41 (2012) 195-203
March

Taylor & Francis
Taylor & Francis Group

¢! Desalination and Water Treatment
¢ www.deswater.com

1944-3994/1944-3986 © 2012 Desalination Publications. All rights reserved
doi: 10.1080/19443994.2012.664714

Performance of single-slope single-basin solar still with sensible
heat storage materials
S. Shanmugan®, B. Janarthanan®*, J. Chandrasekaran®

“Department of Physics, Karpagam University, Eachanari Post, Coimbatore 641021, Tamilnadu, India
Tel. +91 422 2611146; Fax: +91 422 2611043; email: info@karpagamuniversity.ac.in
"Department of Physics, SRMV College of Arts and Science, Coimbatore 641 020, Tamilnadu, India

Received 26 July 2011; Accepted 26 January 2012

ABSTRACT

A single-slope single-basin solar still with an inner basin size of 1 x 1 m has been fabricated
with a layer of copper sheet in the basin. The still has been provided with a dripping
arrangement to pour saline water drop by drop into the basin. The system has been tested
with the dripping of saline water and with different sensible heat storage materials like
white marble stones, pebbles, black stones, calcium stones, and iron scraps. It has been found
that the calcium stones in the basin with dripping of saline water to maintain the least water
depth have a significant effect on the production and validated with the experimental

results.
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1. Introduction

Solar distillation is the desperate solution for fresh
water crisis which results not only from natural fac-
tors but also from human actions, widespread pollu-
tion of surface and groundwater. With locally
available materials, it is possible to construct a simple
basin-type still. The rate of production of distillate
yield is very less and efforts have been taken by many
researchers to increase the rate of production. Infer-
ences have been obtained by the researchers that the
decrease in water depth increases the productivity of
the still [1-4]. Moreover, the addition of dye in the
basin water has increased the absorption of solar radi-
ation and distillate yield [5-7]. Various absorbing
materials have been used in addition to saline water
by the researchers to provide more distillate yield [8].

*Corresponding author.

Madani and Zaki [9] have used rubber mate for the
improvement of the efficiency, and Naim Mona and
Abd El Kawi Mervat [10] have used charcoal as the
absorbing material in the basin to increase the absorp-
tion of solar radiation. Furthermore, Nafey et al. [11]
and Abdel-Rehima Zeinab and Lasheen Ashraf [12]
have made an attempt to enhance the productivity by
using black materials, glass, rubber, and black gravels.
Kalidasa Murugavel et al. [13] have used the spread-
ing materials with a thin layer of water to spread the
water in the entire area of the basin. Rahim et al. [14]
have an approach in a conventional still to store
excess energy during daytime that could be used to
continue evaporation at night. In this work, the
authors divided the basin water into evaporating and
heat-storing zone. They found that the heat storage
capacity of the water during daytime was about 35%
of the total amount of solar energy entering the still.
Sakthivel and Shanmugasundram [15] have conducted
experiments with black granite gravel of size 6 mm as
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a storage medium kept in the basin of a single-slope
solar still with a basin area of 1 x 0.5m. Arjunan et al.
[16] have made provisions to store excess heat energy
in solar stills during daytime for the continuation of
the process in the evening and during nighttime using
a blue metal stone as the energy storage medium.
Kalidasa Murugavel et al. [17] have made an attempt
to enhance the productivity by using a layer of water
and different sensible heat storage materials like
quartzite rock, red brick pieces, cement concrete
pieces, washed stones, and irons scraps. Recently Kali-
dasa Murugavel and Sridhar [18] have conducted
experiments for the still up to a minimum depth of
water and different wick materials like light cotton
cloth, sponge sheet, coir mate and waste cotton pieces,
and aluminum rectangular fin arranged in different
configurations in the basin.

In this paper, a single-slope single-basin solar still
with sensible heat storage materials has been tested
experimentally and theoretically. The performance of
the system has been tested with dripping of saline
water drop by drop with different sensible heat stor-
age materials like white marble stones, pebbles, black
stones, calcium stones, and iron scraps. Simulation
results are presented and discussed in this paper.

2. Design of the system

The photograph and schematic diagram of the
experimental single-slope single-basin solar still are
shown in Figs. 1la and 1b. The still consists of outer

Fig. 1a. Photograph of the experimental still.

and inner enclosure made of plywood with dimension
of 1.3x1.3m and 1.25 x 1.25m. The gap between the
enclosure is filled with glass wool having the thermal
conductivity of 0.0038 W/mK. The height of the back
wall and the front wall is 0.03 and 0.10m, respec-
tively. The glass cover of thickness 4mm is used as
the condensing surface, and the slope of the glass
cover is fixed as 11° which is equal to the latitude of
the location (Coimbatore). The still is made vapor
tight with the help of metal putty. The j-shaped drain-
age channel is fixed near the front wall to collect the
distillate yield and the output trickles down to the
measuring jar. The basin of the still is made of galva-
nized iron (GI) sheet and a thin copper sheet is pasted
in the basin and is painted black to absorb more solar
radiation. A special arrangement has been made to
pour saline water drop by drop into the basin to
maintain the least water depth. The arrangement is
made of heat transfer pipes with drip button fixed at
regular intervals of 0.10m horizontally in the basin.
The saline water tank is provided with a gate valve
and is connected to the inlet of the drip arrangement.
The basin temperature, saline water temperature and
condensing cover temperature are measured by fixing
copper—constantan thermocouples which are cali-
brated initially. Solar radiation intensity and ambient
temperature are measured with a solar radiation mon-
itor and a digital thermometer.

Experiment was carried out (from 6am to 6am)
for 24h with different sensible heat storage materi-
als in the basin during March 2011 at Department
of Physics, Karpagam University, Coimbatore
641021 [latitude 11°N, long 77°52'E], Tamilnadu,
India. Fig. 2 shows the photograph of the different
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Fig. 1b. Schematic diagram of the experimental still.
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Fig. 2. Photograph of the sensible heat storage materials.

sensible heat materials used in the

experiment.

storage

3. Thermal modeling
3.1. Glass cover transmission

The south-facing condensing glass cover receives
the radiation at different angles and quantities. To cal-
culate the energy received by the water mass in the
basin, the radiation energy actually received by the
glass cover and variation of transmittance of the glass
cover with time are to be considered. Researchers
have carried out the theoretical evaluation only by
considering the radiation energy on the horizontal
surface and fixed transmittance of glass cover. For any
given instant, the total energy to the still is the total
radiation falling on the south-facing glass cover.

Qi = Qs 1)

where Qs = A,ls.

The utilization of radiation energy by the still for
any given instant is the total solar radiation transmit-
ted through the south-facing covers and it is given by

Qt = Qs (2)

where Qts = 154,ls.

Since the transmittance of the glass cover at any-
time is a function of solar radiation incidence angle
(0), diffused radiation fraction (Ky), and thickness of
the glass cover (d), Kalidasa Murugavel et al. [19]
have developed a correlation equation and it has been
used in this study.

3.2. Energy balance equations

The transmitted radiation through the glass cover
is absorbed by the saline water in the basin. The saline
water temperature increases and heat is transferred
from water to glass cover by three modes. Convective,
radiative, and evaporative heat transfers occur due to
temperature difference between the water surface and
lower surface of the glass cover. The evaporative heat
transfer is accompanied by the mass transfer due to
partial vapor pressure difference between the water
surface and the glass cover. The evaporated water
vapor condenses at the lower surface of the glass
cover and releases its latent heat of vaporization to
the glass cover. A small fraction of heat is lost to the
surroundings i.e.,, ambient through the bottom and
side walls by conduction and convection. For the shal-
low basin, the basin temperature and saline water
temperature are said to be distinct and are treated as
a single element. The saline water is allowed to the
basin through a dripping arrangement such that drop
by drop flow of water compensates the water mass to
take sensible heat to attain equilibrium with basin
water.

The following assumptions have been made to
write the energy balance equations:

(i) There is no temperature gradient throughout
the glass cover surface.

(ii) The system is made vapor tight such that there

is no vapor leakage from the still.

The glass cover and water surface are

parallel due to small inclination of the glass

cover.

(iii)

Glass cover
Loy Ay + Aw(Tw — Ty) = hyAg(Ty — T) 3)
Basin water
dTw
(mwcw + memCem) T

= Qr(xbw - hlAw(Tw - Tg) - hBAbs(Tw - Ta)
— hey(Ty — Ty) (4)

Solving Eq. (3), the equation for Ty can be written
as

7 _ LA AT+ AT, )
& hAg + Ay

where
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hl = hcwg + hrwg + hcwg
hZ = hrga + hcga

h3 = hba + hsa

Tay = (Ta — 6) is the apparent sky temperature

Substituting the equation for T, in Eq. (4) and
rearranging, the equation can be written in the
form

dT,,
WﬂLPTW =Q (6)

where

12A2
P= w
(mwcw + memcem)(hZAg + hlAw)

. Ay + h3Aps — hgy
My Cy + MemCom

Q‘E Olbw

" 1yCy + MemCon
(h3Abs - hfw)Ta
mWCW + memcem

h1AWIgO(gAg + ]’l] hZAwAgTa

Q (mwcw + memcem)(hZAg + hlAw)

The general solution of the Eq. (6) can be written

as

yel Pt = / Qel Pt +c (7)
The equation for T, is

T, — % A (8)

Eq. (8) subject to the initial condition
when t=0, Ty, = Ty
We get

Q

C:Twi—— (9)

Substituting the equation for ¢ in Eq. (8), we get

Q

Tw = m (1—e ™)+ Tye? (10)

Egs. (5) and (10) are the required explicit expres-
sions for the temperatures of the basin water mass,
and glass cover of the still, respectively.

The instantaneous hourly distillate output per unit
basin area of the still is calculated by

me = (hewg(TZ - Tg) x3600 (11)
The efficiency of the still is expressed as
M.L
=———x100 12
U iwvis (12)

Where At—interval over which the solar radiation
is calculated.

4. Results and discussion

The following design parameter was used to eval-
uate the numerical results based on the analytical
solutions obtained by solving the energy balance
equations.

Ag=169m% A, =A,=15625m* C,=4190]/kg°
c L my,=12kg; Mem=30kg; Abs:O.13m2; o
0.88; oy = 0.05; L =270 6 =5.66x105 W/m” k*,
V=14m/s, K=0.038 W/mk.

The intermittent climatic parameters i.e. solar radi-
ation and ambient temperature have been observed
and are the variable parameters used in the numerical
calculations.

Experiments have been conducted with various
sensible heat storage materials on different days con-
tinuously during March and April 2011. The radiation
condition is same for all the days of the month and
observations have been compared for these days.
Among these days, atmospheric conditions are same
and the days having variation in the atmospheric con-
dition are ignored. Fig. 3 shows the variation of solar
radiation and ambient temperature for the days in
which observations made with different sensible heat
storage materials. The variations have the same trend
for all the days and solar radiation intensity seems to
be maximum between 12 pm and 2 pm.

Fig. 4 represents the variation of total solar radia-
tion fraction, diffused radiation fraction, and transmit-
tance of the south-facing glass cover. The correlation
proposed by Duffie and Beckman [21] for the trans-
mittance has been used in this study and it was
observed that the transmittance of the cover is good
for all the incident angles of solar radiation. Even
though the angle of incidence of solar radiation is
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Fig. 3. Variation of solar radiation intensity and ambient
temperature.
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Fig. 4. Variation of total radiation, diffused radiation
fraction, and transmittance.

high during morning and evening hours, the transmit-
tance of the glass cover is high. The production rate
for the different sensible heat storage materials has
been observed and a graph is drawn for the same.
Fig. 5 represents the variation of production rate
for different sensible heat storage materials (WM,
white marbles; PB, pebbles; BS, black stones; CS, cal-
cium stones; and IS, iron scraps) throughout the day.
The observations have been made by dripping the sal-
ine water by using the dripping arrangement so that
to maintain the least water depth in the basin (1.cm)
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Fig. 5. Variation in production rate for sensible heat
storage materials.

along with sensible heat storage materials of moderate
size. From the graph, it is observed that the sensible
heat storage material i.e. calcium stones have given a
high production rate throughout the day when
compared with the other heat storage materials. Fig. 6
shows the total production rate for the different sensi-
ble heat storage materials from 9am to 5 pm. It is clear
from the graph that the total production rate for the
calcium stones (4.28kg/m”12h) in the basin from
9am to 5pm is found to be higher than that for the
other sensible heat storage materials. On a 24-h cycle,
the total distillate yield of the still with calcium stones
in the basin is found to be 5.78kg/m’ Among the
sensible heat storage materials, calcium stones in the
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— 4
o]
S 351
g
£ 37
D
E 2.5 1 2.35
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é 2 1.81 1.68
2 1.5
]
£
0.5 4
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marbles Stones stones

Sensible heat storage materials

Fig. 6. Variation of total production rate for sensible heat
storage materials.
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basin have given the nighttime production rate of
1.5kg/m?.

Table 1 represents the density, thermal conductiv-
ity, and specific heat capacity of the sensible heat stor-
age materials used in this experiment. Among the
storage materials, calcium stones have high specific
heat capacity than the other. Since the specific heat
capacity is high, large amount of solar energy is
trapped within the stone and it increases the distillate
yield during nighttime. Moreover, the calcium stones
have pores to allow the saline water to stay inside;
and the energy stored in the water is utilized during
low intensity radiation and nighttime for the distilla-
tion process.

The variation of water and glass temperature has
been observed along with the hourly production rate
for the heat storage materials and it is shown in
Fig. 7. From the figure, it is clear that the difference in
temperature between the evaporating water surface
and condensing glass cover surface is maximum dur-
ing 12pm to 2.30 pm and after that it decreases gradu-
ally for all the sensible heat storage materials in the
basin.

It is also observed that for calcium stones in the
basin, there exists a remarkable temperature difference
between water and the glass cover surface. Due to
that, the production rate increases linearly with the
increased temperature difference during peak sunny
hours. And also during peak sunny hours, the mini-
mum water depth in the basin has been maintained
by dripping the saline water in to the basin by the
dripping arrangement which enhances the productiv-
ity rate due to low thermal capacity of water in the
basin. Experiments have also been conducted without
the dripping arrangement along with the sensible heat
storage materials. It is observed that, for constant
maximum water depth in the basin, the productivity
decreases when compared to the dripping of saline
water slowly into the basin. Throughout the day, 12L
of saline water is introduced to the basin by the drip-
ping arrangement.

Fig. 8 shows the variation of various heat transfer
coefficients occurring inside and outside of the still
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Fig. 7. Variation of water and glass cover temperature.

during the working hours of the day. It is observed
that the external heat transfer coefficients i.e. convec-
tive and radiative heat transfer coefficients from the
glass cover to ambient are higher than the other inter-
nal heat transfer coefficients throughout the day. The
heat transfer coefficient of the saline water fed to the
still is also higher than the internal heat transfer coef-
ficient. This is because the outer enclosure has direct
contact with the surroundings rather than the area
inside the still.

A computer program has been written for the ana-
lytical solutions for glass cover temperature, water
temperature, and production rate for the calcium
stones in the basin and is shown in Fig. 9. It is con-
firmed that the theoretical results are in good agree-
ment with the experimental observations. At some
points, there exist some deviations from the experi-
mental observations due to the unaccountable parame-
ters i.e. projection of back and side walls in the basin.
This parameter has an influence on the thermal per-
formance of the still and it should be accountable.

Calcium stones having a specific heat capacity of
910]/kgK are the best sensible heat storage material
than the 3/4in. quartzite rock of specific heat capacity

Table 1

Materials Density (kg/m?) Thermal conductivity (W/mK) Specific heat capacity (J/kgK)
Calcium stone 2560 1.26-1.33 910

Black stone 3070 2.06-2.90 750

White marbles 2160 2.08-2.94 880

Pebbles stone 3300 24-2.6 880

Iron scraps 8000 16 500
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Fig. 9. Variation of distillate yield, glass cover and water
temperature.

775]/kgK [17] and blue metal stones [16] in the basin
for effective distillation.

The variation of production rate, water and glass
cover temperature for calcium stones in the basin by
dripping saline water with dripping arrangement to
maintain the least water depth has been compared
with the same calcium stones without dripping.
Experiment without dripping has been carried out
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Fig. 10. Variation of production rate, water and glass cover
temperature with and without dripping.

with 1.5cm of saline water along with calcium stones.
Fig. 10 shows the variation of production rate, water
and glass cover temperature with and without drip-
ping of saline water in the basin. From the graph, it is
clear that calcium stones with dripping of saline water
in the basin show increased rate of evaporation due to
the large temperature difference between water and
glass cover temperature. The temperature difference
between water and the glass cover without dripping
is small due to large thermal capacity and the rate of
evaporation is moderate. Moreover, overall distillate
output in the 24-h cycle for the system with calcium
stone accompanied by dripping is found to be
5.78kg/m* which is 36% higher than the system with
saline water in the basin instead of dripping.

Conclusion

The following conclusions are drawn:

(i) The thermal performance of single-basin single-
slope solar still has been theoretically modeled
including the transmittance and total solar radi-
ation of south-facing condensing cover and it is
experimentally validated for the typical days.

(ii) Calcium stones are one of the best sensible heat
storage materials to increase the evaporation
during nighttime and daytime due to high spe-
cific heat capacity.
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(iii) Calcium stones in the basin with dripping have
significant influence on the thermal perfor-
mance of the still compared to the production
rate without dripping and release the heat
energy stored during low intensity of solar
radiation.

(iv) In the case of saline water in the basin, the total
production decreases due to large thermal
capacity. Dripping of saline water increases the
temperature difference between the condensing
glass cover and water temperature in the basin
due to low thermal capacity.

(v) The overall thermal efficiency of the still is
found to be 43.67%, and the estimated produc-
tion rate is in close agreement with the experi-
mental values. Moreover, the production rate
depends on water, glass, ambient, and water—
glass temperature difference by considering the
transmittance on the south-facing condensing

cover.

Nomenclature

Ag — area of the glass, m?

Ay — area of the water surface, m>

Aps — area of the bottom surface still, m?

Cyw — specific heat capacity of the water, J/kg K

Cem — specific heat capacity of the energy
storing materials, J/kg K

hy — total heat transfer coefficient from water
to glass, W/ m? K

hy — total heat transfer coefficient from glass to
ambient, W/m? K

hs — total heat transfer coefficient from bottom
and side of the still to ambient, W/m? K

Npa — heat transfer coefficient from bottom of
the still to the ambient, W/m? K

Nga — heat transfer coefficient from the side of
the still to the ambient, W/m? K

New — heat transfer coefficient from ambient to
feed water, W/m? K

hews — evaporative heat loss coefficient from
water to glass of the solar still, W/m* K

Bewe — convective heat loss coefficient water to
glass of the solar still, W/m* K

P — radiative heat loss coefficient water to
glass of the still, W/m? K

hrga — radiative heat loss transfer coefficient
from glass to ambient, W/ m? K

hega — convective heat loss transfer coefficient
from glass to ambient, W/m? K

Ig — solar radiations on the glass cover, W/m?

I — solar radiations falling on the south-

facing glass cover, W/m?

L — latent heat of vaporization of water, kJ/
kg

Me — mass of the distillate output, kg/ m? h

Mem — mass of the energy-storing materials, kg/
m

My — mass of the water, kg/m?

Q — total solar radiation to the still, W/m?

Qs — total radiation falling on the south-facing
glass cover, W/ m?

Q. — togal radiation transmitted to the still, W/
m

Qs — total solar radiation transmitted through
the south-facing glass cover, W/m?

Ty — temperature of the glass cover, °C

T — temperature of the water, °C

T, — ambient temperature, °C

Greek symbols

oo — absorptivity of the glass cover

Clgw — absorptivity of basin water

5 — transmittance through the south-facing
glass cover

T — transmittance
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