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Abstract: In the face of an escalating global water crisis, countries worldwide grapple with the crippling effects of scarcity, jeopardizing economic progress and hindering societal advancement. Solar energy emerges as a beacon of hope, offering a sustainable and environmentally friendly solution to desalination. Solar distillation technology, harnessing the power of the sun, transforms seawater into freshwater, expanding the availability of this precious resource. Optimizing solar still performance under specific climatic conditions and evaluating different configurations is crucial for practical implementation and widespread adoption of solar energy. In this study, we conducted theoretical investigations on three distinct solar still configurations to evaluate their performance under Baghdad’s climatic conditions. The solar stills analyzed include the passive solar still, the modified solar still coupled with a magnetic field, and the modified solar still coupled with both magnetic and electrical fields. The results proved that the evaporation heat transfer coefficient peaked at 14:00, reaching 25.05 W/m2.°C for the convention pyramid solar still (CPSS), 32.33 W/m2.°C for the magnetic pyramid solar still (MPSS), and 40.98 W/m2.°C for elecro-magnetic pyramid solar still (EMPSS), highlighting their efficiency in converting solar energy to vapor. However, exergy efficiency remained notably lower, at 1.6%, 5.31%, and 7.93% for the three still types, even as energy efficiency reached its maximum of 18.6% at 14:00 with a corresponding peak evaporative heat of 162.4 W/m2.

Keywords: Pyramid solar still; solar desalination; energy and exergy analysis; innovative solar still technique; theoretical study; Matlab





Nomenclature



	Subscript




	Symbol
	Definition



	a
	Ambient



	b
	Basin



	C
	Cell



	c
	Convection



	cond.
	Conduction



	e
	Evaporation



	eff.
	Effective



	ele.
	Electric



	fg
	Latent heat of evaporation



	g
	Glass



	i
	Initial



	ins.
	Insulation



	L
	Light



	mg
	Magnetic



	mp
	Maximum power point



	oc
	Open circut



	p
	Pressure



	r
	Radiation



	ref.
	Reference condition



	s
	Sky



	sc
	Short circut



	t
	Total



	th.
	Theoretical



	w
	Water



	Latin Symbols





	Symbol
	Definition units



	A
	Area m2



	Ab
	Basin area m2



	Ag
	Glass area m2



	a
	Ideality factor



	B
	Width m



	C
	Constant



	CP
	Specific heat at constant pressure J/kg.K



	D
	Diameter m



	dp
	Dew point temperature °C



	E
	Energy W



	g
	Gravitational acceleration m/s2



	H
	Hight m



	h
	Heat transfer coefficient W/m2.°C



	I
	Current A



	IL
	Light current A



	Io
	Reverse saturation current A



	I(t)
	Tilt solar radiation W/m2



	K
	Thermal conductivity W/m.°C



	L
	Length m



	Li
	Insulation thickness m



	m
	Mass kg



	m˙
	Mass flow rate kg/s



	m˙d
	Productivity kg/m2



	N
	Number of solar cells



	P
	Pressure Pa



	Pr
	Prandtl number



	Q
	Heat transfer W/m2



	Qloss
	Loss heat transfer W/m2



	q
	Heat flux W/m2



	R
	Resistance Ω



	T
	Temperature K°C



	t
	Time sec



	U
	Overall heat transfer coefficient W/m2.°C



	V
	Volt V



	v
	Velocity, speed m/s



	W
	Work N.m



	X
	Thickness m



	Greek symbols





	Symbol
	Definition units



	α
	Thermal diffusivity m2/s



	β
	Thermal expansion coefficient K-1



	ε
	Emissivity



	εs
	Semiconductor band gap energy



	η
	Efficiency %



	θ
	Voltage temperature coefficient V/°C



	μ
	Dynamic viscosity kg/m.s



	ν
	Kinematic viscosity m2/s



	ρ
	Density kg/m3



	Δ
	Difference



	τ
	Transmissivity



	σ
	Stefan-Boltzmann constant W/m2K4



	ηth
	Thermal efficiency



	δ
	Current temperature coefficient A/°C



	ρ
	Density kg/m3



	Abbreviations





	Symbol
	Definition



	3D
	Three dimension



	CSS
	Conventional solar stills



	CPSS
	Conventional pyramid solar stills



	EDR
	Electrodialysis reversal



	EMPSS
	Elecro-magnetic pyramid solar still



	EX
	Exergy



	HDH
	Humidification-Dehumidification



	HTC
	Heat transfer coefficient



	MD
	Membrane distillation



	MED
	Multi-effect desalination



	MSF
	Multi stage flash



	MPSS
	Magnetic pyramid solar still



	mT
	milli teslla



	MVC
	Mechanical vapor compression



	PV
	Photovoltaic



	PSS
	Pyramid solar still



	RO
	Reverse osmosis



	SD
	Solar distillation



	WHO
	World Health Organization





1  Introduction

Authors in today’s world, one of the greatest challenges we face is water scarcity, which threatens global economic development [1]. Projections indicate that by 2025, a third of the world’s population could confront severe water shortages [2,3]. While our planet is mostly covered in water, approximately 97% of it is salty and unsuitable for direct consumption or most agricultural purposes [4–6]. This scarcity issue is compounded by the energy crisis, characterized by the high cost, environmental damage, and pollution associated with the current heavy reliance on fossil fuels. Addressing these dual challenges necessitates innovative and sustainable solutions to ensure the well-being of our planet and its inhabitants [7,8].

In many developing nations, access to safe drinking water remains a significant challenge. Even in regions with abundant water resources, such as numerous rivers, only a fraction of urban residents, around 40%, enjoy reliable access to potable water [9]. For those residing in rural areas, deserts, or specific urban neighborhoods, access to clean water is even scarcer [10].

Addressing this global challenge involves deploying high-performance distillation plants or considering individual distillation systems for households [11]. Traditional distillation plants typically rely on a substantial quantity of fossil fuels, which has adverse environmental consequences [4,12–14]. Consequently, distillation systems leveraging renewable energy sources, particularly solar energy, are strongly recommended for their environmental friendliness [15,16].

Many regions worldwide, including those with abundant sunlight, can harness solar energy effectively for desalination. Peak solar intensity can reach impressive levels, such as 1250 W/m2 during the peak of summer [17]. Various techniques are available to desalinate non-potable water and produce clean drinking water. Conventional methods, like multi-stage flash (MSF), reverse osmosis (RO), multi-effect distillation (MED), and electrodialysis (ED), have become less favored due to their high costs and environmental impact. As a result, there is a growing emphasis on utilizing solar energy as an alternative and environmentally friendly energy source [18].

Solar distillation offers a viable approach to treating saltwater. Passive solar stills, where solar radiation directly impacts the distillation basin, are commonly used for this purpose [19]. These stills typically consist of a water basin, a tube for introducing saline water, a transparent cover, and channels for collecting distilled water [20]. Various designs, including single-slope, double-slope, and pyramid solar stills, provide flexibility and efficiency [21]. By introducing external energy sources like solar collectors, reflectors, or solar trackers, passive solar stills can be further optimized for performance [22,23].

2  Solar Stills Productivity

In solar distillation, sunlight is utilized to evaporate water, leaving impurities and salt behind. The resulting vapor is then condensed to produce freshwater. However, solar distillation typically yields limited amounts of freshwater compared to alternative purification methods [24–28].

To cost-effectively address this challenge, harnessing solar energy for water purification has emerged as a compelling option. Solar stills, which are simple and user-friendly devices, offer an environmentally responsive solution for converting saline water into drinkable water. One of their primary advantages is their low fabrication cost. Nevertheless, they do suffer from low productivity.

To overcome this productivity limitation, researchers have explored various techniques to enhance the performance of both active and passive solar stills [29]. These methods include modifying the distiller’s shape, adding components to increase the water’s temperature, and other innovative approaches [30,31]. These methods include cooling the glass cover with continuously flowing water or intermittent water flow [32,33]. Wind speed also plays a role, as increased air movement enhances convective heat transfer from the cover to the atmosphere, thereby boosting condensation and evaporation rates, and ultimately, production [34].

Researchers have developed various types of solar stills to increase productivity. These include solar stills with integrated solar collectors [35–37], those with condensers, low-pressure solar stills, systems with heat recycling, differently configured stills, multi-stage/multi-effect solar stills, models with heat storage, and hybrid solar still/photovoltaic (PV) systems [38–41]. Despite these innovations, solar distillates are not yet commercially viable due to their limited production capacity. To address this, researchers have investigated the use of phase change materials (PCMs) with high latent heat capacity to absorb and store energy [42–45]. Additionally, some studies have examined graded solar stills and simple solar distillers equipped with a single basin and PCM for energy storage. Continuing distillation after sunset has been shown to increase productivity by utilizing the stored energy. Maintaining a substantial temperature difference between the water and the cooler glass cover has also been found to be beneficial [46]. Other Researchers has shown that magnetic fields have a substantial impact on water evaporation rates [47–51]. Consequently, the application of magnetic fields stands out as one of the most influential and contemporary techniques for enhancing the productivity of solar stills [52].

While numerous studies have investigated various technologies worldwide, there has been limited research specifically focused on the integrated coupling of magnetic and electrical effects [53]. This study aims to provide a comprehensive understanding of the potential advantages of integrating both magnetic and electrical fields into pyramidal distillers and their influence on vaporization processes and overall productivity [54]. The theoretical investigation involves a detailed energy and exergy analysis conducted using Matlab Simulink, 2021.

In this research, a pyramid-type solar distiller was constructed and examined under the conditions of Baghdad, Iraq, with the incorporation of both magnetic and electrical fields. The pyramid-shaped solar still was designed with a textured surface to enhance the evaporation area and improve solar radiation absorption, ultimately leading to increased production. Notably, unlike conventional solar stills, this pyramid still featured glass on all sides, eliminating issues related to shadowing [29,55,56].

By incorporating these innovative techniques, this paper contributes significantly to the originality of research in this field. It offers valuable insights into the combined effects of magnetic and electrical fields in pyramidal distillers and highlights the potential for optimizing distillation processes to enhance productivity.

3  Description of the Physical Model

A solar still is a device designed to produce fresh, drinkable water by harnessing solar energy and emulating the natural hydrological cycle. It operates by allowing solar energy to pass through a transparent glass cover, which initiates the evaporation of water in the basin through the greenhouse effect. Subsequently, the water vapor condenses on the inner side of the glass cover and is collected via a trough, as depicted in Fig. 1. The entire testing setup was assumed to be situated in Baghdad, at a latitude of 33.3°N, a longitude of 44.5°E, and an elevation of 33 m above sea level. The critical components of a solar still include:

•   The basin: This container holds and contains the raw water.

•   The basin liner: The base of the basin acts as an absorber plate, collecting solar energy. It is typically painted black to maximize absorptivity.

•   A transparent glass cover: Placed atop the solar still, it permits solar rays to pass through while simultaneously serving as a condenser.

•   A collecting trough: A small channel designed to gather the fresh water produced during condensation.

•   Additional components: These may include a water tank, pipes, fittings, and a water leveling system.
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Figure 1: Schematic view of the CPSS

In the subsequent sections, detailed explanations of the energy balance equations and heat transfer mechanisms governing the operation of the solar still will be presented.

4  Heat Transfer Mechanisms in a Solar Distiller

The concurrent transfer in heat and mass occurring within a solar still is the basic mechanism for water evaporating and condensing stages. The process of heat transfer, internally or externally, happens in the still depending on its flow of thermal energy inside or outside the system. Regarding the internal process, it is usually the engine for evaporating the raw water and transferring its vapor, leaving behind all the sorts of impurities inside the basin of the solar still. The external process, in contrast, is in charge of the yielding the fresh water by condensing its vapor. Both of these principal heat transfer processes will be described in the following two subsections [57].

4.1 Internal Heat Transfer

During this process, significant heat transfer occurs within the confined space between the water surface in the basin and the inner surface of the glass cover of the solar still. This heat transfer encompasses three distinct mechanisms: evaporation, convection, and radiation processes taking place within the solar still.

4.1.1 Convection Heat Transfer

The heat transfer mechanism in this process is quite complex, involving two stages: thermal conduction and fluid motion. It depends largely on the properties of the solid surfaces (such as their roughness and geometry) and the properties of the water and air. In a typical solar distiller, this heat transfer occurs between the water in the basin and the inner surface of the glass cover, facilitated by the moist air between them, driven by differences in temperature.

The rate of convective heat transfer within this enclosed space can be denoted as (qc,w−g) and is mathematically related to the temperatures at the inside face of the glass cover (Tg) and the water temperature (Tw) by the following expression:

qc,w−g=hc,w−g(Tw−Tg)(1)

where, (hc,w−g) represents the coefficient governing the convective heat energy transfer between the water and the upper internal surface of the glass cover. The value of this coefficient can be quantified by following expression [58]:

hc,w−g=0.884∗[(Tw−Tg)+((Pw−Pg)(Tw+273)(268.9∗103−Pw))](1/3)(2)

On the other side, the saturation vapor pressures at water temperature (Tw) and at the temperature for top glass cover’s internal face (Tg) stated in the preceding equation can be estimated as follows [58]:

Pw=exp⁡[25.317−(5144Tw+273)](3)

Pg=exp⁡[25.317−(5144Tg+273)](4)

4.1.2 Radiation Heat Transfer

Radiation is the fastest heat transfer mechanism and can occur in gases, liquids, and solids. It is not significantly affected by a vacuum and can even occur between two substances separated by a colder medium. In solar distillation, heat is transferred by radiation between the water in the distiller and the inner side of the glass cover. The rate of this heat transfer depends largely on the view factor between these two surfaces. For a solar still with a single basin and a single slope, this view factor is usually considered as unity. The heat transfer by radiation (qr,w−g) between the basin’s glass cover and the water can be analyzed using the following equation [59]:

qr,w−g=hr,w−g(Tw−Tg)(5)

For this equation, the part hr,w−g represents the coefficient of radiated heat transfer between the top still glass cover and the water and is demonstrated utilizing the following [58]:

h(r,w−g)=εeffσ[(Tw+273)2+(Tg+273)2](Tw+Tg+546)(6)

In addition, the effective emittance (εeff) of the preceding equation can be computed by the following empirical relationship:

εeff=[1εw+1εg−1]−1(7)

4.1.3 Evaporation Heat Transfer

Evaporation is a process where water transforms into water vapor at the boundary between the liquid water and the vapor phase when the vapor pressure becomes lower than the diffusion pressure of water at a specific temperature. The rate of evaporative heat transfer (qe,w−g) between the glass cover and the inner surface of the water is described by the following expression [59]:

qe,w−g=he,w−g(Tw−Tg)(8)

where, he,w−g is typically denoted as the evaporative heat transfer coefficient that takes place between the water and the upper surface of the glass cover. This coefficient can be determined using the following equation [60]:

he,w−g=0.01623hc,w−g(Pw−PgTw−Tg)(9)

Sub. Eqs. (9) in (8) so:

qe,w−g=0.01623hc,w−g(Pw−Pg)(10)

The entire rate of internal heat energy transfer between raw water and basin inside glass cover is, as a result, computed as the total effects of all the three kinds of heat transport variations-by convection (qc,w−g), by radiation (qr,w−g) and by evaporation (qe,w−g). Following is the mathematical expression:

qt,w−g=qc,w−g+qr,w−g+qe,w−g(11)

The total rate of heat energy internally transferred can be alternatively computed as a function of the overall coefficient of internal heat transfer and temperatures of both salty water and the inner face of the glass cover, as illustrated in the following formula:

qt,w−g=ht,w−g(Tw−Tg)(12)

For the above equation the value of the overall internal heat transfer coefficient transfer (h1) taking place between salty water surface and the inside of the glass cover can be mathematically determined based on the following algebraic equation [60]:

h1=ht,w−g=hc,w−g+hr,w−g+he,w−g(13)

4.2 External Heat Transfer

Energy transfer in a solar still involves three distinct processes: convection, conduction, and radiation, each occurring independently. This process accounts for the loss of thermal energy from the solar still to the surrounding environment. In a typical solar still unit, we consider three components.

4.2.1 Top Loss

The heat energy is externally transported from the outside glass cover’s surface to the atmosphere by the aid of both processes of radiation and convection. The rate of heat loss due to convection from external surface of the glass cover to the outside is calculated as follows [61]:

qc,g−a=hc,g−a(Tg−Ta)(14)

where, (hc,g−a) is the coefficient of heat transfer that can be determined in terms of wind velocity (v) using the following equation [58]:

hc,g−a=2.8+3Vw(15)

Thermal energy lost by the radiation from the external part of the glass cover to the outside ambient can be quantified using this expression:

Qr,g−s=hr,g−sAg(Tg−Ts)(16)

Or:

qr,g−s=hr,g−s(Tg−Ts)(17)

where, (hr,g−s) is referred to the coefficient of heat transport by radiation occurring between the outside atmosphere and the external surface of glass cover; it can be determined using the following formula [58]:

h(r,g−s)=εσ[(Tg+273)4−(Ts+273)4(Tg−Ts)](18)

Different models are available for the effective sky temperature Ts. According to Deceased et al. [62], the sky temperature is determined as:

Ts=Ta[0.711+0.0056Tdp+0.000073Tdp2+0.013cos⁡(15t)](1/4)(19)

where, Ts and Ta (sky and ambient temperature, respectively) are in (K), Tdp is the dew point temperature in (°C), t is an hour from midnight, while according to Radwan et al. [63] and Haruna et al. [64], it is evaluated as:

Ts=0.0552(Ta)1.5(20)

or it is calculated as:

Ts=Ta−6(21)

Eqs. (20) and (21) are applied for moist climate only. Eq. (19) is adopted when dew point temperature or relative humidity is available; otherwise, Eq. (20) is used.

The overall collective effect of heat energy loss by radiation (qr,g−s) and that loss by conviction (qc,g−a) is referred to as the overall top heat loss of the solar distillated unit, its mathematical formula is:

qt,g−a=qc,g−a+qr,g−s(22)

Similarly, it is also can be written in terms of the entire top-loss heat transfer coefficient, and the temperatures of the ambient air and the top glass cover external part [65]:

qt,g−a=h2(Tg−Ta)(23)

Moreover, the coefficient of overall heat loss (top) (h2) happening between the outside glass cover’s face and the ambient atmosphere is typically determined by the following formula:

h2=ht,g−a=hc,g−a+hr,g−s(24)

The coefficient of overall heat energy loss (top) can additionally be quantified depending of wind velocity of wind (v) as follows Tiwari et al. [66]:

h2=5.7+3.8Vw(25)

4.2.2 Bottom and Side Loss

It is observed that thermal energy is dissipated from the water and basin liner to the surroundings via the insulation material through three heat transfer mechanisms: radiation, conduction, and convection. These three processes of heat energy transfer within the solar desalination unit are expressed as follows:

● The rate of energy transfer due to convection can incorporate the brackish water and basin liner; it is calculated using this relationship [66]:

qc,w−b=hc,w−b(Tw−Tb)(26)

where, hc,w−b indicates the heat transport coefficient (by convection) from the salty water to the basin liner.

● Conductive heat transferability occurring between bottom of basin and the outside atmosphere through the insulating material can be quantified as follows [66]:

qc,b−a=Uc,b−a(Tb−Ta)(27)

where, the overall coefficient of heat transfer (Uc,b−a) between the atmosphere and insulating material located in the basin, liner can be expressed as [58]:

Ub−a=[LiKi+1h2]−1(28)

where, Li is the insulation material thickness (m), Ki is the insulation material thermal conductivity (W/m2.K) and h2 is the total heat transfer coefficient that considers the effect of both free convection and radiation, usually computed based on the wind velocity (v), which is mentioned in Eq. (25) [58].

The schematic diagram, depicted in Fig. 2, illustrates the interactions among the different components of a solar still. The heat transfer between each component is comparable in nature to the current flow within an electrical circuit. The presented electrical analogy diagram offers a simplified depiction of the intricate heat transfer mechanisms occurring within a solar still. This facilitates a visual and intuitive comprehension of the variables that influence the rates of water evaporation and heat transfer efficacy.
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Figure 2: Electrical analogy model for heat transfer in a solar still

5  Theoretical Analysis

To effectively develop any system, theoretical thermal modeling is a crucial starting point. This process helps in various ways, such as determining key design parameters, exploring system improvements, testing its capabilities before full-scale implementation, and assessing its performance compared to existing alternatives. In the case of solar stills, their performance is typically predicted based on factors like efficiency and daily yield. Despite the apparent simplicity of solar stills, their theoretical analysis is too intricate. There are two fundamental approaches to thermal modeling:

•   Energy analysis: This method employs the first law of thermodynamics (1st law energy efficiency) to understand and optimize energy usage.

•   Exergy analysis: It utilizes the second law of thermodynamics (second law energy efficiency) to analyze the quality of energy transfer within the system.

Both approaches are essential for comprehensively evaluating and improving thermal systems.

5.1 Assumptions

In this section, we will discuss the assumptions and limitations of our models, outlining the potential sources of uncertainty and how they might impact the robustness of our theoretical predictions. We believe this approach will provide readers with a clearer understanding of the theoretical uncertainties associated with our work.

Many assumptions were made to simplify the mathematical model for the case under study, such that energy and exergy equations were solved by Matlab programming. In order to evaluate the important stills component temperatures and other factors, the following main assumptions are considered in the theoretical analysis [58,67,68]:

1.    The system is under quasi steady-state regime during day time.

2.    Water vapor is an ideal gas.

3.    There are no temperature gradients in all the components of distiller.

4.    No stratification in the water mass.

5.    Constant depth for the water inside the basin.

6.    Film condensation happens along the basin glass cover.

7.    Heat loss is neglected.

8.    Neglect the conduction resistance of glass cover.

9.    The solar still is entirely sealed, meaning there are no leaks or openings.

10.   The temperature gradient across the thickness of the glass cover and water depth is considered negligible.

11.   The physical properties of water are assumed to remain constant even with varying temperatures.

12.   The surface areas of the water and the basin are equal.

For a standard thermal system, relevant theoretical equations can be developed based on the energy balance relationships of several parts of the system. The typical components of classical solar still include saline water, a basin, and a top glass cover.

5.2 Conservation of Energy Equations of Solar Still System

Solar radiation, when it strikes a surface, interacts in various ways depending on the material. For instance, in the case of a glass cover, most of the solar radiation is transmitted through it, but some is absorbed and reflected (see Table 1). The transmitted radiation is then absorbed by the saline water in the still, with a small amount of heat being lost through the bottom and sides of the basin. The heat transfer processes within each component of the system are illustrated in Figs. 3–6, while all the modes of heat transfer loss are summarized in Fig. 7. Furthermore, Figs. 8 and 9 illustrate schematic diagrams of the proposed system with a magnetic field alone and with both magnetic and electrical effects, respectively.
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Figure 3: Heat balance of the glass cover in the passive solar still (CPSS)
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Figure 4: Heat balance of the basin in the passive solar still (CPSS)
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Figure 5: Heat balance of water in the passive solar still (CPSS)
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Figure 6: Heat balance of water in the active solar sill (EMPSS)
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Figure 7: Heat loss modes in the solar still system
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Figure 8: 3D representation of an active pyramid solar still incorporates magnetic field (MPSS)
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Figure 9: 3D representation of a magnetic pyramid solar still incorporates electric and magnetic field (EMPSS)

According to the first law of thermodynamics, energy cannot be created or destroyed but can only change forms. This principle can be expressed theoretically as follows [58]:

E2−E1=∫12dQ−W12(29)

Or, in the time rate form:

∑Q⋅−∑W⋅=∑dEdt(30)

By applying the assumptions outlined in Section 5.1 to each component of the system, we can derive energy balance equations for these components, as detailed below. This research involved the use of two different types of solar stills for comparative analysis:

•   Conventional pyramid solar still (CPSS).

•   Pyramid solar still with magnetic effect (MPSS).

•   Pyramid solar still with electrical field effect (EPSS).

•   Pyramid solar still with both magnetic and electrical field effect (EMPSS).

Each of these parts has been analyzed individually, taking into account the type and number of heat sources, as follows.

5.2.1 Conventional Pyramid Solar Still (CPSS)

In order to analyze the solar still system, each component of the solar still must be analyzed individually as follow:

Conservation of Energy of the Glass Cover

The conservation of energy equations of the glass cover can be obtained using the general Eq. (30), but neglect the terms of work and energy rate as follows [68]:

∑Q⋅g−∑W⋅g=∑dEdtdepend assumption neglect the terms in Eq. (30).

As follows:

∑W⋅gand∑dEdt=0;then

∑Q⋅g=0(31)

∑Q⋅in=∑Q⋅out(32)
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αgI(t)Ag+[Qc,w−g+Qr,w−g+Qe,w−g]=[Qr,g−s+Qc,g−a](33)

where, αg is that part of sun radiation absorbed by glass cover, I(t) is the incident solar-driven heat for the distiller (W/m2), and Ag is the glass cover area that grips the solar radiation (m2). The second term includes the total energy came from salty water by radiation, convection and evaporation to glass cover. Furthermore, the final term represents the heat energy wasted through the top cover to the outside, which happens by radiation and convection. As a result, the total energy lost from cover to outside the basin involves two essential parts, convective and radiative heat loss.

In heat flux form (q = Q/A˙) as follows:

αgI(t)+[qc,w−g+qr,w−g+qe,w−g]=[qr,g−s+qc,g−a](34)

where, qc,w−g,qr,w−g,qe,w−g, qc,g−a and qr,g−s which mentioned in Eqs. (1), (5), (8), (14) and (17), respectively, and substitutions in Eq. (34) and rearrange result we get:

αgI(t)+h1(TW−Tg)=[hr,g−s(Tg−Ts)+hc,g−a(Tg−Ta)](35)

Conservation of Energy of the Basin

Using Eq. (30) when ΣWb˙=0, and dEdt=0; ΣQb˙=0; so

∑Q⋅b,in=∑Q⋅b,out(36)
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[αbτgτwI(t)]−[qc,b−w]−[qc,b−a]=0(37)

[αbτgτwI(t)]−[hc,b−w(Tb−Tw)]+[Ub−a(Tb−Ta)]=0(38)

where, Ub−a is the total heat transfer coefficient for a still basin, which is mentioned in Eq. (28).

Conservation of Energy of Saline Water

It is agreed that the sum of solar-based heat energy absorbed by the salty water and the heat energy obtained from still basin by convection is equal to the sum of energy kept in water and the total heat lost to inside surface of glass cover.

Using Eq. (30) when ΣWw˙=0; so

ΣQw=dEwdt(39)

∑Q⋅w,in−∑W⋅w,out=dEwdt(40)
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∑q⋅w,in−∑q⋅w,out=(dEwdt)/Ab(41)

[αwτgI(t)+qc,b−w]−[qc,w−g+qr,w−g+qe,w−g]=[mwcpwdTwdt/Ab](42)

[αwτgI(t)+hc,b−w(Tb−Tw)]−[h1(Tw−Tg)]=[mwcpwdTwdt/Ab](43)

Using Eqs. (35) and (38), and rearranged the above equations in order to evaluate the temperatures of glass cover and still basin as follows [68]:

Tg=αgAgI(t)+Aghr,g−sTs+Aghc,g−aTa+Abh1TwAbh1+Agh2(44)

Tb=αbτgτwAbI(t)+Abhc,b−wTw+AbUb−aTaAbUb−a+Abhc,b−w(45)

To evaluate the water temperature of the passive solar still, substitute the above Eqs. (44) and (45), in Eq. (43), result:

dTw1dt+a1yTw1=f1(t)y(46)

where,

a1=[Abhc,b−w+Abh1−Abh2c,b−whc,b−w+Ub−a−Ab2h12h32](47)

f1(t)=(AbCw+hc,b−whc,b−w+Ub−aAbCb+h1h3αgAbAg)I(t)(48)

Cw=αwτg

Cb=αbτgτw

y=MwCpw

h3=Abh1+Aghc,g−a+Aghr,g−s(49)

Calculating the sky temperature from equation of (20) and using calculus method to solve the Eq. (48), so by integrating Eq. (48) and apply initial conditions; at t = 0, Twi = Tw, resulting Eq. (49) bellow, which used to calculate the water temperature in the still as follows:

Tw1=f1(t)¯a1[1−e−(a1ty)]+Twie−(a1ty)(50)

f1(t)¯ represents the average value of f1(t) where f1(t) function of various variables, and with initial conditions at t=0,andTwi=Tw, and by solving the equations above (3.44), (3.45), and (3.50) resulting the temperatures Tg,TbandTw [68].

5.2.2 Pyramid Solar Still with Magnetic Effect (MPSS)

Using the same procedure in the conventional pyramid solar still analysis but take into account the effect of magnetic field addition to the system. The theoretical analysis of the glass cover and water are the same as in the passive solar still, and the updated conservation equation for the energy of the basin is [69]:

[αbτgτwI(t)]in−[hc,b−w(Tb−Tw)]−[Ub−a(Tb−Ta)]−[KmgXmg(Tb−Tmg)]=0(51)

The above expression can be rearranged as follows:

⇒Tb=αbτgτwI(t)Ab+hc,b−wTwAb+Ub−aTa(Ab−Amg)+KmgXmgTmgAmghc,b−wAb+Ub−a(Ab−Amg)+KmgXmgAmg(52)

where,

KmgXmg(Tb−Tmg)=KinsXins(Tmg−Ta)+m⋅mgCP,mg⋅∂Tmg∂t(53)

The final temperature of magnetic element is:

Tmg1=f2(t)a2[1−e−a2t]+Tmg,i.ea2t(54)

withinitial condition at t=0,Tmg,i=Tmg

5.2.3 Pyramid Solar Still with Electrical Effect (EPSS)

The electric field effect can be produced by applying a potential difference across the saline water surface using an external power source. The electric field intensity can be controlled by varying the applied potential difference and the distance between the electrodes. Using the same procedure as in the conventional pyramid solar still analysis, but accounting for the effect of the system’s addition of an electrical field, the theoretical analysis of the glass cover and basin is still the same as in the passive solar system, but the equation for saline water is updated to:

[αwτgI(t)+hc,b−w(Tb−Tw)]+qelec.−[h1(Tw−Tg)]=[m⋅wCPw∂Tw∂t/Ab](55)

where,

qel=I∗V(56)

In this study, we employ the parameters of the I-V (current-voltage) model to compute the electrical characteristics of the PV/T (photovoltaic/thermal) panel. The model and its reference parameters are based on the work of Yazdanpanahi et al. [70].

I=IL−Io[exp⁡(V+IRsa)−1](57)

The four parameters of this model, which are series resistance (Rs), light current (IL), reverse saturation current (IO), and ideality factor (a), were calculated using the following equations [70]:

IL,ref=Isc,ref(58)

Io,ref=Isc,refexp⁡(Voc,refaref)(59)

Rs,refarefln⁡(1−Imp,refIsc,ref)+(Voc,ref−Vmp,ref)Imp,ref(60)

aref=2Vmp,ref−Voc,ref(Imp,refIsc,ref−Imp,ref)+ln⁡(1−Imp,refIsc,ref)(61)

The subscript ‘ref’ indicates the value of these parameters under reference conditions (Tc,ref = 25°C, Iref = 1000 W/m2). The values of Voc, Vmp, Isc, and Imp under these reference conditions are typically provided by PV module manufacturers [70].

To calculate the electrical parameters under actual operating conditions (Gc, Tc), a set of translation equations enables the determination of electrical parameters for specific real-world operating conditions, accounting for changes in temperature (Tc) and solar radiation (Gc).

aaref.=TCTC,ref(62)

IoIo,ref=(TCTC,ref)3exp⁡[(εsNcaref.)(1−TCTC,ref)](63)

IL=GcGref[IL,ref+a(TC−TC,ref)](64)

Rs=RsRref(65)

ΔT=TC−TC,ref(66)

ΔI=a(GcGref)ΔT+(GcGref−1)Isc,ref(67)

ΔV=βΔT+RSΔT(68)

Inew=Iref+ΔI(69)

Vnew=Vref+ΔV(70)

qelec.=Inew∗Vnew(71)

5.2.4 Pyramid Solar Still with Both Magnetic and Electric Field Effect (EMPSS)

Using the same procedure as the conventional pyramid solar still analysis, but considering the influence of magnetic and electric fields on the system, the theoretical analysis of the glass cover remains the same as in the passive solar still (Eq. (35)), and the energy conservation equations for the water and basin remain consistent with Eqs. (51) and (55) mentioned earlier.

5.3 Solar Still Performance

5.3.1 Theoretical Distillate Yield

Solar still production rate can be evaluated either hourly or daily, so the production of solar still each hour can be calculated as follows:

m⋅d=3600he,w−g(Tw−Tg)hfgw(kg/m2hr)(72)

The value of hfgw is he average daily latent heat and delta T is the time interval through day time measuring. The value of hfgw can be taken from the vapor table or from the relation ship below [2]:

hfg=3.1615(106−761.6Tf)forTf>70(73)

hfg=2.4935(106−947.79Tf+0.13132Tf−0.0047974Tf)forTf<70(74)

where,

Tf=(Tw−Tg)2+273.15(75)

5.3.2 The Efficiency of the Solar Still

Instantaneous energy efficiency is given by the following relationship [71]:

ηthermal=he,w−g(Tw−Tg)I(t)100%=m⋅dhfgI(t)∗3600100%(76)

5.4 Exergy Analysis

Exergy, often called available work, represents the maximum usable work attainable when a system reaches equilibrium with its surroundings, typically a heat reservoir. It signifies a system’s potential to do useful work as it aligns with its environment. When equilibrium is reached, exergy becomes zero, indicating no further work can be extracted.

In the design and analysis of systems, principles like mass and energy conservation, along with the second law of thermodynamics, can be applied to understand and optimize energy use. Exergy encompasses physical, potential, and kinetic energy. Often, potential and kinetic components are negligible unless there are substantial energy changes.

5.4.1 Passive Solar Still

Exergy happened due to irreversibility and can be given in the following relation [72]:

Exergy destroyed = Exergy input − Exergy accumulation − Exergy output (useful and/or losses).

To simplify the calculations, we have omitted the consideration of exergy accumulation, which encompasses heat capacity contributions from the glass cover, metal basin, and insulation materials integrated into the system.

Exergy Balance Equations

● Exergy of glass cover

The general exergy equation of the glass cover [73]:

IRg=αgExsun+(Exe,w−g+Exc,w−g+Exr,w−g)−(Exc,g−a+Exr,g−s)(77)

where,

IRG = Irreversibility of glass cover.

Exsun = Exergy of incident radiation energy.

Exe,w−g = Exergy of water evaporation between water and the glass.

Exc,w−g = Exergy of convection between water and the glass.

Exr,w−g = Exergy of radiation between water and the glass.

Exr,g−s = Exergy of radiation between glass and the atmosphere.

Exc,g−a = Exergy of convection between glass and the ambient.

Exc,g−a=hc,g−a(Tg−Ta)[1−Ta+273Tg+273](78)

Exe,w−g=he,w−g(Tw−Tg)[1−Ta+273Tw+273](79)

Exc,w−g=hc,w−g(Tw−Tg)[1−Ta+273Tw+273](80)

Exr,w−g=hr,w−g(Tw−Tg)[1+13(TaTw)4−43(TaTw)](81)

In addition, exergy of solar radiation Exsun can be calculated by multiplying the energy of solar radiation (Itilt) by the Petela expression [1+13(TaTsun)4−43(TaTsun)] [74]:

Exsun=Itilt[1+13(TaTsun)4−43(TaTsun)](82)

where Ta is the temperature of the environment, i.e., temperature (K) of the atmosphere outside the solar still and Tsun is the temperature of the sun (6000 K for the present analysis).

● Exergy of water mass

The general exergy equation of the water mass is presented as follows [75]:

IRw=αwτgExsun+Exw−[Exe,w−g+Exc,w−g+Exr,w−g]+Exc,b−w(83)

Additionally:

Exw−destruction=αwτgExsun+Exw−Exw−g(84)

where,

IRw = Irreversibility of water mass.

Exw = Total exergy in the water.

Exw=[mwcpwA][Tw−Tat][1−Ta+273Tw+273](85)

Exc,b−w = Exergy of convection between basin and water.

Exc,b−w=hc,b−w(Tb−Tw)[1−Ta+273Tb+273](86)

● Exergy of the basin

The general exergy equation of the glass cover present as follows [75]:

IRb=αbτgτwExsun−[Exc,b−w+Exc,b−a](87)

Exc,b−a=Ub−a(Tb−Ta)[1−Ta+273Tb+273](88)

Exergy Efficiency

● Instantaneous exergy efficiency

The exergy efficiency of the system may be defined as the exergy of the output to the exergy of the input [76]:

ηExergy=SolarstilloutputexergySolarstillinputexergy=ExoutExin(89)

ηExergy=Exe,w−gExsun(90)

where,

Exe,w−g=he,w−gA(Tw−Tg)[1−Ta+273Tw+273](91)

By substitute, the Eqs. (82) and (91) into the Eq. (90) result:

ηExergy=he,w−g(Tw−Tg)Itilt[1−Ta+273Tw+273][1+13(Ta+237Tsun)4−43(Ta+273Tsun)](92)

Eq. (92) can also be written in the following form:

ηExergy=ηEnergy[1+13(Ta+273Tsun)4−43(Ta+273Tsun)](93)

● Global exergy efficiency of passive solar still.

Global exergy efficiency (O exergy efficiency) is derived above in this thesis can be written in terms of exergy losses (irreversibility of components of solar still) and effective absorptance as follows [73,75]:

ηExergy,solarstill=1−[irreversibilitiesExsun](94)

ηExergy,solarstill=1−[IRg+IRw+IRbExsun](95)

IRg+IRw+IRb=αgExsun+(Exe,w−g+Exc,w−g+Exr,w−g)−(Exc,g−a+Exr,g−s)+αwτgExsun+Exw−[Exe,w−g+Exc,w−g+Exr,w−g]+Exc,b−w+αbτgτwExsun−[Exc,b−w+Exc,b−a](96)

ηExergy,solarstill=1−[(αg+αwτg+αbτgτw)+(Exw−Exc,g−a−Exr,g−s−Exc,b−aExsun)](97)

5.4.2 Active Solar Still

Exergy Balance in Solar Still Coupled with Magnets Field

In the case of a solar still coupled with a magnet field only, the exergy analysis in the glass cover and water mass is similar to the method followed in the passive solar still (Eqs. (77) and (83)) but the exergy destruction in the basin with block magnets is estimated by:

IRb−mg=αbτgτwExsun−[Exc,b−w+Exc,b−a+Exc,b−mg](98)

Here, Exc,b−mg is given the following equation [69]:

Exc,b−mg=(kmgxmg)(Tb−Tmg)×(1−TaTb)(99)

Exergy Balance in Solar Still Coupled with Both Magnetic and Electrical Field

In the case of a solar still coupled with magnets and an electrical field, the exergy analysis in the glass cover is similar to the method followed in the passive solar still (Eq. (83)), and the additional exergy obtained by the magnet field will be added to the basin liner in equation (Eq. (98)). Furthermore, the additional energy obtained by the electrical field will be added to the water mass, and the exergy balance of the water is given by:

IRw=αwτgExsun+Exw−[Exe,w−g+Exc,w−g+Exr,w−g]+Exc,b−w+Exele.(100)

Exele. = the rate of electrical exergy

Global Exergy Efficiency of Active Solar Still

The use of magnetic and electrical fields in an active solar still can increase the efficiency of the system by increasing the rate of evaporation. The magnetic field can be used to induce a Lorentz force on the liquid, which can increase the rate of evaporation by enhancing the heat and mass transfer. The electrical field can be used to control the direction of the charged particles in the liquid, which can also increase the rate of evaporation.

By continuously updating Eq. (96) to account for each specific effect and substituting Eq. (95) accordingly, it becomes possible to compute the overall exergy efficiency of an active solar still. Specifically, this can be done for scenarios involving a magnetic field alone and for scenarios involving both magnetic and electrical fields. The relevant equations for these calculations are provided in Eqs. (101) and (102), respectively.

η=1−[(αg+αwτg+αbτgτw)+(Exw−Exc,g−a−Exr,g−s−Exc,b−a−Exc,b−mgExsun)](101)

η=1−[(αg+αwτg+αbτgτw)+(Exw+Exele.−Exc,g−a−Exr,g−s−Exc,b−a−Exc,b−mgExsun)](102)

6  Computer Program

6.1 Numerical Calculations Algorithm

Experimental work provides valuable data under specific conditions, but for a deeper exploration of diverse parameters, numerical methods prove beneficial. Numerical solutions efficiently calculate results, ensuring precision and ease of use. In this theoretical study, a computational model is used to investigate the influence of magnetic and electrical fields on solar still systems. It assesses distillate yield, temperature profiles, and heat transfer coefficients. The computer program solves a set of energy equations to perform this analysis. The computer program is specifically designed to solve a set of energy equations as follows:

•   Eq. (35): This equation describes the energy balance of the glass cover in the solar still.

•   Eq. (38): This equation pertains to the energy balance of the basin liner within the solar still.

•   Eq. (43): This equation addresses the energy balance of the water mass present in the solar still.

•   Eq. (51): This equation represents a conservation equation for the energy of the basin in the solar still, considering magnetic effects only.

•   Eq. (55): This equation deals with the energy balance of the water mass within the solar still when coupled with an electrical field.

These equations result in three temperature equations, which are solved using an explicit method. The computational process starts with the initial solution of the energy equation, with values for all other variables evaluated. Temperature and thermo physical properties are then updated through iterative energy equation solving. This iteration cycle continues until all designated time steps are completed. This computational approach offers a robust method for comprehensively studying the impact of different parameters on solar still system performance. It allows for precise simulations and provides a deep understanding of the system’s behavior.

6.2 Computer Program Description

A dedicated computer program was developed to execute the numerical solution process as described earlier. The initial phase of this solution process begins with establishing the initial temperatures of the system components, which include the glass cover, water, and basin liner. These initial temperature values are estimated from available data.

Subsequently, the program calculates temperature-dependent thermo physical properties such as thermal conductivity, specific latent heat of vaporization, thermal diffusivity, coefficient of thermal expansively, density, saturation pressure at initial temperatures, and absorption factors. Finally, the program computes heat transfer coefficients and utilizes them to determine the temperatures of each component, as well as new rates of water evaporation, updating the previous values as necessary.

6.3 Program Specifications

An engineering software program was employed to solve the energy equation, leading to a crucial insight: the energy equation can be effectively solved to determine the temperature profile 𝑇= (t). This computational program was developed using Matlab, operating on Windows 10, Matlab version R2021b to solve the system of equations by using the design factors were described the solar still, as given in the Tables 1–3 are listed below. These data depend on the properties of the various still components as utilized in the theoretical analyses conducted by Kadhum et al. [75–78]. A typical dialog box showing part of the program is presented in Fig. 10.

[image: images]

[image: images]

[image: images]

Figure 10: A dialog box showing part of the calculations was written in Matlab

The program’s structure has been designed to evaluate the thermal performance of both passive and active solar stills, as illustrated in Fig. 11. These flowcharts outline the logical sequence of operations within the computer programs. In both cases, the programs are created to assess vital parameters such as energy and exergy efficiencies for each type of solar still. These programs include explanatory comments, denoted by green text, which clarify the logic and objectives of the program. Furthermore, they incorporate mathematical expressions that represent the system’s equations, allowing for the calculation of various performance metrics.
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Figure 11: Flow chart of the active solar still

7  Validation of the Model

Solar distillation technology is a really cool and promising solution in the search for sustainable and effective water desalination methods! However, it is really important to optimize its performance for widespread adoption. This study explores a detailed comparison between the theoretical results of evaporative heat transfer coefficients found in the study and the experimental findings of well-known researchers. This comparative exploration is a great way to understand how consistent and reliable the outcomes of this work are in the context of solar distillation.

The present study’s theoretical results for evaporative heat transfer coefficients were compared with the experimental findings of various other researchers. These researchers included Dunkle [79], Panchal et al. [80], and Kadhum et al. [75].

Fig. 12 displays the comparison, illustrating that the behavior of the evaporative heat transfer coefficients in the present work closely resembles that of Dunkle [79], Panchal et al. [80], and Kadhum et al. [75]. During solar distillation at a water depth of 1.5 cm on May 2022. The general trends and patterns of evaporative heat transfer coefficients in the present work align well with the earlier studies, indicating consistent behavior during solar distillation. However, it should be noted that there are differences in the numerical values of the heat transfer coefficients obtained in each study.
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Figure 12: The comparison of evaporative heat transfer coefficients for the presented model of a passive solar still with other researchers

These discrepancies in values can be attributed to variations in the hypotheses adopted and the specific weather conditions prevailing during the experiments conducted by different researchers. For a more comprehensive understanding of these variations, refer to Table 4, where detailed information about this parameter. The comparative insights not only contribute to affirming the robustness of the present study but also shed light on potential refinements in solar distillation processes. The implications of these findings extend to the practical implementation of solar distillation systems and beckon further research into nuanced aspects of this critical water purification method. In essence, this comparative analysis acts as a cornerstone for advancing our comprehension of solar distillation dynamics, bridging theory and practice for more effective and sustainable water desalination methods.
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8  Numerical Results and Discussion

In this section, we present and analyze the theoretical outcomes obtained from our computational model. These outcomes involve energy and exergy analyses, providing valuable insights into the overall system performance. The energy and exergy analyses aid in comprehending the individual contributions of system components and identifying areas with potential for improvement. Through an examination of energy and exergy flows, we can pinpoint efficiency levels and areas for optimization within the system. Furthermore, we assess the system’s performance, considering key parameters such as energy and exergy efficiency. To validate the robustness of our theoretical models, we conduct a comparative discussion of our results with those proposed by other researchers.

8.1 Energy Analysis Results

This result presents a comprehensive analysis of the energy performance of passive and modified solar stills. Through various figures, we examine the thermal behavior under different operating conditions, focusing on the impact of integrating electrical and magnetic fields. Detailed discussions provide valuable insights into system performance, highlighting the effectiveness of the integrated approach and the influence of parameters like magnetic field intensity and electrical strength. This enhances our understanding of the improved performance of active solar stills compared to passive ones.

8.1.1 Heat Transfer Coefficients

Figs. 13 to 15 illustrate the hourly variations in theoretical heat transfer coefficients from water in the basin to the glass cover for three types of solar stills: passive, solar coupled with a magnetic field, and solar coupled with both magnetic and electrical fields. The evaporation heat transfer coefficient gradually increases, reaching peak values at 14:00 h (25.05, 32.33, and 40.98 W/m2.°C for the three types, respectively). Subsequently, the evaporation coefficient decreases for all types.
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Figure 13: Hourly variation of heat transfer coefficients (evaporative, convective and radiative) of CPSS at depth of water (1.5 cm)
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Figure 14: Hourly variation of heat transfer coefficients (evaporative, convective and radiative) of MPSS with (810 mT) magnetic fields
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Figure 15: Hourly variation of heat transfer coefficients (evaporative, convective and radiative) of EMPSS with (810 mT & 24 V)

Both convective and radiative heat transfer coefficients are significantly smaller compared to the evaporation coefficient. The maximum convective heat transfer coefficients are (3.58, 4.09, and 4.76 W/m2.°C) for the three types, respectively. Correspondingly, the radiative heat transfer coefficients are (6.55, 6.71, and 6.95 W/m2.°C), respectively. Notably, the theoretical patterns of heat transfer coefficients exhibit similarity among the three types of solar stills.

Figs. 16 to 18 present the hourly variations of theoretical evaporation, convection, and radiation heat transfer coefficients from the water in the basin to the glass cover in three types of solar stills: passive solar still, solar still coupled with a magnetic field, and solar still coupled with both magnetic and electrical fields.
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Figure 16: Hourly variation of evaporative heat transfer coefficients of three types of solar stills at depth of water (1.5 cm)

[image: images]

Figure 17: Hourly variation of convective heat transfer coefficients of three types of solar still at depth of water (1.5 cm)
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Figure 18: Hourly variation of radiative heat transfer coefficients of three types of solar still at depth of water (1.5 cm)

The analysis reveals a consistent trend across the three types, with heat transfer coefficients gradually increasing until they peak at 14:00, after which they start to decline. It is noteworthy that the simulated results are influenced by the initial values, including a magnetic field intensity of 810 mT and an electrical current intensity of 24 V. As a result, solar stills integrated with a magnetic field and both magnetic and electrical fields demonstrate slightly higher heat transfer coefficients compared to passive solar stills, with a marginal increase of a few percent.

8.1.2 Temperature

Figs. 19 to 22 showcase the hourly variations in temperatures of the glass cover, ambient surroundings, and saline water for three distinct solar still configurations: a passive solar still, a solar still coupled with a magnetic field, and a solar still coupled with both magnetic and electrical fields. The data was collected through a simulation program, reflecting a typical May month dataset with a water depth of 1.5 cm. The simulations employed a magnetic field intensity of 810 mT and an electrical current intensity of 24 V.
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Figure 19: Hourly variation of water, glass cover and ambient temperatures for CPSS at depth of water (1.5 cm)
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Figure 20: Hourly variation of water, glass cover and ambient temperatures of MPSS with 810 mT magnetic fields at depth of water (1.5 cm)
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Figure 21: Hourly variation of water, glass cover and ambient temperatures of EMPSS with (810 mT & 24 V) at depth of water (1.5 cm)

[image: images]

Figure 22: Hourly variation of water temperatures of three types of solar still at depth of water (1.5 cm)

The temperature trends show consistent patterns for all three types of solar stills. Initially, the temperatures rise gradually due to the increasing intensity of solar radiation until they reach their maximum values after 13:00. Subsequently, the temperatures start to decrease as solar radiation decreases. The daylight hours can be divided into three intervals:

•   The first interval (from 8:00 to 11:00) shows insignificant hourly temperature variation due to the low intensity of solar radiation.

•   The second interval (from 11:00 to 14:00) displays relatively high temperature variations because of the high solar radiation intensity.

•   The third interval after 14:00 exhibits a decrease in solar radiation and, consequently, a decrease in temperatures.

Results show the temperature of the water inside the basin was observed to be higher than the temperature of the glass cover or the external environment in the solar still system. This difference can be attributed to four main factors:

•   Greenhouse Effect: The glass cover acts as a greenhouse, trapping solar energy inside the basin and preventing its escape. This leads to enhanced heating of the water, resulting in higher temperatures.

•   Direct Solar Radiation: The water inside the basin receives direct solar radiation, providing a direct and efficient source of heat. In contrast, the glass cover and external surfaces may partially reflect or transmit solar radiation, leading to a lesser heating effect.

•   Thermal Insulation: The glass cover and external surfaces act as thermal insulators, reducing heat loss from the basin to the surrounding environment. This helps maintain higher temperatures inside the basin.

•   Electrical and Magnetic Fields: The presence of electrical and magnetic fields can also play a role in increasing the temperature inside the basin. These fields can stimulate particle movement and enhance the evaporation process, leading to higher temperatures in the water.

These factors boost solar still efficiency by creating a temperature difference between the basin water and the glass cover or the surrounding environment. The analysis demonstrates a consistent behavior between solar radiation and temperature, enhancing our understanding of solar still performance under varying solar radiation levels. This underscores a distinct correlation between solar radiation and temperature fluctuations.

8.2 Exergy Analysis

Figs. 23 to 26 depict the average hourly exergy rate variation of three different solar still configurations: CPSS, MPSS coupled with a magnetic field of 810 mT, and EMPSS coupled with both magnetic and electrical fields (810 mT & 24 V).
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Figure 23: Hourly variation of exergy rate for CPSS at depth of water (1.5 cm)
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Figure 24: Hourly variation of exergy rate for MPSS with 810 mT magnetic fields at depth of water (1.5 cm)
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Figure 25: Hourly variation of exergy rate for EMPSS with (810 mT & 24 V) at depth of water (1.5 cm)
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Figure 26: Hourly variation of exergy rate of three types of solar still at depth of water (1.5 cm)

In the case of the passive solar still, the exergy associated with evaporation heat transfer between water and the glass cover starts at 0 W/m2 at 8:00 and gradually increases, reaching its maximum value of 21.47 W/m2 at 14:00. On the other hand, the solar still coupled with a magnetic field exhibits a similar trend, starting with 0 W/m2 at 8:00 and reaching a higher maximum value of 47.98 W/m2 at 14:00. Likewise, the solar still coupled with both magnetic and electrical fields follows the same pattern, with exergy associated with evaporation heat transfer starting at 0 W/m2 at 8:00 and reaching the highest value of 63.35 W/m2 at 14:00.

The exergy linked to radiation heat transfer between water and the glass cover, as well as the exergy associated with convection heat transfer, consistently remained at low levels across all three solar still configurations. These results underscore the substantial influence of increased solar radiation, magnetic field intensity, and electrical intensity on exergy rates. The internal energy provided by these factors serves as the driving force for the solar still’s operation. Consequently, any escalation in these energy inputs elevates the water temperature within the system, leading to a higher level of evaporative exergy. This heightened evaporation significantly contributes to the enhanced distillation productivity achieved in the integrated solar stills.

Figs. 27 to 30 illustrate the variations of instantaneous exergy and energy efficiencies for three types of solar stills: passive solar still, solar still coupled with a magnetic field of 810 mT, and solar still coupled with both magnetic and electrical fields (810 mT & 24 V).
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Figure 27: Hourly variation of overall instantaneous energy and exergy efficiencies for CPSS at depth of water (1.5 cm)
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Figure 28: Hourly variation of overall instantaneous energy and exergy efficiencies for MPSS with 810 mT magnetic fields at depth of water (1.5 cm)
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Figure 29: Hourly variation of overall instantaneous energy and exergy efficiencies for EMPSS with (810 mT & 24 V) at depth of water (1.5 cm)
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Figure 30: Hourly variation of overall instantaneous energy efficiencies for three types of solar still at depth of water (1.5 cm)

It is evident from these figures that the exergy efficiency is significantly lower than the energy efficiency, with values of (1.6%, 5.31%, and 7.93%) for the three aforementioned types of solar stills, respectively. This difference can be attributed to the relatively small quantities of available energy and exergy associated with the heat evaporation process.

In CPSS, as shown in Fig. 19, the brackish water temperature fluctuates between (19.8°C) and peaks at (57°C) around 14:00. The highest energy efficiency, at (18.6%), aligns with the maximum evaporative heat quantity of (162.4 W/m2) also observed at 14:00. Simultaneously, the corresponding exergy efficiency reaches its peak of (1.6%) at the highest exergy value of (16.75 W/m2) achieved at 14:00.

In MPSS, shown in Fig. 20, the brackish water temperature varies from (22.4°C) and reaches its maximum of (59.3°C) at 14:00. The maximum energy efficiency of (25.29%) corresponds to the peak quantity of evaporative heat (390.21 W/m2) at 14:00. The corresponding maximum exergy efficiency is (5.31%) at its peak exergy value of (28.44 W/m2) achieved at 14:00.

For EMPSS, as presented in Fig. 21, the brackish water temperature varies from (31.3°C) and reaches its maximum of (62.6°C) at 14:00. The maximum energy efficiency of (54%) corresponds to the peak quantity of evaporative heat (720.8 W/m2) at 14:00. The corresponding maximum exergy efficiency is (7.93%) at its peak exergy value of (44.47 W/m2) achieved at 14:00. These results highlight the differences in energy and exergy efficiencies among the three types of solar stills, indicating the potential advantages of employing magnetic and electrical fields to enhance the overall efficiency of the solar stills.

Table 4 presents a comparative analysis between our current findings and previous research outcomes. This assessment aims to gauge the enhanced efficiency of the solar distiller after implementing the proposed modifications. Solar stills integrated with magnetic and electromagnetic effects exhibited significantly superior performance compared to the models discussed in earlier publications.

9  Conclusions

The present work conducted theoretical investigations on three solar still configurations, namely the passive solar still, the modified solar still coupled with a magnetic field, and the modified solar still coupled with both magnetic and electrical fields, all under the climatic conditions of May in Baghdad. The objective of the study was to gain a comprehensive understanding of the operational dynamics and performance of these configurations under the recommended conditions, thereby offering valuable insights into their prospective uses. The specific findings and conclusions drawn from our theoretical analysis are:

1.    The evaporation heat transfer coefficient exhibited a gradual increase, peaking at 14:00, with values of 25.05, 32.33, and 40.98 W/m2.°C for CPSS, MPSS, and EMPSS solar stills, respectively.

2.    Convective and radiative heat transfer coefficients were lower than the evaporation heat transfer coefficient.

3.    The increase in water temperature inside the basin was influenced by multiple factors, including the greenhouse effect of the glass cover, direct solar radiation, thermal insulation, and the presence of electrical and magnetic fields.

4.    Exergy efficiency was found to be significantly lower than energy efficiency, with values of 1.6%, 5.31%, and 7.93% for the three types of solar stills.

5.    The maximum energy efficiency of 18.6% occurred at 14:00, corresponding to a peak evaporative heat quantity of 162.4 W/m2. The corresponding maximum exergy efficiency of 1.6% was also achieved at this time.

6.    The solar still coupled with a magnetic field reached a maximum energy efficiency of 25.29% at 14:00, coinciding with a peak evaporative heat quantity of 390.21 W/m2. The corresponding maximum exergy efficiency was 5.31% at the peak exergy value of 28.44 W/m2.

7.    The solar still coupled with both magnetic and electrical fields achieved a maximum energy efficiency of 54% at 14:00, aligning with a peak evaporative heat quantity of 720.8 W/m2. The corresponding maximum exergy efficiency was 7.93% at this time.

10  Recommendations and Future Scope

The results and findings clearly show that the new design has improved productivity. The following factors are suggested to be studied in the future because of their important advantages. The following points are recommended for further study:

1.    Considering the use of magnetic fields in combination with other desalination techniques, such as reverse osmosis or electrodialysis. This could lead to even more efficient and productive desalination systems.

2.    Exploring alternative materials: Consider exploring alternative materials for the solar still basin that can better retain and amplify the magnetic field. The choice of materials may significantly influence the overall efficiency and productivity of the system.

3.    Incorporating heat storage: Exploring the integration of heat storage systems to store excess thermal energy during peak sunlight hours. This stored heat could be utilized during periods of low solar radiation, enhancing system efficiency and productivity.

4.    Enhancing heat transfer mechanisms: Investigating additional methods to improve heat transfer mechanisms within the solar still. Enhancements could include the use of advanced wicking materials, surface coatings, or improved thermal insulation.

5.    Comparative studies: Conducting comparative studies with other advanced desalination technologies, such as reverse osmosis and multi-effect distillation, to evaluate the competitiveness of the integrated solar still system in terms of efficiency, cost, and environmental impact.

6.    The use of a reflector is very important to increase the thermal flux entering the solar still as a result of increasing its productivity.
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Table 3: Design parameters of PV panel

Parameter Value Unit Notes
L, 0.670 m

w,, 0.465 m

t, 0.03 m
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Voerer. 22.6 |14
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Vprer. 18.6 |14
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B, -0.077 v/°C
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T, 298.15 K
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3 clear;
4 close all;
5 % This program iteratively solves a system of discretized equation for
6 % modeling a ccs was working by Karrar A. Hammoodi
7 % A tolerance temperature of TOL = 0.5 K is used to end the iteration
8 9606666363%3%3% 6666 96T KKK %2666
9 % initialize
10 %% constany|
11 %absorbtivity
12 alphag=0.05;
13 alphaw=0.05;
14 alphab=0.9;
15 %transmistive
16 transmistiveglass=0.85;
17 transmistivewater=0.95;
18 %emissivity
19 emissivityglass=0.88;
20 emissivitywater=0.96;
21 emissivitybasin=0.8;
22 segma=5.67*10"-8 ;  %Boltizman constant
23 cpw=4180; % specitic heat at constant pressure
24 mu=7.35%*2; %water mass
25 Li=0.05 ; %insuation thickness
26 Ki=0.045 ; %insuation conductivity
27 g=9.81 ; %acceleration
28 Y=mw.*cpw;
29 Ag=0.56;
30 Cb=alphab.*transmistiveglass .*transmistivewater;
31 Cw=alphaw*transmistiveglass;
32 Ab=0.49;
33 %%
34 %constant of solar still with magnetic
35 Amge=Ab;
36 Amgp=Ab;
37 Kmge=6;
38 <
Command Window
fx >>

+| Ready
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Table 4: Comparison of hourly evaporative heat transfer coefficients of present passive solar still with
Dunkle [79], Hitesh Panchal [80], and Najim

Time (h)  Dunkle model [79] Hitesh Panchal model Najim model [75]  Presented model
[80]

Evaporative Heat Transfer Coefficient h.,,., (W/m?*.°C)

8 X X 6.12 0.4271
9.816 20.82 9.67 2.8679
10 17.94 29.9 13 5.7705
11 22.64 34.24 17.63 11.7084
12 22.412 32.71 22 18.2301
13 22.145 30.49 25.52 20.9576
14 20.178 20 27.85 25.0502
15 18.54 28.9 27.33 18.808
16 14.87 20.14 25.36 11.4833
17 10.24 17.45 22 5.2003

18 X X 17 2.3399
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Table 1: Values of different parameters used in solar stills

Parameter Value Unit Notes
A, 0.49 m’

A, 0.56 m’

L, 0.7 m

B, 0.7 m

H, 0.15 m

K, 73 W/mK

K, 1.05 W/mK

ki 0.045 W/mK

X, 0.0015 m

X, 0.015-0.03 m

Xing 0.05 m

X, 0.004 m

C, 473 J/kgK

C,. 4187 J/kgK @ 25°C
m, 7.35-14.7 kg

g 9.81 m?/s

€, 0.96 —

€, 0.88 —

€, 0.8 —

o, 0.05 —

o, 0.05 — @ 25°C
o, 0.9 —

T, 0.95 —

T, 0.85 —

o, 996.2 kg/m?

B 33.34° Degree

o 5.67 x 107* W/m>.K* Stiven-Poltzman constant
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Table 2: Values of different parameters of magnetic elements

Parameter Value Unit Notes
A 0.00785 m?

Ay 0.01 m’

K, 8 W/mK @ 25°C
K., 8 W/mK

Xoge 0.02 m

X oner 0.013 m

Cree 600 J/kgK @25°C
Coer 600 J/kgK
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