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ABSTRACT

The development of an accurate thermodynamic model for the basic solar still has been the
goal of many researchers. Glass covers are the most common choice of cover material, but
are not always available under all situations and pose a large risk of physical injury if not
handled with precaution. The effects of using three different cover materials (glass, Plexiglas,
and plastic wrap) were investigated under a series of environmental conditions. The heat
transfer model has been improved upon by the incorporation of a term for the effective emis-
sivity of the cover, seff. The effective s expands upon the definition of the basic s by incorpo-
rating the reflecting effects of the condensed, but not yet collected, water droplets adhered to
the interior surface of the cover. The cumulative yield and water temperature profile predic-
tions of the improved model were verified by a comparison with experimental results.
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1. Introduction and background

Ninety-seven percent of the world’s available
water supply is unfit for human consumption due to
its large salt concentration [1]. Multitudes of people
around the world suffer from severe water shortages
and available potable water sources are becoming a
desirable commodity. A procedure known as desalina-
tion, removing salts from water, has gained much
attention in the literature as a solution to the problem.
Large-scale desalination systems are used in many
countries around the world, most notably in India and
the Middle East where the arid climate causes the pro-
duction of freshwater to be a necessity [1]. A compact,
lightweight solar distillation unit would be beneficial

in the immediate aftermath of a natural disaster to
provide short-term relief.

The literature is flooded with different designs and
configurations for solar distillation (SD) apparatus,
many of which contain mathematical models and
simulations predicting maximum efficiency. Several
excellent reviews have been recently published [2–6].
Reviews specific to active [7] and passive solar distil-
lation [8] are also available. Many investigators have
summarized and modeled results for specific locations
[9]. All types of SD units exhibit similar problems
such as low yields and large surface area to yield
ratios.

The components of a single-slope, basin-type SD
units are shown in Fig. 1 and consist of: (1) an absorp-
tive plate or black surface, (2) water layer, (3) insula-
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tion, (4) humid air, (5) glass cover, and (6) collection
trough.

A single-slope solar still as shown in Fig. 1 is com-
prised of an insulated box with the top cover made
from a material with high transmittance and thermal
conductance (most commonly glass). There are three
main areas of a simple solar still including: the insu-
lated sides, the absorptive basin to hold seawater, and
the cover. The sides of the container are insulated to
decrease heat loss from the brine solution through the
sides of the apparatus. The basin serves two functions:
to hold the seawater and to absorb light energy pass-
ing through the seawater before it is lost to the envi-
ronment. To maximize absorption, the sides and
bottom of the container are commonly black. The
cover is also multipurpose—it seals the system from
any mass transport to the system surroundings, while
still allowing energy in the form of direct thermal
insolation to enter. It also serves as the condensation
surface to collect the freshwater output. The collection
of thermal radiation inside the device will cause the
interior temperature to rise causing an increase in the
vapor pressure of water in the solution. When the hot
water vapor hits the relatively cool cover, the water
vapor will condense, form droplets, and with help
from gravity, roll down the inclined plane to be col-
lected in a bottle or trough. Refer to area (6) of Fig. 1
for a visual representation of the condensate collection
trough.

The goal of this project was to design, build, test,
and mathematically model a single-slope SD unit

fitted with three unique cover materials including
plastic wrap, that would typically be found in a
kitchen cabinet, glass, and Plexiglas. The effects of the
different covers on the temperature and the yield of
the system were analyzed and explained with the heat
transfer model.

2. Heat transfer modeling equations

Energy balances are preformed on primary still
components including the absorptive plate, the water
in the absorptive basin, the humid air, and for the
transparent cover. A differential energy balance
around the absorptive plate, as shown in Eq. (1), was
used to determine the temperature of the plate (Tp). It
was assumed that the absorptive plate absorbed all
solar insolation and the heat transfer due to radiation
was insignificant when compared to that of
convection.

DE ¼ MpCp

dTp

dt
¼ Solar radiation�Qc;p�w �Qp�o ð1Þ

The solar insolation was calculated as

Solar radiation ¼ Ias ð2Þ

where, I represents the total incoming solar insolation,
s accounts for the losses due to cover emissivity, and
a accounts for the losses due to the absorptivity of the
plate. Eq. (3) shows Newton’s Law of Cooling that
describes the heat transfer by convection from the
plate to the water. The thermal resistance model as
shown in Eq. (4) describes the transfer of energy from
the plate to the environment.

Qc;p�w ¼ hc;p�wðTp � TwÞ ð3Þ

Qp�o ¼
ðTp � ToÞ

Lp
Kp

þ LI
KI
þ 1

hc;I�o

ð4Þ

Substitution of Eqs. (2)–(4) into the energy balance
for the adsorptive plate yields

MpCp

dTp

dt
¼ Ias� hc;p�wðTp � TwÞ �

ðTp � ToÞ
Lp
Kp

þ LI
KI
þ 1

hc;I�o

ð5Þ

Two modes of energy transfer were considered to
determine Tw. It was assumed that the only heat intro-
duced to the water was from convective heat transfer

Fig. 1. The basic solar still design with labeled components
and energy transfers. (1) absorptive plate, (2) seawater, (3)
insulation, (4) humid air, (5) glass cover, (6) collection
trough.
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from the absorptive plate, as shown in Eq. (3), and
energy was lost due to evaporation (Qevaporation).

DE ¼ qwCwb
dTw

dt
¼ Qc;p�w �Qevaporation ð6Þ

The energy lost due to evaporation was estimated
using the semi-empirical term called the Ryan Corre-
lation [10]. The correlation, from Ryan (1974), is based
on measurements in open water bodies (e.g. lakes and
ponds) and implements a velocity term to represent
the wind speed in meters per second across the fluid
surface [10]. Neglecting the wind term in the Ryan
Correlation results in Eq. (7) for estimating the heat
loss from evaporation in the SD unit.

Qevaporation ¼ 0:027ðTw � TAÞ1=3PSATð1�HRÞ ð7Þ

Substituting Eqs. (3) and (7) into Eq. (6) provides
the expression used to determine the differential tem-
perature of the water.

qwCwb
dTw

dt
¼ hc;p�wðTp � TwÞ

� 0:027ðTw � TAÞ1=3PSATð1�HRÞ ð8Þ

The energy transfer for the humid air domain is
shown as Eq. (9).

DEhumid air ¼ qACALA

dTA

dt
¼ Qevaporation �Qcondensation ð9Þ

The evaporative heat flux into the air was again
modeled using the Ryan Correlation as shown in Eq.
(7). The heat flux from the air domain is due to the
condensation of water and is represented by another
semi-empirical formula (Eq. (10))[11].

Qcondensation ¼ 85:0ðTA � TGÞHR ð10Þ

Substituting Eqs. (7) and (10) into Eq. (9) results in
the governing equation used to model heat transfer in
the humid air domain.

qACALA

dTA

dt
¼ 0:027ðTw � TAÞ1=3PSATð1�HRÞ

� 85:0ðTA � TGÞHR ð11Þ

The energy balance for the cover is presented as
Eq. (12).

DE ¼ MGCG

dTG

dt
¼ Qcondensation �Qc;g�o ð12Þ

Substituting into Eq. (12), results in Eq. (13) repre-
senting the energy balance for the cover domain.

MGCG

dTG

dt
¼ 85:0ðTA � TGÞHR � hc;g�oðTG � ToÞ ð13Þ

3. Modeling mass transfer

The still is assumed to be a closed system, so no
mass is transferred into or out of the SD unit bound-
ary. The phase change at the water surface results in
an evaporative mass flux that increases the partial
pressure of water in the air–vapor mixture. To predict
yield, the condensation flux occurring at the air–vapor
mixture and cover boundary was considered. A
straightforward relationship [11] as shown in Eq. (14)
links the condensation heat transfer and mass conden-
sation rate.

dmcondensation

dt
¼ Qcondensation

Latent heat of vaporization

¼ 85:0ðTA � TGÞHR

hfg
ð14Þ

The rate of condensation, having units of kg/sm2,
is determined. Integration over the duration of the SD
unit operation results in the total mass of condensate
produced per unit area of the still cover (kg/m2). It is
assumed that all condensate is collected with 100%
efficiency and none is returned to the water basin.

4. Experimental setup

Three solar stills were constructed from locally
available Styrofoam coolers; the wall thickness of the
coolers was 4 cm. The dimensions of the completed
solar stills were: Height—40 cm, Length—83 cm, and
Width—40 cm. The most effective cover angle has
been well researched and has lead to conflicting
results. A recent excellent review [12] was published
on this conflict. The cover angle of 45˚ was chosen to
maximize cover surface area while minimizing the
effect of water droplets dripping back into the basin
[13]. The interior of the stills was painted flat black
and a 10-cm layer of black aquarium rock (average
diameter—6mm) was placed in the basin to act as the
absorptive plate. The water collection trough consisted
of a modified one-half inch CPVC pipe, cut in half
lengthwise, and secured to the SD unit housing with
clear silicone adhesive. The collection trough was con-
nected to the external collection bottle with commonly
available CPVC and PVC fittings. The covers were
applied to the angled surface of the solar still using
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clear silicone adhesive. Three cover materials were
evaluated in this study: glass (thickness = 2.4mm),
Plexiglas (thickness = 3mm), and clear polyethylene
plastic wrap (thickness = 0.05mm).

At the onset of each experimental run, the solar
stills were loaded with 2 liters of tap water through
an access plug, cut in the back wall of the cooler. This
access plug was then sealed with silicone to reduce
leaks to the surroundings.

The temperature of water in the basin was mea-
sured using a LM35 Precision centigrade temperature
sensor. The sensor supplied a linear temperature
response at a slope of 10mV/˚C with an accuracy of
±0.5˚C. The exposed wires and the LM35 package
were coated with silicone for waterproofing. The con-
necting wires for the temperature sensor were run
through the rear access plug and placed directly in
the water layer. Solar insolation was measured using
a Fisher Scientific Traceable Handheld Digital Light
Meter with analog output. Insolation was measured
on the same angle and plane as the solar still covers.
The light meter has a specified accuracy of ±5% over
the range measured.

The temperature and solar insolation data were
recorded using the NI USB-6008 analog to digital con-
verter and LabVIEW software. The entire SD system
was manually rotated approximately every hour dur-
ing testing to follow the sun. Effluent yields were
manually measured.

5. Results and discussion

The mass and heat transfer equations were solved
using Berkeley Madonna, an ordinary differential equa-
tions software package designed at the University of
California at Berkeley. Material properties, heat transfer
coefficients, and system dimensions were coded into
Berkeley Madonna. Empirical relationships were used
to represent properties that change with system
temperatures (water vapor pressure, water density,
and air density) or those that were specific to the testing
day (i.e. ambient temperature and solar intensity). The
depth of water in the basin, b, decreased with run time
and was modeled as a function of water condensed and
collected.

An effective emissivity of the covers, seff, was mea-
sured using the solar meter to record solar readings
from the exterior and interior of the solar still. The
fraction of light passing through the cover was taken
to be seff. seff represents the emissivity of the respec-
tive cover materials as well as the fraction of sunlight
reflected by the water droplets condensed on the
cover that have not yet been collected. The seff values

were observed to vary throughout the day, quickly
decreasing a couple hours after sunrise, leveling out
during the middle of the day, and rising back to their
original level after sunset. The extent of the rise and
fall for seff varied for the three different cover materi-
als and the seff profiles are shown in Fig. 2.

The measured seff profiles were integrated into the
model to account for the subsequent decrease in effec-
tive insolation available to heat the system.

Water temperature and yield were measured for
three different cover materials (glass (G), Plexiglas
(PG), and clear polyethylene plastic wrap (PW)). The
data were collected on sunny, clear, precipitation-free
days; the solar intensity peaked between 1,000 and
1,200W/m2 on each day and followed a smooth non-
skewed parabolic path. The winds were calm through
the early part of the day, but picked up toward the
early evening. The water temperature profiles were
similar in shape for all three solar stills but the maxi-
mum temperature was generally higher for G than PG
(approx. 2˚C), and for PG than PW (approx. 8˚C). The
output yield of the three systems was highest for the
G cover, followed by the PW, and then the PG.

During a typical testing day, the solar stills dis-
played quick heating during the morning reaching
their equilibrium temperature around midday. The
rate of freshwater production from the stills was very
slow during the morning hours but picked up quickly
during the hours of maximum solar insolation imme-
diately preceding midday. Figs. 3 and 4 contain data
from a single typical day (5 October). Fig. 3 displays
the solar insolation profile (left axis) and the cumula-
tive yield (right axis) vs. time of day. The sunrise can
be observed at 7:30 and the sunset at 19:10 from the
solar insolation values. Notice that the freshwater pro-
duction rates in the morning hours and after sunset
are small compared to the midday production rates.

Fig. 2. The change of seff over the course of the testing
day.
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Production between 12:00 and 16:00 accounted for
approximately 70% of the cumulative yield.

A similar trend was also seen between the typical
water temperature and cumulative freshwater yield.
Fig. 4 shows the similar correlation that approximately
70% of the total yield was obtained when the
temperature of the water was above 60˚C, which also
corresponds to the time of day from noon to 16:00.

Interestingly, as shown in Fig. 4, higher internal
water temperature does not directly correlate to
higher cumulative yields regardless of cover material.
The Plexiglas SD unit displays a higher water temper-
ature but a lower yield as compared to the plastic
wrap SD unit. This phenomenon is predicted to be
due to the larger effects of small mechanical interac-
tions (i.e. wind, vibrations, etc.) on the less rigid
plastic wrap cover. Further investigation into the
adhesion of water to the cover surface under a variety
of perturbations is needed to fully understand this
phenomenon.

The trends shown in Figs. 3 and 4 are commonly
observed [14–16]. Table 1 summarizes measured data
for all cover materials and climatic conditions for
multiple days of data collection. The day 5 October

2011 was used in the comparisons to the thermody-
namic model. Thermal and exergy efficiencies were
also calculated for the three solar stills as presented
by Tiwari et al. [17], and are presented in Table 2.

The effects of wind (sustained and gusts) on the
solar still were not incorporated into the thermody-
namic model. Wind affects the solar still by increas-
ing the heat transfer from the cover to the outside
ambient air due to forced convection [18] and by
forcing micro movement of the cover giving the
condensed, but not yet collected, water droplets suf-
ficient energy to overcome contact angle hysteresis
[19] and slide down the cover to the collection
trough. At low sustained speeds, the wind was
shown to increase the output of the solar still up to
a point where a further increase in wind speed was
then detrimental to the yield due to excessive move-
ment of the cover such that droplets adhered to the
cover surface were disturbed and fell from the cover
back to the water reservoir without being collected.
This correlation is shown in Fig. 5. The data were
fitted with a second-order polynomial to represent
the phenomena described above. The days repre-
sented in Fig. 5 were selected to minimize the
effects of other (non-wind) parameters on yield. The
small differences in climatic conditions for the test-
ing days are described in Table 1.

The effect of wind speed on solar distillation pro-
duction is controversial. A variety of researchers have
shown that an increase in wind speed increases
production [14,20–23], while others have shown
increased wind speeds to cause a decrease in produc-
tivity [24–27]. Recent theoretical modeling performed
by El-Sebaii indicate that in single-incline passive
solar still, there is a critical mass (or depth) of basin
water beyond which the productivity increases with
the increase in wind speed, up to some critical wind
speed. For SD basins containing less than the critical
mass of water, an increase in wind speed causes a
decrease in productivity. If the critical wind speed is
realized or exceeded, it is predicted to have minimal
influence on production [28,29]. As described by
El-Sebaii (2004), the critical mass density of basin
water was shown to be 45 kg H2O/m2 of plate surface
area. The relative initial condition for our work was
11 kg H2O/m2 of plate surface area. We observed an
increase in production when wind speeds were gener-
ally less than 1m/s, suggesting that system variables
other than critical depth influence wind-speed impact
on production.

Comparing the modeling results with the experi-
mental data showed the efficacy of the thermodynamic
model. Experimental data were taken regarding yield
and internal water temperature of solar stills with the

Fig. 4. Typical water temperature, ambient air
temperature, and cumulative yield vs. time for all cover
materials.

Fig. 3. Typical daily relationship between solar insolation
and cumulative yield for all three cover materials.
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three different cover materials. Fig. 6 presents the
cumulative freshwater yields vs. time, where the lines
indicate modeling predictions and the markers indicate
experimental data points. A statistical analysis of the
data indicates the modeling results fit (R2 > 0.9, NRMS

error < 5.6%) the experimental temperature and yield
profiles. The R2 values and normalized RMS error cal-
culations for the aforementioned correlations have been
presented on the appropriate figures below.

A comparison was done with the experimental
data collected for three cover types on 5 October. Nor-
malized RMS errors for glass, Plexiglas, and plastic
wrap were found to be 2.6, 3.2, and 5.6%, respectively.

Temperature data from the same day was also
compared with the modeling results. The results seen
in Figs. 7–9 show a good fit for the data through the
morning and afternoon.

After sunset, the theoretically predicted tempera-
ture profiles digress from the observed experimental

Table 1
Summary of measured data and climatic conditions for all testing days

Date Cover
material

Max water
temperature (˚C)

Yield
(mL)

Max solar
insolation (W/m2)

Ave. wind
speed (m/s)a

Max/Min ambient
temperature (˚C)a

Weathera

10/5/11 Glass 76.9 659

Plexiglas 74.4 393 1,040 0.72 29/6 Sunny

Plastic Wrap 66.1 422

10/6/11 Glass 69.3 621

Plexiglas 68.3 390 1,050 1.23 29/9 Sunny

Plastic Wrap 61.0 424

3/17/11 Glass 75.8 668

Plexiglas 67.7 367.5 1,240 1.23 25/2 Sunny

Plastic Wrap 65.8 340

3/18/11 Plexiglas 64.9 489 1,250 0.21 29/3 Partially

Plastic Wrap 68.3 325 Cloudy

3/23/11 Glass 64.0 293

Plexiglas 62.1 245 1,377 2.00 29/11 Cloudy

Plastic Wrap 57.4 142

aData obtained from almanac archives.

Table 2
Thermal energy and exergy efficiencies for three solar still
cover types

Cover
material

Thermal efficiency
(%)

Exergy efficiency
(%)

Glass 25.1 ± 2.3 3.6 ± 0.3

Plexiglas 14.9 ± 2.2 3.4 ± 0.4

Plastic wrap 15.5 ± 3.4 3.0 ± 0.2

Fig. 6. Efficacy of the model for predicting freshwater
yield.

Fig. 5. Relationship between the average daily wind speed
and the yield of a solar distillation device. Second-order
lines of best fit are shown with associated R2 values.
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temperatures, decreasing at a much greater rate than
those predicted by the model. Forced convection
across the cover due to windy afternoon conditions
provides a plausible explanation for the observed
increase in cooling rate. Almanac data from the testing
date indicate that the wind speeds were elevated from
14:00 until 18:00. Fig. 10 shows the graph of wind
speed almanac data for 5 October.

The substantial difference between experimental
and model-predicted evening temperatures, due to the
windy conditions, did not affect the yield predictions
or observations. We conclude that this is from the

timing of the elevated, sustained winds. The highest
sustained winds appeared, beginning at 15:00 and
continuing until 18:00. The hours of highest yield pro-
duction occurred from 12:00 until 16:00. The small
time overlap between these regions was not enough to
cause a substantial change in the experimental fresh-
water production; therefore, resulting in theoretical
and experimental yield profiles displaying higher
coefficients of determination, R2, than as compared to
the corresponding temperature profiles.

6. Conclusion

Single-slope solar distillation units equipped with
three different cover materials were designed, built,
and tested. Cover materials used included glass, Plexi-
glas, and plastic wrap. The highest internal water tem-
perature and freshwater yield were consistently
produced by the solar still fitted with a glass cover.
The Plexiglas cover resulted in higher (8˚C) water
temperature but slightly lower (7%) freshwater yield
than the solar still equipped with a plastic wrap
cover. A convective heat transfer thermodynamic
model for a basic solar still was developed. Good
agreement between simulation and experimental
results (R2 > 0.93) was observed. Improvements can be
made to the model by taking into account the effects
of wind. These effects include: forced convection from
the cover to the ambient air and the addition of
kinetic energy to the water collection process. The
development of a parameter for the effective emissiv-
ity of the cover, seff, allows the model to account for
the decrease in incoming solar insolation due to the
reflection of sunlight by the condensed, but not yet
collected, water droplets adhered to the internal sur-
face of the cover. The general trend and expected
results are all consistent between the model and
experimental data. indicating the validity of the differ-
ential model.

Fig. 10. Wind speed profile for 5 October.

Fig. 9. Modeling and experimental comparison of water
temperature profiles for a solar still with a plastic wrap
cover. Normalized RMS error calculated to be 13.9%.

Fig. 8. Modeling and experimental comparison of water
temperature profiles for a solar still with a Plexiglas cover.
Normalized RMS error calculated to be 15.3%.

Fig. 7. Modeling and experimental comparison of water
temperature profiles for a solar still with a glass cover.
Normalized RMS error calculated to be 13.2%.
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