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ABSTRACT

The pressing need for reducing the global warming effects from the emission of greenhouse gases necessitates
the use of renewable energy where possible. Solar distillers are devices with a promising future. In this work, an
experimental setup (solar distiller) was constructed and equipped with a mirror, basin, glass cover, compressor,
sensors and controllers to study the partial evacuation effects on different solar distillation parameters and the
production capacity under the Jordanian climate. The test rig was tested for three different water levels (1, 2 and
3 cm), and four pressure values (1, 0.9, 0.8 and 0.7 atm) under the Jordanian climate. The detailed experimental
results strongly correlate with the results previously published in literature. The modifications performed on the
system doubled the previously attained efficiency. These improvements in the solar distiller will favor the ap-
plication of the vacuum pressure principle in many different applications, such as the water extraction from the

atmospheric air.
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INTRODUCTION

The energy cost and scarcity lead to impos-
ing the use of renewable energy in different ap-
plications. Solar distillers are used in water treat-
ment to produce high purity water; however, the
used equipment is obsolete and originated before
the scientists started dealing with solar radiation
measurement. Solar distillation has wide practical
applications in sea water treatment, brackish wa-
ter treatment and industries [Tiwari et al 2003].
As fresh water constitutes less than 2.6% of the
water available on the Earth, scientists focused
on improving and devising different distillation
techniques. Manchanda and Kumar [2017], stud-
ied the water desalination techniques, they pre-
sented a review on the active solar distillation
methods [Manchanda 2017]. Naim and Abd El
Kawi [2003] constructed a Solar Still (SS) with

charcoal. Charcoal functions as a heat absorber
and as a wick; the application of this solar still
resulted in a 15% increment in productivity over
wick-type stills. The authors added that such a SS
has many advantages, including low thermal ca-
pacity, light weight and simple operation. Muslih
et al. [2010] compared the added cost on differ-
ent types of the water distillation equipment to
the amount of the collected distilled water. The
study considered a traditional single slope SS, a
reflecting insulated mirrors SS, a stepped basin
SS, and a single axis sun tracking system. They
found that the system with the stepped basin is
most feasible, followed by the sun tracking with
stepped basin, and then the reflecting mirror sys-
tem. The payback periods of such modifications
ranged from 2.1 to 4.6 years.

As a result of the continuous science devel-
opment, the SS systems achieved extra potential



Journal of Ecological Engineering Vol. 21(3), 2020

with nanofluids. Nanofluids are fluids with nano
particles that may have high potential in heat
transfer fluids. They could enhance the thermo-
physical properties of fluids and improve the
heat transfer performance of the system. Saidur
et al. [2011] performed a review on the applica-
tions and challenges of nanofluids. They reported
the wide applications of nanofluids such as that
in cooling engines, heat exchangers and elec-
tronics, also nanofluids increases the efficiency
of diesel generators, chillers and refrigerators.
The application of nanofluids is extended even
in Nuclear reactors and space industries in ad-
dition to defense and solar water heating. It has
been concluded from the review that nanofluids
have a strong temperature-dependent thermal
conductivity at very low particle concentrations
than conventional fluids, which may improve the
performance of many systems. Velmurugan and
Srithar [2011] conducted a review on the perfor-
mance of SS and the various parameters affecting
its productivity. They considered various research
works don, authors found that water surface free
area, absorber area, temperature difference be-
tween water surface and glass, water inlet tem-
perature, depth of water layer and glass angle are
the main parameters affecting the productivity
of a SS system. Velmurugan and Srithar review
was valuable even they did not mention some
important parameters such as the basin internal
pressure and the heat losses form the SS system
[Omar et al. 2013]. Chung et al. [2012] designed
a low pressure-temperature evaporation system
for converting brackish water into fresh water by
distillation. The designed system implements the
ejector as a vacuum creator thus liquid can evapo-
rate at a relatively lower temperature than that at
atmospheric pressure. Furthermore they analyzed
the effect of feed water temperature and orifice
diameter on the performance of the distillation
system. The authors concluded that condensate
vapor increased with flow rate and temperature. It
also decreased if the orifice diameter is enlarged.
Vacuumed SS with nanofluid performance is fur-
ther analyzed by [Kabeel et al. 2014]. Gnanada-
son et al. fabricated a single basin vacuum SS,
and tested it with nanofluids and without. They
reported that the innovated low pressure SS en-
hances the water distillation compared to the con-
ventional SS system.

Scientists focused more on nanofluids, they
performed many studies regarding the convec-
tive heat transfer and friction factor, that affect

the nanofluids turbulent flow as in [Heyhat 2012].
The results reveal that the heat transfer coefficient
for nanofluid is improved with increasing the par-
ticle concentration, whereas the Reynolds num-
ber did not show a valuable enhancement on heat
transfer. To predict the convective heat transfer
and viscous pressure drop the thermal conductiv-
ity and viscosity of the nanofluids should be used.
More modifications were imposed to improve the
performance of SS system, such as Phase change
material and composite materials as in [Hemin
2015], the increment in distilled water production
was clarified for both PCM and combination of
PCM with composite materials.

Prakash and Velmurugan [2015] reviewed the
parameters influencing SS productivity. Velm-
urugan and Srithar [2011] tested heat storage and
phase change materials, whereas vacuum technol-
ogy was tested by [Prakash 2015]. All reported that
vacuum, PCM and heat storage material increase
the productivity of the SS, and added that PCM
and heat storage materials made distillation even
after the solar radiation has been finished. Sharshir
etal. [2016] conducted a detailed review of SS sys-
tems with the recent developments. Water purifi-
cation methods and economic analysis have been
presented [Manchanda 2017]. Sharshir attempted
to enhance the SS performance by using new type
of micro-flakes with different weight concentra-
tions, film cooling and different water depths.

The literature shows that the SS systems have
a wide range of applications in water purification
and industry. As Jordan has a good solar intensity
(Figure 1) the applications of such systems are
desirable. Many developments have been made
enhancing solar desalination systems; these en-
hancements encourage the use of solar desalina-
tion in further applications. In this work a modi-
fied SS system has been constructed and tested
under the Jordanian climate, for this purpose an
experimental setup was constructed and equipped
with reflecting mirror, changeable basin, inclined
glass cover, evacuation compressor, with suit-
able sensors and controllers to study the partially
evacuation effects on different solar distillation
parameters and production capacity.

EXPERIMENTAL SETUP

To study the performance of SS system un-
der different parameters, a solar distiller was con-
structed as shown in Figure 2.
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Figure 1. Solar potential distribution in Jordan

The constructed SS system consists of:

Compressor: creates partial vacuum inside
the SS, it assists in water evaporation at lower
temperatures. The required pressure in the SS
is controlled and adjusted by using pressure
Sensors.

High Pressure Control (HPC): electrical so-
lenoid valve, it opens when compressor starts
working as pressure is reached to the specified
value.

Low Pressure Control (LPC): electrical sole-
noid valve, it closes when pressure is reached
to the specified value.

Fresh water collecting tank and withdraw
valve: used to withdraw the FW from the tank
when it reaches the specified level.

Pressure Gauge: measures the pressure inside
the SS.

Vacuum sensor: an extra sensor used to feel the
vacuum pressure required to stop compressor.

Salty water
outlet

Figure 2. Schematic diagram of the solar still system

e Control Valves: to control the flow of air to
and from the system.

o Level sensor FW tank (upper): gives signal
when fresh water tank is full, it opens with-
drawal valve.

o Level sensor FW tank (lower): indicates that
water reached to the bottom of the tank and
stop water withdrawal process.

o Temperature sensors. to measure the tempera-
tures of the SS system at various location and
time.

e [nclined mirror: reflects the fallen radiation
onto the water surface to enhance evaporation.

e Pyranometer: to measure the solar intensity
throughout experimentation.

Different views of the actually constructed
system are shown in Figure 3. The compressor
sensors, controllers, valves, FW tank and mirror
are clearly shown. Schematic diagram of the sys-
tem with dimensions and angles used are illustrat-
ed in Figure 4. The system dimensions, materials
and controlling parameters are listed in Table 1.

Figure 3. Different views of the constructed setup with the actual system details
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Schematic diagram of the controlling processes

of the system relays and contactor is clarified by

Figure 5.

Used relays and contactors:

. (Fs,) is lower sensor level fresh water tank.

. (Fs,) is upper sensor level fresh water tank.

. (C)) is a contactor of the low pressure electrical
solenoid valve.

. (C,) is a contactor of the compressor

.(C,) is a contactor of the electrical solenoid
valve.

. (C,) is a contactor of the high pressure electri-
cal solenoid valve.

. (VS) is a vacuum sensor.

. (R)) is relay of the contactors.
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Figure 4. Schematic diagram including dimensions
and angles of the SS system

Controlling process

Branch (1) and branch (5): The sensor (Fs2)
is normally open, when the level of water in fresh
water tank comes to (Fs2); (Fs2) will be close and
relay contactor (R1) will be open and the contac-
tors (C3) and (C4) will be on. Branch (2): The
sensor (Fsl) is normally close, when the level of
water in fresh water tank comes to (Fsl); (Fsl)
will be open and the relay contactor (R1) will be
close and the contactor (C3) will be off. Branch
(3) and branch (4): The sensor (Fsl) is normally
open, when the level of fresh water tank comes to
(Fs1); (Fs1) will be close and the contactor (C2)
and (C2) will be on and the sensor (VS) 0.7 bar,
when the pressure increasing sensor (VS) from
0.7 bar, the sensor will be on and the contactors
(C1) and (C2) will be on.

Working principle

The brackish water enters the SS basin with
a pre-calculated amount, this amount determines
the water layer thickness. The system pressure
is then fixed using the pressure vacuum sensor.
When the system is on, the compressor start re-
ducing the pressure inside the SS system until it
reaches the required pressure, where vacuum sen-
sor gives sign to the compressor to stop evacua-
tion process. Solar radiation is measured by the
Pyranometer. As water evaporates and collected
after condensation in the FW tank the various
temperatures of the mirror, glass outer and inner
temperatures, system, water upper surface and
water lower surface temperatures are recorded.

Table 1. System dimensions, materials and controlling parameters

Inside 1.5 mm
Steel sheets
Outside 1 mm
Thickness 4 mm
Glass Length 780 mm
Width 500 mm
Mirror angle 10°
Mirror angle
Area 430%450 mm

Basin water tank

500%x500%60 mm

Fresh water tank

100x100x200 mm

Compressor Max Power 120 W
Insulation Thermal Resistance (Rock Wool 25 mm) 0.79 m? °C/W
Water layer thickness 1,2and 3cm

System Pressures

101, 91, 81 and 71 kPa
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Figure 5. Schematic diagram of the controlling
processes of the system

Whenever the system pressure increases over the
assigned value, the compressor starts working to
bring pressure to the set point again. This process
is repeated during the experiment for a various
water levels and vacuum pressures.

EXPERIMENTAL RESULTS

The experiments in this study have been per-
formed 1, 2 and 3 cm), and different system vac-
uum pressures (0, 10, 20 and 30 kPa) under the
Jordanian climatic conditions. The solar radia-
tion, mirror temperature, glass inside and outside

temperatures, water layer top and bottom surface
temperatures, System Temperature (ST) and ac-
cumulated desalinated water are recorded for the
different set parameters and time.
A sample data collection is given in Table 2
for the following conditions,
e Solar still (East) with (-10 kPa) vacuum
pressure.
e The height of water 3 cm.
e The volume of water 7.5 litter.

The solar radiation, ST, water surface and wa-
ter bottom temperatures are plotted versus time in
Figure 6. As noted from Figure 6, the ST is higher
than the water temperatures due to direct heating
from solar radiation; the lower temperature of wa-
ter is due to the heat losses from the device, which
indicates that more insulation needed be used for
such devices. Radiation increases until it reaches a
maximum at solar noon time then start decreasing,
as expected. This behavior of the radiation curve af-
fects both the system and water layer temperatures.

The variation of ST and the amount of dis-
tilled water versus time are shown in Figure 7 for
system pressure 101 kPa (zero vacuum pressure).
Figure 7 shows that the Distilled Water Quantity
(DWQ) per hour increases rapidly in the morning
hours and reaches its maximum at noon time, this
value almost constant then after. Figure 8 shows
the results of DWQ and various SS temperatures
versus time for 10 kPa vacuum pressure and vari-
ous water thicknesses (1, 2 and 3 cm). The ST and
DWAQ increase with solar intensity as expected, a
valuable increase in the STs and DWQs as a re-
sult of pressure reduction is notified. Figure 9 and
Figure 10 show the variation of STs and DWQs
for -20 and -30 kPa, the same trend continues and
higher amounts of DWQs are achieved.

Table 2. Sample Data for 3 cm water layer thickness and 10 kPa system vacuum pressure

Inner glass Outer Inner Top surface Bottom Distillate
) Radiation | Mirror temp. 9 system P surface output pure
Time 5 temp. glass temp. water temp.
(W/m?) T, (°c) T, (°c) T (c) temp. T, (°c) water temp. water
2 ° T.(c) . T, () (kg/m?)
9:00 428 21 23 21 26 18 18 0
10:00 455 33 35 24 38 27 25 0.390
11:00 550 38 39 29 39 32 29 0.372
12:00 647 41 48 32 43 38 30 0.263
13:00 556 37 45 26 41 36 25 0.256
14:00 517 33 41 28 42 33 22 0.213
15:00 500 29 40 27 43 34 21 0.197
16:00 469 25 36 24 44 31 19 0.179
17:00 250 19 31 23 44 29 17 0.166
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Figure 6. Variation of solar radiation, ST, water surface and water bottom temperatures versus time

180

160

=O==system temperature 3-101

140

== distilated water per hour

-
N
o

ml 3-101

=
o
(=}

==fe=system temperature 2-101

00
o

=>¢=distilated water per hour
2-101

@
=]

=¥=system temperature 1-101

Temperature (C)
Distilled Water (ml)

N
o o
\

=@=distilated water per hour
1-101

\

T T T T

8 9 10 11 12 13 14
Time (h)

T T T

15 16 17 18
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Figure 8. The ST and distilled water quantity versus time for 10 kPa vacuum pressure and various water
thicknesses (1, 2 and 3 cm)

The DWQs (ml) versus Pressure (kPa) are
presented in Figure 11 for water thicknesses
(1 cm, 2 cm and 3 cm). It is clear from the Figure
that the amount of DWQ increases by increasing
the vacuum pressure in the system, this enhance-
ment is applicable for the different water thick-
nesses. Even though the larger amount of water
in the SS requires more time to be heated at the
beginning of the experiment, the evaporation
quantities do not show significant difference. This
is due to the variation in solar energy and extra

heat losses accompanied with different water heat
transfer areas.

The expected distilled water quantity may be
calculated as,

GA
=n — 1
Q=153 (M
where Qis the daily quantity of distilled water in

(kg),

G is daily global solar irradiation in MJ,
A the distiller catchment area m?. For at-
mospheric pressure and under the achieved
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solar radiation, an amount of 4 1/day is the
maximum expected value as shown in the
below Figure. A 2.5 1/day were achieved
with 30 kPa vacuum pressure.

To visualize more the effect of water thick-
ness on the distillated quantity, the distillated wa-
ter has been calculated for a fixed time period and
compared for different vacuum pressures and wa-
ter thicknesses, the results are shown in Figure 12.
As shown in the pre-mentioned Figure the effect

of water thickness for the various vacuum pres-
sures is best at 2 cm thickness. Even the variation
is not high but it is steady in most of the readings,
this show that the best water thickness under the
selected design and working conditions is 2 cm
thickness.

The efficiency of the SS includes the reflec-
tivity of the glass covers and the heat losses from
the SS basin in addition to distiller surface area.
Better insulation and high transmissivity glass
covers will increase the efficiency of the distiller.
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To calculate the efficiency of the solar distilla-
tion system water, the heat required for water evap-
oration with the incident solar radiation were used.
The SS system efficiency may be calculated as,

:Zmd hyg
YAl

where: Mg is the daily water distilled kg/day
hfg is the latent heat of vaporization at the
used pressure J/kg,
I averaged solar intensity W/m?.

2

The efficiency of the SS has been calculated and
plotted in Figure 13. The solar distiller average ef-
ficiency rise about 30% as reported by Santos et. al.
[2017]. This value agrees to a high accuracy with the
value achieved in our analyses for the atmospheric
pressure case. Figure 13 indicates the achieved
high efficiencies of the SS device under vacuum
pressure, the efficiency almost double its value for
30 kPa vacuum pressure. The attained results en-
courage the application of such systems in the dif-
ferent engineering applications. Such system may
be used to increase the amount of water that may be
achieved from atmospheric air, and makes such de-
vice attractive especially in the water scarcity areas.

CONCLUSION

In order to enhance water evaporation in
solar distillers, a partially evacuated solar still
was constructed and equipped with suitable
sensors and controllers. The effect of pressure
evacuation on water distilled capacity was stud-
ied under the Jordanian climate. Jordan is char-
acterized by high solar intensity year around;
thus the applications of such systems are valu-
able. The test rig was tested for three different
water levels (1, 2 and 3 cm), and four pressures
(1, 0.9, 0.8 and 0.7 atm).

The experimental results for system tem-
peratures, distilled water quantity and system
efficiency were plotted and discussed. The re-
ported efficiency agrees with previously pub-
lished results in literature. The implemented
modifications on the system were able to dou-
ble the previously attained efficiency. These
improvements in Solar distiller capacity will
favorite the use of vacuum pressure principle
in many different applications. The use of such
principle in water extraction from atmospheric
air is one of these applications.
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