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Abstract-- The quality of life and population expansion makes
the average of water consumption to be very high, also the
operating cost of the customary methods of desalination processes
are so expensive and hostile relative to the surrounding.
Therefore, it is very important to find clean, inexpensive, recent
and simple methods for producing potable water like solar energy
desalination systems. To improve the performance of a solar still,
the effect of operating variables like solar intensity, wind velocity

and designing variables such as water depth in the basin and solar
still direction, on the water productivity was studied and then
discussed. It can be concluded that the maximum productivity of
water has been achieved when the water depth in the basin is at
least Also, it can be seen that the best direction of the still was
towards the east-south during the June month in Basrah city.

SYMBOLS

Aeve The collector area m?

Ay Area of basin still m?

D, Inner Diameter of the evacuated tube m

hew Convective heat transfer coefficient from water W/m? °C
hew Evaporative heat transfer coefficient from water wWim? .°C
hrw Radiative heat transfer coefficient from water W/m? .°C
I Solar intensity W/mhr
Leve Length of evacuated tube m

m Mass flow rate of water transfer in the collector kals
Mw Amount of the water productivity kg / m?hr

N Number of evacuated tubes

pg partial vapour pressure at glass temperature N.m?2
Pw Partial vapour pressure at water temperature N.m?
Jeve Heat transfer of water through the evacuated tube W/m?
Jew Heat transfer from water by convection W/m?
Jew Evaporative heat transfer W/m?
Orw Radiative heat transfer from water W/m?

t Time hr.

Ta Air Temperature °’C

Ty Glass Temperature °C

Tw water temperature °C

Tout Outlet temperature of the collector °C

\Y Velocity of the air m/s
Greek Symbols

Eeif Effective emissivity

Ew Water emissivity

&y Glass emissivity
n Thermal efficiency
c Stefan-Boltzmann’s constant (5.6697*%108)
Subscripts
b basin r radiation
g glass c convection
w water e evaporative
eve evacuated tube

2- INTRODUCTION

Desalination processes require significant amounts of
energy. Due to the high cost of conventional energy sources,
which are also environmentally harmful. Renewable energy
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sources particularly solar energy, have gained more attraction,
since their use in the desalination plants will save conventional
energy for other applications, and reduce the environmental
pollution, [1].
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Desalination is now successfully practiced in many countries of
the Middle East, North Africa, southern and western US, and
southern Europe to meet the industrial and domestic water
demands, [2]. Singh et al. [3] studied a Solar still integrated
with a parabolic concentrator, evacuated tube collector (ETC)
and flat plate collectors (FPC) that have been tried by various
scientists to enhance the daily yield. The flat plat collector is
popular due to its low maintenance cost and simple design.
However, the FPC have two major drawbacks: (i) convection
heat loss from the collector plate to the glass cover and (ii) the
absence of sun tracking. On the other hand, an ETC overcomes
both of these drawbacks due to the presence of vacuum in the
annular space between two concentric glass tubes, which
eliminates much of the necessity for sun tracking by its tubular
design. However, Kim et al. [4] have found a significant
increase in the outlet temperature of water and a thermal
efficiency (more than 14.94%) of ETC by using a tracking
mechanism in comparison with that of stationary ETC. The
natural circulation is a most interesting technology used for
solar energy exploitation due to its simplicity and low
maintenance compared with the system using an auxiliary
pump. However, the thermosyphon principle results in a slow
circulation rate and this renders the system less effective. The
limitation of ETC is that it can only be used for a low-pressure
system, as the tubes can only withstand a few meters of water
head. The present study has focused on the thermal modeling
and performance evaluation of a solar still integrated with an
evacuated tube collector in a natural mode. The effect of water

Hot water from collector
tothe basin

depth in the solar still basin on the yield, energy and exergy
efficiencies has been estimated. The system has been optimized
to find the best combination between the size of (ETC) and
water depth in the solar still for an optimum performance.
Sadiq (2014) [5], presented a study for evaluating the
performance of an active double slope solar still using heating
pipes evacuated tubes theoretically, and compared it with the
experimental results relative to Basrah city climate. The system
consisted of solar still basin with an area of (1m?) connected to
eight evacuated tubes. He also studied the effect of solar
intensity, wind velocity and evacuated tubes on the water
productivity. His tests have been extended from January to
August 2013. He concluded that the solar still productivity has
increased with increasing solar intensity and wind speed. The
highest productivity of the system had about 11.23 kg for the
period between 800: AM to 17:00 PM while the thermal
efficiency of the system for the same period was 16.44% and
showed that the water productivity values have increased by
about 43.35% compared with those of the conventional solar
system.

3- THEORETICAL ANALYSIS FOR THE SOLAR STILL
In this part, a whole mathematical model that depicts the
processes in the basin of the solar still is offered. These models
will help in calculating the hourly saturated vapor pressures of
glass and water, the convective and evaporative losses
coefficients from the water surface to the glass, the distillate
output and the instantaneous efficiency of the still.

Water from the
basin to collector

|

Evacuated tube

Fig. 1. The solar still with evacuated tube.
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Fig. 1. The solar still with evacuated tube.

3-1 Internal heat transfer

The internal heat transfer mode, i.e. the heat exchange from the water surface to the glass cover inside the still
unit is governed by radiation, convection and evaporation as follows [6]:

3-1.1 Radiation heat transfer

It is known that radiation heat transfer occurs between any two bodies when there is a temperature difference
between them, and considering the water surface and glass cover, the radiation between water and glass can be
given by, [3]:

Arw = hpy (T = Tg) 1
Where h,,, can be obtained from equation [7]
hyy = ogepp[(To + Tg)(Ty + Ty)] 2)
Where: @
6 =5.669x10~8 ww/m?2K*

gerr Is the effective emittance between the water surface and glass cover, which can be presented by, [7]:
1
Eeff = (L+i_1) (3)
Ew &g

The values of the constants will be ¢,, = 0.96, £,= 0.88 [7]
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3-1.2 Convection heat transfer

Free convection occurs through the wet air in the enclosure because of the temperature difference between
glass cover and the water surface . The convective heat transfer rate can be produce from the following equation:

Aew = hew (T — Tg) (4) 4

Where: h,, is the convection heat transfer coefficient which is given by, [9]:

3 w—Pg)Tw

Where: pg and p,, are pressures of the vapor at the glass cover and water temperatures respectively. They can be
obtain from the following equations [9]:

b, = (25.317—%) (6)
g
5144
_ @537
pw =e +273 (7)

3-1.3 Evaporative heat transfer:

Because of the condensation of the rising steam on the glass cover, there is heat loss by vaporization
between the water surface and the glass cover. This can be obtain from the following equation:

Qew = hew(Tw — Tg) (8)
Where:
hey = 0.016273 hy, (iw'ig) 9)
w—lg

3-2 Theoretical analysis of the manifold

The manifold part can be considered as a collector storage for heat in the solar still system, where the heat
transferred from the heads of copper pipes to the heads of manifold to warm the water coming from the still basin

at Ty, .The hot water leaves the manifold at T, .

The heat transfer of water through the evacuated tubes (q.,.) can be calculated from:

Geve = M CP (Tout - Tin) (10)
The hourly-distilled water productivity of solar still is, [5]:
M= (deedens) +3600
Where, L: is the latent heat of water evaporation (J/kg),
The correlation for latent heat of water evaporation is calculated by, [12]:
L = [2501.897149 - (2.407064037 * Tw) + (1.192217*1073* T,, ?)
- (1.5863 *10~° * T,,%) ] x 1000. 12)
The thermal efficiency of the whole system can be calculated by the following equation, [11]:
21°MwsL (13)

= *
n $10(1xA*3600) +(I*Ap*3600)

Where:
Ay, is area of the basin still which is 0.25 m2.
Agyc 18 the half area of the collector.
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Aeve = 0.5%T*N*D*Leyc (14)
Where:

N is the number of tubes which is 4.

D, is the diameter of the tube which is 0.058 m.

Leyc is the length of the tube which is 1.8 m.

4- SYSTEM DESCRIPTION AND EXPERIMENTAL STEPS

The experimental work includes constructing three solar still systems, which are similar in structure, shape and dimensions.
Each system composes of a double slope solar still used to realise the maximum amount of solar radiation. The area of basin
was 0.25m? (0.5m long, 0.5m wide). It is provided in each side with a channel which slopes from the ends to the center for
collecting the distilled water output. The basin was made from fiber glass material that has small thermal conductivity to
reduce the thermal losses, and there is a hole in the middle of the basin used to deliver the brackish water to the manifold of
the evacuated tubes. Glass panes of 3 mm thickness are used as covers for the still, the slope of glass covers was taken as 30°
to the horizontal. Also, there are four heating pipe evacuated tubes used in each system, these tubes are used to increase the
temperature of brackish water in the basin which lead to increase water productivity. Each evacuated tube consists of two
glass tubes made from extremely strong borosilicate glass, the ends of the tubes are connected to the copper headers which
are fused together. On the internal surface of the inner borosilicate glass tube there is a black absorber plate. The heat is
transmitted to the copper pipe and then collected in the head of the copper pipe which contacts with the manifold. The length
of these tubes is 1.8 m, the outer and inner diameters are 0.058 m and 0.047 m respectively, and the length of the copper pipe
is 1.3 m, the end bottom of the evacuated tube contains a predictive cap made from silicone rubber to resist the high heat.
The manifold part is connected with the still basin and the head of copper pipes of the evacuated tubes make the system
circular. The saline water flows from the still to the manifold as a warm liquid and comeback to the still basin as a hot water.
The pipe of the manifold is made from copper and it contains 4 holes to the heads of copper pipes of evacuated tube. Figure
(2) shows the whole system of the work of solar still with all parts and connections.

» - '
Hot water stream

T : ' - gxu P Py e
From manifold to the | ‘ — -\ m,t.k'. m\' ; Solar still
< 1 » '
v o
-" ’ :

solar still manifold

Evacuated

tubes

Frame

Fig. 2. shows the system of the work of solar still

Experimental work presented deals with the studying of two cases:

1- The first case dealt with studying the effect of water level in the basin on the water productivity where the water
level in the basin for statel, state? and state3 was 1, 2.5 and 4 cm respectively, by considering that the other
parameters as constant (such as the direction of stills, solar radiation, wind speed, tilt angle and number of
evacuated tubes) for all states.
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2- The second case dealt with studying the effect of the still direction on the water productivity where the directions
of states 1, 2 and 3 were east, south-east, and south respectively by considering that the other parameters as
constant (such as the level of the water in the basin, solar radiation, wind speed, tilt angle of evacuated tubes
and number of evacuated tubes) for all states.

5- RESULTS AND DISCUSSION

The experimental work was used for verifying the effect of operating and designing parameters like solar
intensity, air speed, water level in the basin and direction of the solar still on the performance of solar still with
evacuated tubes collector.

5-1 Effect of water level in the basin (first case)

The effect of water level in the basin on the water productivity in the solar still has been studied
and discussed during May 2015. The depths of water in the basin for states 1, 2, and 3 were 1, 2.5 and 4
cm respectively. Also, the other design parameters were considered as constants for all the states. The
amounts of water productivity from the state 1 during July 2015 were recorded as shown in figure (3).
The amounts of water productivity from the solar still have fluctuated during the period due to the
intensity of solar radiation, air temperature and wind velocity. These parameters were variable from
time to time through the month of May, as well as, the appearance of some clouds in the sky during
some days, which affected water productivity. From figure (3) it can be noticed that the highest
productivity was on the 21% of July.
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Fig. 3. Water productivity during the period between 3-28™ of May 2015 for state 1.

Figure (4) shows the experimental results of water productivity for all the states during the period between 8:00
AM to 17:00 PM on the 24™ of May 2015. The water productivity was inversely proportional with the water level in
the basin.

The daily production for the states 1, 2 and 3 (from 8:00 AM to 17:00 PM) were 3148, 2976 and 2644 ml/m?
respectively. During the early hours of the day until 14:30 PM the water productivity for state 1 was larger than those
for states 2 and 3. This is due to the rate of heating for basin water with low level that is faster than the high level.
Then, the difference in temperatures between water and glass cover has increased, so the amount of the vaporized
water has increased too. After 14:30 PM where the solar intensity decreased, the amount of water productivity of
state 3 was larger than those for the state 2 and 1 due to the water in state 3 having high heat capacity. Therefore, its
water temperature has decreased slowly, but the daily yield for the first state is larger. Previously it was concluded
that the distilled water productivity was inversely proportional with water level in the basin, where the distilled water
productivity increased when the level of water in the basin has decreased.
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The average thermal efficiencies were about 25.23%, 25% and 22% respectively, as shown in figure (5). The
enhancement percentage of daily productivity due to the decrease of water depth in the basin from 4 cm to 1 cm was
about 18%.
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Fig. 4. Productivity as a function of time on the 24" of May 2015for all the states.
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Fig. 5. Efficiency as a function of time on the 24" of May 2015 For all the states.

To check the accuracy of the results for the theoretical model, values of the measuring parameters like solar
intensity, air speed and the temperatures of air, glass and water have been inserted in a computer program to calculate
the theoretical results and compare them with the experimental data for all states 1, 2 and 3. The degree of agreement
between them is summarized in the figures (6), (7) and (8) and table (1). The differences between the experimental
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and theoretical values due to the heat losses from the basin and the fluctuations of the hourly climate parameters, e.g.
solar intensity and air velocity as well as the loss of an amount of distilled water inside the basin. However, the
degrees of agreement between theoretical and experimental results were about 85%, 83.7% and 82% for the states 1,

2 and 3 respectively.
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Fig. 6. A comparison between theoretical and experimental results of water productivity for 1CS1.
600 —o—EXP.
/_.\ .
500 —=#—-THEO
(_\IE //_‘\ H=25 cmz
£ 400 Ap=0.25 m?
= B =45°
— 300 N=4
> .
-'§ East-south dir.
< 200
=}
e
o
a 100
0 T T T T T T T T 1
8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time (hr)

Fig. 7. A comparisons between theoretical and experimental water productivity values for 1CS2.
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Fig. 8. A comparison between theoretical and experimental water productivity results of for 1CS3.

Table |
Degrees of agreement between theoretical and experimental results for all models of the first case.

State No. Degree of agreement (%)
1CS1 85
1CS2 83.7
1CS3 82

5-1.1 Effect of operating variables on the water
productivity

The effect of operating variables like solar intensity, air
speed and temperatures of water, glass cover and outlet water
from the collector, on the water productivity have been
presented and discussed. The recording data have been
measured on the 24th of May 2015.

The solar intensity has been measured and recorded as
in figure (9) and its effects on water productivity of the solar
still have been studied and discussed. Values of the solar still
productivity have been recorded as shown in table (2) for the
period between 8:00AM and 17:00PM. The results in table (2)
show that the water productivity for all states increase gradually
during the period between 8:00 AM to 12:00 AM. Where, it has
reached maximum value at 12:00 AM because of the increasing

180702-5454-1JMME-IJENS © April 2018 IJENS

solar intensity from 587 W/m?2hr to a maximum value of about
1100 W/m?hr during the period between 8:00 AM to 12:00 AM.
These values have contributed to increase the amount of water
produced inside the basin of the still. Then the water
productivity decreased with time during the period after 12:00
AM because of the decreasing solar intensity.

Figure (10) and table (2) show that the air velocity has
increased gradually from 1.5 m/s at 8:00AM to its maximum
value of 2.9 m/s at 12:00AM, then it started decreasing after
this period, until it reached 1.4 m/s at 17:00 PM. The air
velocity has contributed to increase the value of water
productivity. However, whenever air velocity increased, the air
and glass temperatures decreased, and these lead to increase the
amount of condensing water vapor.
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Fig. 9. Solar intensity as a function of time on the 24" of May 2015.
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Fig. 10. Air velocity as a function of time on the 24" of May 2015.
Table Il
Solar intensity, wind velocity and water productivity for all states as a function of time on the 24" of May 2015.
Time Solar Wind State 1 Temperatures (°C) |State 2 Temperatures (°C) State 3 Temperatures ("C)
(hr.) intensity velocity
(W/m2hr) (m/s)
Tw Tg Tout Tw Tg Tout Tw Tg Tout
08:00 587 15 40 33.2 96 38.8 33 94 37.6 33 92
09:00 869 2.1 495 38.2 99 48.4 38 98 45.9 37 96
10:00 1020 25 55.9 445 100 54.2 43 100 50.8 41 99
11:00 1080 2.7 59.3 48.7 101 56.7 45.8 101 55.2 46 100
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12:00 2.9 60.3 50.2 | 101 58.6 |48.3 | 101 57.1 | 483 | 101
1100
13:00 1069 2.6 59.5 50 101 58 48.2 | 101 56.5 | 48 101
14:00 940 2.2 57 493 | 99 56 475 | 100 55.1 | 478 | 100
15:00 804 1.8 54 49 95 53 472 | 98 533 [ 475 |99
16:00 725 15 50.5 471 | 88 51 468 |91 51.5 | 472 |93
17:00 590 1.4 48 46 76 485 | 461 |78 494 1464 |81

5-2 Effect of the solar still direction on water productivity (second case)

In the second case (2C) the effect of solar still direction on water productivity has been presented and discussed
during June, 2015. The states 1, 2 and 3 directions were east, east-south and south direction respectively, while the
water level in all states was 1cm and the other design parameters such as, evacuated tubes number and the tilt angle
of the evacuated tube for all states are fixed.

Figure (11) shows the experimental results of water productivity for states 1, 2 and 3 as a function of direction
on the 14" of June 2015. This figure shows that the water productivity has been influenced by the direction of the
solar still. The daily production for the states 1, 2 and 3 (from 8:00 AM to 17:00 PM) were 4024, 3608 and 3982
ml/m? respectively.
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4000 M state 2
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% 3900
~ Ab=025 I'n2
§ 3800 H=1cm
£ 3700 B=45
>
)
'S 3600 -
=
(&)
-] 3500 -
°
o
D_ 3400 1 T T 1

East Eastsouth South
Direction

Fig. 11. Water productivity as a function of direction for all states on the 14" of June 2015.

Figure (12) shows the experimental results of water productivity for the states 1, 2 and 3 as a function of time
on the 14" of June 2015. The amounts of water productivity, relative to states 1, 2 and 3, have increased gradually
from 208, 190 and 160 ml/m? respectively starting from the early hours of the day at 8:00 AM until 12:00 AM to the
maximum values of 507, 596 and 590 ml/m? respectively. However, the water productivity amount of state 2 was
larger than the other states due to the high absorption of state 2 to the solar intensity during this period. After 12:00
AM, water productivity has decreased due to the decreasing solar intensity that reached state 2 due to the oblique
dropping of the sun rays on state 2, where the water productivity of state 3 became more than the other states. But,
the daily productivity of state 2 was more than the other states. From the productivities of the three states, it can be
seen that the best direction was found to be toward the east-south direction during June in Basrah city.
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Fig. 12.

Water productivity as a function of time on the 14" of June 2015 for all the states

The average thermal efficiency for each of the states on the 14" of June was about 21.27%, 25%, and 24%
respectively as shown in figure (13). The percentage enhancement in the daily productivity due to a change in the
direction of the solar still from the east to the east-south and from the south to the east-south directions were about

10.33% and 1% respectively.
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Fig. 13. Efficiency as a function of time on the 14" of June 2015 for all the states.

6- CONCLUSION

A solar still with an evacuated tubes collector was build up
and studied under actual climatic conditions of Basrah city. A
theoretical project is constructed to predict the performance and

productivity of an active double slope solar still using different
operational parameters. Experimental verification on the
distillation effectiveness of the solar still have been done. In the
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two cases, the relationship between water productivity and solar
intensity is directly proportional. From the above, it can be
concluded that the amount of distilled water produced depends
on the water level in the basin of the still, and on the solar still
orientation. Whenever the level of water in the still basin
decreases, the water productivity increases. However, the
percentage of enhancement in the daily productivity due to a
decrease in the water level from 4 cmto 1 cm in the basin equal,
was equal to 18%. Also, the best direction of the wind was
found to be the east-south direction in Basrah city. The
percentages of wind enhancement in daily productivity due to
the use of the east-south directions instead of the east and south
directions were about 10.33% and 1% respectively.
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