not change significantly with temperature.

It is crucial to mention here, that the salt used in SGSPs should also be non-
toxic, and ecologically acceptable to avoid any environmental and economic
risks, subsequently, lining (insulating) the bottom of the SGSP which has been
discussed in the previous section is crucial not only to reduce heat wastes to the
soil but also to protect the environment.
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Hight turbidity

After the salinity gradient pond is established, controlling the brine transparency
plays an important part in the thermal efficiency of the SGSP. The clarity of the
pond by lessening and preventing any presence of algae or dust contributes to
the thermal performance of the pond directly and indirectly. Certain measures
should be taken to remove debris and leaves that are less dense than water and
tend to float on the top of the SGSP by skimming them off. Dust sank to the
bottom of the SGSP does not affect the absorption of solar radiation. However,
any of the dust that is floating in the non-convective zone should be ended
by adding powdered alum. The growth of algae can be managed by injecting
copper sulphate. However, it should be noted here that if the SGSP water is al-
kaline, copper sulphate might not dissolve. Hull [9] has recommended various
methods of algae control.

Improper pond size and zone thicknesses

Improper sizing of the SGSP zones could lead to counterproductive results.
Kooi [87] has developed a steady-state three zones salt gradient solar pond
model also with the assumption that the UCZ temperature is equal to the wet-
bulb temperature of the ambient air. In his model, SGSP was considered as
a flat plate solar energy collector, and hence the Hottel-Whiller-Bliss form of
equations was applied for the pond in Kooi study. The resultant efficiency of
the SGSP has been compared with that of a flat plate collector. He demonstrated
that, for given surface temperature, heat collection temperature and insolation,
there is an optimum thickness of the non-convective zone NCZ of 1.2 m for
which the heat collection efficiency is maximum.

In 2008, Garman [88] conducted a sizing and thermal study of salinity gradient
solar ponds and reported that 1.1 m is optimum NCZ thickness which is in a
good agreement and very close to the figure suggested by Kooi [87]. However,
none of the previous works provided a procedure to maintain a SGSP at the
recommended pond-zone thickness.

Stability of the zones is crucial in order to maintain the overall pond thermal
performance and stability. Tabor [89] noticed that even when no washing of
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the surface was performed the density gradient at the top of the pond was lost
at the rate of 1 cm/week and mixing caused the appearance of a convecting
zone at the top, thus indicating that a UCZ is automatically formed at the cost
of NCZ. Tabor and Matz [16] have reported that a surface wave amplitude of
2 cm, developed a mixing zone of 20 cm. To keep wave amplitudes down to
these levels would require windbreaks and wave breaks at 50 - 100 m intervals.
In their SGSP with no wind or wave breaks, the top mixed zone always reached
an asymptotic depth of 20 cm. In order to keep the UCZ at 0.40 m, Tobar and
Doron [89] in their 150 k/W pond used spaced plastic nets to float on the sur-
face to reduce the fetch and to dissipate the wind. Though Al-Marafie et al. [90]
have selected a UCZ thickness of 0.4 m, they found it very difficult to maintain
it because of the heavy seasonal winds of that region (Kuwait) and reported se-
vere wind-induced mixing between UCZ and NCZ which resulted in the UCZ
thickness increasing from 0.4m to 0.9 m.

Tabor and Doron [89] have selected 0.4 m as UCZ thickness and have main-
tained it by floating plastic nets which attenuates the mixing of the upper wa-
ters. Motiani et al. [24] have used 0.5 m as UCZ thickness, considering the
windy location of Bhuj and have used a wave suppression system to reduce
NCZ erosion due to wind mixing. Similarly, Mac Donald et al. [46] have used
0.5 m as UCZ thickness and maintained it by floating ring wave suppressors
on the surface. Srinivasan [33] has maintained the UCZ thickness of his pond
between 0.3 m and 0.6 m. Higher values such as 0.6 m have been maintained
during heavy rainfall to take care of rain penetration dilution at the UCZ-NCZ
boundary. Patel and Gupta [91] have suggested a UCZ thickness of 0.3 m - 0.5
m for the SGSPs in tropics.

Kooi [87], Wang and Akbarzadeh [79, 26] Bansal and Kaushik [92] and Motiani
et al. .[24] have made theoretical modelling studies on a solar pond and have
suggested a UCZ thickness as thin as possible, ranging from 0.1 to 0.5 m, in
order to have maximum solar collection efficiency.

From the theoretical investigations of the present study, it has been concluded
that a UCZ thickness ranging from 0.1 to 0.5 m could be used for the solar
pond. This conclusion is consistent with the findings arrived at by several in-
vestigators given above using altogether different models/from their experi-
ence on practical ponds. Cha et al. [93, 94] have theoretically analysed the
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effects of wind velocity on the wavelength of surface waves generated by the
wind, by keeping the fetch as the parameter. They have given a graphical rela-
tion between wind velocity over the pond surface and wavelength of the sur-
face waves, for different constant values of fetch length of the pond. They have
shown that the UCZ thickness could be 1.6 times the wavelength of surface
waves to take care of the wind effects. The findings of the studies of the various
investigators show that a thin UCZ layer gives maximum solar collection effi-
ciency. But difficulties are encountered in keeping the UCZ thickness as small
as possible, because of the, (I) Wind shear causing the top convective layer to
rotate horizontally leading to mixing al the interface, (II) Surface water evapo-
ration requiring daily addition of freshwater for make-up on the top zone and,
(III) Rain penetration causing the UCZ thickness to get increased at the cost of
the NCZ thickness.

For maximum solar energy collection, the UCZ thickness could be between 0.1
and 0.5 m, as the wind velocity is high in Libya during some seasons (dusty
wind from desert). And the country does not get rains so often. So, a relatively
thick UCZ is reasonable. The procedure given by Cha et al. has been considered
in this study to fix the UCZ thickness. Therefore following Cha et al. [93, 94], a
UCZ thickness of 0.4 m will be selected. This UCZ thickness of 0.4 m is within
the upper limits given by Kooi (30), Wang and Akbarzadeh [79, 26] Bansal and
Kaushik [92] and Motiani et al.[24] for maximum solar energy collection. The
UCZ thickness selected for the proposed Libya SGSP takes care of the rain pen-
etration effect also the wind effect. The UCZ thickness must be fixed based on
the climatic condition of the pond site and the LCZ temperature required.

The theoretical investigations of Kooi [87] and Bansal [92] have shown that as
when the NCZ thickness decreases from the set-up thickness, the pond effi-
ciency falls rapidly. Rabl and Nielsen [22] have shown in their theoretical in-
vestigations that smaller NCZ would give only a low temperature for the pond.
And Ref. [24] while working with their pond in India have observed, that there
is low efficiency and massive conduction loss from LCZ to UCZ and they have
attributed these to a thin NCZ used by them. They have also found that if the
NCZ thickness is less than the optimum value, the temperature gradient at the
NCZ - LCZ boundary is positive and not fixed. The respected researchers have
not proposed an optimum value for NCZ, and they instead meant the initial
set-up value.
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Al-Marafie el al. [90] while working on a SGSP in Kuwait had noted that when
the NCZ thickness was 0.45 m (i.e. 55% < the initial set-up value) the pond
could not sustain the temperature difference between the LCZ and UCZ and the
SGSP experienced heat losses. They stated that for the NCZ thickness (less than
the initial) the efficiency and pond temperatures are low and losses are high.
The theoretical investigations discussed had shown that as the NCZ thickness
increases from the initial value, the efficiency falls very slowly initially and then
falls rapidly but not as rapidly as the case when the NCZ thickness was less
than the initial. So it is imperative that the optimum NCZ thickness is used for
the pond so that it can have maximum collection efficiency without disturbing
the NCZ - LCZ boundary. The researchers have not proposed an optimum
value for NCZ, and they instead meant initial set-up value.

Tabor [21] has pointed out that the optimum thickness of NCZ depends on
pond clarity, the temperature of operation and the local insolation. And did not
provide any ratios or values for NCZ to other zones thickness. Kooi’s [87] the-
oretical analysis reveals that a salt gradient solar pond will have maximum col-
lection efficiency only for a particular optimum value of NCZ thickness, which
has been found to be in the range of 1.2 to 1.4m. Wang and Akbarzadch [95]
have made theoretical studies on the pond parameters, including ground heat
loss and reported an NCZ thickness of 1.5 m as the optimum thickness, for
maximum solar energy collection. Pacetti and Principi [96] have used an NCZ
thickness of 1.5 m based on the heating requirement estimated using computer
code. Srinivasan [33] has constructed a 240 m2 bottom area solar pond al Ban-
galore, using 1.0 m as NCZ depth of a total thickness of 2.4 m. This optimum
NCZ depth of 1.0 m has been obtained from his theoretical investigation. Mo-
tiani et al.[24] have used 1.5 m as NCZ thickness based on the observation that
it reduces the upward diffusion of salt from the storage zone.

Bansal and Kaushik [92] have predicted in their parametric studies on SGSPs
that for maximum collection efficiency, the NCZ thickness has to be 1.5 m. It
could be noted that the NCZ thickness used by a large number of respected
investigators in different locations ranged between 1.0 to 1.5 m. However, there
is no fixed ratio and a specific procedure for choosing the optimum thickness of
this zone. In this thesis, optimum zone thicknesses ratios will be investigated
by means of 1-D and 2-D models; a procedure will be suggested to choosing the
NCZ:LCZ optimum thickness ratio.
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The observations of Tabor and Doron [89] have indicated, that the diurnal vari-
ation of temperature has to be very small to consider a small LCZ thickness and
if it is very much excess of 2 ◦C/day LCZ thickness should be large enough. A
small thickness can lead to more rapid seasonal warm-up of the lower zone,
which may result in a large average value of boundary temperature gradient
and resultant gradient zone erosion. For example, Patel and Gupta [97] have
selected an LCZ thickness of 0.5 m, and have found that the diurnal variation
of temperature was around 3 ◦C in the LCZ. They have noticed massive gradi-
ent zone erosion, and in such cases, steady-state conditions cannot be applied.
The LCZ thickness should be such that when the heat is extracted by the brine
withdrawal method and re-injected into the pond, the bottom layers of the gra-
dient zone are not disturbed. Tabor and Doron [89] have selected an LCZ thick-
ness as large as 2.5 m, in their solar pond, so that withdrawal of heat from the
storage zone at very high flow rates does not lead to erosion of bottom layers
of the gradient zone and the diurnal variation is less than 1 ◦C; however, lower
LCZ temperature is obtained in the latter. And more salt requirement will be
needed. Such large thickness should be economically justified when discussing
large SGSPs.

In order to operate a low-grade heating pond, Newell et al. [98] at the Uni-
versity of Illinois, have selected an LCZ depth of 1.8 m, with the intention of
operating it without daily and/or weekly involvement of personnel. Similarly,
Motiani et al. [24] have used 1.4 m as LCZ depth, so that hot brine withdrawal
does not erode the bottom portion of the NCZ Layers. Swift et al. (57) in their
3355 m2 SGSP initially used 0.6 m as LCZ thickness and extracted heat and later
used 1.0 m as LCZ thickness so that there could be no adverse effect on the gra-
dient zone and they could get a diurnal variation of nearly 1 ◦C. Hawlader and
Brinkworth [99] in their study have suggested an LCZ depth of 1.0 m for max-
imum energy collection to be obtained in a shorter pond heating period. Kooi
[87] has found the optimum LCZ depth for maximum heat collection for a fixed
UCZ depth. In Bansal and Kaushik [92] parametric study on a three-zone solar
pond model and found that a thickness of 1.2 m for LCZ as appropriate.

Agha [100] used a 1-D model to investigate the thermal characteristics and eco-
nomic of SGSP coupled with MSF plant, where the size of the SGSP and the
number of stages for the MSF unit were examined counting the changes in the
quantity of thermal energy provided by the SGSP between the seasons in Libya.
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One result was that over-sizing the SGSP, lead to a decline in the seasonal yield
ratio; however, because of the current advancement in desalination units, an
up to date assessment to the thermal potential of the technology is needed. Ad-
ditionally, Agha model did not consider and misses the DDC effect; thus, it
would, therefore, has limited accuracy in sizing pond zones as it neglects the
changes occur to the zones during operation. MSF plants require a TBT of 90
◦C. Considering desalination units, that has a lower TBT could lead to better
results. Garman also [88] used a 1-D model to size the SGSP zones, he stated
that there is a linear relationship between the needed thermal energy for the
desalination system and the surface area of the SGSP and also concluded that
optimum thickness for the UCZ is 0.3 m, for NCZ is 1.1 and as large as 4 m
for the LCZ. It can be argued that the lower convective zone thickness influ-
ences the maximum temperature obtained by the pond. A small depth may
lead to higher LCZ temperature, which may disturb the gradient stability of the
pond by increasing the rate of salt diffusion to the UCZ. Furthermore, the high
temperature may also lead to failure of the liner material. As a matter of fact,
several SGSPs discussed in the liner section earlier in this thesis had a leakage
problem due to the failure of the liner material on account of high tempera-
tures. On the other hand, the large thickness may lead to a lower temperature
and high salt requirements, which can not be economically justified.

Thus, three factors to consider when choosing the LCZ thickness, (I) perfor-
mance, (II) Stability and (III) Economics. Previous studies used 1-D models to
study the zone thickness effect and neglected the stability factor altogether. 2-D
models are needed to investigate the sizing and hydrodynamic stability collec-
tively. The gradient zone or non-convective zone is the region which does not
allow the heat from the storage zone of the pond to be lost to the ambient air by
convection, and it is important to maintain this layer at its optimum thickness
during the operation. In previous work, all the attempts were focusing on in-
vestigating the optimum NCZ thickness, without focusing on the thermal and
hydrodynamic sources of instability and the changes occur to the NCZ thick-
ness during the operation of the pond due to this instability sources.

Thus, a 2-D model coupling the heat, mass and hydrodynamic (velocity) ap-
proach could lead to more accurate results and predictions. A 2-D study to
investigate the optimal NCZ: LCZ zone thickness ratio will be conducted in the
present research.
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2.8.2 Mechanical sources of instability

The mechanical sources of instability can significantly affect the salt concentra-
tion profile, especially at the boundaries of the non-convective zone. Nonethe-
less, if mechanical instability sources such as the energy extraction system, the
surface flushing process, and the wind suppression and protection systems
are adequately designed, then the prime causes of mechanical instabilities and
shearing flows will be halted. Mechanical instability sources are, shearing-
flows induced by fluid injection, withdrawal, the top surface or the gradient
profile adjustment and energy extraction which affect the interior interfaces
and, wind-driven surface flows which in return affects the upper interface.

Fortunately, mechanical instability sources have been taking care of and ex-
tensively investigated by several researchers. And potential solutions to the
problems have also been provided. The heat extraction and UCZ flushing issue
have been investigated by Refs. [96, 89, 101, 25], and the wind-driven surface
flow has been studied by Refs. [102, 103, 104].

Heat extraction systems

Heat recovery is the main aim of establishing a SGSP; however, improper heat
extraction technique could damage the gradient layer (Mechanical source of
instability). The heat extraction process has been investigated by Refs. [96, 89,
101, 25]. Thus, well-established techniques that have been experimented are
available.

The experience at the El Paso pond shows that the fluid-withdrawal technique
is efficient and favoured. The extraction diffuser can be mounted at a depth of
maximum temperature in the lower convective zone while the return diffuser
is located just underneath it. Applying this technique admits the placing both
diffusers at a close point. Additionally, this technique guarantees that the colder
fluid is injected to the bottom, minimizing any heat loss to the ground [26].

Following many years of operation, the diffusers had rusted at some points.
Along with the corrosion issue, the free ions of iron were suspected to be a
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cause of the clarity problem in the SGSP. After this occurrence, the heat recov-
ery system was replaced in 1994, where steel diffusers were substituted with
polypropylene plate, connected by 15 cm rubber hose to the external piping
system [26].

As the potential for a SGSP to become unstable as a result of the fluid with-
drawal from the bottom of the pond is become suspected. Extreme withdrawal
procedure and/or reinjection procedures produces a turbulent flow that signi-
fies potential erosion of the gradient layer. This particular problem was first
noticed in the 2000 m2 Ohio SGSP, where the uneven returning flow was the
main cause given for non-convective zone erosion, while the main reason was
the high brine withdrawal rates [26].

Nevertheless, various SGSP that adopted this technique has shown that fluid
withdrawal was not an issue when the procedure and the system are appropri-
ately employed [102]. For instance, the suction point must be some centimetres
below the interface of the lower zone and the non-convective zone, while the
colder fluid should be returned at a lower level [9]. Additionally, it is advised
that the re-injected brine temperature must be below the lower convective zone
temperature to avoid the erosion of the NCZ [9]; even though there is no under-
pinning scientific logic, it could be translated to meeting the natural convection
condition, since the colder, denser brine would tend to flow.

At Pyramid Hill and Granada salinity gradient solar ponds, the heat recovery
process is accomplished by circulating fresh water through an internal heat ex-
changer placed in the lower convective zone of the pond, and later transporting
the heated water to an external heat exchanger that is located 200 m far and then
to the thermal application as depicted in Figs. 2.17 and 2.18. The technique was
effective and efficient throughout the years of operation [26].

Accordingly, both heat recovery techniques are reliable and efficient for extract-
ing heat without a significant destabilizing effect on the gradient profile. How-
ever, in the withdrawal technique, the velocity and temperature of the fluid
being pumped have to be monitored accurately in order to inhibit erosion of
the gradient zone.
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Surface flushing and wind effect

Another mechanical source of instability is the surface flushing process which
might affect mainly the NCZ, which in turn affects the stability of the gradient
pond. If the flushing process has not been performed correctly. The NCZ can
easily get eroded. Surface flushing method has been discussed in the design
and construction section.

Macdonald et al. [46], Hull et al. [9], and Al-Marafie et al. [90] have all re-
ported that high wind speed does not just cause the dust accumulation in the
pond, but it also increases evaporation losses appreciably and destabilize the
salt gradient layers. Several investigators, like Tabor and Doron [89] used arti-
ficial windbreakers and wave breakers to offset the effects of high wind speeds,
an example of windbreaks is shown in Fig. 2.5.

Tabor and Matz [16] have reported that a surface wave amplitude (crest to
trough) of 2 cm, developed a mixing zone of 20 cm. To keep wave ampli-
tudes down to these levels would require windbreaks and wave breaks at 50
- 100-metre intervals. In their solar pond with no wind or wave breaks, the top
mixed zone always reached an asymptotic depth of 20 cm. In order to keep the
UCZ at 0.4 m depth, Tobar and Doron [89] in their 150 KW pond used spaced
plastic nets to float on the surface to reduce the fetch and to dissipate the wind
energy.

The wind factor is worth mentioning because of the significant effects that it
could cause. Using a thicker upper convective zone of at least 0.4 m is preferable
in Libya to minimize the negative effect that might be caused by the wind, and
wave breakers can also provide more protection to offset the effects of high
wind speeds.

2.8.3 Thermal and hydrodynamic sources of instability

Here are some examples of sources of hydrodynamic instabilities; the heat loss
from the top surface of the pond UCZ by radiation, convection, and evapora-
tion. The latter represents the most significant source of SGSP heat losses. It has
been argued by some researchers that the convection circulation (overturn) in
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the UCZ may be one of the causes which may encourage turbulence and may
grow with time [104].

On the other hand, the thermal energy stored at the lower zone in the form
of hot brine that has high temperatures may reach its boiling point; subse-
quently, one of the worst instability scenarios could occur, called pond over-
heating which leads to the rapid formation of convection currents inside the
gradient layer and destroy it. This kind of catastrophic collapse has been wit-
nessed in a few SGSPs, and it appears to be that the appearance of air bubbles
was the catalyst that initiated the mixing [9].

The salt contribution to SGSP stability is another factor; this was addressed by
Ref. [38] as it has also been discussed earlier in this chapter. It has pointed
out that a regular salt for salinity gradient solar pond should possess some in-
herent characteristics to improve the SGSP thermal performance and long term
stability. The majority of salinity gradient solar pond thermal and hydrody-
namic behaviour studies [9, 63], stated that the stability of the SGSP signifi-
cantly depends on the mass transport rate. Where the mass transfer rate per
unit area in a uniform temperature binary solution depends on the concentra-
tion gradient and the molecular diffusivity, thus, the migration or diffusion of
salt from the high concentration lower convective zone to the upper convective
zone would significantly contribute to the damaging of the gradient profile of
the non-convective area and subsequently the SGSP destabilization. This pro-
cess could be expressed mathematically as follows.

Based upon Fick’s law of diffusion, (J) which represents the diffusion flux is
related to the density gradient by Ref. [101]:

J = −D
∂C

∂z
(2.3)

The mass transport can be represented as following [9]:

∂C

∂t
= D

∂2C

∂z2
(2.4)

where C is salt concentration, D is the diffusion coefficient, t is time, and z
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is the depth. This relationship is used by SGSP researchers, and its scientific
underpinnings stem from the assumption that the mass salt transfer is only
driven by the concentration gradient [9]. Mass diffusion issue is investigated
and explained in more detail in chapters 3,4,5, and 6.

According to Ref. [105], the mass diffusion equation Eq. 2.4 can be utilized only
when the diffusion calculations consider the molecular diffusion of salt solely in
the SGSP; however, when a significant temperature gradient is there, the Soret
effect should be considered.

∂C

∂t
= −

−→
∇ ·

[

−D
−→
∇C −DstC

(

1−
C

ρ

)

−→
∇T

]

(2.5)

where Dst is Soret coefficient, T is temperature, t is time and ρ is density. Only
a small amount of research used the Soret coefficient; to the best of the author’s
knowledge, its value is not documented, particularly at high salt concentration
like that in SGSPs and at high temperatures; however, it is assumed to be in
the order of 1×10−3 to 3×10 −3 by some researchers, and it is a positive number
for sodium chloride in water. According to Nielson’s study at the Ohio State
University SGSP, the difference between the salt diffusion calculations with and
without considering Soret term is less than 10%. Thus, the Soret term can be
neglected. Hull, in his research, supported these findings, stating that the Soret
diffusion effect can be overlooked due to its negligible effect [9, 105, 106].

Thermal sources of instabilities that can contribute to overturning the SGSP, all
of them must work against gravity. The potential overheating in the SGSP can
lead to double-diffusive convection over stable oscillations which affects the
gradient interior. And natural Convection in the LCZ could lead to entrainment
by eddy sweeping of the interface which affects the Lower interface of the SGSP.

Double diffusive natural convection phenomenon

Double-diffusive convection is a fluid hydrodynamics phenomenon that repre-
sents a form of convection driven by two different density gradients, that have
different rates of diffusion [107].
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Convection in fluids is inspired mainly by variations in densities under the in-
fluence of gravity. These density differences might be created by gradients in
the structure of the fluid, or by variations in temperature or concentration via
thermal expansion βT and βC , which is the salinity expansion coefficient. Ther-
mal and compositional gradients usually diffuse with time, decreasing their
capability to induce convection, and demanding that gradients in other areas
of the flow exist, so the occurrence of convection continues. A typical place
where DDC occur is SGSPs, as heat and salt concentrations exist with different
gradients and diffuse at differing rates [107].

Considering a fluid in which salt concentration and temperature both increase
downward as in SGSP, beside the gradients being such that where and fluid
density is uniform and their respective contributions to the density gradient
are balanced, in this case, the fluid in the system is statically stable; as there
is no buoyancy force to generate scale of motion; however, if we provide con-
ditions that would allow a fluid component of density ρ at a particular Z be
shifted down to another location of (Z + ∆Z), in which the ambient density is
yet ρ however the temperature now is (T + ∆T ) and the salt concentration is
(C + ∆C). As the thermal diffusivity is considerably greater than salt diffusiv-
ity, the fluid component reaches the ambient temperature more quickly than it
reaches ambient salinity; consequently, it becomes less dense and undergoes to
an upward force [107].

If solely double-diffusive consequences are critical, then just the relative bal-
ance between temperature and concentration plays a role in the density field,
which is interpreted by the stability number Raρ, sets the stability constraints.
Alternatively, if the predominant mixing stems from an asymmetry between
inertia and buoyancy, expressed as Raρ or the mathematically equivalent buoy-
ancy ratio N, then solely the overall density distribution concerns, regardless of
the temperature and concentration. The heat helps to reduce the local density,
but it does not engage directly in generating the overturning [107, 20].

In SGSPs, it is just the contribution of the salinity distribution that produces
enough gravitational opposition to the mixing, due to the fact that temperature
just weakens the density distribution. So, to counterbalance this natural source
of instability, the salt concentration contribution βC∆C to the local net density
must be greater than the temperature contribution βT∆T . The stability criteria
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Raρ given by [107, 20]:

Rρ =
RaC
RaT

≥ 1 which is ≃ N =
βC∆Cs

βT∆T
≥ 1, (2.6)

where ∆Cs is the salinity differenc and ∆T is the temperature difference, RaT

is the thermal Rayleigh, RaC is the solutal Rayleigh, N is the buoyancy ratio, βC

and βT are the thermal and solutal expansion coefficient given by [20]:

βC =
1

ρ

∂ρ

∂C
|C (2.7)

βT = −
1

ρ

∂ρ

∂T
|T (2.8)

RaC =
gβS∆CH3

(αν)
(2.9)

RaT =
gβT∆TH3

(αν)
(2.10)

The buoyancy ratio condition implies that the density differences must be more
significant in order to meet the stability criteria. Both Raρ and N are equal
quantities from the mathematical point of view.

Experimental approaches to study DDC effect

Several experimental approaches to study the SGSP stability had been con-
ducted. Nielsen [22] has studied the stability of salinity gradient solar pond
at Ohio. The pond has a 200 m2 surface area and was lined with a black plas-
tic liner. The temperature that has been recorded in the lower convective zone
of this SGSP was 62 ◦C in June 1976 and 69 ◦C in August 1977. Nielsen stated
that the equilibrium thickness of the gradient non-convective zone is controlled
by the upward salt diffusion and the erosion at the interfaces due to the fluid
motion in the adjacent convecting layer.

Leshuk [108] studied the long term stability of the pond experimentally. He
made a similar conclusion to that of Nielsen where he noted a steady growth
of convection currents in the LCZ and UCZ during heat collection and storage.
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The external source of instability did not seem to trigger any form of instabili-
ties. The middle parts of the gradient were extraordinarily stable and have the
ability to recover artificially as the rate of instability growth could be controlled
by increasing initial salinity gradients and utilizing natural diffusion. Addi-
tionally, he concluded in his research that more conclusive evidence is needed
and that requires further experimentation.

Modelling and simulation approaches to study DDC effect

Studies considering velocity factor of the fluid and investigating the double-
diffusive convection phenomena in SGSPs and how they affect the SGSP sta-
bility, and the overall thermal performance has been conducted, where, several
respected efforts for applying numerical solutions for the partial differential
energy equation governing solar pond are in the literature [109, 110].

A one-dimensional model cannot describe fluid flow or the hydrodynamic sta-
bility of the system. Two-dimensional models are required. The hydrodynamic
sources of instability (DDC) have been investigated by a few researchers [111,
72] where efforts for applying numerical solutions for the partial differential en-
ergy equation governing salinity gradient solar pond are conducted [111, 72].

The first realistic 2-D numerical approach seems attributed to [111, 72] who
have used commercial codes to simulate two-dimensional double-diffusive con-
vection problem in a pond with height (1 m height).

Suarez [111] developed a transient double-diffusive convective model for salin-
ity gradient solar pond where an energy and mass balance over the zones of the
SGSP were applied. The governing Navier Stokes equations, equations of conti-
nuity, momentum, heat and mass transfer, were coupled with the density of the
fluid approximation and considered to be linear with temperature and salinity.
The code that was used is the Fluent commercial computational fluid dynamics
code. The numerical method was adopted to solve the governing equation is
the finite volume discretization. Suarez stated that the formation of convective
currents in the upper convective zone and the lower convective zone clearly
indicates that erosion of the non-convective zone happens as a result at some
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point. Model results also showed that in a period of two weeks, the tempera-
ture in the lower convective zone of the salinity gradient solar pond rose from
20 ◦C to around 52 ◦C. Although the non-convective region was eroded due
to the double-diffusive convection ( convective mixing above and below), the
salinity gradient solar pond sustained its stability; however, the reduction in
thickness of the non-convective zone decreases the thermal performance of the
salinity gradient solar pond.

Suarez [111] concluded that convective mixing has a severe impact on the stabil-
ity of salinity gradient solar pond, and his results prove the need to control the
mixing process in order to maintain the stability of the non-convective zone.
Suarez also concluded that results from models that underestimate or com-
pletely ignore double-diffusive convection are not accurate and they overes-
timate the salinity gradient solar pond performance. This is a reasonable argu-
ment; however, the salinity gradient solar pond thermal performance depends
on other factors such as solar intensity and zone thicknesses.

Followed, Boudhiaf [72, 110] conducted a 2-D study to study the hydrodynamic
behaviour of SGSPs. The body of the simulated SGSP is the typical pond en-
closure of height H and length L with an artificially created non-convective
zone to suppress convective currents motivated by solar energy absorption
and to stabilize the salinity gradient solar pond. The bottom and the sidewalls
of the SGSP is insulated and impermeable, while the free-surface is subjected
to heat losses by convection, evaporation and radiation. The system is gov-
erned by equations of continuity, momentum, thermal energy and mass trans-
fer. The numerical method utilized to discretize the governing equations is the
finite volume method in transient regime. In Boudhiaf study [72], the pressure-
based segregated solver was chosen, and spatial discretization on cell centre
and second-order upwind weighting were used. The gradients and deriva-
tives were assessed utilising the Green-Gauss cell-based technique; the semi-
implicit method for the pressure linked equations algorithm was used for the
pressure-velocity coupling, and because the fluid is buoyancy-driven, the stag-
gering pressure scheme was chosen to interpolate the pressure. To guarantee
the independence of the numerical results with respect to spatial discretization,
several grids were examined. Cells of 0.02 m were determined to be suitable.
In the results, the velocity profile shows the appearance of small convective
currents in the UCZ and relatively larger convective currents in the LCZ.
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However, in both studies by Boudhaif and Suarez, there is no real indication of
how and where precisely these convective currents start to form. Furthermore,
the results do not show the expansion or the reduction of the non-convective
zone. Boudhiaf studied the effect of buoyancy ratio. He concluded that the
buoyancy ratio plays a vital role in the reduction of temperature in the upper
convective zone and the maintenance of high temperature in the lower con-
vective zone. The higher the buoyancy ratio, the better is the SGSP thermal
performance. It also points to the importance of maintaining the thickness of
the gradient layer in order to halt heat losses upwards; however, no optimum
zone thickness ratio was suggested.

The recently reviewed studies pointed out that the degree of success in the de-
sign, operation and obtaining the best thermal performance of SGSP is regu-
lated by the absence of convection in the insulating non-convective zone and
by keeping the NCZ at its optimum thickness; however, none of the studies
reviewed explained the essence of shrinking or expansion of the NCZ during
pond operation (how and where it starts to erode); and, no definitive procedure
was proposed to maintain the NCZ at its designated thickness for the most pro-
longed period. In addition to that, no optimum NCZ: LCZ zone thickness ra-
tio for the longest term of stability and best thermal performance was advised
considering the DDC effect. Subsequently, A 2-D study to address these issue,
provide more details to SGSP operational stability and answer the question of
optimum zone thickness ratio is to be conducted.

2.9 Summary

Salinity gradient solar pond has several advantages as a solar energy device. It
combines both heat collection and heat storage in one device. It is able to store
heat at no additional storage cost. It utilizes low technology components, is
simple in design, and is fairly easy to maintain. The most sophisticated part of
a solar pond is probably the plastic pond liner. Hopefully, an appropriate clay
or other material substitutes will be found to replace plastic for use as a liner.

The limitation of SGSPs is that they do require significant surface area and large
quantities of salt. Other types of solar collectors can be incorporated onto roofs
or into other building structural elements. It does not appear feasible to do this
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with solar ponds, which might limit their use to rural areas. Environmental
contamination from the salt required by solar ponds could also be a problem.
Solar ponds must be built so that salt does not leak from them, and salt runoff
from the surface must be contained.

A large number of physical phenomena involved in SGSP operation makes the
full prediction of the system behaviour a challenging problem from both the
physical and the mathematical points of view. In fact, although the physics of
each phenomenon is quite well known, the coupling between the phenomena
need further investigations and understanding to help improving technical vi-
ability and subsequently, the feasibility of SGSPs for future implementations.

SGSP cannot operate without a stable non-convective gradient zone. In the
reviewed literature and to the best of the researcher knowledge, neither the
questions of how and where the erosion of the non-convective gradient zone
has been answered nor have the transient behaviour of the zone due to the
double-diffusive convection effect been simulated in adequate detail (Shrinking
and Expansion of the Zone); however, in major recent studies by the respected
researchers, it has been pointed out that the degree of success in the design,
operation and best thermal performance of SGSP is measured by the absence
of convection in the insulating gradient layer and keeping the zones at their
optimum thickness.

However, and also according to the survived literature and to the best of the
author’s knowledge, none of the studies in the literature; covers the optimum
zones design thickness ratio considering the DDC effect and the hydrodynamic
behaviour of the zones (No LCZ to NCZ zone thickness ratio was advised)
and no procedure was proposed to maintain the SGSP zones at an optimum
thickness. Previous models sizing SGSPs zones, excluding the double-diffusive
convection DDC effect have limited accuracy. Thus, more complicated mod-
els considering the DDC effect are needed to understand how to design better
SGSPs that can perform efficiently and for the longest period.

Thus, in this thesis, 1-D and also 2-D models will be developed where the mass
conservation for water and species, momentum, and energy equations will
be coupled with the equation of fluid density to predict the transient thermal
behaviour accurately and operational stability of salinity gradient solar pond
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zones and the changes occurs to these zones during energy collection and stor-
age according to Libya Climatology. Subsequently, the present study will sup-
ply by computations detailed knowledge of the hydrodynamic, thermal and
solutal structures of the transient fluid flow developed in a salinity gradient
solar pond during the collection and the storage of energy. Which will help to
understand the formation and changes occur to the zones and subsequently, to
find the optimum zone thickness ratio and to develop a procedure that can help
to maintain the optimum thickness of these zones where SGSP can perform at
its best.

The next chapter is devoted to explaining the physical concept and to develop
the mathematical formulation necessary to adequately study the thermal be-
haviour and hydrodynamic stability of salinity gradient solar ponds.



Chapter 3

Theoretical modelling

3.1 Overview

In the previous chapter, the concept and design principles of salinity gradient
solar pond are explained. SGSP thermal performance and stability pertinent
literature are reviewed. It was concluded that SGSP is not off the shelf tech-
nology and by nature, it exhibits a surprising degree of site-specific behaviour.
Subsequently, any potential application should be assessed accordingly. Fur-
thermore, as the concept of the SGSP appears to be simple. In reality, SGSP
is an extremely complex fluid system in non-equilibrium. The vast amount of
natural phenomena associated with its work makes the complete explanation of
the system a challenging task from the physical and the analytical perspective.
In point of fact, albeit the science of each phenomenon is totally and thoroughly
comprehended, connecting the phenomena and the way these phenomena tend
to destabilize the system needs further investigation. This chapter aims to de-
scribe the physical concept and develop the equations required to, adequately
simulate, predict and assess the thermal potential of SGSP. Furthermore, to
develop the governing mathematical formulation necessary to investigate the
SGSP long term operational stability issue.

In this theory chapter, the SGSP general model configuration is presented, this
illustrates the features of the mathematical models that will be developed in
order to simulate and predict the thermal potential of SGSP according to Libya
climatology and to investigate SGSP operational stability. Firstly, the solar radi-
ation transmission in SGSP is modelled where a system of equations is derived
from which will be computed the portion of the solar radiation transmitted and

69
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absorbed in the salinity gradient solar pond. Secondly, 1-D steady-state and 1-
D transient heat and mass transfer models are developed by applying mass and
energy balances over the zones of the SGSP which yielded a set of partial differ-
ential equations that governs the system. Finally, in this chapter also, in order
to study the hydrodynamic behaviour of SGSP, a 2-D model is developed, the
2-D model includes equations that govern velocity, concentration, and temper-
ature, which are linked simultaneously with an integral relationship connecting
temperature and density.

3.2 Mathematical configuration

Before proceeding with theoretical modelling of SGSPs, its beneficial to explain
how the system works in the first place. Once solar radiation I hits the surface
of the SGSP, part of the incident, solar radiation is absorbed in the lower zone of
the SGSP. The term τ(z) is the fraction of the incident solar radiation transmitted
to depth z, as shown in Fig. 3.1. Thus, Iτ(z) represents the solar radiation ab-
sorbed. The next section explains the development of the solar radiation model
in detail.

The solar radiation absorption drives to the heating of the fluid in the LCZ. The
fluid in this particular zone does not arise as the fluid overhead is less dense
due to the lower salt content. Likewise, the fluid in UCZ does not sink as the
fluid underneath is denser due to the higher amount of salt content. Accord-
ingly, convection currents are suppressed, and the heat transfer from the heated
lower convective zone to the cold upper convective zone solely occur via con-
duction, as shown in Fig. 3.1. Due to the weak thermal conductivity of water
and the presence of the NCZ, which functions as natural insulation, thermal en-
ergy is confined in the lower zone fulfilling SGSPs main design concept which
is to suppress convection currents via an NCZ and retain the heat at the LCZ
from where the heat extraction to provide the thermal energy to applications oc-
cur. This is the ideal operational situation for a SGSP; however, heat loss could
occur via convection Qc, radiation Qr and evaporation Qe from the uppermost
surface of the SGSP as shown in Fig. 3.1 which in return affects SGSP thermal
performance [9].

It is essential to set up the configuration and features of the system, and the
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mathematical model will be developed. The SGSP mathematical configuration
is depicted in Fig. 3.1.

FIGURE 3.1. Salinity gradient solar pond model configuration.

The SGSP consists of three main zones, as presented in Fig. 3.1. Each zone
of the three zones has different heights and salt concentration profile. Z2 is
the location of the (UCZ - NCZ interface), Z1 is the location of (NCZ - LCZ
interface), Z0 is the bottom of the pond, and ZH is the top surface of the SGSP.
The sides of the SGSP are assumed to be well insulated.

3.3 Solar radiation model

The Sun is the most abundant source of renewable energy, and it is one of the
greatest options to replace non-renewable energy sources. It is the seat of ther-
monuclear processes that provides an immense quantity of energy. Notwith-
standing the substantial gap between the Sun and the Earth as depicted in
Fig. 3.2, the significant amount of radiation emitted by the Sun and striking
the Earth is still huge. This radiation is called solar energy [112].
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FIGURE 3.2. Sun-Earth relationship.

Therefore, solar energy can be defined as the electromagnetic wave come from
the Sun. The emitted solar energy as a function of the wavelength is called the
solar spectrum, which is composed of a constant emission with relatively su-
perimposed line structures. The wavelengths range from as little as fractions of
angstroms to as much as hundreds of metres as depicted in Fig. 3.3. It should
be noted that solar radiation is solely the electromagnetic radiation varying in
wavelength from approximately 0.2 to slightly over 3.2 µm, counting and in-
clusive of the near-ultraviolet UV, visible light, and near-infrared IR radiation
[112].

The Sun’s entire radiation yield is roughly similar to that of a blackbody at
almost 5776 K. The energy radiated by the Sun travels through space until it
strikes the Earth; but, approximately only 50 % of the extraterrestrial solar ra-
diation is attenuated throughout its course to the Earth’s surface. For instance,
the bulk of the ultraviolet solar radiation, with wavelengths between 0.1 and
0.2 µm, is absorbed by the ozone gas available in the Ozone layer. While the ul-
traviolet band which is smaller than 100 A, Gamma rays and X-rays are mostly
absorbed by the nitrogen and oxygen atoms available in the atmosphere. On
the other hand, the infrared waves longer than 0.7µ m in wavelength, are partly
absorbed by carbon dioxide gas, ozone, and water vapour available in the at-
mosphere [112].

Part of the solar radiation can be scattered or reflected to the sky; while the ex-
cess is received by the Earth, as shown in Fig. 3.4. The portion of the incident
solar radiation that is reflected and backscattered to space is called the albedo.
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FIGURE 3.3. Electromagnetic spectrum.

The solar radiation emanating and approaching the Earth straight from the Sun
and received at the surface of the Earth is termed as direct beam solar radia-
tion. While diffuse beam solar radiation is the scattered radiation arriving from
all other different directions. The total of both elements, when received on a
horizontal surface, is termed as global solar radiation [112, 113].

Before proceeding with describing the behaviour of solar radiation arrival on
the Earth’s surface, it is crucial to explain some other common terms in this
field:

Solar Constant: The whole quantity or the rate at which solar energy reaches
the surface of the Earth, approximated to be 1388 W/m2 [112].

Solar altitude angle: This angle can be defined as the angle located between
the Sun’s ray centre and a horizontal plane, as depicted in Fig. 3.5.

Solar zenith angle: This can be described as the angle located between the
Sun’s ray centre and the zenith, as presented in Fig. 3.5.

Solar energy incident on the surface of the SGSP is constituted of direct beam
solar radiation element and diffuse solar radiation elements. The radiation in-
tensity, polarization, and also the spectral composition of each component de-
pending on the zenith angle, the azimuthal of the Sun (angle underneath zenith
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FIGURE 3.4. Solar radiation journey to the Earth.

angle as shown in Fig. 3.5), characteristics of the sky as well as the sun position
[12].

3.3.1 Diffuse solar radiation

The diffuse component can be readily incorporated into the analysis of the ther-
mal behaviour of the salinity gradient solar pond; however, since the transmis-
sion of radiation through water is so strongly dependent on wavelength, the
diffuse component gives particular difficulties in the thermal analysis of SGSPs.
The reason for the difficulties is that the spectral distribution of diffuse com-
ponent changes dramatically with sky conditions and cloud cover. Accurate
measurements of the spectral composition as a function of sky condition and
angle of incidence do not yet exist, and one must make many assumptions to
model the diffuse component [9]; however, Hull [9] was the first to formulate a
model of the transmission of diffuse sky radiation in SGSPs. The key feature in
his model is the assignment of a "colour temperature" to the diffuse component
according to sky conditions as suggested by photographic handbooks. The sky
condition is then correlated with the clearness index KT so that the energy asso-
ciated with the diffuse component can be calculated according to a Liu-Jordan
type correlation [14, 9].
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FIGURE 3.5. Earth’s orbit around the sun.

FIGURE 3.6. Sun position.

Understanding the effect of the diffuse component on the transmission function
is useful for appreciating that the variations in SGSP efficiency may be antici-
pated to sky condition, and for recognizing the problems might be involved
with calibrating underwater radiation sensors, especially those with limited
spectral response range [67, 9]. However, many researchers [71, 69] have chosen
to ignore the diffuse component problem altogether, arguing that the number of
assumptions in any a priori estimate of the transmission function will be enor-
mous. This is a reasonable argument, due to the uncertainty, the latter point of
view is considered in this study.
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3.3.2 Direct incident solar radiation

The portion of solar radiation that reaches the surface of the Earth unchanged or
affected by any of the atmospheric entities is termed as a direct beam or direct
solar radiation [112, 113]. This solar radiation incident on a horizontal surface
(The SGSP surface) is dependent on latitude, the day, the time, and climatology.
The zenith angle which is also recognized as the angle of incidence θi changes
also with the time of the day and the year according to [9]:

cos θi = cos La cosDe cos(2πth/24) + sin La sin De (3.1)

in which th = time in hours (noon = 0), La = latitude, and De is the declination
angle of the sun. De is given by the equation:

sin De = sin E cos (2π/tD 365) (3.2)

with E = declination of the sun over summer season = 23◦ as shown in Fig. 3.6,
and tD = time in days. The time constant of the salinity gradient solar pond is
big so that a value for insolation averaged over some time interval is enough
to predict seasonal thermal behaviour precisely. This is fortunate because inso-
lation measurements available are normally for hourly or daily totals of global
horizontal insolation [9].

3.3.3 Arrival of solar radiation at SGSP

When a ray of solar radiation is incident at angle θi at the air/water interface of
the SGSP, as depicted in Fig. 3.7, part of the ray is reflected back into the air at
an angle θr, and part is transmitted into the SGSP at an angle θR, as depicted in
the same Fig. 3.7. The angles θr and θi are equal. The reflection, transmission
and absorption processes are explained in the next sections.
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FIGURE 3.7. The distribution of the solar radiation. I represents solar intensity (Energy
Flux) , where τ(z) is the fraction of the incident solar radiation transmitted to depth z.

Thus, Iτ(z) represents the solar radiation absorbed.

3.3.4 Solar radiation reflection

The portion of the solar radiation reflected towards the sky depends on the
Sun’s location and the water’s surface conditions. When the water surface is
stationary or just slightly turbulent, the reflection can be calculated using Fres-
nel’s equation [112, 113]. Thus, the incident ray may be analyzed in terms of
electric field vectors either perpendicular (s) or parallel (p) to the plane of inci-
dence. The reflectance ℜ of the p or s component is given by Fresnel’s equation
as follows [114]:

ℜs =
sin2(θi − θR)

sin2(θi + θR)
(3.3)

ℜp =
tan2(θi − θR)

tan2(θi + θR)
(3.4)

The reflectance of either polarisation is minimal at small angles of incidence
but approaches unity for incident rays that graze the surface. A harsh surface
condition can absorb more solar radiation while a surface that is glass-like can
be more reflective, though, the harsher surface can also have a little effect as
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long as wind speed does not exceed 15.4 m/s [115].

3.3.5 Solar radiation transmission and absorption

The incident solar radiation part that enters through the water surface and is
refracted into the water medium can be predicted by Snell’s Law: The refracted
angle is given by Snell’s law [114]:

nw sin θR = nair sin θi (3.5)

where nw is the water reflection index, nair is the air refraction index. The
index of reflection depends on the solar radiation wavelength. The solar ra-
diation travels deeper in the water depending upon the wavelength and the
transparency of the water. Water pollutants can scatter and/or absorb the inci-
dent solar radiation; on the other hand, pure and transparent water enables it
to progress further; consequently, the SGSP water should be sustained as trans-
parent as possible. For solar radiation striking the water normal to the interface,
ℜ = 0.020 for nw = 1.33. Thus, for any incident ray, the fraction τs of the radiation
that penetrates the surface is [9]:

τs = 1− ℜ (3.6)

The air/water interface is usually assumed to be flat for calculating τs. When
surface waves are present, the average angle of incidence is increased for nearly
vertical rays, but it is reduced for nearly horizontal rays. The result is a slight
increase in the reflectance for almost vertical rays plus a substantial decrease in
reflectance for almost horizontal rays. Including and considering all ray direc-
tions, waves insignificantly increase the amount of time-averaged diffuse solar
radiation penetrating water, but the most utmost of this increment is at signif-
icant incidence angles plus refraction for which the solar radiation penetrating
the body of water has a long absorption path length. The reflectance of direct-
beam solar radiation is influenced likewise by surface-waves, and the average
effect will include the integral over all solar angles of elevation [9].
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The solar radiation absorption process is complicated, and there is such limited
accessible data on solar radiation attenuation and transmission in water. Some
researchers have tried to formulate equations that govern the process in order
to describe it mathematically. Nevertheless, it has been observed that the ab-
sorption of solar radiation cannot be defined and characterized by a single ex-
ponential equation [22]. As before-mentioned absorption depends on the solar
radiation wavelength. For instance, the near-infrared may be absorbed within
the first millimetres of the surface. And the most utmost visible light wave-
lengths may be absorbed within 10 metres; however, short wavelengths could
progress up to 150 meters; according to available data, none reaches further
than this depth, even in extremely clear and pure water [22]. Solar radiation
extinction is described mathematically at a definite wavelength by applying
Beer’s law [112]:

B(λ, z) = B(λ, 0) · exp[−E(λ) · z] (3.7)

where, B(λ,0) represents the energy in the solar spectrum at the wavelength
λ at z equals zero, (just below the free liquid surface), when z represents the
optical depth or more precisely the depth in the SGSP with zero angles of in-
cidence (sun overhead). B(λ, z) represent the energy that has been transmitted
at depth z, and E(λ) represents the extinction coefficient which includes both,
absorption, and scattering at wavelength λ [112, 113].

There is more than one mathematical expression has been used to predict so-
lar radiation transmission. One of the widely used is Rabel and Nelsen [22].
Rabl and Nielsen, and according to Defant’s [9] research in 1961, distributed
the wavelength spectrum within 0.2 and 1.2 µm into four bands after that de-
fined the solar radiation fraction and average extinction coefficient for each of
the four bands. They assumed that water is opaque to wavelengths more sig-
nificant than the infrared spectrum (1 µm) [22]. Hull developed a similar ab-
sorption function to determine the absorption coefficient and radiation fraction
values in each band. Though, Hull split the radiation spectrum into 40 wave-
length bands which yielded a transmission function that was almost 0.10 higher
than that of the Rabel and Nelsen model. In an effort to derive a more straight-
forward transmission function, a 4-part transmission function was fitted to the
transmission function formed by the 40- part spectrum [9, 67]. Through this, it
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can be stated that Hull’s method is more accurate as it has been derived from
greater accuracy of 40 terms.

Furthermore, the absorption data and transmission function developed by Hull
match excellently with spectral transmission measurements performed in nat-
ural lakes that contain pure water [9]. Thus, solar radiation intensity enters
into the body of water decays exponentially with depth, as water layers absorb
this incoming solar energy. The decay rate depends on the wavelength of the
incoming solar radiation. In other words, the transmissivity is a function of
the solar radiation wavelength, and the whole spectrum of wavelengths can be
described in the transmission function below and as it has been illustrated in
Table. 3.1 [9, 67]:

τ(z) = τs

4
∑

i=1

Si exp δi

(

−z

cos θR

)

(3.8)

TABLE 3.1. Parameters for a four-term Hull series fit of water transmision [9]

Wavelength Si δi / m

0.90-1.20 0.190 20
0.75-0.90 0.230 1.75
0.6-0.75 0.301 0.0656
0.2-0.6 0.141 0.0102

where τ(z) in the equation above represents the fraction of the incident solar
radiation transmitted, θR is the refraction angle, Si and δi represent the param-
eters for a four-term Hull transmission function [9].

Once the solar radiation has penetrated the air/water interface, it travels through
one or more meters of water and reaches the storage zone/LCZ to provide
useful heat. The smoothness of the transmission process of solar radiation
within SGSP is a critical factor in SGSP thermal efficiency. In practice, the high
transmission never occurs because SGSP is susceptible to the environmental
changes and conditions, especially, at the surface where dust and other enti-
ties may enter the SGSP. Heavier particles quickly sink, while finer elements
might stay hung for long periods. These fine elements and any other living
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micro-organisms in the SGSP, absorb and scatter solar radiation moreover will
degrade the transmission in the SGSP [9].

Although scattering in pure water acts a negligible role in radiation transfer,
for SGSP, scattering may influence the transmission in the pond [14]. Analysis
of the effects of scattering on radiation transmission in water bodies has been
presented in the scientific literature [41]. For most relatively clear waters, the
scattering is highly forward. And the exponential beam attenuation model dis-
cussed earlier can provide results equivalent to those from models that involve
scattering. If scattering is significant so that the exponential beam attenuation
models may not appropriately account for the transmission in the SGSP, con-
sequently, SGSP efficiency will likely be too low, and water clean-up will be
needed [41]. Careful pond transparency management practices can help keep
the degradation to a minimum and subsequently maximize transmission and
absorption. SGSP water in this study assumed to be pure and clear. Water
clarity and transparency measures have been explained in chapter 2.

3.4 One-dimensional steady state model

The aim of this section is to develop a steady-state heat and mass transfer model
in addition to providing a great first prediction to the thermal performance of
SGSPs. The steady-state model can provide an initial indication of SGSP ther-
mal potential as well as a physical insight into the parameters to be used for a
given design.

The salinity gradient solar pond is divided into three zones; the upper convec-
tive zone, the non-convective zone and the lower convective zone as depicted
in Fig. 3.1. The horizontal temperature fluctuations are deemed to be small,
and consequently, negligible. Accordingly, the temperature and salt concentra-
tion distributions in the SGSP are 1-D. Mass transfer is also one-dimensional.
The temperatures and density in the UCZ and the LCZ are assumed to ideally
mixed, and they are uniform. In this simple model, the heat losses via the bot-
tom are not considered, assuming insulation provided by the liner. The side-
walls of the SGSP are assumed to be insulated perfectly. The heat loses from
the top via radiation Qr and evaporation Qe are minimal values that can be ne-
glected in this simple model. So, the only heat losses might be considered the
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one via convection Qc from the upper convective zone; however, as the tran-
sient term is neglected in this model, the UCZ temperature is just fixed to the
ambient.

Heat transfer

The vertical distribution of temperature for the SGSP, could be calculated or
predicted from the steady-state heat conduction equation derived from an en-
ergy balance over the gradient zone NCZ:

Conduction
︷ ︸︸ ︷

k
∂2T

∂z2
=

Radiation Absorption
︷ ︸︸ ︷

I
∂τ(z)

∂z
(3.9)

The initial SGSP temperature is measured in ◦C, and it is equal to the ambient
when starting the SGSP’s operation. The first boundary is located at Z2 (UCZ
- NCZ interface) while the second boundary is located at Z1 (NCZ - LCZ inter-
face). At both NCZ boundaries, the heat flux is described as follow:

T |z2 =

Reference Temperature (Ambient)
︷︸︸︷

Tr (3.10)

−k
∂T

∂z

∣
∣
∣
∣
z1

=

Solar Radiation Absorped
︷ ︸︸ ︷

Iτz0 − Iτz1 (3.11)

where Tr is the reference temperature that is equivalent to an average ambient
temperature, k is the thermal conductivity of water 0.59 W m−1 K−1 [52], I is the
average insulation in Libya = 300 W m−2 [37], τ(z) is fraction of I transmitted to
depth z which has been mathematically described in Eq. 3.8. The vertical tem-
perature distribution in the LCZ is uniform, and UCZ is subject to the boundary
conditions above Eqs. 3.10 and 3.11. These are the boundary conditions for the
heat conduction equation Eq. 3.9 which has a z dependent variation only in the
NCZ. Solving Eq 3.9 analytically yields the temperature distribution equation
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written below Eq. 3.12:

T (z) = −
I

k
τs

4∑

i=1

Siδi cos θR exp

(

−
H − z

δi cos θR

)

+ Tr (3.12)

The temperature distribution in the NCZ is for a SGSP that has a UCZ thickness
of 0.4 m, NCZ thickness of 0.8 m, and LCZ thickness of 0.8 m. The thermal
performance is simulated according to Libya climate, in a location within the
latitude and longitude of (32.54◦ N, 13.11◦ E) [37].

FIGURE 3.8. Temperature profile for Libya SGSP at an average solar intensity of 300 W
m−2, UCZ= 0.4 m, NCZ= 1.0 m and LCZ= 0.6 m.

For the given SGSP, the steady-state model has a large number of simplifying
hypothesis; however, it still does its aim and provides an indication of the pond
performance and behaviour. The steady-state model yielded the gradient zone
temperature profile, as shown in Fig. 3.8. The temperature of the UCZ and
LCZ are considered uniform. The UCZ temperature is equivalent to the am-
bient while the LCZ temperature is the maximum temperature obtained. The
temperature distribution is given in Fig. 3.8 shows the overall thermal perfor-
mance of the SGSP according to the data used.

The non-convective zone provides thermal insulation. It does not, however,
act simply as an insulator with a uniform temperature gradient. Rather, the
radiation it absorbs results in a temperature gradient that is non-uniform and
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greater far from the surface, as shown in Fig. 3.8. The energy absorbed and
conducted upward also contributes to the temperature gradient, increasing the
temperature gradient at the boundary with the lower zone, and reducing heat
conduction out of the lower zone, and thereby increasing and sustaining the
LCZ temperature of the pond.

For the purpose of this 1-D steady-state mode, only one SGSP set-up has been
considered and particular data utilized. Investigating different set-ups, differ-
ent conditions, and finding the optimum design thickness ratio, which can be
defined as the NCZ/LCZ thickness ratio that yields the maximum temperature
will be conducted later in this thesis considering more complex models, where
the transient thermal behaviour of the zone is considered. Therefore, further in-
vestigation of the SGSP thermal behaviour is to be conducted considering more
complex models where transient terms are activated and a wider range of data
utilized.

Mass transfer

The distribution of salt concentration C can be obtained from the equation of
mass below derived from Fick’s law:

J =

Mass Diffusion
︷ ︸︸ ︷

−D
∂C

∂z
. (3.13)

where J is the diffusive flux, and D = 3×10−9 m2s−1 is the diffusion coefficient
[33]. The boundary conditions for the mass equation are determined, consid-
ering that the LCZ is in an almost saturated state. And the salt concentration
is high while the salt concentration is sustained at a low value at the UCZ. The
salt concentration of UCZ C0 = 0 kg m−3, and LCZ C1 = 300 kg m−3 are spec-
ified, and both layers assumed to be perfectly mixed. The UCZ and LCZ are
regarded as owning infinite capacity permitting, the values of salt concentra-
tion at the boundaries of the NCZ to be fixed.

The solution of the mass equation requires the initial condition, which is the
salt concentration at the UCZ and LCZ and two boundary conditions. Hence,
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the first boundary condition is particularised at Z2 and the second at Z1.

C|z1 = C1 (3.14)

C|z2 = C0 (3.15)

Applying these assumptions the steady-state solution of the mas diffusion equa-
tion can be simply written as:

J = D
C1 − C0

z1
(z2 − z1) (3.16)

where z1 and z2 are the interfaces of the gradient layer. This equation should
gives an indication of the rate at which salt is moving into the LCZ. The con-

FIGURE 3.9. Vertical concentration distribution in SGSP, UCZ= 0.4 m, NCZ= 1.2 m and
LCZ= 0.4 m.

centration profile is shown in Fig. 3.9 illustrates the distribution of salt in the
SGSP. Steady-state models are useful as they provide an indication of the ther-
mal behaviour of the system, but in order to further investigate the system,
more complicated transient models are needed. As in this section, the time ef-
fect was neglected, which is a simplifying hypothesis. A transient model will
be developed in the next section in order to study the evolution and behaviour
of both temperature and concentration profiles.
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3.5 Transient one-dimensional model

The use of a 1-D model to study the thermal performance and behaviour of
salinity gradient solar ponds is widely adopted as SGSPs are normally built on
massive scales with a wide surface area. In such salinity gradient solar ponds,
the horizontal changes of temperature at a particular depth are insignificant, in
comparison to the temperature changes with the depth and consequently. Thus,
it is logical to consider 1-D models for predicting the temperature distribution
while neglecting the end effects. In the steady-state study section, no attempt
was made to describe the transient behaviour of the SGSP. This model should
provide an insight to not only the thermal performance but also the thermal
behaviour of the SGSP over a period of time. Which will allow simulating the
thermal potential of SGSP as a source of thermal energy to drive thermal de-
salination units over the course of one year or even two years.

3.5.1 Heat transfer

In this section, a 1-D heat and mass transfer transient model is developed. The
salinity gradient solar pond mathematical configuration is depicted in Fig. 3.1.
An energy balance is carried out to all three zones of the pond.

NCZ energy balance.

The gradient layer NCZ operates like a solid transparent, insulating layer trans-
porting the heat from the LCZ to the UCZ just via conduction. Conduction is
the mechanism by which most of the heat is transferred within the SGSP. The
direction of this transfer is in general, upwards from the lower convective layer
to the surface through the insulating layer.
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Applying energy balance over the NCZ, the general 1-D equation for temper-
ature profile for a conducting non-convective zone that is transmitting and ab-
sorbing solar radiation is:

Accumulation
︷ ︸︸ ︷

ρCp
∂T

∂t
=

Conduction
︷ ︸︸ ︷

k
∂2T

∂z2
−

Radiation Absorption
︷ ︸︸ ︷

I
∂τ(z)

∂z
(3.17)

where z is distance measured as positive upward, Cp is heat capacity, ρ is den-
sity, t is time, the derivative ∂τ

∂z
is negative so that the term −I ∂τ(z)

∂z
is energy flux

into the medium from radiation absorbed. To solve the equation, at least two
boundary conditions are needed. The two boundary conditions are derived
from an energy balance over the UCZ and LCZ.

UCZ energy balance

The UCZ temperature can be derived from an energy balance of the entire up-
per zone. In practice, the upper zone may not have a homogeneous tempera-
ture during day time hours of high insolation; however, the temperature strat-
ification is seldom more than a few degrees, and the approximation of a uni-
formly mixed upper convective zone is probably sufficient for most purposes.
In a practical solar pond, the heat losses from UCZ happen via convection Qc,
radiation Qr and evaporation Qe. The accumulated heat in the UCZ is thermally
supplied by solar irradiation absorption and also the conducted heat from the
LCZ; however, a portion of this heat can be lost by the three processes men-
tioned.

The equation below represents the general energy balance for the UCZ where
the UCZ heat losses are expressed in the right side of the equation:

UCZ Heat Accumulation
︷ ︸︸ ︷

Qsra +Qcn +Qw =

Heat Loss
︷ ︸︸ ︷

Qr +Qe +Qc (3.18)

where Q is heat flux, and the subscripts are defined as follows: sra, is the solar
heat absorbed; cn, heat gained by conduction from the gradient zone; w, heat
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gained from make up water; r, heat loss via radiation; e, heat loss via evapora-
tion; c heat lost via convection. Solar heat absorbed is giving by:

Qsra = I(τ(H)− τ(z2)) (3.19)

Note, because the energy balance is over the entire upper zone, it is only needed
to know the quantities at UCZ. Heat conducted from NCZ is given by:

Qcn = k
∂T

∂z

∣
∣
∣
∣
z2

(3.20)

where k is the thermal conductivity of water. Heat obtained from make up
water or rain is given by:

Qw = ṁeCp(Tw − TUCZ) (3.21)

where ṁe is the rate of water addition, Tw is temperature of make-up water,
TUCZ is the UCZ temperature, and Cp is specific heat of water in 4.184 J Kg−1

K−1 . Qw will be ignored as makeup water is always comes from an open water
source, thus Tw = TUCZ and consequently one may set Qw = 0.

In order to predict and evaluate the temperature profile for SGSP corresponding
to the accessible solar radiation and weather conditions, it is important not to
underestimate the heat loss Qloss to the atmosphere. Heat loss from the UCZ of
SGSP is an issue, as they can deteriorate and severely affect the SGSP thermal
performance. If the operator’s objective is to determine the relation between
UCZ and ambient temperature precisely for an operating SGSP (and the rela-
tion will vary with operating conditions, such as the amount of heat extracted
and the solar input), the most straightforward procedure is to measure the tem-
perature. Average obtained from perhaps several observations per day over
the year would be entirely adequate. However, it is also possible to model the
surface zone to investigate different operating conditions.

The convective heat transfer from the UCZ to the atmosphere depends mostly
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on factors such as the speed of the wind in the site and the temperature differ-
ence between the atmosphere Tr and the UCZ temperature TUCZ . More detailed
explanation on correlations for the wind convection coefficient are reviewed by
Palyvos in 2008 [116]. Eq. 3.22 is to be utilized because it can predict both free
and forced (mixed) convection heat transfer and it has been also experimen-
tally validated [117]. Moreover, Lior [117] in 1990 stated that Eq. 3.22 is the
only mathematical method to predict the convection heat transfer until recently.
Heat loss due to convection is given by [118]:

Qc = hc(TUCZ − Tr) (3.22)

hc = 5.7 + 3.8υ (3.23)

where Tr is the reference temperature which equals the ambient temperature,
hc is convection heat transfer coefficient in W m−2 K−1, and υ is the wind speed
in m s −1.

Heat loss by radiation is the heat transfers between UCZ and the sky due to
radiation, and it is a function of the sky temperature, the temperature of the
surface and the UCZ, heat loss by radiation can be described as following:

Qr = σoϵ[(TUCZ)
4 − (Ts)

4] (3.24)

where σo = 5.6×10−8 Wm−2K−4 is the Stefan Boltzmann constant, hemispherical
emissivity of water ϵ = 0.97 [9], A is surface area, Ts is the temperature of the
sky and it can be calculated using the formula sugested by Swinbank’s [119]:

Ts = 0.0552 T 1.5
r (3.25)

The heat loss via evaporation Qe [9]:

Qe = he[C1(TUCZ − Ta)− C2(1− λh)] (3.26)



Chapter 3. Theoretical modelling 90

where C1 = 2.933, C2 = 39.1150, λh is relative humidity that is available for any
location, he is the evaporation heat transfer coefficient in W m−2 K−1, and it can
be calculated using the formula from [120]:

he = 8.88− 7.82υ (3.27)

Thus, the energy balance of UCZ and also the boundary condition for the one-
dimensional Eq. 3.17 for temperature T in a conducting non-convecting medium
that is transmitting and absorbing radiation can be written as:

Accumulation
︷ ︸︸ ︷

(H − z2) ρCp
∂T

∂t

∣
∣
∣
∣
z2

=

Heat Conducted
︷ ︸︸ ︷

k
∂T

∂z

∣
∣
∣
∣
z2

+

Heat Absorbed in UCZ
︷ ︸︸ ︷

I(τ(H)− τ(z2))−

Heat Loss
︷ ︸︸ ︷

Qr +Qe +Qc (3.28)

LCZ energy balance

For a one-dimensional heat conduction unsteady state model. The equation
below represents the energy balance for the LCZ where the heat losses from the
ground of SGSP are expressed in the right side of the equation:

LCZ Heat Accumulation
︷ ︸︸ ︷

Qsra −Qcn =

Heat loss to ground
︷︸︸︷

Qg (3.29)

Solar heat absorbed is giving by:
Qsra = I(τ(z0)− τ(z1)) (3.30)

Note, because the energy balance is over the LCZ zone, it is only needed to
know the quantities at LCZ. Heat conducted from LCZ is given by:

Qcn = −k
∂T

∂z

∣
∣
∣
∣
z0

(3.31)
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The work could be generated is given by:

∆w = ṁCp
(

(Th − Tc)− TC ln(
TH

TC

)
)

(3.32)

Most of the heat loss from the LCZ happens through the bottom and the sides
when the SGSP is not insulated properly with a high-quality liner, depending
on the SGSP surface area and the type of the soil, i.e., the heat loss from the
bottom can be larger when the SGSP surface area is enormous while in a small
surface area SGSPs, the sidewalls may form the main and most significant heat
loss. The distance between the bottom of the SGSP and the underground water
can also affect the amount of heat loss from the bottom; a small distance drives
to more heat exchange between the underground water and the LCZ. This heat
exchange is also influenced by soil type, as dry soil can insulate better than wet
soil as illustrated in Table. 3.2. Wang and Akbarzadeh [95] investigated ground
heat loss in wet soil, and they advised that the SGSP should always be well
insulated, especially when the groundwater level is near to the bottom of the
SGSP. Davis and his group [121] affirmed; except that if the bottom of the SGSP
is well insulated, around 20% of the SGSP heat could be lost to the ground.

TABLE 3.2. Measured values of different soils [9]

Material Thermal
conductivity

Thermal
diffusivity

Density Specific
heat

W m−1 K−1 m2 s−1 kg m−3 J Kg−1 K−1

Dry soil 34-68 175-260 NA NA
Wet mud 176 190 1.5 0.6

Sandstone 545 980 2.6 0.12

Heat loss to the ground is given by [122]:

Qg = kg

∣
∣
∣
∣

∂T

∂z

∣
∣
∣
∣
zg

(3.33)

where kg is the thermal conductivity of the ground W m−1 K−1 , T is temperature
distribution through the lower convective zone in ◦C at time t and height z
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measured from the top of the pond and z0 is the (LCZ and ground interface).

The information above considering heat loss to the ground is just for reference
and to show the importance of perfect insulation via high-quality liners. Today
2019, due to the advancement in liners technology and the dry nature of Libyan
soil and far distance of the water table depth, in the present study the SGSP is
assumed to be always perfectly insulated from the bottom via a high-quality
liner.

The heat loss from the surface and bottom of the SGSP have been discussed in
detail, there are other forms of heat loss which are the sides heat losses, these
kinds of losses have been neglected as they are minimal, and with proper insu-
lation, this kind of heat loss can be avoided. So the only heat losses considered
are the major ones which are the ones from the top of the SGSP.

The energy balance of LCZ and also the boundary condition for the one-dimensional
Eq. 3.17 in a conducting non-convecting zone that is transmitting and absorbing
radiation can be written as:

Accumulation
︷ ︸︸ ︷

(z1) ρCp
∂T

∂t

∣
∣
∣
∣
z1

=

Heat Conducted
︷ ︸︸ ︷

−k
∂T

∂z

∣
∣
∣
∣
z1

+

Heat Absorbed in LCZ
︷ ︸︸ ︷

I(τ(z1)− τ(z0)) (3.34)

The solution of NCZ equation Eq. 3.17 need initial and also two boundary con-
ditions. The initial condition, in this case, is the ambient temperature which
is the initial SGSP temperature when starting the SGSP operation. The first
boundary condition is defined at z2 (UCZ - NCZ interface) which is governed
by Eq. 3.28 while the second boundary condition is defined at z1 (NCZ - LCZ
interface) which is governed by Eq. 3.34.

3.5.2 Mass transfer

This section aims to develop the mathematical formulation necessary to simu-
late the SGSP solutal behaviour adequately. The mass transfer model will help
to provide an insight into the solutal behaviour in SGSPs. In the mass transfer
model, the total system mass in control volume is constant. The mass transfer
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process occurs due to molecular diffusion. In this model, it has been assumed
that the mass transfer process and thermal processes are independent. Accord-
ing to Fick’s law of diffusion, (J) which is the diffusion flux is related to density
gradient this time by [101].

J = −D
∂C

∂z
(3.35)

Assuming a constant D, the mass diffusion equation that represents the con-
centration profile can be written as:

D
∂2C

∂z2
=

∂C

∂t
(3.36)

where C reperesents salt concentration in kg m−3, the salt water (brine) diffu-
sion coefficient, D = 3×10−9 m2s−1 [33].

The mass diffusion equation solution requires an initial condition which is the
mass of salt at the UCZ and LCZ with linear density gradient at the NCZ and
two boundary conditions; applying mass balance. The first boundary condition
is defined at z2 (UCZ - NCZ interface) while the second boundary condition is
defined at z1 (NCZ - LCZ interface).

Applying a simple mass balance over the upper convective zone yields the first
boundary condition:

−D
∂C

∂z
=

∂C

∂t

∣
∣
∣
∣
z2

(H − z2), (z = z2, t > 0). (3.37)

Applying mass balance over the lower convective zone yields the other bound-
ary condition:

−D
∂C

∂z
=

∂C

∂t

∣
∣
∣
∣
z1

(z0 − z1), (z = z1, t > 0). (3.38)

The salt density gradient occurring due to salt concentration variance magni-
tude in a SGSP is described as a positive gradient because it leads to creating
the required gradient profile for the NCZ, i.e. the salt gradient is concentrated
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downward. In the proposed 1-D model, the system total mass in the partic-
ular control volume is constant; also, the mass transfer process is simply the
consequence of molecular diffusion process, and the heat transfer and the mass
transfer processes are considered to be completely independent. According to
these assumptions, the 1-D transient mass diffusion numerical study will be
carried out.

SGSP can not function without a stable concentration profile. However, salt in
water tends to diffuse from high concentration regions to regions at lower con-
centrations. In the case of SGSP, it is from the bottom of the SGSP to the surface.
If to consider the diffusion scenario, which is inevitable, although, this might
happen slowly over time if continuously, such behaviour will de-homogenize
the pond in the long run [9], this diffusion will result in mixing. Thus, the
SGSP will also become hydro-dynamically unstable. One-Dimensional Models
can not address SGSP hydrodynamic instability. They can not describe veloc-
ity fields and the movement of the fluid, as it requires at least two dimensions
to occur. Subsequently, developing a two-dimensional and conducting a 2-D
study is required.

3.6 Transient two-dimensional model

The One-Dimensional steady-state and transient models provide a great insight
into SGSP thermal and solutal behaviour. However, they can not address SGSP
hydrodynamic and operational stability. They can not describe velocity and
convection, as it requires at least two dimensions to occur. Consequently, a
fully coupled two-dimensional model is needed. In this section, the physical
concept and hydrodynamics are explained; moreover, the mathematical for-
mulation necessary to describe the behaviour of a fully coupled system is de-
veloped.

Before proceeding with the mathematical formulation of the 2-D model. It
is beneficial to start with describing the nature of the fluid behaviour inside
SGSPs. Assume that cold freshwater over hot salty water as shown in Fig. 3.10,
the fluid relocated vertically downwards absorbed heat by diffusion, and so
overshoots when rising to the surface. This drives to an oscillation of growing
amplitude, or in other terms an oscillatory instability. Both sorts of diffusion
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(Heat and Mass) can contribute to the motion, and the mixing happens inside
SGSPs.

FIGURE 3.10. Double diffusive convection.

In the previous analysis (1-D steady-state and 1-D transient), the velocity fields
were completely neglected where a uniform salinity and temperature profiles
and fixed zone thickness were assumed. These were simplifying hypothesis as
there should be a motion of the fluid resulted directly or indirectly from the
effect of double-diffusive convection which is the fluid dynamics phenomenon
which defines a particular pattern of convection induced and generated by two
different density gradients, that also have varying rates of diffusion as shown
in Fig. 3.10.

It is understood that diffusion is the motion of a particle or a molecule from a
region of high concentration to another region with lower concentration. While
convection is mainly generated due to density differences influenced by the
impact of gravity. The difference in density can be created because of gradients
in the fluid composition, or due to variations in concentration or temperature
created by differences in βC and βT . Compositional gradients and thermal gra-
dients usually diffuse with time, lessening their capability to stimulate convec-
tion, and consequently for convection to occur and continue, gradients in other
areas of the flow have to exist [107].



Chapter 3. Theoretical modelling 96

A mathematical model to further investigate the thermal behaviour, hydro-
dynamic behaviour and operational stability of the SGSP is developed in the
present section; the model includes the equations that govern the system, the
governing equations are for velocity, concentration and temperature, as well
as a constitutive association of temperature and density. The compressible
Navier Stokes explains the velocity correctly many physical applications; how-
ever, these equations are challenging to study analytically or even to integrate
numerically; thus, they could be avoided when there is no substantial devia-
tion for density field from hydrostatic equilibrium as the situation in SGSPs.
Pressure-driven flows that posses weaker density differences could surely be
approximated as having almost constant densities, utilizing the incompressible
Navier Stokes equations.

The Navier-Stokes is a vector equation derived by applying Newton’s Law of
Motion to a fluid element and is also termed as the momentum equation. It is
supplemented by the continuity equation, a mass conservation equation, and
the energy equation. It is assumed that the fluid inside the SGSP is Newtonian
and incompressible. All properties of salt and water mixture inside the SGSP
are considered constant, except in buoyancy-driven flows, as density changes
cannot be completely neglected as they generate motion as it has been men-
tioned earlier. Thus, the ideal compromise is to apply the Boussinesq approxi-
mation, which has been considered in this numerical study. The Boussinesq ap-
proximation was first suggested by Joseph Boussinesq (1842-1929). Buoyancy-
driven flow, the density changes could be ignored everywhere in the equation
of momentum apart from the gravitation term. The Boussinesq approximation
has been widely employed in order to simplify the Navier-Stokes equations.
The model first-order derived from Boussinesq approximation for density vari-
ation with temperature amounts to, Eq. 3.40 [20]:

ρ = ρr
[

1− βT (T − Tr) + βC(C − Cr)
]

(3.39)

where ρr, Tr, Cr are reference density, temperature and salt concentration re-
spectively, βT is thermal expansion coefficient and βC is salinity expansion co-
efficients.
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The equation below represents the gravitational force per unit mass on the fluid
[72]:

f =
[

1− βT (T − Tr) + βC(C − Cr)
]

g (3.40)

The velocity, temperature, and concentration variation are solely considered in
x and z directions. Consequently, the velocity, temperature, and concentration
distributions in the SGSPs are 2-D. And the assumption is that density changes
are only considered in the buoyancy force. Thus, mass conservation for water
and species (i.e., continuity and convective-diffusive equations), momentum
(i.e., Navier-Stokes), and energy conservation equations are coupled with the
density of the fluid, assumed to be linear with temperature and salinity. These
equations can be written as:

3.6.1 Continuity equation

The continuity equation is developed simply by employing the law of conser-
vation of mass for a volume element within flowing fluid. Most fluids and so
water are incompressible; consequently, their densities are constant considering
a wide range of flows. Since the density of the fluid is constant and incompress-
ible flows must satisfy the constraint:

∇ · v = 0 (3.41)

3.6.2 Momentum equation

The equation of momentum is a description of Newton’s second law; it corre-
lates the entirety of the forces acting upon a fluid element to its acceleration or
more precisely to its rate of change of momentum. Since the density of the fluid
is constant, incompressible flows must satisfy the constraint:

∂vx
∂t

+ v ·∇vx − ν∇2vx = −
1

ρr

∂P

∂x
(3.42)

∂vz
∂t

+ v ·∇vz − ν∇2vz = −
1

ρr

∂P

∂z
−
[

1− βT (T − Tr) + βC(C − Cr)
]

g (3.43)
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where ν is kinematic viscosity v is velocity, (x,z) are Cartesian coordinates, and
P is the pressure. At the bottom and the surface of the SGSP, a zero flux of
mass is imposed. The boundary conditions for the continuity and momentum
equations at the bottom of the SGSP are:

Vx = 0 Vz = 0, at z = 0 (3.44)

Therefore, the bottom of the pond is impermeable, which physically indicates
using a high-quality liner. The boundary conditions the continuity and momen-
tum equations at the top surface of the salinity gradient solar pond are:

Vz = 0, Vx = 0, at z = H (3.45)

where H is the height of the SGSP and is taken as a reference for the spatial
coordinate z.

3.6.3 Energy equation

∂T

∂t
+ v ·∇T − α∇2T =

I

ρCP

∂τ(z)

∂z
(3.46)

The boundary condition for the thermal energy equation at the bottom of the
SGSP is:

∂T

∂z
= 0 at z = 0 (3.47)

Which indicates a complete insulation to the bottom of the SGSP. The boundary
condition for the thermal energy equation at the top surface of the SGSP is:

−n̂ · (α∇T ) = h(T − Tr) at z = H (3.48)

where α is thermal diffusivity and the term with −n̂ is a vector that is normal to
top surface points outwards from the pond, all these assumptions which do not
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modify the principles of the system will be considered in the numerical study
part of the thesis for simplifying the analysis.

TABLE 3.3. Illustrates, parameters, units and values of all parameters in the dimen-
sional equations [72, 123, 9].

Dimensional Equation Parameters

Term (symbol) Value

Solar intensity (I) 300 W m−2

Thermal diffusivity (α) 1.2 ×10−6 m2 s−1

Thermal Expansion Coefficient (βT ) 5.24 ×10−4 K−1

Diffusion Coefficient (D) 3.39 ×10−9 m2 s−1

Solutal Expansion Coefficient (βC) 6.82 ×10−3 (Wt Pct)−1

Gravitional acceleration (g) 9.8 m s−2

Kinematic Viscosity (ν ) 1.8 ×10−6 cm2 s−1

3.6.4 Mass equation

∂C

∂t
+ v ·∇C = D∇2C (3.49)

There is no loss of salt from the bottom of the pond, thus, the boundary condi-
tion for the mass equation at the bottom of SGSP is:

∂C

∂z
= 0 at z = 0 (3.50)

Boundary condition for the mass equation at the top surface of the SGSP is:

∂C

∂z
= 0 at z = H (3.51)
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The boundary condition for the mass equatin can also be written as:

−n̂ ·∇C = 0 (3.52)

Thus, both the sidewalls and the bottom of the SGSP are considered to be well
insulated with high-quality liners. Thus, no salt or heat leakage from the SGSP.
And the solar radiation that enters the SGSP is completely absorbed.

3.6.5 Dimensionless analysis

The dimensional equations Eqs. 3.41 - 3.49 of continuity, momentum, heat and
mass which were described in chapter 3 are written in a non-dimensional form.
In the non-dimensional analysis performed, a non-dimensional value (or more
accurately, a value with the dimensions of 1) is a value that has no real physical
units and consequently a real number. Such a value is typically described as
an output or ratio of values that do have physical units, in a way where all the
units cancel out [124].

In order to analyse the system behaviour and find the characteristic quantities.
The following dimensionless groups are defined:

A =
W

H
, θ =

T − Tr

∆T
, ϕ =

C − Cr

∆C
, P =

pH2

ρrα2
, V =

vH

α
,

t =
αt

H2
, X =

x

H
, Z =

z

H

where V is dimensionless velocity components (note that no attempt was made
to describe velocity in the 1-D study), θ is dimensionless temperature, ϕ is di-
mensionless concentration, P is dimensionless pressure and t is the dimension-
less time of heating. A represents the aspect ratio, X is the dimensionless hor-
izontal coordinate which also corresponds to the width W width of the SGSP,
Z is the dimensionless vertical coordinate that represents the height H of the
SGSP, ∆T and ∆C are dimensional temperature difference and salt concen-
tration difference, respectively. The dimensional equations Eqs. 3.41 - 3.49 are
written in a non-dimensional form as follow:
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Continuity and momentum equations

∇ ·V = 0 (3.53)

∂Vx

∂t
+V ·∇Vx − Pr∇2Vx = −

1

ρr

∂P

∂X
(3.54)

∂Vz

∂t
+V ·∇Vz − Pr∇2Vz +

∂P

∂Z
= PrRaT (θ −Nϕ) (3.55)

where Pr is the Prandtl number, and N is the buoyancy ratio, see Table. 3.4 for
the mathematical definitions of these parameters. The boundary conditions on
the vertical walls of the salinity gradient solar pond are V = 0. The boundary
conditions for the continuity and momentum equations at the bottom of the
SGSP are:

Vx = 0 Vz = 0, at Z = 0 (3.56)

Therefore, the bottom of the pond is perfectly insulated, which physically in-
dicates using a high-quality liner. The boundary conditions for the continuity
and momentum equations at the top of the salinity gradient solar pond are:

Vz = 0, Vx = 0, at Z = 1 (3.57)

where 1 is the dimensionless height of the SGSP which corresponds to 2 m
dimensional height and is taken as a reference for the spatial coordinate Z.

Energy equation

∂θ

∂t
+V ·∇θ −∇2θ =

RaI
RaT

∂σ

∂Z
(3.58)

σ = τs

4
∑

i=1

Si φ exp

[

− φ(1− Z)

]

(3.59)
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where σ represents the dimensionless transmission approximation τ(z) and φ

equals δi
cos θR(H) . The boundary conditions on the vertical sidewalls of the salinity

gradient solar pond are θ = 0. The boundary conditions the energy equation at
the bottom of the SGSP are:

∂θ

∂Z
= 0, at Z = 0 (3.60)

Therefore, the bottom of the pond is perfectly insulated, which physically in-
dicates using a high-quality liner. The only heat loss from the SGSP is the heat
loss from the top surface to the atmosphere via convection. The boundary con-
ditions for the energy equation at the top surface of the salinity gradient solar
pond are:

∂θ

∂Z
= −Biθ, θ = 0 at Z = 1 (3.61)

where Bi is Biot number, it is a non-dimensional heat transfer coefficient quan-
tity used in heat transfer calculations. It provides a simplistic ratio index of the
heat transfer resistances within and at the surface of a body of fluid.

Mass equation

∂ϕ

∂t
+V ·∇ϕ =

1

Le
∇2ϕ (3.62)

where Le is Lewis number. The boundary conditions for the mass equation at
the bottom boundary of the SGSP is:

∂ϕ

∂Z
= 0, at Z = 0 (3.63)

The boundary conditions on the sidewalls of the salinity gradient solar pond
are ϕ = 0. While the boundary conditions for the mass equation at the top of the
salinity gradient solar pond are:

∂ϕ

∂Z
= 0, −n̂ · (

1

Le

∂ϕ

∂Z
) = 0 at Z = 1 (3.64)

where −n̂ is a vector that is normal to top surface points outwards from the
pond and the term −n̂.( 1

Le
∇ϕ) = 0 on the boundaries due to no flux directed at
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that area.

TABLE 3.4. Illustrates, the mathematical definetions of the dimensionless equations
parameters [124, 72, 125].

Term (symbol) Definition

Schmidt Number (Sc) ν
D

Prandtl Number (Pr) ν
α

Lewis Number (Le) Sc
Pr

Biot Number (Bi) hH
kw

Buoyancy ratio (N) βC∆C
βT∆T

The dimensionless parameters in the governing equations can be divided into
two groups; (I) Dimensionless parameters that characterize material proper-
ties of the fluid, (II) Dimensionless parameters or characteristic quantities that
characterize the fluid flow and consequently the salt gradient solar pond hydro-
dynamic behaviour. Table. 3.4 illustrates the mathematical definition of these
parameters.

If the double-diffusive convection consequences are critical, then the relative
balance between temperature and concentration can play a role in SGSP sta-
bility. The effect of DDC on SGSP operational stability and the measures that
could be taken to minimize this effect will be investigated in chapters 5 and 6.

3.7 Summary

In this chapter, the mathematical configuration of the SGSP is presented where
the SGSP divided into three zones with different heights and salt concentration
profiles. Other features, such as areas of potential heat loss, are also shown.
This mathematical configuration will be referred to throughout the thesis.
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The solar radiation transmission model is developed where the physical con-
cept and mathematical formulation necessary to adequately predict the solar
radiation transmission in SGSP are introduced. The obtained solar radiation
transmission function will be used in all the studies conducted in this thesis.

A 1-D steady-state and 1-D transient heat and mass transfer models are devel-
oped by applying mass and energy balances over the zones of the SGSP which
yield a number of nonlinear partial differential equations. The developed 1-D
Model in this chapter will be used to numerically investigate the thermal po-
tential of salinity gradient solar pond as a source of thermal energy for thermal
desalination applications according to the geographical and climate conditions
of Libya. Previous studies might provide an insight into SGSP performance;
however, the current development in thermal desalination units necessitates
a new assessment of the potential of SGSP as a source of thermal energy for
desalination applications. According to the reviewed experimental and theo-
retical work in Chapter 2, SGSPs, by their nature, appear to exhibit a surprising
degree of site-specific behaviour and various thermal performances. Conse-
quently, one must accurately assess and evaluate each potential SGSP, and the
associated application of the SGSP heat according to its merits. The 1-D study,
considering Libya climatology, will be presented in chapter 4.

A 2-D model is developed where the physical model and governing equa-
tions are presented after the problem of hydrodynamic, transient heat and mass
transfer in the SGSP is formulated using a dimensional and dimensionless forms
of Navier Stoke equations. To the best of the author’s knowledge, studies that
fully explain how SGSP becomes hydro-dynamically unstable have not been
conducted. In particular, how, when, and where convection current start to
form to damage the gradient (non-convective zone) have not been explained
nor have the transient behaviour of the fluid been simulated in great detail.
Thus, the 2-D model developed in this chapter will be utilized to investigate
the hydrodynamic instability of SGSP by (I) Investigating the hydrodynamic
behaviour of the transient fluid flow developed in the UCZ, NCZ, and LCZ
during the collection and the storage of energy in the presence of the DDC ef-
fect, (II) Investigating the changes that occur to the zones during operation due
to the DDC effect and answering the questions of how and where convection
currents start to form in the non-convective zone, (III) Comparing the thermal
performance of the 1-D SGSP where the SGSP is assumed to be stable and the



Chapter 3. Theoretical modelling 105

2-D model where the SGSP is subject to the DDC effect. The 2-D study will be
presented in chapter 5.

Finally, to the best of the author’s knowledge, a design key question like, what
the optimum (Best thermal performance and longest term of stability) zones
thickness ratio has never been answered in sufficient detail considering the
DDC effect. Thus, a numerical study to investigate the optimum (best thermal
performance and long term stability) NCZ: LCZ thickness ratio will be con-
ducted utilizing the 2-D model developed in this chapter. The effect of zone
thicknesses, buoyancy ratio and heat recovery 2-D studies will be presented in
chapter 6.



Chapter 4

1-D transient heat and mass transfer
study

4.1 Overview

In chapter 2, the concept, design and construction of SGSPs are explained. The
previous pertinent experimental and theoretical work is reviewed, and the cur-
rent operation challenges are identified. In chapter 3, the solar radiation trans-
mission inside the SGSP is modelled, and the mathematical formulations neces-
sary to adequately predict and investigate the thermal potential and operation
of SGSP are developed. Hence, previous 1-D studies provide an insight into
SGSP thermal performance, the fact that SGSP is not off the shelf technology,
and with the current development in thermal desalination units necessitates
a new assessment to the potential of SGSPs as a renewable source of thermal
energy for desalination applications. Recently, it has been reported in the lit-
erature that Multi-effect thermo-vapour compression desalination units were
operated at lower top brine temperature of 60-65 ◦C [49, 50]. This chapter aims
to predict the thermal performance and potential of salinity gradient solar pond
as a source of thermal energy under Libya geographical and climate conditions.

Consequently, in this chapter, the features of the proposed SGSP physical model
are presented. The governing equations and the assumptions that are consid-
ered to investigate the thermal performance of the proposed SGSP are intro-
duced. The numerical method adopted to solve the governing equations of the
system is explained. The generation of the mesh, the discretisation of the gov-
erning equations, the logic of the programming code and the general logic flow
of the computer model are all illustrated. Moreover, the numerical code pre-
cision in simulating the thermal performance is compared and validated with

106
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an experimentally measured temperature data obtained from Granada and El
Paso salinity gradient solar ponds which were already reviewed in chapter 2.

The numerical study results for the proposed SGSP are then presented, where
(I) The thermal performance is examined under different zone thickness ratios
where the SGSP is run for the same average solar intensity and the same pe-
riod for all thickness ratios. Consequently, the generated temperature profiles
are plotted against the height of the SGSP. Accordingly, a zone thickness ratio
that has the best thermal performance (highest LCZ temperature) is identified.
Furthermore, (II) The thermal and solutal behaviour of Libya SGSP is assessed
and studied in more detail in order to understand how both the temperature
and the concentration profiles evolve with time. (III) The heat recovery from
SGSP is studied where the integration potential of different desalination plants
is assessed, and the thermal potential of SGSP being a consistent thermal en-
ergy supply for low-grade heat thermal desalination units is evaluated. Finally,
a summary of the chapter is presented.

4.2 Physical model and governing equations

This section provides an insight into the proposed SGSP model configuration.
This section also highlights the governing equations of the system and intro-
duces the assumptions that are made to perform this study.

4.2.1 Physical model

The proposed SGSP is located in Tripoli, Libya within a latitude and longitude
of 32.54◦ N, 13.11◦ E. The SGSP is divided into three zones, UCZ, NCZ and
LCZ as depicted in Fig. 3.1. The UCZ thickness is maintained as small as 0.4 m
in order to minimise heat losses to the atmosphere and to reduce the effect of
wind erosion at the surface. Chapter 2 explains in detail the underpinning logic
of choosing this particular height for the UCZ. The upper convective zone of the
proposed SGSP is assumed to be susceptible to heat losses via convection only,
as convection represents the most significant heat loss from the UCZ. For the
NCZ and the LZC thicknesses, different NCZ: LCZ zone thicknesses ratio are
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to be examined as there is no definite optimum zone thicknesses ratio for those
zones in the literature.

The shape of the SGSP is another debatable subject. Dehghan et al. [62] demon-
strated in his experiment that, for a large surface area SGSP, circular-shaped
SGSPs have better thermal performance than square-shaped SGSPs. This ad-
vantage is mainly associated with the smaller heat losses from sidewalls and
linked to, the fewer edges and bends per unit area of the circular-shaped SGSPs
[62]. In practice, small surface area SGSPs (of less than 500 m2) are recom-
mended to be circular-shaped, while larger SGSPs can be either rectangular-
shaped or circular-shaped, as the heat losses via their sidewalls will be less
significant and critical than those happening in small SGSPs.

Due to the advancement in liner technology and the high-quality liners avail-
able today (E.g. Nylex Millennium polypropylene liner, see, chapter 2). In this
particular study, the sidewalls and the bottom surface of the SGSP are assumed
to be perfectly insulated, hindering any heat loss. Consequently, the solar radi-
ation reaching the lower convective zone is effectively absorbed.

4.3 Numerical method

This section deals with the numerical method. In this sections, the finite vol-
ume method is explained, the discretisation of the governing equations is per-
formed, the logic flow of the computer model is introduced, and a validation
study to assess the precision of the developed code is also performed.

4.3.1 Finite volume

The finite volume (FVM) is a discretisation method for partial differential equa-
tions, particularly those that originate from physical laws of conservation. The
finite volume method applies a volume integral formulation of the problem
with a finite partitioning set of volumes to perform the discretisation of the
equations. The method is in wide use for discretising computational fluid dy-
namics equations [126].
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The utilisation of the finite volume method, mesh generation and the general
form of finite volume method discretisation are explained in detail in the next
sections.

4.3.2 Mesh generation

In order to use the finite volume method, the domain of the solution should ini-
tially be divided into non-overlapping polyhedral cells or elements, as shown
in Fig. 4.1a. A solution domain is divided or distributed in such a way the final
pattern or form is commonly defined as a mesh. A mesh includes faces, vertices
and cells, as shown in Fig. 4.1a.

(A) A mesh consists of cells, faces and
vertices.

(B) Cell centred finite volume method.

FIGURE 4.1. A mesh consists of cells, faces and vertices. The divider between two cells
is termed as a face at all of the dimensions]A mesh consists of cells, faces and vertices.

The divider between two cells is termed as a face at all of the dimensions [127, 128].

In the finite volume method, variables are averaged over control volumes CVs.
Furthermore, these control volumes are characterised and defined by the cells’
centres. In the cell-centred CC-FVM shown in Fig. 4.1b, the control volumes are
shaped by the cell of the mesh with the centre of the cell, saving the average
variable value in the control volume.

The face fluxes are approximated using the variable values in the two adjacent
cells surrounding the face. This low order approach has the benefit of being
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effective and demanding low bandwidth matrices (the bandwidth is equal to
the number of cell neighbours plus 1) and consequently, the low requirement
for storage. Nevertheless, the mesh topology is bound because of conjunction-
ally and orthogonality requirements. The value at a face is considered to be the
average value over the face. On an unstructured mesh, the face centre might
not occupy the place on the line connecting the centres of the CV, which will,
in return, drive to an error in the face interpolation. FiPy currently utilises the
CC-FVM which is used in this study [127, 128].

Before preceding with the programming code and the logic flow of the com-
puter model. For more clarification to the numerical method, the discretisation
of the heat conduction equation that governs the heat transfer inside the SGSP
is explained. The same concept and numerical method are used to discretise
the mass equation.

4.3.3 Discretization of governing equations

The initial step to discretize the governing equatoin Eq. 3.17 using the CC-FVM
is integrating over a control volume and after that making a suitable approxi-
mations for fluxes across the boundary of each control volume. In this partic-
ular section, each term in Eq. 3.17 is performed separately to understand the
approach used to solve the equation of heat transfer. For the heat accumula-
tion part (transient term) in the heat diffusion governing equation, the integral
discretionary

∫

V
over the volume of a CV is:

Heat Accumulation
︷ ︸︸ ︷
∫

V

ρCp
∂( T )

∂t
dV ≃

(ρPCpPTP − ρoldP CpoldP T old
P )VP

∆t
(4.1)

where TP is the average value of T in a control volume that is centred on a point
P , the previous time-step value is defined by the superscript "old" while VP in
the equation represents the volume of the control volume, and ∆t is the time
step size. The term is also described as the "Transient term". The discretization
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of the diffusion term (heat conduction) is given by:

Heat Conduction
︷ ︸︸ ︷
∫

V

k∂2(T )...

∂z2
dV =

∫

s

k(n̂ ·∇...)dS ≃
∑

kf(∇...)fAf ≃
∑

kfAf
TA − TP

dAP

(4.2)

(n̂ ·∇...)f ≃
(...)A − (...)P

dAP

(4.3)

where ... indicates a recursive application of the specified operation on T , which
works in a manner that enables calculating the variable T at every control vol-
ume, Af is the area of each surface, ∇ is the diffusion term. The term is repre-
sented in the code as "Diffusion Term", the term (n̂ · ∇...)f represents the flux
estimate and is figured via Eq. 4.3. The term dAP represents the distance be-
tween the neighbouring cell centres.

The discretisation of the source term (Solar Energy Absorption). As the term
cannot be formulated in any of the previous forms and is regarded as a source
S. The discretisation of the source term is:

Solar Energy Absorption
︷ ︸︸ ︷
∫

V

SdV ≃ SVP . (4.4)

A dependence can be included in a linear manner, thus Eq. 4.4 becomes

VP (S0 + S1TP ), (4.5)

where S0 represents the source that is independent of T , while S1 represents the
coeficient of the source that is also linearly dependent on T . The source term
is defined and written in FiPy the same way it is represented in the mathemat-
ical form in the heat diffusion equation. Combining Eqs. 4.1, 4.2, and 4.5, the
complete discretization of Eq. 3.17 can be written for each CV as:

ρPCpP (TP − T old
P )VP

∆t
−
∑

kfAf

TA − TP

dAP

= VP (S0 + S1TP ) (4.6)



Chapter 4. 1-D transient heat and mass transfer study 112

The discretization for Eq. 3.36 for mass transfer can be written for each CV as:

(CP − Cold
P )VP

∆t
=
∑

DfAf
CA − CP

dAP

(4.7)

4.3.4 FiPy: a finite volume PDE solver using python

FiPy [128] is an object-oriented, partial differential equation (PDE) solver, writ-
ten in Python, based on a standard finite volume (FVM) approach. FiPy solves
the equation at the centres of the cells of the mesh, shown in Fig. 4.1b. The way
it works, the 1-D domain has 100 solution points, NZ is defined, the NCZ is
divided into layers that have an equal size with a specified total height for the
zone. The grid object represents a structured linear grid and grid spacing (set
to unity). Thus, a CellVariable object introduced in order to store or save the
values of the solution for the equation of heat diffusion T and mass diffusion
C. Transient terms and Coefficients are also set.

The set of boundary conditions are supplied to the equation essentially as a
Python tuple or list (the distinction is not usually necessary to FiPy). The
outer faces on the upper interface or boundary of the domain are extracted
by mesh.faceGrad[0] while mesh.faceGrad[1] for the lower boundary. Alterna-
tively, to using the solve() system equation, the sweeping method is used; it is
often called sweep() instead. Both systems or methods behave the same, but
the later returns the residual which next can be used as part of the exit condi-
tion. The next section explains the general logic flow of the computer model to
perform the simulation.

4.3.5 The general logic flow of the computer model

Python codes using FiPy are developed to solve the 1-D finite volume for the
mass and heat transfer governing equations. The computer program works
in the manner shown in Fig. 4.2, it starts with an initial pond temperature that
equals to the ambient, given standard insolation data for the location proposed.
The upper convective zone and the lower convective zone are considered as a
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single grid point. The third step of the program calculates the radiation input
to each of the layers. This is done with the solar radiation data and the angle
of incidence of direct solar radiation, all solar radiation is assumed to be direct,
and the effect of day and night shifts for solar radiation are not considered. The
fourth step of the program is to perform the heat and mass transfer iterations.
Thus, the output of the simulations is the temperature and concentration pro-
files for the proposed salinity gradient solar pond. Fig. 4.2 shows the general
logic flow of the SGSP computer simulation. For clarification, only the heat
equation is explained. However, the same concept is applied and used to solve
and predict solute behaviour.

FIGURE 4.2. General logic flow of the computer model.

The numerical model addressed with attention to avoid any simplifying hy-
potheses that may lead to inaccurate estimates, which are not compatible with
the process and the system characteristics. So far, the computer model devel-
oped in this study incorporated some of the assumptions as that in the Hull,
Rabl and Nielsen mathematical model [9]; however, at this point, the program
is set to try and model the UCZ temperature more accurately, taking in consid-
eration heat loss from the top surface. Indeed, the analysis will provide useful
insight into the potentiality of a solar thermal desalination process according
to Libya geographical and climate conditions. Two code precision validation
studies are conducted in the next section.
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Time step sensitivity analysis

A time step sensitivity study of different time schemes is conducted, as shown
in Fig. 4.3. The study shows that the same output can be achieved by applying
lower-order or higher-order time schemes.

(A) Time step = 30 seconds. (B) Time step = 1 minute.

FIGURE 4.3. The evolution of salt temperature profile inside the SGSP till SGSP reached
steady state, at NCZ (1.2 m) and I = 300 W m−2, Initial, 20 Days, 70 Days, 90 Days

(Steady State).

The results indicate that it is possible to reduce or increase the time steps re-
quired to predict the evolution of concentration, temperature or velocity pro-
files till steady state is reached. However, the smaller size of the time step
results in the increased total number of iterations. The analysis for the 1-D
numerical study shows that the numerical method provides a good balance be-
tween the size of time step and number of iterations. A time step of 1 minute
is used in the simulation. With 1 minute the computational time for one month
is about an hour and a half while with 30 seconds the computational time is
approximately 3 hours. Consequently, a time step of 1 minute found to be ap-
propriate and gives the shortest runs time.

4.3.6 Validation of the model

To validate the developed numerical code precision in simulating the thermal
performance of the SGSP. Two validation studies are conducted and compared
against experimental data for two different locations. The first SGSP is the
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Granada solar pond in Spain which has been reviewed in chapter 2. The metro-
logical data and the operational parameters for Granada SGSP are obtained
from [129, 27]. The data is for the year of 2014-2015. The second SGSP is El
Paso in the US, which was also reviewed in chapter 2. The metrological data
and operational parameters for El Paso SGSP are obtained from [130, 25, 26].
The data is for the years between 1991-1993. Data concerning the location and
design specification are illustrated in Table. 4.1.

TABLE 4.1. Location and design specification data [130, 129, 25, 27, 26].

i Granada SGSP El Paso SGSP

Location Spain US
Latitude 37.18◦ N 31.7◦ N

Longitude 3.6◦ W 106.4◦ W
Height 2.2 m 3.25 m

UCZ Thickness 0.2 m 0.7 m
NCZ Thickness 1.4 m 1.2 m
LCZ Thickness 0.7 m 1.35 m

Granada SGSP

The distribution of temperature for short-run (temperature profile) is validated
with experimentally measured temperature data from Granada SGSP [129, 27].

The monthly averaged solar radiation incident and the average ambient tem-
perature are obtained from [129, 27]. As illustrated in Table. 4.1 The dimensions
of SGSP zones are 0.2 m, 1.4 m and 0.6 m for the UCZ, NCZ and LCZ respec-
tively. The bottom of the SGSP is insulated. A more detailed review of this
SGSP design and operation is performed in chapter 2.

It can be noticed that the temperature profile of the current study and the exper-
imental data from Granada have a good agreement. There is a slightly different
in behaviour at the interfaces. This could be due to the formation of convective
currents at these regions. This could not be detected by the 1-D model where
a uniform temperature is assumed in the UCZ and LCZ. The difference in the
LCZ thermal behaviour can also be linked to the degradation of the bottom in-
sulation (liner degradation). There could be a ground heat loss in the Granada
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FIGURE 4.4. Validation of Temperature Distribution Results for the Present model
with an experimental data 2014-2015 [129, 27], Experimental (Granada Solar Pond),

Present Study.

SGSP which caused this sudden decrease in temperature in the bottom of the
pond. In the present study model, the liner assumed to be efficient and per-
fectly insulates the bottom of the SGSP. The middle zone temperature gradient
profile looks almost identical, and the same applies to the final temperature 70◦.

El Paso SGSP

To check the validity of the current study model for the long-run behaviour, the
simulated temperature of the El Paso SGSP is compared to an experimentally
measured data obtained from the same pond [25]. El Paso SGSP is located at
latitude 31.7◦ N. The location and design specification data are illustrated in
Table. 4.1. More operational details regarding El Paso SGSP are in Chapter 2.

The El Paso SGSP temperature profile shown in Fig. 4.5 is taken for one year
over an average of 2 years of operation 1991-1993. The same data is used to
validate the present model. The result of the comparison is shown in Fig. 4.5.
The red colour represents the present study model, while El Paso data is repre-
sented with black and grey colours.
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There is an excellent agreement between the current study model and the data
compared to. However, a slight difference in thermal behaviour is noticed. This
slight difference could be due to thermal conductivity coefficients value varia-
tion between actual in the site and the modelled one (0.59 W m−1 K−1) [52].

FIGURE 4.5. Comparison of the LCZ average temperature over two years of operation
(1991-1993), El-Paso pond ambient temperature [130], Present study, El-Paso SGSP

LCZ temperature.

As illustrated in Fig. 4.5, for the present model, the thermal behaviour is almost
similar to the El Paso SGSP. The temperature in the LCZ reaches its maximum
value by the end of August for El Paso SGSP and the same for the present
model. Furthermore, a progressive reduction in temperature is detected after
September in both cases. The slight differences in thermal behaviour are more
likely for the following reasons. It could be due heat transfer coefficients differ-
ence between actual in the site and assumed one. Additionally, factors like the
clarity and transparency of the SGSP, as the El Paso was on for a long time be-
fore the measurements were taken so that means the water transparency might
have deteriorated. Moreover, changes occur to zones during operation due to
the DDC effect, might play a role in this slight change in behaviour.

To sum up, the codes successfully simulates two existing SGSPs for two differ-
ent locations with different SGSP dimensions. The present model shows a good
agreement with the experimental data.
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4.4 Libya SGSP thermal potential: Numerical study

This particular study aims to predict the thermal potential of the salinity gra-
dient solar pond as a source of thermal-energy for thermal desalination appli-
cations according to Libya climatology. The features of the physical model and
governing equations are described in section 4.2. The numerical method and
the logic flow of the computer model are explained in section. 4.3. This section
introduces the data that is utilised to conduct the study. In this section also,
five studies are conducted, the first study evaluates the thermal performance of
SGSP at three-zone thickness settings (variations) in order to find the optimum
zone thicknesses ratio, where SGSP has the highest thermal performance. The
second and third studies are devoted to studying the thermal performance and
solutal behaviour for the SGSP in short and the long run, respectively. The final
two studies are devoted to study the potential of heat recovery from SGSP and
to evaluate the thermal potential of integrating SGSP with desalination units.

4.4.1 Parameters

The thermal properties of the salt-water solution are illustrated in Table. 4.2,
which provides values for the thermal diffusivity, the thermal conductivity, k,
the specific heat, Cp, and the density ρ for salt-water solutions at conditions
that match operational ponds. The differences in the thermal properties of pure
water to a salt-water solution are introduced in the same table.

TABLE 4.2. Thermal properties of salt water [52, 125, 131]

Water type Thermal
conductivity

Thermal
diffusivity

Density Specific
heat

W m−1 K−1 m2 s−1 kg m−3 J kg−1 K−1

Pure water 0.6 1.43 ×10−7 998 4184
Salt-water 0.59 1.34 ×10−7 1100 3989

The dissolved salts concentration in seawater is almost uniform everywhere
in this globe; it is around 35,000 ppm at all the World’s oceans [52]. As the
impact of some uncertainties such as the variation of the thermal properties
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with temperature and concentration can be insignificant, in this study, constant
values for the properties of the salt-water solution are considered [9].

FIGURE 4.6. Average wind speed during the year in Tripoli[37].

The SGSP is located in Tripoli within a latitude and longitude of 32.54◦ N, 13.11◦ E.
The solar radiation data and wind speed data are obtained from NASA [37]. Ta-
ble. 4.3 shows the average solar radiation for the city of Tripoli. Fig. 4.6 shows
the monthly average wind-speed for Tripoli.

SGSP design parameters; Different zones thickness ratios will be studied as
there is no fixed optimum zone thickness ratio anywhere in the literature to be
considered. The type of salt considered is sodium chloride. The salt concen-
tration of each layer is specified; the UCZ has 0 kg m−3, and 300 kg m−3 for
the LCZ where salt content at both layers assumed to be perfectly mixed. The
salt-water (Brine) diffusion coefficient D equals 3×10−9 m2 s−1 [33]. UCZ and
LCZ thermal conductivities are 0.6 W m−1 K−1 , 0.59 W m−1 K−1 and their spe-
cific heat are 4.184 kJ kg−1 K−1 and 3.989 kJ kg−1 K−1 respectively [52, 125, 72,
131]. The results are calculated according to the monthly averaged insolation
incident on a horizontal surface for the city of Tripoli.
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TABLE 4.3. Global radiation on horizontal surface for Tripoli from NASA [37].

Month Insolation (I) W/m2

(0-1) Jan 138

(1-2) Feb 151

(2-3) Mar 206

(3-4) Apr 258

(4-5) May 295

(5-6) Jun 312

(6-7) Jul 329

(7-8) Aug 290

(8-9) Sep 241

(9-10) Oct 183

(10-11) Nov 144

(11-12) Dec 122
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Incident insolation during the year

It is essential to show the profile of the incident solar radiation in the area of
the proposed SGSP in order to relate and notice how it will correspond to the
temperature profile that will be developed later in this study.

FIGURE 4.7. Solar radiation profile for Tripoli during one year, Incident Insolation (I)
W/m2 [37].

The solar radiation profile can help to recognise the variations in the radiation
intensity throughout the year. To be able to observe when it is high and intense
or low and weak. The solar radiation profile is shown in Fig. 4.7 is for the city
of Tripoli. It is apparent from Fig. 4.7 that the solar radiation intensity rises in
a regular pattern from winter season to the summer season, and it records its
maximum value in June, July and August.

The seasonal variation in the solar radiation intensity can have a significant
impact on the behaviour of the SGSP.
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4.4.2 Zones thicknesses

As there is no catalogue anywhere in the literature that suggest the optimum
NCZ: LCZ zone thicknesses ratio. Subsequently, this study evaluates the ther-
mal performance of three-zone thicknesses settings in order to find an optimum
thickness ratio, where SGSP has the highest thermal performance (highest LCZ
temperature). The different NCZ: LCZ zone thicknesses ratios will be inves-
tigated are illustrated in Table. 4.4. The UCZ thickness is fixed to 0.4 m as it
is crucial to keep this layer at this fixed thickness to minimise heat losses via
convection from the top surface. The NCZ thickness has been changed from
0.8 m to 1 m and then to 1.2 m with 0.2 m intervals. Simultaneously, the LCZ
thickness has been changed from 0.8 m to 0.6 m and then to 0.4 m with 0.2 m in-
tervals. While maintaining the thicknesses of the upper convective zone to 0.4
m during the simulation. The NCZ: LCZ zone thicknesses ratios are illustrated
in Table. 4.4.

TABLE 4.4. Different NCZ: LCZ thicknesses ratios.

i UCZ
thickness

m

NCZ
thickness

m

LCZ
thickness

m

NCZ : LCZ
thickness ratio

1 0.4 0.8 0.8 1:1
2 0.4 1.0 0.6 2:1
3 0.4 1.2 0.4 3:1

The SGSP is run from June - August and for the same period (90 days) for all
thickness ratios. The used parameters have been explained in previous sec-
tions in this chapter. Temperature profiles are plotted against the height of the
SGSP, as shown in Fig. 4.8. Note that the model assumes all solar radiation that
reaches the non-convective zone–lower convective zone interface is absorbed
in the lower convective zone.

Figure. 4.8 shows that with a small non-convective zone thickness of 0.8 m,
the LCZ temperature is the lowest, as the maximum obtained temperature is
approximately 65 ◦C. In Fig. 4.8 it is also observed that increasing the NCZ
thickness from 0.8 m to 1.2 m results in a positive impact on the overall thermal
performance of the SGSP. The increase of the NCZ thickness improves the ef-
fectiveness of the thermal insulation provided by the gradient zone, and that is
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by lessening the upward heat loss from the lower convective zone to the upper
convective zone, and that can be noticed at the UCZ temperature. It can also
be affirmed that this increase in temperature of the lower convective zone is
due to the increase of the thickness of the non-convective zone, which works
as a transparent guard or insulator sustaining all the absorbed heat in the LCZ.
Therefore, modifying the non-convective zone thickness from 0.8 to 1 m leads
to an increase in the LCZ temperature. The LCZ temperature increase is by al-
most 15 ◦C to reach almost 79 ◦C. An additional increase of the NCZ thickness
to 1.2 m improves the maximum temperature to reach approximately 98-99 ◦C,
by providing further insulation that helps to reduce the upward heat loss from
the lower convective zone to the upper convective zone.

FIGURE 4.8. Libya SGSP steady-state temperature profile after running the SGSP for 90
days at different zone thicknesses ratios, NCZ = 0.8 m, NCZ = 1 m, NCZ = 1.2 m.

However, any further increase in the NCZ thickness beyond 1.2 m, more likely
will be unprofitable for a 2 m SGSP. Because less thermal energy W/m2 will
be available in the lower zone to be withdrawn; however, this should be justi-
fied according to the application; in addition to that, the question arises wither
the SGSP will be hydrodynamically stable at an extremely tiny LCZ thickness.
Therefore, the optimum thickness of the NCZ depends significantly on how
much energy is needed for a particular application and how the SGSP stability
will be affected. A two-dimensional study is needed to be conducted where ve-
locity factors are activated, and the movement of the fluid could be simulated.
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In the lower convective zone. The highest temperature is achieved when the
lower convective zone thickness is decreased, and NCZ thickness increased.
However, a minimum depth limit of the LCZ might be required in order to
hinder any erosion of the non-convective zone when extracting heat from the
lower zone and also for the beforementioned stability reasons. On the other
hand, when the LCZ thickness is increased, the heating process needs more
time in order to heat the lower convective zone. As a consequence, the diurnal
increase in temperature of the lower convective zone is degraded. The succeed-
ing option is not practical for three main reasons; (I) the lower convective zone
does not reach high temperature as that could be obtained when LCZ thickness
is smaller, (II) the longer heat-up period for a large LCZ, and (III) the high salt
requirements for a thicker lower convective zone which could not be justified
economically. Therefore, and for all reasons mention earlier, a lower convective
zone thickness of 0.4 m is seen as optimal for the proposed SGSP. However, a
2-D hydrodynamic stability study is still needed to be conducted to examine
the stability of the SGSP.

To conclude, the NCZ acts as a thermal insulator and plays a crucial role in
SGSP thermal behaviour. It is observed that the temperature increases with
respect to the depth of the gradient zone NCZ, the deeper the gradient non-
convective layer, the higher is the average temperature obtained and the min-
imum is the upward heat losses. However, the financial (thermo-economical)
implications of increasing or decreasing the thickness of the NCZ must be eval-
uated in order to justify what is optimum. As mentioned, any increase or de-
crease should always justify the capital and operating expenditure. Addition-
ally, a two-dimensional numerical study is needed in order to investigate the
effect of zone thickness on the hydrodynamic stability of the pond. The 2-D
study is conducted in chapter 6.

4.4.3 SGSP thermal behaviour

This section explains how the temperature profile evolves with time. The depth
of the non-convective layer considered is 1.2 m, depth of UCZ and LCZ are 0.4
m and 0.4 m respectively as the best results were obtained at these thicknesses.
The underpinning logic for choosing this thickness is explained in the previous
section. 4.4.2.
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FIGURE 4.9. Libya SGSP temperature profile development at NCZ (1.2 m), Initial,
20 Days, 40 Days, 50 Days, 60 Days, 70 Days, 80 Days, 90 Days (Steady

State). The thermal energy output at 98 ◦C LCZ temperature = 68 W/m−2.

The simulation starts at the beginning of June and ends at the end of August.
Meanwhile, once solar radiation hits the top surface of the SGSP, a portion of
the incident, solar radiation is absorbed. The maximum temperature occurs
just below the UCZ. Afterwards, a portion of the NCZ starts to heat up. Later
the peak temperature moved towards the LCZ as more absorption is taking
place in the bottom, as shown in Fig. 4.9. The non-convective layer works as a
transparent insulator permits heat to be trapped in the bottom layer. Providing
that the water has a low thermal conductivity, the heat is trapped and stored
in the lower convective zone. The only significant heat loss from the SGSP is
through the UCZ.

Simulation results show that the temperature in the LCZ exceeded 90 ◦C at zero
heat extraction rate according to Libya meteorological data as shown in Fig. 4.9.
Which corresponds to the thermal energy output = 68 W/m−2 at 98 ◦C LCZ
temperature with a Carnot efficiency of 25%. The heating in the lower convec-
tive zone slightly slowed in August due to lower solar intensity in this month
in comparison to July. Moreover, the SGSP was close to reaching its steady-
state; thus, the heat absorption and conduction processes become extremely
slow. Figure. 4.9 Indicates that the thermal performance for such a stable and
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(A) Thermal energy output at temperatures
higher than TBT of MED-TV units 60-65 ◦C .

(B) Carnot efficency of the system for
different SGSP LCZ temperatures.

FIGURE 4.10. Thermal energy output and carnot efficency figures Temperature,
Thermal energy output in W/m−2, and Carnot efficency of the system.

steady SGSP is promising. However, to elaborate further on the SGSP thermal
performance, a year around thermal behaviour is to be conducted later in this
thesis.

4.4.4 SGSP solutal behaviour

This section describes the simulation results for the mass transfer process inside
the SGSP. Before the start of the operation. The UCZ starts with a low initial salt
concentration of 0 kg m−3, the LCZ has a significantly higher salt concentration
of 300 kg m−3. The non-convective zone is considered to have a linear-gradient
salt concentration profile. Fig. 4.11 illustrates the salt concentration profile in-
side SGSP at initial stage. The SGSP was then run for 180 days. As shown
in Fig. 4.11, the salt concentration in the UCZ has increased after 180 days of
simulation whereas, the salt concentration for the LCZ has slightly decreased.
The increase in the salt concentration level in the UCZ is due to the diffusion
of the salt inside the SGSP or in other words the occurrence of mass transfer
from the higher concentration areas, which are the NCZ and the LCZ to lower
concentration region which is the UCZ.

The SGSP cannot work without a stable concentration profile in the NCZ, as the
main concept of creating a SGSP is maintaining that gradient profile throughout
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FIGURE 4.11. Libya SGSP density profile at NCZ (1.2 m), Initial profile, After 180
days.

the operation. This means the concentration should be increased downwards
to hinder any gravitational overturn. A weak salt gradient can cause instability
in the gradient layer, and subsequently, this will negatively affect the SGSP
thermal performance.

This emphasises that the dynamics of salt diffusion is a crucial aspect to study
and to keep under control. If diffusion occurs inside the SGSP, the non-convective
zone stratification will be disturbed. Subsequently, the stratification of the SGSP
needs modifying, which can be achieved by flushing the UCZ and adding fresh-
water, while adding high salt concentration solution in the lower convective
zone. A coupled two-dimensional study will be conducted in the next chap-
ter in order to elaborate more on the effect of salt diffusion on the operational
stability of the pond.

4.4.5 Heat recovery

Heat recovery is the purpose of creating a SGSP, but it is also a form of heat
loss as it lessens the lower convective zone temperature. A pattern of constant
heat extraction Qext is simulated. This investigation aims only to examine the
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practicality, suitability and potential of SGSP generating heat for desalination
units. To this end, the simulation is run with a constant imposed extraction
rates of 45 W/m2 55 W/m2.

The pond started heating up in January, whereas, the heat extraction started
by the end of April, as shown in Fig. 4.12. Heat extraction was chosen to start
at this time due to desalination systems specifications (Top Brine Temperature
Requirments). The heat was extracted assuming that the pond is operating and
the temperature has been accumulated from previous months (startup time).
Fig. 4.12 illustrates that the lower convective zone temperature at the end of
each month and compares it with the ambient for the same month. To compare
with solar intensity, see Fig. 4.7. It can be noticed that the lower convective zone
temperature increased to a peak in July, August and beginning of September 98
◦C, then decreased to almost 70 ◦C in December. The lower convective zone
temperature significantly depends on the solar radiation absorbed by the lower
convective zone, the ambient temperature and the amount of heat extracted
from the SGSP.

To elaborate more on heat recovery. The periodical variation of the tempera-
ture in the lower convective zone with continuous heat recovery over a period
of two years has been investigated; the results are shown in Fig. 4.12. The SGSP
was able to store heat during the second year and maintain thermal perfor-
mance. The temperature profile shows an increase during summer, as antici-
pated, immediately interrupted during the winter season as the solar radiation
is not as intense (it is advisable to do do the maintenance during this time if
needed). In the following second year, the LCZ displays more resistance to
seasonal variation. The minimum LCZ temperature is 70 ◦C at the end of Jan-
uary, and the maximum LCZ temperature is 98 ◦C by the end of August and
beginning of September.

The thermal behaviour of the salinity gradient solar pond is tested with two
loadings of 45 and 55 W/m2 and compared with the no-load scenario. Re-
peatedly, the SGSP is located in the city of Tripoli and with zone thicknesses
of 0.4 m for the UCZ, 1.2 m for the NCZ and 0.4 m for the LCZ. Thicknesses
of the upper convective zone, non-convective zone and lower convective zone
are justified (see, section. 4.4.2). It is evident that the lower convective zone
temperature changes according to the heat extraction rate specified. With a 45
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W/m2 heat extraction load, the lower convective zone temperature gradually
builds to reach a peak of 91 ◦C (about 6 ◦C below the temperature achieved in
no-load scenario), and that is by the end of August and later decreases to al-
most 70 ◦C by the end of the year which is about (5 ◦C below the temperature
achieved no load scenario). The same behaviour is witnessed with a load of 55
W/m2, however lower values of maximum and minimum temperatures were
observed. With both loads, it has been illustrated that there was a slight sudden
temperature decrease at the (start of operation) in the second year. Neverthe-
less, the temperature increases again and begins to decline after August; The
causative factor of this behaviour is that when the heat is removed from the
SGSP it decreased the lower convective zone temperature, yet after short pe-
riod of time the incident solar radiation on the SGSP substitutes the heat loss
and the temperature starts to rise until it reaches steady-state in the mid of the
summer season.

As shown in Fig. 4.12, the heat recovery process cannot be performed at the
start of the operation, and that is to let the SGSP heat up. The LCZ temperature
reaches approximately 70 ◦C by the end of April, (perfect time to extract heat
for the case of ME-TVC units because the temperature in the LCZ is higher than
70 ◦C in this month which is enough to generate heat for ME-TVC unit that
works at top brine temperature of 60-65 ◦C. However, this temperature should
be maintained throughout the Year. Large surface area SGSP might be required
to generate enough energy for desalination units at 55 W/m2.

4.4.6 Thermal potential: Integration with desalination

This section discusses the thermal potential of SGSP in driving thermal desali-
nation units. MSF units require a top brine temperature of 90 ◦C [132]. It is not
recommended option as SGSP can not supply enough hot water at this temper-
ature to operate an MSF unit throughout the year.

Multi-Effect Desalination MED units require a top brine temperature of 64-70 ◦C
[7, 132]. The time of the establishment of thermal extraction mechanism suitable
to power a MED unit is then 6 months during the first year of operation. Also,
8 months during the second year, as shown in Fig. 4.12.
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MED-TVC desalination units require a top brine temperature of 60-65 ◦C [48, 49,
50]. The period of thermal extraction regime suitable for heat extraction in order
to power a MED-TVC unit is nine months during the first year of operation and
12 months during the second year, as shown in Fig. 4.12. That indicates if this
particular load 55 W/m2 is implemented for particular desalination unit (ME-
TVC) that require 60 ◦C, there is no need to hold heat extraction process as
shown in Fig. 4.12. Additionally, the heat extraction process could start earlier
than other configurations. However, if the required temperature is more than
60 ◦C as in other desalination application MED and MSF, heat recovery should
be held in November and begun again in March.

FIGURE 4.12. SGSP-thermal desalination potential, Ambient temperature, SGSP
LCZ Temperature Profile, 55 W/m2 , 45 W/m2, No load. MED-TVC Top brine
temperature requirements 60 ◦C, MED Top brine temperature requirements 70 ◦C ,

MSF Top brine temperature requirements 90 ◦C.

For ME-TVC plant that requires a top brine temperature of 60-65 ◦C [48, 49, 50],
an LCZ thickness of 0.4 m is suitable and cost-effective as no high amounts of
salt required to achieve this target. Increasing the LCZ thickness will decrease
the zone temperature, slow the heating process, which both mean a need to stop
the SGSP for several months, and increase in the capital and operational cost.
The thickness used for the LCZ depends mainly on the type of the application
coupled with the SGSP and how much thermal energy is required in order to
justify economics.
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To further elaborate on the temperature profile results, at average annual inso-
lation of about 2000 kW hr m−2 per year. Considering a solar pond efficiency of
about 25% [133]. This means each m2 collects around 500 kW hr m−2 per year.
The Carnot efficiency of a SGSP operating between 98 ◦C and 25 ◦C becomes
about 25%. However, a practical Rankine cycle has a smaller temperature differ-
ence, because of the temperature drop in the evaporator and condenser. Thus,
the resulting cycle efficiency is approximately 10%. This indicates that in the
case of power production, each m2 produces 50 kWh per year. Each kW in-
stalled for baseload operation therefore requires a SGSP surface area of 1 x 24 x
365/50 = 175.2 m2. Provided that the operational stability of the SGSP is not dis-
turbed due to the DDC effect or any other mechanical source of instability. As-
suming the desalination plant has an average economy ratio of 10:1. Assuming
the same average rate of annual radiation. According to the beforementioned
figures and assumptions, the freshwater production will then be 10 x 500 x 860
(kcal/mm2 per year)/550,000 (kcal/m3) = 7.80 m3/m2. This indicates that the
SGSP area required to supply heat for desalination for a 1 m3 per day is about
1 x 365/7.80 = 46.8 m2.

4.5 Summary

The result obtained from the one-dimensional transient model indicates that
SGSP technology is suited to Libya, owing to the abundance of solar radiation.
The maximum temperature obtained is 98 ◦C. A temperature above 70 ◦C is sus-
tained during winter. SGSP can provide hot water at a temperature exceeding
70 ◦C most of the Year to drive ME-TVC unit.

The salt concentration profile gave an indication to an import aspect of SGSP
operation, which is the operational stability. The gradient profile of the NCZ
could be damaged due to the diffusion of salt. However, that happens slowly
over time, as shown in the results; it can have a destabilising effect. The tem-
perature distribution created by the absorption of solar radiation can also have
a destabilising influence on the SGSP because hot salt-water is lighter than cold
salt-water at the same salt concentration level. Subsequently, the potential ther-
mal energy stored can be diffused by small perturbations and this diffusion
yield in mixing. Thus, SGSP can be subject to hydrodynamic instability due to
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both effects. The 1-D model can not describe the hydrodynamic, the velocity
fields and the convection. It requires two dimensions to occur. A 2-D study to
address the operational stability of the SGSP is to be conducted.

Furthermore, the results show that thickness change has a significant influ-
ence on the lower convective zone temperature. The 1-D study shows that the
larger the NCZ, the better insulation it provides, and subsequently, the better
the SGSP thermal performance. However, the answer to what is the optimum
NCZ: LCZ zone thickness ratio needs a more complicated model to be deter-
mined. The 1-D model can not predict the hydrodynamic stability of the sys-
tem. A 2-D study that investigates the zone design thicknesses in more detail is
also to be conducted.



Chapter 5

2-D hydrodynamic, heat and mass
transfer

5.1 Overview

In the previous chapter, a one-dimensional numerical study was conducted in
order to study the thermal potential of SGSPs as a source of thermal energy
for desalination units according to the geographical and climate conditions of
Libya. The results indicated that SGSP is perfectly suited to arid and semi-
arid regions like Libya, and it has the potential to provide the heat required for
desalination units such as ME-TVC in the most part of the year. The 1-D study
assumes that SGSP is a stable system where the temperature and concentration
are uniform in the entire upper convective and lower convective zones with a
stable instantaneous mixing in these zones which is a simplifying hypothesis.
The 1-D model can provide a prediction to SGSP thermal performance and an
insight into the individual components of SGSP behaviour for short and long
periods of operation; however, it cannot describe the hydrodynamic behaviour
and the operational stability of the SGSP as it requires at least two dimensions
to occur.

In reality, an SGSP is subject to instability due to the double-diffusive convec-
tion effect DDC, where convective movement is induced by buoyancy force in
which two components (salt concentration and temperature) that have different
diffusivity and behaviour get activated concurrently and subsequently drive an
opposing destabilising effect to the vertical density gradient. Whereas previous
studies have provided an insight into some aspects of the SGSP thermal and
hydrodynamic behaviour, to the best of the author’s knowledge, studies that

133



Chapter 5. 2-D hydrodynamic, heat and mass transfer 134

explain in detail how the NCZ becomes unstable have not been conducted. In
particular, questions of how, when, and where convection current starts to form
inside the NCZ have not been explained in sufficient detail.

This chapter aims to study the hydrodynamic stability of SGSP by (I) Firstly, in-
vestigating the hydrodynamic behaviour of the transient fluid flow developed
in the UCZ, NCZ and LCZ during the absorption of solar energy in and the
presence of the DDC effect, (II) Secondly, investigating the changes that occur to
the zones during operation due to the DDC effect and answering the questions
of how and where convection currents start to form in the non-convective zone,
and (III) Finally, comparing the thermal performance of the hydrodynamically
stable 1-D SGSP where the SGSP is assumed to be stable and the 2-D model
where the SGSP is subject to the DDC effect and interfaces motion.

In this chapter, the following second section discusses the physical model and
the governing equations. The third section deals with the numerical method,
where the finite element discretisation of the governing equations adopting the
Crank–Nicolson scheme is performed. Moreover, the numerical code preci-
sion is compared and validated. The fourth section deals with the numerical
solution of the equations where the thermo-hydrodynamic behaviour and hy-
drodynamic instability of the SGSP are investigated under a semi-arid climate
of Libya. The fifth section discusses the movements of the internal interface.
This chapter further provides a comparative study between the 1-D SGSP ther-
mal performance where the SGSP is assumed to be hydrodynamically stable
and the 2-D study where the double-diffusive convective effect is considered.
Finally, a summary of the chapter is presented.

5.2 Physical model and governing equations

The model configuration is depicted in Fig. 3.1. The model is for the proposed
Libya SGSP. The assumptions that are made for this model do not modify the
principles of the study. The sidewalls and the bottom are considered to be well
insulated. The incident solar radiation on the SGSP is assumed to be constant
and fixed with an average solar intensity value in transient regime. The so-
lar radiation that arrives at the bottom of the SGSP is entirely absorbed. The
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salt and water mixture is supposed to be incompressible and Newtonian. Ini-
tially, the water-salt mixture is deemed to be stagnant and in a stable condition,
and at ambient temperature. Thus, the pressure, temperature, salt concentra-
tion and fluid velocities have initial values that are similar to their reference
values. The SGSP has a uniform initial temperature (0 dimensionless tempera-
ture, which is equivalent to 25◦C) in the entire SGSP. The non-convective zone
is established with gradient salt concentration profile, ranges between 0 and
1 in dimensionless units, which is equivalent to 0 kg m−3 and 300 kg m−3 re-
spectively. The temperature, concentration and velocity variation in the Y-axis
direction are regarded to be small and negligible. Consequently, the tempera-
ture, concentration, and velocity distributions in the SGSPs are 2-D (Z,X). In the
next sections, the governing dimensionless equations Eqs. 3.53 - 3.62 of conti-
nuity, momentum, heat and mass which were described in chapter 3 t are to be
solved numerically.

5.3 Numerical method

In this section, the mesh, the discretisation method, the numerical solution ap-
proach, and the computing platform FEniCs are all explained.

5.3.1 Mesh generation

The computational domain consists of 30 grid points (Triangular mesh of the
2D rectangle (H) x (L)). The class rectangle mesh creates a mesh on a rectangle
with one corner in (X0, Z0) and the opposite corner in (X1, Z1). nX and nZ
specify the number of cells in the X- and Z-directions. In the mesh, the default
direction (“right”) of the diagonal is used. A uniform grid spacing and a Crank
Nicolson ϑ equal to 0.5 is adequate for yielding results in a moderate computed
time.
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FIGURE 5.1. Demonstration of the rectangular mesh.

5.3.2 Discretization of governing equations

The discretization in time and space of the governing equations of of conti-
nuity, momentum, heat and mass in section. 3.6.5 is based on the respective
weak formulations. The weak form of the governing equations is obtained by
multiplying components by test functions φ, then integrating in (X) and finally
applying integration by parts to reduce the derivatives current order. In the
solutions for all the equations in the model:

θ(X,Z, t) ≃
∑

j

θj(t)φθ
j(X,Z) (5.1)

ϕ(X,Z, t) ≃
∑

j

ϕj(t)φϕ
j(X,Z) (5.2)

VX(X,Z, t) ≃
∑

j

Vj(t)φV
j(X,Z) (5.3)

VZ(X,Z, t) ≃
∑

j

Vj(t)φV
j(X,Z) (5.4)

P (X,Z, t) ≃
∑

j

Pj(t)φP
j(X,Z) (5.5)

Discretisation or integration is accomplished by adopting Crank Nicolson scheme
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[134]. Crank Nicolson is a finite element scheme applied to solve partial differ-
ential equations numerically. The scheme is named after the developer John
Crank and Phyllis Nicolson who introduce it in the mid 20th century [134]. It
is a second-order method; it is implicit in time, and also numerically stable
method. The method has two advantages over the explicit method; which are
stability and improved convergence. The discretisation in time has been spec-
ified in order to have fewer restrictions on time stepping in terms of stability.
Using the Crank-Nicolson scheme, the variable naturally finds its place at the
midpoint between i and i+1. In Crank Nicolson ϑ = 1

2 , it is unlike the BDF
scheme, though, no modifications are strictly necessary on the first time step
since the convection term simply will be reduced to the first-order accurate.

The general form of a non-linear algebraic equation discretization can be writ-
ten as:

∂y

∂t
− F (y, t) = 0 (5.6)

yi+1 − yi

∆t
= ϑF (yi+1, t i) + (1− ϑ)F (yi, t i+ 1) (5.7)

The superscript i and i+1 are the solution current and the next time steps. Thus,
the Crank Nicolson is a combination of the forward Euler at i and the backward
Euler at i+1; however, the method is not the average of those two, as the later
has an implicit dependence on the solution. The Navier Stokes discretization in
time and space is explained in Appendix A.

5.3.3 Computing platform FEniCs

Having explained how the governing equations are discretised in the previous
section. This section deals with the computing platform that is used to per-
form the simulation. FEniCs [135] is open-source software that is transparent,
and the researcher has much more control over the model that would have in
most software if not all. It is the latest powerful tool in FEM, implementing
all the latest tools like PETSc, etc. Unlike many other platforms, it allows the
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researcher to understand the problem from an elementary level, i.e., the weak
and robust form (PDEs), and solving the problem from there. It allows the re-
searcher to fully control and understand the physical model when dealing with
PDE, stability, time and space discretisation, parallel decomposition, computa-
tional algorithms, etc.. [136, 135, 137].

In the present study, FEniCs has been used as a programming package to solve
partial differential equations PDEs that governs the system based on the FEM.
FEM is the adopted discretisation method, as it can readily support complex
geometries, it divides infinite geometry elements which are quite infinitesimal
small sections across the model. It also supports complex boundary condi-
tions and can readily handle mixed linear and non-linear behaviours in a single
model; then it executes the boundary conditions as many times as the number
of meshes. Additionally, FEM provides comprehensive result sets much near
to the practicality results, forming the physical answer of the system at any lo-
cation, and that includes ones that could have been ignored in an analytical
approach [135].

To sum up, FEniCs is an open-source (LGPLv3) computing platform that en-
ables the user to swiftly interpret scientific models into an effective FEM code
utilising the significantly high-level Python and C++ interfaces to FEniCS. This
includes also features for automated error control and adaptivity, and a com-
prehensive finite elements library[136, 135, 137]. The DOLFIN solve() func-
tion is used to solve the variational problem where Newton Raphson scheme is
utilised to resolve the non-linear algebraic equations where FEniCs attacks the
non-linear variational problem directly. The next section deals with the numer-
ical study, assumptions, parameters and the simulation results.

5.4 Validation of the model

To check the developed numerical code precision in simulating the operation of
the SGSP. A validation study is conducted by performing computational simu-
lation for double-diffusive convection and compared to [72]. The study is per-
formed with the following parameters Internal Rayleigh Number (RaI)= 1.4×
108, Thermal Rayleigh Number (RaT ) = 1.0× 107, Pr = 6 and A = 3. Figure 5.2
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shows the salt concentration profile in the SGSP for two different studies.

(A) Present Study.
(B) Previous Study [72].

FIGURE 5.2. Salt concentration profile inside the SGSP, internal Rayleigh number
(RaI )= 1.4× 108, thermal Rayleigh number (RaT ) = 1.0× 107, Pr = 6, A = 3 and a di-

mensionless time t= 0.05.

The codes successfully simulate the concentration profile for two different stud-
ies with the same parameters and aspect ratio. The present model shows a good
agreement with the simulated data from [72].

Time step sensitivity analysis

A time step sensitivity study of different time schemes is conducted, as shown
in Fig. 5.3. The study shows that the same output can be achieved by apply-
ing lower-order or higher-order time schemes. Thus, it is possible to reduce or
increase the time steps required to predict the evolution of concentration, tem-
perature or velocity profiles till steady state is reached; however, smaller size
of time step results in increased total number of iterations. The analysis for the
2-D numerical study shows that the numerical method provides a good balance
between size of time step and number of iterations.

(A) Time step = 1 s. (B) Time step = 10 s.

FIGURE 5.3. The evolution of salt concentration profile inside the SGSP till SGSP steady
state, internal Rayleigh number (RaI )= 1.4× 108, thermal Rayleigh number (RaT ) =

1.0× 107, Pr = 6, A = 3 and at different time steps.
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Consequently, a time step of 10 seconds found to be appropriate and gives the
shortest runs tim. The previous studies reviewed in chapter 2 neither explain
the operational stability, nor the essence (when, how and where) of the hydro-
dynamic instability in sufficient detail. In this study, salt concentration and
velocity profiles along with the temperature profile, will be generated in order
to explain the hydrodynamic instability in sufficient detail.
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5.5 2-D Study of SGSP thermo-hydrodynamic

The aims of this investigation are (I) to numerically predict the hydrodynamic,
thermal and solutal behaviour in the upper convective zone, non-convective
zone and lower convective zone during absorbing and collecting solar energy
in order to understand the thermo-hydrodynamic behaviour of the system, (II)
to investigate the the transient hydrodynamic behaviour of the zones, and (III)
to compare results of the 2-D DDC SGSP with the results from the 1-D SGSP,
which assumes a stable system.

In the present numerical study, the SGSP is made up of a rectangular cavity
with an aspect ratio A = W/H. The SGSP is considered to be full of a salt-water
mixture. The zones of the SGSP have different salt concentration levels forming
(upper convective, non-convective and lower convective). In transient scenar-
ios, the analysis of the flow structure temperature, concentration and velocity
distributions in the SGSP is extremely complicated because of the number of
physical phenomena that happen inside the SGSP and also at the SGSP bound-
aries. Accordingly, and before proceeding it is beneficial to point out all the
crucial hypotheses that do not alter the basic concept and the principles of the
SGSP but created to help to investigate the transient heat and mass transfer in
the salinity gradient solar pond alongside the hydrodynamics.

The assumptions are, (I) the properties of the system in the Y dimension of
the rectangular cavity is deemed to be uniform and constant. Accordingly, the
distributions of temperature, concentration and velocity in the SGSP are 2-D,
(II) the SGSP has three different zones, upper convective zone, non-convective
zone and lower convection zone, (III) The bottom and sidewalls are well insu-
lated while the UCZ of the SGSP is subject to heat losses via convection (iv)
the solar radiation reaching the SGSP bottom is considered to be consistent and
entirely absorbed.

The mathematical model developed in section 5.2 includes equations that gov-
ern the concentration, temperature and velocity, besides the constitutive associ-
ation between temperature and density. The resolution of Eqs. 3.53 - 3.62 with
the boundary conditions represented in Eqs. 3.56- 3.61 is conducted numerically
using finite element method. Also, as it has been mentioned earlier, FEniCs is
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the programming package used to attack the non-linear variational problem di-
rectly. The parameters used in this particular study are introduced in the next
section.

5.5.1 Parameters

The transient heat and mass transfer and hydrodynamic in the SGSP are studied
under the parameters illustrated in Table. 5.1.

TABLE 5.1. Illustrates, parameters and values of all parameters in the dimensionless
equations which correspond to an average characteristics of salt–water mixtures.[125,

72, 131]

Term (symbol) Value

Internal Rayleigh number (RaI ) 1.4× 108

Thermal Rayleigh number (RaT ) 1.0× 107

Biot number (Bi) 500

Aspect ratio (A) 3
1

Schmidt number (Sc) 1000

Prandtl number (Pr) 6

Lewis number (Le) 166.6

The simulation starts with the fluid at a uniform initial temperature (0 dimen-
sionless temperature, which is equivalent to 25◦C) in the entire SGSP. The non-
convective zone is established with gradient salt concentration profile, as shown
in Fig. 5.4 ranges between 0 and 1 in dimensionless units, which is equivalent
to 0 kg m−3 and 300 kg m−3 respectively. Note that all values correspond to the
proposed Libya SGSP discussed in chapter 4.

The parameters used in the present study correspond to the properties of water-
NaCl solutions. Also, they have been designed to actively opposing buoyant
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conditions. Thermal Rayleigh number of 1.0×107, internal Rayleigh number of
1.4×108, these values represent the limit of salt stratification stability, and they
correspond to experimental SGSPs. The buoyancy ratio N = 4, which represent
a high salt concentration at the bottom of the SGSP in comparison to the top
surface.

The dimensionless thicknesses of the upper convective zone, non-convective
zone and lower convective zone are equal to 0.2, 0.6 and 0.2, which are equiva-
lent to 0.4, 1.2 and 0.4 meters respectively, in dimensional form, and in compat-
ibility with the 1-D study in chapter 4. In order to understand the evolution of
temperature with time, the SGSP has been run for an extended period of time
(Until SGSP became unstable).

5.5.2 Thermo-hydrodynamic behaviour

The present section provides a thorough exploration of the evolution of the ve-
locity, concentration and temperature components during the absorption and
storing of solar energy. It also provides a detailed explanation of the hydrody-
namic instability of the SGSP. The initial set-up for the SGSP is shown in Fig. 5.4.

At the start of the simulation, a portion of the incident solar radiation transmits
and arrives at the bottom of the SGSP where it heats the salt-water mixture
there, as shown in Fig. 5.5. The NCZ acts as an insulating zone not permitting
any upward heat loss from the bottom to the top of the SGSP, from areas of
high temperature (hot) to areas of lower temperature (cold). This insulation or
in other words the suppression happens due to the presence of the salt gradient
profile shown in Fig. 5.4. At this gradient zone, the fluid is heated, and its den-
sity is insignificantly reduced but still higher than that of the layer just above
it due to nature and the way it has been created. So, in the beginning, there is
no upward movement of the hot fluid induced by the buoyancy force. And the
heat loss from the lower convective zone is halted. There is also no other form
of heat losses by conduction through bottom and sidewalls of the SGSP as they
have been well insulated; thus, the lower convective zone heats up and sustains
the thermal energy.
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The portion of incident radiation absorbed in the upper convective zone also
contributes to the heating of the UCZ, as shown in Fig. 5.5, leading to the
growth of several thin thermal cells (convection currents which are represented
by velocity fields) in the UCZ, as shown in Fig. 5.6. The temperature never ex-
ceeds 60 C◦ even though almost 20% of solar radiation is absorbed just beneath
the surface of the SGSP, which can be observed more clearly in Fig. 5.5. The
increase of temperature in the surface seems to be less notable and significant
due to the high convective heat transfer coefficient, which makes the surface of
this zone always close to the ambient.

On the other hand, in the LCZ, the rise of temperature seems to be more sig-
nificant due to the vast amount of solar radiation absorbed and stored in the
bottom of the SGSP. In the first period of operation, the solar energy absorbed
in the bottom of the SGSP is transferred mainly by conduction to the nearby

(A) Salt Concentration Profile At Initial State t=0. ϕ=0, C ≡ 0 kg m−3, Salinity
Gradient, ϕ=1 ≡ C = 300 kg m−3.

Te
m

pe
ra

tu
re

 C

25

30

35

40

45

50

55

60

65

70

75

80

85

90

Height m
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

LCZ NCZ UCZ

Co
nc

en
tra

tio
n 

Kg
/m

3

0

20

40

60

80

100

120

140

160

180

200

220

240

260

280

300

Height m
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

UCZNCZLCZ

(B) Salt concentration profile shape at initial state t=0.

FIGURE 5.4. Initial set-up, concentration profile
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FIGURE 5.5. Evolution of temperature with time, 1 Day, 20 Days, 40 Days, 50
Days, 60 Days, 70 Days, 80 Days. 180 Days.

fluid layers. This explains that the uniform temperature in the LCZ, as shown
in Fig. 5.5. The region under the interface of the NCZ-LCZ is also mainly domi-
nated by conductive heat transfer; however, small dehomogenizing convective
cells are also developed. Interestingly, the profile in Fig. 5.6 shows that the con-
vective currents are a bit aggressive and dominant in the upper part of the LCZ,
which could be related to the vulnerability of NCZ-LCZ interface area (density
difference at the interfaces). While a conductive heat transfer still occurs in the
lower part near the bottom of the SGSP.

Additionally, a vertical temperature gradient begins to develop just above the
LCZ, as shown in Fig. 5.5, with time, this thermal gradient expands across the
non-convective zone and becomes stronger forming a gradient shape profile in
the non-convection zone. This could be related to the conductive heat transfer
consistent progression from the LCZ to the UCZ, eventually driving to the cre-
ation of a temperature profile that is decreasing in the upward direction of the
LCZ. Similar behaviour was noticed in the transient 1-D numerical, which was
conducted earlier in chapter 4.

The lower convective zone temperature increases with time, as shown in Fig. 5.5.
After 60 days of exposition to solar radiation, the temperature has undergone
a noticeable increase, as shown in Fig. 5.5. After 80 Days, the LCZ temperature
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FIGURE 5.6. Evolution of Velocity (Vector magnitude) 1 day, 20 days, 40 days, 50
days, 60 days, 70 days, 80 days, 180 days (Become Unstable).

has significantly increased from the solar pond commissioning where the high-
est temperature occurred in the area located close to the bottom of the SGSP.
The pond reached a steady-state temperature after almost ±80 days of opera-
tion. The SGSP heating rate was not constant during the operation period; in
order to understand this variation in thermal behaviour, it is essential to under-
stand the thermal behaviour and hydrodynamic behaviour collectively.

The evolution of velocity with time is shown in Fig. 5.6. The figure shows that
the highest velocities appear at the initial stages of the SGSP operation. The
highest velocity is noticed at the (UCZ-NCZ), (NCZ-LCZ) interfaces; however,
these high velocities which represent the presence of convection currents did
not deteriorate the NCZ performance in the short term. It is noteworthy to
observe that when the NCZ thickness insignificantly decreased, the NCZ still
able to suppress convection currents and does not permit overturn of the SGSP;
however, after running the SGSP for a longer time, it has been noticed that
these velocities which represent convection currents decreases in magnitude,
but have expanded in size to cause shrinking of the NCZ thickness to an ex-
treme limit which means the complete erosion of the zone. After almost 180
days of operation, the NCZ has become completely eroded and unstable, as
shown in Fig. 5.7. The formation of convection currents in the non-convective
zone deteriorated the SGSP thermal performance by reducing the NCZ thick-
ness and subsequently insulation and resistance abilities to heat loss.
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FIGURE 5.7. Zoom of velocity vectors, t=0.1 day, t=180 days.

The simulated velocities in the present study are in a good agreement with
other velocities measurement of SGSP reported in the literature, which has
never exceeded 0.02 m/s [9]; however, slightly higher velocities have been
recorded at the start of operation in this study than that in the literature, and
that can be justified to the high solar intensities considered in this study. The
maximum velocity in the SGSP was witnessed at the UCZ and interfaces. In-
terestingly, the convective cells represent by velocity are found to be irregular-
shaped, hinting that the continuous heat of the SGSP does not give time to
develop a regular shape, so as was noticed in some steady-state experiments
[59].

To further elaborate on how the SGSP became hydrodynamically unstable. The
hydrodynamic instability could also be attributed to the distribution of temper-
ature generated by the absorption of solar radiation which has a destabilising
impact on the SGSP; the hot fluid becomes less dense than cold fluid at the
same level of concentration. Following these conditions, the potential thermal
energy collected in the temperature gradient is released by small perturbations,
and this release yield is mixing and consequently the hydrodynamic instability
of the SGSP. The stability of the gradient layer requires maintaining a net pos-
itive salt concentration and temperature distributions as a function of depth.
The destabilising convective regimes observed in the UCZ and LCZ (Convec-
tion motions dominant in large part of the UCZ and LCZ due to the heating
effect), could not be predicted by the 1-D numerical study since the 1-D model
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assumes uniform temperatures in the upper convective zone and the lower con-
vective zone. Consequently, the results obtained based on the later assumptions
utilised in the 1-D model are of less precision. This highlights the significance
of using at least 2-D models to describe the hydrodynamics within SGSP along-
side other variables.
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FIGURE 5.8. Evolution of Concentration with Time 1 day, 20 days, 40 days, 50
days, 60 days, 70 days, 80 days, 180 days.

It is important to relate the solutal behaviour in order to fully explain the hy-
drodynamic behaviour of the SGSP. The evolution of salt concentration profile
inside the SGSP is shown in Fig. 5.8. It is apparent that there is no change in the
concentration profile inside the SGSP from the start of operation; this indicates
that the SGSP is stable, and the salt gradient does not require any maintenance;
however, when the SGSP was run for a longer time, it has then been noticed that
the salt concentration in the UCZ has slightly increased. This increase is due to
the salt diffusion in the SGSP, and the occurrence of the mass transfer from
the higher concentration zones, which is NCZ and LCZ to lower concentration
zone, which is the UCZ. Similar behaviour was noticed in the transient 1-D
numerical study in chapter 4; however, another primary reason for the mass
transfer of salt was the convection currents developed at the interface of UCZ-
NCZ, which could not be described by the 1-D model due to neglecting the
hydrodynamic of the fluid.

Throughout the beginning stages of initiating the SGSP, the movement of salt
might be beneficial to form and strengthen the structure of the salt gradient.
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The pace in which the gradient is created and the movement of salt are pro-
portional. But, after the gradient profile is established, the diffusion of salt will
have a counterproductive effect. And it will affect the SGSP stability if no ac-
tion is taken. Fig. 5.8 shows that the erosion of the non-convective zone as a
result of mass diffusion from high concentration region to lower concentration
regions and subsequently, the occurrence of convection due to the difference in
densities. This occurrence, even if so slow, it degrades the salt gradient pro-
file with time. In order to minimise the effect of this natural phenomenon and
sustain the SGSP in operation for long periods of time, it is vital to add con-
centrated brine at and underneath the boundary between the lower convective
zone and the non-convective zone and to flush the upper convection zone with
low salinity water or freshwater.

The work of Newell et al. [98] has shown that a surface salt concentration of 5%
is tolerable. Gupta [97] has stated that the UCZ concentration could be between
2% and 5% and above that, a surface flushing has to be done. Niel [138] in his
experiment, no freshwater was added to the upper convective zone until the
non-convective zone became extremely thin due to the mixed effect of heat loss
from the top surface of the SGSP and the salt diffusion inside the SGSP. Thus,
the insulating effect of the non-convective zone was declined, and the lower
convective zone heat absorption decreased significantly. The UCZ was flushed
with fresh water to solve the issue. According to this study observations, a 5%
UCZ salinity is tolerable, and an increase of salt concentration above 15% leads
to a complete turnover of the SGSP.

However, the salt concentration gradient in the NCZ can not be maintained
by only if the UCZ water is quiescent. This is because of the effects of diffu-
sion from the bottom to the top. The diffusion process is, in fact, too slow but
because it is integrative and the regions involved are significant, a significant
amount of salt diffuses upwards and towards the UCZ. Thus a number of mea-
sures have to be considered, (I) for best operational stability, the UCZ should
be regularly flushed, and freshwater added, (II) substituting the diffused salt
upwards by injecting more salt or by hindering the diffusion even though the
latter option does not seem to be possible; however, with the current rapid tech-
nological advancement, this option could be possible in the future.
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5.5.3 Motion of interfaces

One of the most significant advantages of the 2-D double-diffusive convection
model over 1-D models is that it has the capability to describe the SGSP inter-
faces behaviour in a way that allows tracking and observing the evolution of the
zones created by the diffusion of salt and the formation of convective current.
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FIGURE 5.9. Illustration of the erosion of NCZ Thickness due to mass diffusion and
expansion of convection currents. UCZ/NCZ interface, NCZ/LCZ interface. Dotted
lines show the evolution of both interfaces with time defined by highest velocity area
(Interfaces) where velocity is higher then ≈ 0.0001 m/s. The SGSP became unstable

after 180 days.

Figure 5.9 shows the evolution and changes that occur to the zones during op-
eration. Moreover, it demonstrates the upper convective zone/non-convective
zone, and lower convective zone/non-convective zone interfaces shift from
their particular original locations (see, initial salt concentration profile). This
also shows that the intermediate zone is progressively eroded from both sides
due to the expansion of convection currents. The interface location at the be-
ginning was defined by the salt concentration profile, which is set at the stage
of initiating the pond operation; however, during the SGSP operation period, it
is not possible to identify the interfaces of the zones due to the convection cur-
rents formed at those regions. Thus, in order to identify the interface location,
the evolution of velocity was computed. The interface was defined according to
the velocities (Dotted lines show highest velocity area (Interfaces) where veloc-
ity higher then ≈ 0.0001 m/s.), as it has been noticed after one day of operation
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that the highest velocities were at interfaces as shown in Fig. 5.6. The convec-
tion currents start to expand from the interfaces and move inward the NCZ,
any area with a velocity higher than 0.001 m/s is considered a convective area
and no more a part of the non-convective zone. Thus, points with lower veloc-
ities indicate the location of the non-convective zone (no convective motion).
As shown in Fig. 5.9, quantitatively, the non-convective zone thickness changes
from 1.2 m (initial thickness) to less than 0.12 m (thickness just before the end
of simulations), which indicates that it experiences a reduction of around 80%,
as shown in Fig. 5.9. The UCZ and the LCZ both have expanded to the detri-
ment the non-convective zone (the dotted lines in the latter figure shows the
evolution of both interfaces with time which was the distinct boundaries can be
determined by highest velocity area (Interfaces) when velocity is higher then ≈

0.0001 m/s) as shown in Figs. 5.7 and 5.9.

The stability of the interface can be attributed to the thermal gradient and its
relation to the salt gradient. Any thermal gradient change causes a change of
the salt gradient, which means that the outcome of this change is systematically
followed by a change ins the location of the interface. In other words, instability
occurs when the temperature gradient is large enough to make the buoyancy
force goes down a particular critical value. The competition or the ratio be-
tween thermal and solute Rayleigh/buoyancy forces determines the state of
the fluid and controls the expansion of convection currents. The effect of buoy-
ancy ratio N on the hydrodynamic behaviour and long term stability of SGSP is
a vital factor to investigate. In order to further understand the hydrodynamic
stability of the SGSP, this matter will be investigated in more detail in the next
chapter.

It can be concluded from the present study that, the operational stability of the
SGSP is strongly governed by maintaining its zones at their specified thickness
(mainly, maintaining the NCZ structure). It can be no more stressed than that
the non-convective zone is unstable from both a thermodynamic and dynamic
perspective. The factor that causes shrinking of this layer is mainly; the ris-
ing thermal gradients which accelerate the disposition of the interfaces and not
allow the recovery of the solutal equilibrium gradient, which drives to the ero-
sion of the non-convective zone (thickness decrease) and gradual deterioration
of the salinity gradient solar pond stability. To the best of the author’s knowl-
edge, this findings and precise illustration of where and how the convection
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currents start to develop and expand on the interfaces have never been shown
nor explained in this detail in the literature. It can not be more emphasised that
it is crucial to keep zone thicknesses at their specified height, Fig. 5.6 shows that
there is a critical limit to NCZ thickness, where SGSP will become hydrody-
namically unstable. This conclusion raises the question of what is the optimal
NCZ/LCZ zone thickness ratio that will provide best thermal performance and
longest term of stability, to the best to the researcher knowledge this question
has not been answered anywhere in the literature considering the SGSP hydro-
dynamic (DDC effect). The next chapter will examine different NCZ to LCZ
zone thickness ratios in order to find out the optimum zone thicknesses ratio.

5.5.4 Comparing findings with other 2-D simulation studies

In the present study, a 2-D numerical model was developed to study the hydro-
dynamic stability of the zones and consequently the SGSP operational stability.
To the best of the author’s knowledge, only [59, 72] have addressed the SGSP
hydrodynamic stability numerically in a scale of 1 m height SGSP; however, as
it has been mentioned earlier, neither the operational stability has been fully
explained, nor the essence (when, how and where) of the hydrodynamic insta-
bility has been simulated in sufficient detail. Interestingly, Boudhiaf [72] has de-
tected in his simulation results the presence of two fluid circulation zones, one
located in the top of the SGSP while the other one was witnessed in the lower
zone of the SGSP. He concluded that the expansion of these cells could lead to
the SGSP instability. Boudhiaf conclusions are reasonable, and it matches the
results were obtained in this study; however, Boudhiaf study does not show
how, when and where the NCZ has eroded.

In the present study, velocity and concentration fields evolution with time are
explained, the questions of why, where and how SGSP has gone hydrodynami-
cally unstable are also answered by the clear illustration of the build and growth
of convective motion inside the non-convective zone represented by velocity
fields and interfaces motion as shown in Figs. 5.6, 5.7 and 5.9, respectively.
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5.5.5 Comparative performance evaluation of the 2-D study and
the 1-D study

Most previous theoretical studies have been conducted with simplified models
adopting the one-dimensional approach [139, 87, 87], (only the energy equa-
tion was solved) neglecting the double-diffusive convection. That was the case
in the 1-d study in chapter 4. The 1-D models can provide a good indication
of stable SGSP thermal performance but not the SGSP stability. The main dif-
ference between the 1-D model and 2-D model is the assumptions have been
made in the case of the 1-D model, i.e., unconditional stability of the SGSP ne-
glecting of the double-diffusion effect. The aim of this study is to compare the
thermal behaviour of the 1-D SGSP and the 2-D SGSP. For the purpose of this
comparative study, the study is conducted using an average solar intensity of
300 W/m2 to heat both SGSPs for almost 90 days. The initial temperature is 25
◦C. The same parameters adopted in the previous 1-D and 2-D studies are used
accordingly.

The result obtained from the one-dimensional transient model indicates that
SGSP is perfectly suited to Libya geographical and climate conditions. SGSP
can provide hot water with a temperature surpassing 60 ◦C most of the year
which is hot enough water temperature to feed thermal destination units such
as the MED-TVC (TBT = 60 ◦C). The same temperature was also obtained in the
case of the 2-D, as shown in Fig. 5.10, which means the SGSP still has the same
potential in deriving thermal energy to ME-TVC units. The only difference is
that the 2-D SGSP shows that more time needed for the SGSP to reach 60 ◦C
(almost 60 Days) than that predicted by the 1-D.

In the case of the 1-D SGSP, a temperature as high as 93◦C (steady-state) is
obtained after almost 75 days of operation with an average solar intensity while
in the case of 2-D SGSP almost 85 days needed to reach 89◦C (steady-state) as
shown in Fig. 5.5, that is due to the double-diffusive effect (the upward heat loss
via heat diffusion at the beginning of operation in addition to the formation of
thermal convective cells). In the 1-D study the main heat loss from the pond is
the heat loss from the top surface, while in the 2-d study, heat is also lost from
the LCZ to upper layers due to the DDC effect. In the 1-d study, all heat has
been absorbed in the lower layer remains at that layer, and that explains why
the SGSP has a slightly higher temperature than the 2-D pond.
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FIGURE 5.10. SGSP thermal behaviour ( ) 1-D SGSP, no DDC effect, and ( ) 2-D
SGSP, with DDC effect, Initial profile, 22/25 days, 52/56 days, 82/88 days,
respectevily. Both 1-D and 2-D SGSPs are run for the same period (90 days) and using

the same average solar intensity.

A sharp edge has been noticed in the UCZ/NCZ interface in the 1-D SGSP
while they disappeared in the 2-D SGSP. The reason for that is explained ear-
lier in Fig. 5.6, the reason is that in the 1-D SGSP, the velocity fields have been
neglected. High velocity is always obtained at the (UCZ-NCZ), (NCZ-LCZ) in-
terfaces and top surface, this convective movement at the interfaces will not
allow any sharp edges to form. These convection currents after running the
SGSP for long times expands (shrinking the NCZ thickness) to reach almost the
middle of the NCZ, which leads to the erosion of the zone and affect it is per-
formance. In the 1-D study, the salinity gradient solar pond was assumed to be
always stable.

To conclude, Fig. 5.10 shows that the SGSP needs slightly more time to reach
high temperatures in the case of 2-D SGSP in comparison to the 1-D SGSP. The
inclusion of DDC inside the SGSP led to the erosion of the NCZ. If DDC effect
does not exist, the erosion of the non-convective zone would not exist either,
and both 1-D and 2-D SGSPs will reach the same steady-state temperature and
at the same time.
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5.6 Summary

The present chapter deals with the hydrodynamic stability problem of the SGSP.
The study is conducted implementing and considering the effect of double-
diffusive convection which was neglected in the 1-D study. The model applies
Hull improved model for the absorption of the solar radiation with proper at-
tention to the boundary conditions used in order to investigate the complex
flow structure velocity, temperature and concentration in transient form.

Fenics code based on the finite element method was developed and used. The
solution of the non-dimensional Navier–Stokes governing equations plus the
equations of heat and mass provides sufficient detail data for the operational
stability of SGSP.

Indeed, the first presence of convection current was noticed at the upper con-
vective zone and the lower convective zone interfaces with the non-convective
zone, which led to the erosion of the boundaries of the non-convective zone.
The expansion of these convective current led to the shrinking of the non-
convective zone thickness, as shown in Figs. 5.6 and 5.8. Thus, the forma-
tion and growth of any convective currents in this non-convective zone, cause
mixing, deteriorate SGSP thermal performance, cause hydrodynamic instabil-
ity and eventually destabilise the SGSP. For these reasons, interventions need
to be planned in order to rectify the salt gradient. The way and the nature of in-
terventions depend certainly on the characteristics of the non-convective zone
(and mainly the thickness). The non-convective zone should be nearly a mo-
tionless layer to act as a transparent insulating zone, permitting energy capture
and storage in the LCZ.

The DDC effect slows down the SGSP heating process after comparing the 1-
D and the 2-D ponds; however, the temperature required to provide heat to
thermal desalination units is still achievable in both ponds.

The next chapter aims to study the long term operational stability of SGSP,
by studying the effect of zone thicknesses, buoyancy force and heat recovery
on salinity gradient solar pond performance and operational stability, subse-
quently, providing some characteristic quantities for optimum zones thickness
ratio and procedure that will enhance the SGSP long term operational stability.



Chapter 6

Zone thicknesses and Operational
Stability

6.1 Overview

In chapter 5, the hydrodynamic stability of SGSP was investigated using a 2-D
model. At the start of the SGSP operation, the fluid temperature and salinity
both increase with depth, with thermal and salt concentration gradients being
such that their respective contributions to the density gradient are balanced,
and the fluid density is uniform; thus, the SGSP was stable, as there was no
buoyancy force to drive large scale motion; however, with continuous solar ra-
diation absorption and heating, convection currents build over time due to the
double-diffusive convection (DDC) phenomena. The first appearance of the
convection cells was at the boundaries of the NCZ, and they expanded with
time. The DDC directly or indirectly led to the erosion of the boundaries of
the insulating layer and reduces its thickness due to the continuous expansion
of convection currents until a limit where continuous mixing in the NCZ took
place, and the SGSP became completely eroded; as a result, the SGSP became
hydrodynamically unstable. It is crucial to maintain the zones of the SGSP, es-
pecially the NCZ, at a thickness where the SGSP can always operate efficiently.

In hindsight to chapter 4, the 1-D study conducted illustrated that increasing
the thickness of the NCZ helps to increase the LCZ temperature. A thicker NCZ
provides better insulation for the LCZ, retaining heat absorbed in the LCZ and
minimising heat loss via conduction from the LCZ where high temperatures
exist to the UCZ where the temperature is low and close to ambient; however,
it can be argued that increasing the NCZ thickness to an extremely large value

156
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could lead to a reduced amount of solar radiation of which reaches the LCZ,
which in return will slow down the LCZ heating process; thus, the LCZ could
experience salt diffusion before it reaches high temperatures.

Other questions are, how the SGSP would hydrodynamically react if the NCZ is
too large in comparison to the LCZ, or if they are equal in height, or if the NCZ
is too small in comparison to the LCZ. The 1-D models can not answer and
describe the hydrodynamic stability of the zones when altering their thickness;
subsequently, a 2-D numerical study is considered.

The present chapter aims to study the effect of zone thicknesses on SGSP ther-
mal behaviour and long term operational stability. The present study will also
examine the effect of characteristics quantities such as buoyancy ratio and heat
recovery on the operational stability of the SGSP. This chapter consists of three
main sections that deal with, (I) The effect of zone thicknesses, (II) The effect of
buoyancy ratio, and (III) The effect of heat recovery. Where in the first section,
different zone thickness ratios are to be investigated for a SGSP that has a total
height of 2 m. The aim of this section is to find the optimum (longest opera-
tional period with best thermal performance) NCZ: LCZ zone thickness ratio.
The second section aims to investigate the effect of buoyancy ratio (altering
the concentration levels in the SGSP zones) on the operational stability of the
SGSP where different buoyancy ratios are assessed, and the final section deals
with the effect of heat recovery, where a systematic heat recovery procedure
is introduced, the SGSP is tested under two scenarios, (with no heat recovery)
and (with heat recovery) in order to examine the impact of heat recovery on
the SGSP long term operational stability. Finally, a summary of the chapter is
presented.

6.2 Effect of zone thicknesses

This section investigates the effect of zone thicknesses on the SGSP thermal
performance and operational stability. The proposed SGSP is located in Tripoli
within the latitude and longitude of 32.54◦ N, 13.11◦ E and subject to the local
climate. Different zone thickness ratios are to be examined for a SGSP that has
a total height of 2 m. The bottom and the walls of the SGSP are considered to
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be fully insulated; the UCZ thickness is kept at 0.4 m. The underpinning logic
of choosing this particular height for the UCZ was explained in chapter 2. The
same parameters used in chapter 5 is utilised to perform this study; however,
this time, the UCZ is assumed to be flushed with freshwater to minimise heat
losses to the environment. The SGSP has a uniform initial temperature which
is equivalent to the ambient 25 ◦C throughout the SGSP zones and for all zone
thickness settings.

6.2.1 Parameters

The transient heat and mass transfer and hydrodynamic in the SGSP are stud-
ied under the parameters illustrated in Table. 6.1. The parameters used in
the present study correspond to the properties of water-NaCl solutions. Also,
they have been designed to actively opposing buoyant conditions. Thermal
Rayleigh number of 1.0×107, internal Rayleigh number of 1.4×108, these values
represent the limit of salt stratification stability, and they correspond to experi-
mental SGSPs. The buoyancy ratio N = 4, which represent a high salt concentra-
tion at the bottom of the SGSP in comparison to the top surface. The simulation
starts with the fluid at a uniform initial temperature (0 dimensionless tempera-
ture, which is equivalent to 25◦C) in the entire SGSP. The non-convective zone is
established with gradient salt concentration profile, as shown in Fig. 5.4 ranges
between 0 and 1 in dimensionless units, which is equivalent to 0 kg m−3 and
300 kg m−3 respectively. Note that all values correspond to the proposed Libya
SGSP discussed in chapter 4.

The transient hydrodynamic, heat and mass behaviour in the SGSP with in-
ternal heating of the fluid due to solar radiation absorption is governed by
non-dimensionalized continuity, momentum, thermal energy and mass trans-
fer equations coupled with the equation of fluid density Eqs. 3.53 - 3.62, ex-
plained in Chapter 5. The parameters considered in this study are also listed in
Table. 5.1. While Fig. 6.1 shows the schematic view of the SGSP set-ups (Initial
concentration profiles and zone thicknesses) to be investigated in this particular
study. Considering the NCZ thickness as a reference value.
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TABLE 6.1. Illustrates, parameters and values of all parameters in the dimensionless
equations which correspond to an average characteristics of salt–water mixtures.[125,

72, 131]

Term (symbol) Value

Internal Rayleigh number (RaI ) 1.4× 108

Thermal Rayleigh number (RaT ) 1.0× 107

Biot number (Bi) 500

Aspect ratio (A) 3
1

Schmidt number (Sc) 1000

Prandtl number (Pr) 6

Lewis number (Le) 166.6
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FIGURE 6.1. Different zone thicknesses set-ups, NCZ= 0.2 m, NCZ= 0.6 m, NCZ=
0.8 m, NCZ= 1 m, NCZ= 1.2 m, NCZ= 0.7.
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6.2.2 A typical pond with no established zones

Before proceeding with studying the effect of the zone thicknesses on a salinity
gradient solar pond, it is beneficial to explain why SGSPs have zones at first
place. Consequently, the behaviour of a typical pond with no zones established
is studied. This particular study considers the behaviour of a pond filled with
salty water without an established salinity gradient in the middle. The pond
bottom and sidewalls are well insulated, and it is subjected to high solar radi-
ation. As part of the incident, solar radiation is absorbed in the upper part of
the pond. It warms the water in that region. While another portion of incident
solar radiation gets absorbed in the lower regions and also warms the water at
that region. The hotter water in the pond rises to the top via conduction and
convection. The cold water becomes heavy and sinks to the bottom. Convec-
tion currents are formed everywhere inside the pond (white convection cells),
as shown in Fig. 2.1. Because of this continuous mixing, it is impossible to con-
centrate and store solar energy as thermal energy in a particular region of the
pond. More specifically, in the lower region of this particular pond, the flow of
the fluid is driven only by the thermal buoyancy force, and there is no mecha-
nism to suppress and concentrate the thermal convection currents at the lower
region and subsequently store useful heat at the bottom of the pond.

Figure 2.1 shows the importance of dividing the pond into zones that have dif-
ferent salt concentration levels; an upper convective zone (almost freshwater)
to minimise heat loss to the environment, a non-convective zone (gradient in-
creasing downward) to suppress heat in the bottom, and lower convective zone
(high salt content) to store this heat. It is fundamental to create this insulating
non-convection zone in the middle to suppress thermal convection currents at
the bottom of the pond in order to store thermal energy, as without this partic-
ular zone continuous mixing in the entire pond will always occur, and no heat
will be stored at the bottom of the pond as shown in Fig. 2.1. Therefore, the
gradient zone is the main zone in SGSP design and operation.
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6.2.3 SGSP at different zone thicknesses

This section investigates the optimum (longest operational period with best
thermal Performance) NCZ: LCZ zone thickness ratio. The NCZ: LCZ zone
thicknesses to be examined are illustrated in Table. 6.2. The initial concentration
profiles for each SGSP set-up is shown in Fig. 6.1. The effect of zone thicknesses
ratios is numerically investigated.

TABLE 6.2. Different NCZ: LCZ zone thicknesses set-ups.

Case UCZ NCZ LCZ NCZ: LCZ

1 0.4 m 0.2 m 1.4 m 1:7
2 0.4 m 0.6 m 1.0 m 1:2
3 0.4 m 0.8 m 0.8 m 1:1
4 0.4 m 1.0 m 0.6 m 2:1
5 0.4 m 1.2 m 0.4 m 3:1
6 0.4 m 1.4 m 0.2 m 7:1

The simulation starts with the fluid at a uniform initial temperature which is
equivalent to the ambient 25 ◦C throughout the salinity gradient solar pond
zones and for all zone thickness settings. On the first day of operation, the
salinity gradient solar pond heats to about 1 ◦C, as shown in Fig. 6.2a, and it
continues to heat gradually and steadily during the first 30 days, as shown in
Fig. 6.2b, which means that solar radiation is trapped and stored in the LCZ as
thermal energy. It should be noted that the salinity gradient solar pond zone
thickness variations have similar thermal behaviour during the first 30 days
of operation; all lines almost identical, as shown in Figs. 6.2a and 6.2b. Al-
though insignificant, and slightly different thermal performances (temperature
profiles) differences are noticed. This indicates that the competition between
concentration and thermal forces has not changed largely in magnitude where
solutal Rayleigh is still higher in comparison to thermal Rayleigh; thus, the
SGSP heats up slowly and steadily, and heat diffusion dominates heat transfer
process in the SGSP.

Therefore, at the start of the operation, the SGSP is stable, and there is no change
in buoyancy force to drive significantly large scale motion. Interestingly, the ini-
tial thermal behaviour of the 2-D model is similar to that of the 1-D transient
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model in chapter 4, where heat diffusion also dominates heat transfer in SGSP,
but in the 1-D model, the double-diffusive convection effect was neglected;
thus, the pond is assumed to be stable throughout its operational time.
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(A) One day of operation.
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(B) 30 days of operation.
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(C) Temperature profile before SGSP become unstable.

FIGURE 6.2. Temperature Profile, NCZ= 0.2 m, NCZ= 0.6 m, NCZ= 0.8 m, NCZ=
1 m, NCZ= 1.2 m, NCZ= 1.4 m.

The simulation is then run until the temperature profile reached steady-state,
and that is for all zone thicknesses ratios. Fig. 6.2c shows the steady-state tem-
perature, which is at the same time resembles the highest temperature achieved
for all the thickness variations. From the figure, it is clear that the thermal be-
haviour and performance have varied after running the pond for a long period.
After heating the SGSP for a longer period (ca. one month), convection cur-
rents start to grow at and beyond the boundaries. They expand gradually to
erode the insulating layer at various rates for the different set-ups, as shown
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TABLE 6.3. SGSP thermal performance and operation period at different NCZ: LCZ
zone thicknesses ratios.

Case NCZ (m) NCZ:LCZ Time to reach
steady-state

(days)

Maximum
T ◦C

operation
period (days)

1 0.2 1:7 36 42 36
2 0.6 1:2 60 49 91
3 0.8 1:1 65 58 110
4 1.0 2:1 75 76 150
5 1.2 3:1 88 89 220
6 1.4 7:1 70 68 120

in Fig. 6.6b. This explains why the thermal behaviour and performance varies,
see Fig. 6.2b (during a short period of operation) and Fig. 6.2c (during the more
extended period of operation). Table. 6.3 illustrates the time the pond needed
to reach steady-state, the operational lifetime of the SGSP and the maximum
steady-state temperature achieved for the different zone thicknesses ratios.

When the NCZ thickness is set at an extremely small limit of 0.2 m (blue line)
which is equivalent to NCZ: LCZ thickness ratio of 1:7, the lowest thermal per-
formance was achieved (lowest LCZ temperature), as shown in Fig. 6.2c. On
the other hand, when the NCZ thickness is increased to an extremely large
limit of 1.4 m (brown line), the thermal performance achieved is not as high
as other NCZ thickness variations 1.0 m and 1.2 m. The best thermal perfor-
mances (highest LCZ temperature) is achieved when NCZ: LCZ thickness ra-
tios is 3:1, which represent NCZ/H = 1.2 m (red line). This could indicate that
the system has the best hydrodynamic stability at this particular ratio. Fig. 6.2c
shows clearly that an extreme reduction or increase of the NCZ thickness has
a counterproductive effect on the SGSP thermal performance. The reason is at-
tributed to the weak insulation capabilities when NCZ thickness is small, and
subsequently, more heat loss from the bottom to the top. The second reason is
the reduction of the amount of solar radiation reaching the LCZ when NCZ is
extremely large.

Thus, for the best thermal performance, two points should be considered by
the operator while adjusting the thickness of NCZ. The increase of NCZ thick-
ness causes an increase in the LCZ temperature. This increase is the result of
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(A) Velocity after one day.
(B) Concentration after one day.

(C) Velocity after one month. (D) Concentration after one month.

(E) Velocity at instability. (F) Concentration at instability.

FIGURE 6.3. Illustration of the hydrodynamic behaviour and the salt concentration
profiles inside the SGSP at NCZ: LCZ = 1:1.

the high insulation provided by a thicker NCZ which minimises the upward
heat loss from the lower convective zone. The second point is, in the case of
increasing the NCZ to an extremely large thickness, the radiation reaching the
LCZ decreases (radiation has to pass through a more significant path with con-
sequent higher absorption before it reaches the lower convective zone), which
brings down the temperature of the LCZ. This is manifested in Fig. 6.2c when
the NCZ thickness is set to 1.4 m (brown line). Consequently, this adverse ef-
fect offset the beneficial effect of reduced heat loss. At an NCZ thickness of
1.2 m, the effect of reduction in radiation input is still equal in magnitude to
that due to heat loss, and at this stage, the SGSP has maximum collection effi-
ciency. Table. 6.3 illustrates the time the pond needed to reach steady-state, the
operational lifetime of the SGSP and the maximum steady-state temperature
achieved for the different zone thicknesses ratios.

In order to understand the hydrodynamic behaviour, and answer the opera-
tional stability question of why the non-convective zone has become unstable
more quickly when it has an extremely small or extremely large thickness, it is
crucial to link the heat, the mass and the hydrodynamic behaviour collectively.
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(A) Velocity after one day.
(B) Concentration after one day.

(C) Velocity after one month.
(D) Concentration after one month.

(E) Velocity at instability.
(F) Concentration at instability.

FIGURE 6.4. Illustration of the hydrodynamic behaviour and the salt concentration
profiles inside the SGSP at NCZ: LCZ = 2:1.

Consequently, the evolution of the velocity fields is generated for all zone thick-
nesses ratios. When the salty water is heated, convection cells build and grow
over time (convection currents) as shown in Figs. 6.4 and 6.3. It is interest-
ing to observe that it first develops thermal gradients at the most vulnerable
parts, which are the interfaces of the salinity gradient solar pond, as shown in
Figs. 6.4, 6.3 and 6.6a. The velocity figures reflect both the speed and at the same
spirit the location of convective motion as shown in Figs. 6.6a and 6.6b (during
a short period of operation) and Fig. 6.6c (during the more extended period of
operation). Clearly, there are significant differences in velocity magnitude at
the interfaces depending on the NCZ: LCZ thickness ratio specified.

Another observation is, with decreasing NCZ thickness, the convection cur-
rents at the interfaces become higher in magnitude, and their expansion and
damage to the NCZ is faster, as shown in Figs. 6.6a, 6.6b and 6.6c. Thus, the
thinner the NCZ, the faster it will reach a critical limit (Tiny insulating layer, as
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(A) Velocity after one day. (B) Concentration after one day.

(C) Velocity after one month. (D) Concentration after one month.

(E) Velocity at instability. (F) Concentration at instability.

FIGURE 6.5. Illustration of the hydrodynamic behaviour and the salt concentration
profiles inside the SGSP, NCZ: LCZ = 3:1.

a result of the fast expansion of the convective current) where it becomes un-
stable and unable to store any heat as shown in Fig. 6.2c. In the case of a thick
NCZ, the SGSP hydrodynamic response to the effect of daily solar radiation is
slow in terms of fluid motion, as shown in Figs. 6.6a, 6.6b and 6.6c; thus, the ero-
sion from buoyancy-driven flows is also small. Both the thermal performance
and hydrodynamic stability of the SGSP deteriorates according to the amount
of the damage (shrinking) that occur to the insulating layer, and the thicker the
NCZ, the more its resistance to the DDC effect; however, an extreme NCZ de-
sign thickness (i.e. 1.4 m) has a counterproductive consequence as it could not
tolerate as small LCZ that diffuses salt and heat faster as shown in Figs. 6.7c,
6.6c and illustrated in Table. 6.3. This indicates that there is an optimum NCZ
to LCZ thickness ratios where SGSP is more resistance to the DDC effect, which
should be considered.

For an NCZ: LCZ zone thicknesses ratio of 3:1, the effect of reduction in radia-
tion input becomes equal in magnitude to that due to the reduction in heat loss,
and at this stage, the pond has a maximum solar collection efficiency. The best
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(C) Velocity profile at the time before SGSP become unstable.

FIGURE 6.6. Velocity profile, NCZ= 0.2 m, NCZ= 0.6 m, NCZ= 0.8 m, NCZ= 1 m,
NCZ= 1.2 m, NCZ= 1.4 m.

operational stability is also obtained at this ratio as the SGSP hydrodynamic re-
sponse to the effect of daily solar radiation is slow in terms of fluid motion as
shown in Figs. 6.7c, 6.6c and 6.2c.

To further understand the effect of zone thicknesses on the hydrodynamic sta-
bility of the SGSP, it is fundamental to relate it to the solute behaviour inside
the SGSP. The NCZ is established with a gradient salt concentration profile,
as shown in Fig. 6.7a. This concentration profile ranges from low salt content
in the UCZ to high salt content in the LCZ which are equivalent to 0 kg m−3

and 300 kg m−3, respectively. The evolution of the salt concentration profile has
been simulated for one day, 30 days, and until the time SGSP becomes unstable,
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(C) Concentration profile the time before SGSP become unstable.

FIGURE 6.7. Concentration profile, NCZ= 0.2 m, NCZ= 0.6 m, NCZ= 0.8 m, NCZ=
1 m, NCZ= 1.2 m, NCZ= 1.4 m.

as shown in Figs. 6.7a, 6.7b and 6.7c, respectively. It is noticed that salt diffusion
is a slow process in comparison to heat diffusion.

In the NCZ, the solutal behaviour appears to be similar and reveal almost an
identical average salt concentration at all thickness ratios examined as shown
in Figs. 6.7a, 6.7b and 6.7c; however, it can be noticed that there is a decrease
or degradation of the level of salt in the most vulnerable parts, which are the
boundaries of the NCZ. This degradation is due to the diffusion of salt from
areas where the salt concentration is high to areas where the salt concentration
is less. For NCZ/H = 1.4 m, which resembles an NCZ: LCZ thickness ratio
of (Extremely large NCZ), the salt diffusion from the relatively small LCZ to
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(B) Three meter SGSP.

FIGURE 6.8. Effect of zones thickness ratio on SGSP long term stability for different
SGSP heights (t = 90 days), NCZ:LCZ= 1:1 , NCZ:LCZ= 2:1, NCZ:LCZ= 3:1. Veloc-
ity profiles indicates that the SGSP has the longest term of stability at NCZ:LCZ zone

thickness ratio 3:1 (Lowest NCZ errosion percentage is obtained at this ratio).

NCZ was significant and eventually contributed to mixing and destabilising
the SGSP in a short period. This breaks the rule that the larger the NCZ, the
better, thus, this is another illustration that a large NCZ cannot tolerate the
negative impact of small LCZ due to the rapid diffusion of salt. Therefore, an
optimised and balanced NCZ: LCZ thickness ratio where SGSP performs with
the best thermal performance and for the longest period is a key for an effective,
efficient and stable system.

At a thickness ratio of 3:1 (red line), the concentration profile drops significantly,
as shown in Fig. 6.7c, that can be attributed to the long period of operation
which, exceeded 180 days in comparison to other thickness ratios where the op-
erational lifetime of the pond has not exceeded 135 days. Although the change
in all concentration profiles is not significant, this change has a significant im-
pact, as it contributed indirectly to eroding the NCZ. The reduction of the level
of salt concentration at the boundaries contributes to change in densities and
consequently, the formation of the convection currents in the non-convective
zone. Therefore, the dynamic of salt diffusion is critical to keep under control.

To summarise, the present 2-D study explains the effect of SGSP zone thick-
nesses on the SGSP thermal performance and operational stability in sufficient
detail. Although salinity gradient solar ponds at all NCZ: LCZ zone thickness
ratios eventually become unstable (at different times) due to the DDC effect.
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The DDC effect leads to the growth of convection cells, which expand with
time due to the continuous heating, causing inward damaging convective mo-
tion at the interfaces that lead to the shrinking of the non-convective zone to a
critical limit where SGSP becomes unstable; however, as illustrated earlier, the
SGSP thermal performance and operational lifetime (stability time) differ from
one NCZ: LCZ zone thickness ratio to another.

According to the simulation results, a ratio of 3:1 (NCZ/H = 1.2 m) is found
to be the optimum zone thickness ratio for an average height 1, 2 and 3-meter
SGSPs, the longest stability (Operational Time) is obtained at this particular ra-
tio as shown in Fig. 6.8; however in the case of 1 m SGSP an 0.2 m LCZ could
not be an ideal thickness for this particular zone as heat extraction process need
larger zone area to avoid mechanical instability. In the case of the average
height SGSP with 2 m height; an NCZ: LCZ thickness ratio of 3:1 which cor-
responds to 0.4 m for UCZ, 1.2 m for the NCZ and 0.4 m for the LCZ can also
be the most cost-effective option for a 2 m SGSP. One should not neglect that
the increase in salt requirements that will follow the increase in the thickness of
LCZ if other NCZ: LCZ thickness ratios such as 2:1 or 1:1 are to be considered,
which will add to the capital cost.

For desalination applications, a regular temperature just above 60-65◦C is needed
to operate a MED-TVC desalination unit. This temperature should be main-
tained throughout the year. If any NCZ: LCZ thickness ratio is considered, it is
crucial to assure a temperature above 60-65 ◦C is always maintained (long term
stability). The financial (thermo-economical) implications of increasing or de-
creasing the thickness of the NCZ must also be assessed in order to justify what
is optimum. As mentioned, any increase or decrease should always justify the
capital and operating expenditure.

The thermal behaviour observed at the start of operation is interesting, as SGSP
tends to heat up gradually and steadily in all the three zones regardless of the
NCZ: LCZ zone thicknesses ratio set. This indicates that the competition be-
tween concentration and thermal forces is balanced at the start of operation
where solutal Rayleigh is higher in comparison to thermal Rayleigh, thus, the
SGSP is stable, and it heats up slowly and steadily where conduction domi-
nates heat transfer process in the SGSP. In other words, there is no significant
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change in buoyancy force to drive large scale motion. Subsequently, it is impor-
tant to keep the relative balance of temperature and concentration contributions
to the density field intact in order to minimise the double-diffusive effect and
maintain the stability of the pond. Buoyancy force represents this competition
between thermal and solute Rayleigh, which determines the state of the fluid.

6.3 Effect of buoyancy ratio

This section aims to study the effect of buoyancy ratio on the hydrodynamic
behaviour and operational stability of the SGSP. The SGSP with the optimum
zone thicknesses (UCZ = 0.4 m, NCZ = 1.2 m, LCZ = 0.4 m) is examined under
different buoyancy ratio; (I) N = 0.1, (II) N = 1, (III) N = 2, (IV) N = 4 and, (V) N
= 6. The buoyancy ratio approximation is given by [45]:

N =
βC∆Cs

βT∆T
(6.1)

where N is the buoyancy ratio, βC and βT are the thermal and solutal expansion
coefficient, respectively, given by [45]. ∆Cs is the salinity difference and ∆T is
the temperature difference. From an operator point of view, this investigation
explains if a procedure like increasing the buoyancy force (increasing the level
of salt concentration at LCZ in order to make the fluid at the bottom dense
enough) helps to minimise the DDC effect and consequently enhance the long
term operational stability of the SGSP. Table. 6.4 provides an indication of the
salt requirements according to salinity and Buoyancy.

TABLE 6.4. Buoyancy, salinity, density, concentration estimates for NaCl solution [140].

Salinity Cs wt % Density kg m−3 LCZ
concentration

kg m−3

Buoyancy ratio

1 1018 10.18 0.1
5 1048 52.4 1

10 1078 107.8 2
25 1168 299 4
35 1230 430.5 6
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For the purpose of this study, some assumptions are made. The SGSP is run
from steady-state where the temperature at the LCZ is 100 ◦C, the NCZ is well
established, and the temperature at the UCZ equals to the ambient 25 ◦C. Thus,
at the start of the operation, ∆T between the LCZ and UCZ equals 75 ◦C. The
UCZ salt concentration equals 0 while the LCZ concentration varies according
to the buoyancy ratio specified, (see Table. 6.4). The fluid is assumed to be
stagnant at the start of the operation; thus, velocity equals 0 everywhere inside
the pond. The study is conducted, incorporating the assumptions, governing
equations and parameters used in the zone thicknesses study.

SGSP at different buoyancy ratios

The first simulation starts with a buoyancy ratio N = 0.1, which is a ratio that
violates the stability criteria in Section 2.8.3 that is suggested by [20]. For this
particular ratio N= 0.1, after running the SGSP for two weeks, no heat was
stored in the LCZ due to the continuous mixing inside the non-convective zone
that led to complete turnover as shown in Fig. 6.9a. The presence of convection
currents in the non-convective zone violates the main design concept of salinity
gradient solar pond which is maintaining the gradient and insulating layer as
a non-convective zone above the lower convective zone in order to function
as an insulation barrier suppressing thermal convective currents generated in
LCZ. Therefore, the stability condition suggested by [45] is valid and should
always be met.

For N = 1 the stability condition is met, the competition between thermal and
solute buoyancy forces becomes the same order of magnitude. The convective
motion induced by the absorption of solar radiation is suppressed at the upper
and lower convective layers, as shown in Fig. 6.9b; however, the NCZ has still
been eroded to some extent at this ratio. For N = 1, there is not enough gravita-
tional resistance to the mixing caused by the DDC effect, and the temperature
rise also weakened the density distribution. Thus, meeting the stability crite-
ria could not be enough when considering long term operation stability. Higher
buoyancy ratios (Salt concentration should be heavy enough to prevent convec-
tion current from eroding the NCZ) are required for better protection to NCZ
from erosion and subsequently longer operational stability.
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(A) Velocity profile illustrates the continues
mixing when stability condition is violated.

N = 0.1, SGSP instantly after 3 days of
operation becomes Unstable (0 lowest

velocity and 1 highest).

(B) Velocity profile when the stability
condition is met. N = 1, at Two weeks of

operation from steady-state (0 lowest
velocity and 1 highest).

FIGURE 6.9. Effect of buoyancy ratios on the SGSP hydrodynamic behaviour.

For buoyancy ratios of 2, 4 and 6, no significant fluid motion is observed in the
NCZ after one day of operation as shown in Figs. 6.10a; Hence, the competition
between thermal and solute buoyancy forces is high. The convection currents
induced by the absorption of solar radiation are significantly suppressed by
the NCZ, while just smaller circulation eddies are generated in the UCZ (with
relatively high velocities). Other convective cells are observed in the NCZ-LCZ
interface. These velocities are larger than those observed when N = 1. This
could be attributed to the high competition between thermal and solutal forces.
At the start of the operation, diffusion dominates thermal and mass transfer
process, considering that the solution is dense enough in the bottom at these
ratios (N = 2, 4 and 6). Diffusion is the dominant heat and mass transfer process
at this stage, and it is an extremely slow process.

However, after running the SGSP for a longer period (two weeks), convection
currents start to evolve, grow and expand with time to erode larger parts of
the NCZ at different rates. When N = 1 and 2, the erosion was significant, as
shown in Fig. 6.10b. At a buoyancy ratio of 4 and 6, the solution in the LCZ
is dense enough to prevent convection from eroding the NCZ; consequently,
the SGSP is more resistance to the DDC effect. At N = 6, the SGSP has better
stability (hydrodynamic stability) than when the buoyancy ratio is 4, as shown
in Fig. 6.10c; however, from an economic point of view, at N = 6, the salt re-
quirement is going to be the highest. Table. 6.5 illustrates the operational time
of the SGSP at different buoyancy ratios. The operational lifetime is less than
those observed in the previous study, as in this study, the SGSP is assumed to
be operated from steady-state (maximum LCZ temperature); however, the N
and operational lifetime figures in the table give an indication of a procedure
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(A) One day of operation.
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(B) Two weeks of operation.
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(C) Velocity profile the time before SGSP becomes unstable.

FIGURE 6.10. Velocity profiles, N= 1, N = 2, N= 4, N= 6.

such as increasing the buoyancy ratio (increasing salt content) helps to extend
the operational lifetime of an on operation SGSP. It is clear that with adjusting
the buoyancy ratio (N=6, LCZ salt concentration = 430.5 kg/m3), the SGSP can
be operative for another 150 days from steady-state.

In order to further understand the effect of buoyancy ratio on thermal behaviour,
the distribution of temperature, concentration and velocity in the salinity gra-
dient solar pond are studied collectively. For a buoyancy ratio N = 1, the con-
vective motion induced by the absorption of solar radiation easily disturbs the
system. Thermal convective currents transfer heat to the upper zone where the
transferred heat causes a rise in temperature to that zone (potential heat losses)
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TABLE 6.5. SGSP operation stability at different N ratios.

i Buoyancy ratio
N

LCZ T ◦C Operational
time (days)

1 0.1 31 Instantious
mixing

2 1 91 50
3 2 92 75
4 4 95 130
5 6 97 150

as shown in Figs. 6.11a and 6.11b.

When the buoyancy ratio is increased to value equals to 6, the fluid in the bot-
tom becomes dense enough. This hinders both salt diffusion and convection
currents from growing fast and from expansion; thus conduction dominates
heat transfer process in SGSP. Fig. 6.11c clearly shows that the increase of buoy-
ancy ratio from 1 to 6 helps to maintain the stored energy in the LCZ, and min-
imises the heat loss from the LCZ to the UCZ.

To elaborate further on the operational stability of the system. Concentration
profiles are also generated. The concentration profiles illustrate the difference
in the solutal behaviour for the four buoyancy ratios examined, as shown in
Figs. 6.12a, 6.12b and 6.12c. At N = 6 and 4, the concentration profile is the
most stable and the least affected by DDC effect, whereas at a smaller buoyancy
ratios N = 1 and N = 2 the concentration profile shows a significant increase in
the concentration level in the UCZ and parts of the gradient layer, that is due to
the mass transfer of salt via diffusion and convection.

The concentration profile in Fig. 6.12c clearly shows that the increase of buoy-
ancy ratio helps to maintain the average salt concentration to almost zero in the
UCZ, and also helps to maintain the shape of salt concentration profile in the
gradient non-convective layer. At N = 4 and 6, it is possible for the SGSP to
be operative for months; however, in order to compensate for salt diffused to
upper layers, regular addition of saturated brine in the LCZ is still needed. The
concentration profile, as shown in Fig. 6.12c, also indicates that it is only the
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(A) One day of operation.

T
e
m

p
e
ra

tu
re

 C

25

30

35

40

45

50

55

60

65

70

75

80

85

90

Height m
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

LCZ NCZ UCZ

C
o

n
c
e
n

tr
a
ti

o
n

 K
g

/m
3

0

20

40

60

80

100

120

140

160

180

200

220

240

260

280

300

Height m
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

UCZNCZLCZ

Ve
lo

ci
ty

 (V
ec

to
r M

ag
ni

tu
de

 m
/s

)

0

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

0.0008

0.0009

0.001

0.0011

0.0012

0.0013

0.0014

0.0015

0.0016

0.0017

0.0018

0.0019

0.002

Height m
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

LCZ NCZ UCZ

C
o

n
c
e
n

tr
a
ti

o
n

 K
g

/m
3

0

20

40

60

80

100

120

140

160

180

200

220

240

260

280

300

Height m
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

LCZ NCZ UCZ

LCZ NCZ UCZ

UCZ

NCZ

LCZV
e

lo
c

it
y

 (
V

e
c

to
r 

M
a

g
n

it
u

d
e

) 
m

/s

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

Height m
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

LCZ NCZ UCZ

V
e

lo
c

it
y

 (
V

e
c

to
r 

M
a

g
n

it
u

d
e

) 
m

/s

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

Height m
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

LCZ NCZ UCZ

V
e
lo

c
it

y
 (

V
e
c
to

r 
M

a
g

n
it

u
d

e
) 

m
/s

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

Height m
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

UCZNCZLCZ

T
e

m
p

e
ra

tu
re

 C

30

40

50

60

70

80

90

100

Height m
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

UCZNCZLCZ

T
e

m
p

e
ra

tu
re

 C

30

40

50

60

70

80

90

100

Height m
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

NCZ UCZLCZ

(B) Two weeks of operation.
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(C) Temperature profile the time before SGSP becomes unstable.

FIGURE 6.11. Temperature profile, N= 1, N = 2, N= 4, N= 6.

contribution of the salinity distribution that provides enough gravitational re-
sistance to the mixing because the temperature rises only weakens the density
distribution. In order to compensate for this intrinsic source of instability, the
salt contribution βC∆C to the local net density must be sustained more signifi-
cant than the temperature contribution βT∆T .

For the operator in the field, this means injecting salt regularly to the LCZ in or-
der to strengthen the salt concentration profile is crucial, see Table. 6.4 for more
reflection on buoyancy and salt requirements. According to the results, the con-
centration difference between the UCZ and LCZ should be at least 300 kg/m3 of
NaCl concentration to maintain the SGSP temperature. It can be concluded that
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(A) One day of operation.
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(B) Two weeks of operation.

(C) concentration profile the ime before SGSP become unstable.

FIGURE 6.12. Concentration profile, N= 1, N = 2, N= 4, N= 6.

if a SGSP salt injection process is correctly planned, surface regularly flushed,
then storing the attained thermal energy for a long period of time is possible.

Table. 6.6 summaries the buoyancy ratio effect on SGSP operational stability. To
conclude, the buoyancy ratio plays a great role in stabilising the layers of salty
water in the solar pond and subsequently hindering convective motions in the
UCZ and LCZ from expanding and causing fluid mixing in the NCZ which will
eventually destabilise the pond. The NCZ is progressively eroded by convec-
tive mixing above and below when the buoyancy ratio is small in comparison
to a large buoyancy ratio. This thickness reduction reduces the efficiency of the
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(A) Temperature profile.
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(B) Concentration profile.
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(C) Velocity profile.

FIGURE 6.13. Temperature, concentration and velocity profiles at the time SGSP be-
comes unstable, Buoyancy ratio= 1, Buoyancy ratio = 2, Buoyancy ratio= 4, Buoy-
ancy ratio= 6. Operational stability period from steady-state≈, 50, 75, 130 and 150 days

respectively.

SGSP. It is important to note that even though the NCZ thickness slightly de-
creased, it still suppresses convection and does not allow complete overturn of
the pond.

However, the progressive and continuous expansion of convection currents will
eventually make SGSP go unstable if no measures are taking. A high buoyancy
ratio adds to the salt requirement, but in return, it sustains the system for a
longer time. A heat recovery procedure is required in order to avoid SGSP
overheating. Overheating is a causative factor to enhance DDC phenomena
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TABLE 6.6. Effect of buoyancy ratio on SGSP operational stability.

i Buoyancy ratio Operatinal
stability period

from
steady-state

instability causative factor

1 <1 Becomes
unstable

instantly after 3
days

Instant continous mixing
inside the non-convective
zone that led to complete

turnover.

2 1 50 days Weak gravitational
resistance to the mixing

caused by the DDC effect

3 2 75 days No enough gravitational
resistance to the mixing

caused by the DDC effect

4 4 130 days Relatively high
gravitational resistance to
the mixing caused by the
DDC effect; however, salt
diffusion and overheating

weakened the density
gradient in the NCZ.

5 6 150 days High Resistence to DDC
effect; however, salt

diffusion and overheating
weakened the density
gradient in the NCZ.

and the expansion of convective cells. Thus, the effect of heat recovery on SGSP
operational stability study is to be conducted in the next section.

6.4 Effect of heat recovery

A crucial aspect of SGSP technology is heat recovery. Typically, heat recov-
ery is carried out in two ways: by using a submerged heat exchanger located
on the bottom of the pond, or by pumping brine from the lower convective
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zone to an external heat exchanger and then returning it to the pond. The first
method implies high costs for the maintenance of the heat exchanger, as it is
fully submerged in the hot brine, which is a highly corrosive medium. The
second method generates local temperature differences, whose final effect is to
destabilise the non-convective zone because this brine extraction/injection pro-
cess is performed at a specific point of the solar pond, generally close to the
centre of the pond [9].

Heat extraction/recovery is always treated as a mechanical source of instability.
This study focuses only on hydrodynamic instability sources. Subsequently,
mechanical instability factors such as the mechanical heat extraction process
(injection and extraction of the fluid) are assumed to be well designed, and all
sources of mechanical instability and shearing flows are curtailed. Therefore,
the primary purpose of this study is to determine whether overheating can play
a role in destabilising SGSP when the DDC effect is minimised by increasing the
salt content at the bottom of the pond to a level of saturation where the solution
is heavy enough to prevent convection currents from expansion.

The same SGSP investigated in the buoyancy ratio study will be further exam-
ined, where, N = 4 and NCZ: LCZ thickness ratio 3:1. For the purpose of this
study, some assumptions are made. The SGSP is run from steady-state. The
fluid in the SGSP is assumed to be stagnant at the start of the operation, V = 0
throughout the pond. Temperature and salt concentration at LCZ is maximum
100◦C . The NCZ is well established. Also, temperature and concentration at
UCZ are equal to ambient. The system is operating in a transient state. The
amount of the absorbed energy is assumed to be significantly high, an internal
Rayleigh (RaI) equals 109. The SGSP is at a state where heat extraction occurs
at a constant rate from the start of the simulation. Two scenarios are studied;
(I) No heat extraction, and (II) With heat extraction. The study is conducted,
incorporating the same governing equations and parameters used in Chapter
5.

At no heat extraction scenario ( red lines). The SGSP initial temperature profile
(blue line), is shown in Fig. 6.14b. The salinity gradient solar pond was run un-
til it became unstable (complete erosion of NCZ) as shown in Fig. 6.14c. It has
been noticed that at the end of the simulation, the LCZ temperature dropped
almost 5◦C due to the rapid heat diffusion from LCZ to the upper zone at the
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(A) Concentration profiles.
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(B) Temperature profiles.
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(C) Velocity profiles.

FIGURE 6.14. SGSP Thermal behaviour and operational stability studied under two
scenarios, = With heat recovery (Unstable after 158 days), = No heat recovery (Un-
stable after 90 days). = Initial profile for both scenarios. SGSP Run from steady-state

(Maximum LCZ temperature) and with RaI = 109 (extremely high solar intensity)

no-heat extraction scenario. The overheating of the pond, without any proce-
dure to extract heat led to the rapid formation of thermal convective currents.
The expansion of the thermal convection currents destabilises the temperature
gradient in the NCZ and subsequently destabilising the salinity gradient solar
pond after almost 90 days of operation, and that is mainly due to the overheat-
ing which enhanced the rapid diffusion of salt and the DDC effect., as shown
in Fig. 6.14c. The excessive increase in the LCZ temperature weakens the tem-
perature gradient. Therefore, overheating of the LCZ affect the stability of the
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NCZ in two ways. Firstly, the excessive heat in the lower convective zone tem-
perature enhanced the destabilising temperature gradient. Secondly, thermal
convective currents rising from the bottom of the pond entrained fluid from
the gradient into the lower convective zone, decreases the thickness of the gra-
dient. It is, therefore, essential to extract enough heat to avoid overheating
counterproductive consequences.

At heat recovery scenario (green lines) during the heat extraction period at high
solar intensity, the rate of decrease in the temperature of the LCZ was insignifi-
cant. The decrease in this scenario is in terms of useful heat. In this short load-
ing period, the salinity gradient solar pond thermal behaviour slightly changed,
as shown in Fig. 6.14b. The LCZ temperature drop is insignificant; this decrease
was mainly due to the extraction of heat. The salinity gradient solar pond be-
came unstable after almost ≈ 160 days of operation, and that is mainly due
to the Mainly Salt Diffusion. Injecting salt to the LCZ and keeping flushing the
UCZ with fresh water is crucial to protect the gradient layer. It is recommended
that the SGSP excess energy is extracted when necessary to avoid overheating.

A salinity gradient solar pond can serve as a source of thermal energy, and it
can be used continuously as an energy reserve, but with an appropriate salt
control measurement and heat control procedure. Based on the result the heat
extraction is crucial in order to avoid pond overheating in geographical lat-
itude like in Libya, especially during the summer season. Instrumentations,
such as thermocouples, transmitter, control valves and controllers can help to
control the LCZ and avoiding any overheating that might occur. To conclude,
for long term operation, flushing the UCZ and adding fresh water to minimise
heat losses and wind erosion, injecting salt to the LCZ to sustain the competi-
tion between thermal and solutal Rayleigh balanced (buoyancy control) and an
appropriate heat recovery procedures are mandatory.

6.5 Summary

The present chapter deals with the effect of zone thickness on SGSP thermal per-
formance and operational stability. The 2-D study was conducted implement-
ing the double-diffusive convection phenomenon. The optimum NCZ/LCZ
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thickness ratio for an average salinity gradient solar pond of 2 m height is 3:1.
The longest stability period and best SGSP thermal performance were obtained
at these ratios.

The interfaces are the most vulnerable parts as week density (salt concentra-
tion) gradients exist in this region. Interestingly, for all zone thicknesses, the
expansion of the convective cells at UCZ/NCZ and NCZ/LCZ interfaces even-
tually contributes to eroding the NCZ boundaries, and subsequently the de-
homogenization of the non-convective layer, which eventually leads to shrink-
ing of the zone until reaching a tiny limit where SGSP can not function. This
happens at different rates and periods of time. At a thickness ratio of 3:1 (NCZ
= 1.2 m), the NCZ was the most resistance to the DDC effect and had the best
thermal performance and operational stability. Moreover, The SGSP was exam-
ined under different buoyancy ratios.

At a buoyancy ratio 4-6, the longest term of stability was obtained. Buoyancy
ratio has an important rule in keeping the NCZ at its desired thickness and
minimise the DDC effect. At these ratios, the solution inside the pond is heavy
enough to prevent convection currents from forming rapidly and subsequently
eroding the NCZ. The effect of overheating on SGSP stability has also been
investigated. It has been found that overheating the lower convective zone can
reduce the stability of the gradient and in turn, the pond unstable. To conclude,
controlled heat recovery, regular injection of brine to LCZ and flushing the UCZ
with fresh water are three fundamentals to sustain SGSP operational stability.



Chapter 7

Conclusion

7.1 Introduction

In Libya, the demand for freshwater is soaring, but the freshwater supply is
limited. The water deficit in 1998 is estimated at 1154 Mm3/year. In the ab-
sence of a sound water supply strategy, the deficit tends to increase to 4339
Mm3/year in 2025 [1]. The current supply-driven approaches have been inca-
pable of delivering freshwater security and sustainability on the national level.
Seawater desalination has evolved into the only viable alternative water supply
option. Unfortunately, seawater desalination is an energy-intensive process.
Thus, the conclusions for energy and freshwater sustainability for future gen-
erations are twofold. On the input side: choosing how desalination is powered
before Libyan oil depletes in probably 20 years. On the output side: viewing
radical and efficient water conservation strategies in agriculture use, by far the
country’s highest consumer of freshwater. The sooner desalination plants can
be powered by inexpensive and sustainable energy sources such as solar en-
ergy; the sooner Libya will become sustainable.

This thesis investigates the thermal potential and operation of salinity gradient
solar ponds to be one of a mix of technologies helping to lead Libya to a future
more based on renewable energy. To achieve this goal, the following specific
objectives were therefore set out; (I) to model the thermal performance for a
proposed SGSP located in Libya within the latitude and longitude of 32.54◦ N,
13.11◦ E, (II) to investigate the operational stability of the SGSP, by studying
the formation and changes occur to the zones of the SGSP during operation,
finally (III) to find the optimum zone design thicknesses, and also to develop

184
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a procedure that helps to sustain the operational stability of the SGSP for an
extended periods of time.

This chapter summarises; (I) the SGSP potential as a source of thermal energy to
drive desalination units in Libya, (II) SGSP thermal behaviour and operational
stability, and (III) SGSP optimum zone design thicknesses and the procedure
for best thermal performance and long term stability. Finally, practical recom-
mendations for future research are also presented in this concluding chapter.

7.2 SGSP thermal potential

Referring to the first objective (see, Section 1), this research has utilized a one-
dimensional model to study and predict the potential of a salinity gradient solar
pond as a source of thermal energy for thermal desalination application accord-
ing to the geographical and climate conditions of Libya (Detailed results were
reported in chapter 4).

The accuracy of the 1-D model used to conduct the SGSP thermal potential
study was validated against results from published experimental data. The
simulated temperature distribution output from the developed Python FiPy
code was validated with data from El Paso and Granada solar ponds. It is con-
cluded that the simulated and experimental temperature profiles are in good
agreement.

The results obtained from the one-dimensional transient model for the pro-
posed SGSP indicates that salinity gradient solar pond technology is ideally
suited to Libya geographical and climate conditions. The starting up period for
the SGSP takes 60 - 120 days depends on what time of the year to start the pond
operation. Preferably, starting the SGSP during the winter season, although the
SGSP will take longer time (ca. 120 days) before useful heat can be extracted, on
the other hand, the SGSP will work at its full thermal potential during spring
and summer where solar intensity is higher.

The maximum LCZ temperature obtained is 98 ◦C in August and beginning
of September. During the winter, a temperature above 70 ◦C was sustained
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throughout the second year of operation. Thus, constructing a SGSP for pro-
viding thermal energy for desalination units such as multi-effect distillation
thermal vapour compression MED-TVC unit is applicable, as the SGSP is able
to provide hot saline water with a temperature exceeding 65 ◦C most of the year
except for a start-up period in the beginning. It has been reported that multi-
effect distillation thermal vapour compression MED-TVC units have been suc-
cessfully working at a top brine temperature TBT of almost 60 - 65 ◦C [141, 48,
49, 50].

The multi-effect distillation MED systems, are more convenient than Multi-
stage flashing, as the MSF TBT is 90 ◦C and the typical multi-effect distillation
TBT is 70 ◦C as shown in chapter 4. MED-TCV operates at the lowest TBT
amongst these mature desalination units and costs less in terms of operation
and construction; however, its production capacity is lower.

Salinity gradient solar pond, similar to all solar energy systems, can experience
variations in thermal performance due to weather fluctuations; however, its
unique characteristic is that it can store, preserve and provide thermal energy
for the majority of months of the year, as shown in Fig. 4.12. The free storage
feature in the SGSP assures consistency in providing sufficient heat throughout
the year in the case for the MED-TVC desalination units.

Another advantage of SGSPs over other solar technologies is the utilization
of reject brine. The environmental impacts of the rejected hypersaline brine
should always be integrated. Brines is disposed of prudently as it often consid-
ered a waste product. In the case of SGSP, this brine can be used as a foundation
to create the SGSP. This is a significant feature when considering SGSPs for in-
land freshwater production.

SGSPs are less costly than other solar collectors. Moreover, they provide the
handiest and least costly choice for heat storage. That is very important, both
for operational and economic viewpoints if regular and inexpensive water pro-
duction is required. Efficiency alone may determine the practical feasibility. For
example, even if fuel farms (a wood-burning power plant) could produce low-
cost energy as illustrated in Table 7.1, it implies a large area requirement; thus,
it should be excluded when land area is limited [9]. Flat plate solar collectors
are a shallow box typically mounted on a roof that heats water using the solar
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TABLE 7.1. Relative collector costs for several solar technologies [9]

.

Low temperature heat Flat plate
collector

SGSP
(Average

Site)

Fuel farm

Collector cost($/m2) 300 50 0.30
Collection efficiency 0.30 0.25 0.0030

Thermal output (W/m2) 60 50 0.6
Area per k W thermal (m2/kW) 17 20 1667

Collector cost ($/kW) 5000 1000 500

energy has a very high collector per area cost ($/m2), and Collector per energy
produced cost ($/kW) which does not make it economically efficient compared
to SGSPs [9].

To conclude, SGSP, as an integral device for receiving, collecting and storing
solar energy is a potential heat supplier and attractive answer for powering
thermal desalination in a country like Libya. The simplicity in design and oper-
ation and low cost of SGSP pose the question as to why they are not already in
widespread use in arid and semi-arid regions where solar radiation intensity is
high. There are several difficulties and limitations which are now under inten-
sive study and for which viable solutions seem in sight. One of the limitations
is the hydrodynamic stability of the system. Salinity gradient solar pond is a
double-diffusive convective system, and it is subject to hydrodynamic instabil-
ity.

7.3 Thermal behaviour and operational stability

Referring to the second objective (see, Section 1), the operational stability of
the salinity gradient solar pond have been studied numerically using a 2-D
model (see, chapter 5). After the solar radiation reaches the SGSP, the portion
that crosses the surface gets absorbed at the bottom of the pond. This attenua-
tion causes internal heating of the pond. Consequently, convection is activated.
Thus, a slow continuous mixing in the LCZ takes place; the continuous mixing
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leads to a uniform temperature everywhere inside the LCZ. Thus, the assump-
tion of homogeneous temperatures in the LCZ, considered in the 1D models
found to be a reasonable assumption as a relatively uniform temperature has
been noticed throughout this layer; however, interfaces motion has also been
noticed after heating the SGSP, that could not be detected using the 1-D model.

The interfaces motion is due to the DDC effect, and it has been noticed dur-
ing the simulation at the UCZ-NCZ interface and NCL-LCZ interface. Convec-
tive currents appeared first at the interfaces and started to expand gradually to
erode and damage the NCZ completely. This middle insulating layer should
be nearly a motionless layer to act as a transparent insulating layer, allowing
energy entrapment in the LCZ, and to maintain the stability of the pond.

For the operators sustaining the concentration profile of the non-convective
zone is crucial to the successful operation and stability. The aim of operational
stability can not be accomplished except when the slat concentration gradient
is faultlessly sustained, and the diffusion of salt inside the SGSP is successfully
controlled.

7.4 Zone thicknesses and long term stability

Referring to the third objective (see, Section 1). The thicknesses of the zones are
a critical parameter in SGSP operation. The optimum NCZ: LCZ zone thick-
nesses ratio for an average salinity gradient solar pond of 2 m height is found
to be 3:1. The longest term stability and the best SGSP thermal performance
were obtained at this ratio. An NCZ: LCZ zone thicknesses ratio of 3:1 corre-
sponds to 0.4 m for the UCZ, 1.2 m for the NCZ and 0.4 m for the LCZ. This
ratio can also be the most cost-effective option for a 2 m SGSP. One should not
neglect that the increase in salt requirements that will follow the increase in
the thickness of LCZ if other NCZ: LCZ thickness ratios such as 2:1 or 1:1 are
considered, which will add to the capital cost.

For MED-TVC plant that requires a top brine temperature around 60 - 65 ◦C, an
LCZ thickness of 0.4 m for 2 m ponds, is found to be suitable and cost-effective,
increasing the LCZ thickness will decrease the zone temperature which means
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a need to stop the pond for several months when LCZ temperature of 60 - 65 ◦C
can not be obtained. Increasing the LCZ thickness also increases the capital cost
due to the high salt requirements. The financial (thermo-economical) implica-
tions of increasing or decreasing the thickness of the NCZ must be evaluated
in order to justify what is optimum. As mentioned, any increase or decrease
should always justify the capital and operating expenditure.

The buoyancy ratio has a critical impact on preventing convection motions in-
duced by solar radiation absorption from destabilizing SGSP. The increase of
buoyancy ratio (increasing the salt concentration to a level where the solution
becomes heavy enough to prevent convection) reduces the UCZ temperature
by minimizing upward heat losses and will also preserve the thermal energy
in the LCZ. For a buoyancy ratio of 4 and 6, the salt concentration gradient is
strong, and the salt concentration in the LCZ is heavy enough to prevent con-
vection from eroding the LCZ in rapid time. For the operator, a salt (Na Cl)
concentration difference between the UCZ and LCZ should be approximately
between 300 kg m−3 to achieve a buoyancy ratio of 4 This makes the compe-
tition between concentration and thermal forces high and the solutal Rayleigh
is higher in comparison to thermal Rayleigh; thus, the SGSP is stable, and con-
duction dominates heat transfer process in the SGSP. In other words, there is no
significant change in buoyancy force to drive large scale motion. Subsequently,
it is vital to keep the relative balance of temperature and concentration con-
tributions to the density field intact in order to minimize the double-diffusive
effect and maintain the stability of the pond.

Referring to chapter 6, the procedure for maintaining zone thicknesses can be
summarized for the operator in three points. (I) Regularly flushing UCZ with
freshwater (I) Controlling buoyancy ratio (measuring the concentration level
and injecting brine solution to LCZ to a level that is heavy enough to prevent
convection accordingly), and (III) A systematic heat recovery procedure from
the pond to avoid pond overheating.
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7.5 Overall conclusion

Salinity gradient solar pond technology is ideally suited to Libya geographical
and climate conditions. The starting up period for the SGSP takes 60 - 120 days
depends on what time of the year to start the pond operation. The maximum
LCZ temperature obtained is 98 ◦C in the summer. During the winter, a tem-
perature above 70 ◦C was sustained throughout the second year of operation.
Thus, constructing a SGSP for providing thermal energy for desalination units
such as MED-TVC unit is applicable, as it can provide hot saline water with a
temperature exceeding 64 ◦C most of the year except for a start-up period in
the beginning. MED-TVC plants have been successfully in operation at TBT of
almost 60 - 65 ◦C.

At a heat extraction of 55 W m−2 per hour and for 14 hours per day (Average
sunlight hours), yields 55 x 14 = 770 W m−2 per day and about 2400 kW hr m−2

per year. Considering a solar pond efficiency of about 22% [133]. This means
each m2 collects around 500 kW hr m−2 per year. The Carnot efficiency of the
SGSP operating between 98 ◦C and 25 ◦C becomes about 25%; however, a prac-
tical Rankine cycle has a smaller temperature difference, because of the temper-
ature drop in the evaporator and condenser. Thus, the resulting cycle efficiency
is approximately 10%. This indicates that in the case of power production, each
m2 produces 50 kWh per year. Each kW installed for baseload operation there-
fore requires a SGSP surface area of 1 x 24 x 365/50 = 175.2 m2. Provided that
the operational stability of the SGSP is not disturbed due to the DDC effect
or any other mechanical source of instability. Assuming the desalination plant
has an average economy ratio of 10:1. Assuming the same average rate of an-
nual radiation. According to the beforementioned figures and assumptions, the
freshwater production will then be 10 x 500 x 860 (kcal/mm2 per year)/550,000
(kcal/m3) = 7.80 m3/m2. This indicates that the SGSP area required to supply
heat for desalination for a 1 m3 per day is about 1 x 365/7.80 = 46.8 m2.

The design thickness of the zones has a significant impact on SGSP thermal
performance and stability. A thickness ratio of 3:1 (corresponds to 0.4 m for
the UCZ, 1.2 m for the NCZ and 0.4 m for the LCZ) found to be an optimum
ratio for long term operational stability and thermal performance. Flushing
UCZ with freshwater, controlling the buoyancy ratio (injecting brine solution
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to LCZ to a level that is heavy enough to prevent convection, salt concentra-
tion difference between the UCZ and LCZ interfaces of 300 kg m−3 achieves a
buoyancy ratio of 4 which makes the competition between concentration and
thermal forces high where the solutal Rayleigh is high enough in comparison
to thermal Rayleigh during operation; thus, the SGSP is stable, and conduction
dominates heat transfer process in the SGSP), and a systematic heat recovery
procedure are all crucial for best thermal performance and long term stability.

7.6 Recommendations for further research

Today, Libya has two strategies for freshwater sustainability: first, stringent
water conservation and second, powering desalination with sustainable energy
sources. It is recommended to promote the use of SGSPs to drive medium-
scale desalination units; this research shows the potential of using SGSPs as a
thermal-energy supply.

A number of issues remain and are the subject of intense R. & D. activity. Fur-
ther research could be carried out to study, the brine injection process to the
LCZ, by investigating a system where the brine injection is accomplished auto-
matically during the SGSP operation. Additionally, simulating the upper con-
vective zone flushing and addition of freshwater processes using more com-
plicated models where the system can detect when the salt concentration in
this particular layer is above the salinity limit that was indicated in the present
study. Accordingly, the model should allow flushing and adding freshwater to
the UCZ. Automating the flushing and salt injecting processes could improve
the operational stability of the pond. Thus, modelling and simulating a fully au-
tomated SGSP could lead to understanding how to design a system that solves
the stability issue altogether.

Manufacturing a transparent absorbent that could be floated within the upper
convective zone to absorb any salt in this layer, or developing a procedure that
hinders the salt diffusion from the LCZ, even though the latter options does not
seem to be possible currently; however, with the rapid current technological
advancement, this option could be possible in the future. It could be useful if
this option is investigated.
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In the SGSP operation, the SGSP reaches a point where there is no enough grav-
itational resistance to the mixing caused by the DDC effect, as the temperature
rise will always weaken the density distribution. Coupling a salinity gradi-
ent solar pond with a covered pond may improve the operational stability and
support the gained heat by adopting this procedure; preheating by the gradient
pond and storing the heat in a cover pond. This coupling could result in more
temperature control and heat gain. It could be useful if this kind of system is
studied in the future.
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Appendix

The Navier Stokes discretization in time fore Eqs. 3.53 - 3.62 can be written as
follows:

Continuity and Momentum

∇ ·Vi+1 = 0 (A.1)

Vi+1 −Vi

∆t
+ϑ(Vi+1 ·∇)Vi+1+ϑ(Vi ·∇)Vi−Prϑ

(

∇2Vi+1+∇2Vi
)

= ∇P i (A.2)

ϑ(Vi+1 ·∇Vi+1 − Pr∇2Vi+1)−
1

ρ
∇P i+1) = (1− ϑ)(Vi ·∇Vi − Pr∇2Vi +∇P i)

(A.3)

Energy Equation

θi+1 − θi

∆t
+ϑ·(Vi+1·∇)θi+1+(1−ϑ)Vi·∇θi+1−Pr(ϑ·∇2θi+1+(1−ϑ)∇2θi) =

RaI
RaT

σ(Z)

(A.4)
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Mass Equation

ϕi+1 − ϕi

∆t
+ϑ·(Vi+1 ·∇)ϕi+1+(1−ϑ)(Vi ·∇)ϕi−

1

Le

(

ϑ·∇2ϕi+1+(1−ϑ)∇2ϕi
)

= 0

(A.5)

Weak form of the Governing Equations

∫

dxϕi+1(x)φi(x)−

∫

dx∆t
1

Le
(ϑ ·∇2ϕi+1(x)φi(x)

+(1− ϑ)∇2ϕi(x)φi(x)) =

∫

dxϕi(x)φi(x)

+

∫

dx∆tϑ(vi+1 ·∇)ϕi+1(x)φi(x)

(A.6)

Apply Integration by parts:

−

∫

dx∆t
1
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(ϑ ·∇2ϕi+1(x)φi(x)

= −

∫

s

dxϑn ·
1
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∆t∇ϕi+1(x)φi(x) +

∫

dx
1

Le
∇ϕi+1∇φi(x)

(A.7)

−

∫

dx∆t
1

Le
(1− ϑ)∇2ϕi(x)φi(x))
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∫

s

dx(1− ϑ)n ·
1
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∆t∇ϕi(x)φi(x) +

∫

dx
1
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∇ϕi∇φi(x)

(A.8)

−n · (
1

Le
∇ϕ) = 0 (A.9)
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∑
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Mij =

∫

dxφi(x)φj(x) (A.11)
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−
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Discretization in space or spatial discretization converts the PDE to a set of non-
linear algebraic equations for the coefficient for the expressions in times of finite
element. The scheme and variational forms without time derivative in previous
or current times read:

Continuity and Momentum

∫

dr(∇ ·V)φP = 0 (A.23)

∫

drV ·∇VφV +

∫

dr∇V ·∇φV +

∫

dr∇ ·VφP = −

∫

drRaT (θ −Nϕ)ezφV

(A.24)

The scheme and variational forms for thermal and mass diffusion equations
without time derivative in previous or current time read:

Energy Equation

∫

dr∇θ ·∇φθ+

∫

drV ·∇θφV +

∫

drBi ·∇θφθ(ds) =

∫

dr
RaI
RaT

σ(Z)φθ (A.25)

Mass Equation

1

Le

∫

dr∇ϕ ·∇φϕ +

∫

drV ·∇ϕφP = 0 (A.26)

where φV ,φθ,φϕ are test functions.
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