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a b s t r a c t

The effectiveness of a flat-plate solar collector was studied by using SiO2, Al2O3, Graphene, and
graphene nanoplatelets nanofluids with distilled water as the working fluids. The energy efficiency
was theoretically compared using MATLAB programming. The prepared carbon and metallic oxides
nanomaterials were structurally and morphologically characterized via field emission scanning electron
microscope. The study was conducted under different operating conditions such as different volume
fractions (0.25%, 0.5%, 0.75% and 1%), fluid mass flow rate (0.0085, 0.017, and 0.0255 kg/s), input
temperatures (30, 40, and 50 ◦C), and solar irradiance (500, 750, and 1000 W/m2). Nanofluids
showed better thermophysical properties compared to standard working fluids. With the addition
of the nanofluids SiO2, Al2O3, Gr and GNPs to the FPSC the highest efficiency of 64.45%, 67.03%,
72.45%, and 76.56% respectively was reached. The results suggested that nanofluids made from carbon
nanostructures and metallic oxides can be used in solar collectors to increase the parameters of heat
absorbed/loss compared to water only usage.

© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A flat-plate solar collector (FPSC) is among the main types of
solar collectors that form the major active components of heating
systems (Kong et al., 2015; Mallah et al., 2019). In addition to
FPSC, the other major types of solar collectors are integrated
collector-storage systems and evacuated tube collectors (Kabeel
et al., 2016). An FPSC is made up of a metal box (insulated on
its backside) with glazing. Sun rays are absorbed by the plate and
transferred to a circulating fluid which flows in the collector pipes
(Li et al., 2017; Raj and Subudhi, 2018).

Among the trending approaches towards improving the ef-
fectiveness of FPSC, nanofluids were employed as heat transfer
agents rather than using regular fluids. Originally, Choi and East-
man (Choi and Eastman, 1995) described the ‘‘nanofluid’’ as a
combination of base fluid and nanomaterials (with size < 100-
nm). These exhibited superior thermophysical properties, allow-
ing a heat transfer and a heat absorption more effective than
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with typical liquids (Azmi et al., 2016; Gupta et al., 2017; Zayed
et al., 2019). For a broad domain of solar collectors, many types
of nanofluids were used (Borode et al., 2019; Farhana et al., 2019;
Sarsam et al., 2015). Faizal et al. (2013) developed a smaller
solar collector for different nanofluids to calculate cost-saving,
performance, size reduction and embodied energy saving. The
study as mentioned earlier estimated that a maximum weight
of 10,239 kg, 8625 kg, 8857 kg could be saved for CuO-H2O,
SiO2-H2O, TiO2-H2O and Al2O3-H2O for 1000 solar collector de-
vices, respectively. Theoretically, Alim et al. (2013) used different
nanofluids (Al2O3-H2O, SiO2-H2O, CuO-H2O, TiO2-H2O) to test
improvement in heat transfer, entropy generation, and pressure
loss within an FPSC. In a theoretical study of (Mahian et al.,
2014), the quality of the mini channel-based solar plate collector
was evaluated, including Cu-H2O, Al2O3-H2O, TiO2-H2O, and SiO2-
H2O, four types of nanofluids were used. Results showed that
Al2O3-H2O nanofluid experienced the highest increase in heat
transfer, while SiO2-H2O nanofluid recorded the lowest rise. Both
the efficiency and total annual cost were studied in different
volumetric fractions at different types of nanoparticles containing
Al2O3, SiO2, and CuO (Hajabdollahi et al., 2019). When Al2O3-H2O,
SiO2-H2O, and CuO-H2O were tested, the output improved by
4.47%, 4.65%, and 5.22% relative to base fluid with a total annual
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Table 1
The density and specific heat capacity of Al2O3 , SiO2 , GNPs, and Gr nanofluids at different volume concentrations and temperatures.

Al2O3-DW

30 ◦C 40 ◦C 50 ◦C

0.25% 0.5% 0.75% 1% 0.25% 0.5% 0.75% 1% 0.25% 0.5% 0.75% 1%

ρ (kg/m3) 1003 1010 1017 1025 999 1007 1014 1022 995 1003 1010 1018
Cp (J/kg K) 4037 4005 3973 3942 4034 4002 3970 3939 4033 4001 3969 3937

SiO2-DW

30 ◦C 40 ◦C 50 ◦C

0.25% 0.5% 0.75% 1% 0.25% 0.5% 0.75% 1% 0.25% 0.5% 0.75% 1%

ρ (kg/m3) 998 1001 1004 1007 995 998 1001 1004 991 994 997 1000
Cp (J/kg K) 4052 4033 4015 3997 4049 4030 4012 3994 4047 4029 4010 3992

GNPs-DW

30 ◦C 40 ◦C 50 ◦C

0.25% 0.5% 0.75% 1% 0.25% 0.5% 0.75% 1% 0.25% 0.5% 0.75% 1%

ρ (kg/m3) 998 1001 1003 1006 995 997 1000 1003 990 993 996 999
Cp (J/kg K) 4055 4040 4025 4010 4052 4037 4022 4007 4051 4036 4021 4006

Gr-DW

30 ◦C 40 ◦C 50 ◦C

0.25% 0.5% 0.75% 1% 0.25% 0.5% 0.75% 1% 0.25% 0.5% 0.75% 1%

ρ (kg/m3) 998 1001 1004 1007 995 998 1001 1004 991 994 997 1000
Cp (J/kg K) 4052 4034 4016 3999 4049 4031 4013 3995 4048 4030 4012 3994

cost of $67. With a fixed efficiency of 0.564, the total yearly cost
fell by 25.45%, 25.87% and 27.88%, respectively.

Carbon allotropes were studied as absorbing media rather
than commercial nanomaterials within the FPSCs such as SWCNT,
MWCNTs, graphene (Gr), graphene nanoplatelets (GNPs), and
graphene oxide (GO) (Sadripour, 2017; Said et al., 2015; Vakili
et al., 2016; Vincely and Natarajan, 2016). Experimental and
theoretical investigations were conducted by (Said et al., 2015,
2014) to test the pressure drop, heat transfer, energy and exergy
efficiencies of SWCNT-H2O for (3 wt% and 0.5 kg/min) inside a
solar collector system. The tests revealed that the energetic effi-
ciency reached almost 95% while the exergetic efficiency reached
26.25%. The solar energy efficiency was found to be improved by
28.6% for 0.2 wt.%-MWCNT-DW at a mass flow rate of 2 kg/min
(Yousefi et al., 2012). Vakili et al. (2016) revealed that at a
flow rate of 0.9 kg/min, the improvements in the energy effec-
tiveness were up to 13.5%, 19.7% and 23.2% for 0.0005 wt.%-,
0.001 wt.%- and 0.005 wt.%-GNP nanofluids, respectively. The
theoretical and experimental tests of Ahmadi et al. (2016) showed
an enhancement in the collector energy by 18.9% with 0.02
wt.%-Gr-H2O at 0.9 kg/min. Verma et al. (2017) discussed the
effects of employing various nanofluids such as MWCNT, GNPs,
CuO, Al2O3, TiO2, and SiO2 on the thermal efficiency of a solar
collector. The data showed the use of MWCNTs and GNPs improve
thermal performance by 23.47% and 16.97%, respectively. More-
over, experimental data exhibited the maximum improvement
of 18.2% in energy efficiency relative to the base fluid under
the same conditions for using 0.1 wt.%-CGNP-H2O nanofluid in
the solar collector at 0.0260 kg/s m2-flow rate (Akram et al.,
2019). Recently, graphene nanoplatelets were covalently func-
tionalized to use them as absorbing mediums inside the indoor
solar collector system (Alawi et al., 2019a,b,c). The experimental
and theoretical analyses showed an increase of 10.7%, 11.1%,
and 13.3% in the thermal performance for 0.00833, 0.01667, and
0.025 kg/s-GNP-PEG-H2O, respectively.

In the current research, MATLAB programming software was
developed for the estimation process of the solar collector ther-
mal efficiency coefficients. Hence, a comparative study was con-
ducted in the research on the use of different heat transfer fluids
to the solar collector. Graphene nanoplatelets, graphene, alumina
and silica were prepared to analyze the FPSC-efficiency with

different volume fractions, mass flow rates, heat supply rates, and
input temperatures. The study was performed theoretically using
a MATLAB code based on the testing data.

2. Materials and methods

2.1. Preparation and characterization of nanofluids

In this research for different volume fractions of GNPs, Gr,
Al2O3, and SiO2 nanofluids were used as working fluids to test the
thermal performance of FPSC. The chemical procedure of making
GNPs and Gr was adopted from Alawi et al. (2018) and Alawi
et al. (2019a,b,c). Furthermore, the dry Aluminum oxide and
silicon dioxide in the size of (50 nm) were obtained from Sigma-
Aldrich. The density and specific heat capacity measurements for
the solid nanoparticles were conducted using a density meter
(Mettler Toledo DM40) and a differential scanning calorimeter
(TA Instruments Q2000), respectively. The density and specific
heat of the distilled water were collected from the ‘‘National
Institute of Standards and Technology (NIST)’’. The specific heat
and density of the different samples were obtained using the
equations of (Pak and Cho, 1998). The properties of the nanofluids
for different volume concentrations and different temperatures
are given in Table 1. In this research, the characterization of the
synthesized doped and un-doped powders in terms of their mor-
phology and particle size was done via ‘‘Field Emission Scanning
Electron Microscopy’’.

2.2. Energy analysis of solar collector

The theoretical model was developed based on the specifica-
tions of FPSC as listed in Table 2. The overall heat loss from the
solar collector comprises those from the glass plate, from back
and edge insulation. It is assumed that all losses are dependent on
the same mean plate temperature Tpm, the collector’s total heat
loss can be obtained as (Duffie and Beckman, 2013; Kalogirou,
2013):

Qloss = ULAc
(
Tpm − Ta

)
(1)

where: UL —describes to the overall heat loss coefficient. Acrefers
to the area of the collector while (Tpm-T a) is the difference be-
tween the mean plate and ambient temperatures.
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Fig. 1. Schematic of a flat sheet and tube absorber.

The total heat loss is the summation of all the heat losses
through the top, back, and edge insulation:

Qloss = Qt + Qb + Qe (2)

where t, b, and e are the top, back, and edge, respectively.
To estimate the top collector-to-environment loss coefficient

(Ut ), an empirical equation to be utilized for both manual and
computer calculations (Duffie and Beckman, 2013):

Ut =

⏐⏐⏐⏐⏐⏐⏐
N

cc
Tpm

[
(Tpm−Ta)

N−ff

]ee +
1

hwind

⏐⏐⏐⏐⏐⏐⏐
−1

+
σ

(
Tpm − Ta

)
∗

(
T 2
pm + T 2

a

)
1

εp+0.00591Nhwind
+

2N+ff−1+0.133εp
εg

− N
(3)

where, ff = (1 − 0.089hwind + 0.1166h2
windεp)

(1 + 0.078661N)
CC = 520(1 − 0.000051ϕ2)
ee = 0.430(1 − 100/Tpm)
Tpm Mean temperature of the absorber plate

(N, σ , εg , εap, hwind, ϕ) are the number of glasses, Stefan–
Boltzmann constant, the emittance of glass, emittance of the ab-
sorber plate, wind-heat transfer coefficient and the nanoparticle
concentration, respectively.

The following formula was used to estimate the back-heat loss
(Qb) (Duffie and Beckman, 2013; Kalogirou, 2013):

Qb =
kb
Lb

Ac
(
Tpm − Ta

)
(4)

where Lb is the thickness of back insulation and kb is its thermal
conductivity.

The estimation of the edge losses can be done by assuming
one-dimensional sidewall heat flow through the solar collector’s
perimeter:

Qe =
ke
Le

Ae
(
Tpm − Ta

)
(5)

where ke is the thermal conductivity of edge insulation and Le is
its thickness; while Ae is the edge area of the collector.

Eq. (6) can be used to derive useful heat from the solar collec-
tor (Tong et al., 2019).

Qu = ṁCp (To − Ti) (6)

where ṁ is the fluid mass flow rate, Cp refers to the specific
heat and (To-T i) is the difference between output and input
temperatures.

Also, it is possible to obtain the nanofluids’ specific heat and
density using Eqs. (7), (8) (Sundar and Sharma, 2008; Tong et al.,
2019).

Cpnf =
(1 − ϕ) ρbf Cpbf + ϕρnpCpnp

(1 − ϕ) ρbf + ϕρnp
(7)

ρnf = (1 − ϕ) ρbf + ϕρnp (8)

where the subscripts of (nf, bf and np) refer to nanofluid, base
fluid and nanoparticles.

Through Eqs. (9)–(10), the energy efficiency of the solar col-
lector can be derived using the useful heat and specific heat of
the nanosuspensions (Amin et al., 2015; Mahian et al., 2014).

ηth =
Qu

ACGT
=

ṁCp (To − Ti)
ACGT

(9)

ηth = FR (τα) − FRUL
Ti − Ta
GT

(10)

where ηth-the thermal efficiency, Qu: the heat gain, Ac: the area of
the collector, GT : total solar irradiance, ṁ: the mass flow rate, Cp:
the specific heat, (To-T i): the difference between the outlet/inlet
temperatures, (Ti-T a): the difference between the inlet/ambient
temperatures, UL — the total loss coefficient, FR(τα) — the heat
absorption parameter (FRUL) — the heat removal parameter.

The collector-fin efficiency factor
(
F́
)

is the ratio between
the real heat gain to the energy gain under the ideal condition
of (Tfin = T local−fluid). This ratio can be expressed as the ratio
between the thermal resistance of (collector-environment) to
the thermal resistance of (fluid-environment). In this regard,

(
F́
)

demonstrates the relationship for the fin-riser pipe part within
the solar collector system. Fig. 1 displays the schematic diagram
of the flat-plate sheet and tube configuration. The collector-fin
showed in Fig. 1 with a length of ((W-D)/2), an elemental region
of width (dx) and unit length in the flow direction.

The absorption of solar radiation by the working liquid via
the absorber allows an increase in the fluids’ temperature. From
the efficiency factor of the collector and its flow factor, as shown
in Eqs. (12)–(13), Eq. (11) indicates the heat removal factor (FR):
(Amin et al., 2015; Mahian et al., 2014).

FR = F ′F ′′ (11)

F ′
=

1/UL

W
[

1
UL[D+(W−D)F ] +

1
Cb

+
1

πDihfi

] (12)

F ′′
=

ṁCp

ACULF ′

[
1 − exp

(
−AcULF ′

ṁCp

)]
(13)

where W — the space between two parallel tubes, D — the
tubes’ outer diameter, Di — the tubes’ inner diameter. Cb — the
conductance of the bond which can be estimated according to
(Amin et al., 2015; Mahian et al., 2014).

Cb =
kbb
γ

(14)

where kb — the heat conductivity of the bond, γ — the average
thickness of the bond, and b — the width of the bond.

Therefore, term F denotes the fin efficiency and can be found
via Eq. (15) (Amin et al., 2015; Mahian et al., 2014).

F =
tanh [m (W − D) /2]

m (W − D) /2
(15)
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Table 2
Technical specifications of the FPSC setup.
Details of parameters Specification

Collector area 3 m2

Absorber plate thickness 0.6 mm
Absorber plate thermal conductivity 385 W/m K
Absorber plate solar absorption 0.95
Transmissivity of glass sheet 0.95
Inner and outer diameter of pipes 10 mm, 11 mm
Tube spacing 0.15 m
Bond conductance 385 W/m K
Ambient temperature 18 ◦C

Fig. 2. The programming flowchart adopted using MATLAB software.

m =

√
UL

kδ
(16)

To solve the mathematical model and perform the simula-
tion in this study, a MATLAB program was developed using the
above analysis. A collector’s energy efficiency using nanofluids
was modeled with some modifications following the Hottel–
Whillier (HW) mathematical model initially developed by (Duffie
and Beckman, 2013). Fig. 2 displays the flowchart for this MATLAB
process.

3. Results and discussion

3.1. Morphological analysis of nanofluids

The FESEM images of the prepared GNPs, as shown in Fig. 3(a),
exhibit numerous GNP flakes of varying diameters, signifying the
absence of impurities in the samples. The majority of the flakes
appear transparent on the electron beam, meaning that the layers
thickness is limited. Notwithstanding the inability to determine
the accurate flakes and defects diameter via FESEM, the planar
morphology of GNP layers was more pronounced on the obtained
FESEM images. The FESEM images of the prepared Gr, as obtained
via high-resolution imaging without any form of pre-treatment
due to the materials’ high conductivity, are shown in Fig. 3(b).
Fig. 3(b) exhibits the intactness and uniformity across the grains.
Another observation is that the strict functionalization process
caused the observed curvatures and crumpling on some of the
transparent FESEM images via the electron beam. Some of the Gr
images exhibit the wrinkles associated with functionalization due
to the attachment of new functional groups.

The acquired FESEM image of Al2O3-H2O nanofluid, as shown
in Fig. 3(c), evidenced the rectangular and rod-like shapes of the
alumina nanoparticles. Fig. 3(c) reveals the FESEM image of the
sample after one hour of sonication, explaining a better disper-
sion. Another observation is that all the nanoparticles show a
homogenous size distribution of < 50 nm. From Fig. 3(c), it could
be inferred that the prepared nanoparticles are spherical with a
full-size distribution based on the treatment. FESEM techniques
can also measure the content of particles via the transmitted
beam spectrum. This approach allows the differentiation of irreg-
ularly sized Al2O3 particles or any form of impurity; it can also
help in confirming the surface distribution of Al2O3 nanoparticles
on the sample. Fig. 3(c) also suggests that Al2O3 accounted for the
more substantial bulk of the sample, thereby confirming its high
purity and approving the adopted synthesis method. When syn-
thesizing the nanofluids, no surfactants were used to guarantee
higher thermal conductivity.

The FESEM image of SiO2-H2O nanofluid, as shown in Fig. 3(d),
indicated the round and rod-like shape of the silica nanoparticles.
The nanoparticles were also observed to be uniform and below
50 nm in size. The image of the sample after one-hour sonica-
tion is shown in Fig. 3(d), where the samples exhibited better
dispersion compared to the non-sonicated samples. No surfac-
tants were used to achieve more excellent thermal conductivities.
Fig. 3(c–d) confirms that SiO2 and Al2O3 accounted for most of the
sample surface, signifying good sample quality, and validating the
synthesis technique.

3.2. Analysis of thermal efficiency of flat-plate solar collector

The efficiency of the FPSC was evaluated using various types of
nanofluids (GNPs, Gr, Al2O3 and SiO2) at different concentrations
by volume (0.25, 0.5, 0.75, and 1%), fluid inlet temperatures (30,
40, and 50 ◦C), mass flow rates (0.0085, 0.017, and 0.0255 kg/s)
and heat supply rates (500, 750, and 1000 W/m2). The efficiency
(η) is plotted against the reduced temperature parameter ((Tin-
Ta)/GT). Figs. 4–7 show the efficiency comparison of the solar
collector for the base fluid (DW) and four types of nanofluids at
different volume concentrations. The increments in the solar en-
ergy of using 0.25%-, 0.5%-, 0.75%- and 1%-SiO2 were 1.34%, 2.63%,
3.93% and 4.09%, respectively. The increments in the solar energy
of using 0.25%-, 0.5%-, 0.75%- and 1%-Al2O3 were 2.76%, 7.45%,
8.1% and 8.26%, respectively. While, the carbon base nanofluids
(GNPs and Gr) show higher increments in the solar collector
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Fig. 3. FESEM images of different nanoparticles; (a) GNPs, (b) Gr, (c) Al2O3-NPs, (d) SiO2-NPs.

efficiency as in the following: the increments in the recollected
solar energy by using 0.25%-, 0.5%-, 0.75%- and 1%-Gr were 7.46%,
14.09%, 16.84%, and 17%, respectively. The increments in the solar
energy of using 0.25%-, 0.5%-, 0.75%- and 1%-GNPs were 8.76%,
18.79%, 23.32% and 32.64%, respectively.

Figs. 4–7 show increases in the efficiency of the solar collector
as a result of the introduction of the nanofluids as the base fluid.
The introduction of the nanotubes improved the heat transfer
between the solar collector and the base fluid, thereby enhancing
the absorptivity and thermal conductivity of the base fluid. The
different nanofluid types (GNPs, Gr, Al2O3, and SiO2) significantly
improved the efficiency of the system even at small concentra-
tions (0.25, 0.5, 0.75, and 1%) (Karami et al., 2014; Eltaweel and
Abdel-Rehim, 2019).

The intercept and slope of efficiency curve defined by collected
data correspond to FR(τα) and FRUL, absorbed energy coefficient
and heat loss coefficient, respectively. FR(τα) is the absorbed
energy by the plate, while FRUL is the heat loss to the surrounding.
The two parameters have a significant impact on the solar collec-
tor’s performance. The values of FR(τα) and FRUL are displayed in
Tables 3–6. By increasing the volume fractions of the nanofluids,
the absorbed energy parameter increased about (1.34%, 2.63%,
3.93% and 4.09%) for silica, (2.76%, 7.45%, 8.10% and 8.26%) for alu-
mina, (7.46%, 14.09%, 16.84% and 17%) for graphene and (8.76%,
18.79%, 23.32% and 23.64%) for graphene nanoplatelets. The value
of FRUL for distilled water increased by (1.34%, 2.63%, 3.93% and
4.09%) for silica, (2.76%, 7.45%, 8.10% and 8.26%) for alumina,
(7.46%, 14.09%, 16.84% and 17%) for graphene, and (8.76%, 18.79%,
23.32% and 23.64%) for graphene nanoplatelets. The incorporation
of nanoparticles increased the outlet temperatures, i.e., more heat
transmitted to the liquid, resulting in lower surface temperature
resulting in lower energy loss.

Table 3
Heat gain and heat loss coefficients of SiO2nanofluids at different mass flow
rates.
Heat gain coefficient (FR(τα))

Mass flow
rate (kg/s)

DW 0.25% SiO2 0.5% SiO2 0.75% SiO2 1% SiO2

0.0085 0.613 0.622 0.630 0.638 0.639
0.017 0.623 0.631 0.639 0.647 0.648
0.0255 0.626 0.634 0.642 0.650 0.651

Heat loss coefficient (FRUL)

Mass flow
rate (kg/s)

DW 0.25% SiO2 0.5% SiO2 0.75% SiO2 1% SiO2

0.0085 5.339 5.411 5.479 5.549 5.557
0.017 5.418 5.491 5.560 5.631 5.639
0.0255 5.441 5.514 5.584 5.655 5.663

4. Conclusions

The thermal efficiency of an FPSC utilizing distilled water, SiO2,
Al2O3, graphene, and graphene nanoplatelets as working fluids
has been studied both experimentally and theoretically. Specific
parameters such as different volume concentrations, different
mass flow rates, different working fluid inlet temperatures and
different values of solar irradiance have been checked. Added
nanofluids of metallic oxides showed better thermal efficiency
compared with the base liquid (water), while nanofluids based
on carbon showed a further enhancement compared to metallic
oxides. Increases in solar energy were 1.34%, 2.63%, 3.93% and
4.09%, respectively using 0.25%-, 0.5%-, 0.75%- and 1%-SiO2. The
rises in the use of solar energy of 0.25%, 0.5%, 0.75%, and 1%-
Al2O3 were 2.76%, 7.45%, 8.1%, and 8.26%, respectively. While



1378 S. Liu, H.A. Afan, M.S. Aldlemy et al. / Energy Reports 6 (2020) 1373–1381

Fig. 4. Collector efficiency of different nanofluids at 0.25 vol.% for various mass
flow rates.

Table 4
Heat gain and heat loss coefficients of Al2O3nanofluids at different mass flow
rates.
Heat gain coefficient (FR(τα))

Mass flow
rate (kg/s)

DW 0.25% Al2O3 0.5% Al2O3 0.75% Al2O3 1% Al2O3

0.0085 0.613 0.630 0.659 0.663 0.664
0.017 0.623 0.640 0.669 0.673 0.674
0.0255 0.626 0.643 0.672 0.676 0.677

Heat loss coefficient (FRUL)

Mass flow
rate (kg/s)

DW 0.25% Al2O3 0.5% Al2O3 0.75% Al2O3 1% Al2O3

0.0085 5.339 5.487 5.737 5.772 5.780
0.017 5.418 5.567 5.822 5.857 5.865
0.0255 5.441 5.591 5.846 5.881 5.890

Fig. 5. Collector efficiency of different nanofluids at 0.5 vol.% for various mass
flow rates.

Table 5
Heat gain and heat loss coefficients of graphene nanofluids at different mass
flow rates.
Heat gain coefficient (FR(τα))

Mass flow
rate (kg/s)

DW 0.25% Gr 0.5% Gr 0.75% Gr 1% Gr

0.0085 0.613 0.659 0.700 0.717 0.718
0.017 0.623 0.669 0.710 0.727 0.728
0.0255 0.626 0.672 0.714 0.731 0.732

Heat loss coefficient (FRUL)

Mass flow
rate (kg/s)

DW 0.25% Gr 0.5% Gr 0.75% Gr 1% Gr

0.0085 5.339 5.737 6.091 6.238 6.247
0.017 5.418 5.822 6.181 6.330 6.339
0.0255 5.441 5.847 6.207 6.357 6.366
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Fig. 6. Collector efficiency of different nanofluids at 0.75 vol.% for various mass
flow rates.

Table 6
Heat gain and heat loss coefficients of graphene nanoplatelets nanofluids
at different mass flow rates.
Heat gain coefficient (FR(τα))

Mass flow
rate (kg/s)

DW 0.25% GNP 0.5% GNP 0.75% GNP 1% GNP

0.0085 0.613 0.667 0.729 0.757 0.758
0.017 0.623 0.677 0.740 0.768 0.770
0.0255 0.626 0.680 0.743 0.772 0.774

Heat loss coefficient (FRUL)

Mass flow
rate (kg/s)

DW 0.25% GNP 0.5% GNP 0.75% GNP 1% GNP

0.0085 5.339 5.807 6.342 6.584 6.601
0.017 5.418 5.892 6.436 6.681 6.699
0.0255 5.441 5.918 6.463 6.710 6.727

Fig. 7. Collector efficiency of different nanofluids at 1 vol.% for various mass
flow rates.

the carbon-based nanofluids (GNPs and Gr) showed greater im-
provements in solar collector performance as follows; rises in
solar energy use of 0.25%-, 0.5%-, 0.75%-and 1%-Gr were 7.46%,
14.09%, 16.84%, and 17% respectively. Increases in solar energy
were 8.76%, 18.79%, 23.32% and 32.64%, respectively of using
0.25%, 0.5%, 0.75%, and 1% of GNPs. Upon increasing the volume
fractions of the nanofluids, the absorbed energy parameter in-
creased approximately (1.34%, 2.63%, 3.93% and 4.09%) for SiO2,
(2.76%, 7.45%, 8.10% and 8.26%) for Al2O3, (7.46%, 14.09%, 16.84%
and 17%) for Gr, and (8.76%, 18.79%, 23.32% and 23.64%) for GNPs.
The value of FRUL with respect to distilled water was increased
(1.34%, 2.63%, 3.93% and 4.09%) for SiO2, (2.76%, 7.45%, 8.10% and
8.26%) for Al2O3, (7.46%, 14.09%, 16.84% and 17%) for Gr, and
(8.76%, 18.79%, 23.32% and 23.64%) for GNPs (see Table 7).
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Table 7

Nomenclature
Ac Surface area of the solar collector (m2) GNPs Graphene Nanoplatelets
Al2O3 Aluminum oxide GO Graphene oxide
Cb Tube-plate bond conductance (W/m K) Gr Graphene
Cp Specific heat capacity (kJ/kg K) GT Global solar radiation (W/m2)
CuO Copper oxide k Thermal conductivity (W/m K)
D Tube diameter (m) L Characteristic length (m)
Di Inner tube diameter (m) MWCNTs Multi-Walled Carbon Nanotubes
DSC Differential scanning calorimeter ṁ Mass flow rate (kg/s)
F Standard fin efficiency Qloss Overall heat loss (W)
F ′ Collector efficiency factor SiO2 Silicon dioxide
F ′′ Collector flow factor SWCNT Single-Wall Carbon Nanotubes
FESEM Field Emission Scanning Electron Microscopy Ta Temperature (K)
FPSC Flat plate solar collector TiO2 Titanium oxide
FR Heat removal factor UL Overall heat losses coefficient (W/m2 K)
FR(τα) Heat absorbed coefficient Ut Top loss coefficient (W/m2 K)
FRUL Heat removed coefficient W Space between two parallel tubes
Greek symbols
γ The average bond thickness ρ Density of fluid (kg/m3)
ηth Thermal efficiency of FPSC φ Volume concentration (vol.%.)
Subscripts
a Ambient nf Nanofluids
b Back of the collector np Nanoparticles
bf Base fluid o Outlet
e Edge of the collector pm Plate mean temperature
i Inlet t Top
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