
energies

Article

Experimental Validation of the Thermal Processes Modeling in
a Solar Still

Ewelina Radomska * , Lukasz Mika , Karol Sztekler and Wojciech Kalawa

����������
�������

Citation: Radomska, E.; Mika, L.;

Sztekler, K.; Kalawa, W. Experimental

Validation of the Thermal Processes

Modeling in a Solar Still. Energies

2021, 14, 2321. https://doi.org/

10.3390/en14082321

Academic Editor: Karunesh Kant

Received: 20 March 2021

Accepted: 18 April 2021

Published: 20 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Thermal and Fluid Flow Machines, Faculty of Energy and Fuels, AGH University of Science and
Technology, Mickiewicza 30 St., 30-059 Krakow, Poland; lmika@agh.edu.pl (L.M.); sztekler@agh.edu.pl (K.S.);
kalawa@agh.edu.pl (W.K.)
* Correspondence: radomska@agh.edu.pl

Abstract: Passive solar distillation is cheap and energy-efficient technology but its main disadvantage
is low productivity. Thus, there are many attempts to improve solar stills’ productivity, and one
of them is changing the mass of the water. This paper presents the results of validation of the
thermal processes modeling in a solar still (SS). In order to validate the model, the experimental
studies were conducted in a laboratory to ensure uniform climatic conditions. The studies were
carried out for 10 kg, 15 kg, and 20 kg of water under three different solar irradiance conditions.
The results show that 10 kg and 20 kg of water ensure the highest and the lowest daily productivity,
respectively, independently of solar irradiance. When the water mass is 10 kg, the solar still’s
productivity is 800 mL/m2/day, 3732 mL/m2/day, and 9392 mL/m2/day for low, medium, and
high solar irradiance, respectively. Additionally, it is found that reducing the water mass from 20 kg
to 10 kg can improve solar still’s productivity by a maximum value of 21.6%, which is obtained for
low solar irradiance. The proposed mathematical model allows predicting the performance of the SS.
The results of the theoretical calculations are in good agreement with the results of the experiments.
The minimum and maximum deviation between the actual and theoretical productivity of the SS is
1.1% and 8.3%, respectively.

Keywords: desalination; distillation; mathematical modeling; solar still

1. Introduction

The availability of drinking water is essential in human life and its scarcity may be a
source of serious diseases and cause death. According to World Health Organization [1],
829,000 people die from diarrhea each year globally as a result of drinking contaminated
water, sanitation, and hand hygiene. Furthermore, it is estimated that 50% of the World’s
population will be living in water-stressed areas by 2025 [1]. Although 75% of the Earth’s
surface is covered by water, this water must be firstly desalinated and purified before it is
drinkable. Thermal desalination technologies like multi-stage flash distillation or multi-
effect distillation, and membrane-based desalination technologies like reverse osmosis
or electrodialysis [2] can be examples of mature and widely used desalination technolo-
gies. However, these conventional technologies consume large amounts of energy, up to
5.5 kWh·m−3 for electrodialysis, 7.0 kWh·m−3 for reverse osmosis, 25.5 kWh·m−3 for multi-
stage flash distillation, and 28.0 kWh·m−3 for multi-effect distillation [3], which usually
comes from burning fossil fuels. As a result, these conventional desalination technologies
emit large amounts of greenhouse gases into the atmosphere, e.g., it is estimated that up to
4.3 kg, and 26.9 kg of CO2 is emitted when 1 m3 of desalinated water is produced by using
reverse osmosis, and multi-effect distillation, respectively [4]. One of the possibilities of
decreasing greenhouse gas emissions is using renewable energy sources or waste heat to
preheat the saline water [2]. However, the current cost of water production from desalina-
tion systems incorporated with renewable energy sources is generally higher compared
to conventional desalination systems. For example, the cost of water desalination using
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reverse osmosis varies from 0.26 to 12.99 USD/m3, while incorporating the photovoltaics
into the reverse osmosis system increases the cost of desalination to 6.5–15.6 USD/m3 [2].
Furthermore, some desalination technologies, like reverse osmosis, require water pretreat-
ment which involves adding chemicals into the feeding water. Consequently, the toxic
chemicals are then present in the brine, which is usually discharged to the water reservoir,
e.g., sea, and the chemicals can negatively affect the marine environment [5]. Thermal
desalination processes also impact the marine environment harmfully because the temper-
ature of the brine discharged into the water reservoirs is usually 7–15 ◦C higher than the
temperature of the water in the reservoir [5]. Thus, due to increasingly limited drinking
water resources, population growth, a necessity for reducing the consumption of fossil
fuels and decreasing the negative impact on the environment, a cheap and energy-efficient
water desalination technology is being sought. A technology that meets these requirements
is passive solar distillation.

A working principle of passive solar still (SS) is as follows. Saline water is poured
into the tight enclosure, and the enclosure is covered with a cover usually made of glass.
Solar irradiance passes through the cover and heats the water which evaporates. Then, the
water vapor condenses on the cover and flows through the distillate channel to the external
distillate tank. As salt is a non-volatile compound, it remains at the still’s basin, and the
distilled water is purified. Hanson et al. [6] investigated the quality of water from a solar
still and found that the salinity, total hardness as well as nitrate, and fluoride concentration
of the distillate decreased compared to feed water. The removal efficiency of the still was
99%. Additionally, the SS was also able to remove 99.9% of the bacteria from water.

Although SS is effective in purifying water, its major disadvantage is low productivity,
usually not exceeding about 5 L/m2/day [7]. It should be noted that in some scientific
papers, the SS’s productivity is given in kg/m2/day. However, to unify the units and
simplify the comparison of the literature review results presented in this section, the
productivity in kg/m2/day is converted to L/m2/day with the assumption that the density
of water is 1000 kg/m3. The productivity of SS depends on climatic, design, and operational
parameters [8]. Thus, there are many different methods of improving the productivity
of SS.

Regarding climatic conditions, such as solar irradiance, wind speed, and ambient
air temperature [8], solar irradiance has the greatest impact on the productivity of SS.
The SS’s productivity increases with increasing incident solar radiation [9]. Therefore, as
much solar radiation as possible should fall on the water and absorber, and one of the key
factors affecting it is the inclination angle of the cover. Solar stills have maximum annual
productivity if the inclination angle of cover is equal to the latitude of a location where the
still is working [10]. However, when analyzing the productivity of SS in a monthly period,
it is recommended to decrease, and increase the inclination angle of the cover during the
summer, and winter months, respectively [9,11]. Additionally, an external reflector [12] or
Fresnel lens [13] can be used to increase the incident solar radiation and improve the solar
stills’ productivity.

SS may have various shapes, which also affects productivity. For example, Altarawneh
et al. [14] studied the productivity of single slope, double slope, and pyramidal-shaped SS.
It was found that the productivity of single slope SS was greater than the productivity of
the double slope and pyramidal-shaped SS. In the case of single slope SS, their geometric
dimensions can be optimized to reach possibly high productivity, which was investigated
by Feilizadeh et al. [15]. They reported that extending the length of a still reduces a shadow
from side walls. Furthermore, it was concluded that the width over length ratio should be
about 0.4, and the height of the front wall was suggested to be 0.10 m to achieve maximum
annual efficiency.

Regarding operational parameters, one of the crucial factors influencing the produc-
tivity of SS is a mass of water (or water depth) in a still. Thus, investigating the influence
of a water mass on the productivity of SS is a subject of many scientific studies. Due to a
large specific heat capacity of water, as the mass of water in a SS decrease, the maximum
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water temperature increases, which accelerates evaporation [16]. On the other hand, as the
mass of water increases, the overnight productivity, i.e., the productivity after sunset, also
increases [17,18]. Thus, Raj and Manokar [19] investigated experimentally the productivity
of a SS for water depths ranging from 1 to 6 cm. The maximum productivity was obtained
for 2 cm of water depth. A similar result was reported by Keshtkar et al. [20], who investi-
gated, using a computational fluid dynamics (CFD) simulation, the performance of a SS
with a water depth of 1 cm, 2 cm, and 4 cm. It was concluded that the daily productivity
for 2 cm of water depth was higher by 15.8% than the productivity for 1 cm and 4 cm of
water depth. Agrawal et al. [21] tested experimentally and theoretically the performance
of a SS for water depth ranging from 2 to 10 cm. It was found that the water temperature,
SS’s productivity, and energy efficiency decreased with increasing depth of water. The
productivity, maximum water temperature, and energy efficiency were 4.26 L/m2/day,
73 ◦C, and 41.99%, respectively, for a water depth of 2 cm, while for the water depth of
10 cm the values of the abovementioned parameters were 3.24 L/m2/day, 62 ◦C, and
32.42%, respectively. As can be seen, finding an optimal mass of water is one of the most
popular and easiest ways to increase the productivity of solar stills. However, there are
also other methods of improving the SS performance, which include for example: using
phase change materials [22–24], nano-coating of condensing surface [25], increasing the
evaporating surface area by using a corrugated basin [26] or wick materials [27,28].

Although experimental studies of SS are necessary and help understand the processes
occurring in SS, they may be costly and time-consuming. Thus, mathematical model-
ing [29] or CFD modeling [30] is a good alternative to experimental studies, and several
models have been proposed to predict the performance of a SS. The most popular and
most commonly used is Dunkle’s model [29]. The other models, also frequently used,
are Chen [29,31], Clark [29,31], Malik [31], Kumar and Tiwari [32], Zheng et al. [33], and
Tsilingiris [34] models. However, Sivakumar et al. [35] compared the results obtained by
using three mathematical models. It was found that the calculated SS’s productivity was
1.327 L/m2/day, 1.109 L/m2/day, and 1.231 L/m2/day when Dunkle’s, Zheng et al.’s, and
Tsilingiris’ models, respectively, were used. Thus, Dunkle’s and Tsilingiris’ models overesti-
mated the productivity by about 20% and 11%, compared to Zheng et al.’s model. However,
the theoretical results were not compared to the experimental ones. Similarly, Sivakumar
and Sundaram [16] reported that different mathematical models can underpredict, and
overpredict the productivity of a SS even by 45%, and 60%, respectively, compared to the
experimental results.

As can be seen, SS are a subject of many scientific experimental, as well as theoretical
studies. However, in the case of experimental studies, the tests are usually carried out over
several consecutive days, e.g., SS with 1 cm of water depth is investigated the first day, 2 cm
of water depth is investigated the second day, etc. As a result, climatic conditions, i.e., solar
irradiance, ambient air temperature, and wind speed, may vary during these days, which may
influence the results of the tests. Therefore, Kalbasi and Esfahani [36], and Kalbasi et al. [37]
investigated the performance of a SS under laboratory conditions, where the electric heater
was used as a heat source to simulate solar radiation. The first series of tests were carried
out for 1 cm of water depth and three constant input power, i.e., 200 W/m2, 500 W/m2,
and 800 W/m2, for which the daily productivity was 4.25 L/m2/day, 14.3 L/m2/day, and
24.56 L/m2/day, respectively. The second series of experiments were conducted for the input
power of 200 W/m2 and water depth of 1 cm, 2 cm, and 3 cm, for which the productivity of
SS was 4.25 L/m2/day, 3.96 L/m2/day, and 3.63 L/m2/day, respectively.

Based on the literature review presented, there is a lack of studies conducted under
controlled laboratory conditions in which the effect of water mass on the SS performance
at different transient solar irradiance is tested. Furthermore, the mathematical models
available in the open literature may significantly overpredict or underpredict the solar
stills’ productivity. Therefore, this paper proposes a mathematical model which allows
predicting the performance of a SS. The model is validated experimentally and the results
of the theoretical calculations are in good agreement with the results of the experimental
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tests. Furthermore, to the best of the authors’ knowledge, this is the first time that the
experimental studies are conducted in laboratory conditions under three different and
time-varying solar irradiance and three different masses of water in the SS.

2. Methodology
2.1. Experimental Setup

The experiments were carried out at the Faculty of Energy and Fuels at the AGH
University of Science and Technology in Krakow, Poland. The investigated SS was made of
0.0008 m thick stainless steel sheet. The cover was made of 0.004 m thick glass with thermal
conductivity of 0.937 W m−1 K−1 and was mounted at an inclination angle of 30◦. Such an
inclination angle was chosen according to the fact that, as explained in the Introduction,
the inclination angle should be equal to the latitude of a place where the SS is working
to obtain maximal annual productivity. However, it is also recommended to decrease the
inclination angle of the cover if the SS is supposed to work during the summer months
only, which is the case in this study.

The length and width of the solar still’s basin were 1 m and 0.5 m, respectively, while
the height of the front wall was 0.1 m. All of the walls were insulated with a 0.05 m thick
polystyrene sheet with thermal conductivity of 0.04 W m−1 K−1. An opening was cut
in the middle of the basin, and a three-way valve and shut-off valves were attached to
the opening. A pipe system for supplying feeding water and pouring out a brine was
created and attached to the valves. In order to maintain a constant water depth in the SS, a
device based on a bird waterer mechanism was used. The studies were performed under
laboratory conditions; hence, four electric heaters imitating solar radiation were placed
directly on the basin. A schematic diagram of the investigated device is shown in Figure 1,
while Figure 2 presents the photograph of the experimental setup.

Figure 1. Diagram of the investigated solar still: (a) Cross-section; (b) Top view. 1—feeding water tank; 2—pipe system;
3—shut-off valve; 4—three-way valve; 5—glass cover; 6—distillate trough; 7—distillate channel; 8—electric heater;
9—thermal insulation; 10—distillate tank; 11—water level sensor; T—locations of the temperature sensors (the read-
ers are referred to Nomenclature for details of subscripts).



Energies 2021, 14, 2321 5 of 22

Figure 2. Photograph of the experimental setup.

2.2. Measuring Devices

Twelve resistance temperature detectors (RTD) Pt1000 were used to measure the
temperature of fluids, of which seven were used to measure the temperature of the water,
and two were used to measure the temperature of the air–water vapor mixture in the SS.
The other three sensors were used to measure the temperature of ambient air, distilled
water, and feeding water. Two Pt100 sensors were used to measure the temperature of
the basin, and two to measure the temperature of the inner and outer glass cover surface.
The locations of the temperature sensors are shown in Figure 1. A wattmeter measured
the electrical power of the electric heaters. The distillate volume was measured by a float
liquid level sensor. Additionally, a pump was used to pump the condensate out of the
distillate tank if the condensate volume exceeded 2035 mL. The power of the electric heaters
was controlled by using an electric power controller. All of the measuring devices were
connected to transducers and then to Wago (Wago Elwag Sp. Z o.o., Wroclaw, Poland) I/O
modules. The Wago system was connected to a computer and the data were saved every
1 s. The range and accuracy of the measuring devices are shown in Table 1.

Table 1. Measuring devices, their range, and accuracy.

Device Range Accuracy

RTD Pt1000 0 to +150 ◦C ±0.3 ◦C data
RTD Pt100 −30 to +200 ◦C ±(0.1 ◦C + 0.1%·|T|) ◦C
Wattmeter 0 to 2880 W ±0.5%

Float liquid level sensor 0 to 2365 mL ±30 mL

As mentioned earlier, the temperature of the water was measured in seven loca-
tions. Similarly, the temperature of the air–water vapor mixture, as well as the temper-
ature of the basin was measured in two locations. Thus, the average temperature of the
water, the air–water vapor mixture, and the basin was calculated. Therefore, through-
out this paper, the terms temperature of the water, temperature of the air–water vapor
mixture, and temperature of the basin will stand for the average temperature of the
abovementioned elements.

2.3. Experimental Procedure

Nine experiments were carried out to investigate the influence of water mass and
solar irradiance on the performance of SS. The studies were performed under controlled
laboratory conditions to minimize the impact of the climatic conditions on the results.
Therefore, solar irradiance was imitating by the electric heaters, the power of which was
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changed every hour. The studies were performed for 10 kg, 15 kg, and 20 kg of water,
which corresponds to a water depth of 2 cm, 3 cm, and 4 cm, respectively. Moreover,
for each of the water masses, three tests were carried out with different power, i.e., low,
medium, and high, of the electric heaters, which is shown in Figure 3.

Figure 3. Power of the electric heaters in the function of time.

Each test lasted 24 h, thus, in Figure 3 and each figure throughout the paper, the
x-axis shows the time from the beginning of the test to the end of the test the next day.
Additionally, the electric heaters were turned off after 12 h (low power) or 16 h (medium
and high power), which is shown in Figure 3, but the temperatures and distilled water
level were measured and recorded after turning off the heaters, until the end of the tests.

The three powers of the electric heaters were supposed to simulate the solar irradiance
changing throughout the year. The glass cover and the basin were dried and cleaned
before each test. Next, 10 kg or 15 kg or 20 kg of water was weighed and poured into the
still. Water directly from the municipal water supply system was used for each test. The
physicochemical and microbiological parameters of the water were tested neither before,
nor after the experiments. However, one preliminary experiment was carried out before the
actual experiments described in this paper, to check if the quality of the water is changed
by using the SS. The preliminary results showed that the electrical conductivity of the
water, which indicates the amount of total dissolved solids in the water, was reduced from
371 µS/cm (feeding water) to 63.9 µS/cm (distilled water from the SS). Nevertheless, as
mentioned earlier, the quality of the water was not tested during the actual experiments
and will not be discussed in this paper, because the authors are planning to investigate it
more thoroughly in further studies.

As mentioned in the Introduction, the climatic conditions influence significantly
the productivity of SS. The experiments presented in this paper were conducted in a
laboratory, thus the solar irradiance and wind speed did not affect the results. Regarding
the temperature in the laboratory, the ambient air temperature was maintained in the range
of 17–19 ◦C, with short-term fluctuations ranging from 17 to 12 ◦C. Therefore, it can be
concluded that the ambient air temperature was similar during each experiment and did
not affect the results.

3. Mathematical Model

As mentioned in the Introduction, numerous mathematical models allow predicting
the performance of solar stills but they can significantly overestimate the productivity.
Therefore, in the first stage of this study, Dunkle’s, Zheng et al.’s, and Tsilingiris’ mod-
els were used to predict the performance of investigated solar still and the results of
mathematical modeling were compared with the experimental ones. The equations pro-
posed by Dunkle, Zheng et al., and Tsilingiris are described in detail elsewhere in the
literature [29,33,34]. The results of calculations using the abovementioned models were
compared with the results of experiments. The comparison between the selected results of
theoretical calculations and experimental studies is shown in Figure 4.
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Figure 4. Comparison of the results of experiments and three mathematical models for 15 kg of water and medium power
of the electric heaters: (a) Water temperature; (b) Productivity.

As can be seen, the results of Dunkle’s, Zheng et al.’s, and Tsilingiris’ model are not
consistent with the results of the experiment. The models overestimate the temperature
of the water and the productivity. Although only one comparison for selected results is
presented in this paper, the authors compared the theoretical results with all experiments.
It was found that Dunkle’s, Zheng et al.’s, and Tsilingiris’ model overestimate the daily
productivity by 32–45%, 22–32%, and 21–37%, respectively, depending on the water mass
and the power of the electric heaters. Therefore, the models from various literature were
tuned and adjusted to create a new mathematical model that provides better agreement
with experimental results.

A mathematical model was established to investigate theoretically the performance
of SS. Energy balance equations for the basin, water, inner and outer surface of the glass
cover were created and solved using MATLAB software, version 9.8 (R2020a). In order to
simplify the model, the following assumptions were made:

• There was no temperature gradient in the water mass;
• The mass of water was constant;
• The thermophysical properties of water and air–water vapor mixture were variable in

a function of temperature, while the thermophysical properties of the basin and glass
cover were assumed to be constant;

• The specific heat capacity of the insulating material was neglected;
• Heat conduction from the basin to the side walls above the free surface of the water

was neglected;
• The SS was assumed to be a lumped system and worked in quasi-steady-state condi-

tions with a 60 s time step ∆t;
• The glass cover was divided into two parts: inner and outer, with equal masses;
• The temperature gradient between the inner and outer glass cover was taken into

account;
• The water and inner glass cover surfaces were assumed to be infinitely long and

parallel;
• The air–water vapor mixture between the water and inner glass cover surface did not

affect and participate in the radiation heat transfer;
• The relative humidity of the air–water vapor mixture was 100% and its total pressure

pt was 101,300 Pa.

The energy balance equations for the basin, water, inner glass cover, and outer glass
cover are written in Equations (1)–(4), respectively.

mb·cpb·
dTb
dt

= ah−b·
.

Qh − Ab·hb−air·(Tb − Tair)− Aw·hc,b−w·(Tb − Tw) (1)
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where ah−b is the ratio of heat transferred to the basin to the total power of the electric heater
.

Qh. In order to determine the value of ah−b, a series of simulations was performed. It was
found that the differences between the results for various values of ah−b were negligibly
small. Thus, the mean value was finally used for the calculations, i.e., it was assumed that
ah−b = 0.5. It should be noted that in the energy balance equation for the basin (Equation (1)),
the surface area and the mass of the basin were calculated taking into account the bottom
surface area and the surface area of the side walls up to the level of the free surface of the
water. Thus, the values of the Ab and mb changed depending on the mass of the water
(water depth).

mw·cpw· dTw
dt = Aw·hc,b−w·(Tb − Tw) + (1− ah−b)·

.
Qh − Aw·hr,w−gi·

(
Tw − Tgi

)
− Aw·hc,w−gi

·
(
Tw − Tgi

)
− .

mw−gi·rw −
.

mw, loss·rw
(2)

mgi·cpg·
dTgi

dt
= Aw·hr,w−gi·

(
Tw − Tgi

)
+ Aw·hc,w−gi·

(
Tw − Tgi

)
+

.
mw−gi·rw −

λg

eg
·Ago·

(
Tgi − Tgo

)
(3)

mgo·cpg·
dTgo

dt
=

λg

eg
·Ago·

(
Tgi − Tgo

)
− Ago·hr,go−sky·

(
Tgo − Tsky

)
− Ago·hc, go−air·

(
Tgo − Tair

)
(4)

where Tsky is the temperature of the sky, but as the experiments were performed in a
laboratory, it was assumed that Tsky = Tair. To the best of the authors’ knowledge, this is the
first time when the energy balance equation for water takes into account the energy losses
.

mw, loss. The sources and assumptions regarding this energy loses are discussed in detail
later in this section.

The overall heat transfer coefficient between the basin and ambient air was calculated
as [29]:

hb−air =

[
eins
λins

+
1

5.7 + 3.8·v

]−1
(5)

The convective heat transfer coefficient between the basin and water is given in
Equation (6) [38,39]:

hc,b−w =
Nu¬

w
·λw

Lc,b−w
(6)

where Nusselt number Nu¬
w

was calculated as follows [38,39]:

Nu¬
w
=


0.54·Raw· 14 f or Tb > T¬

w
and 104 ≤ Raw < 107

0.15·Raw· 13 f or Tb > T¬
w

and 107 ≤ Raw < 1011

0.27·Raw· 14 f or Tb < T¬
w

and 105 ≤ Raw < 1011

(7)

Additionally, to simplify the calculations, the formula in Equation (7) was used even
if the Rayleigh number Raw exceeded the range given above. Rayleigh number is given
by [38,39]:

Raw = Grw·Prw =
g·βw·L3

c,b−w·ρ
2
w·(Tb − Tw)

µ2
w

·Prw (8)

The thermophysical properties of water, i.e., βw, ρw, µw, and Prw, were taken from [40].
The radiation heat transfer coefficient between the water and the inner glass cover was
calculated according to Equation (9) [41]:

hr,w−gi =
1

1
εw

+ 1
εg
− 1
·σ·
[
(Tw + 273)2 +

(
Tgi + 273

)2
]
·
(
Tw + Tgi + 546

)
(9)
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The convective heat transfer coefficient between the water and the inner glass cover
was calculated as follows [42]:

hc,w−gi =



1·Ra0
f ·(λ f /Lc,w−gi) f or Gr f < 2.5·103

0.07477·Ra0.36
f ·(λ f /Lc,w−gi) f or 2.5·103 ≤ Gr f < 6·104

0.21·Ra0.25
f ·(λ f /Lc,w−gi) f or 6·104 ≤ Gr f < 3.25·105

0.075·Ra1/3
f ·(λ f /Lc,w−gi) f or 3.25·105 ≤ Gr f < 107

0.04836·Ra0.37
f ·(λ f /Lc,w−gi) f or 107 ≤ Gr f

(10)

The differences between the proposed method of calculating the hc,w-gi and the other
methods available in the literature are as follows. In Equation (10), the characteristic
length of the solar still is taken into account, which Dunkle’s model does not account
for. Moreover, the multiplier and exponent of the Rayleigh number are dependent on the
Grashof number, which is not considered in Zheng et al.’s and Tsilingiris’ model. Zheng
et al. proposed using constant values of the multiplier (0.2) and exponent (0.26). Therefore,
those parameters, i.e., the multiplier and exponent of the Rayleigh number, can be tuned to
achieve better agreement between the results of simulations and experiments.

Grashof and Rayleigh numbers for air–water vapor mixture (Grf and Raf, respectively)
were calculated as in Equations (11) and (12), respectively [38,39]:

Gr f =
L3

c,w−gi·g·
(

ρ f ,Tgi
− ρ f ,Tw

)
·ρ f

µ2
f

(11)

Ra f = Gr f ·Pr f = Gr f ·
µ f ·cp f

λ f
(12)

The proposed way of calculating the Grashof number differs from that proposed by
Tsilingiris [34] and Zheng et al. [33]. In Equation (11), the Grashof number was calculated
using the density of saturated air–water vapor mixture at the glass and water temperatures,
and those densities can be calculated using simple correlations [43,44]. Therefore, this
method of calculating the Grashof number is much simpler than the method proposed by
Tsilingiris [34] and Zheng et al. [33].

In Equations (11) and (12), all thermophysical properties of air–water vapor mix-
ture, i.e., ρf,Tgi, ρf,Tw, ρf, µf, cpf, and λf, were calculated from expressions presented in the
works [43,44]. The calculations were performed for the average temperature of the water
and glass cover and the assumption that the relative humidity and the total pressure were
100% and 101,300 Pa, respectively.

The radiation heat transfer coefficient between the outer glass cover and the sky was
calculated as [41]:

hr,go−sky = εg·σ·
[(

Tgo + 273
)2

+
(

Tsky + 273
)2
]
·
(

Tgo + Tsky + 546
)

(13)

The convective heat transfer coefficient between the outer glass cover and the ambient
air takes into account only natural convection because the experiments were carried out in
a laboratory, and there was no wind. Therefore, the coefficient hc,go-air was calculated from
Equation (14) [45]:

hc,go−air =


9.482· (Tgo−Tair)

1
3

7.238−|cosθ| f or Tgo > Tair

1.810· (Tair−Tgo)
1
3

1.382+|cosθ| f or Tgo < Tair

(14)
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The mass flow rate of the evaporated water can be written as [38]:

.
mw = hmass·Aw·

(
ρv,Tw − ρv,Tgi

)
(15)

Assuming that the water vapor is an ideal gas, one can obtain:

.
mw = hmass·Aw·

Mw

R

(
pw

Tw + 273
−

pgi

Tgi + 273

)
(16)

where pw and pgi are the partial water vapor pressure at the water and inner glass cover
temperature, respectively, and were calculated as follows [29]:

pw = exp
[

25.317−
(

5144
Tw + 273

)]
(17)

pgi = exp

[
25.317−

(
5144

Tgi + 273

)]
(18)

The mass transfer coefficient hmass was calculated using the Chilton–Colburn anal-
ogy [38,39]:

hmass =
hc,w−gi

ρ f ·cp f ·
(

λ f
ρ f ·cp f ·Dwa

) 2
3

(19)

where the binary diffusion coefficient of water vapor in air Dwa was calculated as [38]:

Dwa = 1.87·10−10·

(
Tf + 273

)2.072

p¬
t
/101325

(20)

Equation (15) presents the total mass flow rate of the evaporated water. However,
some phenomena were observed while conducting the experiments, such as:

• Partial condensation of water vapor on the sidewalls of the still;
• A part of the water droplets did not flow down the glass cover.

Additionally, not all of the evaporated water condenses on the glass cover due to the
following reasons:

• Any leakages in the SS, e.g., possible steam leakage through the gasket between the
cover and the enclosure as well as through the distillate channel;

• A part of the water vapor is used to raise and maintain the relative humidity of the
humid air to 100%.

As a result, a design parameter that takes into account the occurrence of the above-
mentioned phenomena has been introduced and therefore it was assumed that 75% of
the evaporated water

.
mw condenses on the glass cover and flows into the distillate tank,

while 25% of the evaporated water is lost due to the abovementioned condensation on the
sidewalls, leakages, etc. Therefore, the mass flow rate of water vapor condensed on the
glass cover

.
mw−gi, and the water vapor lost

.
mw, loss were calculated as in Equations (21)

and (22), respectively.
.

mw−gi = 0.75 · .
mw (21)

.
mw, loss = 0.25 · .

mw (22)

Nevertheless, the design parameter, i.e., the assumption that only 75% of the evap-
orated water is collected in the distillate tank, was estimated based on the observations
of the experiments. Hence, the value of this parameter can be adjusted depending on
the SS’s construction to obtain better agreement between the results of simulations and
experimental studies.
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The productivity of the SS during the time step ∆t = 60 s was calculated as:

V =
100000· .

mw−gi·∆t
ρw·Aw

(23)

The overall energy efficiency was obtained using Equation (24):

ηt =
∑

86400
∆t

1
.

mw−gi·rw·∆t

∑
86400

∆t
1

.
Qh·∆t

·100 (24)

Equations (1)–(24) were implemented in MATLAB software and Equations (1)–(4)
were solved numerically using the ode45 function. As a result, the temperature of the
basin, water, inner and outer glass cover were obtained, which allowed calculating the
productivity and total efficiency, as well as heat transfer coefficients for the next time step.
The input parameters used for calculation, which changed depending on the experiment,
were: mass of water, initial temperatures of water, basin, inner and outer glass cover, power
of the electric heater, and ambient air temperature. The thermophysical properties of water
and air–water vapor mixture, as well as heat transfer coefficients, were calculated for each
time step as a function of the temperature of the individual elements. Additionally, the
remaining constant input parameters are summarized in Table 2.

Table 2. Constant input parameters used during the calculations.

Parameter Value Parameter Value

ah-b 0.5 mb

3.45 kg (10 kg of water)
3.64 kg (15 kg of water)
3.82 kg (20 kg of water)

Ab

0.56 m2 (10 kg of water)
0.59 m2 (15 kg of water)
0.62 m2 (20 kg of water)

mgi 3.18 kg
mgo 3.18 kg
Mw 0.018016 kg mol−1 [46]

Ago 0.63 m2 R 8.314 J mol−1 K−1 [38]
Aw 0.50 m2 ∆t 60 s
cpb 460 J kg−1 K−1 [47] εg 0.9 [38]
cpg 880 J kg−1 K−1 [48] εw 0.96 [39]
eg 0.004 m θ 30◦

eins 0.05 m λg 0.937 W m−1 K−1 [48]
g 9.81 m s−2 λins 0.04 W m−1 K−1

Lc,b-w 0.17 m σ 5.67·10−8 W m−2 K−4 [38]

Lc,w-gi

0.22 m (10 kg of water)
0.21 m (15 kg of water)
0.20 m (20 kg of water)

The presented model is based on simple heat and mass transfer balance equations,
which allow calculating quickly the performance of a solar still. Compared to the other
mathematical models available in the open literature, this model takes into account that
not all of the evaporated water condenses on the cover and flows into the distillate tank.
Additionally, the major advantage of this model over the other models from literature is
that this model applies to a wide range of solar irradiance.

4. Results and Discussion
4.1. Effect of Water Mass and Low Solar Irradiance on the Performance of the Solar Still

The temperatures of water, basin, inner glass cover, and outer glass cover in the function
of time obtained experimentally and theoretically are shown in Figure 5a–d, respectively.



Energies 2021, 14, 2321 12 of 22

Figure 5. Temperatures of: (a) Water; (b) Basin; (c) Inner glass cover; (d) Outer glass cover; obtained experimentally and
theoretically in the function of time for different water masses and low power of the electric heaters.

It can be seen from the experimental results that the maximum temperature of the
water, basin, and glass was increasing with decreasing mass of water. The maximum
temperature of the water was 43.8 ◦C, 39.6 ◦C, and 38.0 ◦C when the mass of water
was 10 kg, 15 kg, and 20 kg, respectively. It is also evident that the temperatures of the
abovementioned elements, i.e., water, basin, and glass, increased and decreased faster for
the low mass of water. Such a phenomenon is a result of a large specific heat capacity of
water. Additionally, the final temperatures of water, basin, and glass were higher than their
initial temperatures. For example, the initial and final temperature of the water was 17.8 ◦C
and 20.7 ◦C, respectively, for 10 kg of water. Such a result can be attributed to the fact that
the heat supplied to the abovementioned elements was greater than the heat lost to the
environment. Consequently, the excess heat input was used to raise the temperature of the
water, basin, and glass.

As can be seen from Figure 5, the values of the temperatures achieved by the theoretical
calculations are in good agreement with the experimental ones. For example, the maximum
difference between the temperature of water obtained theoretically and experimentally was
2.8 ◦C and it was achieved for 10 kg of water. Generally, the temperatures of water, basin,
and outer glass cover obtained from the theoretical calculations were higher than those
achieved from experiments, while the temperature of the inner glass cover was slightly
lower. Additionally, the greater the mass of water, the more consistent experimental and
theoretical results were. For example, the maximum difference between the temperature of
water obtained theoretically and experimentally for 15 kg, and 20 kg of water was 1.7 ◦C,
and 0.8 ◦C, respectively.

The abovementioned findings can be attributed to several reasons, including the sim-
plifying assumptions discussed at the beginning of Section 3. Nevertheless, there are also
other possible reasons explaining the differences between the results of calculations and ex-
periments. Firstly, the mathematical model did not take into account a probable additional
heat transfer from the basin to the side walls by conduction. The heat might be conducted
from the basin to the side walls, which resulted in a greater heat transfer surface area.
Therefore, the real heat losses from the basin, and thus from the water to the ambient air
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were probably higher than the predicted ones. Additionally, the electric heaters possessed
some thermal inertia, which means that even if their power was reduced or turned off, they
possibly continued to transfer their stored sensible heat to the basin and water. Another
possible explanation may be that the heat transfer coefficient, and thus the heat losses,
from the basin to ambient air were calculated from the simplified formula (Equation (5)),
which did not include the temperature difference between the basin and ambient air. As
commonly known, the temperature difference between a surface and a flowing fluid affects
the values of some characteristic numbers, i.e., Rayleigh and Nusselt numbers, which in
turn affects the convective heat transfer coefficient and thus heat losses. Furthermore, the
properties of the ambient air, including relative humidity, thermal conductivity, etc., also
impact the heat transfer coefficient and heat losses from the basin and glass cover to the
ambient air. In addition, it was assumed that the properties of the basin and the glass
cover (specific heat capacity, thermal conductivity, etc.) were constant and independent of
temperature. In fact, the abovementioned properties change with temperature, which could
also influence the results of calculations. Additionally, differences between the theoretical
and experimental results may be caused by the fact that the assumptions made, and certain
mathematical formulas used during the calculations might be closer to the reality when,
for example, the mass of water was greater, or the power of the electric heater was higher,
which will be shown in next sections. For example, the convective heat transfer coefficients
hc,w-gi, and hc,b-w depended on certain constant and exponent, which in turn depended on
Rayleigh and Grashof numbers (see Equations (7) and (10)).

The total energy efficiency of the SS, achieved during the experimental studies, was
32%, 29, and 26% for 10 kg, 15 kg, and 20 kg of water, respectively. Similar results were
obtained by theoretical calculations—the total energy efficiency was 34%, 30%, and 27% for
10 kg, 15 kg, and 20 kg of water, respectively.

The productivity of the SS for low power of the electric heaters is shown in Figure 6.

Figure 6. The productivity of the solar still for different masses of water and low power of the
electric heaters.

The total productivity of the still was 800 mL/m2/day, 706 mL/m2/day, and
658 mL/m2/day for 10 kg, 15 kg, and 20 kg of water. Thus, when the mass of water
decreased from 20 to 15 kg, and from 20 to 10 kg, the productivity increased by 7.3%,
and 21.6%, respectively. Furthermore, the smaller the mass of the water, the earlier the
condensate occurred in the distillate tank. The condensate started to accumulate in the
distillate tank after 7 h 25 min, 7 h 53 min, and 8 h 28 min from the start of working for
10 kg, 15 kg, and 20 kg of water, respectively. Nevertheless, the total operating time of the
SS, calculated as the difference between the last and the first observed increase in the con-
densate volume, was 11 h 49 min, 12 h 44 min, and 11 h 26 min for 10 kg, 15 kg, and 20 kg
of water, respectively. As can be seen from Figure 6, the results achieved by the theoretical
calculations are in good agreement with the experimental ones. The productivity of the SS
calculated theoretically was greater than the productivity obtained experimentally by 8.3%,
6.2%, and 7.0% for 10 kg, 15 kg, and 20 kg of water, respectively. These differences between
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the theoretical and experimental productivity can be a consequence of the electric heaters’
thermal inertia mentioned earlier in this section. Additionally, as discussed earlier, the
temperature of the water achieved from calculations was greater than the temperature from
the experiments, while the temperature of the inner glass cover obtained from calculations
and experiments was similar. Therefore, the difference between the water’s and inner glass
cover’s temperatures obtained theoretically was higher than those obtained experimentally.
The water and inner glass cover temperature difference is the main factor that affects the
rate of water evaporation, i.e., the greater the temperature difference, the greater the rate of
water evaporation, which may explain the discrepancies between the theoretical and actual
productivity of the SS.

4.2. Effect of Water Mass and Medium Solar Irradiance on the Performance of the Solar Still

Figure 7a–d presents the temperature of the water, basin, inner glass cover, and outer
glass cover, respectively, achieved both, experimentally and theoretically. The theoretical
results are in good agreement with the experimental results.

Figure 7. Temperatures of: (a) Water; (b) Basin; (c) Inner glass cover; (d) Outer glass cover; obtained experimentally and
theoretically in the function of time for different water masses and medium power of the electric heaters.

The maximum difference between the theoretical and experimental temperature of
the water was 2.1 ◦C, 1.3 ◦C, and 1.9 ◦C, and it was achieved for 10, 15 kg, and 20 kg of
water, respectively. Similarly like in the case of the low solar irradiance, the temperatures of
water, basin, and outer glass cover obtained from the theoretical calculations were higher
than those achieved from experiments, while the temperature of the inner glass cover was
slightly lower. Possible reasons explaining the differences between the theoretical and
experimental results are discussed in detail in Section 4.1.

The maximum temperature of water, basin, and glass increased with decreasing mass
of water. For example, the maximum temperature of the water was 56.7 ◦C, 55.6 ◦C, and
53.7 ◦C for 10 kg, 15 kg, and 20 kg of water, respectively. Additionally, the temperatures
of the abovementioned elements increased and decreased faster for the lower mass of the
water, which, as mentioned earlier, was caused by a large specific heat capacity of water.
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The fact that the heat supplied to the system was greater than the heat losses was the
reason that the final temperatures of water, basin, and glass were higher than their initial
temperatures. For example, the initial, and final temperature of the water was 17.4 ◦C, and
20.6 ◦C, respectively, for 10 kg of water. Furthermore, the differences between the final and
initial temperatures increased with the increasing mass of the water.

According to the experimental results, the total energy efficiency of the SS was 48%,
46%, and 43% for 10 kg, 15 kg, and 20 kg of the water, respectively. Furthermore, the total
energy efficiency calculated theoretically was 46%, 43%, and 40% for 10 kg, 15 kg, and
20 kg of water. Therefore, the results obtained theoretically are in good agreement with the
results obtained experimentally, which is additionally confirmed by the experimental and
theoretical productivity of the SS shown in Figure 8.

Figure 8. The productivity of the solar still for different masses of water and medium power of the
electric heaters.

The experimental productivity of the SS increased with decreasing mass of wa-
ter. For 10 kg, 15 kg, and 20 kg of water, the total productivity was 3732 mL/m2/day,
3542 mL/m2/day, and 3260 mL/m2/day, respectively. The theoretical calculations slightly
underestimated the productivity, because the calculated values of the productivity were
lower by 1.1%, 2.2%, and 1.9% for 10 kg, 15 kg, and 20 kg of water, respectively, com-
pared to the experimental productivity. Comparing these results to the results reported
for low solar irradiance, it is clear that the proposed mathematical model overpredicts
and underpredicts the productivity for low and medium solar irradiance, respectively.
Additionally, the theoretical results for medium solar irradiance are more consistent with
the experiments than the results for low solar irradiance. A possible explanation of the
observed discrepancies might be that, as explained in Section 4.1., certain assumptions and
mathematical formulas used during the calculations might be more suitable for the higher
solar irradiance.

Decreasing the mass of water from 20 to 15 kg, and from 20 to 10 kg improved
productivity by 8.7%, and 14.5%, respectively. Additionally, if the mass of water was
lower, the condensate began to accumulate in the distillate tank earlier, however, the total
operating time of the still was shorter. The condensate began to accumulate in the distillate
tank after 4 h 49 min, 5h 9 min, and 5 h 29 min from the start of working for 10 kg, 15 kg,
and 20 kg of water, respectively. The total operating time of the still was 15 h 54 min, 16 h
52 min, and 17 h 22 min for 10 kg, 15 kg, and 20 kg of water, respectively.

4.3. Effect of Water Mass and High Solar Irradiance on the Performance of the Solar Still

The temperatures of water, basin, inner glass cover, and outer glass cover in the
function of time for high power of the electric heaters are shown in Figure 9a–d, respectively.
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Figure 9. Temperatures of: (a) Water; (b) Basin; (c) Inner glass cover; (d) Outer glass cover; obtained experimentally and
theoretically in the function of time for different water masses and high power of the electric heaters.

Figure 9 presents the temperatures obtained both experimentally and theoretically, and
the theoretical results are in good agreement with the experimental ones. The maximum
difference between the temperature of water achieved experimentally and theoretically
was 6.0 ◦C (10 kg of water), 4.3 ◦C (15 kg of water), and 4.5 ◦C (20 kg of water), which
is greater than in the case of low and medium solar irradiance. A possible explanation
for such a result might be that, as discussed in detail in Section 4.1., the actual heat losses
were probably greater than the predicted ones. The temperatures of the water, basin,
and glass cover were up to about 80 ◦C for high solar irradiance, so the temperature
differences between the components of the SS and the ambient air were large. As a result,
underestimating the heat transfer coefficients or heat transfer surface area could cause
underestimation of heat losses, which in turn caused the temperatures of water, basin, and
glass to rise excessively.

The maximum temperature of the water, basin, and glass cover increased with de-
creasing mass of water. Additionally, the temperatures increased and decreased faster
for a lower mass of the water due to a large specific heat capacity of water. Taking into
account the experimental results, the maximum temperature of the water was 82.9 ◦C,
78.5 ◦C, and 77.1 ◦C for 10 kg, 15 kg, and 20 kg of water, respectively. Furthermore, the final
temperatures of the water, basin, and glass were greater than their initial temperatures, e.g.,
for 10 kg of water, the initial, and final temperature of the water was 19.8 ◦C, and 21.9 ◦C,
respectively.

For the high power of the electric heaters and 10 kg, 15 kg, and 20 kg of water, the
total experimental energy efficiency was 63%, 61%, and 57%, respectively, while for the
theoretical calculations it was 57%, 55%, and 52%, respectively.

The productivity of the SS, obtained experimentally and theoretically, is shown in
Figure 10.
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Figure 10. The productivity of the solar still for different masses of water and high power of the
electric heaters.

Regarding the experimental studies, the total productivity of the SS was 9392 mL/m2/day,
8884 mL/m2/day, and 8264 mL/m2/day for 10 kg, 15 kg, and 20 kg of water. Therefore, as
the mass of water decreased from 20 to 15 kg, and from 20 to 10 kg, the total productivity
increased by 7.5%, and 13.6%, respectively. As can be seen from Figure 10, the productivity
obtained by theoretical calculations is slightly lower than the real productivity. The theoretical
productivity is less than the experimental productivity by 3.4%, 3.7%, and 2.8% for 10 kg, 15 kg,
and 20 kg of water, respectively. Possible reasons for those differences between theoretical
and experimental productivity are discussed in Section 4.2.

The total operating time of the still was 17 h 55 min, 17 h 47 min, and 18 h 14 min for
10 kg, 15 kg, and 20 kg of water, respectively. Nevertheless, as the mass of water decreased,
the condensate started to accumulate earlier in the distillate tank. The condensate began
to accumulate after 4 h 3 min, 4 h 10 min, and 4 h 43 min for 10 kg, 15 kg, and 20 kg of
water, respectively.

The comparison of the experimental and theoretical daily productivity of the SS for
different water masses and solar irradiances is presented in Figure 11. As can be seen, solar
irradiance impacts significantly daily productivity, while the mass of water has a minor
influence. Additionally, the results of the experiments and theoretical calculations are in
good agreement. The proposed mathematical model overestimates and underestimates
the daily productivity up to 8.3% and 3.7%, respectively, while other models available in
the open literature, i.e., Dunkle’s, Zheng et al.’s, and Tsilingiris’ model overestimate the
productivity by 32–45%, 22–32%, and 21–37%, respectively, which was also confirmed by
Sivakumar and Sundaram [16]. Therefore, it can be concluded that the proposed model
provides better results compared to the other models.

Figure 11. The comparison of SS’s productivity for different water masses and different solar irradiances.
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5. Conclusions

In this paper, the performance of the solar still for three different water masses (10 kg,
15 kg, and 20 kg) and three different solar irradiances was investigated theoretically and
experimentally under controlled laboratory conditions. The solar radiation was simulated
by using four electric heaters.

Generally, the mass of water has the greatest influence on the performance of solar
still at low power of the electric heaters, while the impact of water mass on the results
decreases with the increasing power of the electric heaters.

It was found that independently of the solar irradiance, the productivity of the SS
increased with decreasing mass of the water. The results show that the maximum productiv-
ity of the SS was obtained for 10 kg of water and it was 800 mL/m2/day, 3732 mL/m2/day,
and 9392 mL/m2/day for low, medium, and high power of the electric heater, respec-
tively. When the mass of water decreased from 20 to 15 kg, the productivity increased
by 7.3%, 8.7%, and 7.5% for low, medium, and high power of the electric heater, respec-
tively. Additionally, when the mass of water decreased from 20 to 10 kg, the productivity
increased by 21.6%, 14.5%, and 13.6% for low, medium, and high power of the electric
heater, respectively.

The results show that the maximum temperatures of the water, basin, inner glass
cover, and outer glass cover increased with decreasing mass of water, independently of
the power of the electric heaters. The maximum temperature of the water was 43.8 ◦C,
39.6 ◦C, and 38.0 ◦C for 10 kg, 15 kg, and 20 kg of water, respectively, for the low power
of the electric heaters. The maximum temperature of the water for the abovementioned
water masses was 56.7 ◦C, 55.6 ◦C, and 53.7 ◦C, respectively, for the medium power of the
electric heaters, and 82.9 ◦C, 78.5 ◦C, and 77.1 ◦C, for the high power of the electric heaters.

Comparing the results of the experimental studies and the theoretical calculations, it
can be concluded that the results of the proposed mathematical model are in good agree-
ment with the results of the experimental studies for all water masses and all powers of
the electric heaters, which is an advantage of the model. The proposed model slightly
overpredicted the temperature of the water, basin, and outer glass cover. Additionally, it
underestimated and overestimated the SS’s productivity by a maximum value of 3.7% and
8.3%, respectively. All discrepancies between the theoretical and experimental results can
be attributed to numerous possible reasons, but the most probable ones include underes-
timating the heat losses, the thermal inertia of the electric heaters, disregarding changes
in the thermophysical properties of ambient air depending on its relative humidity, and
disregarding changes in the thermophysical properties of basin and glass in the function of
temperature. Nevertheless, such minor discrepancies between the theoretical and experi-
mental results are not particularly surprising in the light of the fact that each mathematical
model describes reality in a simplified manner.
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Nomenclature

ah-b ratio of the heat supplied to the basin to the total power of the electric heaters, -
Ab basin surface area, m2

Ago outer glass cover surface area, m2

Aw water surface area, m2

cpb basin specific heat capacity, kJ kg−1 K−1

cpf air–water vapor mixture specific heat capacity, kJ kg−1 K−1

cpg glass specific heat capacity, kJ kg−1 K−1

cpw water specific heat capacity, kJ kg−1 K−1

Dwa binary diffusion coefficient of water vapor in air, m2 s−1

eg glass cover thickness, m
eins insulation thickness, m
g gravitational acceleration, m s−2

Grf Grashof number for air–water vapor mixture, -
Grw Grashof number for water, -
hb-air overall heat transfer coefficient between basin and ambient air, W m−2 K−1

hc,b-w convective heat transfer coefficient between basin and water, W m−2 K−1

hc,go-air convective heat transfer coefficient between outer glass cover and ambient air, W m−2 K−1

hc,w-gi convective heat transfer coefficient between water and inner glass cover, W m−2 K−1

hmass mass transfer coefficient, m s−1

hr,go-sky radiation heat transfer coefficient between outer glass cover and sky, W m−2 K−1

hr,w-gi radiation heat transfer coefficient between water and inner glass cover, W m−2 K−1

Lc,b-w characteristic length in convective heat transfer between basin and water, m
Lc,w-gi characteristic length of the solar still, m
mb mass of the basin, kg
mgi mass of the inner glass cover, kg
mgo mass of the outer glass cover, kg
mw mass of the water, kg
Mw molas mass of water vapor, kg mol−1
.

mw total mass flow rate of evaporated water, kg s−1
.

mw−gi mass flow rate of condensate on the glass cover, kg s−1
.

mw,loss mass flow rate of condensate loss, kg s−1

Nuw Nusselt number for water, -
pgi partial water vapor pressure at the inner glass cover temperature, Pa
pt total pressure of air–water vapor mixture, Pa
pw partial water vapor pressure at the water temperature, Pa
Prf Prandtl number for air–water vapor mixture, -
Prw Prandtl number for water, -
.

Qh power of the electric heaters, W
R universal gas constant, J mol−1 K−1

Raf Rayleigh number for air–water vapor mixture, -
Raw Rayleigh number for water, -
rw latent heat of evaporation, kJ kg−1

t time, s
Tair ambient air temperature, ◦C
Tb basin temperature, ◦C
Tdw distilled water temperature, ◦C
Tf air–water vapor mixture temperature, ◦C
Tfw feeding water temperature, ◦C
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Tgi inner glass cover temperature, ◦C
Tgo outer glass cover temperature, ◦C
Tsky sky temperature, ◦C
Tw water temperature, ◦C
v wind speed, m s−1

V productivity, mL m−2

∆t time step, s
Greek

βw coefficient of thermal expansion of water, K−1

εg glass emissivity, -
εw water emissivity, -
ηt total energy efficiency, %
θ inclination angle of the glass cover, ◦

λf thermal conductivity of air-water vapor mixture, W m−1 K−1

λg thermal conductivity of glass, W m−1 K−1

λins thermal conductivity of insulation, W m−1 K−1

λw thermal conductivity of water, W m−1 K−1

µf dynamic viscosity of air–water vapor mixture, Pa·s
µw dynamic viscosity of water, Pa·s
ρf density of air–water vapor mixture, kg m−3

ρf,Tgi density of air–water vapor mixture at the inner glass cover temperature, kg m−3

ρf,Tw density of air–water vapor mixture at the water temperature, kg m−3

ρv,Tgi density of water vapor at the inner glass cover temperature, kg m−3

ρv,Tw density of water vapor at the water temperature, kg m−3

ρw density of water, kg m−3

σ Stefan–Boltzmann constant, W m−2 K−4
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