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ABSTRACT

In an attempt to improve its performance and productivity, a simple low cost modification of
stepped-type solar still (SSS) was presented by installing external booster mirrors fixed at its top and bottom
edges. The SSS’s step width was 4cm and depth of 2cm and black-painted aluminized absorber within area
of 0.46 m2. Thus, two SSSs units (conventional without mirrors and modified with same fabricated
specifications but with booster mirrors) were investigated at Faculty of Agriculture, Zagazig University,
Zagazig, Sharkia Governorate, Egypt in order to assess and compare their performance represented of
productivity, indicated temperatures, some thermo-physical properties and daily efficiency under three
different water salinity levels of 15000, 35000 and 45000 ppm under solar radiation flux range of 270-1143
and 267-998 W/m2 in case of modified and conventional SSS, respectively, and ambient temperature range
of 31.2 to 37.6 oC. The obtained results revealed that, the indicating maximum temperatures gained by
modified SSS comparing to the conventional one increased by 14.3, 11.5, 8.6 and 2.5% for glass, water,
absorber and vapor, respectively. The daily yielded productively for the modified SSS were 9.91, 7.87 and
6.97 I/m2.d with increase of 84.2, 60.9 and 55.6 % compared to the productivity of the conventional SSS at
the previous water salinity levels, respectively. Furthermore, the annual cost of one liter distillate (in EGP; 1
$ = 15.7 EGP) for both conventional and modified SSSs was estimated as (1.33 and 0.88), (1.46 and 1.107)
and (1.6 and 1.25) at the same previously mentioned salinity levels, respectively.
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INTRODUCTION

Supplying freshwater for peoples live at remote
regions and islands is essential in order to provide the
necessary quantities of safe drinkable water. Due to its easy
construction with low maintenance requirement and free
energy and environmental operation, many researches had
been focused on solar stills. Therefore researchers always
seek to improve its productivity because of the limited
production where for simple conventional still is only 2-5
I/m?/day as reported by (Velmurugan and Srithar, 2011).
This makes solar stills have disadvantage of low
production compared to their costs (Omara et al., 2014).

Keeping in view the success of operating solar stills
is mainly depends on solar insolation. In this context,
Egypt located in Sunbelt area and has 9-11 hours of
sunshine daily with ray few cloudy days with annual direct
normal solar radiation 2000-2300 kWh/m? (NREA, 2011).
In order to reduce construction costs with keeping enough
quantities of evaporating energy, mirror reflectors can be
used for this purpose. Omara et al. (2017) reported that,
either external or internal reflectors are cheap modification
to increase directly the incident solar radiation onto the still
basin as well as the distillate efficiency of the still. Another
factor inversely affecting the performance of operating
solar stills is the depth of water. Thus, stepped solar still
could present solution of this problem through keeping
minimum depth leading to increase the distillate water
productivity (Omara et al., 2014).
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Reviewing literatures focusing on solar still
performance with external booster top and bottom mirror
reflectors, Tanaka and Nakatake (2006) presented a
geometrical method to estimate the reflected solar radiation
by both internal and external reflectors on the basin still.
the distillate water productivity increased by 48%. Tanaka
and Nakatake (2009) conducted numerical study on an
inclined wick solar still with a forwards top mirror on the
upper edge of the still (15° from vertical). Their results
revealed that the productivity increased by 27% over that
with a vertical reflector with the same length of still.
Additionally, Tanaka (2009) reported that at 30°N latitude,
the reflector effect is around 15% over of productivity
obtained comparing to the traditional wick still without top
reflector. Srivastava and Agrawal (2013) studied
conventional still with twin reflector booster mirrors with
increment of 79% over without reflectors. EI-Sebaii (2000)
obtained increase of 19% (in summer) and 30% (in winter)
by using external mirror reflectors with double slope single
basin solar still (at Tanta, Egypt 31° N). Omara et al.
(2013) investigated the productivity of a stepped solar still
combined with internal reflectors 5mm-depth and 120mm-
width and obtained higher productivity of 75% more than
the basin solar still. El-Samadony et al. (2015)
experimentally studied the performance of stepped solar
still integrated with external top/bottom reflectors
compared to basin solar still. The results indicated that the
glass and water temperatures were higher than that of the
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basin still by about 8 and 15 °C, respectively, within
increase in daily productivity about 92% moreover.

Regarding to the importance of estimation of
thermo-physical properties to describe evaporative
properties of the water that express to productivity and
efficiency of any solar still, in the present study a simple
modification by installing external booster mirrors at top
and bottom edges of a stepped-type solar still to investigate
improving its performance comparing to the conventional
one is proposed.

MATERIALS AND METHODS

Experimental work was carried out during 2020 at
Faculty of Agriculture, Zagazig University, Zagazig,
Sharkia, Egypt (Latitude 30.5° — Longitude 31.5°). Two
stepped solar stills (SSS) were investigated to assess their
productivity and thermo-physical properties under the
same climate conditions: first was the conventional one,
the second was modified using external top and bottom
booster mirror reflectors as shown in Fig. (1 and 2). The
top mirror is inclined by angle 15° to vertical plane, and the
bottom is inclined by angle 50° to horizontal plane. These
values is installed to be the optimum top and bottom
external reflectors as reported by (Tanaka, 2010; 2015).

Both conventional and modified SSSs mainly
consisted of stepped basin within step width of 4cm and
depth of 2cm, wooden box and 3mm-thickness glass cover.
The stepped basin was made of black-painted aluminum.
The wooden box was inclined 30° with horizontal plane.
The basin was insulated by glass wool from the bottom and
all sides in order to minimize heat losses from SSS to
surroundings. Two 20 liters-plastic tank was used to feed
each SSS with the saline water through plastic hoses
provided with controlling valves. The modified SSS was
provided with bottom and top booster mirror reflectors
with the same surface area of still considering of adjusting
tilt angles for both reflectors. Table (1) shows the
specifications of the conventional and modified SSSs.

1- Conventional SSS  2- Modified SSSwith ~ 3-Inlet of
without mirrors booster mirrors  saline water
6-Bottom booster  7-Top booster
mirror mirror

Fig. 1. Photo of conventional and modified SSS.
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Fig. 2. Schematic drawing of a) conventional SSS, and

b) modified SSS.
Table 1. the spesifications of experimental SSSs.
Parameter Specification of SSSs
Stepped basin material Aluminum
Surface absorber area, m? 0.4606
Basin thickness, mm 15
Wooden box dimensions, cm 75*55
Wooden box thickness, cm 25
Insulation thickness, cm 2.5 (Glass wool)

Cover material Glass (3 mm of thickness)

Preparing the saline water:

The feeding saline water was prepared by adding
15, 35 and 45 g of salt to one liter of purified water
considering the completely continuous agitation for
obtaining the salinity levels of 15000, 35000 and 45000
ppm (mg/l=1ppm), respectively, as a representation and
simulation of brackish and saline water.
The experimental procedure:

The main experiments were conducted from hour
8:30 to 17:30 in order to assess the hourly/daily productivity
of distillate water obtained using both conventional and
modified SSSs under the same weather conditions to
evaluate the performance effect of external booster mirror
reflectors on enhancing SSS thermal performance. All
readings and measurements of solar radiation and
temperatures and were recorded every 30 minute time
intervals. The thermo-physical properties considering the
productivity of both conventional and modified SSSs was
investigated using three different salinity levels of water
15000, 35000 and 45000 ppm as a simulation of brackish
water and seawater. The output distillate water is collected
by a measuring jar which is placed at the outlet of the SSS.
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Measurements and determinations:
Solar radiation flux

The solar radiation flux (SRF) for both conventional
and modified SSSs during operating insolation hours (8:30
to 17:30) was measured using a solar power meter (Model of
TES-132, TENMARS, Taiwan), with measuring range of 0-
2000 W/m?, resolution of 0.1 W/m? and accuracy of + 10
W/m2,
Temperatures

Calibrated type-K thermocouples (measuring range
of -100 to 1300°C and accuracy of +0.1% rdg + 0.7°C)
connected to a digital data logging thermometer
(TENSMARS TM747-DU,Taiwan) were used to measure
the temperatures (°C) at different points inside the SSS.
The temperature of ambient (Tam), glass cover (Ty),
absorber (Tas), water (Tw) and vapor (Ty) were measured
every 30 min.
Hourly productivity

The hourly SSS productivity per on square meter
(I/m?2.h) was calculated as follow:

Hourly productivity
_ hourly collected distillate water (ml)

absorber area (m?) x 1000
Cumulative productivity
The daily cumulative SSS productivity per one
square meter (I/m2.d) was estimated by adding the obtained
hourly productivity to the previous hour yield for the whole
consecutive hours throughout day from hour 8:30 to 17:30.
Thermo-Physical properties
Thermo-Physical properties were determined using
the measured temperatures (Tam, Tg Tas and Tu) for
evaporative and condensate surfaces by the following
relations according to (Arunkumar et al., 2010; Brooker et
al.,, 1982; Toyama et al., 1983):
The thermal conductivity (K) is given by:
K =0.0244+ (0.7673 x 10°)T,,, W/m.K
The water dynamic viscosity (u) is given by:
p=(1.718 x 107%) + (4.620 x 107)T,,,,
The water density (p) is given by:

_ 353.44 e/
=@7335+71,,) ' |l9/m

I/m?h

Pa.s

p

Where,
Tav is the arithmetic mean temperature of evaporative and condensate
surfaces that can be expressed by:

T,+ T
Ty = B 2 4
The saturation vapor pressure (p) is given by:

12301

= 6893.03 54.63—— 0
P exp ( (1.8T, + 491.69)

- 5.17In(1.8T, +491.69) |, Pa

The latent heat of water (h) is given by:

h=-0.00061432 T, + 0.0058927 T,,> — 2.36418T,,
+2500.79, kj/kg
Daily SSS efficiency
The daily thermal efficiency of both conventional
and modified SSSs is determined as follow:
Tm, Xh
M= STnz wcnin
YTA X SRF (t)

Where,

(X rirw) is the summation of the hourly productivity of distillate water,
multiplied by the latent heat (h); hence, the result is divided by the
average daily solar radiation flux (SRF) over the whole absorber
surface area (3'A) of the SSS, (n) is the number of effective operating
hours.
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RESULTS AND DISCUSSION

The obtained results were discussed under the
following items:
Hourly solar radiation flux (SRF) and ambient
temperature (Tam):

The mean values of variation of hourly SRF and
Tam for both conventional and modified SSSs obtained
during the experimental days is shown in Fig. (3). In
general, it can be noticed that the hourly SRF, for both
conventional and modified SSSs, increased in the morning
period until reaching the maximum values around noon
period, then it begun to decrease progressively until
reaching the minimum values at the end of day hours. With
an overview, it can be explained the increasing of incident
SRF for modified SSS compared to conventional one as a
result of increasing reflected SRF due to the effect of
external booster mirrors in addition to the natural incident
SRF on modified SSS receiver. Of course, it may be
expressed to the same trends for all following indicators of
SSS performance. The maximum hourly SRF for both
conventional and modified SSSs (in average for
experimental days) was recorded 1143 and 998 W/m?,
respectively, while the minimum values were 270 and 267
W/m?, respectively. Generally, the averaged SRF for
modified SSS increased by 13% more than the
conventional one. But regarding to ambient temperatures, it
had the same trend due to the experiments were carried out
in the same time for both SSSs. From the obtained results,
it can be observed that the average values of ambient
temperatures thought the experimental days ranged from
31.2t0 37.6 °C.
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Fig. 3. Variations (in average) of hourly solar radiation
flux and ambient temperature conditions
during the experimental days.

Distribution of hourly indicating temperatures (Tg, Tw,
Tabs, and Tv):

The mean values of variations of hourly different
indicating temperatures: glass temperature (Tg, shown in
Fig. 4,a), water temperature (Tw, shown in Fig. 4,b),
absorber temperature (Tas, shown in Fig. 4,c) and inner
vapor temperature (Ty, shown in Fig. 4,d) for both
conventional and modified SSS obtained during the
experimental days is shown in Fig. (4). On general
overview, the trend of all hourly measured temperatures
(Tg, Tw, Tas and Ty) of both conventional and modified
SSS reached its peak values at noon period as well as SRI
distribution during the day. The obtained results showed
that all indicating temperatures for the modified SSS
higher than for the conventional SSS, where the maximum
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values of: T increased from 55.9 to 63.9 °C (with increase
of 14.3%); Tw increased from 98.4 to 109.7 °C (with
increase of 11.5%); Tas increased from 98.7 to 107.2 °C
(with increase of 8.6%); Ty increased from 81.2 to 83.2 °C
(with increase of 2.5%). While these values in average
were estimated as: T increased from 45.3 to 54.9 °C (with
increase of 21.2%); Tw increased from 73.2 to 83.3 °C

(with increase of 13.8%); Tans increased from 72.7 to 78.8
°C (with increase of 8.4%); Ty increased from 62.8 to 65.9
°C (with increase of 4.9%). Therefore, and from the
obtained results, using booster mirrors with SSS led to
clear improvement for all indicating temperatures thus later
properties and productivity would be improved.
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Fig. 4. Variations of average hourly temperatures of: (a) glass, (b) water, (c) absorber and (d) vapor, for both

conventional and modified SSSs.

Distribution of hourly indicating thermo-physical
properties (K, p, p, p and h):

The mean values of variations of hourly different
thermo-physical properties: thermal conductivity (K,
shown in Fig. 5,a), water dynamic viscosity (i, shown in
Fig. 5,b), water density (p, shown in Fig. 5,c) ), saturation
pressure (p, shown in Fig. 5,c) and latent heat of
evaporation (h, shown in Fig. 5,e) for both conventional
and modified SSS obtained during the experimental days is
shown in Fig. (5).

As a general overview, the trend of thermo-physical
properties of K, p and p of both conventional and modified
SSS reached its peak values at noon period as well as SRI
distribution during the day meanwhile thermo-physical
properties of p and h tends upside down SRI trends. This is
because of SRI directly proportional to thermal
conductivity, water dynamic viscosity and saturation
pressure but inversely proportional to water density and
latent heat due to high temperatures as a result of trapping
solar radiation and its conversion to heat energy.
Furthermore, the external top and bottom booster mirrors
reflectors concentrate the incident SRI over the SSS area
hence thermo-physical properties for the modified SSS
should be better than the conventional one.

The obtained results revealed that, the water
thermal conductivity was ranged from (0.02714 to 0.0230
W/m.K) and (2.906E-02 to 3.06E-02 W/m.K) for
conventional and modified SSS, respectively, with increase
in average of 0.26% for the modified SSS. The water

dynamic viscosity was ranged from (1.9E-05 to 2.05E-05
Pa.s) and (1.9E-05 to 2.09E-05 Pa.s) for conventional and
modified SSS, respectively, with increase in average of
0.50% for the modified SSS. The saturation pressure was
ranged from (5391.4 to 371935 Pa) and (5818.8 to
45784.8 Pa) for conventional and modified SSS,
respectively, with increase in average of 7.8% for the
modified SSS. In contrast, the water density was ranged
from (1.0213 to 1.144 kg/m®) and (0.99937 to 1.139 kg/m°)
for conventional and modified SSS, respectively, with
decrease in average of 0.28% for the modified SSS.
Additionally, the water latent heat was ranged from
(1767.2 to 2380.7 kJ/kg) and (1691.2 to 2364.1 kJ/kg) for
conventional and modified SSS, respectively, with
decrease in average of 0.537% for the modified SSS.
Hourly and cumulative productivity:

Depending on the same earlier behavior of SRF
distribution from hour 8:30 to 17:30 within similar
conditions of average values of 784, 759 and 770 W/m? for
conventional SSS and 886, 843 and 862 W/m? for
modified SSS, Fig. (6) showed the obtained results of
hourly and daily cumulative productivity for both
conventional and modified SSSs at different salinity levels
of 15000, 35000 and 45000 ppm, respectively. General
overview, it can be observed that, distillate water
productivity inversely increased with reducing the salinity
under nearly conditions of SRF. This is logical because
higher concentrations of salinity required more evaporative
energy to overcome the bond energy. From the obtained
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results, the distillate water productively attained its
maximum values at noon period and its rates remained
high at the afternoon time. The highest obtained values of
hourly productivity of modified SSS compared to the
conventional one increased from 0.65024 to 1.04058,
0.62858 to 0.96830 and 0.62446 to 0.93498 I/m2.h with
increase of 60, 54 and 49.7 % at water salinity levels of
15000, 35000 and 45000 ppm, respectively, while the
recorded cumulative productively at the end of day

increased from 5.38 to 9.91, 4.89 to 7.87and 4.48 to 6.97
I/m?.d with increase of 84.2, 60.9 and 55.6 % for the same
salinity levels, respectively. It is clear that, in general, the
hourly and cumulative productivity of distillate water
reduced inversely whenever the water salinity increased.
This is may be due to the increase of water mass resulted
by increasing water salinity led to high thermal heat
capacity then a reduction in evaporating rate may occur as
reported by (Tawfik, 2012).
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Daily SSS efficiency

Determination of daily thermal efficiency of both
conventional and modified SSSs at different salinity levels
of 15000, 35000 and 45000 ppm have been illustrated as
shown in Fig. (7). In general, the daily efficiency decreased
by increase of water salinity due to the distillate water
productively negatively affected by increase of salinity
level. The modified SSS was higher efficiency more than
conventional SSS at any water salinity. The daily
efficiency of modified SSS was found to be 64.2, 52.3and
45.7% at salinity of 15000, 35000 and 45000ppm,
respectively, while for conventional SSS, it was about
39.6, 37.0 and 33.4% at the same salinity levels,
respectively.
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Fig. 7. Daily thermal efficiency of both conventional
and modified SSSs at different salinity levels.

Cost estimation

The cost estimation of the solar distillation is
necessary, thus fabricating of solar stills using simple and
cheap materials should be preferred. In this study a very
simple modification using external booster mirrors with
SSS was investigated to can increase the productivity of
distillate fresh water compared to the conventional SSS.
Since, cost of solar still depends on distillate water
productivity that depends on solar radiation fluxes, so, the
cost of one liter of distillate for modified SSS is estimated
compared to the conventional one.

The total fixed cost for both conventional and
modified SSSs including prices of materials and
fabrication was about TFCconventiona=1700EGP and
TFCrodiies=2100EGP. The wvariable cost is assumed
30%TFC per year according to (Kabeel, 2009). Then total
cost considering still life time of 10years is obtained by
TC=1.3TFCx10, s0, TCconventiona= 1.3x860x10=11180EGP
and  TCrodifiec=1.3%x1050x10=13650EGP. Then, the
cumulative daily productivity multiplied by 340 is taken
assuming that the solar still operates 340 days/year, where
the sun rise along the year in Egypt according to (Omara et
al., 2014). Fig. (8) showed the estimated annual cost of one
liter distillate (in EGP; 1 $ = 157 EGP)for both
conventional and modified SSSs as (1.33 and 0.88), (1.46
and 1.107) and (1.6 and 1.25) at different salinity levels of
15000, 35000 and 45000ppm, respectively.
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Fig. 8. Annual cost of one liter distillate for both
conventional and modified SSSs at different
salinity levels.
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CONCLUSION

In this study, a modified stepped solar still using
external top and bottom booster mirrors as reflectors was
investigated in order to assess its productivity and thermo-
physical properties compared to the conventional one. The
obtained experimental results revealed that, performance of
the modified still was better than the conventional one. In a
comparison of modified still results compared to the
conventional still:

- The maximum and average T increased with 14.3 and
21.2%, respectively.

- The maximum and average T increased with 11.5 and
13.8%, respectively.

- The maximum and average Tas increased with 8.6 and
8.4%, respectively.

- The maximum and average Ty increased with 2.5 and
4.9%, respectively.

- The daily productivity increased with 84.2, 60.9 and
55.6 % at 15000, 35000 and 45000 ppm of salinity
levels, respectively.

Additionally, some thermo-physical properties of
modified still were estimated:

- The thermal conductivity ranged from 2.906E-02 to
3.06E-02 W/m.K

- The water dynamic viscosity ranged from 1.9E-05 to
2.09E-05 Pa.s

- The saturation pressure ranged from 5818.8 to 45784.8
Pa

- The water density ranged from 0.99937 to 1.139 kg/m?®

- The latent heat of evaporation ranged from 1691.2 to
2364.1 kJ/kg.

- The daily thermal efficiency of modified SSS was
found to be 64.2, 52.3and 45.7% at salinity of 15000,
35000 and 45000ppm, respectively.

Furthermore, the annual cost of one liter distillate
(in EGP; 1 $ = 15.7 EGP) for both conventional and
modified SSSs was estimated as (1.33 and 0.88), (1.46 and
1.107) and (1.6 and 1.25) at different salinity levels of
15000, 35000 and 45000ppm, respectively.
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