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Abstract

The main goal of this study is the experimental evaluation of the thermal performance of heat pipe solar collector (HPSC)
at different high flow rates of water and CuO-water nanofluid with various volume fractions. In this regard, a test bench of
the HPSC was manufactured and tested in the laboratory of Vali-e-Asr University, while the co-precipitation method was
used to prepare CuO nanoparticles. The structural and optical properties of the nanostructure were characterized by means
of X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy, and UV—visible analysis. The
collector efficiency and pumping power were calculated for nanofluids, and the results were compared with ones of water
working fluid; based on the experimental results, copper oxide nanofluid and deionized water at a volume fraction of 0.017
and a flow rate of 14 L min~"' yields the greatest improvement in the efficiency of the solar collector. The results also
showed that the efficiency of solar collector increases with the flow rate and the volume fraction of the nanofluid.
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List of symbols Re  Reynolds number

A. Surface area of collector (m2) T  Temperature (K)

C, Specific heat capacity (J kg ' K T. Environment temperature (K)

D Crystal size (nm) VvV Velocity (m sfl)

d  Diameter of the pipe (m) W  Pumping power (W)

f Friction factor

G Solar radiation (W m™?) Greek symbols

k Shape factor o The ratio of thermal conductivities (Kpp/Kpf)
K Thermal conductivity (W m~' K™") B Full width at half maximum (FWHM)
L Length of the pipe (m) ¢  Volume fraction (%)

m  Mass flow rate (kg s~ n  Thermal efficiency

Ap Pressure drop (Pa) o Maximum thermal efficiency

0O, Heat gain of the working fluid (W) /. Wavelength of the X-ray source (nm)

i Viscosity (kg ms™")
0  Bragg diffraction angle
p  Density (kg m—>)
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Introduction

Nowadays, one of the main concerns is the increase in
energy demands while fossil fuels are depleting. The
renewable energies, such as solar energy, can serve as one
of the best choices to deal with this concern, whereas solar
collectors are receiving serious attention for supplying
indoor hot water to buildings [1]. Given the importance of
this kind of solar systems, extensive research has focused
on improving the efficiency of solar collectors.

The heat pipe and the flat plate are mostly used in solar
systems for heating and cooling of buildings [2]. Among
different stationary solar collectors, HPSCs are commonly
applied because of their easy installation, good efficiency,
reliability, transportation (handling), and economic and
environmental advantages [3-6].

One of the most recent methods to enhance the perfor-
mance of the collectors is the use of nanofluids as the
working medium. Nanofluids refer to a relatively new class
of fluids that consist of a base fluid containing suspended
particles (metals or metal oxides) in nanosizes (1-100 nm).
He et al. [7] evaluated the thermal performance of solar flat
plate collector with Cu—H,0 nanofluid as its working fluid
experimentally. The results showed that the small size of
the nanoparticles increased the efficiency of the collector.
They compared the results with the base fluid.

New descendants of heat transfer fluids, such as
nanofluids, are proven to be promising for future applica-
tions in solar collectors [8]. Adding nanoparticles into a
base fluid has several dominant characteristics that are the
result of the small size and thermophysical properties of the
nanoparticles [9].

The first stage in the preparation of nanofluids is their
synthesis. Chemical, physical, and biological methods can
be implemented to synthesize nanoparticles. Fuskele et al.
[10] have explained some methods of nanoparticle
synthesis.

Generally, two methods are applied to produce
nanofluids: (a) a single-step method and (b) a two-step
method. The single-step method combines the preparation
of nanoparticles with the synthesis of nanofluids in which
the nanoparticles are directly prepared by using physical
vapor deposition procedure. But in the two-step method,
the nanoparticle preparation step is separated from the
nanoparticle dispersion step [11].

Sundar et al. [12] reviewed the correlations developed
for the evaluation of the Nusselt number and friction factor
of the nanofluid flowing in the solar collectors with various
types of inserts. They asserted that the disadvantage of the
two-step method was that only low-vapor-pressure fluids
were compatible with the technique.
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The experimental studies showed that the dispersal of
small amounts of nanoparticles in the base fluids signifi-
cantly enhances the thermal conductivity and thermal
performance of the heat transfer systems [13].
Nagarjan et al. [14] reviewed solar systems with a focus on
the application of nanofluids and their thermophysical
properties.

Likewise, Ahmad [15] extensively reviewed recent
developments in the application of nanotechnology in solar
collectors. He covered theoretical, numerical, and experi-
mental studies that addressed the employment of nan-
otechnology in flat plates and heat pipe solar collectors.
The findings of scholars were thoroughly tabulated to
present an overview of the exploitation of nanofluids in
solar collectors and their major impacts on the enhance-
ment of the efficiency of solar collectors.

In addition, Mahmud et al. [16] reviewed the latest
developments in the application of nanofluids in stationary
solar systems. They studied the effects of nanofluid
employment in solar collectors from economic and envi-
ronmental perspectives.

An HPSC was designed and fabricated by Daghigh et al.
[17]. They firstly extended a mathematical model and then,
they tested the system experimentally. The thermal per-
formance of the HPSC was evaluated against various
parameters such as the mass flow rate of working fluid and
number of heat pipes.

Milanese et al. [18-20] investigated the layering phe-
nomenon at the liquid—solid interface and optical absorp-
tion on various water-based nanofluids and metal oxide
nanoparticles. The results showed that layers of ordered
water molecules surrounding metal nanoparticles had sig-
nificant effects on explaining experimental data of nano-
fluid thermal conductivity. They reported that the material
and concentration of nanoparticles considerably influenced
the optical behaviors of the nanofluids. Also, they pre-
sented the results as a function of temperature to obtain a
better understanding of optical properties.

Colangelo et al. [21] used a commercial software
package (RadTherm Thermo Analytics rel. 10.5) to esti-
mate the potential efficiency of an innovative HPSC. They
used CuO and Al,O3; nanofluid as the nanoadditives and
compared numerical results with experimental findings.

Mirzaei [22] conducted an experimental investigation
into the thermal performance of a flat plate solar collector
by using CuO-water nanofluid with various mass flow rates
while the volume fraction of the CuO nanoparticles was
kept constant. He showed that for all of mass flow rates, the
collector’s efficiency improved to a greater extent using
nanofluid than that of pure water.

The application and effect of nanofluids as working
fluids in solar systems were reviewed by Mahian et al. [23]
and Verma et al. [24]. Mahian et al. studied the efficiency
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of solar collectors in terms of economic nanofluids and
environmental consideration.

Moghadam et al. [25] studied the effects of CuO-water
nanofluid as a working fluid on the thermal performance of
a solar flat plate collector. In their study, the volume
fraction was set at 0.4%, the particle dimension was 40 nm,
and the flow rate was set at 1-3 kg min~'. The results
revealed that the efficiency of the collector increases with
the flow rate.

Sadri et al. [26, 27] developed a facile, bio-based,
environmentally friendly method to synthesize well-dis-
persed clove-functionalized multi-walled carbon nanotubes
(C-MWCNTs) and clove-treated graphene nanoplatelet
(CGNP) coolants. Their results showed that this technique
increases the thermophysical properties and stability of the
MWCNTs in aqueous media. Also, they prepared the
CGNP/water nanofluids at three different volume fractions
and tested this nanofluid in a horizontal tube heat
exchanger. They evaluated heat transfer and hydrodynamic
characteristics of the  CGNP/water nanofluids.
Hosseini et al. [28] performed a numerical simulation of
convection heat transfer and hydrodynamic properties of a
concentric annular heat exchanger for which they used
nanofluids containing the C-MWCNTs with different vol-
ume fractions as the working fluids. Also, by using ANSYS
Fluent computational fluid dynamics software, they
developed a three-dimensional model of this type of heat
exchanger for turbulent flow. They compared and validated
the results of simulation with experimental data at different
Reynolds numbers and particle concentrations of the
C-MWCNTs.

Above review of the available literature shows that a
few studies have focused on the HPSCs. Correspondingly,
most of the past studies have considered the efficiency of
solar collectors in different low flow rates of the base fluids
and nanofluids as the working fluid. The main purpose of
the present study is to experimentally evaluate the effi-
ciency of a heat pipe solar collector at different high flow
rates of pure water and CuO/water nanofluid with various
volume fractions as working fluids as well as the prepa-
ration and synthesis of the CuO nanofluids. As a test bench,
the HPSC was manufactured and tested in the laboratory of
Vali-e-Asr University to explore the thermal performance
of the HPSC at different nanoparticle volume fractions.

Experimental
Heat pipe solar collector description
A setup of HPSC was designed, built, and tested in the

solar laboratory of Vali-e-Asr University of Rafsanjan (Lat.
30.35°N; Long. 56.00°E). The collector was oriented at the

tilt angle of 45° in Rafsanjan city, which has semiarid
weather conditions. The experimental setup, including a
closed loop of solar collector coupled with a storage tank
and instruments, was built as shown in Fig. la, while
Fig. 1b depicts the schematic diagram of the given solar
collector.

During the tests, the inlet and outlet flow temperatures
of the solar system, mass flow rate, environment temper-
ature, and solar radiation density were measured. The
specifications of the heat pipe are presented in Table 1.

The working fluid was fed to the panel using a cen-
trifugal pump (power 120 W, capacity 40 L min~', head
9 m). The flow rate of the water through the collector was
regulated by a simple manual valve with a maximum
20 L min~ ' mass flow rate. The reservoir tank was coupled
with a closed loop of the working fluid of the collector
circle. The tank capacity was about 12 L. The flow rate was
measured with a rotameter placed vertically at the outlet of
the collectors. The collectors were instrumented with 7-
type thermocouples (— 250 to 400 °C) to measure tem-
peratures of the working fluid at the inlet and outlet of the
collector. A thermocouple was used to measure the envi-
ronment temperature; however, to minimize the effect of
the direct sunlight, it was covered with a shelter. The
intensity of total solar radiation was recorded using a
digital solar meter (1-1300 W m~?). All the sensors used
in the collector continuously monitored the system, while
the output signals were recorded in a data acquisition
system every 5 min. More details are given in [22].

Thermal performance of HPSC

Experiments were done at the same time periods between
08:00 and 12:00 and between 14:00 and 17:00 under
Rafsanjan weather conditions, and the test results were
sampled for two random days of each month (total
24 days). The flow rate of the working fluids was 5, 8, 11,
and 14 L min~'. The collecting efficiency, working fluid
temperature, and heat gain were compared in the same
solar irradiation. The heat gain of the working fluids can be
obtained by the following equation:

Qu:mcp<TO_Ti) (1)

The efficiency of the collector is defined by ASHRAE
Standard 93-86 as the energy absorbed by the fluid (col-
lector) divided by the incoming thermal flow (solar inten-
sity) to the collector [29]. The thermal performance of
collector #; can be calculated by Eq. (2)

Qu  mCy(To —T;)
AcG '

useful gain

" availabeenerey  AcG

(2)

i

Metallic nanofluids improve thermophysical properties
such as thermal conductivity, density, viscosity, and
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Fig. 1 Setup of the system at
solar site of Vali-e-Asr
university of Rafsanjan;

a experimental setup,

b simplified closed-loop system

Table 1 Solar collector
parameters

@ Springer

Al \
O A vm
U .g;v‘vg{

1LY FERUE

111%

— \\ % Q,
S
Flow meter,_‘('—la
—0-F )

(mcp)c Water pump
Item Value
Number of tubes 15
Gross area 3.27 m?
Absorber area 1.56 m?
Mass 60 kg
Dimensions 1990 x 1640 mm
Max working pressure 6 bar
Max stagnation temperature 250 °C
Absorber coating SS-ALN-CU (g > 0.95 ¢ < 0.05)
Long-term vacuum 107 bar
Frost resisting — 50 °C
Max. working temp. 300 °C
Hail resistance 035 mm

Manifold shell

Insulation

Frame

Recommended installation angle

Frosted aluminum alloy (grey or black painting)
Rock wool, 50 mm thickness, 180 kg/m3
Aluminum alloy

15°-90°
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specific heat capacity as compared to pure fluids such as oil
or water. The thermophysical properties of the nanofluids
are related to the properties of the base fluid and
nanoparticles. The effective thermal conductivity of the
nanofluids is calculated by Eq. (3) (Maxwell’s model) [30]:
&:1+ 3(a—1)¢ 3)
be (O(—|—2)—(OC— 1)¢

The general formulas for the density and viscosity
(Batchelor’s model) as the thermophysical properties of the
nanofluids can be estimated through the below formula:

fap = (142.5¢ +6.2¢°) iy (4)
Pnf = pnp¢ + pbf(l - ¢) (5)

In solar system, an electrical powered pump is needed to
pump the working fluid in the HPSC. The pressure drop is
evaluated by the following formulas:

LpV?
d 2"’

Ap=f f =0.3164Re” %, (6)
therefore, the pumping power can be calculated by the
following equation [31]:

W= (T) Ap (7)
0
Finally, for constant Reynolds number, the relative

pumping power can be obtained using [32]:
War — <@> ’ <@> ’ (8)
Wt Put)  \ Mot

Preparation of nanofluid CuO and deionized
water

Cupric nitrate trihydrate [Cu(NOj3),-:3H,0], polyethylene
glycol (PEG-400) [H(OCH,CHj)nonl, and  sodium
hydroxide pellets (NaOH) were in high quality and ana-
lytical reagent grade quality. Deionized water was used
throughout the experiments.

The main step in the experimental investigations on
nanofluids is nanofluid preparation. There are two different
approaches to the production of nanofluids: the single-step
method and the two-step method. The two-step method is
the most common and cost-effective approach to the
preparation of nanofluids. The sentiment of nanoparticles
to the aggregation is high because of their surface activity
as well as their large surface area [33].

To prepare CuO nanofluids, an amount of 0.1 g
[Cu(NOs3),:3H,0] was dissolved in 40 mL of deionized
(DI) water and was mixed with a stirrer. An amount of
0.1 g of polyethylene glycol (PEG-400) was added as a
surfactant. A little aqueous solution of NaOH was added

slowly (drop-wise) into the solution. When pH 10, the
solution gets opalescent color, and then, the container is
removed from the stirrer. An amount of ethanol was added
to the solution, and it was kept at room temperature for
1 day so that its water was evaporated as much as possible.
Also, the water in the solution was removed. Then, the
solution was mixed through oven-dried at 120 °C for 3 h in
order to evaporate its water. After that, it was cooked in an
oven at 600 °C for 3 h. When the temperature of the fur-
nace reached the ambient temperature (about 3 h), the
container removed from the furnace. Copper oxide
nanoparticles were ready [34].

An amount of 2 L of deionized water was placed in a
container and was added to 1 g of CuO nanoparticles.
Then, it was placed on the stirrer. Adding the suitable sur-
factants to the base fluids can stabilize the nanofluids by
reducing surface tension and increasing the immersion of
the nanoparticles which contributes to avoid sedimentation.
Researchers have used various kinds of suitable surfactants
for the stabilization of nanofluids [10]. Thus, to prevent
agglomeration and sedimentation of the nanoparticles,
0.2 g of polyethylene glycol (PEG-400) as the surfactant
was added. A little aqueous solution of NaOH was dropped
slowly into the solution. The nanofluid becomes stable with
pH 10. To disperse nanoparticles in water, as well to break
bulks and finally to gain a uniform nanofluid, the container
was placed in an ultrasonic bath for 2 h. Then, the nano-
fluid copper oxide and deionized water were ready [35].

Figure 2 shows the suspension image after 7 days of
preparation. It can be seen that the suspension is com-
pletely stable after 1 week. In the experiments, the tank,
containing the suspension, has a stirrer that prepares con-
tinuous stirring during the process and prevents from set-
tling the suspension.

Fig. 2 Prepared CuO nanofluid solution after 7 days of preparation
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Results and discussion
Synthesis of nanofluid CuO
X-ray diffraction

Figure 3 depicts the X-ray diffraction (XRD) array of CuO
sample calcined at 600 °C. All of the summits in Fig. 2 are
attributed to the monoclinic CuO crystallites. The average
size of the calcined CuO nanoparticles was estimated by
Debye—Scherrer relation [36] as below

W
~ BcosO

©)

that estimated to be 73 nm. The preferred peaks were
observed at 20 = 35.6° on page (002) and 26 = 38.8° on
page (111), which shows the monoclinic structure of the
sample (JCPDS 80-1268).

Morphology of synthesized nanostructures

Nanostructure morphology of copper oxide was carried out
using scanning electron microscopy (SEM). This technique
provides locality, structure, and combination of nanopar-
ticles by tracking a sample of the nanoparticles with an
electron beam. Furthermore, SEM can recognize and ana-
lyze the fracture surface and provide information about the
microstructure and surface pollution checks. As well, it is a
powerful tool for studying the shape and monotony sus-
pension. So, SEM illustration analysis gives a clear
understanding of nanoparticles [37]. Figure 4 displays
SEM imagery of the copper oxide nanoparticles, according
to which the average size of nanoparticles was about
53 nm.

8000
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Fig. 3 X-ray diffraction pattern of CuO nanoparticles at 600 °C
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Fig. 4 SEM image of copper oxide nanoparticles

Absorption spectra of copper oxide nanoparticles

The absorption spectra of CuO nanoparticles are shown in
the following forms. Absorption spectrum analysis was
performed using a UV—visible. The scrolling speed was set
at 20 nm min~" based on the observations and results, the
absorption spectrum was set at the wavelength range of
190-900 nm, and the x-axis of the absorption curve was
assigned to energy. In Fig. 5, which is related to the
absorption spectra of CuO nanoparticles, the absorption
edge was observed at 1.4 eV and 6 eV. The band gap of the
material in the bulk phase was nearly 1.4 eV in that the
main absorption at 885 nm is proportional to the edges. If
the absorption spectrum of this material could be measured
with a UV-visible instrument at 1000 nm, the main
absorption edge at 1.4 eV energy that corresponds to the
band gap of this compound would be readily visible.
Absorption edge (Fig. 4) has an arrow at 6 eV energy
which can be attributed to one of the internal transitions.

1.4
1.2
3
°©
3
S 1.0
2
<]
(%]
Q
<< 0.8
0.6 T T T T T T
1 2 3 4 5 6 7
Energy/eV
Fig. 5 Absorption spectrum of copper oxide nanoparticles
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FTIR spectrum of copper oxide nanostructures

The functional groups were identified by infrared spec-
troscopy. Infrared spectra are vibrational-rotational spec-
tra. Infrared spectroscopy provides more information than
is usually available to the whole electronics. The presence
or absence of the main absorption bands helps to detect the
presence of functional groups. Figure 6 shows infrared
spectroscopy of copper oxide nanoparticles. According to
this figure, there are five peaks. There is a peak at
3419 cm™' wave number linked on the O—H stretching of a
hydroxyl group in the structure of copper oxide nanopar-
ticles. There is a peak at 1612 cm™' wave number linked
on the O-H bending of a hydroxyl group in the structure of
copper oxide nanoparticle. There is another peak at
1376 cm™"' wave number linked on the C—O asymmetric in
the structure of copper oxide nanoparticle. The last peak is
at 1115 cm™" wave number linked on the C—O symmetric
in the structure of copper oxide nanoparticle and finally,
the peak in the wave number 533 cm™' is related to the
Cu—O bond. In addition, a peak in the wave number of
956 cm™ ' in infrared spectroscopy is related to PEG. In
infrared spectroscopy, copper oxide nanoparticles coated
with polyethylene glycol are deleted, and this implies that
PEG well covers the surface of the nanoparticles [38].

Application of nanofluids in the HPSC
Effect of flow rate and working fluid

Deionized water was tested in the solar collectors with the
flow rates of 5, 8, 11, and 14 L min~". Also, copper oxide/
deionized water nanofluid with the volume fractions of
0.008 and 0.017 was synthesized and tested with flow rates
of 5,8, 11, and 14 L min~" in the HPSC. The results are

Transmittance/%

O-H

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumbers/cm !

Fig. 6 FTIR spectrum of copper oxide nanoparticles

shown in Tables 2 and 3. Also, Table 4 presents the
average efficiency improvement when copper oxide/
deionized water nanofluid was used in the HPSC. The
results showed that the efficiency is the minimum at the
5L min~' flow rate and increases from 53 to 60% as
deionized water flow rate is increased to 14 L min~'. Also,
it was found that the maximum, average, and average
increase in the collector efficiency were related to copper
oxide/deionized water nanofluid with 0.017% volume
fraction at 14 L min~' flow rate in which they were 88.6%,
70%, and 83%, respectively. This means that the increase
in nanofluid flow rate results in higher collector efficiency
because of the effect of Brownian motion and increasing
the collisions among particles that lead to absorb and store
more heat in the nanofluid, and consequently, the collector
efficiency is increased [39]. The addition of nanoparticles
improved the absorption of solar radiation as compared to
that of base fluid [40].

Figure 7a displays efficiency versus time graph of cop-
per oxide/deionized water nanofluid with the flow rates of 5
and 11 L min~". According to the graph, when the nano-
fluid flow rate is changed from 5 to 11 L min~!, the col-
lector efficiency is increased. Figure 7b shows the
efficiency versus time graph of copper oxide/deionized
water nanofluid with 8 and 14 L min~' flow rates. As it can
be observed, when the nanofluid flow rate is increased from
8 to 14 L min_l, the collector efficiency is increased.
Generally, the collector efficiency is improved by
increasing the flow rate of the working fluid (pure water or
nanofluid). This is related to the fact that although the fluid
temperature increases to a greater extent at lower flow rates
than at higher flow rates due to the longer residence of the
fluid in the collector, it entails more convection and radi-
ation thermal losses [41]. Also, as Eq (1) shows, the pro-
duct of the flow rate multiplied by temperature rise is so
that with the increase in flow rate, more energy is absorbed
and hence the efficiency is enhanced [29]. It can be con-
cluded that the thermal performance with copper oxide/
deionized water nanofluid is more than those with deion-
ized water for all flow rates and it can be said that the
collector efficiency is changed with the time and solar
radiation. Improving the effective thermal conductivity
(Eq. 3) is an important factor for increasing the heat
transfer of conventional fluids. Since the thermal conduc-
tivity of the nanofluid is higher than of based fluids [42],
when the nanofluids are used the thermal performance of
solar systems is increased. Also, the absorption of the
nanofluid in HPSC decreases the thermal resistance in the
interface of the fluids and absorber, which reduces the
temperature difference between absorber and working fluid
causing an improvement in the performance. In other
words, the higher thermal conductivity of a nanofluid is the
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Table 2 Maximum efficiency of
the use of copper oxide/
deionized water nanofluids with

Flow rate/L/min

Deionized water

Volume fraction of 0.008%

Volume fraction of 0.017%

; 5 53% 72% 76%
different flow rates and the
volume fractions in the HPSC 8 54% 3% 78%
11 57% 77% 86%
14 60% 80% 88.6%

Table 3 Average efficiency of
the use of copper oxide/
deionized water nanofluids with

Flow rate/L/min

Deionized water

Volume fraction of 0.008%

Volume fraction of 0.017%

5 28% 44% 47%
different flow rates and the
volume fractions in the HPSC 8 33% 46% 50%
11 36.6% 48% 57%
14 38% 50% 70%

Table 4 Average increase the
efficiency of the use of copper
oxide/deionized water

Flow rate/L/min

Volume fraction of 0.008%

Volume fraction of 0.017%

. . . 5 56% 73%

nanofluids with different flow
rates and the volume fractions in 8 62% 76%
the HPSC 11 65% 79%
14 69% 83%

~_~
i
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—e— CuO/Water(11 L min™")
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Fig. 7 Efficiency versus time graph of copper oxide/deionized water
nanofluid with flow rates: a 5 and 11 L min~'; b 8 and 14 L min~"
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main factor for increasing the thermal performance of the
solar systems [43].

Figure 8a—d depicts efficiency versus time graph of
deionized water and copper oxide/deionized water nano-
fluid with volume fractions of 0.008% and 0.017% and
with all flow rates (5, 8, 11, and 14 L minfl). It can be
seen that the heat transfer efficiency of the nanofluids is
improved that is mainly due to higher thermal conductivity
of nanoparticles. Also, by increasing the volume fraction of
nanofluid, the amount of heat absorbed and stored in the
nanofluid is increased which enhances the collector effi-
ciency. As shown in Fig. 7a—d, it can be observed that due
to the fraction of the incoming radiation absorbed by the
fluid depends on its coefficient of damping, at a certain
flow rate, by increasing the volume fraction of nanofluid,
energy absorption and efficiency are increased. According
to the graph, using of copper oxide/deionized water
nanofluid increases the efficiency of HPSC, and the col-
lector efficiency is increased by increasing the nanofluid
volume fraction. When the volume fraction of the
nanoparticle is very high, all the incoming solar radiation is
absorbed through a thin surface layer where the thermal
energy can easily release to the surrounding environment
[39].

Eventually, it is concluded that the use of the pure water
as the working fluid has lower performance, while using
nanofluid with a mass fraction of 0.017% leads to the
highest performance
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«Fig. 8 Efficiency versus time graph of deionized water and copper
oxide/deionized water nanofluid with volume fractions of 0.008% and
0.017% and with flow rates: a5 L min~ ;b 11 L min—';¢ 8 L min™";
d 14 L min~'

Analysis of uncertainty

Calculation of the experimental uncertainty is necessary for
the evaluation of the assurance in the results and accom-
plishes a valid test. In this research, the accuracy of SMA
solar meter, rotameter, and thermocouples are
+ 2%, + 0.1 L min~' and + 0.2 °C, respectively. More-
over, the flow rate measured by using a stopwatch
with £ 0.01 s accuracy and by using a graduated glass
bottle of tolerance + 1 cm®. The mean value of the two
thermocouples was calculated as the experimental data.
The uncertainties of the measurements, containing all the
sources of errors, are listed in Table 5. The equation for
uncertainty analysis is given in the following form by
assuming negligible errors in density, specific heat capac-
ity, and surface area of collector [44]

Ua\> (Us\> (U, \> (Ur\’
=y () () () ()

(10)

Therefore, the evaluations of the model showed that the
maximum uncertainty in this research in obtaining the
efficiency of the HPSC was about 3.2%.

The impact of environmental factors on solar collector
efficiency

An external factor that affects the efficiency of the HPSC is
the ambient temperature of the collector. Despite appro-
priate insulators, there will be a heat loss from the collector
to the ambient air. Figure 9 shows the efficiency curve of
T—T,/G where T; is the nanofluid inlet temperature, T, is
ambient temperature of the collector, and G is the solar
radiation. In this graph, the slope presents the obtained
energy from the collector, which is called the utilization of
energy parameter. According to this figure, the intersection
of the trend with the vertical axis shows the maximum

Table 5 Uncertainty of the variables

Parameter Uncertainty/%
inlet temperature + 1.5
outlet temperature + 1.5
volume flow rater + 1.5
Solar radiation + 2%
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Fig. 9 Efficiency curve in terms of 7-7,/G for a copper oxide/
deionized water nanofluid, b aluminum oxide/deionized water
nanofluid, ¢ magnesium oxide/deionized water nanofluid

collector efficiency [44]. Therefore, if the temperature
difference between the surrounding environment of the
collector and inlet nanofluid is low, the collector efficiency
will be high that is mainly due to dependence of collector
efficiency on the T;-T,/G. Therefore, decrease in the tem-
perature difference between the environment and inlet
nanofluid collector lead to increasing the collector
efficiency.

Pumping power

The effect of nanofluid on the pumping power, pressure
drop, density, and viscosity for various nanoparticle vol-
ume fractions are shown in Table 6. According to Table 6,
the relative pumping power, pressure drop, density, and
viscosity required for the CuO nanofluid is higher than pure
water, and they are enhanced by adding nanoparticles.
Also, the pumping power is related to the mass flow rates,
the density and the pressure drop of the working fluids.
Figure 10 shows the effect of volume flow rate of working
fluid and volume fraction of nanofluid CuO on the pressure
drop. By increasing the volume flow rate and volume
fraction of nanomaterials, the pressure drop was increased.
According to Fig. 10, in the low flow rate, the pressure
drop of the nanofluid is approximately equal with the base
fluid. But by increasing the flow rate, the amount of

Table 6 Effect of volume fraction of copper oxide/deionized water on
the density, viscosity, pressure drop, and pumping power

P sy Apy

¢ o e o Wz 3
0.008 1.04 1.02 1.03 1.03 1.03
0.017 1.09 1.04 1.07 1.07 1.05
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Fig. 10 Pressure drop versus volume flow rate of deionized water and
copper oxide/deionized water nanofluid with volume fractions of
0.008% and 0.017%

pressure drop in the nanofluids is higher than the base fluid.
However, the penalty in pressure drop and pumping power
using nanofluid is so small in which it does not give any
important effect on the effective performance of the solar
system [45].

Conclusions

In this study, copper oxide nanoparticles were prepared by
using the co-precipitation method. XRD analysis showed
that the average size of CuO nanoparticles was 73 nm, and
the copper oxide structure was monoclinic. Then, by using
the two-step method, copper oxide/deionized water
nanofluids were prepared with different volume fractions
and nanofluids were used in the HPSC with different high
flow rates. The performance of nanofluids in HPSC was
investigated and the results showed at all flow rates, the
efficiency of the HPSC with CuO nanofluid was higher than
the pure water. It was also found that the nanofluid with a
volume fraction of 0.017% and a flow rate of 14 L min~"
(0.00023 kg/s) resulted in the greatest increase in HPSC
efficiency. By increasing the flow rate and volume fraction of
nanofluid, the efficiency of HPSC was increased. Moreover,
it was concluded that when the temperature difference
between the environment and input nanofluid collector was
low, the efficiency of the collector was improved.
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