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a b s t r a c t
This paper aims at the integration of Al2O3, CuO, and TiO2 nanofluids for two configurations of 
solar desalination (SS distillation: SS with and without nanoparticle, named SSWN, SS respectively; 
and SS hybrid with and without nanoparticle, named SSHWN and SSH, respectively). In order to 
improve the productivity of a SS, a nanoparticle Al2O3 is integrated with different concentrations 
(1%, 3% and 5%). The results show very well that the addition of nanofluid regardless of the 
configurations of SS increases the cumulative productivity whatever the SSHWN or SSWN configu-
ration is important compared to that of SS and SSH (SSHWN admits a Pcu equal to 10.8 kg/m2 h and 
of the order of 1.6 kg/m2 h for SSWN) while Pcu does not exceed 6.8 kg/m2 h with SSH and 0.45 kg/
m2 h with SS configuration. We also notice that Pcu increases with the increase in the concentration of 
nanoparticles (5% the Pcu is 10.8 kg/m2 h for SSHWN and does not exceed 6 kg/m2 h SSH) the theo-
retical study well predicts the experimental results as regards the evolution of Pcu. The experimental 
study with different nanoparticles such as TiO2 and CuO with a concentration of 5% shows Pcu 
(Al2O3) > Pcu (TiO2) > Pcu (CuO). The thermal conductivity for hybrid solar still for different volume 
fractions of nanofluid has been proved. Al2O3 admits the highest thermal conductivity (knf/kbf) the 
highest equal to 1.249 than that of CuO with 1.245 and finally TiO2 1.205. A comparative study was 
carried out with that the correlations of Maxwell and Bruggeman gives a very good linear regression 
than that of our work (R2 = 0.99).

Keywords: Solar still; Nanoparticle; Cumulated productivity; Thermal conductivity

1. Introduction

Most technological advances in solar thermal desali-
nation focus on optimizing the following aspects: process 
economy, operational reliability, and process dependence 
on climatic conditions and elevations in the operational 
area. Researchers are actively exploring technological 
solutions such as nanoparticles, for improved conver-
sion of solar irradiation into thermal energy to generate 
water vapors. An experimental study was carried out by 
Arani et al. [1] for tubular solar still with doping of SiO2 
nanoparticles in black paint with different concentrations 
ranging from 10% to 40%. They showed an increase in the 

heat transfer between the absorbent plate and the water. 
The temperature of basin and water were improved by 
10.49% and 10.88%, respectively, during the use of black 
paint with SiO2 nanoparticles at the concentration of 20% 
and they also showed that the use of the fins on the absor-
bent plate improved the drinking water production by 
55.18% when using the nanoparticles of SiO2 at 20% com-
pared to that of conventional total suspended solids.

In the same context, another work was done by Panchal 
et al. [2] for SS with MnO2 doping in stainless steel, with the 
aim of increasing efficiency. The use of this type of mate-
rial for different concentrations ranges from 20% to 50%. 
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This yield increases by 19.5% for the SS case with nanopar-
ticles. The work of Essa et al. [3] was carried out for two 
types of SS a stepped still was taken as a reference with 
another modify by installing fixed suspended trays on the 
vertical walls of the steps to increase the surfaces. The per-
formance of this type of still has been made for different 
fan speeds. For these conditions, the authors noted that the 
productivity increases by 4,175 against 3,800 mL/m2/d for 
the reference still with an improvement of 9.8%. In addi-
tion, the use of the hanging trays and the Al2O3/paraffin 
mixture in the parallel cavity increases the productivity of 
the SS by approximately 40%, where the productivity was 
5,740 and 4,100 mL/m2/d for the staged stills and bench-
mark, respectively [4–7]. Shanmugan et al. [8] were for the 
goal of making SS with the coating technique using dif-
ferent TiO2 and Cr2O3 nanoparticles. Analysis of this work 
was conducted by scanning electron microscopy, Fourier-
transform infrared spectroscopy and X-ray diffraction. 
The average system output was 57.16% and 36.69% during 
summer and winter, respectively. The use of TiO2 in an SS 
was also the objective of the work carried out by Parikh 
et al. [9] and this product was used as paint in the basin. 
The performance attains 20%–40% with black paint and 
with TiO2 paint. A study on the variation of water depth 
was also made in this work they showed that the produc-
tivity of solar energy still increases up to a certain limit. 
We find that compared to the SS, 11%–18% and 20%–23% 
increase in productivity with a mixture of 20% and 40%. 
Studies were carried out for passive and hybrid SS with 
nanofluids (Al2O3–CuO) with concentrations of 0.025% for 
each nanoparticle. The results show a significant increase 
between the two stills during the months of summer and 
winter, that is, 5.5239 kg/m2 h in summer and 3.1079 kg/
m2 h in winter, moreover the average exergy efficiency is 
increased by 22.5% in summer and 13.4% in winter thanks 
to the use of the nanohybrid [10].

Sharshir et al. [11] have shown a theoretical analysis of 
modified SS (MSS) using micro/nanoparticles to improve 
thermal performance. They are estimated the energy and 
exergy productivities for improvement to the SS. It is 
improved by 41.18% and 32.35% for graphite, CuO and com-
pared with SS. The exergy efficiency of SS is 4.32% and 3.78% 
for graphite, CuO and CSS is 2.63%. It is valued the costs 
of solar still with and without micro/nanoparticles.

Zanganeh et al. [12] were developed as condensing 
cover of SS and were coated in condensation surface by a 
nano-silicon solution. It is used in nano-coating to conden-
sate manufacturing of solar to grow significantly and verified 
in AFM tests of condensing cover effects dripping with 23%.

The experimental realization was carried out two con-
figurations of SS without and with nanoparticles named 
SS and SSWN respectively and on the other hand a sim-
ple solar hybrid with and without nanoparticles named 
SSHWN and SSH respectively. This work was carried 
out during the month of 24–26 May 2020 at the National 
Engineering School of Gabès (ENIG) in the southwest of 
Tunisia. Following these the effect of the addition of dif-
ferent nanoparticles on the productivity of the two config-
urations was made, the effect of the variation of the con-
centration was followed. Thermal conductivity was mea-
sured throughout these experiments. Finally, to validate 

this study, we developed a MATLAB code so that we can 
know the validity of the different experimental results.

2. Experimental study

The SS was built in the Laboratory of Energy, Water, 
Environment and Processes at the National Engineering 
School of Gabès (ENIG). The experimental works were 
carried out during the month of May 2020. SS consists of 
a basin lined with a 0.7 mm thick galvanized iron sheet 
painted black to which salt water is added. The seawa-
ter is heated and evaporated by the energy of solar radi-
ation transmitted through a glass cover 3 mm thick, then 
absorbed by the basin. The water vapor is then condensed 
at the level of the glass and the distilled water is collected. 
Heat loss is reduced by 2.5 cm thick glass wool insulation. 
The SS has side mirrors to improve productivity through 
the re-reflectivity of the rays on the water surface. The SS 
works with solar energy it is hybrid by a heat pump with a 
power compressor (SSH). The evaporator is in the form of a 
plate and is protected from solar radiation by a separation 
wall. Schematics and Photos of SS and SSH are shown in 
Figs. 1a, b and 2 (for the conventional configurations the 
heat pump it is closed).

Tables 1 and 2 give the various specific and operating 
characteristics of the SS. The distilled water produced is col-
lected using a collecting channel at the bottom of the basin. 
It is important to note that the heating of the base water 
(seawater) is carried out both by solar radiation and by the 
heat pump. The dimensions of the solar still and the material 
properties are shown in Tables 1 and 2.

The experimental measurements of the parametric vari-
ables, water temperature, water level and relative air humid-
ity and temperature at the basin inlet and water surface, have 
been recorded during the experiments. Details of all measur-
ing equipment are tabulated in Table 1. The water tempera-
ture in the basin is measured using the thermometer-Pt100 
which works in the range from −20°C to +26°C with an uncer-
tainty of 2.6%. The relative humidity and temperature of air 
streams are measured using 2 thermo-hygrometers which 
work in the range from 0% to 100% RH and from −40°C to 
+12°C and its uncertainty is 1.4% (Table 3).

Nanofluids are dispersions of particles of nanometric 
size (whose diameter is typically less than 100 nm), called 
nanoparticles. Table 2 gives an idea about nanoparticles used 
in this work for solar distillation (Al2O3, CuO, and TiO2). In 
the case of heat transfer fluids, one of the first parameters 
to take into account in order to assess the heat exchange 
potential is thermal conductivity. However, the most widely 
used fluids such as water, oil or ethylene glycol have only 
a low thermal conductivity compared to that of crystalline 
solids. The idea is then to insert nanoparticles into the base 
fluid in order to increase the effective thermal conductiv-
ity of the mixture. This nanofluid term was introduced by 
so many research works [13–15] and remains commonly 
used to denote this type of suspension. Fig. 3 shows the 
various different types of nanoparticles which are used in 
our works. The thermal physical properties of different 
nanoparticles that be used in this work are shown in Table 4.

In this approach, the nanoparticle is initially produced 
or purchased as a dry powder and then dispersed in the 
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base fluid. Nanoparticles in the base fluid are stirred using 
a magnetic stirrer or ultrasonic bath. In order to make 
the fluid and nanoparticle mixture homogeneous, Fig. 4 
shows an example of the schematic procedure of the two-
step approach used to synthesize nanofluid at this work. 
Ultrasonic agitation sonication, which is a physical method 
that depends on employing ultrasonic waves through the 
fluid, can be used to enhance the stability of the nanofluid 
by rupturing the nanoparticle attraction force within the 
sediments. Two types of ultrasonicator are used, the probe 
type and the bath type. Both types can be seen in our study 
(Fig. 5). The ultrasonic bath provides a weak sonication with 
approximately 20–40 W/L, while the probe-type ultrasonic 
can easily couple approximately 20 kW/L into the processed 
medium. This means that an ultrasonic probe-type exceeds 
an ultrasonic bath by a factor of 1,000 due to a focused 
and uniform ultrasonic power input [16].

3. Mathematical modeling

This part aims to develop a mathematical model describ-
ing solar distillation by means of a (SS), at first time and 
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Fig. 1. Schematic diagram of (a) SS and (b) SSH.
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Fig. 2. Photo of SSH.
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hybrid (SSH) at the second time, in the presence of nanopar-
ticle added to seawater SSWN, SSHWN. This model is 
used to determine the temperatures of the various compo-
nents of the solar still, the hourly productivity of distilled 
water as well as the variation of the thermal conductivity.

3.1. Energy balance on the basin

The basin liner receives and absorbs most of the solar 
radiation, transfers part to the nanofluid in the form of 
convective heat and gives up part to the atmosphere in the 
form of conductive heat. The thermal balance on the basin is 
given in Fig. 6.

The energy stored by the basin liner can be described 
by this equation [17].
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dT
dt
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The convective heat transfer coefficient between the 
basin and water hc,b–nf is given by Khaoula and Mohanraj [17]:
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The Prandtl number is given by Dhivagar et al. [19]:
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The effective thermal conductivity of a two-phase mix-
ture consisting of continuous and discontinuous phases 
determined by Maxwell is found to be [20].
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The effective improvement in thermal conductivity 
was defined as the ratio of the thermal conductivity of 
the nanofluid to the thermal conductivity of the base fluid 
(knf/kbf). Their models of thermal conductivity are based 
on the research of Maxwell [18] who developed a model 
to estimate and evaluate the effective thermal conductiv-
ity of a suspension containing solid particles. This model 
gives satisfactory results taking into account the following 
hypotheses [21].

• Suspensions containing particles of spherical shape,
• Relative volume concentrations,
• It does not take into account the effect of particle size or 

shape,
• Neglect of the effect of inter-particle interactions.

Hamilton and Crosser [22] developed the Maxwell 
model to take into account the effect of particle shape for 
liquid-solid mixtures (non-spherical particles), so they intro-
duced a shape factor n, of which there they discovered that 

Table 1
Characteristic specifications of the hybrid solar still

Specifications Dimensions

Basin surface 0.22 m2

Glass surface 0.6 m2

Glass thickness 6 mm
Number of glass 1
Window tilt 30°

Table 2
Operating characteristics of the hybrid solar still

Settings Value

Glass transmissivity 0.87
Water transmissivity 0.95
Basin absorptivity 0.95
Water absorptivity 0.05
Glass absorptivity 0.04
Heat capacity of the glass 1,250 (J/kg K)
Heat capacity of water 4,090 (J/kg K)
Calorific capacity of the basin 450 (J/kg K)
Thermal conductivity of the basin 79.5 (W/m K)
Thermal conductivity of water 0.6 (W/m K)
Thermal conductivity of the insulation 0.045 (W/m K)
Glass density 1,210 (kg/m3)
Density of water 1,025 (kg/m3)
Basin density 7,874 (kg/m3)

Table 3
Range and accuracy of different measuring equipment

Instrumentation Number Range Accuracy

K-Type Thermocouple 5 –200°C–1,250°C ±2°C
Digital Differential Pressure Manometer 2 (±)2 bar ±2%
Digital Thermo Hygrometer 2 0%–100% RH ±1.4% RH
Thermometer-Pt100 4 −20°C–+26°C 2.6%
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it can be determined from experience for different types 
of nanoparticles.

Their study aimed to develop a model for continuous 
and discontinuous phases in terms of conductivity, struc-
ture and shape of nanoparticles. For the discontinuous phase 
diffused in the continuous phase, the Hamilton and Crosser 
model stated that:

k
k

k n k n k k

k n k k k
nf

bf

np bf bf np

np bf bf np

�
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where n is the empirical form factor given by n = 3/ψ, ψ 
is the sphericity which is the ratio of the area of a sphere 
(with the same volume as the given particle) to the area 
of the particle, n = 3 for spherical particles and n = 6 for 
cylindrical particles [22].

The sphericity is 1 and 0.5 for the spherical and cylin-
drical shapes, respectively.

The model proposed by Zeeshan et al. [23] seems to be 
better approximate certain experimental results for the case 

of spherical nanoparticles with no limitation concerning 
the concentrations of the nanoparticle.

Zeeshan et al. [23] proposed this model to analyze the 
interactions between homogeneous spherical particles 
distributed in a random way.

For a binary mixture gives:
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where φ is the weight or concentration percentage that can be 
calculated with the following equation [17].

� �
�
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J J

Jnp

np bf

 (10)

where J is the volume for base fluid.

Fig. 3. Nanoparticles used in SS works [13].

Table 4
Thermophysical propriety of nanoparticles [14]

Nanoparticles k (W/m K) rnp (kg/m3) βnp (K–1) Cpnp (J/kg K)

Al2O3 46 3,960 24 × 10–6 773
TiO2 8.4 4,230 24 × 10–6 692
CuO 33 6,000 51 × 10–6 551
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The effective thermal expansion of nanofluid (bnf) can 
also be evaluated using Bruggeman [24].

β φ β φβnf bf np= −( ) +1  (11)

The density of nanofluid (ρnf) is determined by Chen 
et al. [25].

ρ φ ρ φρnf bf np= −( ) +1  (12)

The viscosity of the nanofluid (μnf) can also be deter-
mined using Eq. (14) [26].

µ µ φ φnf bf for= ( )+( ) <1 2 5 0 02. . %  (13)

The specific heat of the nanofluid (Cpnf) is calculated 
using Eq. (15) [27].

Cp
Cp Cp

nf
bf bf np np

nf

=
−( ) +1 φ ρ φ ρ

ρ
 (14)

The base fluids thermodynamics propriety it is given by 
Annex A.

The heat losses releases by conduction through the 
basin liner qloss to the atmosphere are given by Eq. (16) [28].

 
Fig. 5. Nanofluid stirring method: probe-type, ultrasonic bath ultrasound.

Fig. 4. Method of preparation of nanofluids.
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q
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i
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where Ki and Li are respectively thermal conductivity and 
thickness of insulation.

3.2. Energy balance on nanofluid

The heat gained by the nanofluid it is due to the solar 
radiation transmitted by the glass cover, to the convec-
tive heat of the basin and the heat received from the heat 
pump for the hybrid model. The heat losses from the nano-
fluid include convective, radiative and evaporative heat 
to the glass cover. The thermal balance on the nanofluid is 
illustrated in Fig. 7.

The energy in the nanofluid it is given by Eq. (17) [29].
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The convective heat transfer rate between the nanofluid 
and the glass cover is given by Elsheikh et al. [30].

q h T Tc g c g g, ,nf nf nf� �� �� �  (17)

where hc,nf–g is the convective heat transfer coefficient 
from nanofluid to the glass cover, it can be calculated by 
Eq. (18) [31].
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where Pnf and Pg are the partial pressure of the nanofluid and 
the cover glass, respectively, Pnf and Pg are given by Elsheikh 
et al. [30].
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The radiation heat transfer rate from the nanofluid to 
the glass cover is given by Eq. (21) [29].

q h T T T Tr g r g g g, ,nf nf nf eff nf− −= −( ) = +( ) − +( )σε 273 273
4 4

 (21)

where εeff is effective emissivity it given as Dhivagar et al. [32].
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where enf, eg are emissivity of nanofluid and glass 
respectively.

The evaporative heat transfer rate between nanofluid 
and the glass cover is given by Hidouri et al. [33].

q h T T h P Pe g e g g c g g, , ,.nf nf nf nf nf� �
�

�� �� � � � �� �16 273 10 3  (23)

The water is heated as following by qmnf Sharshir 
et al. [34]. 

q m C T C Te amnf pbf bf pa� �� �  (24)

The experimental yield is given by Eq. (25):
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where hfg is the heat latent, it is given as follows [35]:
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3.3. Energy balance on the glass

The glass cover receiving solar radiation in the form of 
heat absorbs a part and allows another to pass to the basin 
and nanofluid assembly. The heat transfers produce by a 
difference of temperature, by convection, radiation and 

Fig. 6. Energy balance on the basin.

 
Fig. 7. Energy balance on nanofluid.
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evaporation to the glass cover. The latter, in contact with 
the atmosphere, will lose, by convection and radiation, heat 
towards the external environment. The thermal balance on 
the glass is illustrated in Fig. 8.

Thus, the energy stored in the glass cover is equal to 
the difference between the energy gained from the nano-
fluid and that lost in the atmosphere. It can be described 
mathematically using the following equation [29].

m C
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dT
dt

G q q q q qg

g

g
g c g r g e g r g a c g a

 
   pg

nf nf nf= + + + − −− − − − −α , , , , ,  (27)

The radiative heat transfer rate between glass and sky 
is based on the study of Elsheikh et al. [30].

q h T Tr g r g g a, ,− −= −( )sky sky  (28)

where the coefficient of heat radiative between glass and 
sky is given by Eq. (29) [30].
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The convective heat transfer rate from glass to outside 
air [35].

q h T Tc g a c g a g a, ,− −= −( )  (30)

The convective heat transfer glass-ambient air coefficient 
[33–36].

hc g a, .− = >6 15Vwin if Vwind 5m
s

 (31)

hc g a, .− = + ≤2 8 3Vwind if Vwind 5m
s

 (32)

Statistical analysis was used to predict the best cor-
relation that the experimental results. For this reason, the 
square root of mean percent deviation (e) and coefficient 
of linear correlation (r) equations was used [37,38].
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where xi, yi and N are the experimental parameters.

4. Experimental results

Fig. 9 represents the hourly variation of solar flux. 
The experimental result clearly shows that the solar it is 
maximum in the interval 11:14 TSV with a maximum is 
900 W/m2. The theoretical result is in good agreement with 

experience during the period of work. The evolution of the 
ambient temperature for different nanofluids is shown in 
Fig. 10, and we notice that the temperature is maintained 
almost constant throughout the day for the work.

Fig. 11 shows the cumulated productivity of SS and 
SSH. SSH Experimental results show clearly that the hybrid 
model with nanoparticles gives higher cumulative pro-
ductivity (Pcu), that is, 5 times higher at 18 TSV compared 
with SS without nanoparticles (6 kg/m2 h for SSH and not 
exceed 0.45 kg/m2 h for SS).

The addition of nanoparticles is given by Fig. 12a and 
b for the two configurations SSWN (SS with nanoparticle) 
and SSHWN (SS hybrid with nanoparticle). One notices an 
important increase in the cumulated productivity what-
ever the configuration, for the case SSWN increases to 
reach 1.6 kg/m2 h with the concentration 0.05. Regarding 
SSHWN, the cumulative productivity Pcu becomes equal to 
10.83 kg/m2 h for the same concentration 0.05.

The different study concentrations which are 0.01, 0.03 
and 0.05 they are shown in Fig. 13a and b. Increasing the 
concentration results in an increase in cumulative pro-
ductivity. The SSWN configuration gives 1.1 kg/m2 h for a 
0.01 concentration and increases to reach 1.6 kg/m2 h for 
the 0.05 concentration. Whereas for the SSHWN config-
uration the cumulative productivity is equal to 8.24 kg/
m2 h for 0.01 concentration and exceeds 10.8 kg/m2 h for a 
concentration of 0.05 [36–38].

Fig. 8. Energy balance on glass.
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Fig. 14 gives an idea of our theoretical study which was 
carried out in order to know the similarity with that of the 
experiment. One notices a very good agreement between 
the experimental and theoretical results for the two con-
figurations SSWN and SSHWN.

To find out about the influence of the nature of the 
nanoparticle on the productivity of SSHWN, TiO2 and CuO 
nanoparticles are added with the same concentration as 
that of Al2O3 (i.e., 0.05) to make a comparison between them 
Fig. 13 shows that Pcu (Al2O3) > Pcu (TiO2) > Pcu (CuO) a result 
which agrees very well with that of Rashidi et al. [39].

The calculations of the standard deviation agree with 
many research works [40–42] for the SSHWN configuration 
for the Al2O3 of an increase of 30%, around 21% for TiO2 
and in the range of 10% as regards the CuO.

At the level of Fig. 15a–c we compare the results, giv-
ing knf/kf as a function of φ for the nanofluids (Al2O3/water, 
CuO/water and TiO2/water) respectively obtained by the 
different models described. It emerges from this comparison 

that the Hamilton–Crosser model provides the highest 
predictions for ψ = 0.3.

For ψ = 1, we observe that the model of H-C returns 
to the model of Maxwell, and the values drawn from the 

Fig. 10. Variation of ambient temperature (Ta) and wind velocity (Vwind).
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model of Bruggeman are situated between those drawn from 
the model of H-C and that of Maxwell. The results clearly 
show that the thermal conductivity of metal oxide nano-
fluid increases linearly with the concentration of nanoparti-
cles. These results of the current survey are validated with 
the previous results obtained by Singh et al. [43].

For the different fractions of nanoparticles on which we 
based our work and according to the model of Maxwell, 
we have shown that Al2O3 admits the highest thermal con-
ductivity with 1.249 as the thermal conductivity ratio to 
that of the fluid base, then that of CuO with a 1.245 thermal 

conductivity ratio and finally that of TiO2 with 1.205 at 
0.05% as nanoparticle concentration (Fig. 16).

5. Conclusion

In order to improve the cumulated productivity 
(Pcu) for SS and SSH, the addiction of nanoparticles it 
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be done with Al2O3 and with different concentrations. 
Experimental results show clearly that the hybrid model 
without nanoparticles gives higher cumulative produc-
tivity (Pcu) compared with SSWON (6 kg/m2 h for SSH 
and not exceed 0.45 kg/m2 h for SS). On other hand to 
make comparison with some other nanoparticle such us 
of, CuO and TiO2 at same concentration the results have 
shown that the Pcu increase with the increase of concen-
tration (The SSWN configuration gives 1.1 kg/m2 h for a 
0.01 concentration and increases to reach 1.6 kg/m2 h for 
the 0.05 concentration. For the SSHWN configuration, the 
cumulative productivity is equal to 8.24 kg/m2 h for 0.01 
concentration and exceeds 10.8 kg/m2 h for a concentra-
tion of 0.05. The addiction of nanoparticle to the base fluid 
has been proven to increase the thermal conductivity and 
improve conduction heat transfer in nanofluids compared 
to that in base fluid without nanoparticles (Al2O3 have the 
highest thermal conductivity with 1.249 as the thermal con-
ductivity ratio to that of the fluid base, then that of CuO 
with a 1.245 thermal conductivity ratio and finally that of 
TiO2 with 1.205 at 0.05% as nanoparticle concentration).

Symbols

COP — Coefficient of performance
Cp — Specific heat, J/kg K
G — Solar radiation, W/m2

g — Gravity acceleration, m/s2

h — Heat transfer coefficient, W/m2 K
hfg — Enthalpy of evaporation, J/kg
S — Area, m2

knf — Effective thermal conductivity (W/m K)
kbf —  Thermal conductivity of the base fluid 

(W/m K)
knp —  Thermal conductivity of nanoparticles 

(W/m K)
k — Thermal conductivity, W/m K
Li — Thickness, m

L — Characteristic length, m
m — Mass, kg
me — Mass output, kg/m2 h
P — Partial pressure, Pa
Ph — Hourly productivity
Pr — Prandtl number
q — Heat transfer rate, W/m2

Ra — Rayleigh number
t — Time, s
T — Temperature, °C
Vwind — Wind speed, m/s
SSHWN — Simple solar hybrid with nanoparticle
SSWN — Simple solar with nanoparticle
SS — Simple solar still
CSS — Conventional solar still
SSWON — Simple solar still without nanoparticle
W — Compressor power

Greek

α — Absorptivity
ε — Emissivity
ρ — Density, kg/m2

μ — Dynamic viscosity, N/m2 s
φ — Nanoparticle concentration
εeff — Nanofluid-glass effective emissivity
σ — Stefan–Boltzmann constant, W/m2 K4

β — Thermal expansion coefficient
τ — Transmissivity

Subscripts

a — Ambient
b — Basin
bf — Base fluid
c — Convection
e — Evaporative
r — Radiative
g — Glass
mnf — Mass of nanofluid
nf — Nanofluid
np — Nanoparticle
sky — Sky
i — Insulation
w — Water
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