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ABSTRACT

In this study an attempt was done to compare the thermal performance for the three identical single-slope
solar stills using three different depths of seawater (1, 2, and 3 cm). It was executed under the climatic conditions
of Mansoura University (31.045°N latitude angle, and 31.352°E longitude angle, and 6.72 m above the sea level).
The experimental work was carried out form the 1% of January until the 19 of April 2020. Different of climatic
factors and solar still measurements were monitored, measured and recorded. The hourly average solar energy
available inside the solar still wind speed and ambient air temperature during the daylight-time, respectively, was
461.4 W, 1.3 m/s and 21.4°C. The thermal efficiency for the lowest depth of seawater was higher than that of the
other two depths by 22.44% and 49.03%, respectively. The distillation efficiency of the lowest depth of seawater
was higher than that of the other depths by 13.34% and 20.15%, respectively. The lowest depth of seawater
augmented the productivity rate of freshwater by 42.04% and 77.27% as compared with the other two depths,
respectively. The estimated costs of distilled one litre of freshwater from the three different depths of seawater,
respectively, were approximately 0.68, 0.96, and 1.20 EGP.
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INTRODUCTION

The rapidly augmenting of population all over the
world inducing in big challenges particularly in arid and
semiarid districts due to increasing demands of portable water
for agricultural operations, industrial activities, and humane
utilities. One of the major problems in developing countries is
the supplying of portable water. In remote districts of Egypt
traditional energy supply is not always possible, where fresh
water demands are higher than that in the delta region due to
difficulties in reaching fossil fuel to these areas. Moreover, the
grid does not occur or the available energy is not enough to
operate the distillation units. Uncertain price rise and rapid
depletion of fossil fuels accelerated the development of
renewable energy sources in the form of alternative power
sources (Weldekidan et al., 2018).

The rapid population growth approximately 83.0
million persons every year will be increased the energy
demands, while the fossil fuel being prevalent the energy
sources is estimated to be significantly depleted after 70 years
(Metzger and Huttermann, 2009). Today one of the most
complex challenges face the humanist is the managing and
belting the climatic conditions change produced by over
exploitation of natural sources (Morales et al., 2014). In
Egypt, there are abundant amounts of solar energy have been
reached into the earth's surface. Therefore, the use and utilise
of new and renewable energy sources given sufficient
opportunity of sustainable socioeconomic development by
using the resources of a particular district.

Solar energy is one of the most available modes for
distilling seawater and its intensity comprehends few forms of
heat energy that can be used to drive that process. Portable
water needed can easily produces for agricultural and industrial
purposes, and drinking as it is cleaner using simple solar still.
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On an average, each one square meter of the ground surface
area can receive enough sunlight which every year can
generates power of 1700 kwh. According to Shahsavari and
Akbari (2018) the average solar energy flux incident on the
horizontal surface in the Middle East district varying
approximately between 1800 to 2300 kwWh, while in the Europe
district, it is only averages about 1200 kWh per square meter
per year. Solar energy can provided a significant portion of
several industrial and forestry energy demands in several ways
such as; electricity and steam generation based upon the
photovoltaic technology, and solar thermal technologies (solar
water heating systems, solar air heating systems, and solar
concentrators) (IEA-ETSAP /IRENA, 2015).

Unfortunately, the amounts of portable water on the
earth are fasten firmly and limited (Panchal and Patel, 2017).
Approximately, 97% of the total water on the earth is saline
water (sea water and the oceans water) while, only about 3%
is portable water. Portable water mostly provided in the form
of ice (77%), in the two poles (horthern and southern poles),
22% is ground water, and only 1% is in rivers and lakes.
Agricultural operation consuming approximately 70% of the
total fresh water provided for human activities, 20% is using
by the industry and only 10% is utilising for household
demands (Bataineh, 2016).

The desire freshwater is increased every year, due to
high growth of population and upsurge industrialisation.
Wastes of industrial and dischargers of sewage mostly
discharged in the rivers, therefore, the required freshwater
continuously reduced (Panchal and Patel, 2017). Several
parameters have been affected the thermal performance and
productivity of fresh water from the solar still such as;
intensity of solar radiation, temperature potential difference
between the glazing material and water, brackish water depth
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in the basin water, insulating material, tilt angle and thickness
of the glazing material, and wind speed. Some of the previous
factors such as the intensity of solar radiation and wind speed
are uncontrolled as they are undergoes to the climatic
conditions. The other factors comprehending; the surface area
of water basin, depth of saline water in the basin, and
insulating material can effectively be controlled and managed
for accelerating and enhancing the productivity rate of
portable water (Selvaraj and Natarajan, 2018).

The primary objective of this investigation is to study,
test, and experimentally examined the possibility of using solar
energy for distilling seawater and consequence obtaining and
providing the freshwater by using three identical single-slope
solar stills with three different depths of seawater.

MATERIALS AND METHODS

This study was executed in the station of Agricultural
Researches and Experiments (ARE), Faculty of Agriculture,
University of Mansoura at latitude angle of 31.045°N,
longitude angle of 31.352°E, and mean altitude above the sea
level of 6.72 m. The experimental work was carried out from
the *of January until the 19" of April 2020 to elucidate and
determine the best depth can be used for distilling seawater. It
was used and utilised many facilities, which providing by the
project of "Improvement of Protected Cropping Quantity and
Quality Using Renewable Energy Technologies and Bio-
Agricultural System" at the same research station.
Experimental Work Materials
Equipment elucidation (single-slope solar still)

The single-slope solar still is considered as the simplest
apparatus that is utilised, functioned, and used the solar energy
for distilling seawater. Three identical single-slope solar stills
were designed and fabricated in a private workshop at
Mansoura city, and functioned during this experimentally study
for distilling seawater. The three single-slope solar stills were
orientated in the direction of East-West to face the south
direction and stationary-non tracking. Each single-slope solar
still has many technical and active components; bottom and
sides, reflector, glazing material, inlet of seawater, and outlet of
distilled freshwater, and water jar for collecting the freshwater
as shown in Figs (1) and (2). The bottom and sides of single-
slope solar still constitute the basin water.

The basin water is made of 2.0 mm thick stainless
steel sheet and having a gross dimensions of 90.0 cm long,
40.0 cm wide, and 5.0 cm high with net volume of 18 x 103
cm?. It identifies the absorber plate of solar collectors when
acting as an absorber plate of solar radiation. In order to
maximise the effective absorptance of the solar radiation flux
incident on the bottom of basin water, the upper surface of
water basin was coated using matt black paint. Underneath the
water basin there is a metallic frame to stand it that is made of
2.5 cm angle iron with 5.0 cm high above the ground. To
prevent corrosion of the metallic frame, it was painted by an
excellent anti-corrosion paint. To provide and maintain
feeding of the seawater into the basin water there is an inlet
stainless steel pipe 12.7 mm in diameter that situated on the
lateral side of basin. To fetch the condensed freshwater from
the inner surface of acrylic cover there is a stainless steel
gutter semi-cylindrical in shape, 50.8 mm in diameter witch
located just underneath the front inner tilted cover, capped
from one side and open from another. Another stainless steel
pipe 12.7 mm in diameter was connected to the open side of
steel gutter in order to collect the condensed portable water.

’ 90 cm

.
-
~ w
-
-
1

]
o
o
3
w
~

w
h\fgi\‘—
b LS
LY w

~
s
LY
b
i
L

Shm T

A0 cm i

Fig. 2. Three identical passive single-slope solar stills.

The vertical back wall of passive single-slope solar
still was covered by nickel chrome sheet that active as a
reflector in order to maximise the intensity of solar radiation
flux incident on the upper black bottom surface area of basin
water and the water itself. Moreover, using the back wall
reflector will provide a high thermal trapping in the space
heating (space between the top surface of basin water and the
inner surface of cover) which accelerating the heating process
of seawater during the daylight time. To minimise the heat
energy loss or gain of the back vertical wall it was insulated
by 2.5 cm thick loosely packed rock-wool insulation which
has thermal conductivity of 0.065 W/m °C.

The front inclined surface and the two triangular
vertical sides of solar still was covered using acrylic sheet of
2.0 mm thick which has an effective transmittance and
absorptance to short-wave of 0.92 and 0.05, respectively. The
front top surface of solar still (acrylic cover) was tilted by
35.0° with the horizontal plane which represents the annual
average of optimum tilt angles for the stationary non-tracking
solar still. To collect the desalinated fresh water a 5 litres
water jar was used. To accelerate and increase the rate of
productivity, it was surrounded by a plastic jack spaced 2.5
cm to be filled by a cold water and insulated from the outer
surface area by loosely packed rock-wool insulation. To
improve and enhance the thermal performance of the passive
single-slope solar still, the bottom and sides of basin water
were completely insulated using the same insulation material.
Measurements and data Acquisition Unit

To precisely measure and record various variables of
atmospheric circumstances such as; ambient air temperature in
°C (ventilated thermistor), solar radiation flux incident on the
horizontal plane in W/m? (pyranometer), and air speed in m/s
(cup anemometer and wind vane), a weather station (Vantage
Pro 2, Davis, USA) was utilised. It was situated just beside the
solar stills (far away only about 5.0 m). These three different
sensors are connected to a data-logger device in order to display
and record the desirable data during the experimental work.
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These weather data were also update displayed on the video
screen by a scan of the three sensors each one minute and
recorded the average of five scans on the memory each five
minutes by software run to automate transfer the obtained data
each one weak throughout the experimental period.

The temperatures of top black plate surface of basin
water, seawater, and acrylic cover surface for the three single-
slope solar stills were precisely measured using thermocouple
type K, displayed, and recorded using a 12-channel data-logger
device (Digi-sense scanning thermometer type). These data
were also updated and displayed on the video screen by
scanning all the sensors each one minute. The average of five
scans were also recoded and stored in the memory each five
minutes. The obtained data were automate transferred each one
weak throughout the experimental work using software run.

For the duration of experimental work, the effect of
different atmospheric conditions through various seasons
(winter, spring, and summer) was examined. The seawater
(water of Mediterranean Sea) was brought down from a
location far away asymptotically 100 m from the beach to get
pure seawater without any impurities. It was chemically
analysed at the central laboratory of Faculty of Agriculture in
order to assess the total-soluble-salt (TSS), concentration of
hydrogen ion (pH), and any other undesirable elements. The
obtained data from the chemical analysis revealed that, the
TSS and the concentration hydrogen ion (pH) of the seawater
are 32,973 ppm and 8.3, respectively. For the duration of
experimental study, three different depths of seawater 1.0 cm
(3.6 litres), 2.0 cm (7.20 litres, and 3.0 cm (10.80 litres) were
used, tested, and examined to elucidate the influence of
seawater depth on the thermal performance and productivity
rate of freshwater. These various depths of seawater were also
functioned to confirm, specify, and detect the appropriate
depth can be used with the passive single-slope solar still
under the specific climatic conditions.

Heat Energy Balance on Solar Still

A mathematical model that can be described the heat
energy balance on the basin water of passive single-slope solar
still is presented as revealed in Fig. (3). It can be assisted and
determined the diurnal productivity rate of freshwater and the
diurnal overall thermal efficiency of the passive single-slope
solar still. The technical specification of the passive single-slope
solar still and the factors that used in the computation are
summarised and listed in Table (1). The heat energy balance on
the seawater in the basin and the basin itself can be described as
follows (Velmurugan et al., 2009; Kalidasa et al., 2010; Duffie
and Beckman, 2013; Kabeel et al., 2017):

Qr, w-g e, w-
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Fig. 3. Schematic diagram of the heat energy balance on
the passive single-slope solar still.

dTy,
dt
Where, R, is the solar radiation flux incident on tilted
surface of solar still in W/m?, A, is the surface area of the
basin in m?, (ta), is the optical efficiency of solar still in
decimal, qe, is the heat energy transfer by evaporation-
condensation in W, g, wg, is the convection heat energy
transfer between seawater and cover surface in W, g, w-g, IS
the radiation heat energy exchange between seawater and
cover surface inW, Qoss IS the heat energy loss from the
solar still into the ambient air in W, my, is the mass of
seawater in the basin in kg, Cyw, is the specific heat of the
seawater in Jkg °C, and , dTw/dr, is the change rate in
temperature of seawater at interval time in °C/s.

Table 1. Some technical specifications of single-slope solar

RAb(Tu) = Qe + qc,w—g + qr‘wg + qloss + mepw (1)

still.
Category  Property Value
Basin
Absorptivity (o), decimal 0.90
Surface area (Av), m? 0.36
Specific heat (Cps), J/kg °C 465
Density (pb), kg/m? 7830
Thermal conductivity of insulation (ki), W/m°C 0.65
Thickness of insulation (L), m 0.05
Overall heat transfer coefficient (Us), Wim?°C 13
Surface area of sides (Asiges), Mm? 0.065
Acrylic
Thickness of acrylic cover, mm 20
Tilt angle of cover surface, degree 35.0
Absorptivity of acrylic (ag), decimal 0.05
Effective transmittance of acrylic (tg), decimal ~ 0.92
Emissivity of acrylic (gg), decimal 0.90
Surface area of acrylic cover (Ag) , m? 0.46
Seawater
Absorptivity of seawater (aw), decimal 0.05
Effective transmittance of water (tw), decimal ~ 0.95
Emissivity of seawater (gw), decimal 0.96
Surface area of seawater (Aw) , m? 0.36
Specific heat of seawater (Cpw), J/kg °C 4190
Density of seawater (pw), kg/m® 1025
Cec = Mo Ashy, w @
mp = 915X 107" howg (Pwo—Pug),  kg/m?s

3

hyy = 2501.9— 240706 T+ 1.192217 x 10°T,,?— 15863 x 10-5Tw?, k/kg E4))

Where, mp, is the mass transfer rate in kg/m? s, Ay, is
the surface area of basin in m? hg, is the latent heat of
evaporation of water in J/kg, he wg, IS the convection heat
transfer coefficient between the seawater and the cover
surface in W/m?2°C, Py, is the vapour pressure of seawater at
water temperature (Tw) in mm Hg, Puyg, is the vapour pressure
of seawater at cover temperature (Tg) in mm Hg.

he wg= 0.884 Put — P V3, Wim?eC  (5)
(-7 (= ),
2016 — Py
Jewg= Ab hc.w—g (TW - Tg), W (6)
Orwg= 09 Av o T\;4V - TS W @)
Where, o, is the Stefan-Boltzmann constant, 5.67 x 10~ W/m? K*
Qioss = Uo (Ab + A\sides) (Tp - Ta), W. (8)
k.
Uo= —-, W/m?°C )
Li

Where, U,, is the overall heat transfer coefficient between the basin and
ambient air in W/m? °C, Aqqs, is the surface area of basin sides
inm?, T, is the black plate surface temperature in °C, and, T, is
the ambient air temperature in °C.
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An energy balance on the cover of solar still,
neglecting its heat capacitance and solar energy absorbed by
the cover, can be computed as follows:

Oec +0cwg * Orwg = Ocga t Qrgs (10)

Qeoga  =hega Ag(Tg — Ta), W (11)

hega = 57+38V (12)

Qr.gs = hrgs Ag (Tg — Ty), Watt. (13)

hes = 80| -~ TH|,  wmk. (14)
('I'g - Tg)

Te = 0.0552 (T, K (15)

Where, ¢, -, IS the convection heat transfer between
the cover and ambient air, hc, 4, is the convection heat transfer
coefficient between cover and ambient air in W/m?°C, Ay, is
the surface area of cover in m?, T, is the ambient air
temperature, °C, v, is the wind speed in m/s, g, g, is the
radiation heat transfer between the cover surface and the sky
in W, hy, g5, is the radiation heat transfer coefficient between
the cover and sky in W/m? K, &g, is the emissivity factor of the
acrylic cover in decimal, and, Ts, is the sky temperature in K.

The hourly average overall thermal efficiency (nm) of
the passive single-slope solar still can be estimated by the
following equation:

- - Oec
RAp (ta)
Because of some distillated freshwater may be lost
and back again into the basin by dripping from the cover

surface or leakage from the collecting trough, therefore, the
distillation efficiency can be calculated as follows:

m hfg
3.6 R Ab (’C OL)

Where, m, is the actual fresh water distillated each hour in kg.

For the duration of the experimental work, the data
were measured and stored in the microcomputer files in order
to compute all the previous equations and statistically
analysed the obtained data using Excel program.

RESULTS AND DISCUSSION

Nowadays, the demands for producing portable water
are highly developed due upsurge in the population and
industrial growth. Therefore, the desalination technologies are
rapidly growing in order to meet these demands of freshwater.
There are three different parameters affecting thermal
performance and productivity of freshwater from the passive
single-slope solar still. These general parameters comprehend;
climatic conditions which include solar radiation intensity,
ambient air temperature, and wind speed, depth of seawater in
the solar still and its temperature. During the desalination
process of seawater, there were 1308 hours of bright sunshine
of which 984 hours (75.23%) were measured, recorded, and
utilised in the distillation process during this experiment.

The hourly averages solar radiation incident on
horizontal, inclined surfaces outside the solar stills, inside the
solar stills, reflected from the back wall, and the total solar
radiation available inside the solar stills during the
experimental period are summarised and listed in Table (2).
They were 257.4 (+81.0), 377.9 (¥133.0), 339.1 (x116.4),
166.7 (+124.0), and 505.8 W (+238.6), respectively. Thus, the
nickel chrome back wall increased the available total solar
radiation inside the solar stills on an average by 33.70%.

x 100, %. (16)

n = x 100, %. (17)

While, using the tilt angle of 35° resulting in increasing the
solar radiation flux incident on inclined surface by 63.68% as
compared with that incident on the horizontal surface. The
hourly average intensity of solar radiation varied from hour to
hour, day to day, and month to another according to the sky
conditions, the solar altitude angle, and the solar incident

angle as clarified in Table (2). It was changed from 359.6 W

(£183.3) in January to 514.8 W (+264.2) in April.

The hourly average total solar radiation available

inside each of the solar still was 359.6 (+183.3), 466.9

(£210.5), 512.6 (+228.7), and 506.6 W (£260), respectively,

with an average of 461.4 W (£220.6). These variations

occurred due to increasing the solar altitude angles from

January (26.7° £10.0°) to April months (44.4° £14.4°).

Table 2. Hourly average total solar radiation flux incident
on horizontal surface outside (Rno) and inclined
surface outside the solar still (Rio), inside (Ri),
reflected from back wall (Rir), and total (Ri)
inside the solar still during the experimental

period.
Intensity of Solar Radiation, Watt

Morith Rho Rio Ri Rir Rit
January Mean 1458 2788 2522 1074 359.6

SD +649 #1074 #1026 * 818 #1833
February Mean 1964 3408 308.6 1583 466.9

SD +69.0 +108.1 +105.0 +106.8 +210.5
March Mean 2257 3521 3189 1937 5126

SD 4941 +196.7 +104.1 +125.8 +228.7
April Mean 266.8 3948 3439 1627 506.6

SD 4812 #129.0 #129.3 #138.0 +260.0
Average Mean 2087 3416 3059 1555 4614

SD #7733 #1353 #1103 #1131 2206

Because of the intensity of solar radiation is only the
main source of heat energy utilised in heating and evaporation
of seawater, the temperatures of black basin plate and
seawater were increased and decreased as well as the intensity
of solar radiation. The hourly average temperatures of black
plate, seawater, and cover surface, the latent heat of
evaporation of water, thermal efficiency, distillation
efficiency, and daily average productivity rate of freshwater
for the three different depths of seawater during this
experimental work are summarised and listed in Table (3). As
the heat energy absorbed by the black plate of water basin
augmented it was resulting in increasing the plate temperature
according to the intensity of solar radiation available. The
black plate temperatures for the three different depths of
seawater were increased gradually from 7:00 am until reached
the maximum values at 13:00 pm and slowly decreased
thereafter. Therefore, the hourly average black plate
temperatures for the three different depths of seawater were
augmented by 44.1, 40.5, and 34.0°C at those times,
respectively. The hourly average black plate temperatures
during this experiment for the three different depths of saline
water were 50.7, 471, and 43.8°C, respectively.
Consequently, the black plate temperature underneath of 1 cm
deep of seawater was increased by 7.64% and 15.75% as
compared with the other two depths ( 2 and 3 cm),
respectively. In spite of each solar still was received the same
amount of solar radiation, there were differences in the black
plate temperatures due to the difference in the capacity of
seawater between the three solar stills. As the volume of
seawater is decreased the ability of reserving heat energy by
the plate increased, then its temperature is augmented.
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Table 3. Hourly average temperatures of black plate (Tp), saline water (Tw), acrylic cover (Tg), latent heat of evaporation
(hrg), thermal efficiency (nt), distillation efficiency (1)) and daily average productivity rate of fresh water (m)
for the three different depths during this experimental work.

Month depth, cm Tp, °C Tw, °C Tg, °C hrg, kJ/kg Nth, %0 1, % m, mi/m?day
1 428 411 29.6 2398.3 44.17 28.53 1070.
Jan. 2 394 379 274 2408.7 32.89 24.56 920.0
3 37.0 35.6. 26.1 24145 25.81 17.16 640.0
1 51.2 48.7 33.3 2380.5 59.01 47.94 2225.0
Feb. 2 46.8 449 311 2391.0 4414 30.08 1340.0
3 44.0 42.3 29.7 2397.7 35.69 24.13 1110.0
1 53.3 51.3 344 2375.7 64.44 51.48 2780.0
March 2 50.9 49.0 332 2381.2 55.16 33.54 1805.0
3 46.1 44.3 30.8 2392.8 43.53 28.52 1530.0
1 55.3 53.2 34.2 2376.6 67.01 62.32 2540.0
Avpril 2 51.3 49.3 334 2380.5 59.43 48.72 2000.0
3 48.2 464 318 2387.7 5241 39.85 1580.0
1 50.7 48.6 329 2382.8 58.66 4757 2153.8
SD +13.1 +12.0 6.7 +26.2 +26.08 +21.20 +204.5
Average 2 471 453 31.3 23904 4791 34.23 1516.3
SD +12.8 +11.6 6.5 +30.5 +22.48 +15.98 +1775
3 438 42.2 29.6 2398.2 39.36 27.42 1215.0
SD +11.9 +104 84 +275 +18.76 +13.27 +138.8

The heat energy absorbed by the black plate underneath
the seawater was transferred by natural convection into the
water which induced in rising up its temperature. The seawater
temperatures for the three different depths of water were
augmented gradually from 7:00 am until reached the maximum
values at 13:00 pm and slowly decreased after that. The hourly
average seawater temperatures during this experiment for the
three different capacities of seawater were 48.6 (+12.0), 45.3
(£¥11.6), and 42.2°C (+10.4), respectively. So, the lowest depth
of seawater was higher than that of the other two depths by
7.28% and 15.17%, respectively. These variations between the
three solar stills induced because of the differences in the
volumetric heat capacities of seawater (3.6, 7.2, and 10.8 litres).
The seawater temperature with the lowest capacity was
increased rapidly after sunrise till recognized the maximum
value afternoon and rapidly decreased thereafter. Whereas, the
other two capacities slowly increased after sunrise until reached
the maximum values afternoon and slowly decreased after that.

The temperatures of solar stills cover surface were
strongly affected by the seawater temperatures, wind speed,
and ambient air temperature surrounding the solar stills.
Therefore, the lowest and highest cover temperatures for the
three different depths of seawater occurred during January
and April months, respectively, as the hourly average ambient
air temperatures during January and April months,
respectively, were 16.4 (+2.4) and 21.8°C (£2.9). The hourly
average cover temperatures during this experiment for the
three different depths of seawater were 32.9 (26.7), 31.3
(£6.5), and 29.6°C (+8.4), respectively. The hourly average
temperature differences between the cover surface and the
ambient air (21.4°C) for three different depths of seawater
during this experiment were 11.5, 9.9, and 8.2°C, respectively.
As a result of these differences, the capability of heat energy
transfer by evaporation-condensation for the lowest depth
was higher than that of the other two depths.

The thermal performance efficiency of the passive
single-slope solar still is the multiply of heat energy transfer by
evaporation-condensation and the latent heat of evaporation of
saline water divided by the solar energy available inside the
solar still (input heat energy). The latent heat of evaporation of
water is inversely proportional to the seawater temperature. It
varied with respect to time of the day as the seawater
temperature was changed. Therefore, the hourly averages latent

heat of evaporation of water for the three different depths of
water during this experiment, respectively, were 2382.8
(£26.2), 2390.4 (£30.5), and 2398.2 kJ/kg (+27.5). The thermal
performance efficiency for the three solar stills with different
depths of seawater during this experiment is plotted in Fig. (4).
The thermal performance efficiency for three solar stills varied
from hour to hour, day to day, and month to another according
to the changes in environmental parameters (intensity of solar
radiation, wind speed, and ambient air temperature) and
experimental factors (depth of seawater and its temperature). It
was observed that, the thermal performance efficiency for the
three solar stills were increased from 7.00 am till recognized the
high level (85.81%) at 14.00 pm for the lowest depth. Whereas,
the highest level of thermal performance for the other two
depths (77.92% and 66.87%, respectively) were achieved at
15.00 pm due to their heat energy stored in the seawater as
evidently elucidated in Fig. (4). The hourly average thermal
performance efficiency for the three different depths of
seawater, respectively, were 58.66% (+26.08), 47.91%
(£22.48), and 39.36% (£18.76). So, the thermal performance
efficiency of the lowest depth of saline water was higher than
that of the other two depths by 22.44% and 49.03%,
respectively, because of the higher volumetric heat capacity.
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Fig. 4. Hourly average thermal performance efficiencies
for the three different depths of seawater during
this experiment.

The hourly average freshwater distillated in millilitre
during the daylight-time for the three different water depths
during this experiment are plotted in Fig. (5). It was augmented
gradually from 7.00 am until reached the higher level at 13.00
pm when the seawater temperatures recognized the maximum
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values at that time for the three different seawater depths and
diminished thereafter. It also observed that the maximum
values of fresh water distillated which achieved at 13.00 pm
increased from 88.2 to 206.2 ml/h, 69.3 to 159.9 mi/h, and 49.2
to 1285 mil/h from January to April months for the three
different water depths, respectively. These variations occurred
because of the increasing in the intensity of solar radiation
(from 359.6 W to 506.6 W), and consequently, the increasing
in seawater temperatures. The productivity rates of freshwater
from the three identical solar stills with three different depths of
seawater is strongly affected by the intensity of solar radiation,
temperature of seawater, still cover surface temperature,
ambient air temperature, and wind speed.
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180
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Time, h

Fig. 5. Hourly average productivity rates for the three

different depths of seawater during this experiment.

The productivity rate of freshwater in millilitre per
square metre per day during this experiment varied from day
to day, and month to another. The diurnal productivity rates
of fresh water for the three different seawater depths during
this experiment, respectively, were augmented from 1070.0
to 2540.0, 920.0 to 2000.0, and 640.0 to 1580.0 ml/m?/day
from January to April months. These variations in the
productivity rates between January and April months were
induced because of the seam reason mentioned above.
Therefore, the productivity rates of freshwater for the three
different depths of water, respectively, were increased from
January to April months by 1470.0, 1080.0, and 940.0
ml/m?/day. The daily average productivity rates for the three
different depths of seawater during this experiment were
2153.8 (+204.5), 1516.3 (x177.5), and 1215.0 (+138.8)
ml/m?/day, respectively. As a result to the previous data, the
lowest depth of seawater increased the productivity rate by
42.04% and 77.27% as compared with the other two depths,
respectively. Accordingly, the productivity rate of fresh water
was diminished as the depth of seawater increased. However,
it was observed that, the nocturnal productivity rate of the
other two higher water depths increased due to the heat energy
stored during the daylight hours particularly with higher level
of solar radiation as realized in March and April months. As
a result of that observation, the nightly average freshwater
distillated for the three different seawater depths, respectively,
were 500.0, 790.0, and 885.0 ml/m?night. These data are
agreement with that published by Dsilva et al. (2016).

The distillation efficiency of the single-slope solar still
is the multiply of the actual freshwater distillated each hour and
the latent heat of evaporation of seawater divided by the solar
energy available inside the solar still (input heat energy). Due
to some of the condensed fresh water for the three similar
passive solar stills with three different seawater depths was lost
by dripping again into the water basin, the distillation

7 8

efficiencies were always lower than the thermal efficiency of
the solar stills. The hourly average distillation efficiency during
the daylight-time for the three different water depths during this
experiment is plotted in Fig. (6). The hourly average distillation
efficiencies during this experiment varied from hour to hour,
day to day and month to another according to the actual fresh
water distillated. The daily average distillation efficiency for the
three different seawater depths during this experiment,
respectively, were augmented from 28.53 to 62.32%, 24.56 to
48.72%, and 17.16 to 39.85% from January to April months.
These variations in the distillation efficiency between January
and April months were induced due to the previous reasons
mentioned previously. Therefore, the distillation efficiency for
the solar still with the lowest and highest depths of seawater,
respectively, was augmented by 33.79%, 24.16%, and 22.69%
from January to April months. It was observed that, the
differences between the thermal performance and distillation
efficiency diminished with respect to the time from January to
April as listed in Table (3). The hourly average distillation
efficiency for the three different depths of seawater during this
experiment, respectively, was 47.57% (+21.20), 34.23%
(£15.98), and 27.42% (13.27). Consequently, the distillation
efficiency for the lowest depth was higher than that of the other
two depths by 13.34% and 20.15%.
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Fig. 6. Hourly average distillation efficiency for the three

different depths seawater during this experiment.

The heat energy balance on the seawater in the basin
of passive single-slope solar stills was carried out to elucidate
the relationship between the input and output heat energy
during this experiment. The input heat energy is the solar
energy available inside the three passive single-slope solar
stills. Whereas, the output heat energy implies the following;
heat energy transferred by evaporation-condensation,
convection heat energy transfer from the seawater to the cover
surface of solar still, radiation heat energy exchange between
the seawater and the cover surface, the heat energy loss by
convection through both the water basin and sides of basin
into the ambient air, and heat energy gained and stored. The
input and output heat energy components during this
experiment from January to April months are summarised
and listed in Table (4). The hourly average total heat energy
input (solar energy available inside each of the solar still)
during the experimental period, was 461.4 W (+210.0) of
which 405.0 (+181.1), 370.1 (¥178.1), and 331.6 W (+170.8)
was used as an output heat energy for the three different
depths of seawater, respectively. Therefore, the hourly
averages total output heat energy for the three different
depths, respectively, represented 87.78%, 80.21%, and
71.87%. Consequently, 12.22%, 19.79%, and 28.13% of the
input heat energy, respectively, was stored in the seawater.
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These variations were induced because of the difference in the
water capacity (3.6, 7.2, and 10.8 litres) of the three solar stills.
As the capacity of saline water is increased the heat energy
stored augmented. For the duration of this experiment the
relationship between the hourly averages input heat energy
are plotted versus the output heat energy as shown in Fig. (7).
Table 4. Hourly average heat energy transferred by
evaporation-condensation (gec), convection heat
energy transfer from saline water to cover (Qew-
g), radiation heat energy exchange between
saline water and cover (r, wg), heat energy loss
(giess), heat energy gained and stored (Qstored), and
output heat energy (Couput) for the three different
depths of water during this experimental work.

this experiment for the three different seawater depths,
respectively, on an average was 206.1 (+85.1), 180.4 (£76.6),
and 154.9 W (£84.9), whereas, the hourly average output
thermal capacitance from the outer cover surface into the
surroundings for the three different seawater depths on an
average was 135.6 (£61.8), 132.7 (£52.9), and 125.3 W
(£42.8), respectively. As a result of these differences, the
input thermal capacitances into the acrylic cover surface,
respectively, were higher than that the rejected thermal
capacitance from the cover surface by 51.99%, 35.95%, and
23.62%. Consequently, the input thermal capacitance into the
cover surface was always higher than that the output. This is
precisely emphasised the point of view that mentioned by
Duffie and Beckman (2013), when they revealed that, the
capacitance of the covering material is small as compared

Month di‘:\h’ ‘\q/e\‘; qwg, qu, q\'/‘;;s' qs\t;’\’/ed’ chn, with that of the seawater and basin.
1 1054 110 280 1744 130 3318 1100 1cm Deep
Jan. 2 83 86 228 1467 249 2883 1000 - ¥ - Loalax - *
3 78.4 74 201 1312 354 2725 § :g ]
1 1369 153 367 1809 150 3848 % 700 |
Feb. 2 1111 128 315 1555 294 3403 :-;: 600 |
3 966 112 282 1384 418 3162 5 %0
1 1609 170 402 1803 142 4126 : 2 |
March 2 1465 155 372 1656 266 3914 £ 200 |
3 1270 126 307 1347 333 3383 100 -
A r|| % iégé i;% igi 1898799 %2? 1288 ° 0 160 260 3(IJD 4(IJD 560 660 760 860 960 1000
i 3 156.7 148 357 1773 147 3992 o et Enera R
1 1548 151 362 1834 155 4050 2 cm Deep
SD #945 75 +158 673 456 #1811 1000 | v 1000 .
Average 2. 1325 139 340 1642 255 3701 g %0 i 0.0891 -
SD £90.7 168 148 644 602 *178.6 S s00 -
3 1147 115 287 1454 313 3316 g 700
SD  #/57 457 127 +55.7 +68.1 #170.8 % gg:
The heat energy balance on the seawater in the basin S a0 |
of passive single-slope solar still and the basin itself for the 'g 300 1
three different water depths during this experiment were - ﬁ ]
agreement by 97.25%, 99.45%, and 98.96%, respectively. 0 e
The plotting data for the three different seawater depths 0 100 200 300 400 500 600 700 800 900 1000
evidently revealed that, the slope of regression equations Output rest Enerey, et
presented the total heat energy stored in the seawater during 3 om Deep
the daylight-time. It was presented 8.18%, 9.94%, and ol R -
21.69% of the total input heat energy stored in the basin of 900 R?=0.5794 °

seawater with coefficients of determination (R?) of 0.9458,
0.9891, and 0.9794, respectively.

The input thermal capacitance into the acrylic cover
of solar still which comprehends the heat energy transferred
by evaporation-condensation, convection heat energy transfer
from seawater to the cover surface, radiation heat energy
exchange between seawater and cover surface. Whereas, the
output thermal capacitance from the cover surface into the
surroundings includes convection heat energy transfer from
the cover surface to the ambient air and radiation heat energy
exchange between the cover surface and the sky. The input
and output thermal capacitances are summarised and listed in
Table (5). The hourly average input thermal capacitance to the
acrylic cover (from seawater and basin) and the output
thermal capacitance from the cover into the surroundings
were changed from hour to hour, day to day, and month to
another as listed in Table (5). It clearly indicates that, the input
and output thermal capacitances augmented from January to
April months as the seawater temperatures and surrounding
temperatures (ambient and sky) were increased. The hourly
average input thermal capacitance to the cover surface during

800 -
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400 -
300 -
200
100 -

Input Heat Energy, Watt

0 100 200 300 400 500 600 700 800 900 1000
Output Heat Energy, Watt

Fig. 7. Hourly average heat energy input as a function of
output heat energy for the three different water
depths during this experiment.

The relationship between the hourly averages input
thermal capacitances to the acrylic cover surface are plotted
against the output thermal capacitance from the cover surface
into the surroundings (Fig. 8). The heat energy balance on the
cover of single-slope solar still for the three different seawater
depths during this experiment was correlated together by
85.77%, 90.58%, and 80.06%, respectively. The plotting data
for the three different water depths evidently clarified that, the
slope of regression equations, respectively, revealed that
52.04%, 35.86%, and 23.55% of the total input thermal
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capacitance was stored in the acrylic cover by heat capacitance

and solar energy absorbed by the cover during the daylight-time.

Table 5. Hourly average input thermal capacitance into still
cover (Qinput), and output thermal capacitance from
the still cover (Qouput) for the three different depths
of water during this experimental work.

Input Thermal Output Thermal
denth Capacitance into Capacitance from
Month c?n ' Cover, W Cover, W

%e\? QW@ qwg’ anx QW& Gouput, W

1 1054 110 280 470 552 1022

Jan. 2 853 86 228 420 516 936
3 784 74 201 424 508 932

1 1369 153 367 582 702 1284

Feb. 2 1111 128 315 539 630 1169
3 966 112 282 525 623 1148

1 1609 170 402 686 747 1433

March 2 1465 155 372 708 768 1476
3 1270 126 307 677 701 1378

1 2161 171 402 805 880 1685

April 2 1869 187 444 8L7 909 1726
3 1567 148 357 724 828 1552

1 1548 151 362 636 720 1356

SD +945 475 +158 4325 +121 1618

Average 2 1325 139 340 621 706 1327
SD #90.7 168 +148 +344 +111 1529

3 1147 115 287 588 665 1253

SD 4757 457 +12.7 +29.7 89 428
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Fig. 8. Hourly average input thermal capacitance as a
function of the output thermal capacitance for the
three different water depths during this experiment.
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For the duration of this study, the seawater
(Mediterranean Sea), the total-soluble-salt in the water was
substantially diminished from 32,973 ppm to on an average
529 ppm in the distillation freshwater. However, the
concentration hydrogen ion (pH) was slightly reduced from 8.3
to on an average 7.5 in the fresh water during the experimental
work. The total-soluble-salt in the portable water for drinking
or irrigating different crops is gave a good determination for the
quality of water. As a result the quality of freshwater identifies
to the level that recommended by WHO (2004).

Cost Assessment

The fixed costs of one passive single-slop solar still
components imply; iron frame, stainless steel sheet, nickel
chrome sheet, acrylic cover sheet, insulation material,
stainless steel pipes for feeding the seawater into the basin and
collecting the fresh water, and finally the labour costs of
fabricating solar still. The total fixed costs were about EGP
1,850. Whereas, the salvage value per square metre per year
of the fixed costs was about 487.5 EGP with depreciation rate
of 10.54%. During this experiment the daily averages
productivity rate for the three different depths of seawater (1,
2, and 3cm), respectively, were 2.154, 1.516, and 1.215 litres
per square metre. The solar still may be operated 335 days per
year according to the sunshine hours and the circumstances of
environmental parameters during the experimental work. The
annual total productivity rates for the three different depths are
72159, 507.86, and 407.03 litre sper square metre,
respectively. Therefore, the computed costs of one litre
distilled of freshwater from the passive single-slope solar still
for the three different depths of seawater, respectively, were
approximately 0.68, 0.96, and 1.20 EGP/litre.

CONCLUSION

Based on the obtained results from the present study,
the following conclusions can be pointed out as:

(1) Using the tilt angle of 35° for the solar still cover resulting
in augmenting the solar radiation flux incident by 46.81%
as compared with that incident on the horizontal surface.
While, using the reflector of nickel chrome increased the
available total solar radiation on an average by 32.96%.

(2) The black plate temperature underneath of 1 cm deep of
seawater was higher than that of the other two depths by
7.64% and 15.75%, respectively. While, the seawater
temperature with 1 cm deep was higher than that of the
other two depths by 7.28% and 15.17%, respectively.

(3) The temperature potential differences between the cover
surface and the ambient air, respectively, were 11.5, 9.9,
and 8.2°C. As a result of these differences, the ability of
heat energy transfer by evaporation-condensation for the
lowest depth was higher than that of the other depths.

(4) The hourly average thermal performance efficiencies for
the three different depths of seawater, respectively, were
58.66%, 47.91%, and 39.36%. So, the thermal
performance efficiency for the lowest depth of seawater
was higher than that of the other two depths by 22.44%
and 49.03%, respectively, due to the higher volumetric
heat capacity.

(5) The hourly averages distillation efficiency for the three
different depths of seawater during this experiment,
respectively, were 47.57%, 34.23%, and 27.42%.

(6) The daily average productivity rates for the three different
depths of water were 2.154, 1.516, and 1.215 I/m?/day,
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respectively. So, the lowest depth of seawater increased
the productivity rate by 42.04% and 77.27% as compared
with the other two depths, respectively. The lowest
productivity rate in the large depths occurred because it
was taken long time during the daylight-time to warm up
the large volume of seawater.

(7) The total-soluble-salt in the seawater was substantially
diminished from 32,973 ppm to on an average 52.9 ppm
in the distillation freshwater.

(8) The estimated costs of distilled one litre of freshwater for
the three different depths of water, respectively, were
approximately 0.68, 0.96, and 1.20 EGP.
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