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Empirical parameterization of solar still performance
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ABSTRACT

Experimental data on the operation of a simple inclined surface solar still are analyzed for the purpose
of obtaining an empirical equation relating the amount of fresh water collected to the total amount of
solar energy per day (S), the maximum atmospheric temperature (T), and the mean wind speed (W).
The solar still used has a 1 m? effective area with a 25° inclined glass cover. The empirical model is
based on the assumption that the solar, temperatures, and wind, have combined linear effects on the
still efficiency. Good agreement between experimental data and model predictions is obtained for
both our data and some independent literature published experimental data. Results also indicate that
the amount of the total daily solar energy represents the dominating factor governing the still daily
productivity compared with temperature and wind effects.
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1. Introduction

Life on the planet earth is water-based one. Human life
and civilizations have always centered on locations with
available fresh water resources. However, increased world
population has put the future of fresh water availability at a
challenge [1-4]. Global warming caused to enhance the prob-
lem of the world water shortage [5,6]. Armed conflicts caused
by competition over water are expected to increase during
the twenty-first century [7,8] unless the world water shortage
problem is fully addressed.

In order to utilize the abundantly available seawater, many
countries have resorted to seawater desalination to supply
parts of their needs. Two major types of desalination meth-
ods are widely used. These are the phase change method and
the reverse osmosis method [9]. Although the latter method
is more energy efficient, it does involve higher capital invest-
ment. Even so, it is a well-known fact that both methods involve
high power consumption [10]. This issue is gaining more sig-
nificance due to the increased concerns about climate change
associated with increasing carbon dioxide emissions [11,12].

* Corresponding author.

More considerations are now being paid toward using
renewable energies for seawater desalination [13,14]. The
two most attractive candidates for such processes are wind
and solar power. Solar desalination in particular has been
in use although on some limited scale for many years [15].
The traditional solar still in its many shapes, designs, and
geometrical configurations is considered the most popular
method [16]. This is due to its design and construction sim-
plicities, and its low construction, operation, and mainte-
nance costs.

In spite of its simplicity, the solar still operation the-
ory is rather complicated compared with phase change
and reverse osmosis methods. This is because of the many
interacting thermodynamical processes involved in the
evaporation, heat exchanges, and condensation processes.
This has resulted in using approximations, simulations,
and numerical calculations methods [17-29] rather than
exact analytical methods to predict the still operation.
This makes a good case for attempting to construct some
empirical model based on experimental results to predict
the performance of any solar still under various real life
environmental conditions. The present work is concerned
with such attempt.
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2. Experimental setup

The solar still used in this work is a simple homemade
one. Itis a1 m? (125 cm x 80 cm x 10 cm) rectangular basin
constructed from folded angles aluminum sheet plate. The
sketch diagram of the still is shown in Fig. 1(a). The bottom
of the basin is black painted. The basin is covered with 6 mm
thick ordinary glass inclined at 25° to the horizontal. The still
is thermally insulated from the bottom and all sides using
ordinary 2.5 cm thick plastic foam. The water depth is kept
constant at about 5 cm using a floating water feed valve. The
picture of the completed solar still used is shown in Fig. 1(b).
The water condensed on the glass surface is collected via a
horizontal channel into 5-1 plastic container.

The minuet-by-minuet solar irradiation and total daily
solar energy data were measured at home using cosine cor-
rected solar radiation meter PCE-SPM 1 supplied by Tursdale
Technical Services Ltd., UK [30]. The instrument has a com-
puter logging system.

Solar Radiation

80 cm

| Water o Thermocouple

‘ Plastic foam insulation 2.5 cm

Fig. 1. Experimental solar still: (a) sketch diagram (lateral view)
and (b) actual basin.

3. Experimental procedure

It may be worth pointing out that this work was car-
ried out at physics department — Mosul University. Mosul
city in Iraq is situated at 36.3400° N, 43.1300° E. Mosul
climate is considered as Semiarid-Cold-Desert (BWKk)
according to the Képpen-Geiger climate classification [31].
Temperatures can vary between -10°C in winter and
52°C on July summer days. Wind speed is in the range of
0-50 km h™. This wide range of climate variations covers
almost all types of conditions where solar desalination can
be fruitfully used. The distributions of maximum, mean,
and minimum temperatures and wind speeds covering
one-year period are presented in Figs. 2 and 3, respectively.
The two figures demonstrate the wide variations in Mosul
weather conditions.
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Fig. 2. (a) Maximum, (b) mean, and (c) minimum daily
temperatures distribution in Mosul for between first of
November 2014 and end of September 2015.
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Fig. 3. (a) Maximum, (b) mean, and (c) minimum daily wind
speed distribution in Mosul for between first of November 2014
and end of September 2015.
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Table 1
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Accuracies, ranges and standard uncertainties of all instruments and methods used in this work

Instrument Accuracy Range Standard uncertainty
1 Solar radiation meter PCE-SPM 1 1wm? 0-2,000 w m™ 0.38 wm™
2 Chunshop WH5001 digital thermometer 0.1°C -50°C-110°C 0.05°C

temperature meter gauge C/F

Digital weight meter lgm 0-5,000 gm 0.5gm

Ambient temperature Measurement [32,33] 1°C -10-60 2%

Wind speed measurement [32,33] 0.5ms! 0-100 m s! 2%

The original plan for data collection was to acquire daily
water production from the still over a complete one-year
period. This would have covered almost the widest range of
weather conditions. However, and at just before the start of
the planned data collection in June 2014, the city fell under
armed group, and access to the site became impossible until
November 2014. Even by then, it was not possible to access the
site on daily basis. Even so, over the period from November
2014 to end of July 2015, arrangements for collecting 80 daily-
condensed water data could be made. By the end of July 2015,
it became impossible to continue the work. The data collected
cover a reasonably wide range of weather variations, as autumn
months in Mosul are almost similar to those for spring.

A more serious problem was related to obtaining cred-
itable daily Mosul weather data for the period under con-
sideration. Mosul weather station, which was planned to be
the source of such data, has seized operation. An alternative
weather data source was found. The weather data for the days
involved were obtained from meteoblue weather site [32].
This site provides reasonably accurate access to past weather
simulations for every place in the world. However, these data
are published in graphical form and a special matlab image
processing software is used to extract numerical data from the
graphs presentations. The software structure and operation is
described in reference [33]. This software is capable of con-
verting digital images of graph plot or signals on oscilloscope
screens to numerical values. The software is used to obtain
numerical values of maximum, minimum, and mean tem-
peratures, together with wind speed for all dates of the exper-
iment. The extracted numerical data are accurate within 2%
error. The accuracy of the combined simulated graphical data
and the image processing technique used were cross-checked
through comparing them with actual historical data acquired
by Mosul weather station for dates before its shutdown. All
data are used to build a database for further analysis purpose.

The accuracies, ranges, and standard uncertainties of all
instruments and methods used are summarized in Table 1.

Fig. 4 shows the amount of water collected for each of
the days involved in the experiment. Day 1 is November 24,
2014. The amount of water collected per day is corrected for
possible loss by evaporation. This loss is obtained by measur-
ing the amount of water lost from a similar container filled
with 11 of water placed beside the solar still. The average loss
amounted to only few cm? per day.

4. Modeling, results and discussion

There are many experimental published works on build-
ing and studying the performance of different types and
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Fig. 4. The amount of distilled water produced by the still over
the entire experiment.

configurations of solar stills in different parts of the world. The
aims of most of these studies are concerned with construction
materials, glass optical and thermal properties, geometrical
designs, assisted evaporation, convection and condensation
procedures involved, and their effects on the still productivity
[34-48]. The purpose of this experiment is to acquire sufficient
amount of experimental data for the still operation under the
widest possible range of weather conditions. These data are
used in building an empirical model relating the still desali-
nated daily water productivity to varying weather conditions

The first step in such modeling is to specify the main
weather factors affecting the still operation. These factors are:

(1) the total solar radiation over the entire daylight period (S);
(2) the maximum temperature during daylight time (T); and
(3) the mean wind speed (W).

All other weather parameters including cloud cover, relative
humidity, water temperature and so on are implicitly included
within the above three main parameters. It may be worth men-
tioning here that the maximum daytime temperature rather
than the mean temperature is considered here as the effec-
tive parameter. This is because most evaporation takes place
during the day and mean temperatures are usually calculated
using minimum night temperatures. It can thus be argued that
the amount of distilled water (M), produced per day by the
still can be written as the linear combination of three functions
F(S), G(T), and H(W). Thus, we may write as follows:

M(S,T,W) = a,F(S) +a,G(T) + a,H(W) 1)
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where a,, a,, and a, represent the fractional contribution of
each of the corresponding three effects.

However, and before one proceeds in applying the above
modeling, some investigation of the true independency
between the three variables is worth discussing. For this pur-
pose, the data for the entire one-year relating wind speed to
maximum temperature are plotted in Fig. 5. It is clear from the
figure that there is no correlation between these two variables.
The application linear correlation regression to the data pro-
duced a correlation coefficient of 0.0069 with 95% confidence
level coefficient range of —0.0269-0.0506 resulting in the accep-
tance of the null hypothesis. It can thus be safely assumed that
these two variables are highly independent of each other.

The correlation between the total daily solar power and
mean wind speed is shown in Fig. 6. No convergent with
95% confidence level linear correlation fit could be found.
The main conclusion here is that these two variables are com-
pletely independent.

As far as the independency of total solar radiation (S) and
maximum temperature (T) is concerned, it is trivial to say
that these two variables are strongly correlated. However,
and from purely phenomenological point of view, these two
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Fig. 5. Correlation between maximum daily temperature and
wind speed.
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Fig. 6. Correlation between total daily solar power and mean
wind speed.

variables can be treated as independent of each other. This
is mainly because of their different roles in the solar still
operation. This can be explained by the fact that while the
main effect of increased solar radiation is related to increas-
ing temperatures of water, glass, and atmosphere causing
increased evaporation, the effect of atmospheric temperature
is the cooling of the glass, which assists condensation pro-
cess. The two phenomena are independent of each other. This
is demonstrated in Figs. 7 and 8. Fig. 7 suggests an approxi-
mately linear relationship of M to S, while the relation of M
to T'in Fig. 8 is more complicated. This will be discussed later.

If we consider that each of the above three functions
F, G, and H to be a monotonic function of its corresponding
independent variable, and refer the observed fluctuations
in experimental data as signatures of the other two vari-
ables, the task reduces to finding each one of three func-
tions independently. To achieve such purpose, the amount
of daily-distilled water produced is plotted against each of
the three parameters in Figs. 7, 8, and 9 independently. The
data on each plot are sorted in ascending order of the value
of the corresponding independent variable. A suitable shape
describing mathematical form with free fitting parameters,
which best describe the shape of the data in each figure, was
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Fig. 7. The amount of water collected plotted vs. total solar

radiation for daylight time.
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Fig. 8. The amount of collected water plotted against maximum
daylight temperature.



16 A.A. Azooz, G.G. Younis / Desalination and Water Treatment 58 (2017) 12-18

Wind
3500

— expetiment
— Fit

3000 -

2500 -

2000 -

1600 -

Guantity of Water Collected (cm3)

1000 -

.
10 15 20
Iean Wind Speed (kh/h)

500
5

Fig. 9. The amount of water collected plotted against wind speed.

selected. The values of the fitting parameters are left to be
determined by the fitting program.

It is reasonably clear from Fig. 7 that the data can be fitted
to a linear equation. The 95% confidence level linear equation
obtained is as follows:

F(S)=448.25+49.1 @)

It is interesting to note that even at zero radiation, this fitted
equation gives a value of about 49.1 cm? of water. This is con-
sistent with the fact that there is always some evaporation
and condensation due to differences in partial pressures.

The situation regarding Fig. 8 is very much different.
Although there is a fast dependence of water collected against
maximum temperature between 15°C and 25°C, this depen-
dence seems to saturate below and above this range. This con-
firms the justification for treating T as independent variable
from S in our modeling. The two saturation effects clearly
demonstrate that there are two regions in temperature, where
the still operation becomes almost insensitive to temperature
changes. The first region is at temperatures below 15°C. From
physical point of view, this is associated with only little evap-
oration. The second region is at temperatures above 25°C. In
this region, and although there is increased evaporation from
the still basin, the glass temperature becomes high to a point,
which allows for more re-evaporation of condensed water to
take place. One good mathematical description of such satura-
tion effect is the tangent hyperbolic type function. Nonlinear
fitting of the data to such function gives the following:

G(T) = 903.5tanh{(T;22'S)} +23 3)

The situation related to wind speed in Fig. 9 seems more
complicated. It was not easy to find a suitable mathematical
fitting equation that can best describe the experimental data.
However, the following six free parameters fitting equation,
which is Gaussian shaped modulated by a sinusoidal equa-
tion proved to give the best fit for the experimental data.

H(W) =[198.4cos(2.5W —9.4) + 2427 | exp{—(Wl—Ali‘lW} @
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Fig. 10. Red data points represent the quantity of water collected
during each particular day of the experiment with particular
weather conditions (event). The black sold line represents results
of substituting the weather conditions for the particular day into

Eq. (1).

Table 2
Model fitting parameters and 95% confidence level ranges

Parameter Best fitted 95% confidence
in Eq. (1) value level range

a, 0.9973 0.85<a,<10.85
a, 0.0032 0.0<a,<0.17

a, 0.0031 0.0<a,<0.13

Substituting for F, G, and H from Egs. (2)-(4) will give the
estimations for water collected per day under any weather
conditions. However, the three free parameters a,, a, and
a,, which represent the relative weight of each of the three
effects considered, remain to be found. In order to find these
parameters, all the data are fitted to Eq. (1) after substitution
for F, G, and H with a,, a,, and a, to be determined by the
matlab fitting program. The result of fit is compared with
experimental data in Fig. 10. It may be worth mentioning that
each experimental data on Fig. 10 represents a unique case of
weather condition for the day the measurement was carried
out (event). Corresponding theoretical points are those esti-
mated by Eq. (1). It is clear that there is a good agreement
between the two sets of results. The values of the three fitted
parameters and their corresponding 95% confidence level
ranges are presented in Table 2.

It is interesting to note that these fitted values of a,, a,, and
a,indicate with 95% confidence level probability that the total
daily solar radiation carries the major weight in affecting the
still productivity. This weight is in the range of 85%-100%.
The temperature and wind effects maximum estimated con-
tributions are 17% and 13%, respectively.

In order to check the model predictions against similar
experimental works, one need data for the daily solar radia-
tion, maximum temperature, mean wind speed, and produc-
tivity for a still of similar design. These proved difficult to
find in published literature. However, some useful such data
for 1 d operation of a 45° pyramid shaped still were found
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Table 3
Model productivity predictions using data from reference [49]
Daily solar ~ Maximum day =~ Mean Still experimental ~ Model Model Model
radiation temperature wind speed  productivity productivity productivity productivity
(kWh) °O) (km h™) (ecm® m=.d) (cm® m=.d) with (ecm® m2.d) with (cm® m2.d) with
a, 0.997 a, 085 a, 0.78
a, 0.003 a, 015 a, 0.21
a 0.003 a,  0.00 a, 0.01
2.73 24.2 35.2 602 443 450 608

in Table 1 [49]. After adjusting for still area, and integrating
over total daily solar radiation, the input data for the model
shown in the first column of Table 1 are substituted in the
model Eq. (1). Three sets of partial contributions parameters
a,, a, and a, are selected and the daily productivity of the still
is calculated for each set. The results are in the last column
of Table 3.

These results suggest that there is about 25% difference
between experimental and model predicted daily productiv-
ity values when parameter values derived for our solar still
are used. This is not surprising because of the difference in
still geometry, water depth and so on. Even so, the model
succeeded in predicting a productivity of 608 cm® m=.d com-
pared with the experimental value of 602 cm® m.d when the
contributions parameters are set to 78%, 21%, and 1% to be
due to solar, temperature, and wind, respectively. This sug-
gests that ambient temperature effects are more significant in
the case of large angle pyramid shaped still cover compared
with that for single lower inclination cover still.

5. Conclusions

The empirical model constructed on the basis of the
assumption that the productivity of a single inclined cover
solar still can be determined by three weather parameters.
These are input solar energy, the maximum daylight tempera-
ture, and mean wind speed. An associated empirical relation
can describe each of the three parameters effect. First stage
fitting of experimental data can determine each of the three
empirical functions. Second stage fitting allows for the deter-
mination of the contributing weight of each of three indepen-
dent variables. The model predictions compare well with our
experimental data. Fitting results suggest that the total daily
solar radiation plays the most important role in the still oper-
ation. Even so, the application of the model to other indepen-
dent published experimental data suggests that changing
shape and inclination angle of the glass cover and water depth
and so on may significantly increase temperature and to some
extent wind speed effect at the expense of solar effect.
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