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Impact of wind speed on a concentrating solar still


     

ABSTRACT 
This study presents a numerical analysis of the impact of wind speed on the performance of a new type of concentrating solar still. The device under study is a double-slope solar still coupled with a parabolic trough concentrator positioned beneath the evaporation basin to enhance heat transfer and distilled water production. The objective is to evaluate the effect of wind speed on key system operating parameters, such as productivity, overall efficiency, internal efficiency, and exergy efficiency. To achieve this, the temperatures of the still's various components were first determined based on heat balance equations established for each element of the device. These equations were then solved numerically using the fourth-order Runge-Kutta method. Simulations were conducted using climatic conditions specific to Ouagadougou (12.35° N; 1.32° W). The results indicate that wind speed significantly influences the still's performance. Lower wind speeds facilitate a rise in component temperatures, thereby enhancing the evaporation-condensation process and, consequently, the system's overall performance. Optimal performance is achieved at low wind speeds; specifically, at a wind speed of 0.5 m/s, a productivity of 1.2 × 10⁻³ kg/m²s and an overall efficiency of 49% were obtained, compared to a productivity of 5 × 10⁻⁴ kg/m²s and an overall efficiency of 20.08% at a wind speed of 3 m/s. This study thus highlights that wind speed is a critical climatic parameter for the operation of a concentrating solar still. Low wind speeds allow for the optimization of both productivity and the device's various efficiency metrics. 
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1. INTRODUCTION 

Global demand for drinking and industrial water is steadily rising. This crisis is primarily driven by global population growth and the uneven distribution of water across the planet. Indeed, ten countries hold 60% of the world's freshwater reserves, while twenty-nine others mainly in Africa and the middle eastface chronic freshwater shortages [1]. The global population grew by 4.3 billion between 1900 and 2000, reaching 8 billion by 2025. Consequently, the average annual volume of available drinking water per capita has dropped from 6,600 to 4,800 cubic meters. If current consumption trends continue, a significant portion of humanity is expected to face water stress by 2025 (a warning threshold defined by the United Nations as less than 1,700 cubic meters of available freshwater per year). The risk of a freshwater shortage is therefore very real; indeed, a un report indicates that nearly 2 billion people across 48 countries will struggle to access drinking water by 2050. To address this shortage of potable water, many researchers have focused on seawater and brackish water desalination techniques. These techniques fall into two categories: thermal desalination and membrane-based desalination. Thermal processes use heat to vaporize water, which is subsequently condensed into potable water; examples include vacuum desalination, freeze desalination, and distillation processes. Membrane processes include reverse osmosis and electrodialysis, both of which utilize semi-permeable membranes to purify seawater and brackish water. While effective, these desalination techniques are highly energy-intensive and costly; furthermore, they require chemical pretreatment of raw seawater to prevent scaling, foaming, corrosion, biological growth, and fouling [2]. Additionally, due to their high energy consumption, these desalination plants typically need to be located in urban areas. To overcome this energy challenge, researchers have turned to solar energy for seawater and brackish water desalination. Since solar energy is abundant in most rural regions, solar distillation represents the optimal solution for desalinating seawater and brackish water in these areas. It is a simple technology that is more cost-effective than other desalination methods, a fact that has led to the development of various types of solar stills. A solar still is a device that produces potable water from brackish water or seawater using the greenhouse effect and solar energy. While their design presents no technical difficulties, their freshwater output remains insufficient. A still's productivity depends on the temperature gradient between the water in the basin and the transparent cover. To increase this gradient and thereby improve productivity, researchers have developed and designed new types of solar stills. Solar stills are broadly classified into two groups: active solar stills, which utilize an external energy source such as flat-plate collectors, reflectors, evacuated tubes, or concentrators to supply additional thermal energy and boost the evaporation rate; and passive solar stills, which operate without any external energy source [2]. Other techniques such as adding phase-change materials (e.g., paraffin) to the brackish water, installing fins in the basin, or using specific construction materials also enhance the performance of passive stills. Notable research in this field includes the work of Hossein Amiri et al. [3], who designed and experimentally studied a new autonomous desalination system consisting of a parabolic trough collector positioned beneath a double-slope solar still. Additionally, Modi et al. [4] coupled a spherical still with a parabolic concentrator and observed a significant improvement in productivity. Dubey et al. [5] coupled evacuated tubes with a double-slope solar still, which was operated by a pump. Rajamanickam et al. [6] incorporated storage materials into their device and observed improvements in operating parameters. Vigneswaran et al. [7] conducted experimental work using various absorbent materials to construct the basin of a solar still and observed an improvement in efficiency. However, regardless of the improvements made to a solar still, certain meteorological factors such as solar radiation striking the ground, ambient temperature, and wind speed and humidity significantly influence its performance [8]. In this study, we focused specifically on the impact of wind speed on the performance of a concentrating solar still. The system consists of a double-slope still with a parabolic trough concentrator positioned beneath it. Many researchers have also investigated the impact of this meteorological parameter on the performance of various solar stills. Sebaii et al. [9] studied the effect of wind on the performance of both active and passive solar stills through numerical and experimental methods, concluding that still productivity depends on wind speed. Researchers such as Soliman et al. [10] and Garg et al. [11] predicted that still productivity would increase at higher wind speeds. Tiwari et al. [12] investigated the impact of meteorological parameters on the performance of active and passive solar stills. The results show that productivity increases up to a certain critical wind speed value; beyond this value, productivity decreases. Zurigat et al. [13] studied a regenerative still and concluded that wind speed has a substantial effect on productivity. Reddy et al. [14] conducted a thermal analysis of a solar still and developed a correlation model regarding the effects of wind speed on radiative, convective, and evaporative heat transfer coefficients [14]. They concluded that the device's performance declined beyond a certain wind speed. The objective of this study is to numerically analyze the impact of wind speed on the operating characteristics of our still specifically productivity, overall efficiency, internal efficiency, exergy efficiency, and the performance factor.

2. material and methods

2.1. Description and operation of the device
The solar still under study is an active, high-temperature solar still. It consists of a double-slope solar still with a parabolic trough concentrator positioned beneath it. The still comprises a double-slope glazing unit and a basin containing the water to be distilled. The glazing consists of two identical panes measuring 1.3 m by 0.03 m, with a thickness of 4 mm. The glazing is inclined at an angle of 20 degrees relative to the horizontal. The basin holding the water to be distilled is made of stainless steel and measures 1.3 m by 0.06 m by 0.005 m. The bottom of the basin is 0.001 m thick and is painted black. Gutters are installed along the basin to collect the distillate into containers. The purpose of the concentrator is to focus reflected rays onto the basin. This raises the temperature of the water within the basin, causing it to evaporate rapidly due to the substantial heat gain. Upon contact with the inner surface of the glass, this vapor condenses. This water flows down the inner surface and is subsequently collected in gutters. With this type of concentrator, the temperature of the water in the basin exceeds 100°C, thereby increasing the device's productivity and efficiency. The linear-axis solar concentration system enhances the performance of conventional stills. A numerical study of the device was conducted by Traoré et al., yielding satisfactory results: the maximum absorber temperature reached 112°C, the water temperature exceeded 100°C, and peak productivity was 3.96 kg/m²h figures significantly higher than the productivity of conventional stills and even some active stills [15].
Picture 1 : Schematic representation of the concentrating double-slope solar still coupled with a parabolic trough concentrator.
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2.2. Thermal balance for the various components of the system
We formulated simplifying assumptions, established thermal balances for the various components of the system, and solved the resulting equations using the fourth-order Runge-Kutta method.
        Assumptions:
•	Heat transfer is unidirectional
•	The temperature of each component is uniform
•	Material properties are constant
2.2.1 Heat balance at the level of the exterior window 


(1)

is the convective heat transfer coefficient between the glass and the ambient environment (W/m²). It is determined using the relationship [16]:

   (2)


is the radiative heat transfer coefficient between the glass and the ambient environment. This coefficient is determined by equation (3) [17].:

   (3)


is the sky temperature. It is determined by the empirical relationship [18].

    (4)

 is the solar power absorbed by the glass.

     : Global radiation intensity

       (5)


is the direct solar radiation for a given surface. It is expressed as:

     (6)



is the solar constant; its value is   
C is the correction factor for the variation in the Earth-Sun distance
 A and B are coefficients representing atmospheric disturbances (see table)

 is the atmospheric pressure, which depends on altitude.


 is the diffuse radiation

 (7)

is the diffuse flux emitted by the celestial vault.


 is the flux emitted by the ground.
2.2.2. Heat balance at the level of the interior window:


(8)

 Using the Dunkle model [19] and taking into account the inclination of the glazing of our device, we have:

 (9)

is the convection transfer coefficient.


 : The radiation transfer coefficient between the glass and the water. This coefficient is determined using relation [20]  :


        (10)

 the evaporation transfer coefficient is determined by relation [21]:

         (11)


          (12)

  is the partial vapor pressure. There are several relationships for determining the partial vapor pressure, but in our study, we used the Fernandez and Chargoy relationship [27] which is the simplest and most widely used.

 2.2.3 Heat balance at the absorber

(13)


 (14) 

 is the convection transfer coefficient between the absorber and the water.

 The Nusselt number is determined based on the Gasthof number G and Prandlt number P
   


 Ifthen                                    (15)                                                                                                                               
  


  If then   (16)                                                                                        
   


  Ifthen   (17)                                                                                             


 is the solar power absorbed by the absorber 


                   (18)        


 : The direct radiation


  : The absorption coefficient of the absorber


 The reflectivity coefficient of the parabola
2.2.4 Heat balance at the water


 (19)       
                                                                                                                                                                                                                                               

                       ( 20)


 is the solar power absorbed by the water
2.3. Performance Elements

2.3.1. Productivity  
The productivity of a distiller or the flow rate of distilled water is defined as its efficiency. It is the quantity of water produced per unit area per day. It is determined by the following relationship [28]:
 

                                                    (21)




Where  and  are respectively the heat flux transferred by evaporation and the latent heat of vaporization of the water.

2.3.2. Overall Efficiency 
 It shows the performance of the distiller in relation to the energy absorbed by the distiller. The overall efficiency of an active distiller is determined by the relationship [29]:

                 (22)





,  , ,   and   are respectively the quantity of heat used for evaporation, direct solar radiation, global solar radiation, the surface area of the absorber and the surface area of the glass.

2.3.2. Internal efficiency 

This second efficiency shows the performance of the distiller in relation to the energy absorbed by the water. It is the ratio of the amount of heat used for evaporation to the amount of heat absorbed by the water [30]. This efficiency is expressed as:


                      (23)




 ,  and  are respectively the amount of heat used for evaporation, the solar energy absorbed by the water, and the water surface.

2.3.3. The exergy efficiency
 Analyzing solar distillation systems using the energy concept may be insufficient to better understand the energy used in these mechanisms. The introduction of a new concept, 'exergy', will allow us to examine such a thermodynamic system with the aim of identifying potential improvements. It is a qualitative value of the energy and the maximum work potential that can be obtained from the energy, depending on the ambient conditions. Exergy efficiency is defined as the ratio of the output exergy to the input exergy. In the case of our device, the output exergy is the evaporation exergy and the input exergy is the solar exergy. The expression for exergy efficiency is given by the following equation:
     

                         (24)

 is the solar exergy flux falling on the solar still.


 is the exergy evaporation flux.

2.3.3. Still performance

In order to characterize the operation of our solar still, we defined an instantaneous performance factor. Its expression is :


[bookmark: _Hlk189668411]                                         (25)       
 

3. results and discussion
3.1. Impact of wind on productivity
Wind has a significant influence on the productivity of a still. Figure 2 illustrates the effect of wind speed on the productivity of our device; it follows a bell-shaped curve.

                                [image: ]
                                   Fig. 1. Evolution of productivity as a function of wind speed

In our case, we observe that productivity decreases as wind speed increases. Specifically, maximum output rates of 1.2 × 10⁻³, 1.0 × 10⁻³, 8.5 × 10⁻⁴, 7.2 × 10⁻⁴, and 5.0 × 10⁻⁴ kg/m²s are recorded for wind speeds of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m/s, respectively. The highest distillate output is achieved at a wind speed of 0.5 m/s. This is because high wind speeds significantly reduce the temperature difference between the vapor and the glass cover, leading to a drop in productivity. High-speed winds cool the absorber; the significant gap between the absorber and the concentrator results in a drastic reduction in water temperature. In a study on still performance, Halloufi Ouadi et al. [17] observed that high wind speeds cool the outer surface of the glass cover. This leads to both a decrease in water temperature and increased convective heat loss from the outer glass surface—losses linked to wind speed via the convective heat transfer coefficient (hca = 5.7 + 3.8V)—thereby reducing distilled water production. Z. Haddad et al. [26] reached the same conclusion in their theoretical study of a solar still coupled with a flat-plate collector. We can therefore conclude that still productivity increases at low wind speeds.

3.2. Impact of the nature of the sky on the performance factor

Figure 3 shows the influence of wind on the instantaneous performance of the still.
        [image: ]
    Fig.3. Evolution of the performance factor as a function of wind speed


It is observed that the performance factor is zero between 6:00 a.m. and 10:00 a.m., then begins to rise rapidly from 10:00 a.m. onwards, reaching a maximum around 2:30 p.m. before declining sharply. The distiller's performance is seen to decrease as the speed increases. The best instantaneous performance is achieved at a speed of 0.5 m/s. This can be explained by the fact that the distiller's productivity decreases as the speed increases; indeed, the distiller's performance factor is proportional to its productivity.

3.3. Impact of the nature of the sky on the overall efficiency

Wind has a significant impact on the operation of a still. It affects overall efficiency. Figure 4 shows the variation in overall efficiency as a function of wind speed.
          
           [image: ]
    Fig.4. Evolution of the performance factor as a function of the overall efficiency


Overall efficiency is negligible during the early hours of the day but begins to change from 10:00 AM onwards. At 10:00 AM, it starts to rise rapidly, reaching a peak value around 3:30 PM. The maximum overall efficiency is 46.99%, achieved at a wind speed of 0.5 m/s, while the minimum efficiency is 20.08%, observed at a wind speed of 3 m/s. It is evident that the distiller's overall efficiency decreases as wind speed increases. This can be attributed to the fact that higher wind speeds reduce the heat required for evaporation, thereby lowering energy efficiency. Researchers such as Z. Haddad et al. [26], who conducted an experimental study on a solar distiller coupled with a flat-plate collector, reached the same conclusion regarding the impact of wind on distiller efficiency: it decreases as wind speed rises.

3.4. Impact of the nature of the sky on the internal efficiency

Figure 5 shows the evolution of the wind's influence on the internal efficiency of our device.
                      [image: ]
       Fig.5. Evolution of the performance factor as a function of the internal efficiency

It begins to change from 10:00 AM, then rises rapidly to reach its maximum value around 3:00 PM, before falling to its minimum value around 5:00 PM. It is observed that the internal efficiency of the still decreases as wind speed increases. The highest values ​​are obtained at low speeds. The maximum efficiency values ​​are 7.52, 8.8, 10.25, 11.95, 13.97, and 16.41 for wind speeds of 0.5, 1, 1.5, 2, 2.5, and 3 m/s, respectively. The highest value is obtained at a wind speed of 0.5 m/s. N. Boukerzaza et al. [27] demonstrated that the overall and internal efficiency of a solar still decreases as wind speed increases.

3. 5. Impact of the nature of the sky on the exergetic

figure 6 shows the variation of exergetic efficiency as a function of wind speed

         [image: ]
  Fig.6. Evolution of the performance factor as a function of the internal efficiency

It is observed that its trend is similar to that of overall efficiency. It begins to change at 10:00 and then rises rapidly between 10:00 and 15:00. It reaches its maximum value at 15:00 before beginning to decline. It is noted that exergy efficiency decreases as wind speed increases. The maximum values ​​obtained are 0.25, 0.2, 0.17, 0.14, 0.11, and 0.099 for wind speeds of 0.5, 1, 1.5, 2, 2.5, and 3 m/s, respectively. The highest exergy efficiency is achieved at a wind speed of 0.5 m/s. This is because the exergy of production decreases as wind speed increases. Few researchers have investigated the impact of wind on exergy efficiency.
.

4. Conclusion

In this study, we numerically analyzed the influence of wind speed on the performance of a concentrating solar still. Particular attention was paid to its effect on productivity as well as on the device's overall, internal, and exergetic efficiencies. The results show that wind speed is a key climatic parameter that significantly influences the still's operation. Optimal performance is achieved at low wind speeds, specifically 0.5 m/s. This performance improvement is primarily attributed to the maintenance of a high temperature at the absorber, which promotes a rise in water temperature and an increase in the evaporation rate. As wind speed increases, heat losses to the environment rise, leading to lower operating temperatures and, consequently, a reduction in productivity and the various efficiency metrics. Despite this drop in performance as wind speed increases, the device maintains a significant output, demonstrating its potential for freshwater production under the climatic conditions of Ouagadougou. These results confirm the value of coupling a double-slope solar still with a parabolic trough concentrator.
As a follow-up to this numerical study, the next step will be to build the experimental setup in order to validate the numerical model by comparing it with experimental results and to evaluate the system's actual performance under Ouagadougou’s climatic conditions.
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Definitions, Acronyms, Abbreviations
S       area (m²)


      Specific heat (J/kg°C)


     Geometric concentration coefficient


         Glass thickness (m)


    Exergy (W/m²)


     Performance factor (J/kg C1


     Graschoff number


      Heat transfer coefficient (W/m²C)


     Absorbed solar power (W/m²)


   Radiation, global (W/m²)


   Length    (m)


  Specific heat of vaporization (J/kg)


     Mass (kg)


   Mass flow rate (kg/m h)


    Partial Vapor Pressure (P)


   Prandtl Number


    Heat Flux (W)


   Temperature (°C)


  Time (S)


      Wind Speed ​​(m/s)

Greek Letters


               Absorption Coefficient


               Tilt Angle


                Emissivity


           The diffuse flux emitted by the celestial vault       ()



        The flux emitted by the ground       ()



                Thermal Conductivity 


                 Efficiency


             Blozman Constant
                             

            Reflection Coefficient

                

                  Transmission Coefficient
     

Abreviation

    Ambiant                             

    Absorber

  Glass-ambient convection  

  Glass-water convection  

      Direct
  d     diffuse

    Water

     Evaporation 

        Fluid

        Global

      Glass-water radiation

      Ambient glass radiation

    Outer glass

      Inner glass       
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