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ABSTRACT

Due to the concerning reduction in freshwater resources in many parts of the world and necessity of using saline
water, the solar distillers have gained importance considering solar energy as a clean and cost-effective resource.
In this study, the performance of a modified simple hemispherical solar still was theoretically and
experimentally assessed under the outdoor conditions of Mashhad, Iran (latitude of 36°18’; longitude ofsg°34’).
After performing several experimental tests, the daily distilled water output from the still was observed to range
between 2.72 and 3.17 Lit/day. Comparing experimental results with the results obtained by modeling of the
still, it was revealed that Clark’s model, among all the common thermal models to predict the performance of
solar stills, was more consistent with experimental data. Furthermore, the modeling results indicated that the
efficiency of the still was enhanced by more than 1% by decreasing the thickness of the glass cover. Moreover,
thermal conductivity and thickness of insulation played a key role in the efficiency of the still so that the
efficiency can be augmented to 60% by decreasing and increasing the thermal conductivity and thickness of
insulation, respectively.
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l. INTRODUCTION

The demand for drinking water is
increasing due to the swift growth of population
and high pollution of current resources [1]. One
solution to tackle the problem of water shortage is
to use desalination systems that benefit from
renewable energy resources such as solar energy. A
solar still is a very simple method for water
distilling that exploits solar energy and, in turn, can
be immensely applicable in tropical areas such as
the Middle East. Employing solar stills as an easy
and cheap approach for desalination traced back to
the 16th century [2], though a significant
application of solar distillation was not reported
from the 16th to 19th centuries [3]. The first
common solar still plant was built by the Swedish
engineer Charles Wilsonin 1872 [4]. From that
time on, many stills have been build base on the
very primary principles, although numerous
changes have been made in geometry, materials,
manufacture methods, and operation. The
efficiency of solar stills depends on various factors
including the design of the still [5]. To improve the
performance of  solar stills, different
unconventional shapes have been proposed, namely
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spherical stills [6-7], triangular stills [8-13], and
tubular stills [14-18]. Also, hemispherical stills are
included in the modern designs of stills that have
been rarely investigated. They are designed and
manufactured to increase the absorbed solar energy
and have outperformed a standard-single-slope
single-basin solar still as well.

After fabricating a hemispherical solar
still and conducting an experimental study on it,
Ismaill [19] observed that an increase in the water
depth by 50% caused a reduction in the efficiency
by 8%. Furthermore, Arunkumar et al. [20] carried
out an experimental study on the effect of water
flow over the cover surface on a hemispherical
solar still. The obtained results indicated the
efficiency increase by 42% once applying water
flow. By an experimental investigation along with
the simulation of a hemispherical solar still by the
aid of ANSYS CFS, Panchal et al. [21] showed that
the simulation results agreed well with the results
of experimental work for the prediction of solar
still performance.lt was intended to enhance the
collector efficiency as much as possible in this
study by changing the basin shape from conical to
cylindrical (low height) and also considering a
glass cover surface with the slope equal to the
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latitude of the experiment site.Generally, since
experimental studies are highly expensive and
time-consuming, mathematical modeling can be the
best alternative to reach well-suited designs and
operational parameters for solar stills [22].
Accordingly, many of the parameters affecting the
production of solar stills have been investigated
through modeling.However, since most modeling
efforts have neglected temperature gradient in glass
cover, the effect of glass cover thickness on the
efficiency of stills have not been addressed with the
association of modeling.The present study aims at
investigating the effect of glass cover thickness on
the solar still productivity by assuming the glass
cover as two discrete internal and external
parts.Furthermore, the efficiency change due to the
variations of insulation thickness and conductivity
is evaluated.

1. EXPERIMENTAL SETUP AND
PROCEDURE
A schematic view of the solar still setup

and image of the fabricated still are shown in Figs.
1 and 2, respectively. The solar still comprises mild
steel circular basin carrying saline water with the
diameter of 0.4m, the height of 0.15m, and
thickness of 0.003m (operating as the basin). The
basin was painted black to increase absorptivity.
The still was filled with saline water to the height
of 0.08m. The sides and bottom of the solar still
were covered with polyurethane foam (PUF)
insulation with the thickness of 0.05m. As shown
in Fig. 1, a tube was mounted on the sidewall to be
used as the inlet port of saltwater. The incident
solar radiation passes through a glass cover with
the thickness of 0.003m —mounted on the top of
the solar still— and heat is then absorbed by the
black plate. The water of the basin is heated by the
solar radiation and evaporation occurs. The formed
vapor is condensed on the internal surface of the
glass cover which has lower temperature due to its
contact with ambient air. The condensate water is
then flowed out towards a galvanized steel gutter
connected to the outlet port. The distillate output
from the still is collected and measured by a plastic
container (with the capacity of 500ml and accuracy
of 5ml) located beneath the outlet port.
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Outlet port

Fig. 1. Cross-sectional view of the hemispherical
solar still

Fig. 2. A photograph of the fabricated
hemispherical solar still

Experimental tests were performed in
Mashhad, Iran (latitude of 36%8; longitude of
59°34'). To absorb the maximum annual solar
radiation, the surface of glass cover was considered
with the slope approximately equal to the latitude
(35°) relative to the horizontal axis. Before the
initiation of each experiment, dust was removed
from the surface of the glass cover and the basin
was filled with saline water through the inlet port.
Experiments started around 7:00 am to 6:00 pm,
while the still was placed outside subjected to
sunshine for about one hour before the
experiments. Experiments were performed on three
different days in a week in a typical summer
month, June 2019. Experimental data were
recorded per hour.

The wind speed and ambient temperature
were measured by digital wind anemometer with
the velocity range of 0-30 m/s and accuracy of +0.1
m/sand the temperature range of -10 —45 centigrade
and accuracy of + 0.2 centigrade. The intensity of
solar radiation was measured by a solarimeter (with
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the range of 0-1200 W/m? and accuracy of *5
W/m?).

I1l. MATHEMATICAL MODELING
The Transient modeling of the solar still with the
aid of energy balance over its different parts was
performed by MATLAB software. To simplify the
modeling process, the following assumptions were
made:

1) The variation rate at the temperatures of
different parts of the system is so slight that the
system always remains in the steady-state
condition.

2) There is no vapor leakage in the still.

3) There is no temperature gradient in water depth,
basin, and insulation.

4) Reduction in the basin water due to evaporation
can be neglected in comparison to the total water
inside the still.

5) The areas of water surface, glass cover, and
basin are equal.

6) Since the inclination of the glass cover with the
horizontal axis is small, its effect can be neglected.
As per the above assumptions, the energy balance
equations for the main parts of the system are
expressed as follows:

3.1. Heat balance equation for the glass cover outer
surface

K

T;(Tgi _Tgo): ht,go—a (Tgo _Ta) (1)
stands for total top heat loss coefficient between
glass cover outer surface and atmosphere. Also,
since heat loss from the top of the glass cover to the
environment consists of convection (to ambient air)
and radiation (to the sky), is the sum of convective
heat transfer coefficient from the glass cover outer
surface to ambient ( ) and radiative heat transfer
coefficient from the glass cover outer surface to
ambient () and thus:

h h +h

t,go-a = ¢,go-a r,go-a (2)
The convective heattransfer coefficient from the
top part of the glass can be calculated as given
below [23]:

hygoa = 28+3V -

And radiative heat transfer coefficient loss from the
top can be referenced to the sky and computed
from:

(r,, +273.15) (T, +273.15)

sky

h g0 =€,0 =
go a (4)

represents the sky temperature and is calculated by
the following relation using ambient temperature
[24]:
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T,, = 005521 )

3.2. Heat balance equation for the glass cover inner
surface

K 6
(1_pg)agG+ht,w—gi(Tw _Tgi):Tg(Tgi _Tgo) ( )
g
stands for thetotal heat transfer coefficient from
water to glass cover inner surface and is the sum of
convective heat transfer coefficient ( ),evaporative
heat transfer coefficient from water to glass cover (
), and radiative heat transfer coefficient from water
to glass cover ():
ht,w—gi = h + he,w—gi + hr,w—gi (7)

Can be obtained from the following relation:

c,w—gi

g = £ O|T, +273.15) +(T, +27315F [T, +T,, +546)
(8)

The effective emittance between water mass and
glass cover () is defined by the emissivity of water
and glass cover:

:[ul_l] ©)
Ew é'g

Many relations have been proposed to calculate

and , namely Dunkle’s model [25], Chen et al.’s

model [26], Clark’s model [27].

Dunkleestimated the value of using the following

relation:
h,,, g =0.884x(AT')5 (10)

Where:
T [(TW ) (P, - P, )T, t273.15)} 11)
268.9x10° P,

The saturation vapor pressures at water temperature
and the glass cover inner surface temperature can
be calculated from the below relations:

P, :exp{ZSBl?—(SlMH (12)
T, +273.15

P, =exp| 25.317 - _ o (13)
T, +273.15

Moreover, Dunkle[25] used the following relation
to calculate :

hew_q =0.0163xh,,, {TP_TPQ} (14
w gi

Chen et al. proposed the following relation to

calculate :

h,.,. :0.2Ra°26& (15)

W-g df
To calculate Rayleigh number (Ra), the following
relation can be used:
9h(1, ~T, )0’ (16)

av

In the concerned still, specific length (D) was
considered equal to the diameter of the basin.

Ra =
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Clark proposed a model identical to Dunkle’s
model and developed the following corrected
relation to calculate the rate of evaporative heat
transfer:

Qo = (0.01t‘>27%)qwg (r,-P,) (17)

3.3. Heat balance equation for the water mass
(1_ag Xl_pg Xl_pw)awG + hWa (Tb _Tw): ht,w—gi (Tw _Tgi)
(18)
The convective heat transfer coefficient between
the basin liner and the water mass ( ) can be
obtained by [28]:

%
hy = 0.54% (19)

3.4. Heat balance equation for the basin and the
insulation

ab(l—ag x1—pg Xl—pw)(l—aW)G = hwb(Tb _Tw)+ hh(Tb _Ta)

(20)

The heat transfer coefficient between basin liner
and ambient ( ) can be obtained by the following
relation:

h _ |: I-ins + l :|
h =| =+ —
Kins hloss (21)

The overall heat loss coefficient from the insulation
outer surface to ambient air () can be calculated by
the following relation [29]:

h, =57+3.8V (22)

loss

3.5. Distillate production and efficiency
The rate of distillate production (in ) can be
obtained by the following relation:
h, i XxAx(T, =T,
m, = hx(w o). 3600x10° (23)
fg

Furthermore, the instantaneous efficiency of the
solar still is calculated by:

_ mwthg (24)
= AxG

The physical properties assumed in the
mathematical modeling are listed in Table 1.
Tablel.Physical properties assumed in
mathematical modeling [30-31].

hy =2506x10° -2.369x10°T +0.2678T * ~8.103x10°°T * - 2.079x10°°T *

/8=(0.3+0.116T —0.0004T *)x10™

V= . 0.12 |x10°°
0.5155 +0.0192T
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K, =0.557+0.002198T —0.00000578T 2

V. RESULTS AND DISCUSSION

The hourly variations of solar irradiance,
ambient temperature, and wind speed that were
measured during three days of testing are depicted
in Figs. 3, 4, and 5, respectively. As expected, the
profiles of solar radiation on the still had identical
trends during three days of testing, i.e. they
increased to their maximum values form the
morning hours to the middle of the day and
decreased in the afternoon. As can be observed in
Fig .3, the values of solar radiation range between
130 and 910 w/m?. Furthermore, due to the
increase in the solar radiation in morning hours and
its decrease in  afternoon  hours, the
ambienttemperature increased to its maximum
value from morning hours to the middle of the day
and then showed a descending trend (see Fig. 4).
The ambient temperature ranged from 22 to 40°C in
the testing days. Moreover, based on Fig. 5, the
wind speed ranged between 1 and 3m/s during the
testing days.

OO
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Fig. 1. The hourly variation of solar irradiance
during the three days of testing the solar still.
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Fig. 2. The hourly variation of ambient temperature
during the three days of testing the solar still.
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The variations of solar still productivity
during three days of testing and the predicted
values by the modeling are shown in Figs. 6, 7, and
8. Also, as an example, Fig. 9 illustrates the
accumulated solar productivity as a function of
daytime for the third day of testing.

As can be observed in these figures, the
solar still productivity followed a trend similar to
the solar irradiance and reached its maximum value
in the middle of the day. The solar productivity
ranged between 5 and 390 ml/h (this maximum
value was met at 15:00 on the first day of testing).
The accumulated solar productivity ranged between
2720 ml for the third day of testing and 3175 ml for
the first day of testing. This can be justified by the
slightly higher value of solar irradiance on the first
day (Fig. 3) and higher mean wind speed in this
day (Fig. 5) since solar radiation is the most
effective factor in the productivity of a solar still,
i.e. higher solar radiation leads to significant
enhancement of the solar still productivity [32].
Also, an increase in wind speed causes a decrease
in temperature of the glass cover and, in turn, the
temperature difference between the water and the
glass cover is augmented which leads to the
improvement of the natural circulation of air mass
inside the still, yielding the enlargement of
evaporative and convective heat transfer and
productivity is escalated in the end [33-35].

i

=dr=Day 1
=8=Day 2

Wind speed (mv's)

6 7 8 © 10 11 12 J3 14 15 16 17 I8 19

Time of day (hours)

Fig. 3. The hourly variation of wind speed during
the three days of testing the solar still.

Comparing the experimental results with the results
obtained by the modeling, Clarke’s model was
found to provide closer results to the experimental
data since Dunkle’s and Chen’s modelsnot only do
assume evaporation surface (water surface) and
condensation surface (glass cover surface) as
parallel but also disregard the gap between them,
which is not a valid assumption for the investigated
experimental setup. Therefore the results obtained
by Clarke’s model considering the magnitude the
distance between evaporation and condensation
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surfaces are more consistent with the experimental
results. On the other hand, since Clarke’s model is
valid for the operating temperature beyond 50°C,
its obtained results agree with the experimental
data more accurately around the middle of the day
when the solar radiation increases and the still
more approaches the steady-state condition over
time.

Fig. 10 shows the variation of the
instantaneous efficiency of the still designed in this
paper in comparison to similar stills proposed by
other authors.As can be seen in Fig. 10, posing
some slight variations in the glass cover inclination
to approach the latitude of the test site along with
the basin shape change from cone to low-height
cylinder, the instantaneous efficiency significantly
increased at least 5%.

100
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200

= Dunkle's model

Sahar still productmty (mlhi

100 i Chan et al s model
e Clagk " s model
=& FExperimental daa
0
6 7 8 9 10 11 12 13 14 15 16 17 I8 I8

Tine of day (hours)

Fig. 4. The variation of solar still productivity
during the first day of testing
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—@= [ xpetimental data
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Fig.7. The variation of solar still productivity
during the second day of testing
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Figure 8. The variation of solar still productivity.

This is attributed to the fact that the annual
productivity of solar stills reached its maximum
value when the glass cover inclination equals the
latitude of the test site [36].In addition to the
decrease in the declination angle, the distance
between the basin water and glass cover was
dramatically reduced. Therefore, as presented by
Al-Hussaini et al. [37], due to the volume reduction
of non-condensable gas such as air (acting as a
thermal barrier to the heat transfer), the efficiency
of solar still is augmented. On the other hand, it has
been illustrated that the efficiency of a solar still is
in reverse proportion to the water depth in the basin
[38-44]. Therefore, in the design proposed in this
paper, the efficiency of the still was enhanced as
much as possible by changing the shape of basin
from cone to a low-height cylinder.

Fig. 11 shows the wvariation of the
instantaneous efficiency obtained from Clarck’s
model versus the variation of the glass cover
thickness by mathematical modeling. As can be
observed, the instantaneous efficiency diminishes
by increasing the glass cover thickness since the
heat transfer is improved and, in turn, the water
vapor condensation rate is augmented [45].
Although the instantaneous efficiency increase due
to the reduction in the glass cover thickness was
insignificant (about 1%), reducing the glass cover
thickness can diminish the final construction cost
and ultimate weight of the still.
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Fig. 9. The accumulated solar productivity during
the third day of testing.
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Fig. 10. Variations of instantaneous efficiency

Fig. 12 and 13 depict the effects of
insulation  thickness and material on the
instantaneous efficiency. As can be observed,
increasing the insulation thickness to 15cm and
decreasing the thermal conductivity to 0.1W/mK ,

the instantaneous efficiency can reach 60% which
is a substantially considerable value.

60
59,5

59

Instantaneous efhoency

585

58
0 0.002 0.004 0.006
Glass cover thickness {m)
Fig. 11. Effect of glass cover thickness on
instantaneous efficiency
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Fig. 13. Effect of insulation thermal conductivity

on instantaneous efficiency

V. CONCLUSION
In the present study, a hemispherical solar

still was built, experimentally investigated, and
also modeled. It was intended in the fabrication of
the still to increase the absorption of solar radiation
and efficiency by geometric changes relative to
similar stills. Examining the experimental and
modeling results, Clark’s model was found to
provide a highly proper prediction of the system
behavior. Furthermore, a decrease in glass cover
thickness, an increase in insulation thickness, and a
reduction in insulation thermal conductivity led to
the improvement of efficiency.
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