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ABSTRACT ARTICLE HISTORY

The flat-plate solar collector (FPSC) three-dimensional (3D) model was used to numerically evaluate Received 8 November 2022
the energy and economic estimates. A laminar flow with 500 < Re < 1900, an inlet temperature of Accepted 29 December 2022
293K, and a solar flux of 1000 W/m? were assumed the operating conditions. Two mono nanoflu- KEYWORDS

ids, CuO-DW and Cu-DW, were tested with different shapes (Spherical, Cylindrical, Platelets, and solar collector:

Blades) and different volume fractions. Additionally, hybrid nanocomposites from CuO@Cu/DW with mono-nanofluids;
different shapes (Spherical, Cylindrical, Platelets and Blades), different mixing ratios (60% —+ 40%, hybrid-nanofluids; thermal
50% + 50% and 40% -+ 60%) and different volume fractions (1 volume%, 2 volume%, 3 volume% and performance; cost analysis
4 volume%) were compared with mono nanofluids. At 1 volume% and Re = 1900, CuO-Platelets

demonstrated the highest pressure drop (33.312 Pa). CuO-Platelets achieved the higher thermal

enhancement with (8.761%) at 1 vol.% and Re = 1900. CuO-Platelets reduced the size of the solar

collector by 25.60%. Meanwhile, CuO@Cu-Spherical (40:60) needed a larger collector size with

16.69% at 4 vol.% and Re = 1900. CuO-Platelets with 967.61, CuO - Cylindrical with 976.76, Cu

Platelets with 983.84, and Cu-Cylindrical with 992.92 presented the lowest total cost. Meanwhile,

the total cost of CuO - Cu - Platelets with 60:40, 50:50, and 40:60 was 994.82, 996.18, and 997.70,

respectively.

Nomenclature and acronyms GNPs Graphene nanoplatelets

Al O3 Aluminum oxide Gr Graphene

ASC Solar collector area, m2 HTFs heat transfer fluids

CeO, Cerium(IV) oxide IDh inner hydraulic diameter, mm
Co304 Cobalt oxide K Thermal conductivity, W/m-K
Cp Specific heat capacity, J/kg-K L Total flat-plate length, mm
CTAB Cetrimonium bromide LPM Liter Per Minute

Cu Copper M Nanoparticle shape factor

CuO Copper oxide m Mass flow rate, kg/s

DW Distilled water MgO Magnesium oxide

FezOy4 Iron(ILIII) oxide MWCNTs Multi-Walled Carbon Nanotubes
FPSC flat-plate solar collector ODh Outside hydraulic diameter, mm
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PER Property enhancement ratio
Pr Prandtl number, <CPT“)

q, Wall heat flux, W/m?
Qgain/Qin  Useful energy/gain energy, W
Re Reynolds number

Si0, Silicon dioxide

t Flat-plate thickness, mm

Tin Inlet fluid temperature, K
TiO, Titanium dioxide

Tout Outlet fluid temperature, K
Tw-80 Tween-80

Uin Inlet fluid velocity, m/s

w Flat-plate width, mm

WOs3 Tungsten trioxide

u, v, w Velocity vectors of working fluids
Greek symbols

i Dynamic viscosity, kg/m-s

AP Pressure drop, Pa

nSC Solar collector efficiency, %

Density, kg/m?

Nanoparticles volumetric percentage, %
Sphericity of nanoparticles

e s

1. Introduction
1.1. Research background and motivation

Flat plate solar collectors (FPSCs) are the most basic
form of all solar collectors and have a broad array of
applications, mainly in residential and industrial loca-
tions. Water and air are the standard heat transfer flu-
ids (HTFs) circulating inside the header and riser pipes
of FPSCs (Farhana et al., 2021). Water and air-based
solar collectors have been the subject of much experi-
mental, theoretical, and numerical study (Gunjo et al.,
2017), (Ziyadanogullari et al., 2018). Despite its ease of
production, the efficiency of the flat plate solar collec-
tor remains a source of concern and requires significant
improvement (Alawi et al., 2020),(Sheikholeslami et al.,
2021),(Zayed etal., 2019). A group of experts investigated
the impact of various working fluids in FPSCs through
experiments and simulations to enhance the heat trans-
fer mechanism in flow pipelines (Pandey & Chaurasiya,
2017). Nanofluids (nanomaterials suspended in disper-
sion mediums) have recently been proposed as a passive
method inside the solar collector due to their thermal
performance (Dehaj & Mohiabadi, 2019). Both types of
nanofluids may be utilized as mono (single nanomate-
rials) and nanocomposites (two or more nanomaterials)
have shown superior thermal improvements when com-
pared to basic fluids (Sint et al., 2017).

1.2. Dopted literature review on mono and hybrid
nanofluids

Ziyadanogullari et al. (Ziyadanogullari et al, 2018)
investigated three types of metallic oxide nanofluids
(AI203, CuO, and TiO2) as HTFs in FPSC. Their find-
ings revealed that due to the thermal conductivity val-
ues of individual nanofluids, CuO and TiO2 achieved
higher and lower thermal performance, respectively.
Four metallic-based nanofluids (SiO2-DW, TiO2-DW,
Al203-DW, CuO-DW) and two carbon-based nanoflu-
ids (Gr-DW, and MWCNTs-DW) were experimentally
examined as HTFs inside FPSC application (Verma
et al.,, 2017). MWCNTs-DW showed higher enhance-
ment exergy efficiency (29.32%) and energy efficiency
(23.47%) relative to DW. Other nanofluids’ exergy efhi-
ciency was enhanced by 21.46% for (Gr-DW), 16.67%
for (CuO-DW), 10.86% for (AI203-DW), 6.97% for
(TiO2-H20), and 5.74% for (SiO2-DW). Meanwhile,
energy efliciency was improved by 16.93% for (Gr-DW),
12.64% for (CuO-DW), 8.28% for (Al1203-DW), 5.09%
for (TiO2-H20), and 4.08% for (SiO2-DW) at 0.025
kg/s and 0.75 volume%. Two carbon-based nanoflu-
ids (GNPs-DW, Gr-DW) and two metal oxides based
nanofluids (AI203-DW, and SiO2-DW) were tested in a
theoretical study under the conditions of different heat-
ing rates (500, 750, and 1000 W/m2), different volumetric
percentages (0.25%, 0.5%, 0.7%, and 8%), different inlet-
temperatures (30°C, 40°C, and 50°C) and different mass
flow rates (0.0085 kg/s, 0.017 and 0.0255 kg/s) (Liu et al.,
2020). They concluded that the energy performance was
enhanced by 64.45% for (Si02-DW), 67.03% for (A1203-
DW), 72.45% for (Gr-DW), and 76.56% for (GNPs-DW).
Six different water-based nanofluids (AI1203-DW, CuO-
DW, MWCNTs-DW, Fe304-DW, WO3-DW, and CeO2-
DW) were investigated HTFs inside FPSC (Tong et al.,
2020). The solar collector efficiency was ranged from the
highest reading of 87% for MWCNTs-DW and the lowest
reading of 62% for DW.

Numerous experimental and theoretical studies on
the mechanisms of thermal efficiency in solar collectors
have been conducted due to hybrid nanofluids’ signif-
icant academic and industrial interest. Three nanoflu-
ids such as AI203-DW, TiO2-DW, and Al203@TiO2-
DW were prepared in the presence of surfactant (CTAB)
to be tested numerically and experimentally as HTFs
inside FPSC (Farajzadeh et al., 2018). Meanwhile, the
velocity of nanofluids was in the range of 1.5, 2.0, and
2.5 LPM. The hybrid showed higher energy effective-
ness over individual nanofluids by 19% for (0.1wt.%-
AI203-DW), 21% for (0.1wt.%-TiO2-DW), and 26%
for (AI203@Ti02-DW) relative to the basic working
fluid (water). Exergy efficiency was increased by 2.59%



due to the application of a hybrid nanofluid. More-
over, Additionally, the production of entropy in the
nanocomposite fluid (CuO@Cu-DW) was reduced by
3.31%, that of the individual nanofluids by 1.35% (Cu-
DW), and 2.96% for (CuO-DW). Two nanocomposite
fluids, namely (80%-MgO + 20%-MWCNTs) and (80%-
CuO + 20%-MWCNTs) were evaluated under the terms
of different concentrations of 0.25-2.0% and different
volume flow rates of 0.5-2.0 LPM (Verma et al., 2018).
In comparison to the basic fluid, the combination of
CuO@MWCNTs-DW outperformed MgO@MWCNTs-
DW in terms of energy effectiveness by 20.52% and
18.05%, respectively. Maximum numerical and exper-
imental enhancements of 8.5% and 12.8% have been
observed for convective heat transfer properties using
Al203@TiO2 composite nanofluid in a mini-channel
heat sink with a different mixing ratio (V. Kumar &
Sarkar, 2019). Moreover, in experimental work, the influ-
ence of nanoparticle ratio on hydrothermal properties
of plate heat exchanger using AI203@MWCNT hybrid
nanofluids was examined. They concluded that, the
hydrothermal efficiency of nanofluids increased with an
increase in carbon-based-ratio due to the insignificant
impact on pressure drop (Bhattad et al., 2019). Addition-
ally, all of the nanofluids’ performance evaluation criteria
(PEC) scores were greater than 1 (V. Kumar & Sarkar,
2020b). Besides that, for MWCNTs nanofluid, the max-
imum heat transfer coefficient and pressure drop incre-
ments were 44.1% and 68.1%, respectively (V. Kumar &
Sarkar, 2020a).

A triple hybrid nanosuspension (MWCNTs@GNPs
with h-BN) was prepared in DW using a surfactant
(Tween-80) (Hussein et al., 2020). Three different volume
flow rates (2, 3, and 4 LPM) were used as their input limi-
tations. The solar collecting efficiency reached up to 85%
at4 LPM because of employing the hybrid nanofluid. The
combination of hybrid nanofluid nanodiamond@cobalt
oxide (ND@Co0304-DW) was produced in different per-
centages (0.05-0.15%) and different volume flow rates
(0.56-1.35 LPM). The 0.15 weight%-hybrid nanofluid
was outperformed the basic fluid by about 59% and 48%,
respectively. Single and composite nanofluids (AI203-
DW, AI203@Fe-DW) were examined for collector effi-
ciency with different volume percentages (Okonkwo
et al., 2020). This study, enhanced the thermal perfor-
mance of 0.1volume%-single nanofluid and 0.1volume%-
hybrid nanofluid by 2.16% and 1.79% relative to pure
water. On the other hand, hybrid AI203@Fe-DW pro-
vided an exergy efficiency enhancement of 6.9% against
5.7% using a single Al203-DW. Recently, an artificial
intelligence model was implemented to predict the ther-
mal properties of single and hybrid water-based Al203
and AI203@CuO (50:50) nanofluids (Marulasiddeshi
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et al., 2022). The highest increase in thermal conduc-
tivity and dynamic viscosity of 1vol.%-hybrid nanofluid
was 14.6 and 6.5% higher than 1vol.%-single nanofluid,
respectively. The radiator size and cost reduction was
examined using EG and different combinations of hybrid
nanofluids in the presence of various nanomaterials such
as (Ag, Cu, SiC, CuO, TiO2 and Al203) (Sahoo & Sarkar,
2016). They concluded that, radiator size was reduced
by 3.7% and pumping power increased 2.9% for Ag-
EG hybrid nanofluids as compared to the base fluid.
Cost-effective shell and tube condenser measurements
using AI2O3@MWCNTs hybrid nanofluid was stud-
ied (Singh & Sarkar, 2018). 1vol.%-Al203@MWCNTs
nanofluid produced maximum operating cost savings by
about (11.1%), meanwhile, 1vol.%-A1203@Ag showed a
minimum (9.62%).

1.3. Research objectives and motivations

Based on the previously reported literature review, very
limited research was observed on comparing mono and
hybrid nanofluids inside solar collector systems. Hence,
research development of this perspective is highly moti-
vated for such a kind of nanomaterials domain. The ulti-
mate research aim was to evaluate two mono nanofluids
(CuO/ H20 and Cu/ H20) and three hybrid nanoflu-
ids (i.e. (60%-CuO@40%-Cu/H20), (50%-CuO@50%-
Cu/DW) and (40%-CuO@60%-Cu/DW)) with different
nanoparticle shapes (i.e. Spherical, Cylindrical, Platelets,
and Blades). Thermal-physical properties were calcu-
lated through a set of equations at 293 K. Various
simulations were performed under the condition of
500 < Re < 1900 to examine the thermal and economic
performances of FPSC. The importance and originality of
this study is to explore the effect of single/hybrid nanoflu-
ids, volume fractions, nanoparticle morphologies, and
mixing ratios for the nanocomposites. That will substan-
tially contribute to solar collector design with optimal
energy efficiency and minimal size and cost.

2. Modeling and methods
2.1. Geometrical model

Figure 1-a describes the current physical problem of a
thin flat plate made of aluminum attached to a copper
riser flat-tube working under the condition of conjugated
laminar mixed convection. In this model, the solar radia-
tion was represented by constant heat flux (q”) applied
at the flat plate surface. The total flat-plate length (L)
of 1500 mm, flat-plate width (w) of 60 mm, flat-plate
thickness (t) of 2 mm, inner hydraulic diameter (IDh)
of 12.5 mm, outside hydraulic diameter (ODh) of 14.8
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Flat Tube Model

Absorber Sheet

Flat Tube Mesh

Cross Section View

(b)

Figure 1. (a) A drawing illustration of flat plate-flat tube numerical model, (b) the computational domain and mesh topology.

mm, and wall thickness of 1 mm were adopted. The flat
tube hydraulic diameter is expressed by the following

B | (A—B)xB
formula: (D, = 4 x m). The mesh structure

and configurations are critical steps in adequately imple-
menting the current physical model’s analysis. The CFD
domain is further subdivided into many small cells to
enhance grid size management and meshing efficiency.

An unstructured grid was used for the interior volume
cells. The computational grid is shown in Figure 1-b.

2.2. Numerical simulation approach

A conjugated laminar mixed convection was solved
using mono (single) and hybrid (mixture) nanofluids
in different types (CuO and Cu), different volumetric



percentages (1, 2, 3, and 4 volume%), different structures
(Spherical, Cylindrical, Platelets and Blades) and differ-
ent mixing ratios (60:40, 50:50 and 40:60). The thermo-
physical properties of dispersion medium (DW), single
and mixture nanomaterials were collected from the pre-
vious published work (Minea, 2017), and set of equations
and mathematical models were applied to calculate the
thermal properties of mono and hybrid nanofluids. The
model is built on various assumptions to simplify the
problem without impacting the fundamental concepts.
The assumptions are given below:

(i) The thermal system operates under the condition
of steady-state.

(ii) The base fluid and mono/hybrid nanofluid flow
uniformly through all riser flat-tube of the thermal
collector.

(iii) Uniform temperature around the wall of the riser
flat-tube.

(iv) The mono and hybrid nanofluids are considered
single-phase, homogeneous, and long-term stable.

(v) A constant wall heat flux heats the thin flat-plate
absorber at the value of (1000 W/m2).

(vi) The lateral absorber plate walls and lower outer
riser flat-pipe have adiabatic with non-slip bound-
ary conditions.

(vii) Body forces, the solar radiation model, and com-
pressibility are ignored.

The governing equations of this problem are continu-
ity, momentum, and energy equations, as shown in Egs.
(1-3): (Charjouei Moghadam et al., 2017), (Edalatpour &
Solano, 2017):

6]
—(pui) =0 (1)
3x,‘
9 _op D dui | du\ L
8Xj (ulu]) B 8x,- + 8Xj <V (ij + 8x,- uluj
— &iB((T — Trf) (2)
dpcpu; T d oT
=P = — (k=— — pepuiT | + S 3
0x; 0xj < 0x; Pepty )+ ! ®)

In this regard, the notation of i = 1,2,3, ui = (u, v, w)
refers to the velocity vectors of working fluids.

Meanwhile, the following boundary conditions are
defined to complete the above mathematical equations
for the computational domain (Charjouei Moghadam
et al., 2017), (Edalatpour & Solano, 2017):

u=v=20,
w=UpnT =Ty (4)

u=v=w=20
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qg; = I(Ak) — h(Ti — Tamp)

u=v=w=20 (5)
oT

— =0 (6)
dy

Bu_av_aw_

9z 0z 0z

oT

D 7
. (7)
oT 0T,
k— =k 8
0x * 9x ®

The parameters of Reynolds number (Re), Prandtl
number (Pr), pressure drop (AP), and solar collector effi-
ciency (nSC), can be calculated as (Edalatpour & Solano,
2017), (Sarsam et al., 2020b), (Sarsam et al., 2020a):

U;,D
Re = (,0 “ h) )
%
C
Pr = (LM> (10)
k
- - L pUizn
AP:(Pout_Pin) :fD_hT (11)
i mCy(Toy — T;
nsc = QQaz/ri _ p( outN in) (12)
Ascqd'), Ascq'y

2.3. Thermophysical properties

The thermophysical properties of dispersion mediums
(base fluids) such as density (p), dynamic viscosity (),
specific heat capacity (Cp), and thermal conductivity
(k), are greatly improved by adding nanomaterials in
different nanoparticles’ volumetric percentages and dif-
ferent nanoparticles morphologies. The thermophysi-
cal properties of DW and (CuO and Cu) nanoparticles
under the conditions of 293 K and 50 nm were col-
lected from the available literature as tabulated in Table 1
(Minea, 2017). In this study, two mono nanofluids,
namely CuO-DW and Cu-DW, with different structures
(Spherical-shaped, Cylindrical-shaped, Platelets-shaped,
and Blades-shaped) and different volumetric percent-
ages, were different examined. Moreover, nanocompos-
ites from CuO@Cu-DW with other structures (Spherical,

Table 1. Thermophysical properties of dispersion medium (DW),
Cu0 and Cu nanoparticles (50 nm) at 293 K.

Specific Thermal Dynamic
Dw/ Density heat conductivity Viscosity
Nanoparticles (o) (kg/m3)  (Cp) (J/kg K) (k) (W/m-K) (1) (kg/m-s)
DW 998.5 4182 0.602 7.9 x 10—4
CuO 6500 533 17.65 -
Cu 8940 385 401
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Cylindrical, Platelets, and Blades-shaped) have different
mixing ratios (60%+40% 50%-+50%, and 40%-+60%),
and different nanoparticles volumetric percentages were
compared to mono nanofluids in terms of thermal per-
formances and evaluations.

The effective density of the single (mono) and mixture
(hybrid) nanofluids is written as (Benkhedda et al., 2019):

Puf = (L — @) ppw + @ pcuo/cu (13-a)

Phybrid = (1 — ¢cuo — ¢cu) PoW + YcuoPcuo + ¢cupcu
(13-b)

Also, the specific heat capacity of single (mono) and
mixture (hybrid) nanofluids can be determined as
(Benkhedda et al., 2019):

(PCp)nf = (1 — @) (pCp)pw + ¢ (0Cp)cuo/cu
(14-a)

(PCpiybria = (1 — ¢cuo — ¢cu) (PCp)pw + ©cuoCp 0

Brinkman equation (Brinkman, 1952) can be applied to
estimate the effective dynamic viscosity of the spherical-
mono and spherical-hybrid nanofluids (Benkhedda et al.,
2019):

UDW
(1—¢)*?
UDW
(I = @cuo — ¢cu

(M)nf = (15-a)

(W nybrid = T (15-b)
Meanwhile, dynamic viscosity for Cylindrical-shaped,
Platelets-shaped and Blades-shaped mono and hybrid
nanofluids can be estimated from Eq. (16) (Timofeeva

et al., 2009):

(Wnf = upw X (14 Ag + Bp?) (16-a)
(Whypria = pw X (1 + A(pcuo + ¢cu)
+ B(¢cuo + pcu)’) (16-b)
Constant Platelet-shaped Blade-shaped Cylinder-shaped
A 371 14.6 13.5
B 612.6 1233 904.4

According to Ellahi et al. (2015), the effective thermal
conductivity of the spherical-mono and spherical-hybrid
nanofluids can be expressed as below (Benkhedda et al.,
2019):

kcuojcu + (m + Dkpw
—(m+ Do(kpw — kcuoycu)
kcuoscu + (m + Dkpw
+(kpw — kcuoycu)

(17-a)

kur = kpw

Table 2. Sphericity (W) and nanoparticle shape factor (m) used in
Eq. (17).

Nanoparticle 14 m = 3/¥
Spherical-shaped 1 3
Cylindrical-shaped 0.62 49
Platelets-shaped 0.82 57
Blades-shaped 0.36 8.6

¢cuokcuotecukcy
= + (m+ Dkpw

_ _ ¢cuokcuotecukcu
(m+1g (kDW 7 )

cuokcuotecukcu
2 + (m + Dkpw

+¢ (kDW _ ‘PCuOkCuO(pJF(PCukCu)
(17-b)

knybria = kpw

As shown above, the Maxwell equation was used
for spherical-mono and spherical-hybrid nanofluids
in different volumetric percentages. Hamilton-Crosser
modified the Maxwell model to estimate the thermal
conductivity of Cylindrical-shaped, Platelets-shaped, and
Blades-shaped mono and hybrid nanofluids. (m) is the
shape factor was given by (3/W). (¥) refers to the spheric-
ity of nanoparticles and its value for spherical nanopar-
ticles is (W = 1), which corresponds to a shape factor
of (m = 3). The (m and W) values are given in Table 2
for mono and hybrid nanofluids in different nanoparticle
shapes.

3. Validation and verification of the numerical
results

The grid independence test is carried out when config-
uring flat plate solar collectors using base fluid (DW)
to verify the numerical results are reliable. As a result,
the tested solar collector using water as a working fluid
has five possible grids (462,000 elements, 612,600 ele-
ments, 697,800 elements, 773,400 elements, and 872,000
elements) are investigated under the parameters of 293
K and Re = 500. Five parameters are used for grid ver-
ifications: pressure drop, temperature difference (outlet
— inlet), heat gain, collector efficiency, and surface tem-
perature. Figure 2 shows that as the number of elements
increases, the accuracy of the data collected increases.
Due to its correctness and accuracy, grid number (5) with
872,000 elements is adopted for further processing the
remaining tests in the current study.

Figure 3 illustrates the comparison of thermal effi-
ciency between the current numerical results and the
experimental data available from Verma et al. (2018)
and (Verma et al, 2017). The medium dispersion
(DW), three conventional nanofluids (MgO-DW, CuO-
DW, and MWCNTs-DW), and two mixture nanoflu-
ids (MgO@MWCNTs-DW) and (CuO@MWCNTs-DW)
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were properly considered at Ta = 300 K, I = 800 W/m?,
and 0.025 kg/s. The average error between the pre-
vious experimental and current numerical observa-
tions were £4.1% for DW, & 4.2% for MgO-DW, £ 6.3%
for CuO/DW,+4.4% for MWCNTs-DW, +5.8% for
MgO@MWCNTs-DW, and +4.6% for CtO@MWCNTs-
DW. The average errors between the experimental and
numerical data can be caused by the simplifications

and assumptions applied in the simulation’s cases on
the one hand and the uncertainties of the measur-
ing tools and devices in the experimental part on
the other hand. Based on the findings, the CFD
thermal model can be recommended to evaluate the
energy performance of base fluids, single nanoflu-
ids, and mixture nanofluids under different simulation
conditions.
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Figure 3. Validation approach for the current study and the
previous experimental study from Verma et al. (Verma et al.,
2018),(Verma et al., 2017).

4. Results and discussion
4.1. Property enhancement ratio (PER)

The maximum heat transfer condition was estimated
using the ratio of dynamic viscosity (negative param-
eter) to thermal conductivity (positive parameter) of

5.623

3.268 3.097 3.081 3.070

PER

1.844 1.836 1.830
1.503

_ﬁﬁ'g . 0.776 0.771 0.767

nanofluids/base fluid. Eq. (18) describes the property
enhancement ratio (PER). When (PER) is > 5, the
mono/hybrid nanofluid doesn’t enhance heat transfer
performance, according to the analysis of (Abdolbagqi
etal., 2017).

tr —1  kpw(ins — pw)

PER = =
ke—1  ppw(knr — kpw)

(18)

The effect of PER was shown to be substantially influ-
enced by changes in dynamic viscosity and thermal con-
ductivity values. As a result, the PER showed in Figure 4
accurately anticipated the numerical conditions of heat
enhancement for various mono and hybrid nanoflu-
ids on multiple shapes at different volumetric percent-
ages. As per Figure 4, with 1 and 2 vol.%, Cu-DW-
Platelets nanofluid showed higher with PER = 5.623 and
6.355, using lvolume% and 2 volume%, respectively.
Meanwhile, with 3volume% and 4volume%, Cu-DW-
Cylindrical and Cu-DW-Platelets nanofluids showed
(5.773 and 7.072) and (6.986 and 7.773), respec-
tively. In addition, CuO-DW in various volumetric
percentages had the lowest PER values, as shown in
Figure 4.

6355
4534
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Figure 4. Property enhancement ratio (PER) of conventional and mixture nanofluids with different volumetric percentages and different

nanoparticles geometries at 293 K.
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at293 K.

4.2. Thermal conductivity ratio

Thermal conductivity is the most intriguing property of
nanofluids that has attracted the curiosity of researchers.
Although this is a complicated and significant thermo-
physical phenomenon, experimental studies and theories
have failed to explain why hybrid nanofluids have high
thermal conductivity. Figure 5 reveals the thermal con-
ductivity ratio (knf/kDW) of single and mixture nanoflu-
ids in different nanoparticle morphologies at 293 K. The
thermal conductivity ratio (knf/kDW) increased with
increasing volumetric percentage, and this tendency was
evident for all single and mixture nanofluids in various
nanoparticle geometric shapes. CuO@Cu-Blades (60:40),
CuO@Cu-Blades (50:50), and CuO@Cu-Blades (40:60)
showed higher thermal conductivity ratios such as (1.204,
1.205, and 1.206), (1.454, 1.458 and 1.461), (1.769, 1.776
and 1.781) and (2.175. 2.188 and 2.197), respectively,
for 1volume%, 2volume%, 3volume%, and 4volume%.
They are adding additional Cu to the hybrid nanofluids
slightly enhanced the thermal conductivity ratio. Cu-
DW in various shapes showed minor increments over
CuO-DW in different shapes compared to mono nanoflu-
ids with varying volumetric percentages. Moreover, in
mono nanofluids, Blade-nanoparticles illustrated the best
values, followed by Platelets-shaped, Cylindrical-shaped,
and spherical-shaped, respectively. According to studies
(Babar & Ali, 2019), (Gupta et al., 2018), (Yang et al,,

2020), as the surface-to-volume ratio of nanoparticles
increases, so does their thermal conductivity. This is
because nanomaterials with a larger specific surface area
have better heat exchange capability and lower thermal
resistance. Furthermore, according to a study, the shape
of a nanoparticle has a real impact on its long-term
stability (Chakraborty & Panigrahi, 2020). They con-
cluded that blade-shaped particles sediment faster than
platelet- and brick-shaped particles. In the suspended
state, brick-shaped nanoparticles are highly stable. It can
be concluded that the long-term stability of nanofluids
is critical because the sedimentation process reduces the
thermal properties of nanofluids.

4.3. Prandtl number (Pr)

The Prandtl number (Pr) is dimensionless and represents
the ratio between the heat transfer fluids momentum
and heat transport. As a result, it evaluates the relation-
ship between a fluid’s momentum diffusivity and thermal
diffusivity. Prandtl number (Pr) can be defined as follows:

Momentum diffusivity . x Cp
Thermal diffusivity ~— k

A high Pr-number (> 5) indicates that heat transfer via
fluid momentum is preferable to thermal diffusion. In
other words, a high Pr-number shows that heat trans-
fer is more likely to occur through fluid momentum

Pr=

(19)
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Figure 6. Prandtl number of single and mixture nanofluids with different volumetric percentages and nanoparticles shapes at 293 K.

rather than fluid conduction. According to Figure 6,
the Platelets-shaped had higher Pr-number values than
others for all mono and hybrid nanofluids at differ-
ent volumetric percentages. CuO/DW-Platelets nanoflu-
ids presented the best values for Pr-number followed
by Cu/DW-Platelets, 60%-CuO@40%-Cu/DW-Platelets,
50%-CuO@50%-Cu/DW-Platelets and 40%-CuO@60%-
Cu/DW-Platelets such as (7.009, 6.749, 6.413, 6.394 and
6.376), (8.717, 8.115, 7.276, 7.236 and 7.198), (10.526,
9.506, 7.987, 7.922 and 7.863) and (12.377, 10.874, 8.494,
8.406 and 8.325) for 1volume%, 2, 3 and 4 volume%,
respectively. As per Eq. (19), The Pr-numbers are affected
by three major thermal-physical properties, which are
as (Mxkcp ). Eq. (16) shows that the dynamic viscos-
ity of different mono and hybrid nanofluids for the
same nanoparticle shape is the same value. Higher spe-
cific heat and lower thermal conductivity values will
result in a higher Pr-number. Under the conditions of
293 K and 1lvolume%, the values for specific heat and
thermal conductivity values as follows (3956.863 and
0.6387 W/m-K), (3867.085 J/kg-K and 0.6483 W/m-K),
(3887.964 J/kg-K and 0.6860 W/m-K), (3879.062 J/kg-
K and 0.6865 W/m-K) and (3870.201 J/kg-K and 0.6868
W/m-K) for CuO/DW-Platelets, Cu/DW-Platelets, 60%-
CuO@40%-Cu/DW-Platelets, 50%-CuO@50%-Cu/DW-
Platelets, and 40%-CuO@60%-Cu/DW-Platelets, respec-
tively. In general, nanoparticles with non-spherical
shapes that contained nanofluid displayed higher

viscosities than those with spherical shapes. Researchers
attributed the higher viscosity of the nanofluid to the
larger surface area of the non-spherical nanoparticle
(Khan & Valan Arasu, 2019). Overall, particles with
non-spherical shapes had higher enhancements in ther-
mal conductivity. Moreover, The nanoparticles may have
a higher value of specific heat capacity due to their
large specific surface area compared to the base fluids,
which contributes to the enhancement of the specific
heat capacity of nanofluids (Munyalo & Zhang, 2018).
To conclude, the difference in thermo-physical properties
could be attributed to a difference in effective aggrega-
tion radius between the two nanoparticle shapes under
consideration (Khan & Valan Arasu, 2019).

4.4. Mono and hybrid nanofluids in different shapes

In this section, six different parameters are thoroughly
discussed, including pressure drop (AP), difference tem-
perature (Tout-Tin), Surface heat transfer coefficient,
energy gain (Qin), solar collector efficiency (7SC), and
flat plate surface temperature (Tsur) for base fluid (DW)
and different mono/hybrid nanofluids in various mor-
phologies and different mixing ratios under testing con-
ditions of 1volume%, 293 K, and 500 < Re < 1900.
Figure 7 depicts the pressure drop of base fluid (DW)
and different mono/hybrid nanofluids in various shapes
and different mixing ratios under the testing conditions
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Figure 8. Pressure drop of single and mixture nanofluids with dif-
ferent nanoparticles shapes at 293 K, 1volume% and Re = 1900.

of 1volume%, 293 K, and 500 < Re < 1900. Meanwhile,
Figure 8 depicts the pressure drop of the base fluid
and mono/hybrid nanofluids with various nanoparticle
shapes at 293 K, 1volume%, and Re = 1900. The pressure
decreases as the Reynolds number increase for base fluid
and nanofluids in different shapes. As stated by previous
studies (Ahmed et al., 2022; Tao et al., 2022), the density
value of other solid nanoparticles is crucial for nanoflu-
ids’ increased pressure drop and friction factor. Also, the
pressure loss in thermal applications is directly propor-
tional to the dynamic viscosity of the working fluid. This
increase in the dynamic viscosity of nanofluids causes an
unfavorable increase in the pumping power. As a result,
designing a solar collector for efficient heat transfer and
low pumping power is critical for energy savings. It may
result in significant errors when evaluating the overall
performance of nanofluids in various thermal science

and engineering applications. According to Figures 7
and 8, base fluid exhibits more significant pressure loss
than spherical-mono and spherical-hybrid nanofluids.
Meanwhile, the pressure loss values for Platelets-mono
and Platelets-hybrid nanofluids are higher than those for
Cylindrical and Blades. The variations in pressure drop
when using mono and hybrid nanofluids with different
shapes can be attributed to Pr number values (Figure 6).
The Pr-number for spherical-mono and spherical-hybrid
nanofluids is lower than that of base fluid (DW). Mean-
while, for pressure loss, Platelets-mono and Platelets-
hybrid nanofluids have the highest Pr-number, fol-
lowed by Cylindrical and Blades. Furthermore, pressure
drops are more significant when using CuO-Platelets
nanofluid, followed by CuO-Cu-Platelets (60:40), CuO-
Cu-Platelets (50:50), CuO-Cu-Platelets (40:60), and
Cu-Platelets. The variations in the pressure drop values
using different mono and hybrid nanofluids in the shape
of Platelets can be attributed to the value of nanofluid
velocity, which is 0.1632, 0.1618, 0.1614, 0.1610, and
0.1596 m/s for CuO- Platelets, CuO-Cu-Platelets (60:40),
CuO-Cu-Platelets (50:50), CuO-Cu-Platelets (40:60) and
Cu-Platelets, respectively. Appendix (A) compares the
velocity profiles of different mono and hybrid nanofluids
in different morphologies at 1 vol.% and Re = 1900.
The outlet temperature (Tout) is an essential consid-
eration for the FPSC’s thermal performance. Figure 9
shows the outlet-temperature - inlet-temperature (Tout-
Tin) of dispersion medium (DW) and different sin-
gle/mixture nanofluids in various nanoparticles shapes
and various mixing ratiosunder the simulation con-
ditions of 1lvolume%, 293 K and 500 < Re < 1900.
Meanwhile, Figure 10 illustrates the (Tout-Tin) of dis-
persion medium and single/mixture nanofluids with
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Figure 9. Temperature variation of single and mixture nanofluids with various Reynolds numbers and different nanoparticles shapes at

293 K and 1volume%.

(Tout-Tin) @ Re =1900
~

5
Bg'z_&&mﬁ_‘
LoDV s® & .
REESS83883 500 < =
= :

SESmESE28=SEET¥ 8885 % = ~
A=A 1 asSm TOSEEVYM O 8o S
A0 AT R L ELT 23S SE 2T I
S9CEEI IS5 T EEC2E 5SS

= -2 =

8050030 OB 89T 2725 3FF
= TS S 508 6w = N
O O =8 s ;8 842 > g2 g
O&x ¢ o) 50 & o
P SmIY 28589 28 3
OE LQY Em <X 28 3
E203Q0R QY Em
OO X 5 308 0~ &
328 ©9 Y= 23
=0 Q =3 L)L.)Q'
© = O Q =
O SU

Figure 10. Temperature difference of mono and hybrid nanoflu-
ids with various nanoparticles structures at 293 K, Tvolume%, and
Re = 1900.

various nanoparticles shapes at 293 K, 1lvolume%,
and Re = 1900. The output temperature drops as
the Reynolds number (velocity) of the dispersion
medium and single/mixture nanofluids rises owing to the
decreased fluid surface contact time, which influences the
efficiency enhancement (Choudhary et al., 2020). Due to
the minimum thermal conductivity increase, spherical-
shaped single and mixture nanofluids have a more signif-
icant outlet/temperature - inlet/temperature (Tout-Tin)
than other morphologies under the same testing cir-
cumstances, as demonstrated in Figure 5. Meanwhile,
Platelets-shaped single and mixture nanofluids show the
lower values for temperature difference (Tout-Tin), fol-
lowed by Cylindrical-shaped and Blades-shaped nanoflu-
ids. Furthermore, CuO-Cu-Platelets (60:40) display the
lowest (Tout-Tin) values, followed by CuO-Cu-Platelets

(50:50), CuO-Cu-Platelets (40:60), CuO-Platelets and
Cu-Platelets, in that order. The variations in (Tout-
Tin) values using different single and mixture nanoflu-
ids in the Platelets-shaped can be credited the value
of nanofluid velocity as follows; 0.1632, 0.1618, 0.1614,
0.1610 and 0.1596 m/s for CuO- Platelets, CuO-Cu-
Platelets (60:40), CuO-Cu-Platelets (50:50), CuO-Cu-
Platelets (40:60) and Cu-Platelets, respectively. It is worth
mentioning that a lesser temperature difference is not
recommended in thermal science and engineering appli-
cations. Because single/mixture nanofluids function in a
closed piping loop in the solar collector, the low temper-
ature will not transfer heat through headers and risers
tubes. However, it is possible to compensate by increas-
ing the number of fluid flows in the thermal system,
which may raise the pumping power cost. The differ-
ence between the fluid outlet and fluid inlet tempera-
tures at a low Reynolds number becomes enormous as
the circulating fluid spends more time in the collector
system, encouraging heat losses and lowering thermal
performance. In conclusion, volumetric flow rates that
were neither too high nor excessively low were confirmed
to be suitable (Choudhary et al., 2020).

The surface temperature of the thin-plate is higher in
the solar collector system because the surface absorbs
a wide range of the sun’s heat flux. Figure 11 shows
the surface temperature of base fluid (DW) and vari-
ous mono/hybrid nanofluids in multiple structures and
different mixing ratios under the testing conditions
of lvolume%, 293 K, and 500 < Re < 1900. Mean-
while, Figure 12 demonstrates the surface temperature
of the base fluid and mono/hybrid nanofluids with
various nanoparticle shapes at 293 K, 1volume%, and
Re = 1900. The surface temperature of the base fluid and
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Figure 11. Surface temperature of single and mixture nanofluids with various Reynolds numbers and nanoparticles morphologies at

293 K and 1volume%.
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Figure 12. Surface temperature of single and mixture nanofluids
with various nanoparticles morphologies at 293 K, 1volume%, and
Re = 1900.

mono/hybrid nanofluids in different shapes decreases as
the Reynolds number increases. Except for Cu-Spherical,
which showed slightly higher temperatures than the
base fluid, the surface temperature of Spherical-shaped
mono and hybrid nanofluids decreased slightly com-
pared to DW. At Re = 1900, CuO-Cu-Platelets (60:40)
shows the lowest surface temperature (314.065 K), fol-
lowed by CuO-Cu-Platelets (50:50) with (314.074 K)
and CuO-Cu-Platelets (40:60) with (314.081 K). Further-
more, cylindrical-shaped mono and hybrid nanofluids
have the lowest surface temperatures, followed by blade-
shaped nanofluids. The higher thermal performance of
mono/hybrid nanofluids was attributable to a decline
in circulation temperature following a rise in thermal
conductivity in the heat transfer fluid, which reduced
the temperature gradient between the flat-tube wall and
the bulk fluid contained in the solar collector system

(Bezaatpour & Rostamzadeh, 2021). Therefore, lowering
the thin-flat plate’s maximum temperature is essential for
preventing such enormous energy inefficiency. The ther-
mal system performs better in heat transfer mechanisms
with the thin thermal boundary layers, which induced
greater velocities (mass/volume flow rates), increasing
thermal conductivity and lowering thermal resistance
between the flowing single/mixture nanofluid and the
temperature of the collector’s internal wall surface (Xiong
et al.,, 2021).

Figure 13 depicts the heat gain of base fluid (DW)
and other single/mixture nanofluids in various geome-
tries and mixing ratios under lvolume%, 293 K, and
500 < Re < 1900 as testing conditions. Meanwhile, at
293 K, 1volume%, and Re = 1900, Figure 14 shows the
Heat Gain of the base fluid and single/mixture nanoflu-
ids with various nanoparticle morphologies. As shown
below, heat gain (Qin) increases as the Reynolds num-
ber increases for base fluid and single/mixture nanofluids
in different shapes due to the mass flow rate values (Eq.
12). The spherical-shaped single and mixture nanoflu-
ids demonstrate less energy performance than base fluid
because the higher temperature difference (Tout-Tin) for
spherical-nanofluids. Also, Platelets-shaped single and
combination nanofluids demonstrate higher values for
energy gain followed by Cylindrical-shaped and Blades-
shaped due to the values of Pr-number. Moreover, CuO-
Platelets reports the best energy enhancement, followed
by Cu-Platelets, CuO-Cu-Platelets (60:40), CuO-Cu-
Platelets (50:50), and CuO-Cu-Platelets (40:60), respec-
tively. Platelets-shaped single and mixture nanofluids
have the same dynamic viscosity, with temperature dif-
ferences playing the essential effect (Bretado-de los Rios
et al., 2021).
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Figure 13. Heat gain of single and mixture nanofluids versus different Reynolds numbers and nanoparticles shapes at 293 K and
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Figure 14. Heat gain of single and mixture nanofluids with vari-
ous nanoparticles shapes at 293 K, 1Tvolume% and Re = 1900.

Figure 15 depicts the Surface heat transfer coefficient
of base fluid (DW) and another single/mixture nanoflu-
ids in various geometries and mixing ratios under 1vol-
ume%, 293 K, and 500 < Re < 1900 as testing condi-
tions. Meanwhile, at 293 K, 1volume%, and Re = 1900,
Figure 16 shows the Surface heat transfer coefficient of
the base fluid and single/mixture nanofluids with var-
ious nanoparticle morphologies. As shown below, heat
transfer increases as the Reynolds number increases for
base fluid and single/mixture nanofluids in different
shapes due to the mass flow rate values (Eq. 12). The
spherical-shaped single and mixture nanofluids demon-
strate less heat transfer performance such as (CuO-Cu-
Spherical (60:40) with 1.5%, CuO-Cu-Spherical (50:50)
with 1.4%, CuO-Cu-Spherical (40:60) with 1.34%, CuO-
Spherical with 0.625 and Cu-Spherical with 0.14%)
because the higher temperature difference (Tout-Tin) for

spherical-nanofluids. Also, Platelets-shaped mixture and
single nanofluids demonstrate higher values for heat
transfer, such as (CuO-Cu-Platelets (60:40) with 15.13%,
CuO-Cu-Platelets (50:50) with 15.09%, CuO-Cu-Platelets
(40:60) with 15.05%, CuO-Platelets with 12.78% and Cu-
Platelets with 12.55%) followed by Blades-shaped and
Cylindrical-shaped as mixture nanofluids. In general, the
mixing ratio of (60:40) slightly enhances the heat trans-
fer than the other ratios of (50:50) and (40:60). According
to earlier research, nanofluids with higher thermal con-
ductivity than their base fluids frequently have higher
convective heat transfer coefficients in both laminar and
turbulent regimes (Alawi et al., 2020).

Figure 17 shows the collector efficiency of dispersion
medium (DW) and different single/mixture nanofluids
in different shapes and different mixing ratios under
the simulation conditions of lvolume%, 293 K, and
500 < Re < 1900. Meanwhile, Figure 18 illustrates the
solar collector efficiency of DW and single/mixture
nanofluids with different nanoparticle structures at 293
K, 1 vol.%, and Re = 1900. One of the most impor-
tant scientific facts that, when the fluid Re-number of
HTFs rises, the thermal resistance between the work-
ing fluid and the flat-tube wall decreases (Genc et al,
2018). In other words, collector efficiency improves as
the mass flow rate increases regardless of the type of
heat transfer fluids (DW or single/mixture nanofluids). In
this study, the solar collector efficiency of the spherical-
shaped single and combination nanofluids is lower than
DW. Also, Platelets-shaped single and mixture nanoflu-
ids have higher collector effectiveness than Cylindrical-
shaped and Blades-shaped nanofluids. In specific, CuO-
Platelets have the highest solar collector performance,
followed by Cu-Platelets, CuO@Cu-Platelets (60:40),
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Figure 15. Surface heat transfer coefficient of mono and hybrid nanofluids with various Reynolds numbers and nanoparticles shapes at

293 K and 1volume%.
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Figure 16. Surface heat transfer coefficient of single and mixture
nanofluids with various nanoparticles shapes at 293 K, 1volume%
and Re = 1900.

CuO@Cu-Platelets (50:50), and CuO@Cu-Platelets
(40:60). In this regard, the Brownian motion of solid
nanoparticles played the most critical role in this increase
since the current problem was solved via forced flow. It’s
worth mentioning that forced flow increased the random
motion of the solid nanoparticles, which increased the
collision between working fluid molecules and nanoma-
terials. The convective heat transfer and collector effi-
ciency improved accordingly (Farajzadeh et al., 2018).
The enhanced thermal performance can be attributed
to the increased thermal conductivity of single and
mixture nanofluids in various nanoparticle morpholo-
gies, as demonstrated in both laminar and turbulent
flows applications (Sarsam et al., 2020a),(Eltaweel et al.,
2021). The increased thermal conductivity of the sin-
gle/mixture nanofluids and the decrease in thermal

90 — Dw
© CuO-Cu-Spherical (60:40)
80 [l CuO-Cu-Cylindrical (60:40)
CuO-Cu-Platelets (60:40)
CuO-Cu-Blades (60:40)
70 - % CuO-Cu-Spherical (50:50)
O  CuO-Cu-Cylindrical (50:50)
2 60 + CuO-Cu-Platelets (50:50)
NS = CuO-Cu-Blades (50:50)
e ©  CuO-Cu-Spherical (40:60)
é’.’ 50 - O CuO-Cu-Cylindrical (40:60)
A CuO-Cu-Platelets (40:60)
®  CuO-Cu-Blades (40:60)
40 CuO-Spherical
CuO-Cylindrical
30 CuO-Platelets
CuO-Blades
Cu-Spherical
20 ! ; ¢ Cu-Cylindrical
300 800 1300 1800 2300 | & Cu-Platelets
A Cu-Blades

Reynolds number (Re)

Figure 17. Solar collector efficiency of mono and hybrid nanofluids with various Reynolds numbers and nanoparticles shapes at 293 K
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Figure 18. Solar collector efficiency of single and mixture
nanofluids with various nanoparticles shapes at 293 K, 1volume%
and Re = 1900.

resistance between the working fluid and the inner wall of
the riser flat-tube are mainly responsible for the improved
solar collector performance. Single and mixture nanoflu-
ids produce thin thermal boundary thicknesses in vari-
ous morphologies (Akram et al., 2021).

5. Size reduction and cost analysis

The solar collector efficiency (nSC) as described in
(Eq. 12) for DW and mono/hybrid nanofluids in var-
ious shapes improves with increasing Reynolds num-
bers (velocity) and volumetric nanoparticle percentages.
The collector efficiency of mono/hybrid nanofluids is
higher than DW in the collector with the same collec-
tor surface area and input energy (Qin). As a result,
the increased solar collector efficiency using different
nanofluids translates into the potential size reduction of
the solar collector’s area (Sundar et al., 2020). As shown
in Figure 19, the maximum area reduction is achieved
by using CuO-Platelets with (25.60%), Cu-Platelets
with (22.32%), CuO-Cu-Platelets with (60:40) (16.02%),
CuO-Cu-Platelets (50:50) with (15.80%) and CuO-Cu-
Platelets (40:60) with (15.51%). Moreover, cylindrical-
shaped nanofluids show the possible size reduction
of the solar collector’s area such as CuO-Cylindrical
with (21.95%), Cu-Cylindrical with (18.70%), CuO@Cu-
Cylindrical (60:40) with (13.31%), CuO@Cu-Cylindrical
(50:50) with (13.08%) and CuO@Cu-Cylindrical (40:60)
with (12.79%). To compensate for the heat loss, spherical-
shaped nanofluids require a collector that is greater
than the current such as CuO-Cu-Spherical (40:60)
with (16.69%), CuO-Cu-Spherical (50:50) with (16.32%),
CuO-Cu-Spherical (60:40) with (15.95%), Cu-Spherical
with (12.34%) and CuO-Spherical with (8.61%). Mean-
while, Blades-shaped nanofluids exhibit inconsistent
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Figure 19. Size reduction of a collector using various

mono/hybrid nanofluids at Re = 1900 and 4volume%.

performance when the collection size is reduced or
increased.

The total cost estimation is determined based on
the collector’s cost, independent costs and nanoparti-
cles cost under the conditions of different-shaped single
and mixture nanofluids in different mixing quantities
at 293 K, 4volume%, and Re = 1900. The cost of a
single water-based collector and the independent (sys-
tem and setup) are estimated as USD 250.60 and USD
771.42 as per the study (L. H. Kumar et al., 2021),
which is decreased and increased based on the val-
ues of energy efficiency and size reduction as shown
in Figure 20. Meanwhile, the cost of nanomaterials
were taken from Sigma-Aldrich (M) Sdn Bhd. CuO-
Platelets accomplish the best cost savings of a single
flat plate collector with (USD 186.45) followed by Cu-
Platelets with (USD 194.66), CuO-Cylindrical with (USD
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Figure 20. Cost estimation using different mono/hybrid nanoflu-
ids at Re = 1900 and 4volume%.
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195.59), Cu-Cylindrical with (USD 203.74), CuO@Cu-
Platelets (60:40) with (USD 210.45), CuO@Cu-Platelets
(50:50) with (USD 211), CuO@Cu-Platelets (40:60)
with (USD 211.73), CuO@Cu-Cylindrical (60:40) with
(USD 217.24), CuO@Cu-Cylindrical (50:50) with (USD
217.82) and CuO@Cu-Cylindrical (40:60) with (USD
218.55). Meanwhile, the cost of single solar collec-
tor for spherical-shaped and blades-shaped nanofluids
increases such as CuO@Cu-Spherical (60:40) with (USD
290.57), CuO@Cu-Spherical (50:50) with (USD 291.50),
CuO@Cu-Spherical (40:60) with (USD 292.42) and
CuO@Cu-Blades (60:40) with (USD 284.55), CuO@Cu-
Blades (50:50) with (USD 285.61), CuO@Cu-Blades
(40:60) with (USD 286.73).

6. Conclusions

The thermal system of a flat plate solar collector made of
a thin absorber and a flat tube was numerically modeled
using various mono and hybrid nanofluids in multiple
morphologies and mixing ratios. At 293 K, the thermo-
physical properties of single and mixture nanofluids were
estimated using a set of equations and empirical correla-
tions. Several thermal and economic considerations were
carried out to understand further the performance of
individual and nanocomposites in solar collector applica-
tions. The following is a summary of the main findings:

(i) Higher thermal conductivity ratio with 1.206,
1.205 and 1.204 were found in Blades-CuO@Cu
(40:60), Blades-CuO@Cu (50:50), and Blades-
CuO@Cu (60:40), respectively at 1volumeY%.

(i) CuO-DW-Platelets and Cu-DW-Platelets showed
a higher Pr-number with 7.009 and 6.749 at
1volume%.

(iii) Only Cu-DW-Platelets showed PER > 5 with
(5.623) at 1volume%. Meanwhile, Cu-DW-
Platelets and Cu-DW-Cylindrical demonstrated
the same behavior when the volumetric percent-
age was increased to 4%.

(iv) Platelets nanostructured fluids had higher pres-
sure drop values, such as CuO-Platelets with
(33.312 Pa), Cu-Platelets with (32.558 Pa),
CuO@Cu-Platelets (60:40) with (33.006 Pa),
CuO@Cu-Platelets (50:50) with (32.931 Pa) and
CuO@Cu-Platelets (40:60) with (32.855 Pa),
respectively at 1volume% and Re = 1900.

(v) Cu-Spherical nanofluid was used to achieve a
higher outlet-inlet temperature difference (Tout-
Tin). Meanwhile, the lower (Tout-Tin) was
reported by CuO@Cu-Platelets (60:40),
CuO@Cu-Platelets (50:50), and CuO@Cu-
Platelets (40:60) at 1volume% and Re = 1900.

(vi) At lvolume% and Re = 1900, the CuO@Cu-
Platelets (60:40), CuO@Cu-Platelets (50:50), and
CuO@Cu-Platelets (40:60) enhanced the heat
transfer by about 15.13%, 15.09% and 15.05%,
respectively. Followed by CuO-Platelets and Cu-
Platelets with 12.78% and 12.55%, respectively.

(vii) CuO-Platelets reported better thermal enhance-
ment with (8.761%) followed by Cu-Platelets
with (7.355%), CuO@Cu-Platelets (60:40) with
(5.666%), CuO@Cu-Platelets (50:50) with
(5.544%) and CuO@Cu-Platelets (40:60) with
(5.534%) at 1volume% and Re = 1900.

(viii) The solar collector size was reduced by 25.60%
using CuO-Platelets. Meanwhile, CuO@Cu-
Spherical (40:60) required a bigger solar size with
16.69% at 4volume% and Re = 1900.

(ix) The collector’s cost was reduced to USD 186.45
using CuO-Platelets nanofluid. Meanwhile, the
price increased to USD 292.42 using CuO@Cu-
Spherical (40:60) at 4 vol.% and Re = 1900.

(x) The total cost of CuO-Cu-Platelets (60:40),
CuO-Cu-Platelets (50:50), and CuO-Cu-Platelets
(40:60) were USD 994.82, USD 996.18, and USD
1004.52, respectively.
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