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a b s t r a c t
The standard photovoltaic solar panels are characterized by their low efficiency, especially at high 
ambient temperatures. Cooling with water and nanofluid has been one of the most promising cool-
ing strategies used to minimize the temperature of the PV module and improve the performance of 
the system. The main objective of this paper is to compare the performance of a PV panel located 
in the Gabes region in different cases: standalone PV panel, PV/T system with water-cooling, and 
PV/T system with nanofluid cooling. The tested fluids flow in a rectangular heat exchanger to max-
imize the contact area between the cooling fluid and the back wall of the solar panel. The influence 
of mass flow rate, nanofluid mass fraction, and nanofluid type on PV cell temperature, thermal, 
and electrical efficiency are investigated. The simulation results show that MgO is the best nano-
fluid in our working conditions and the electrical energy produced by MgO is 77.04 W/m2. In 
addition, the thermal energy produced by MgO-water nanofluids is higher than that of other 
nanofluids. To highlight the benefits of using a rectangular heat exchanger mounted on the back of 
the panel, we compared its performance with that of a standalone photovoltaic panel. The results 
show that using a PV/T system with a flowing nanofluid inside improves the electrical power by 
26.28 W/m2 compared to a standalone PV panel.
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1. Introduction

Global water consumption is rising at over twice the rate 
of population growth due to higher living standards and 
increasing demand [1]. It is forecasted to increase by 50% 
in the next five years, due to the increase in the standard 
of living [2]. The use of reverse osmosis (RO) desalination 
units has increased significantly because of water shortages. 
Although constant efficiency improvements, RO desali-
nation is still an energy-intensive process. Several studies 
have focused on the use of renewable energy sources such 
as solar photovoltaic (PV), to power small-scale RO plants.

Solar panels work properly only under certain weather 
conditions, however, the climate is usually changing and 

solar panels are installed in different climates around 
the world that’s why most panels do not work well under 
various conditions [3].

To overcome this problem, engineers need to under-
stand how solar panels react to these different conditions. 
In fact, the electrical efficiency of the PV module is affected 
by its surface rise in temperature [4]. For instance, the effi-
ciency of crystalline silicon solar cells falls by 0.5% for 
every 1°C rise in solar cell temperature and this decrease 
in efficiency varies with the type of cell [5]. The increase 
in PV cell temperature and heat loss are reduced using a 
non-inflammable fluid, which flows under the PV panel 
and behaves as a heat exchanger, therefore, enhancing 
the thermal efficiency of the system. Such sort of system 
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can provide thermal and electrical energy at the same 
time, which is called photovoltaic thermal (PVT) system. 
One of the advantages of the PVT system is the com-
bined generation of thermal and electrical energy, which 
makes it more efficient than standalone PV collectors [6]. 
Several studies have used this type of technology and 
compared its performance with that of the standalone 
PV panel. For instance, Yu et al. [7] used the PVT panel 
and showed experimentally that the system can gain 3.5% 
of electrical performance and 324.3% of overall output 
energy compared to a standalone PV system. In the same 
environment, Singh et al. [8] studied the effect of using 
oscillatory water flow on the PV cells’ performance, the 
results show that a gain of an electrical efficiency from 
0.2772% to 1.122% compared to a standalone PV module is  
recorded.

Another problem appears here, the traditional fluids 
such as water and oil, whose thermal conductivity and 
heat carrying capacity are very low, are not very effective 
in solar photovoltaic thermal (PVT) systems [9]. Thus, 
researchers and scientists are focusing to utilize a new kind 
of fluid that enhances thermal conductivity and heat capac-
ity. One of the proposed solutions is the use of nanofluids. 
In fact, nanofluids are the best option to use in a solar pho-
tovoltaic thermal system [10] due to their properties [11]. 
These small particles mixed with a base fluid can absorb 
all the superfluous solar radiation, which is not usable for 
photovoltaic cells and hence decreasing the cell tempera-
ture. As a result, nanofluids could operate as an optical 
filter for PV cells [12].

Various studies have both experimentally and numer-
ically researched the effects of nanofluids on the electrical 
and thermal efficiency of PVT collectors [13]. For example, 
Michael et al. [14] used CuO-water nanofluid as the HTF 
in a PVT collector; it was shown that the overall enhance-
ment in yield of the PVT was improved by 19.25% compared 
to water. Al-Waeli et al. [15] investigated the PVT systems 
(conventional PV, water-based PVT, water-nanofluid PVT, 
and nanofluid/nano-PCM) under the same conditions 
and environment. The results show that using nanofluid/
nano-PCM increases the electrical efficiency from 8.07% to 
13.32%, and the thermal efficiency reaches 72%. In addition, 
Tong et al. [16], applied Al2O3/water nanofluid in a flat-plate 
solar collector and compared its efficiency with the case of 
using pure water. They observed that using the mentioned 
nanofluid could improve the efficiency up to 21.9%. Besides, 
Razali et al. [17] have presented recent advances in PVT 
systems using nanofluid. The results show that an effective 
heat transfer can increase the efficiency of the PVT system 
and power generation. As well, Okonkwo et al. [18] have 
shown that the presence of a nanosized colloidal disper-
sion in the fluid induces a better thermal conductivity. This 
increase in thermal conductivity is directly proportional to 
the volume concentration of the nanoparticles. Moreover, 
Rostami et al. [19] used the atomized CuO-nanofluid, the PV 
temperature decreased to 57.25% and the maximum power 
was 51.1% using a concentration of nanofluid between 
0.01 and 0.8%, and a flow rate from 0.4 to 12.5 m3/h.

There have also been several studies investigating 
the effect of mass flow rate on PVT systems. In this vein, 
Hossein Zadeh et al. [20] examined the effect of mass flow 

rate, absorbed solar irradiance, wind speed, and ambient 
temperature on the electrical and thermal efficiency of the 
PVT collector. The results indicated that at an optimum mass 
fraction of 12 wt.%, the thermal and electrical efficiency 
increase was 12.78% and 0.28% respectively. The study also 
highlighted that a rise in mass flow rate from 30 to 70 kg/h 
caused a significant increase in both the thermal and elec-
trical efficiencies of the PVT. Furthermore, Tian et al. [21] 
simulated a simple solar panel with a cooling system for 
the operating conditions in China. The PVT working fluid 
is MgO/water. The results of this study show that enhanc-
ing the nanofluid flow in the cooling system makes the 
panel cooler and reduces the amount of exergy output. 
The addition of nanoparticles, especially at low nanofluid 
flow rates, enhances the exergy output. The results demon-
strate that an increment in the flow rate from 0.5 to 4 l/min 
reduces the efficiency by 2.03%. Adding 1% of nanoparticles 
increases the exergy efficiency by 0.45% at a volume flow  
rate of 0.5 l/min.

Various researches have studied the effect of nano-
fluid type and concentration on the performance of PV 
panels. Jia et al. [22] investigated the influence of nano-
fluid type and volume concentration on PV conversion 
efficiency, PV cell temperature, thermal and electrical 
power. In this study, Al2O3/water, TiO2/water, and the base 
fluid are used as a working fluid. The results show that 
the performance of the PV/T collector with Al2O3/water is 
better than the PVT collector using TiO2/water. When the 
mass flow rate of the nanofluid is 0.03 kg/s, the electri-
cal power of the PVT collector is higher than that of the 
PVT collector when the mass flow rate of the nanofluid 
is 0.0005, 0.001, and 0.01 kg/s. They found that when 
the volume concentration increases, the efficiency of the 
panel increases in turn and these values are 0.28% when 
the volume concentration is 3% compared to water, 0.07% 
when the volume concentration is 3%–6%.

The main objective of this paper is to improve the effi-
ciency of PVT panels using various nanofluids nature 
inside the cooling system. These fluids were circulated 
through a rectangular heat exchanger mounted at the back 
of the panel. The effects of the mass fraction of nanopar-
ticles (1% ≤ ɸ ≤ 9%) and the flow rate of nanofluid (0.001–
0.02 s kg/s) are numerically studied using the Matlab soft-
ware. A comparison between standalone PV panel, PVT 
panel with water-cooling, and PVT panel with nanofluid 
cooling was established in order to determine the amount 
of gained power

2. Modeling the photovoltaic panel

The PVT system contains glass, solar cell (PV), tedlar 
layer, heat exchanger, and an insulating layer. The proposed 
system is represented in Fig. 1. The received solar energy is 
absorbed by the glass and then transferred to the photovol-
taic cell. Over time the PV cell temperature rises and heat 
is transferred to the tedlar layer, then to the fluid inside 
the heat exchanger, and finally, a small amount of energy 
is transferred to the insulating layer. The purpose of the 
energy balance is to take advantage of the cooling process 
for thermal storage and electrical efficiency improvement. 
In the energy balance, the following assumptions were made:
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• All surfaces of the PVT system had the same area.
• There is no dust or partial shading on the collector.
• The temperature variation along the system is linear.
• The adopted meteorological data of the region of Gabes 

are latitude = 33°53’17.077”N, longitude = 10°5’51.079”E.
• The flow is fully developed in the tubes.
• The effect of the friction in the pipes is neglected.

The energy balance is a set of equations that represents 
the amount of accumulated energy that is equal to the 
difference between the input and output energy.

2.1. Energy balance on the glass

Glass temperature Tg is defined from the energy balance 
of the glass where it’s given as follows [23]:
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The sky temperature is related to the ambient tem-
perature by the following relationship [23]:

T Tasky = ×0 0552 1 5. .  (2)

where IG: solar radiation (w/m2); UV: wind velocity (m/s); 
Tg, Ta: glass and ambient temperature; σ: Boltzmann con-
stant; Kg, δg, αg, εg, Ag: thermal conductivity, thickness, 
absorption factor, emissivity and surface of glass.

2.2. Energy balance on PV cells

The variation of cell temperature against time is given by 
the following differential equation [23]:

dT
dt m c

A I
K
A T T

k k
A T

c

c c

g g c c G
g

g
g g c

c

c

t

t
c c

�

� �� �

� �
�

�
��

�

�
�� �

1
� � �

�

� �
TT E At c c� � �

�

�

�
�
�
�
�

�

�

�
�
�
�
�

 (3)

where αc, βc, kc, Ac, δc: absorption coefficient, fill factor, 
thermal conductivity, surface, thickness of cell; δt, kt: thick-
ness, thermal conductivity of the tedlar layer; Tc, Tt: cell 
temperature and tedlar temperature.

The electrical energy generated by a solar panel is a 
function of cell temperature Tc, referred cell temperature 
Tc,ref, as follows [24]:

E I A T T Tc c g c G g c c c= − − −( )( )α τ β η θref ref1 ,  (4)

where ηref, Tc,ref: reference yields and temperature.

2.3. Energy balance on the Tedlar

The variation of cell temperature against time is given 
by the following differential equation [23]:
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where Nu: Nusselt number; kf, Tf: thermal conductiv-
ity and temperature of fluid; Dh: hydraulic diameter; αt, 
Tt: absorption coefficient and temperature of tedlar layer; 
εco: emissivity of the pipe.

2.4. Energy balance on the cooling fluid

The temperature of fluid along the panel is deduced by 
the energy balance given by the Eq. (6).
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 Fig. 1. The PV panel components.
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where Ti,f and To,f are respectively the inlet and the outlet 
fluid temperature.

2.5. Thermal balance on the pipe

The cooling fluid flows along the rectangular pipe. 
The balancing energy for the wall pipe is:

dT
dt m c
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3. Simulation’s results

The purpose of the present numerical study is the selec-
tion of suitable nanoparticles for the heat exchanger. To 
achieve this goal, the considered nonmaterial are Al2O3, 
Cu, SWCNT, MgO, SiO2. The numerical simulation is 
run using Matlab software. The following considerations 
were taken into account:

• The calculations are performed from an initial time 
“t0” for each component, at an initial temperature equal 
to the ambient temperature.

• The meteorological data of the region of Gabes located 
in southern Tunisia are latitude = 33° 53’ 17.077”N, 
longitude = 10° 5’ 51.079”E.

The choice of the most suitable nanofluid is based on 
its effect on the characteristic of the PVT panel, namely:

• The temperature of the cell
• Electric and thermal efficiency of the panel
• Electric and thermal power

3.1. Model validation

The theoretical model is validated by comparing the 
electrical performance results obtained from the simula-
tion with the electrical performance results obtained from 
the experiments of Alzaabi et al. [25]. In the case of water-
cooled photovoltaic modules. The selection of these results 
is due to the fact that the authors used the same geomet-
ric heat exchanger in addition to the internal coolant. The 
heat exchanger in the Alzaabi et al. experiment consists of 
11 rectangular copper tubes attached to the back of a poly-
crystalline PV module. Tube dimensions are 0.5 inch and 
0.25 inch. The panel area is 1.17 × 0.67 m2. The coolant used 
in the experiment is water with a flow rate of 5.4 l/min.

Fig. 2 shows a comparison between the power obtained 
from the simulation and the power obtained from Alzaabi 
et al.’s experiments [25]. The power varies throughout 
the day, peaking between 12:00 and 14:00. The maximum 

power obtained by the model is about 75 W, while the 
experiments by Alzaabi et al. [25], about 81 W. The MAE 
and RMSD values are below 6.7%. This result shows a high 
degree of similarity between our simulation results and 
those of Alzaabi et al. [25].

3.2. Effect of mass flow rate

In order to improve higher electrical efficiency, the 
PV panel should be cooled with a heat exchange mech-
anism using fluid streams like nanofluid.

This cooling medium can improve the electrical effi-
ciency, and decrease the rate of cell degradation with time, 
resulting in the maximization of the life span of photo-
voltaic modules.

Fig. 3 shows the variation of cell temperature for dif-
ferent values of flow rate. By increasing the flow rate, the 
cell temperature decreases gradually. In fact, for a flow 
rate equal to 0.001 kg/s this temperature goes from 53°C 
for SWCNT to 46.7°C for MgO. By increasing the flow 
rate to 0.01 kg/s the highest temperature value 42.39°C is 
recorded for SWCNT whereas the lowest value 41.63°C is 
registered for MgO.

For a flow rate equal to 0.02 kg/s, the cell temperature’s 
lowest value is 40.51°C when using MgO. This reduction in 
cell temperature is due to the fact that the Reynolds num-
ber increases when the mass flow rate increases, which 
ultimately increases the heat transfer coefficient of the 
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Fig. 2. Comparison of simulation results with those of 
Alzaabi et al. [25].
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tubes. As a result, more heat is removed from the cell at 
higher flow rates within the considered range.

By increasing the flow of nanofluid, the cell tempera-
ture decreases and consequently the electrical efficiency 
increases. For a flow rate equal to 0.001 kg/s the minimum 
efficiency value recorded is 12.42% for SWCNT and the 
maximum value is equal to 12.86% in the case of MgO. By 
increasing the water flow rate, the efficiency increases grad-
ually for all the nanofluid types and the gap between them 
becomes very low especially for the entire value superior 
to 0.01 kg/s. In fact, for a flow rate equal to 0.02 kg/s the 
minimum-recorded efficiency value is 13.92% for SWCNT 
and the maximum value is equal to 13.95% in the case of 
MgO and Al2O3.

The thermal efficiency presents a different behavior 
vs. the nanofluid flow. Indeed, Fig. 5 shows that for flow 
rates ranging from 0.001 to 0.005 kg/s the thermal effi-
ciency increases slowly. For flow rates ranging from 0.005 
to 0.02 kg/s, the yields are increasing. The maximum yield 
value recorded is 80.13% for MgO and at a flow rate equal 
to 0.02 kg/s.

To summarize, the base fluid flow has a significant influ-
ence on the cell temperature, electrical and thermal effi-
ciency. According to Figs. 4 and 5, if the flow rate exceeds 
0.01 kg/s, the performance difference between all nanoflu-
ids becomes small. Therefore, the optimal flow to choose is 
0.01 kg/s.

3.3. Effect of nanofluid mass fraction

Fig. 6 shows the variation of cell temperature for dif-
ferent nanofluid fractions ranging from 1% to 9% for a 

flow rate equal to 0.01 kg/s. The maximum temperature 
values are recorded for SWCNT, which goes from 44.43°C 
(ɸ = 1%) to 40.23°C (ɸ = 9%). The best performing nanofluid 
is MgO which guarantees a minimum cell temperature, the 
temperature goes from 43.53°C (ɸ = 1%) to 39.88°C (ɸ = 9%).

By increasing the fraction of nanofluid, the electrical effi-
ciency increases progressively. Considering Fig. 7, the first 
and second performing nanofluids are respectively MgO 
and Al2O3. For ɸ = 1%, the maximum efficiency recorded 
is 13.75% for MgO and the minimum efficiency found is 
13.69% for SWCNT. For ɸ = 9%, the maximum yield recorded 
is 13.99% for MgO and the minimum yield found is 13.95% 
for SiO2.

Fig. 8 illustrates the variation of thermal efficiency for 
different values of nanoparticles fraction. By examining 
Fig. 8, we extract the following observations: The thermal 
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efficiency increases with particle mass fraction. The worst 
nanofluid is the Cu, which ensures a minimal efficiency: 
for ɸ = 1% the efficiency is equal to 37.20% and for ɸ = 9% 
the efficiency is equal to 54.1%. The best performing nano-
fluid is MgO, the recorded yield values are 39.51% (ɸ = 1%) 
and 86.76% (ɸ = 9%).

The mass fraction of nanofluid is a very important 
parameter to study; indeed, by looking at the Fig. 8 we 
notice that the behavior of each nanofluid is different from 
one mass fraction interval to another. In each interval, the 
performances of nanofluids are different. For the cell tem-
perature, the electrical efficiency, the performances of all 
the nanofluids in any mass fraction value are close, but for 
the thermal efficiency, the gap increases. The increase of 
nanofluid mass fraction improves the heat transfer coef-
ficient of the fluid used and then the performance of our 
system. However, with high-value of mass fraction, many 
parameters increase such as the cost of implementation, 
the instability of the fluid (due to agglomeration), the fric-
tion factor, and the energy required for the pumping of the 
nanofluid and the global corrosion of the system. Taking 
into consideration all these factors, the optimal fraction 
chosen is 3% for the rest of the article.

3.4. Choice of nanofluid

In the following part, the value of flow and mass fraction 
of nanofluid are fixed. The aim of this part is to determine 
and verify the most efficient nanofluid for a solar instal-
lation in Gabes.

The results in Fig. 9 show that each nanoparticle acts 
differently on the cell temperature. The maximum tempera-
ture recorded is 42.39°C for SWCNT (Single-Walled Carbon 
Nanotubes). It is found that magnesium oxide (MgO) and 
Alumina (Al2O3) is the first-best and second-best alterna-
tives, respectively. The temperature values recorded for 
MgO and Al2O3 are equal to 41.64°C and 41.77°C. Another 
advantage of using MgO nanoparticles is storing the max-
imum of thermal energy. In fact, the temperature of the 
outlet fluid in the panel is higher than the other nanopar-
ticles used. The outlet temperature of nanofluid with MgO 
is 30.57°C. By considering an inlet temperature of 25°C, 
the increase of MgO-nanofluid is about 5°C.

The electrical efficiency for the studied solar panel 
decreases gradually with temperature. Fig. 10 presents the 
efficiency profile throughout the day for different nano-
fluids. When the radiation is maximum at 13:30 h, the effi-
ciency for Al2O3, Cu, SWCNT, MgO, and SiO2 is respectively 
13.87%, 13.85%, 13.83%, 13.87%, and 13.84%.

The following diagram presents the maximum-recorded 
values of electrical energy for different nanofluids. The 
values found by the simulation are relatively close. The 
minimum-recorded value is 76.79 W/m2 for SWCNT. 
The maximum-recorded value is 77.04 W/m2 for MgO.

The second diagram presents the values recorded for 
maximum sunlight of the thermal energy. These values dif-
fer from one nanofluid to another and describe the capacity 
of a nanofluid to retain heat. The maximum value of ther-
mal energy is 374.64 W/m2 for MgO. The minimum value 
of thermal energy is 297.1 W/m2 for Cu.

According to the Figs. 11 and 12, there is the MgO-
nanofluid that ensures the highest electrical efficiency 
and guarantees the best thermal efficiency, that’s why the 
best performing nanofluid is MgO.

3.5. Comparative study

To show the impact of the use of MgO-nonfluid on 
the performance of PV panels, a comparative study is the 
object of this section. Indeed, the cell temperature, as well 
as the electrical performance and the electrical power, are 
simulated for three cases of the panel; the first one is in 
absence of cooling, the second one is the flow of water 
with a mass flow rate of 0.01 kg/s and the third one is the 
used of MgO-nanofluid of 3% mass fraction and a flow 
rate of 0.01 kg/s.

The simulation results for the cell temperature and 
electric efficiency are shown in Figs. 13 and 14 respectively.

According to Fig. 13, the addition of a cooling system 
allows us to reduce the cell temperature from 111.86°C to 
49.13°C so a reduction of 62.73°C has been approved. This 
significant reduction in temperature improves the elec-
tric efficiency (Fig. 14). Indeed, in maximum sunshine, the 
electric efficiency decreases to 9.14% in the case of PV, but 
in the PVT system, this value increases to 13.37%. In terms 
of electric power, the PV system produces 50.76 W/m2 

 

Fig. 9. Effect of variation of nanofluid nature on the cell 
temperature.

 
Fig. 10. Effect of variation of nanofluid nature on the electrical 
efficiency.
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while the PVT system produces 77.04 W/m2, so a gain of 
26.28 W/m2 is recorded.

4. Conclusion

In the present paper, the thermal behavior of a hybrid 
PVT panel with a rectangular heat exchanger is modeled. 
The energy equations for the different components of PVT 
panel are resolved using the Runge-Kutta method in Matlab 
software. The simulation results focused on the effect of 
some parameters such as nanofluid flow rate, nanopar-
ticle mass fraction, and nanoparticle type on the perfor-
mance of a solar panel. As a result, the electrical energy 
produced using various types of nanofluids is between 
76.79 and 77.04 W/m². When it comes to the thermal energy 

produced, MgO-water and Al2O3-water are the first and 
second nanofluids. Indeed, the thermal energy was respec-
tively 374.64 and 356.84 W/m². According to the overall 
energy, MgO-water is the best nanofluid for the current 
cooling system. The use of such a system with MgO-Water 
nanofluid at a mass flow rate of 0.01 kg/s and a mass frac-
tion of 3% inside the rectangular heat exchanger improves 
the electrical power by 26.28 W/m2 compared to a standalone  
PV panel.

Symbols

Uv — Wind velocity, m/s
T — Average temperature, °C
A — Surface area, m2

m — Mass, kg
c — Heat capacity, kJ/kg·K
k — Thermal conductivity, W/m·K
E — Energy produced, W
D — Hydraulic diameter of the channel, m
ṁ — Mass flow rate of fluid, kg/s
Pr — Prandtl number
Re — Reynolds number
S —  Heat exchange surface with the outside 

environment, m2

Greek

A — Absorption factor
η — Electrical efficiency
τ — Transmissivity
B — Fill factor
ρ — Density
θ — Coefficient de temperature du silicium
Φ — Mass fraction of the MgO nanoparticles

Subscripts

G — Glass
C — Cell
T — Tedlar
Nf — Nanofluid
Np — Nanoparticle
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Fig. 11. Effect of nanofluid nature on the electrical power gen-
eration.
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Fig. 12. Effect of nanofluid nature on the thermal power.

 
Fig. 13. Cell temperature in different cases.

 
Fig. 14. Electrical efficiency profile in different cases.
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Bf — Base fluid
H — Hydraulic
F — Fluid
Ct — Between cell and tedlar
s,f — Outlet fluid
e,f — Inlet fluid
amb — Ambiant
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Appendix

The physical properties of nanofluids depend on 
parameters including the thermal properties of water as 
the base fluid and the volume fraction of nanoparticles 
dispersed in water. Based on the report of Maiga et al., 
[26], the equations below are general relationships used to 
calculate the specific heat and density for a conventional 
two-phase mixture.

The specific heat of nanofluid can be calculated by [27]:

cp cp cpnf water np= −( ) +1 ϕ ϕ  (8)

The density of the nanofluid is calculated by the follow-
ing relation [28]:

ρ ϕ ρ ϕρnf water np= −( ) +1  (9)

Batchelor studied theoretically the dynamic viscosity 
of a nanofluid taking into account the effect of the hydro-
dynamic interaction between two spherical nanoparticles. 
He showed that the dynamic viscosity of a nanofluid is 
not a linear function of the volume fraction as the relations  
of [29]:

µ ϕ ϕ µnf water= + +( )1 2 5 6 2 2. .  (10)

Regarding the thermal conductivity of the nanofluid, 
is approximated by the Maxwell–Garnetts model [30]:

k k
k k k k

k k k knf water
np bf np bf

np bf np bf

= ×
+ × + × −( )
+ × − × −( )






2 2

2 2

ϕ

ϕ







 (11)

The physical properties of different nanoparticles are 
presented in Table 1.

The root mean square of the relative error RMSD is 
defined as:

RMSD

expth
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 (12)

The Mean absolute percent error MAE is calculated by:

MAE
expth

th%� � � �
� � � �

� �
�

�100
1N
X i i

X i

X
N  (13)

Table 1
Physical properties of different nanoparticles

Density 
(kg/m3)

Specific heat 
(J/kg·K)

Thermal conductivity 
(W/m·K–1)

Al2O3 3,600 765 40
Cu 8,933 385 401
SWCNT 2,600 425 6,000
MgO 3,580 877 54.9
SiO2 2,200 745 1.4
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