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ABSTRACT 

OF THE DISSERTATION OF 
 

 

 

Manar Fawzi Younis     for Doctor of Philosophy 

  Major: Mechanical Engineering 

 

 
Title: Optimization of the Performance of a Solar Still Assisted by a Rotating Drum 

with a Rough Surface 

 

 

Solar still desalination system is a passive technology used to convert saline water into a 

fresh one. This technology is characterized by its simplicity and low cost, however it 

has low water yields. In this study, a rough surface rotating drum is integrated within 

the conventional solar still system to enhance its productivity. A mathematical model is 

developed to predict the water film thickness created around the rotating drum and to 

calculate the daily water yield of the still system taking into consideration the roughness 

effect. In addition, experiments were conducted in order to validate the developed 

model. Good agreement was obtained between the modeled and experimental results, 

where the maximum error obtained was less than 10%, validating the ability of the 

model in capturing the physics behind the operation of a solar still. Also, it was found 

that upon increasing the roughness ratio from 1 in the case of smooth surface to 2.2 in 

the case of rough surface, an enhancement of 78% was obtained in terms of the water 

yield production. On the other hand, an enhancement of 198% was obtained when 

comparing a no drum system with a system with smooth surface, and 431.1% when 

comparing a no drum system to a solar still system with a rough drum.  

A parametric study was conducted to investigate the main factors affecting the system’s 

performance, where it was found that the increase in roughness ratio and practical radius 

to length ratio leads to an increase in the productivity of the system. Furthermore, the 

speed of rotation and the contact angle between the drum and water should be optimized 

for enhanced performance. A significant increase in the optimal angular speed is 

observed for contact angles higher than 150ᵒ. Finally, it was found that for the same 

contact angle, higher the radius to length ratio is, lower the optimal angular speed, 

which will consequently save energy. 
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CHAPTER I 

ENHANCED SOLAR STILL DESALNATION SYSTEMS 

A. Introduction 

Water is distributed on the earth as sea water and fresh water at percentages of 

96.54% and 2.53%, respectively (1), and only 0.36% of the fresh water is directly 

available for people (2). The high population number accompanied by modern 

lifestyles, resulting in high energy consumption rates has caused further critical issues, 

such as environmental pollution and fuel shortages (3). In addition to human 

consumption, water is also needed for industrial and agricultural applications (4) 

especially in the arid areas which imposed a strong need to maintain new sources 

especially when water is not always offered in the appropriate quantity and quality 

when needed for specific purposes. Moreover, fossil fuel resources are fixed, non-

renewable, and finite resources, and their use is a main contributor to global warming so 

that their consumption in fuel- based desalination systems leads to environmental 

pollution problems (5). Hence, the huge shortages of fossil fuel and energy resources 

have imposed a need to replace the finite expensive energy sources with free and 

renewable ones (4). Therefore, desalination systems are considered a promising method 

to obtain fresh water from the seas and oceans (6), so that this industry has been 

extensively growing (7). According to the 22nd GWI/ IDA Worldwide Desalting Plant 

Inventory, there are 14,451 desalination plants on-line and their global total capacity is 

close to 60 million m3/d (8) including also thermal technologies. Thermal technologies 

include Multi- Stage Flash (MSF), Multi- Effect Distillation (MED), Vapor 

Compression (VC), and membrane technologies include Microfiltration (MF), 

Ultrafiltration (UF), Nanofiltration (NF), and Reverse Osmosis (RO). Among them, 
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MSF, MED, and RO are commercially applied in large capacities in cities and always 

have high efficiencies based on electrical power consumption (9). However, these 

technologies are not suitable for remote villages, since electrical energy is rather scarce 

and any electrical facilities are hard to be applied. However, there is often plenty of 

solar energy. For example, Lebanon is geographically well situated to get benefit of the 

free solar energy, since there is a sunny period of 3,000 hours yearly, a yearly average 

solar radiation of 2,200 KWh/m2 and a daily global sunny period of 4.8 KWh/m2 (10), 

which makes it a very suitable place for solar energy utilization. Also, solar stills are 

easy and cheap to build and operate. Moreover, when there is a small population and 

fresh water requirement, as in the case of remote villages, water needs could be satisfied 

by solar stills, although their productivity is much lower than those of electricity-driven 

desalination technologies. In addition, considering that more and more photovoltaic and 

thermal plants are applied in these areas, it is likely for solar still to combine with 

photovoltaic & thermal (PV/T) systems (11) or concentrated solar power (CSP) plants. 

Therefore, for a rural area where fresh water is needed, and solar radiation is pretty 

available, solar stills are considered an appropriate solution for making use of free solar 

energy for water desalination purposes. In fact, solar stills were the first method used on 

a small scale to convert impure saline water to potable water (13).  

 

B. Solar stills: principle and state of the art 

Solar still is a device that mimics the natural hydrologic cycle to produce fresh 

water based on the sustainable and renewable solar energy (14). The conventional 

system consists mainly of a basin, where saline or brackish water is placed, and a 

transparent cover that allows the penetration of the sunlight and thus enhances the 
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evaporation process. The distillate is then collected to be used in different applications 

as shown in Figure 1.  

 

Figure 1: Conventional single slope solar still 

 

However, solar stills are characterized by their low productivity compared to 

other conventional desalination techniques. This is related to the fact that the latent heat 

of condensation is rejected to the atmosphere and thus lost, and there is a difficulty in 

raising the evaporating temperature and decreasing the condensation temperature, since 

all the thermal processes (heating, evaporation, condensation) are taking place in one 

container (15). In this work, the proposed solar still device is mainly made of three 

parts: a water basin, a transparent glass cover and a rotating drum characterized by a 

rough surface as shown in Figure 2(a, b).  The drum is connected to a shaft allowing its 

rotation and the formation of a thin water film around it. The cover transmits solar 

radiation to the water initiating the evaporation process followed by water condensation 

on the glass cover. An inlet supplies water to the still basin while outlets are used for 

distillate collection and brine discharge. The roughness of the drum presents a high 
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potential in enhancing the heat transfer process and increasing the solar still 

productivity. 

 

(a) 

 

(b) 

Figure 2: Modified solar still set- up (a) Front view (b) 2D view 



 16 

C. Further enhancement of solar stills 

The first solar distillation device in the world was built in Chile with a total area 

of 4700 m2, with multiple basic basin solar still units (2). From that time, extensive 

research has been carried out to enhance the productivity and water yield of the solar 

still systems, while maintaining economic feasibility and simplicity in design and 

operation. For example, external reflectors were used in many studies, such as in the 

work of Tanaka (16), where a basin still with internal and external reflectors was 

installed as shown in Figure (3). The system consisted of a basin liner with internal 

reflectors, a glass cover, and an external reflector, which caused an increase in the 

introduced solar radiation in the still, compared to a conventional still. Experimental 

results showed that there was an enhancement of about 70–100% in daily productivity 

(16), whereas theoretical results showed an increase of 48% in the daily productivity for 

the entire year (17). Tanaka et al. (18) also emphasized on the importance of the 

installation angle of the vertical external reflector, which should be optimized according 

to the season of operation to enhance the productivity all the year around. 

 

Figure 3: Basin solar still with internal and external reflectors  (19) 
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Another study was conducted by Dev et al. (20), where results showed that  the 

daily yields obtained from the basin solar still combined with a curved reflector were 

6.3, 5.6 and 4.3 kg/m2/d at water depths 0.01, 0.02 and 0.03 m respectively. At same 

respective water depths, the daily yield obtained from the basin solar still were 2.1, 1.9, 

and 0.8 kg/m2/d respectively. This is directly related to the fact that internal reflectors 

are useful in concentrating solar radiation, which is very helpful when weak sunlight is 

available, or the local temperature is low, whereas external reflectors main role is to 

change the direction of solar beams to improve the flexibility of configuration of the 

absorber plate. 

Moreover, some modifications were investigated regarding the cover shape and 

geometry. For example, in the work of Kabeel et al. (21), a comparative experimental 

analysis was conducted on different designs of solar stills. A standalone Conventional 

Solar Still (CSS), Inclined Solar Still (ISS) and Integrated Conventional and Inclined 

Solar Still (CSS-ISS) were experimented under different parameters that affect the fresh 

water yield, mainly the water depth and the mass flow rate of water in the solar still. 

The results showed that the fresh water yield from CSS-ISS, ISS, and CSS were 6.2, 

5.04 and 4.24 kg respectively (21). In addition, in the work of Manokar et al. (22), the 

performance of two different designs was studied represented by an Inclined Solar Panel 

Basin (ISPB) still integrated with (active mode) and without (passive mode) Flat Plat 

Collector (FPC). Results showed that water yield production was 4.3 and 7.9 kg/day 

from the passive and active mode respectively. 

Another major enhancement was introducing solar collectors along with the 

solatr still systems, where solar collectors introduce extra solar radiation into the solar 

still and increase the productivity. For example, in the work of Badran et al.  (23), a 
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basin solar still coupled with a flat-plate solar collector was used, as shown in Figure(4), 

which consisted of a basin-type still with a double-slope glass roof, a conventional fin-

tube flat-plate collector, a constant head tank and a feeding tank. The productivity of the 

modified still was found to be 2.3 kg/m2/d compared to a productivity of 1.5 kg/m2/d for 

a conventional still without solar collector. 

 

Figure 4: Basin-type still with a double-slope glass roof  (16) 

 

Also, Prasad and Tiwari (24) proposed a double effect active solar still coupled 

with a compound parabolic concentration (CPC) collector, as shown in Figure (5). This 

caused water in the still basin to be heated and evaporated, and the vapor condensed on 

the inner side of a glass cover. Thus, the latent heat was transferred to flowing water, 

and secondary vapor condensed on the inner side of the upper glass cover. It was also 

found that the brine temperature was much higher in the modified still compared to a 

conventional solar still. 
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Figure 5: Double effect active solar still coupled with a compound parabolic 

concentration  (26) 

 

On the other hand, Voropoulos et al. (25) coupled a solar collector field with a 

solar still, in addition to a heat storage tank in order to prolong working time. The 

modified system is described in Figure (6), and composed of an asymmetric, single-

effect solar still, an integrated storage tank and a flat-plate solar collector field. The 

enhanced system’s water yield was approximately twice of that without a solar collector 

field. 

 

Figure 6: Single effect solar still (20) 
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In addition, many researches worked on enhancing condensation conditions to 

facilitate the evaporation of brine in the solar still system. For example, Madhlopa and 

Johnstone (27) investigated a passive solar still with a separate condenser as shown in 

Figure (7). Their system consisted of a horizontal basin (1) with an evaporator chamber 

(first effect), a basin (2) (second effect), a basin (3) (third effect), a condensing cover 

and an opaque insulation shield over the condensing cover. Theoretical results showed 

an enhancement of 62% in productivity compared with a conventional still.  

 

Figure 7: Passive solar still with a separate condenser (23) 

 

E1-Bahi and Inan (28) studied a solar still coupled with an outside condenser, as 

shown in Figure (8). A stainless steel reflector was added to collect more solar radiation 

and to provide a shadow for the condenser, where productivity was found to be 7 

kg/m2/d from June to August, which was confirmed by the findings of Kumar and Bai 

(29). It was also reported that a thinner glass cover (30) and condenser material with 

high conductivity (31) could enhance the productivity.  
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Figure 8:  Solar still coupled with external condenser (28) 

 

Bassam and Abu-Hijleh (32) and Rahim (33) on the other hand suggested that a 

properly designed condensation process of passing cooling water over the glass cover 

could increase the efficiency, whereas a poor design would likely lead to a significant 

drop in efficiency (32), which is due to the fact that the cooling water reduced solar 

radiation to the basin. 

Other researchers studied the possibility of increasing the surface area. The 

productivity of a solar still increases with increase in absorber plate area (cover) and 

free surface area of water. Velmurugan et al. (34) enlarged the areas by integrating fins 

with the solar still and found that the average daily productivity increased by 30%. The 

productivity was increased by 58%, 67%, 69% or 70% in a fin type solar still with black 

rubber, sand, pebble or sponge immersed in brine, respectively (35). Bassam et al. (36) 

placed sponge cubes in a basin solar still to increase the brine free surface and the 

evaporation rate. Results showed an increase in distillate production up to 273% 

compared with the still without sponge cubes under the same conditions. Nafey et al. 
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(37) used a floating perforated black plate to maintain thin film evaporation, where 

productivity increased by 15% when the original brine depth was 3 cm. Janarthanan et 

al. (38) designed a floating tilted-wick type solar still, as shown in Figure (9), wherein 

the brine flowed slowly over an inclined surface, under the effect of gravity, paved with 

wicks in a thin layer. Due to the thin layer’s small heat capacity, the brine evaporated 

quickly. Compared to a conventional solar still, less time was needed to get fresh water 

in a tilted wick type solar still, where productivity was increased by 16–50% (2). 

 

Figure 9: Floating wick type solar still  (55) 

 

Sadineni et al. (39) proposed a weir-type solar still, as shown in Figure (10). An 

inclined type solar still that was composed of a weir-shaped absorber plate, a 

condensing glass, a distillate collection trough and a water circulation system. Hot brine 

at the outlet was redirected into the still and mixed with feed brine to allow for an 

increase in the inlet temperature. For a single-pane glass cover, the average distillate 

productivity was 5.5 kg/m2/d during August and September, and it was approximately 

20% higher than that of the conventional stills under the same conditions. 
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Figure 10: Weir type solar still (37) 

 

Tabrizi et al. (40) investigated a weir-type cascade solar still, as shown in Figure 

(11), in which a 15-step absorber was covered by matte black paint. Each step was 

equipped with a weir 5 mm in height and 59 cm in length to force the flowing water to 

pass through the evaporation surface, which led to the increase of the residence time of 

the water in the still. A glass cover formed an enclosure space with a 2.5 cm air gap. 

Distilled water was guided to a collection channel, and the concentrated brine was 

discharged from the outlet. Their results showed a decrease in the daily productivity 

with an increase in feed water flow rate.  
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Figure 11: Weir type cascade solar still (51) 

 

Regarding increasing free surface area, such as in the work of  Bassam et al.’s 

(36), black sponge cubes with sponge-to-water volume ratio of 20% were recommended 

for a basin solar still, while the optimized size of a cube side differs with water depth in 

the basin. However, it was not recommended to increase free surface area by flowing 

brine because a lot of sensible heat would loss with hot brine being drained out (36). 

Moreover, recovering vapor latent heat can enhance both distillate productivity and 

thermal efficiency. Tanaka et al. (16) (41) investigated a multiple-effect solar still with a 

triangle cross-section, which consisted of a horizontal basin liner, a tilted double glass 

cover and vertical parallel partitions covering saline-soaked wicks. Their experimental 

results showed that a still with 5-mm diffusion gap between 11 partitions produced 

distillate at a rate of 14.8–18.7 kg/m2/d when incident solar radiation on the glass cover 

ranged from 20.9 to 22.4 MJ/m2/d and ambient air temperatures in the range of 19- 30 

⁰C. In addition, Tanaka et al. (42) (43) proposed a vertical multiple- effect diffusion 

(VMED) solar still coupled with a heat-pipe solar collector. According to their 
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theoretical analysis, a productivity of 21.8 kg/m2/d was attained under a daily 

cumulative solar radiation of 22.4 MJ/m2. Another VMED structure that was studied 

outdoors is shown in Figure (12) (44).  

 

Figure 12: Vertical multiple effect diffusion solar still coupled with a reflector (39) 

 

The maximum productivity was 13.4 kg/m2/d for a still with six effects and 5 

mm diffusion gaps when the global solar radiation on the horizontal surface and on the 

glass cover ranged from 13.4 to 15.7 MJ/m2/d and from 20.2 to 22.9 MJ/m2/d, 

respectively. Among the mentioned stills, the VMED type still had the highest 

productivity experimentally because it had a high efficiency of heat recovery. The 

distance between two neighboring effects should be carefully designed. If they are too 

close, brine will easily mix with distilled water, while if they are too far, low efficiency 

will be obtained.  

In the other hand, in the work of Al- Hinai et al. (45), a single effect and a 

double effect solar stills’ productivity was assessed using mathematical modeling under 
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different climatic, design and operational parameters in Oman. The average annual 

productivity varied between 4.15 and 6 kg/m2/day for single and double effect solar 

stills respectively, with savings of about 15.7 % in the total cost. Schwarzer et al. (46), 

however, investigated a system employing a solar collector and a six-stage desalination 

tower with heat recovery. The hot brine in the first stage transferred energy by 

evaporation, radiation, and convection to the second stage and also lost some energy to 

the environment. The energy transferred from the first stage heated up the brine in the 

second stage, and the heat recovery process was repeated until the sixth stage. The last 

stage did not produce fresh water and was used as the salty water inlet to the unit. The 

total productivity was the sum of the productivity of the first five stages. According to 

the theoretical simulation results, the system had a production rate of 25 kg/m2/d, which 

was five times greater than that of the basin type solar desalination unit. The 

disadvantage of such system is the higher installation and operating costs compared to 

the conventional unit. 

Solar stills may also be coupled with heat storage, due to the fact that solar 

energy is intermittent in nature, and its intensity depends on the hour of the day and 

local weather conditions, so maximum benefit should be taken from it. One of the 

solutions to utilize fluctuating solar energy on a continuous basis is to incorporate heat 

storage systems (47). Tabrizi and Sharak (48) investigated a basin solar still integrated 

with a sandy heat reservoir. In a 14-h test, the productivity was 3 kg/m2, while that of a 

conventional basin solar still was 1.7 kg/m2. El-Sebaii et al. (49) investigated a single 

basin solar still coupled with a phase change material (PCM) storage, as shown in 

Figure (13).  
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Figure 13: Solar still coupled with PCM (44) 

 

A considerable amount of heat would be stored in the PCM during sunshine 

hours. After sunset, the PCM acted as a heat source for the basin water to evaporate. In 

addition, the temperature difference between brine and glass cover became greater 

because the ambient temperature of night was lower than that of daylight. The 

productivity of the system increased from 5 kg/m2/d to 9 kg/m2/d on sunny summer 

days. In addition, El-Sebaii et al. (50) studied a single-slope basin solar still integrated 

with a shallow solar pond (SSP) and found that the average productivity and thermal 

efficiency were higher than those obtained without the SSP by 52.4% and 43.8%, 

respectively, over a year. Black granite gravel was used in the basin by Sakthivel and 

Shanmugasundaram (52), as shown in Figure (14) where an increase of 17-20 % in 

water yield was observed.  
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Figure 14: Black granite utilization  (52) 

 

Another method for enhancing the productivity was experimental attempts by 

using Nano fluids and integrating the still basin with an external condenser as shown in 

Figure (15) (53).  

 

Figure 15: Solar still with Nano- fluids along with external condenser  (53). 
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Results showed that integrating the solar still with external condenser increased 

the distillate water yield by about 53.2%, whereas the use of Nano fluids improved the 

solar still water productivity by about 116% (53).  

Wick materials were also found to increase the water yield, where the wick basin 

type solar still studied by Velmurugan et al (34) integrated with fins in the basin of the 

still presented higher production rate. Also, for the purpose of increasing the exposure 

area, sponges were used. Results were compared experimentally and numerically, where 

29.6% increase in productivity was observed when wick type solar still was used, 

15.3% increase in productivity was noticed when sponges were used and 45.5% 

increase was noticed when fins were used (34).  

Murugavel et al. (54) reported that a single basin double slope solar still with 

energy storing materials like quartzite rock, red brick pieces, cement concrete pieces, 

washed stones and iron scraps was able to store the excess energy and to increase the 

night time production. This is related to that heat storage prolongs the working time 

overnight, which will increase the total productivity. It is recommended in practical 

application although the installation and operating costs would increase a little. 

Among the materials used in their experiments, 3/4 in. sized quartzite rock was the most 

effective one, obtaining a productivity of 2.1 kg/m2/d with an enhancement of 6.2% 

compared to still with same amount of water, without any energy storing material. 

Finally, in the work of Abdel- Rehim and Lasheen (6), two modifications were made to 

the conventional solar still. First, a packed layer consisting of glass balls was installed 

in the bottom of the basin as shown in Figure (16) to increase the efficiency of the still 

by increasing the thermal storage of the system. Second, a rotating shaft was installed 

near the basin water surface. The results of their work showed that the efficiency of the 
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modified solar desalination system using the packed layer was increased from 2.5 to 7.5 

% depending on the month of operation, while it was increased from 2.5 to 5.5 % when 

using a rotating shaft along with a PV-system. 

 

Figure 16: Glass balls (6) 

 

Based on what was previously mentioned, it was noticed that most of the 

enhancement techniques did not increase the solar still productivity beyond 100% 

except when using the Nano fluids. On the other hand, the work of Malaeb et al. (14) 

introduced a simple yet very effective method for a notable enhancement in the water 

yield of a solar still. A lightweight, black-finished, slowly rotating aluminum drum was 

integrated within the still as shown in Figures (17(a, b, c)), which leads to the formation 

of a thin water film around the drum that evaporates rapidly. 
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Figure 17: Enhanced solar still with rotating drum with (a) Triangular cover, (b) 

Circular cover, (c) Single sloped cover (14) 

  

This modification notably increased productivity, where the average percent 

improvement varied between 200 and 300% compared to a conventional solar still 

without the drum under different operating and design conditions, while maintaining the 

advantages of using the solar still such as ease of handling, low-tech requirements, 

material availability, safe water quality, sustainability and space conservation (56) (57). 
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Moreover, this design allowed overcoming the problem of salt and algae formation in 

addition to stagnation issues, since the growth of algae and other particles on the surface 

of the brine and in the basin generally reduces heat transfer to the brine (58). This was 

solved in the modified still, since the introduced drum constantly renewed the 

evaporating water film and shattered the brine surface layer, thereby preventing the 

shielding layer that normally develops in conventional stills (57). On average, solar 

stills without a rotating drum yield 1.1 l/day/m2, whereas solar stills with rotating drums 

yield around 3.5 l/day/m2 (14). However, Malaeb et al. (14) only studied the 

performance of rotating drums with smooth surfaces.   

The performance of Malaeb et al. (14) system can be enhanced further. For 

instance, rough surfaces and corrugations, defined as surface structures that may present 

in some geometries, enhanced the heat transfer process in several heat exchange 

applications. In fact, rough elements cause disturbances on the surface, resulting in 

disturbances in the boundary layer and thus turbulence will take place at lower 

Reynolds’s numbers increasing the heat transfer rate (59). In addition, the surface area 

of the rough drum will significantly increase compared to a smooth one, so the heat 

transfer rate will increase too, and the area on which the water film will be formed on 

will also augment leading to higher expected total water yield. For this reason, it is 

important to understand the physics behind the effect of roughness on the behavior of 

the spreading of the fluid above the rough surface. In the work of Dragila et al. (60), a 

fluid dragged into roughness by capillarity was studied, using an analytical diffusion-

type law that describes and quantifies the physics behind driving fluid invasion into 

roughness. When balancing capillary, fluid and surface frictional resistive forces, results 

indicated that a hydraulic diameter approach can be used because of its simplicity in 
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representing complex shapes taking into consideration the free surface’s shape. Another 

study by Andelman et al. (61) was designed to study the effect of surface roughness on 

the formation of thin films using X-ray diffraction and Ellipsometry. Also, in the work 

of Malijevsky et al. (62) roughness was extensively studied to investigate its effect on 

the wetting properties of hydrophilic substrates taking into consideration that any 

surface is found to be rough in real life. Results showed that microscopic surface 

corrugations increase the wetting temperature and makes the surface hydrophobic. 

Moreover, in the work of Zwol et al. (63) capillary forces were studied due to their 

important role in the micro- and Nano- electromechanical systems. In their study, it was 

found that at very low relative humidity values (2 ± 1%), capillary forces were still 

present largely, taking into consideration that their study was done under ambient 

conditions. Furthermore, in the work of Du et al. (64), a new empirical correlation was 

suggested for the film thickness formation of free falling water on a large-scale 

ellipsoidal surface, while constantly varying the inclined and extend angle and 

considering the inlet water temperature is equal to the ambient temperature.  

Surface roughness is also well known for enhancing the effects of hydrophobic 

or hydrophilic behavior, as well as allowing for faster spreading of a hydrophilic fluid 

(65). Therefore, surface roughness can increase the driven flow rate by drum rotation 

hence it is expected to improve the solar still productivity. In the work of Hay et al. 

(65), the authors studied the spreading rate of a liquid, knowing its properties and the 

geometry of the surface roughness. Since roughness is considered as a difficult and 

random nature to understand, many assumptions were introduced to model its effect, 

mainly that a rough surface can be modeled by repetitive rough elements creating a 

curved liquid–air boundary resulting from capillarity (65). Capillarity may be defined as 
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the ability of a liquid to flow in narrow spaces without the assist of outside forces 

like gravity. It arises due to the intermolecular forces between the liquid and the nearby 

solid surfaces. At very small scales, where gravity is not considered, capillarity can be 

the reason for driving fluid movement (8). Therefore, using a rotating drum with rough 

surface presents a high potential in enhancing the performance of the system proposed 

by Malaeb et al. (14) by improving thermal performance, and creating a driving 

potential for fluid motion (20, 21). 

 

D. Objectives 

The objectives of this study are mainly to increase the solar still system 

productivity while maintain economic feasibility and simplicity in design. Roughness of 

the surface of the drum plays an important role in this process. Therefore, a model was 

developed to account for the effect of roughness on the formation of the film thickness 

over the rotating drum. The developed simplified model should predict the driven flow 

rate by the rotating drum and account for heat and mass transfer between the different 

components of the solar system through heat and mass balance equations computing 

temperatures of the system components and water evaporation rates. Experiments were 

conducted for validation of the simplified model. The validated model was used to 

conduct a parametric study investigating the main factors affecting the solar still 

productivity, where the design parameters were optimized for best performance. 

  

https://en.wikipedia.org/wiki/Liquid
https://en.wikipedia.org/wiki/Gravitation
https://en.wikipedia.org/wiki/Intermolecular_force
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CHAPTER II 

SIMPLIFIED MODELING AND MATHEMATICAL 

FORMULATION 

 

A simplified model is developed to study the performance of a solar still assisted 

by a rotating drum characterised by a rough surface. The model accounts for the 

roughness effect on improving performance through increasing drum exposed area to 

heat and mass transfer, and creating a driving potential for fluid motion. Heat and mass 

transfer between the different components of the solar system should be considered. A 

set of heat and mass balance equations are solved to compute temperatures of the 

system components and water evaporation rates. However, these equations require as 

input the driven flow rate by the rotating drum including the effect of surface roughness 

and the variation of film thickness over the drum. This can be done by solving the 

Navier- Stokes equations in the region where water is driven out of the basin by the 

rotating drum and considering the main forces driving the flow motion. The following 

section represents the governing equations of the model. It includes all the heat balance 

equations for the cover, the basin and the rotating drum, in addition to the modeling of 

the drum surface roughness’ effect. 

 

A. Thermal Modeling of the Solar Still 

1. Heat and Mass Transfer Phenomena 

Figure (18) represents the different heat exchange processes that take place in 

the solar still set up with a rough rotating drum. The cover part is mainly affected by the 

incident solar radiation, which represents the main factor that initiates the heat exchange 
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process in the entire system. Part of this radiation is absorbed by the glass cover, and the 

other part is transmitted through the glass. It then affects the brine water in the bottom 

of the setup which initiates the evaporation process, and evaporation from the drum 

surface is also initiated as it rotates and water film is formed. Meanwhile, heat exchange 

also occurs between the brine and the cover which stimulates the condensation process 

on the inclined walls of the cover and the vertical walls of the set up. Convective heat 

transfer occurs between the brine and the drum, and the drum and the cover of the solar 

still. Also, part of the heat is absorbed by the brine water at the bottom of the set up. At 

the same time, part of the solar radiation is incident on the rotating drum, which 

enhances evaporation and radiation between drum and the cover. Convection also 

occurs between the drum and the air inside its hole, and finally conduction takes place 

between the elements of the drum itself as shown in Figure (18). 

 

Figure 18: Heat and mass transfer phenomena 
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2. General Energy Balance Equations 

The cover of the still is considered as one single part including the upper curved 

part and the two vertical sides, whereas the drum is discretized to get the temperature at 

each element of it. The heat balance for the still cover, denoted as symbol c, can be 

written as in Equation (1):  

𝒎𝒄𝑪𝒑𝒄

𝒅𝑻𝒄

𝒅𝒕
= 𝒒𝒓𝒂𝒅𝑨𝒄 − 𝒒𝒄𝒅𝑨𝒄𝒅 − 𝒒𝒄𝒃𝑨𝒄𝒃 − 𝒒𝒄𝒂𝑨𝒄𝒂                            

(1)  

 

Where 𝑚𝑐 refers to the mass of the cover, 𝐶𝑝𝑐
 the heat capacity of the cover, 𝑇𝑐 

the cover temperature, 𝑞𝑟𝑎𝑑  is the radiative heat transfer, 𝐴𝑐 the cover area, 𝑞𝑐𝑑 the heat 

transfer between the cover and the drum (denoted as symbol d), 𝐴𝑐𝑑 the area of the 

cover that interacts with the drum, 𝑞𝑐𝑏 the heat transfer between the brine water surface 

and the cover, 𝐴𝑐𝑏 the exposed area of the brine water surface i.e. excluding the brine 

diameter, 𝑞𝑐𝑎 the heat transfer between the cover and the ambient, and 𝐴𝑐𝑎 the area of 

the cover exposed to the ambient as shown in the Figure (18).  

The transient energy equation for a drum element outside the water basin is 

given by Equation (2.a): 

𝒅

𝒅𝒕
(𝒎𝒅𝑪𝒑𝒅

𝑻 + 𝒎𝒃𝑪𝒑𝒃
𝑻) =

(𝒒𝒄𝒐𝒏𝒅𝒙−𝒒𝒄𝒐𝒏𝒅𝒙+∆𝒙
)

∆𝒙
+ 𝒒𝒔𝒐𝒍𝒂𝒓 − 𝒒𝒄𝒐𝒏𝒗𝒅𝒄

− 𝒒𝒓𝒂𝒅𝒅𝒄
− 𝒒𝒆𝒗𝒂𝒑𝒅𝒄

−

𝒒𝒄𝒐𝒏𝒗𝒅𝒂𝒊
                  (2.a)  

 

For a drum element just coming into/leaving the water in the basin, the heat 

balance equation is written as follows in Equation (2.b): 
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𝝆𝒅𝒕𝒌𝒅𝑪𝒑𝒅
𝑻𝒅𝒊𝟐−𝑻𝒅𝒊𝟏

𝒅𝒕
= 𝒒𝒔𝒐𝒍𝒂𝒓 + 𝒒𝒄𝒐𝒏𝒗𝒃𝒅

−
(𝒒𝒄𝒐𝒏𝒅𝒙−𝒒𝒄𝒐𝒏𝒅𝒙+∆𝒙

)

∆𝒙
+

(𝒒𝒄𝒐𝒏𝒗𝒙−𝒒𝒄𝒐𝒏𝒗𝒙+∆𝒙
)

∆𝒙
        

(2.b)                                             

For the water in the basin, the heat balance equation can be written as in Equation (3): 

𝒅

𝒅𝒕
[𝒎𝒃𝑪𝒑𝒃

𝑻] = 𝒒𝒔𝒐𝒍𝒂𝒓𝑨𝒃𝒄 − 𝒒𝒃𝒄𝑨𝒃𝒄 − 𝒒𝒄𝒐𝒏𝒗𝒃𝒅
                          (3) 

   

 

3. Modeling of Heat Flows 

The radiative heat transfer is defined as in Equation (4): 

𝑞𝑟𝑎𝑑 = 𝛼𝑐𝐼𝐴𝑐                                                              (4) 

Where 𝛼𝑐 is the cover absorptivity and 𝐼 is the solar radiation. 

The heat transfer 𝑞𝑐𝑑 between the cover and each element i of the n drum 

elements of width dx and length 𝐿𝑑 each is given by Equation (5):  

𝑞𝑐𝑑 = ∑ 𝑑𝑥ℎ𝑐𝑑(𝑇𝑑𝑖 − 𝑇𝑐𝑖)𝐿𝑑
𝑛
𝑖=1                              (5) 

Where ℎ𝑐𝑑 is the heat transfer coefficient between the cover and the drum. 

The heat transfer qcb between the cover and the brine water surface (denoted 

as symbol b) that is of width Sb on each side of the drum is given by Equation (6):  

𝑞𝑐𝑏 = ℎ𝑐𝑏(𝑇𝑐 − 𝑇𝑏)𝐴𝑐𝑏 = ℎ𝑐𝑑(𝑇𝑐 − 𝑇𝑏)(2𝑆𝑏𝐿)              (6) 

Where ℎ𝑐𝑏 is the heat transfer coefficient between the cover and the water, 𝑇𝑏  is the 

brine water temperature and L the length of the basin. 

The heat transfer qca between the cover and ambient (denoted as symbol a) is 

given by Equation (7):  
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𝑞𝑐𝑎 = ℎ𝑐𝑎(𝑇𝑐 − 𝑇𝑎)𝐴𝑔 = ℎ𝑐𝑎(𝑇𝑐 − 𝑇𝑎)(2𝑆𝑐𝐿)                                        (7) 

Where ℎ𝑐𝑎 is the heat transfer between the cover and the ambient is, 𝑇𝑎 is the 

ambient temperature, and 𝑆𝑐 is the length of the vertical side of the cover.  

The heat transfer coefficient ℎ𝑐𝑎is the summation of the radiation (ℎ𝑟𝑎𝑑)and 

convection terms between the still cover and the ambient as shown in Equations (8) and 

(9), which were developed by Dunkle (66) who proposed a group of complete set of 

heat and mass transfer correlations based on a modified Grashof number, and used by 

Duffie and Beckman (67) and Wattmuf et al. (68).   

𝒉𝒓𝒂𝒅 = 𝜺𝝈(𝑻𝒄
𝟐 + 𝑻𝒔𝒌𝒚

𝟐 )(𝑻𝒄 + 𝑻𝒔𝒌𝒚)                   

(8)                

ℎ𝑐𝑎 = 2.8 + 3𝑣    when  𝑣 ≤ 5 m/s                                        (9) 

Where (9):  

𝜀 =
1

𝜀𝑏
+

1

𝜀𝑐
− 1                                          (10) 

 𝑇𝑠𝑘𝑦 = 0.0552𝑇𝑎
4               (11) 

where 𝜎 is the Stephan-Boltzmann constant, 𝑇𝑠𝑘𝑦 is the sky temperature, 𝑣 is the wind 

speed, 𝜀𝑏 and 𝜀𝑐 are the emissivity of water and glass cover. 

The heat transfer coefficient between the still cover and the water in the basin 

(hcb) is the summation of the radiation, evaporation and convection terms as following 

in Equation (12):  

ℎ𝑐𝑏 = ℎ𝑟𝑎𝑑𝑐𝑏+ℎ𝑒𝑣𝑎𝑝𝑐𝑏+ℎ𝑐𝑜𝑛𝑣𝑐𝑏
                                        (12) 

The radiation term between water and cover is given by (66) Equation (13):  

ℎ𝑟𝑎𝑑𝑐𝑏
= 𝜀𝜎(𝑇𝑐

2 + 𝑇𝑏
2)(𝑇𝑐 + 𝑇𝑏)               (13) 



 40 

The evaporation and convection terms are given by (66) Equation (14) and (15) 

respectively: 

ℎ𝑒𝑣𝑎𝑝𝑐𝑏
= 0.016273ℎ𝑐𝑜𝑛𝑣𝑐𝑏

(𝑝𝑐 − 𝑝𝑏)                      (14) 

ℎ𝑐𝑜𝑛𝑣𝑐𝑏
= 0.884 [(𝑇𝑐 − 𝑇𝑏) +

(𝑝𝑐−𝑝𝑏)𝑇𝑐

268.9×103−𝑝𝑐
]

1

3
            (15) 

Where 𝑝𝑐  and 𝑝𝑏represent the partial vapor pressure at condensation and 

evaporation surface temperatures respectively.  

The total heat transfer coefficient between the drum and cover (ℎ𝑑𝑐) is the 

summation of the individual coefficients representing radiation, evaporation and 

convection as in Equation (16):  

ℎ𝑑𝑐 = ℎ𝑟𝑎𝑑𝑑𝑐+ℎ𝑒𝑣𝑎𝑝𝑑𝑐+ℎ𝑐𝑜𝑛𝑣𝑑𝑐
              (16) 

The radiation term between the drum element and the cover (ℎ𝑟𝑎𝑑𝑑𝑐
)is given by 

Equation (17):  

ℎ𝑟𝑎𝑑𝑑𝑐
= 𝜀𝜎(𝑇𝑐

2 + 𝑇𝑑𝑖
2 )(𝑇𝑐 + 𝑇𝑑𝑖)              (17) 

The evaporation term (ℎ𝑒𝑣𝑎𝑝𝑑𝑐
) is given by (66) Equation (18): 

ℎ𝑒𝑣𝑎𝑝𝑑𝑐
= 0.016273ℎ𝑐𝑜𝑛𝑣𝑐𝑑𝑖

(𝑝𝑐 − 𝑝𝑐𝑑𝑖)                 (18) 

The convection term  (ℎ𝑐𝑜𝑛𝑣𝑐𝑏
) is given by (66) Equation (19): 

ℎ𝑐𝑜𝑛𝑣𝑐𝑏
= 0.884 [(𝑇𝑐 − 𝑇𝑑𝑖) +

(𝑝𝑐−𝑝𝑑𝑖)𝑇𝑐

268.9×103−𝑝𝑐
]

1

3
               (19) 

In addition to the above equations, the heat transfer 𝑞𝑐𝑜𝑛𝑣𝑑𝑎𝑖
 has to be included 

in order to account for the convection between the drum surface and the air inside the 

hollow drum, which is at temperature 𝑇𝑎𝑖. This term is given by Equation (20): 

ℎ𝑐𝑜𝑛𝑣𝑑𝑎𝑖
= 0.884 [(𝑇𝑎𝑖 − 𝑇𝑑𝑖) +

(𝑝𝑎𝑖−𝑝𝑑𝑖)𝑇𝑎𝑖

268.9×103−𝑝𝑎𝑖
]

1

3
            (20) 
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Regarding the radiative heat transfer between the surfaces, the view factor (F) 

should be taken into consideration. It is defined as the fraction of radiation that is 

leaving surface i and intercepted by surface j. The involved surfaces in calculating their 

view factors are: cover (c); drum (d); water on one side of the system (b1); water on the 

other side of the system (b2); fiberglass on one vertical side of the system (f1) and 

fiberglass on the other vertical side of the system (f2). Using the summation rule, the 

view factors of the different parts of the system can be related as the following in 

Equations (21-26):  

Glass Cover: Fcc + Fcd + Fcf1 + Fcf2 + Fcb1 + Fcb2 = 1           (21) 

Drum: Fdc + Fdd + Fdf1 + Fdf2 + Fdb1 + Fdb2 = 1          (22) 

Fiberglass side 1: Ff1c + Ff1d + Ff1f1 + Ff1f2 + Ff1b1 + Ff1b2 = 1                      (23) 

Fiberglass side 2: Ff2c + Ff2d + Ff2f1 + Ff2f2 + Ff2b1 + Ff2b2 = 1        (24) 

Water surface 1: Fb1c + Fb1d + Fb1f1 + Fb1f2 + Fb1b1 + Fb1b2 = 1                     (25) 

Water surface 2: Fb2c+ Fb2d + Fb2f1 + Fb2f2 + Fb2b1 + Fb2b2 =1         (26) 

By inspection: Fdd = Ff1f1 = Ff1f2 = Ff2f1 = Ff2f2 = Fb1b1 = Fb1b2 = Fb2b1 = Fb2b2 = 0.  

In order to obtain the view factor between the water and the still cover, the total view 

factor (Fbc_total) of one side of the system is obtained. The still cover is divided into 2 

parts: cover 1, which is the upper part of the cover and cover 2, which is the vertical 

side of the cover. 

The total view factor Fbc_total is the sum of view factors for the water-system side 

and water-glass1 (g1): Fbf_total =Fbf + Fbg2.  

Fbf is calculated from (68), whereby X = 1.5, Y = 0.035 and Zbf = 0.12, which 

gives: Fbf = 0.45.  

Similarly, Fbf_total = 0.48 is found using Zbf_total = 0.42. Therefore, Fbg2 = 0.03.   
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4. Summary of the Model 

By substituting the terms defined in the previous section in Equation (1) we get 

the energy balance equation of the cover: 

[𝜌𝑐(𝜋𝑟𝑐 + 2𝑆𝑐)𝑡𝑘𝑐𝐿𝐶𝑝𝑐

𝑇𝑔2−𝑇𝑔1

𝑑𝑡
] = 𝛼𝑐𝐼1(2𝑆𝑐𝐿) + 𝛼𝑐𝐼2(2𝑆𝑐𝐿) + ℎ𝑏𝑐(𝑇𝑏 − 𝑇𝑐2)(2𝑆𝑏𝐿) −

ℎ𝑏𝑎(𝑇𝑐2 − 𝑇𝑎)(2𝑆𝑐)𝐿 + ∑ 𝑑𝑥ℎ𝑐𝑑(𝑇𝑑𝑖 − 𝑇𝑐1)𝐿𝑑
𝑛
𝑖=1                                                    (27) 

The left hand side term (LHS) of Equation (27) represents the cover thermal 

storage, the first term of the right hand side (RHS) accounts for solar absorption by the 

inclined sides of the cover, the second term of the RHS considers solar absorption by 

the vertical sides of the cover, the third and fourth terms of the RHS models heat 

exchange between the cover and the brine and ambient air respectively. The last term of 

the RHS computes heat transfer between the cover and the different drum elements. 

By substituting the terms defined in the previous section in Equation (2.a) we get 

the energy balance equation for a drum element outside the water: 

[𝜌𝑑𝑡𝑘𝑑𝐶𝑝𝑑

𝑇𝑑𝑖2−𝑇𝑑𝑖1

𝑑𝑡
+ 𝜌𝑏𝑡𝑘𝑏1

𝐶𝑝𝑏

𝑇𝑑𝑖2−𝑇𝑑𝑖1

𝑑𝑡
+ 𝜌𝑏𝑇𝑑𝑖1𝐶𝑝𝑏

𝑡𝑘𝑏2−𝑡𝑘𝑏1

𝑑𝑡
] = 𝑟𝜀𝑐𝛼𝑑𝐼 −

𝑟ℎ𝑑𝑐(𝑇𝑑𝑖1 − 𝑇𝑐) − 𝑟ℎ𝑐𝑜𝑛𝑣𝑑𝑎𝑖
(𝑇𝑑𝑖1 − 𝑇𝑎𝑖)   − 𝑘𝑑𝑑𝑥

𝑇𝑑𝑖1−𝑇𝑑𝑖𝑏𝑒𝑓𝑜𝑟𝑒

𝑡𝑘𝑑
− 𝑘𝑑𝑑𝑥

𝑇𝑑𝑖1−𝑇𝑑𝑖𝑎𝑓𝑡𝑒𝑟

𝑡𝑘𝑑
−

𝑘𝑏𝑑𝑥
𝑇𝑑𝑖1−𝑇𝑑𝑖𝑏𝑒𝑓𝑜𝑟𝑒

𝑡𝑘𝑏1
− 𝑘𝑏𝑑𝑥

𝑇𝑑𝑖1−𝑇𝑑𝑖𝑎𝑓𝑡𝑒𝑟

𝑡𝑘𝑏1
+ 𝜌𝑑𝐶𝑝𝑑

𝑈𝑇𝑑(𝑖−1)
𝑑𝑥

𝑡𝑘𝑑
− 𝜌𝑑𝐶𝑝𝑑

𝑈𝑇𝑑𝑖 +

𝜌𝑏𝐶𝑝𝑏
𝑈𝑇𝑑(𝑖−1)

𝑑𝑥

𝑡𝑘𝑑
− 𝜌𝑏𝐶𝑝𝑏

𝑈𝑇𝑑𝑖
𝑑𝑥

𝑡𝑘𝑑
                                       (28) 

Where 𝜀𝑐 refers to the transmissivity of the cover, 𝛼𝑑 the drum absorptivity, and 

𝑘𝑑 the drum conductivity.  
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The left hand side term (LHS) of Equation (28) represents the thermal storage 

term of the drum element and the thin water film on it, the first term of the right hand 

side (RHS) accounts for solar radiation absorption by the drum element, the second 

term of the RHS models heat exchange between the cover and the drum, the third term 

of the RHS considers the convective heat transfer between the air inside the hollow 

drum and the drum element surface, the fourth and fifth term of the RHS compute 

conduction between each drum element and the adjacent elements, the sixth and seventh 

term of the RHS compute conduction between brine elements, the eighth and the ninth 

terms of the RHS compute convection to and from each drum element, the tenth and the 

eleventh terms of the RHS compute convection to and from each brine element  

By substituting the terms defined in the previous section in Equation (2.b) we 

get the energy balance equation for a drum element just coming into/ leaving the water: 

 
𝑑

𝑑𝑡
[𝑚𝑑𝐶𝑝𝑑

𝑇] = ℎ𝑏𝑑(𝑇𝑏 − 𝑇𝑑) − 𝑘
𝑇𝑑2−𝑇𝑑𝑏𝑒𝑓𝑜𝑟𝑒

𝑡𝑘𝑑
− 𝑘

𝑇𝑑2−𝑇𝑑𝑎𝑓𝑡𝑒𝑟

𝑡𝑘𝑑
                       (29) 

Where ℎ𝑏𝑑 is the convection heat transfer coefficient between the drum element and the 

water or: 

𝜌𝑑𝑡𝑘𝑑𝐶𝑝𝑑

𝑇𝑑𝑖2 − 𝑇𝑑𝑖1

𝑑𝑡

= 𝑟𝜀𝑐𝜀𝑤𝛼𝑑𝐼 + 𝑟ℎ𝑑𝑏(𝑇𝑏 − 𝑇𝑑𝑖) − 𝑘
𝑇𝑑𝑖1 − 𝑇𝑑𝑖𝑏𝑒𝑓𝑜𝑟𝑒

𝑡𝑘𝑑
− 𝑘

𝑇𝑑𝑖1 − 𝑇𝑑𝑖𝑎𝑓𝑡𝑒𝑟

𝑡𝑘𝑑
 

+𝜌𝑑𝐶𝑝𝑑
𝑈𝑇𝑑(𝑖−1)

𝑑𝑥

𝑡𝑘𝑑
− 𝜌𝑑𝐶𝑝𝑑

𝑈𝑇𝑑𝑖
𝑑𝑥

𝑡𝑘𝑑
                         (30) 

The left hand side term (LHS) of Equation (30) represents the thermal storage 

term of the drum element, the first term of the right hand side (RHS) accounts for solar 

radiation absorption by the drum element, the second term of the RHS models heat 
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exchange between the brine water and the drum, the third and the fourth terms of the 

RHS compute conduction between each drum element and the adjacent elements, the 

fifth and the sixth terms of the RHS compute convection to and from each drum element 

or by substituting the terms defined in the previous section in Equation (3) we get the 

energy balance equation for water: 

𝜌𝑏𝐻𝑏𝑆𝑡𝐿𝐶𝑝𝑏

𝑇𝑏2−𝑇𝑏1

𝑑𝑡
= 𝜀𝑐𝛼𝑏𝐼(2𝑆𝑏𝐿) − ℎ𝑏𝑐(𝑇𝑏 − 𝑇𝑐1)(2𝑆𝑏𝐿) − ∑ 𝑟𝑑𝑥𝐿ℎ𝑏𝑑(𝑇𝑏 −𝑛𝑖

𝑖=1

𝑇𝑑𝑖)              (31) 

Where Hb is the water basin height, 𝑆𝑡 is the width of the brine water surface. 

The left hand side term (LHS) of Equation (31) represents the thermal storage 

term of the water basin, the first term of the right hand side (RHS) accounts for solar 

radiation absorption by the water, the second term of the RHS models heat exchange 

between the brine water and the cover, the third term of the RHS computes heat 

exchange between the brine water and the drum.  

In order to calculate the film thickness variation over the rough corrugated 

rotating drum, the work of Hay et al. (65) as well as White et al. (66) was integrated 

within the model as represented in the following section.  

 

B. Roughness Modeling 

A simplified model is developed to predict the combined effect of drum rotation, 

capillary effects and the additional surface roughness on the driven flow rate from the 

water basin. This model allows the calculation of the film thickness variation over the 

rotating drum.  
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1. Modeling of the Rough Surface 

The rough surface is modeled as a surface with repetitive roughness elements. 

The roughness model considered under study is shown in Figure (19), which illustrates 

a flat plate on which rough elements are present. These elements are characterized by a 

cylindrical shape of uniform pattern (same height denoted by l), with an equal distance 

separating elements (denoted by d). 

 

Figure 19: Roughness pattern with illustration of the fluid–air interface (14) 

 

When considering rough surfaces, rough elements impose a driving flow 

potential through capillary effects in addition to capillary forces that are already present 

in case of a smooth surface to create a force balance at the air-fluid interface leading to 

the formation of a curved surface, affecting the water film flowing between the rough 

elements.  
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2. Pressure Gradient Due to Roughness 

The calculation of pressure gradient created by the presence of the rough 

elements denoted by (
𝜕𝑃

𝜕𝑥
)

𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠
, where P represents the pressure and x the 

coordinate of flow direction, was performed using the approach developed by Hay et al. 

(65).  

In order to calculate the pressure difference created by the capillary forces 

resulting from the presence of rough elements, Young–Laplace equation was applied. 

As shown in Figure (19), the application of Young- Laplace equation strongly depends 

on the radii of curvatures 𝑅ɭ and 𝑅d formed due to existence of the rough elements by 

capillarity effects. Therefore the moving fluid through the rough elements and their 

vertices will create these radii of curvatures which are calculated as shown in Equations 

(32): 

𝑅ɭ =
ɭ

cos γ−sin γ
                         (32.a) 

𝑅d =
𝑑

2cos 𝛾
            (32.b) 

The liquid’s pressure along the front decreases due to the curvature of the front 

edge of the scattering liquid. This creates a pressure difference between the liquid 

reservoir which is dragged due to the drum rotation, and the invasion front which 

initiates the invasion process. By modeling the surface roughness as cylindrical 

elements that are normal to the surface, the capillary pressure drop over a roughness 

pattern is given by Equation (33): 

∆𝑃 = 𝜎𝑠  (
1

𝑅ɭ
+

1

𝑅𝑑
)                            (33) 



 47 

where ∆𝑃 is the pressure difference across the liquid–air interface triggered by 

capillarity, and 𝜎𝑠 is the liquid-gas surface tension. Substituting Equations (32) into 

Equation (33), and assuming that the pressure in the bulk macroscopic fluid is equal to 

the gas- phase pressure, then the pressure drop and the average pressure gradient across 

the repetitive roughness pattern is given by Equations (34.a-b) respectively: 

∆𝑃 = 𝜎𝑠 (
(2d+ɭ) cos γ−ɭ sin γ

dɭ
)                        (34.a) 

(
𝜕𝑃

𝜕𝑥
)

𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠
= −

∆𝑃

𝑑
= −𝜎𝑠 (

(2d+ɭ) cos γ−ɭ sin γ

𝑑2ɭ
)                                                          (34.b) 

 

C. Driven Flow Rate Calculation 

1. Flow zones 

In order to calculate the driven flow rate by rough drum rotation, an approach 

that divides the liquid film formation into three regions is followed. In each region the 

dominant forces are considered. It is first assumed that at the location at which the 

rotating cylinder leaves the water in the basin, the drum is approximated to be a flat 

surface withdrawn at the contact angle () which is a reasonable assumption since the 

drum radius is not small as shown in Figure (20).  
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Figure 20: Film thickness variation over the rotating drum (7) 

 

The contact angle depends on the water level in the solar still and is given by: 

R

dR 
  sin)(sinsin                                                                                  (35) 

where R represents the drum radius, d the drum depth in water, β the angle between the 

water surface and tangent to the drum at the contact point which is equal to the angle 

between the radius and the vertical. 

It is also assumed that the water film formed is laminar and free from waves. 

Moreover, the problem is treated as one dimensional, since the velocities that are 

normal to the surface are neglected compared to parallel ones. Finally, the inertia forces 
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will be neglected too, since low speeds are used in the work. Thus, the liquid film is 

considered to be distributed in three zones as follows: 

Zone 1: In this area, far from the surface of the water basin, the film thickness is 

constant at 𝑡𝑓0, and only viscous and gravity forces are considered in addition to driving 

roughness effects. 

Zone 2: In this area, named as the dynamic meniscus area, the film thickness,𝑡𝑓, varies 

with distance x.  Here, surface tension as well as viscous, gravity forces and roughness 

effects are considered. 

Zone 3: In this area, near to the surface of the water in the basin, named as the static 

meniscus area, only surface tension and roughness effects are considered, whereas flow 

effects are neglected. Writing the Navier Stokes equations for the three zones and 

applying the curvature continuity principle, the withdrawn flow rate can be calculated.  

 

2. Momentum equations 

For zone 1, starting by Navier Stoke Equation: 

𝜇
𝜕2𝑢

𝜕𝑦2
− 𝜌𝑔𝑠𝑖𝑛γ− (

𝜕𝑃

𝜕𝑥
)

1
=

𝜕2𝑢

𝜕𝑦2
− 𝜌𝑔𝑠𝑖𝑛γ +

Δ𝑃

d
= 0                          (36) 

Where 𝜇 and 𝜌 are the fluid’s viscosity and density respectively, 𝑢 represents the 

velocity and y represents the direction perpendicular to motion of fluid. 

The boundary conditions needed to solve the previous equation are as follows: 

At 𝑦 = 0;  𝑢 = 𝑈 and at  𝑦 = 𝑡𝑓0;   
𝜕𝑢

𝜕𝑦
=0                                                                       (37) 



 50 

Where 𝑡𝑓0 represents the constant film thickness. 

Thus, integrating Equation (36) twice and applying to it the boundary conditions, the 

velocity profile is given by Equation (38.a): 

 𝑢 =
(𝜌𝑔𝑠𝑖𝑛γ−

Δ𝑃

d
)

2𝜇
𝑦2 −

(𝜌𝑔𝑠𝑖𝑛γ−
Δ𝑃

d
)𝑡𝑓0

𝜇
𝑦 + 𝑈               (38.a) 

The flow rate q driven by the rotating cylinder is defined as in Equation (38.b):  

𝑞 = ∫ 𝑢𝑑𝑦
𝑡𝑓0

0
= 𝑈𝑡𝑓0 (1 +

Δ𝑃

d
𝑡𝑓0

2

3𝜇𝑈
−

𝜌𝑔𝑠𝑖𝑛γ𝑡𝑓0
2

3𝜇𝑈
)                      (38.b) 

It should be noted that this equation cannot be solved, since it includes two 

unknown variables 𝑞 and 𝑡𝑓0. Thus, Navier- Stoke Equation should be applied to Zone 

2, where both capillary forces and roughness effect are considered. The equation 

becomes as follows: 

𝜕2𝑢

𝜕𝑦2 =
1

𝜇
(𝜌𝑔𝑠𝑖𝑛γ+ (

𝜕𝑃

𝜕𝑥
)

2
)                                                                   (39) 

Using the following boundary conditions: 

At 𝑦 = 0 ;  𝑢 = 𝑈 and at 𝑦 = 𝑡𝑓 ;   
𝜕𝑢

𝜕𝑦
= 0                                                                    (40) 

The velocity profile becomes as in Equation (41): 

 𝑢 = (
𝜌𝑔𝑠𝑖𝑛γ+(

𝜕𝑃

𝜕𝑥
)

2

2𝜇
) 𝑦2 − (

𝜌𝑔𝑠𝑖𝑛γ+(
𝜕𝑃

𝜕𝑥
)

2

𝜇
) ft 𝑦 + 𝑈                                                        (41) 

The flow rate can be calculated as in Equation (42): 
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𝑞 = ∫ 𝑢𝑑𝑦
𝑡𝑓

0
= 𝑈𝑡𝑓 [1 −

(𝜌𝑔𝑠𝑖𝑛γ+(
𝜕𝑃

𝜕𝑥
)

2
)𝑡𝑓

2

3𝜇𝑈
]                          (42) 

Using Equation (42), the velocity profile can be obtained as a function of the flow rate 

as in Equation (43): 

𝑢 =















ff
t

q
U

t
2

2

3
𝑦2 −
















ff
t

q
U

t
2

2

3
ft y + U                                                            (43)  

 

3. Film Thickness over the Drum and Flow Rate Calculation 

Pressure variation created over a roughness pattern is inversely proportional to 

the two principal radii of curvature. On the other hand, pressure drop created by 

capillary effects for the flow between rough elements is inversely proportional to the 

radius of curvature of the propagating film. Therefore, in presence of these two effects, 

the total film thickness can be modelled as the superposition of two functions as shown 

in Equation (44.a): 

𝑡𝑓(𝑥) = 𝑡𝑓1(𝑥) + 𝑡𝑓2(𝑥)                                                                                               (44.a) 

The resulting radius of curvature can be calculated using a mathematical 

formulation as shown below: 

2

f2f1

2

2/3
2

f2f1

2

f

2

2/3
2

f

dx

)tt(

dx

)tt(
1

dx

t

dx

t
1





















 

























d

d

d

d

                                                            (44.b) 
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It was shown that the variation of film thickness with x is so small compared to 

one, therefore: 

21

2

f2

2

2

f1

2

111

dx

t

dx

t

1


 




dd

                                                                             (44.c) 

Since the pressure drop is proportional to the inverse of the radius of curvature, 

then the total pressure drop is obtained from superposition of capillary effects, and the 

boundary condition for the free surface of Zone 2 is given in equation (44.d): 

𝑝2 + 𝜏𝑦𝑦 = 𝑝2 + 2𝜇
𝜕𝑢

𝜕𝑥
(𝑥, 𝑡𝑓) = −𝜎𝑠

𝑑2𝑡𝑓

𝑑𝑥2 − 
Δ𝑃

d
𝑥                     (44.d) 

Where 𝜏𝑦𝑦 represents the tangential stress at the free surface, and 𝜎𝑠 represents the 

surface tension.  

Deriving equation (43) with respect to x we obtain:       

𝜕𝑢

𝜕𝑥
(𝑥, 𝑡𝑓) =

−3𝑞

2𝑡𝑓
2

𝑑𝑡𝑓

𝑑𝑥
                                         (45) 

Deriving Equation (44.d) with respect to x we obtain: 

𝜎𝑠
𝑑3𝑡𝑓

𝑑𝑥3
= −

3𝜇

𝑡𝑓
3 (𝑈𝑡𝑓 − 𝑞 −

(𝜌𝑔𝑠𝑖𝑛γ−
Δ𝑃

d
)𝑡𝑓

3

3𝜇
) + 3𝜇𝑞

𝑑

𝑑𝑥
(

1

𝑡𝑓
2

𝑑𝑡𝑓

𝑑𝑥
)                       (46) 

With 𝑞 = 𝑈𝑡𝑓0 −
(𝜌𝑔𝑠𝑖𝑛γ−

Δ𝑃

d
)𝑡𝑓0

3

3𝜇
  from Equation (38.b) 

At this stage, a third order differential equation is obtained which needs an 

approach to be solved. Thus, new dimensionless variables can be introduced which are 

Λ, λ  and 𝑇0 such that: 
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 𝑡𝑓 = Λ𝑡𝑓0                                                                                                                          (47.a) 

𝑥 = 𝑡𝑓0λ (
𝜎𝑠

3𝜇𝑈
)

1

3
                                                                                                            (47.b) 

𝜌𝑔𝑠𝑖𝑛γ −
Δ𝑃

d
=

𝑇0
2𝜇𝑈

𝑡𝑓0
2   𝑖𝑓 𝜌𝑔𝑠𝑖𝑛γ >

Δ𝑃

d
                      (47.c) 

Since the right term of Equation (47.c) is always positive if  𝜌𝑔𝑠𝑖𝑛γ <
Δ𝑃

d
, the 

dimensionless variables, 𝑇0 is defined by Equation (47.d): 

−𝜌𝑔𝑠𝑖𝑛γ +
Δ𝑃

d
=

𝑇0
2𝜇𝑈

𝑡𝑓0
2   𝑖𝑓 𝜌𝑔𝑠𝑖𝑛γ <

Δ𝑃

d
                                    (47.d) 

Using the defined dimensionless numbers in Equations (47) we obtain: 

𝑑3Λ

𝑑λ3 = −
1

Λ2 +
1

Λ3 −
𝑇0

2

3
(

1

Λ3 − 1) + (−
𝑇0

2

3
+ 1) (

3𝜇𝑈

𝜎𝑠
)

2/3 𝑑

𝑑λ
(

1

Λ2

𝑑Λ

𝑑λ
)   𝑖𝑓 𝜌𝑔𝑠𝑖𝑛γ >

Δ𝑃

d
           

(48.a) 

𝑑3Λ

𝑑λ3 = −
1

Λ2 +
1

Λ3 +
𝑇0

2

3
(

1

Λ3 − 1) + (
𝑇0

2

3
+ 1) (

3𝜇𝑈

𝜎𝑠
)

2/3 𝑑

𝑑λ
(

1

Λ2

𝑑Λ

𝑑λ
)     𝑖𝑓 𝜌𝑔𝑠𝑖𝑛γ <

Δ𝑃

d
              

(48.b)                           

By introducing the change in variable given by Equations (48) in the differential 

Equations (49), differential Equations (50) are obtained 

𝑋 = (1 − 𝑇0
2)

1

3λ, thus 
𝑑3 Λ 

𝑑λ3
=

𝑑3 Λ 

𝑑𝑋3
(1 − 𝑇0

2) 𝑖𝑓𝜌𝑔𝑠𝑖𝑛γ >
Δ𝑃

d
                                  (49.a) 

𝑋 = (1 + 𝑇0
2)

1

3λ, thus 
𝑑3 Λ

𝑑λ3 =
𝑑3 Λ 

𝑑𝑋3
(1 + 𝑇0

2) 𝑖𝑓𝜌𝑔𝑠𝑖𝑛γ <
Δ𝑃

d
                                      (49.b) 

𝑑3𝛬

𝑑𝑋3
− (1 − 𝑇0

2)−
1

3 (−
𝑇0

2

3
+ 1) (

3𝜇𝑈

𝜎𝑠
)

2

3 𝑑

𝑑𝑋
(

1

𝛬2

𝑑𝛬

𝑑𝑋
) −

1−𝛬

𝛬3
= 0  𝑖𝑓 𝜌𝑔𝑠𝑖𝑛𝛾 >

𝛥𝑃

𝑑
             (50.a) 
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𝑑3𝛬

𝑑𝑋3
− (1 + 𝑇0

2)−
1

3 (
𝑇0

2

3
+ 1) (

3𝜇𝑈

𝜎𝑠
)

2

3 𝑑

𝑑𝑋
(

1

𝛬2

𝑑𝛬

𝑑𝑋
) −

1−𝛬

𝛬3
= 0  𝑖𝑓 𝜌𝑔𝑠𝑖𝑛𝛾 <

𝛥𝑃

𝑑
                (50.b) 

The continuity of curvature of the free surface from Zone 1 to 3 provides the 

boundary conditions for the solution of the differential equation: 

𝑥 = 0;   Λ → ∞; 
𝑑3Λ

𝑑λ3 → ∞     𝑎𝑛𝑑
𝑑2Λ

𝑑λ2 → 𝑓(𝑇0; 𝐶𝑎)                                                   (51.a) 

where 𝐶𝑎 =
3𝜇𝑈

𝜎𝑠
  is the capillary dimensionless number  

𝑓𝑜𝑟 𝑥 = ∞;   Λ = 1; 
𝑑Λ

𝑑λ
= 0            (51.b) 

At the limit of the static meniscus zone, capillary statics gives: 

𝑑2 𝑡𝑓

𝑑x2 /(1 + (
𝑑𝑡𝑓

𝑑𝑥
)

2

)
1.5

=
𝑔𝑥

𝜎𝑠
                                                                    (52) 

Integrating this equation using the boundary condition x → ∞;  
dtf

dx
→ ∞ and 

using Landau and Levich (4) approach we obtain: 

Λ → 1; 
𝑑2Λ

𝑑X2
=

21/2

32/3
𝑇0(1 − 𝑇0

2)
2

3𝐶𝑎1/6    𝑖𝑓𝜌𝑔𝑠𝑖𝑛γ >
Δ𝑃

d
                                     (53.a) 

Λ → 1; 
𝑑2Λ

𝑑X2 =
21/2

32/3 𝑇0(1 + 𝑇0
2)

2

3𝐶𝑎1/6    𝑖𝑓𝜌𝑔𝑠𝑖𝑛γ >
Δ𝑃

d
                      (53.b) 

Applying continuity of the second derivative resulting from the continuity of 

curvature of the free surface from Zone 1 to 3 gives: 

𝑇0 =
32/3

21/2 𝑓(𝑇0; 𝐶𝑎)(1 − 𝑇0
2)

2

3𝐶𝑎
1

6
         𝑖𝑓𝜌𝑔𝑠𝑖𝑛γ >

Δ𝑃

d
                     (54.a) 
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𝑇0 =
32/3

21/2
𝑓(𝑇0; 𝐶𝑎)(1 + 𝑇0

2)
2

3𝐶𝑎
1

6
     𝑖𝑓𝜌𝑔𝑠𝑖𝑛γ <

Δ𝑃

d
                     (54.b) 

Tharmalingam and Wilkinson (3) included the inertia effects by replacing 

function ℎ1 by function ℎ2 which is function of the fluid property number 𝐹𝑝 =

µ (
𝑔

𝜌𝜎𝑠
3)

1

4
 in addition to the dimensionless groups 𝑇0 and 𝐶𝑎: 

𝑇0 =
3

2
3

2
1
2

ℎ2(𝑇0; 𝐶𝑎; 𝐹𝑝)(1 − 𝑇0
2)

2

3𝐶𝑎
1

6
  (

𝑠𝑖𝑛γ

1−cos γ
)

1

2
        𝑖𝑓𝜌𝑔𝑠𝑖𝑛γ >

Δ𝑃

d
                           (55.a) 

𝑇0 =
3

2
3

2
1
2

ℎ2(𝑇0; 𝐶𝑎; 𝐹𝑝)(1 + 𝑇0
2)

2

3𝐶𝑎
1

6
 (

𝑠𝑖𝑛γ

1−cos γ
)

1

2
         𝑖𝑓𝜌𝑔𝑠𝑖𝑛γ <

Δ𝑃

d
                          (55.b) 

𝑇0  allows the calculation of 𝑡𝑓0 and therefore the calculation of the flow rate 

(q). From flow continuity, the obtained flow rate is constant over the rotating drum. 

Since the radius of the drum is not small, the flat plate theory can be extended to 

calculate the film thickness with variable angle (α) as shown in Figure (20) using the 

following relation (7): 

𝑞 = 𝑈𝑡𝑓0 −
(𝜌𝑔𝑠𝑖𝑛γ−

Δ𝑃

d
)𝑡𝑓0

3

3𝜇
= 𝑈𝑡𝑓 −

(𝜌𝑔𝑠𝑖𝑛γ−
Δ𝑃

d
)𝑡𝑓

3

3𝜇
                                                          (56)                                  

From this formula, it is clear that pressure gradient due to surface roughness 

increases the driven flow rate. But this increase is not significant since it is multiplied 

by the cube of the film thickness which is in the order of nanometers. 
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D. Design Parameters  

First of all, the properties of humid air are calculated using the improved 

relations by Tsilingris et al (67) according to the following equations: 

The density of the saturated mixture for the temperature range between 0 and 

100 ºC was fitted by the following third degree polynomial as in Equation (57): 

𝜌𝑚 = 𝑆𝐷0 + 𝑆𝐷1. 𝑡 + 𝑆𝐷2. 𝑡2 + 𝑆𝐷3. 𝑡3             (57) 

Where t is the temperature range 0<t<100°C and 𝑆𝐷0, 𝑆𝐷1, 𝑆𝐷2 and 𝑆𝐷3 are numerical 

constants and can be found in Table 1. 

The saturated mixture viscosity (𝜇𝑚) for the temperature range between 0 and 

100 ºC was fitted by the following fourth degree polynomial as in Equation (58): 

𝜇𝑚 = 𝑆𝑉0 + 𝑆𝑉1. 𝑡 + 𝑆𝑉2. 𝑡2 + 𝑆𝑉3. 𝑡3 + 𝑆𝑉4. 𝑡4            (58) 

Where 𝑆𝑉0, 𝑆𝑉1, 𝑆𝑉2, 𝑆𝑉3and 𝑆𝑉4 are numerical constants and can be found in Table 1. 

The thermal conductivity (𝐶𝑝𝑚) of the saturated mixture for the temperature 

range of interest was fitted by the following fourth degree polynomial as in Equation 

(59): 

𝐶𝑝𝑚 = 𝑆𝐶0 + 𝑆𝐶1. 𝑡 + 𝑆𝐶2. 𝑡2 + 𝑆𝐶3. 𝑡3 + 𝑆𝐶4. 𝑡4 + 𝑆𝐶5. 𝑡5           (59) 

Where 𝑆𝐶0, 𝑆𝐶1, 𝑆𝐶2, 𝑆𝐶3, 𝑆𝐶4 and 𝑆𝐶5  are numerical constants and can be found in 

Table 1. 

The thermal diffusivity (𝛼𝑚) of the saturated mixture for the temperature range 

of interest was fitted by the following fourth degree polynomial as in Equation (60): 

𝛼𝑚 = 𝑆𝐴0 + 𝑆𝐴1. 𝑡 + 𝑆𝐴2. 𝑡2 + 𝑆𝐴3. 𝑡3 + 𝑆𝐴4. 𝑡4            (60) 
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Where 𝑆𝐴0, 𝑆𝐴1, 𝑆𝐴2, 𝑆𝐴3and 𝑆𝐴4 are numerical constants and can be found in Table 

1. 

Finally, the Prandtl number (𝑃𝑟𝑚) for the saturated mixture for the same 

temperature range was fitted by the following fourth degree polynomial as in equation 

(61): 

𝑃𝑟𝑚 = 𝑆𝑃0 + 𝑆𝑃1. 𝑡 + 𝑆𝑃2. 𝑡2 + 𝑆𝑃3. 𝑡3 + 𝑆𝑃4. 𝑡4            (61) 

Where 𝑆𝑃0, 𝑆𝑃1, 𝑆𝑃2, 𝑆𝑃3and 𝑆𝑃4 are numerical constants and can be found in Table 1. 

 

Table 1: Numerical constants 

Density 

(kg/m3) 

COD = 

0.999954 

Viscosity 

(Ns/m2) 

COD = 

0.999997 

Thermal 

conductivity 

(W/m K) 

COD = 0.999985 

Specific heat 

capacity 

(kJ/kg K) 

COD = 0.999905 

Thermal 

diffusivity 

(m2/s) 

COD = 0.999 

Prandtl 

number 

COD = 

0.9999 

SD0 = 1.293 SV0 = 1.715E-5 SK0 = 2.400E-2 SC0 = 1.004571427 SA0 = 1.847E-5 SP0 = 0.721 

SD1 =-5.538E-3 SV1 = 4.722E-8 SK1 = 7.278E-5 SC1 = 2.050E-3 SA1 = 1.161E-7 

SP1 = -

3.703E-4 

SD2 = 3.860E-5 

SV2 =-3.663E-

10 

SK2 =-1.788E-2 SC2 = -1.631E-4 SA2 = 2.373E-10 

SP2 = 2.240E-

5 

SD3 = -5.253E-7 SV3 = 1.873E-12 SK3 =-1.351E-9 SC3 = 6.212E-6 SA3 = -5.769E-12 

SP3 = -

4.162E-7 

 
SV4 =-8.050E-

14 

SK4 =-3.322E-11 SC4 = -8.830E-8 SA4 = -6.369E-14 
SP4 = 4.969E-

9 

   SC5 = 5.071E-10   

 

Other design parameters are used in the system equations, such as the 

transmissivity and emissivity of glass and water, the conductivity, specific heat, 

thickness and density of the aluminum (or copper) foil used, the Stefan- Boltzmann 

constant, the specific heat of glass, and the dimensions of the basin, drum and the cover 
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used in the set up. In addition, the initial conditions include the water, cover, and drum 

initial temperatures. Having the system’s geometry, operating and weather conditions 

(solar radiation, wind speed, and air temperature) and initial temperatures initially 

known (at time=0, Td0, Tc0, Tb0), the heat balance equations will then be used in order to 

calculate the temperatures at the next time step using the explicit method. 

Regarding the boundary conditions of the system, the brine water’s temperature 

is assumed to be the same as the first drum element leaving the water.  

All presented equations were implemented into a numerical code using the 

Matlab software which was used to solve for the different variables of interest: hourly 

temperatures of the different elements of the solar still and water yield production. The 

inputs to the code are the system’s geometry, operating and weather conditions (solar 

radiation, wind speed, and air temperature) and initial temperatures of the solar still 

elements. The heat balance equations will then be used in order to calculate the 

temperatures at the next time step using the explicit method with a time step of 1 s. The 

brine water’s temperature is assumed to be the same as the first drum element leaving 

the water. The following flowchart represents the solution methodology: 
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Figure 21: Flowchart of solution methodology 
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CHAPTER III 

EXPERIMENTAL PROCEDURE 

A. Experimental Set Up 

An experimental set-up was constructed to validate the simplified mathematical 

model. Three set ups were manufactured: the first one is considered a control, without a 

drum, while the other two set ups are made of a smooth drum and a rough drum 

respectively. The water basin is made of plywood of 18 mm thickness and an area of 1 

m2 (0.67 m ×1.5 m) coated with black fiberglass material, while the cover is made of 

plexi- glass as shown in Figures (22), which represent the de-assembled parts of the set 

up.  

 

(a) 
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(b) 

 

(c) 
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Figure 22: De- assembled parts of the set up (a): Smooth drum with basin, (b) Basin, (c) 

Rough drums, (d): Triangular glass cover 

 

The drum in Figure (22. c) is constructed from a folded rough aluminum sheet of 

1 mm thickness, 0.6 m diameter and 1.4 m length. The drums (one smooth and two 

rough) are mounted on a low- carbon (20 mm diameter and 1.7 m length) steel shaft and 

fixed on 20 mm ball bearings to hold in place as shown in Figure (23).  
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Figure 23: Opening for shaft placement 

 

Inclined plexi channels, as shown in Figures (24), were constructed in order to 

collect the water distillate through a round outlet.  Outlets with ball-type valves were 

connected to these channels for distillate collection and other outlets were also installed 

at the bottom of the basin for brine discharge as shown in Figures (24). 
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(a) 

 

(b) 

Figure 24: (a) Inclined plexy channels with (b) Ball type valves 

 

The shaft was operated by a 12 V DC motor, as shown in Figure (25), of 80% 

efficiency, and rated power of 2 Watts. A current of 0.1 Amp was used, while a voltage 

of 6 V was maintained to reduce its speed.  

 

Figure 25: Motor used for shaft operation 
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Power was maintained directly from a power supply, as shown in Figure (26), 

connected to a grid, but the solar panels option is also possible, which will save energy. 

 

Figure 26: Power supply used to maintain power needs 

 

The final assembled set up including the cover, the basin and the rough rotating 

drum with all the additional parts is shown in Figure (27).  

 

Figure 27: Final assembled set up 
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B. Methods for the Creation of Uniformly Rough Surfaces 

It is of high importance to investigate the methods used in order to create 

uniformly rough surfaces. Soft molding is considered a promising method used for 

meso- scale- area manufacture, which consists of putting an elastomeric mold on the 

external of a spin-coated polymer film under the effect of a light pressure, enabling the 

mold to captivate the solvent. Then, the pressure is removed, and both the mold and the 

substrate are left to rest for a while. The obtained structure is powerful and protected 

with no bending or imperfections (68). Another method is laser texturing. This method 

is also characterized by its high precision like soft molding method. Many studies 

adopted this method in their work, such as Yunfeng et al. (69), where an Nd: YAG laser 

was used to create surface roughness on rolled surfaces, for reducing friction and 

improving precision on steel surfaces. Etching is also a method used for roughness 

creation, especially for micro-chips and boards. However, these methods are mostly 

effective on small scale applications and even micro- scale ones, unlike the application 

targeted in this study. Sandblasting, on the other hand, is another method used to 

roughen surfaces especially on large scales with minimal cost. It is defined as the 

activity of persuasively impelling a stream of abrasive material over a surface under 

high pressure for many purposes including smoothing, roughening or shaping a surface, 

to expel surface impurities. The sandblasting machine includes a mixing chamber where 

air and sand are mixed, then the resultant goes into a hand held nozzle, where particles 

are exhausted to the desired surface as shown in Figure (28). The operator should be 

well trained, and safety measurements should be taken, in order to obtain a well finished 

uniform surface (70).  
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Figure 28: Sandblasting process equipment 

 

Many studies have adopted this method to create rough surfaces. For example, in 

the work of Flanagan et al. (71), sandblasting method was utilized to create different 

surface roughness grades in automotive applications. Another study (72) adopted the 

sandblasting technique is order to create rough surfaces and relate it to wettability. 

Sandblasting is also widely used in dentistry, where in the study of Tonello et al. (73), 

sandblasting was performed to enhance the bonding strength of veneering ceramic.  

 

C. Roughening Process 

Regarding the roughening process, the smooth aluminum sheets purchased were 

sandblasted manually using jet of 7 bars pressure and air flow rate of 10.3 m3/min as 

shown in Figure (29) . This high flow rate allows the swirling effect to take place inside 

the nozzle of the jet and discharge the sand particles at high velocity, therefore safety 
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precautions should be taken by the worker such as wearing a special safety coat as 

shown in Figure (29). Sand is fed from a vertical sand reservoir connected to a duct, 

where a venturi nozzle is available at the end of it. 

 

Figure 29: Manual sand blasting process 

 

The sand particle size used to create different grades of roughness is shown in Figure 

(30).  

 

Figure 30: Particle sand size 
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The particles used were examined and SEM images were taken using MIRA 3 

TESKAN system available at the American University of Beirut, which provides 

images of high resolution and low noise as shown in Figures (31) and (32).  

 

Figure 31: MIRA 3 TESKAN system 

 

Figure 32: SEM images of the sand particles 

 

The roughness created was further measured in order to calculate the ration of 

the enhanced area of the rough surface compared to the smooth one. This was done 

using DektakXT stylus profiler with a stylus size of 2 μm B- type, which also allows for 

the measurement of the surface area as shown in Figure (33) and (34), where Figure 

(35) represents the settings used in the measuring process. 
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Figure 33: DektakXT stylus profiler 

 
Figure 34: B- Type stylus of 2 μm size 
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Figure 35: Settings of roughness measurement 

 

D. Measurement Apparatus and Data Acquisition 

Data is recorded daily starting from the early morning of March. Once the DC 

motors are operated, the shafts will start rotating as well, inducing the rotational motion 

of the drums too. As the drums rotate, a water film will be created on their surface, 

which will evaporate as sunlight hits the set ups. This will also stimulate the evaporation 

process from the water basin. Feed water is supplied to the still basin through an inlet up 

to the desired level based on the brine depth required for the particular experiment. A 

graduated cylinder is mounted at the bottom level of all constructed stills to allow the 
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measurement of the water level in the basins and the collection of the distillate. 

Temperatures inside and outside the still cover, inside the still cavity and within the 

water of the basin were recorded using K- type thermocouples (accuracy ±0.5 °C) 

connected to an OM- DaqPro Data Logger . In addition, the initial drums temperature 

and its variation with time were measured using infrared thermometer (accuracy 

±0.1 °C). Also, ambient weather conditions such as solar radiation, humidity and 

ambient temperature, wind direction and wind speed were recorded every minute using 

pyranometer of accuracy ±4 W/m2, OM-EL-USB-2 sensors with an accuracy of ±0.5°C 

in temperature and ±3 % in relative humidity, and anemometer of accuracy ±0.5 m/s 

respectively. Distillates were collected in Pyrex Erlenmeyer flasks. Figures (36 (a), (b)) 

represent the set ups under operation at different times, while Figure (37) represents 

obvious and large water drops formed on the walls of the glass cover. Figures (38) 

represent the different sensors used in the experiment.  
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(a) 

 

(b) 

Figure 36: Set ups under operation 

 

 

Figure 37: Water droplets formed of the walls of the cover 



 74 

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

 

(e) 

 

(f) 

Figure 38:  Sensors used in the experiment; (a) Anemometer, (b) Pyranometer, (c): 

Infrared thermometer, (d) OM-EL-USB-2, (e) K-Type thermocouple, (f) OM- DaqPro 

data logger 
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CHAPTER IV 

VALIDATION OF THE SIMPLIFIED MODEL 

First, the ability of the simplified model in predicting the solar still productivity 

and water temperature variation with time for the case of a drum with smooth surface 

was validated using the results of Malaeb et al. (5). Then, in order to validate the 

accuracy of the model in computing the effect of surface roughness experimental results 

were used.  

A. Validation with Literature 

Malaeb et al. (5) model results and the developed model results were compared 

for validation for a solar still characterized by: period: typical day of June, solar still 

base area = 1 m2, drum radius = 30 cm, drum length = 140 cm corresponding to a 

drum’s radius to length ratios = 0.214, contact angle = 170o, drum rotational speed = 

0.25 rpm. Table 2 represents the hourly variation of the weather conditions including: 

the wind velocity (m/s), the dry and wet bulb temperatures (ᵒC), the horizontal and 

vertical surface radiation (Wh/m2) and the humidity ratio for the month of June.  

Table 2: Hourly variation of weather conditions 

Hou

r 

Wind 

Velocity 

(m/s) 

Dry Bulb 

Temperat

ure (ᵒC) 

Wet Bulb 

Temperat

ure 

(ᵒC) 

Horizontal 

Surface 

Radiation 

(Wh/m2) 

Vertical Surface 

Radiation  

(Wh/m2) 

Humidity 

Ratio 

1 1 26.7 19 0 0 0.0105 

2 1.5 26.1 18.5 0 0 0.0101 

3 2.1 26.7 18.6 0 0 0.0100 

4 3.1 26.7 18.6 0 0 0.0100 

5 3.6 26.7 19 0 0 0.0105 

6 4.6 26.1 19.9 2.6 13.7 0.0120 

7 5.7 26.7 21 91.6 269.9 0.0132 

8 5.7 26.7 20.9 240 444.5 0.0131 
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9 5.1 27.2 20.8 382.6 525 0.0127 

10 5.1 27.2 20.7 667.5 566.9 0.0126 

11 5.7 27.8 20.7 794.4 590 0.0123 

12 5.7 28.3 20.8 877 602.2 0.0123 

13 6.2 28.3 20.6 909.6 606.5 0.0120 

14 6.2 28.3 20.8 890.2 603.9 0.0123 

15 5.1 29.4 20.9 820 594 0.0119 

16 6.2 30 20.8 703.7 574.1 0.0116 

17 5.7 29.4 20.8 416.3 538.2 0.0118 

18 4.1 28.9 20.8 277.7 470.8 0.0120 

19 4.1 28.3 20.6 129.2 330.5 0.0120 

20 5.7 27.8 20.7 10.5 49.1 0.0123 

21 5.7 28.9 20.5 0 0 0.0116 

22 5.7 27.8 20.3 0 0 0.0118 

23 5.7 27.8 20.5 0 0 0.0121 

24 5.7 27.8 20.6 0 0 0.0122 

 

Figures (39.a) and (39.b) represent comparison of water temperature variation 

and solar still productivity with time respectively (Hour 0 corresponds to 12 noon). 

Good agreement was obtained between the compared results with a maximum relative 

error in the order of 10% validating the ability of the model in capturing the physics 

behind the operation of a solar still characterized by a drum with smooth surface, where 

the error was calculated using Equation (62) and a sample of the error calculation for a 

system with a rough drum is shown in Table 3. 

error(%) = ((|experimental value − model value|) model value⁄ ) × 100        (62) 

Table 3: Sample calculation of error for a system with rough drum 

Hou

r 

Td 

Mode

l (ᵒC) 

Td 

Experi

ment 

(ᵒC) 

Err

or 

Tg 

Mode

l (ᵒC) 

Tg 

Experi

ment 

(ᵒC) 

Erro

r 

Tw 

Model 

(ᵒC) 

Tw 

Experim

ent (ᵒC) 

Erro

r 

1 13.84 14.76 6.61 19.03 17.21 9.60 11.37 12.39 
9.01

7 

2 15.41 16.56 7.46 20.77 18.82 9.36 11.79 12.88 9.23 

3 17.01 18.71 9.96 21.55 19.48 9.61 12.11 13.25 9.39 

4 21.42 19.31 9.85 23.16 21.22 8.37 14.21 15.56 9.44 
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5 25.42 24.02 5.51 25.51 22.98 9.93 16.53 17.31 4.70 

6 26.94 25.14 6.67 26.55 24.37 8.20 18.72 19.9 6.27 

7 28.73 26.40 8.09 28.65 26.06 9.05 20.72 21.87 5.53 

8 29.68 27.87 6.09 30.87 27.98 9.36 22.37 22.98 2.69 

9 30.99 28.01 9.60 31.45 28.36 9.84 23.58 24.03 1.89 

10 31.30 28.54 8.82 31.71 28.54 9.96 24.32 24.79 1.94 

11 31.78 28.75 9.53 32.03 28.88 9.81 24.48 25.05 2.32 

12 31.97 29.9 6.49 32.26 29.87 7.42 24.73 27.09 9.53 

13 29.03 28.36 2.31 31.88 29.38 7.84 23.80 25.9 8.78 

14 25.80 26.40 2.32 31.51 28.39 9.88 21.98 23.71 7.84 

15 23.21 24.27 4.54 31.06 27.98 9.92 19.66 21.35 8.56 

16 21.00 19.06 9.23 27.18 24.65 
9.31

4 
17.67 19.06 7.87 

17 19.06 18.78 1.45 24.07 22.15 7.98 15.92 17.14 7.59 

18 17.33 18.50 6.72 21.83 19.69 9.77 14.63 15.87 8.41 

19 15.98 16.98 6.23 20.12 18.55 7.80 13.73 14.9 8.49 

20 14.99 15.87 5.81 18.97 17.80 6.15 12.89 13.76 6.72 

21 14.10 14.55 3.18 17.99 17.03 5.32 12.24 13.16 7.51 

22 13.37 14.09 5.43 17.16 16.65 3.00 11.25 12.23 8.71 

23 12.12 12.98 7.09 17.43 16.40 5.92 11.16 11.99 7.37 

24 12.39 13.55 9.36 17.65 16.68 5.49 11.27 12.06 
7.05

4 
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(b) 

Figure 39: Comparison of the model results with experimental results of Malaeb et al. 

(5): a) water temperature variation with time; b) solar still productivity with time 

 

B. Validation with Experiments 

The experimental set up was operated in order to validate the developed model. 

Three set ups were used, a set up without a drum, a setup with a smooth surface drum, 

and a third set up including a rough drum, where the area enhancement was found to be 

2.2, compared with the smooth surface of an aluminum sheet of the same properties, 

based on the measurements of the DektakXT stylus profiler. The solar still set up is 

characterized by: period: typical day of March, solar still base area = 1 m2, drum radius 

= 30 cm, drum length = 140 cm corresponding to a drum’s radius to length ratios = 

0.214, contact angle = 170o, drum rotational speed = 0.25 rpm The temperatures of the 

glass cover, drum and water were continuously varying with the variation of the solar 

intensity and ambient temperature along the day. The systems were operated 
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continuously for 24 hours and data were recorded accordingly. Figures (40. a, b, c, d) 

represent comparison of glass, drum and water temperatures variation in addition to the 

variation of the solar still productivity with time respectively for the set up with a 

smooth drum.  Good agreement was obtained between the compared results with a 

maximum relative error in the order of 10%. On the other hand, Figures (41.a, b, c and 

d) represent comparison of glass, drum and water temperatures variation in addition to 

the variation of the solar still productivity with time respectively for the set up with a 

rough drum. Good agreement was obtained between the compared results with a 

maximum relative error in the order of 10%. 
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(b) 
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 (d) 

Figure 40: Comparison of model and experimental results of: (a): glass, (b): drum, (c): 

water temperatures and (d) hourly productivity with time for a set up with a drum with 

smooth surface 
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(b) 
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(d) 

Figure 41: Comparison of model and experimental results of: (a): glass, (b): drum, (c): 

water temperatures and (d) hourly productivity with time for a set up with a drum with 

rough surface  

 

Regarding the roughness effect, a comparison was done between the total water 

produced from the three set ups. The results are shown in Figures (42.a and b) for both 

model and experimental results respectively. 
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(a) 

 

 

 (b) 

Figure 42: Comparison between no drum, smooth and rough systems productivity: (a): 

Model and (b): Experimental values 

 

Based on the previous results, it is obvious that roughness largely increases the 

system’s productivity. In fact, an increase of 78% was noticed between the system with 

a smooth drum and the system with a rough one. The system with the smooth drum 

under the mentioned operating conditions recorded a maximum value of 1.343 l/day/m2 

experimentally, while the system with a rough drum achieved a total water yield value 

of 2.39 l/day/m2. This is directly related to that in the case of a rough surface, an 

increase of 2.2 in the area was created, in addition to that a higher temperature 

difference was obtained between the drum and the glass cover elements, which 

increased the heat transfer rate between the different components of the solar still. 

Therefore, the developed simplified model along with the experiment had the ability to 

show the effect of roughness in enhancing the system’s performance and increasing the 
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system’s productivity by 78%. Talking about the enhancement with respect to 

comparing the still without drum and the two other stills, an enhancement of 198 % was 

observed between the set up with no drum and the set up that includes a smooth drum, 

while an enhancement of 431.1 % was observed when comparing the set up without 

drum and the system including the rough drum. 

 

C. Uncertainty Analysis 

Experimental uncertainties occur mainly because of the reading procedure and 

weather conditions. In order to quantify the uncertainty of the experimental work, the 

method of Agrawal et al. (74) was followed in calculating the uncertainties in the 

experimental work that mainly divides the uncertainties into internal and external. 

Regarding the internal uncertainty, the uncertainty of various parameters was estimated 

for the experimental readings. The percentage of uncertainty was calculated as follows:

 % int 100iUncerta y U B                                                                  (64) 

where 

 2 2 2 2

1 2 ...i sU S                                            (65) 

 
2

0X X S                              (66) 

iU  is the internal uncertainty, B is the average of the total number of readings,  is the 

standard deviation of one set of the readings, S is the total number of readings,  X X  

is the deviation from the readings from the mean, 0S  is the number of readings in one 

set. 
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 The results of 5 runs of the experiments are shown in Table (4.a, b) including the 

different temperatures (drum, cover, water and ambient) and solar intensity for the set 

up including a rough drum as examples. 

Table 4: Sample calculation of internal uncertainty 

(a) 

 Td Experiment (°C) Tg Experiment (°C) Tw Experiment (°C) 

Hour 
Run 

1 

Run 

2 

Run 

3 

Run 

4 

Run 

5 

Run 

1 

Run 

2 

Run 

3 

Run 

4 

Run 

5 

Run 

1 

Run 

2 

Run 

3 

Run 

4 

Run 

5 

1 
14.7

6 

14.8

6 

14.9

6 

14.9

6 

14.9

6 

17.2

1 

17.3

1 

17.1

0 

17.4

2 

17.1

5 

12.3

9 

12.5

4 
12.1 12.3 12.1 

2 
16.5

6 

16.7

1 

16.8

5 

16.7

6 

16.7

6 

18.8

2 

18.9

2 

18.7

1 

19.0

3 

18.7

6 

12.8

8 

13.0

2 

12.5

8 

12.7

8 

12.6

7 

3 
18.7

1 
18.9

6 
19.2

1 
18.9

1 
18.9

1 
19.4

8 
19.5

8 
19.3

7 
19.6

9 
19.4

2 
13.2

5 
13.3

9 
12.9

5 
13.1

5 
13.0 

4 
19.3

1 

19.2

1 

19.1

1 

19.5

1 

19.5

1 

21.2

2 

21.3

2 

21.1

1 

21.4

3 

21.1

6 

15.5

6 

15.7

0 

15.2

6 

15.4

6 

15.3

5 

5 
24.0

2 
23.9

2 
23.8

1 
24.2

2 
24.2

2 
22.9

8 
23.0

8 
22.8

7 
23.1

9 
22.9

2 
17.3

1 
17.4

6 
17.0

1 
17.2

1 
17.1

0 

6 
25.1

4 

25.4

3 

25.3

9 

25.3

4 

25.3

4 

24.3

7 

24.4

7 

24.2

6 

24.5

8 

24.3

1 
19.9 

20.0

4 

19.6

0 

19.8

0 

19.6

9 

7 
26.4

0 
24.6

5 
26.6

5 
26.6

0 
26.6

0 
26.0

6 
26.1

6 
25.9

5 
26.2

7 
26.0

0 
21.8

7 
22.0

1 
21.5

7 
21.7

7 
21.6 

8 
27.8

7 

27.6

4 

28.1

2 

28.0

7 

28.0

7 

27.9

8 

28.0

8 

27.8

7 

28.1

9 

27.9

2 

22.9

8 

23.1

2 

22.6

8 

22.8

8 

22.7

7 

9 
28.0

1 
28.1

1 
28.2

6 
28.2

1 
28.2

1 
28.3

6 
28.4

6 
28.2

5 
28.5

7 
28.3

0 
24.0

3 
24.1

7 
23.7

3 
23.9

3 
23.8

2 

10 
28.5

4 

28.4

4 

28.7

9 

28.7

4 

28.7

4 

28.5

4 

28.6

4 

28.4

4 

28.7

5 

28.4

9 

24.7

9 

24.9

4 

24.4

9 

24.6

9 

24.5

8 

11 
28.7

5 
28.5

6 
29 

28.9
5 

28.9
5 

28.8
8 

28.9
8 

28.7
7 

29.0
9 

28.8
2 

25.0
5 

25.1
9 

24.7
5 

24.9
5 

24.8
4 

12 29.9 
30.1

5 

30.1

5 

30.0

5 

30.1

0 

29.8

7 

29.9

7 

29.7

6 

30.0

8 

29.8

1 

27.0

9 

27.2

4 
26.8 27 

26.8

8 

13 
28.3

6 
28.4

6 
28.6

1 
28.5

6 
28.5

6 
29.3

8 
29.4

8 
29.2

7 
29.5

9 
29.3

2 
25.9 

26.0
4 

25.6
0 

25.8
0 

25.6
9 

14 
26.4

0 

26.5

0 

26.6

5 

26.6

0 

26.5

4 

28.3

9 

28.4

9 

28.2

8 

28.6

0 

28.3

3 

23.7

1 

23.8

5 

23.4

1 

23.6

1 

23.5

0 

15 
24.2

7 
24.4

5 
24.5

2 
24.0

3 
24.4

7 
27.9

8 
28.0

8 
27.8

7 
28.1

9 
27.9

2 
21.3

5 
21.4

9 
21.0

5 
21.2

5 
21.1

4 

16 
19.0

6 

18.9

8 

19.3

1 

19.2

6 

19.1

5 

24.6

5 

24.7

5 

24.5

4 

24.8

6 

24.5

9 

19.0

6 

19.2

1 

18.7

6 

18.9

6 

18.8

5 

17 
18.7

8 
18.8

8 
19.0

3 
18.9 

18.9
8 

21.5
7 

21.6
7 

21.4
6 

21.7
8 

21.5
1 

17.1
4 

17.2
8 

16.8
4 

17.0
4 

16.9
3 

18 
18.5

0 

18.3

5 

18.6

7 

18.7

0 

18.7

0 

19.6

9 

19.7

9 

19.5

9 

19.9

0 

19.6

4 

15.8

7 

16.0

1 

15.5

7 

15.7

7 

15.6

6 

19 
16.9

8 
16.6

8 
17.0

5 
17.1

8 
17.1

8 
18.0

9 
18.1

9 
17.9

9 
18.3

0 
18.0

4 
14.9 

15.0
4 

14.6
0 

14.8
0 

14.6
9 

20 
15.8

7 

15.9

7 

16.0

1 

16.0

7 

16.0

7 

17.8

0 

17.9

0 

17.6

9 

18.0

1 

17.7

4 

13.7

6 

13.9

0 

13.4

6 

13.6

6 

13.5

5 

21 
14.5

5 

14.6

5 

14.4

5 

14.7

5 

14.7

5 

17.0

3 

17.1

3 

16.9

2 

17.2

4 

16.9

7 

13.1

6 

13.3

0 

12.8

6 

13.0

6 

12.9

5 

22 
14.0

9 

14.1

9 

14.1

5 

14.2

9 

14.3

0 

16.6

5 

16.7

5 

16.5

4 

16.8

6 

16.5

9 

12.2

3 

12.3

7 

11.9

3 

12.1

3 

12.0

2 

23 
12.9

8 

13.0

8 

13.2

3 

13.1

8 

13.1

8 

16.4

0 

16.5

0 

16.2

9 

16.6

1 

16.3

4 

11.9

9 

12.1

3 

11.6

9 

11.8

9 

11.7

8 

24 
13.5

5 

13.6

5 
13.8 

13.7

5 

13.7

5 

16.6

8 

16.7

8 

16.5

7 

16.8

9 

16.6

2 

12.0

6 

12.2

1 

11.7

6 

11.9

6 

11.8

5 

Average 
21.3

1 

21.2

7 

21.4

9 

21.4

8 

21.5

0 

22.8

4 

22.9

4 

22.7

3 

23.0

5 

22.7

8 

18.2

6 

18.4

0 

17.9

6 

18.1

6 

18.0

5 

Standard 

Deviation 

5.79

6 

5.72

8 

5.83

3 

5.78

5 

5.79

6 

4.95

1 

4.95

1 

4.95

1 

4.95

1 

4.95

1 

5.15

7 

5.15

7 

5.15

7 

5.15

7 

5.15

7 

% Internal 

Uncertainty 

4.24

4 

4.24

8 

4.22

6 

4.22

7 

4.22

5 

4.10

0 

4.09

1 

4.11

0 

4.08

1 

4.10

5 

4.58

5 

4.56

7 

4.62

3 

4.59

7 

4.61

2 
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(b) 

Hour Tambient (°C) Solar Intensity (W/m²) 

1 Run 1 Run 2 Run 3 Run 4 Run 5 Run 1 Run 2 Run 3 Run 4 Run 5 

2 17.2 17.59 17.06 17.34 17.26 0 0 0 0 0 

3 17.8 18.19 17.56 17.65 17.86 0 0 0 0 0 

4 17.2 17.59 16.96 17.05 17.26 0 0 0 0 0 

5 16.7 17.09 16.46 16.55 16.76 0 0 0 0 0 

6 15.6 15.99 15.36 15.45 15.66 0 0 0 0 0 

7 15 15.39 14.76 14.85 15.06 0 0 0 0 0 

8 13.9 14.29 13.66 13.75 13.96 34.1 33.247 32.73 34.12 34.096 

9 15.6 15.99 15.36 15.45 15.66 248 243.04 238.08 248.02 247.99 

10 15 15.39 14.76 14.85 15.06 332.4 324.09 319.10 332.42 332.39 

11 14.4 14.79 14.16 14.25 14.46 366.5 357.33 351.84 366.52 366.49 

12 15 15.39 14.76 14.85 15.06 382.1 391.65 366.81 382.12 382.09 

13 15 15.39 14.76 14.85 15.06 388.1 397.80 372.57 388.12 388.09 

14 14.4 14.79 14.16 14.25 14.46 387.1 396.77 371.61 387.12 387.09 

15 15 15.39 14.76 14.85 15.06 378.9 388.37 363.74 378.92 378.89 

16 16.1 16.49 15.86 15.95 16.16 359.7 368.69 345.31 359.72 359.69 

17 16.7 17.09 16.46 16.55 16.76 316.6 324.51 303.93 316.62 316.59 

18 17.2 17.59 16.96 17.05 17.26 201.1 206.12 193.05 201.12 201.09 

19 17.8 18.19 17.56 17.65 17.86 6 6.15 5.76 6.02 5.9963 

20 17.8 18.19 17.56 17.65 17.86 0 0 0 0 0 

21 18.3 18.69 18.06 18.15 18.36 0 0 0 0 0 

22 18.3 18.69 18.06 18.15 18.36 0 0 0 0 0 

23 18.3 18.69 18.06 18.15 18.36 0 0 0 0 0 

24 18.3 18.69 18.06 18.15 18.36 0 0 0 0 0 

Average 16.43 16.82 16.19 16.29 16.49 141.69 145.23 136.02 141.70 141.68 

Standard 

Deviation 
1.471 1.471 1.473 1.478 1.471 172.67 176.9 165.76 172.68 172.67 

% Internal 

Uncertainty 
4.833 4.777 4.869 4.853 4.825 1.646 1.687 1.680 1.646 1.646 

 

On the other, the external uncertainty is mainly related to the measuring devices 

used during the experiment which can mainly affect the final accuracy of the results. 

The measuring equipments used in the experiment are K- type thermocouples, infrared 

thermometer, pyranometer, anemometer, and OM-EL-USB-2 sensor for ambient 

temperature and humidity. The accuracy, range of reading and percent error values are 

represented in Table (5) 
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Table 5: Accuracy, range and % error of equipment 

Instrument Accuracy Range %Error 

K- Type Thermocouple ±0.5 °C –200°C to +1250°C ±1  

Infrared Thermometer ±0.1 °C -30 to 500°C ±1 

Pyranometer ±4 W/m2 0 to 2000 W/ m² ±5 

Anemometer ±0.5 m/s 0 to 30.0 m/s ±3 

OM-EL-USB-2 Sensor 
±0.5°C in temperature -35 to +80°C ±1  

±3 % in relative humidity 0 to +100%RH ±3.5  
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CHAPTER V 

PARAMETRIC STUDY 

A parametric study was conducted to assess the effect of the main factors 

affecting the solar still performance: roughness of the drum, angular velocity of the 

drum, and contact angle at which water is withdrawn from the solar still. This work is 

the first to introduce a drum characterized by a rough surface to a solar still which led to 

significant enhancement of the performance of solar stills studied in literature as 

demonstrated in the experimental section. In order to propose effective operational 

conditions,  parametric and optimization studies were conducted to assess the effect of 

surface roughness, angular speed of the drum, contact angle between the drum and 

water, and drum’s radius to length ratio and come up with optimal conditions with 

reduced energy consumption. 

 

A. Effect of Surface Roughness 

First from the derived model, surface roughness increases the driven flow rate. 

But this increase is not significant since the roughness effect is multiplied by the cube of 

the film thickness which is in the order of nanometers. On the other hand, the main 

contribution of roughness is to the increase of exposed area for heat and mass transfer. 

The test case used in model validation (period: typical day of June, solar still base area 

= 1 m2, drum radius = 30 cm, drum length = 140 cm corresponding to a drum’s radius to 

length ratios = 0.214, contact angle = 170o, drum rotational speed = 0.25 rpm) was 

considered with different roughness ratios. Figures (43) and (44) represent respectively 

the variation with time (Hour 0 corresponds to 12 noon) of temperature and water vapor 
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pressure difference between the drum and the glass cover for variable roughness ratios. 

It is observed that temperature and water vapor pressure difference between the drum 

and glass’ cover increased with roughness ratio leading to higher potential for heat and 

mass transfer (Figure (43), Figure (44)). This explains the increase of hourly and total 

productivity of solar still with roughness ratio as shown in Figures (45) and (46) which 

illustrate the effect of roughness ratio on solar still hourly and total productivity 

respectively. It is clear that roughness largely enhances the solar still performance 

leading to significant increase in productivity. Peak in total solar still productivity at 

nearly 6 p.m. (Fig. 45) corresponds to a compromise between peak potential of heat and 

mass transfer. 

 

Figure 43: Variation with time of temperature difference between the drum and the 

glass cover for variable roughness ratios 
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Figure 44: Variation with time of water vapor pressure difference between the drum and 

the glass cover for variable roughness ratios 

 

Figure 45: Variation with time of hourly productivity of the solar still for variable 

roughness ratios 
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Figure 46: Variation with time of total productivity of the solar still for variable 

roughness ratios 
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On the other hand, for angular speed lower than 0.08 rpm the rate of increase of 

productivity for first few hours is higher due to increased potential for heat and mass 

transfer but vanish for the remaining time. This observation is mainly because quantity 

of water is not enough due to decreased flow rate. Therefore, for the studied case, the 

optimal angular velocity is 0.08 rpm. For lower speed of rotation the driven water from 

the solar still is not enough, reducing the productivity of the solar still. On the other 

hand, for higher speed of rotation, the mass flow rate of water is more than needed but 

no enough time is provided for water evaporation, decreasing by that the solar still 

productivity. 

 

Figure 47: Variation with time of temperature difference between the drum and the 

glass cover for variable angular speeds 
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Figure 48: Variation with time of water vapor pressure difference between the drum and 

the glass cover for variable angular speeds 

 

 

Figure 49: Variation with time of hourly productivity for variable angular speeds 
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Figure 50: Variation with time of total productivity for variable angular speeds 
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transfer (Figures (53) and (54) since the exposed area of the drum outside water is 

higher. This explains increase of hourly and total productivity of solar still with contact 

angle increase from 150o to 170o as shown in Figures (53) and (54). On the other hand, 

for contact angle higher than 170o the rate of increase of productivity for first few hours 

is higher due to increased potential for heat and mass transfer but vanish for the 

remaining time. This observation is mainly because quantity of water is not enough due 

to decreased flow rate. Therefore, for the studied case, the optimal contact angle is 170o. 

Hence, we conclude that we can talk about optimal couples of angular speed and contact 

angle. For the set of conditions: drum radius = 30 cm, roughness ratio= 1, period: 

typical day of June one of the optimal couples is (0.08 rpm; 170o). 

 

Figure 51: Variation with time of temperature difference between the drum and the 

glass cover for variable contact angles. 
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Figure 52: Variation with time of water vapor difference between the drum and the glass 

cover for variable contact angles. 

 

Figure 53: Variation with time of hourly productivity for variable contact angles. 

-8

-6

-4

-2

0

2

4

6

8

0 4 8 12 16 20 24

W
a

te
r 

V
a

p
o

r 
P

re
ss

u
re

 D
if

fe
re

n
ce

(1
0

3
P

a
)

Time (Hour)

Contact Angle

(Degrees)

177.5

175

172.5

170

165

160

150

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 4 8 12 16 20 24

H
o
u

rl
y
 P

ro
d

u
ct

iv
it

y
 (

L
)

Time (Hour)

Contact Angle

(Degrees)

177.5
175
172.5
170
165
160
150



 99 

 

Figure 54: Variation with time of total productivity for variable contact angles. 
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temperature and average difference between the drum and the glass cover for variable 

drum’s radius to length ratios. It is shown that average drum temperature and 

temperature difference between the drum and glass’ cover increased with radius to 

length ratio leading to higher potential for heat and mass transfer for drum’s radius to 

length ratio increase from 0.214 to 24.5. In fact, length increases between the two drum 

elements entering and leaving water leading to higher variation in drum temperature and 

thus higher average drum temperature and better heat and mass transfer. This explains 

the increase of hourly and total productivity of solar still with drum’s radius to length 

ratios from 0.214 to 24.5 as shown in Figures (57) and (58). On the other hand, for 

drum’s radius to length ratio higher than 24.5, the negative effect of linear velocity 

increase becomes dominant hindering heat and mass transfer processes, leading to delay 

in increase of average drum temperature and therefore delay in increase of solar still 

productivity (Figures (57) and (58)). But it is to be noted that the increase of radius to 

length ratio for the same solar still base area lead to significant increase of the volume 

due to increased height resulting from higher drum diameter. A ratio of 24.5 

corresponds to a radius of 3.25 m which is not practical due to space constraints. For 

this reason, the optimization study will be limited for ratios below 2 corresponding to a 

maximum drum radius of 0.95 m. 
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Figure 55: Variation with time of average drum temperature for variable drum’s radius 

to length ratios. 

 

Figure 56: Variation with time of temperature difference between the drum and the 

glass cover for variable drum’s radius to length ratios. 
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Figure 57: Variation with time of hourly productivity for variable drum’s radius to 

length ratios. 

 

Figure 58: Variation with time of total productivity for variable drum’s radius to length 

ratios. 
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CHAPTER VI 

OPTIMIZATION OF THE DESIGN PARAMETERS 

The objective of the optimization study is to maximize the daily total yield 

production constituting the objective function. The optimization variables are the 

surface roughness, the angular speed, the contact angle and the drum’s radius to length 

ratio. The Mesh Adapted Direct Search (MADS) algorithm, which is a direct search 

optimization method, was used since the objective function which is the daily total yield 

production is non-continuous. In fact, the variation of the objective function is 

computed by numerical techniques resulting in non-continuous values. Therefore, a 

direct search method was adopted in this work because it does not require any 

information about the gradient of the objective function. The selected algorithm 

searches a set of points around a current point, looking for a point where the value of the 

objective function is higher than the value at the current point. The parametric study has 

already shown that optimums of the objective function are obtained for variation of 

angular speed and contact angle, while the objective function represents an increased 

trend with surface roughness and drum’s radius to length ratio. For this reason, the 

optimization study was conducted to determine optimal couples of angular speed and 

contact angle for different surface roughness and drum’s radius to length ratio. 

As demonstrated in the previous analysis, there are optimal couples of angular speed 

and contact angle. For each contact angle corresponds an optimal angular speed. Figure 

(52) shows the variation of the optimal angular speed with the contact angle for 

different roughness ratios. As shown in Figure (52), the optimum couples of contact 

angle and angular speed are independent of roughness ratio. This is explained by the 
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fact that the flow rate per unit length is not significantly affected by the roughness ratio 

as shown in Equation (55). For all roughness ratios, higher is the contact angle, lower is 

the driven flow rate which explains the increase of optimal angular speed. A significant 

increase of the optimal angular speed is observed for contact angles higher than 150 

degrees which leads to higher operational cost. For the same angular speed, higher the 

roughness ratio, better is the productivity. 

Once the optimal couples were determined, variation of productivity with these 

couples was illustrated for variable roughness ratios as shown in Figure (59). It is 

observed that the optimum angle is independent of roughness ratio and is nearly 160 

degrees (Figure (60)) which corresponds to the optimal couple (0.05 rpm; 160o) (Figure 

(59)). A good compromise between cost and productivity is a contact angle of 150 

degrees (Figure (59)) which corresponds to the optimal couple (0.03 rpm; 150o) (Figure 

(59)). In fact, by increasing the rotation speed from 0.03 to 0.05 rpm, the energy input 

for rotation is increased by 66.67% while the productivity is nearly 6.5%. 
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Figure 59: Optimization of the angular speed (using the MADS algorithm which is a direct 

search optimization method) for different contact angles and different roughness ratios

 

Figure 60: Variation of productivity (computed from Equation 5) with contact angle for 

variable roughness ratios for optimal angular speed 
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with contact angle for variable radius to length ratios for optimal angular speed. It is 

observed that for the same contact angle, higher is the radius to length ration, and lower 

is the optimal angular speed which saves energy (Figure (59). Furthermore, the optimal 

couple for total productivity is characterized by the highest contact angle (Figure (60)). 

This is due to the fact that increased drum radius leads to significant increase in flow 

rate, which allows reaching optimal operation condition with lower angular speed and 

higher contact angle. 

 

Figure 61: Optimization of the angular speed (using the MADS algorithm which is a 

direct search optimization method)for variable contact angles for different radius to 

length ratios 
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Figure 62: Variation of productivity (computed from Equation 5) with contact angle for 

variable radius to length ratios for optimal angular speed 
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CHAPTER VII 

CONCLUSION 

This work introduced for the first time a solar still assisted by a drum 

characterized by a rough surface. The roughness of the surface largely increased the 

water yield due to increased area that is exposed to water evaporation and enhanced heat 

and mass transfer.  

A simplified model was developed to study the effect of roughness on the 

formation of the film thickness over a rotating drum assisting a solar still and the 

resulting driven flow rate by the rotating drum. Heat and mass transfer processes 

between the components of the solar system were considered by solving heat and mass 

balance equations computing temperatures of the system components and water 

evaporation rates. Literature experimental data were used for validation of the 

simplified model and good agreement was obtained with a relative error of the order of 

10%.  

In addition, the developed model was validated experimentally, where also good 

agreement was found between modeled and experimental data, where a maximum of 

10% error was obtained between the modeled and experimental results. An 

enhancement value of 78% was found upon increasing the roughness ratio from 1 in the 

case of smooth surface to 2.2 in the case of rough surface. Meanwhile an enhancement 

of 198% was obtained when comparing a no drum system with a system with a smooth 

surface, and 431.1% when comparing a no drum system to a solar still system with a 

rough drum. . 
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The validated model was used to conduct a parametric study investigating the 

main factors affecting the solar still productivity. It was shown that increased roughness 

ratio enhances heat and mass transfer leading to increase of hourly and total 

productivity of solar still. Higher the speed of rotation, lower is the time provided for 

heat and moisture exchange but higher is the driven flow rate. Hence, for each set of 

conditions there is an optimal angular speed. Furthermore, lower the water level, the 

contact angle is higher leading to decreased driven flow rate but increased portion of the 

drum outside water. In addition, the drum’s radius to length ratio presents a potential for 

improvement of still performance due to the fact that conductive and convective transfer 

processes take place over a larger circular circumference length but linear velocity 

increased which requires optimization. 

For all roughness ratios, higher is the contact angle lower is the driven flow rate 

which explains the increase of optimal angular speed. A significant increase of the 

optimal angular speed is observed for contact angles higher than 150 degrees which 

leads to higher operational cost for variable roughness ratios. For the same angular 

speed, higher the roughness ratio better is the productivity. It was found that a good 

compromise between cost and productivity is a contact angle of 150 degrees which 

corresponds to the optimal couple (0.03 rpm; 150o). In fact, by increasing the rotation 

speed from 0.03 to 0.05 rpm the energy input for rotation is increased by 66.67% while 

the productivity is nearly 6.5%. Finally, for the same contact angle, higher is the radius 

to length ration lower is the optimal angular speed which saves energy. 

It should be noted that for future work, it is worth to investigate along with the rough 

rotating drums, different cover shapes along with different weather conditions, and 

investigate extensively how forced convection (related to induced air speed over the 
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covers) can enhance the productivity of the systems. Also, many modifications 

investigated in literature can be coupled with this system, like using PCMs to enhance 

thermal storage. 
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