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Abstract. Providing an analytical examination of the solar
flat plate collector (SFPC) is the goal of this work. Using
Zn/water, ZnO/water nanofluids, and Zn-ZnO/water hybrid
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nanofluid. This study compares various mass flow rates and
concentrations of nanoparticles. Heat transfer, energy and
exergy efficiency, and pressure drop characteristics of SFPC
operation on these nanofluids are investigated. The addition
of Zn/water nanofluid 16.71%, ZnO/water nanofluid 16.36%,
and Zn-ZnO/water hybrid naofluid 18.52% nanoparticles en-
hances the working fluid's thermal conductivity. Gain in heat
is improved with use of Nanofluids Zn/water nanofluid
1.02%, ZnO/water nanofluid 0.90%, Zn-ZnO/water hybrid
nanofluid 2.15%. Efficiency improvements observed in SFPC
Zn/water nanofluid: 0.93%, ZnO/water nanofluid 1.05%, Zn-ZnO/water hybrid nanofluid: 2.23%. The increase in
pumping power required for the nanofluids: Zn/water nanofluid 3.08%, ZnO/water nanofluid 2.38%, Zn-ZnO/wa-
ter hybrid nanofluid: 2.918%. Improvements in energy efficiency as per exergy analysis: Zn/water nanofluid 2.32%,
ZnO/water nanofluid 2.18%, Zn-ZnO/water hybrid nanofluid 2.60%. In solar flat plate collectors, hybrid nanofluid
Zn-ZnO/water significantly improves efficiency. The hybrid nanofluid exhibits the highest thermal conductivity and
the most substantial improvement in collector efficiency and usable heat gain among the tested fluids. Addition-
ally, despite a slight increase in pumping power requirements, the overall energy and exergy performance en-
hancements make hybrid nanofluids suitable for SFPC applications. These findings suggest that integrating hybrid
nanofluids in SFPCs can lead to more efficient solar energy systems, potentially contributing to better energy man-
agement and sustainability. Further research could explore optimizing nanoparticle concentration and flow rates
to maximize these benefits while managing pumping power requirements.
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CridiceHo menaonepedayy, eHepaemuyHy ma exkcepeemuyHy
egheKmusHicms, @ MAKoX xapakmep 3MiHU 2idpasniyHo2o
ornopy npu pobomi raocKo20 COHAYHO20 KOMeKmopa 3 pisHUMuU
HaHopiduHamu. []Jo0asaHHA HAHOPIOUHU Zn/8oda MOKpauwye
mennonpogioHicme pobouyoi piduHu Ha 16,71%, HAHOPIOUHU
Zn0O/soda — Ha 16,36%, 2ibpudHoi HaHopiduHu Zn—-Zn0O/8oda
— Ha 18,52%. lpupicm KopucHo20 mernsaa NoOKpawyemsca 3a
30cmocy8aHHA HaHopiduHu Zn/soda Ha 1,02%, ZnO/soda — Ha
0,90%, Zn-ZnO/s800a — Ha 2,15%. lMidsulieHHA echekmusHocmi pobomu rnao0CK020 COHAYHO20 KOsleKmopa cma-
HOBU/IO Yy pa3i BUKOPUCMAHHA HaHopiduHu Zn/soda 0,93%, ZnO/soda — 1,05%, Zn—-ZnO/soda — 2,23%. 3poc-
MaHHA nomyxcHocmi, HeobxiOHOI Ha MPOKAYYB8AHHS, CKAAOAs0 y 8UNAOKY 30CMOCY8AHHA HAHOPIOUHU Zn/eoda
3,08%, ZnO/soda — 2,38%, Zn—-ZnO/so0a — 2,918%. [lidsuuweHHA eHepaoepekmusHoCMi 3a pe3ysbmamamu
eKcepeemuy4yHo20 aHani3y CMAHOBU/O Y 8UNAOKY 30CMOCY8AHHA HaHopiduHu Zn/eoda 2,32%, ZnO/eoda —
2,18%, Zn-ZnO/s8oda — 2,60%. [i6pudHa HaHopiduHa Zn—-ZnO/soda demMoHCMpye 3Ha4YHe NidBULUEHHA ehekmu-
B8HOCMI M/10CKO20 COHAYHO20 Koslekmopa, 3abe3neyvytodu Hatisuwly menaonposioHicme ma Halibinewuli npupicm
eHepaoegekmusHocmi ceped 00CAiOHCy8aHUX poboYux PiOUH Y MAOCKUX COHAYHUX KOIEKMOPAX.

Monpu He3HayHe 36inbUuleHHsA eHepPa0COoUBAHHA HA MPOKAYYBAHHS, 30201bHi MOKA3HUKU eHepaemuyHoi ma ek-
cepeemuyHoi e¢pekmusHocmMi ceiduame npo AouyinbHiCMb 30CMOCYBAHHSA 2i6PUOHUX HAOHOPIOUH Y KOAeKmopax
makozo muny. OmpumMaHi pesyasmamu 0eMOHCMPYoms, WO BUKOPUCMAHHA 2i6pUGHUX HOHOPIOUH nidsuwye
eheKmuBHiCMb COHAYHUX CUCMeEM 2eHepauil, MOKPAUWYE MOXIUBOCMI eHep2oMeHEOHMeHMY ma cripuse 0ocse-
HeHHto cmasnocmi. [odanbwi 00CAiIOHEHHA MoXYymMb bymu CripaMOB8AHI HA ONMUMI3auito KOHUeHMpPauii HaHo-
YacCMUHOK Ma sumpam merisIoHOCIA 8 Uinax MAKCUMI3auii eoekmy ma miHimizauii sumpam Ha nepexkavyeaHHs.

L2 ynhisepcutet PRIST, Tanakasyp, TaminHag,
IHAiA

3 YuisepcuteT Manaitsii, MaxaHr, Manaitsia

4 lHCTUTYT BULWLOT OCBITM Ta AoCNigxeHb bxapar,
YeHHai, TaminHag, IHAaia

% |HCTMTYT BiAHOBAOBaHOI eHepreTukn HAH
YKpaiHum, Kuis, YKpaiHa

Knrouoei cnosa: iHmezpayis 8i0HO08108aGHOI eHepeii, acUHXPOoHHUU 08u2yH 3 NodsiliHoto Kaimkoto (DCIM), eHep-
20ehekmusHicms, menaoei XxapakmepucmuKuU, MOMEHMHI XapaKkmepucmuku, cmanicms mpaHcriopmy, aHani3

MemoOOM CKiHYeHHUX enemeHmig (FEA), MATLAB-mMo0ento8aHHs.

1. INTRODUCTION

The spread of industrial development has led to an in-
crease in the use of traditional fossil fuels. It is anticipated
that by 2035 to 2040, the global share of renewable en-
ergy will rise by 14% to 22% [1]. Furthermore, within the
past few decades, the use of solar energy has increased
across a wide range of applications. Heat and electricity
can be directly produced from solar energy. [2]. In order
to accomplish this goal, thermal systems like photovoltaic
thermal collectors, both evacuated tube collectors (ETC)
and flat-plate solar collectors (FPSC) can be used. [3]. So-
lar energy is predominantly harnessed using solar thermal
and photovoltaic technologies. With 8% of the installed
capacity, solar photovoltaic technologies have primarily
dominated the renewable energy market in India [4]. In a
PV panel, a PV/T system produces electrical energy, while
the cooling process uses a variety of materials and fluids,
including air, water, the substance that changes phases
and thermal energy absorption via nanofluids [5]. Nano-
particles enhance the outlet temperature of flat plate so-
lar collectors [6]. Flat-plate collectors perform better than
ETC in terms of exergy and energy efficiency when the
gross area is equal [7]. PV/T systems with significant en-
ergy and performance gains can be constructed using the
study's findings. [8]. Collector efficiency increases when
TiO2-water nanofluids are used instead of pure water [9].
Applying nanofluid is advised to boost the solar ther-
mal/thermoelectric system's power output, carbon offset,
and carbon credits [10]. The use of nanoparticles enhan-

ces their performance, and the micro-fin tube with
twisted tape improves heat transfer, thereby enhancing
thermal performance [11]. The nanofluid-cooled sinusoi-
dal serpentine tube collector (PV/T-S) unit exhibits the op-
timum energetic and exergetic performance [12]. The
findings show that, in comparison to pure water, the
nanofluid enhances temperature performance and ther-
mal efficiency [13]. When SiC nanofluid, TiO2 nanofluid,
SiO2 nanofluid, and pure water were utilized as cooling
fluids in the PV/T collector, the Pmax of the PV/T rose by
62.5%, 57%, 55%, and 50%, respectively. Additionally, it
was found that the SiC/water nanofluid worked better
electrically and thermally than other working fluids [14].
With the best overall energy coefficient (COE) of 0.93, the
PV/T collector with SiC nanofluid has the maximum com-
bined PV/T efficiency of 81.73% and PV/T electrical effi-
ciency of 13.52% [15]. The sheet-and-sinusoidal tube col-
lector (PV/TW) unit has total energy and energy
efficiencies are 9.11 — 15.51% and 1.12 — 2.59% greater,
respectively, compared to the PV/TP unit's sheet-and-
plain tube collector [16]. The current study examined the
stability of a distilled water/magnesium oxide (MgO)
nanofluid and its effect on the FPSC thermal performance.
Under the same parametric conditions, the absorbed en-
ergy factor rose by 16.74% while the heat loss parameter
decreased by 52.2%. The outcomes support the applica-
tion of MgO nanofluid in FPSC [17]. The ideal design for
efficiently cooling photovoltaic panels is a PV module with
bi-fluid modes, which can contribute to the development
of more sustainable and energy-efficient solar energy
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conversion technologies [18]. The electrical energy effi-
ciency increased when a hybrid nanofluid was used, and it
was also used to cool the PV panels to achieve optimal
performance [19]. The nanotubes give out the maximum
thermo-hydraulic performance parameter [20]. Modern
machine learning algorithms and hybrid nanofluids are
being used to enhance FPSC's thermal performance. [21].
The performance of a Zn/ZnO hybrid nanofluid is tested.
The current effort aims to investigate the performance of
the SFPC using Zn-ZnO/water nanofluids. The trials were
conducted at various flow rates and a fixed concentration
inside an enclosed space. The outcomes are contrasted
with SFPC based on water.

2. EXPERIMENT
2.1. Apparatus
The setup consists of a 30W mono-crystalline silicon pho-

tovoltaic module. The PV module specs are listed in

Table 1. Specifications of Photovoltaic Module

Table 1, and Fig. 1 displays the schematic diagram. Ther-
mal characteristics of the PVT panel material are given in
Table 2. Copper tubes are arranged in a harp pattern at
the base of the solar panel. The nanofluid is pumped
through the cooling circuit. The nanofluid is heated in the
PVT system and then cooled using a heat exchanger. The
temperature of the nanofluid is measured using K-type
thermocouples, and the surface temperatures of the solar
modules are measured using temperature guns. Table 3
lists the electrical circuit specifications employed in the
setup, whereas Table 4 lists the characteristics of the var-
ious nanomaterials.

A charge controller is connected with a switch between
solar panels, batteries and consumer loads, enabling PVT
systems to generate a sustained power source. The volt-
ages and currents in open and short circuits are meas-
ured using digital multimeters, while hand-held solar
power meters are used to detect solar radiation.

S.No. Parameter Specification
1. Maximum Power (Pmax) 30W
2 Voltage in Open-circuit 22.0V
3 Current in Short-circuit 1.75A
4. Voltage at Pmax (Vmp) 18.5V
5 Pmax Current (Imp) 1.62A
6 Efficiency 15%
7 Type of PV module Mono-crystalline silicon

Table 2. Thermal characteristics of PVT panel

S.No. Description Density (kilogram/cu.m) Sp. Heat (J/kg-K) Therm(a‘:vclm'i;lctivity
1 Glass 2,500 837 1.05
2 Silicon 2,330 700 148
3 Copper 8,960 385 401

Table 3. Specifications of Electrical Components

S.No. Component Specification
1 Charge Controller 10A PWM, 12V/24V
2 Storage Battery 100Ah Lead-acid, 12V,
3 Consumer DC Load 12V LED lights, 12V DC fan, USB charger

Table 4. Thermophysical characteristics of various base fluids and nanomaterials

S.No. Cooling Fluid Density (kg/ m3) | Sp.heat Capacity (J/kg-K) | Thermal Conductivity (W/m-K)
1 Water 997.1 4182 0.617
2 Zn 7130 523 50
3 Zn0 5600 501 16.1
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3. SCHEMATIC ILLUSTRATION OF THE EXPERIMENTAL SETUP:

PV/T Solar Collector

Heat exchanger

~

Flow meter

\/

Nano-fluid Tank Pump

Charge controller

Fig. 1. Schematic diagram of the experimental setup

3.1. Composition of hybrid nanofluid

Fig. 2 displays the Zn, ZnO, and Zn-ZnO nanoparticles' scanning
electron microscopy images, which Kanasparsa Chemicals Pvt.
Ltd. supplies to produce Zn-ZnO hybrid nanofluid suspended
in deionized water. The thermophysical characteristics of sev-
eral base fluids and nanomaterials are listed in Table 4.

Fig. 2. SEM images of (a) Zn (b) ZnO and (c) Zn-ZnO hybrid
nanoparticles

Both one-step and two-step procedures are commonly
used to prepare nanofluids. SEM is referenced in Fig. 2. Na-
noparticle images (a) of zinc nanoparticles (b) of zinc oxide
nanoparticles (c) of zinc-zinc oxide hybrid nanoparticles. Zn,
Zn0, and Zn-ZnO nanoparticles are suspended in deionized
water to create a hybrid nanofluid.

3.2. Experimental procedure
1. Setup initialization:

e Ensure that all components are properly connected
as per the schematic diagram in Fig. 1.

e Fill the cooling circuit with the selected nanofluid.

e Set the constant volume flow rate for the nanofluid

pump.
2. Measurement and data collection:

e Using K-type thermocouples, note the nanofluid's
initial temperature at the heat exchanger's input.

e The regular use of temperature guns to measure the
solar panel's surface temperatures.

e Monitor and record the temperature of the
nanofluid at various points in the cooling circuit.

3. Cooling and efficiency evaluation:

e Allow the system to run under stable solar radiation
conditions.

e Measure the nanofluid's exit temperature after it
has passed through the cooling system.

e Determine the heat transfer rate, cooling efficiency,
and overall system efficiency using the recorded data.

4. Data analysis:

e Analyze the system's performance using various
nanofluids.
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e Analyze how the thermal characteristics of the
nanofluid affect the PV/T system's overall efficiency.

e Evaluate the data to determine optimal nanofluid
and flow rate for maximum efficiency and minimal
temperature rise in the PV module.

The purpose of the experimental setup is to examine how
various nanofluids affect the PV/T system's electrical and
thermal performance, with a focus on optimizing the cool-
ing process to enhance overall efficiency.

4. DATA REDUCTION AND MEASUREMENT

In this experiment, a 30W power hybrid PV/T module is
used. PV panels are equipped with copper tubes at the back
that are utilized to deliver hybrid nano-fluid at varying flow
rates and fixed concentrations. An infrared thermometer is
used to record the panel's temperature. Temperature
measurements are obtained at the panel's entry and exit as
well as the heat exchanger's entry and exit. Temperatures
are recorded at several locations throughout the experi-
mental setup using six thermocouples. The hot fluid is sent
back to the panel's entry via a bucket after cooling in a
finned heat exchanger. Solar radiation serves as the input
energy,and the thermal and electrical energy are the out-
puts when the thermal collector and PV module are viewed
as a single control volume.

Equation (1) gives Reynolds and Prandtl numbers

4m
Re =——
77.’Diu
ucy
r=— 1
- &)

where,
m, - rate of mass flow in a single riser
Equation (2) gives Nusselt number of SFPC.

(f/8)(Re—1000)Pr
u - f 0.5
1+127(7 /) (Pr000-1)

(2)
Where,
f, - Darcy friction factor.

Equation (3) provides the working fluid's rate of useful heat
gain based on the principles of thermodynamics.

Qu= me (Tf,out_Tf,in) (3)
Equation (4) provides the working fluid's heat gain.
Qu=Ac[lt(T'(l)_Ul(Tp—Ta)]

Qu=lle(ra)-Ui(Trin-Ta)l (4)
Where,

Fr — heat removes factor

Equation (5) computes the pumping power.

_m
pP= o7 Ap (5)

Exergy efficiency is obtained by equation (6)

ExXgain Exout,f—EXin,
Mgy = Zgain - Zowtf” Finf (6)
EXsun ItAC(l—Tsun)

In the SFPC, entropy is calculate by equation (7)
Exdest,l + Exdest,z + Exdest,S + Exleak
Ty

(Sgen)F = EXd;thp (7)

(Sgen)H =

5. FINDINGS AND CONVERSATION

Effective thermal conductivity is the ratio of a nanofluid's
thermal conductivity to that of the base fluid. As a function
of particle concentration, Fig. 3 displays the effective ther-
mal conductivity of the component mono and hybrid
nanofluids.

1.20
— = ZnNF
e ZnONF A
—4—Zn-ZnO HNF &

1.154

1.10

1.05

Effective Thermal Conductivity

1.00

T T T T T T T T T
1 2 3 4 5

Volume Fraction (%)

Fig. 3. Thermal Conductivity with respect
to volume fraction

When compared to water, thermal conductivity is increased
16.71% for Zn/water, 16.36% for ZnO/water, and 18.52% for
Zn-ZnO/water hybrid nanofluid. The effective thermal con-
ductivity of mono- and hybrid-nanofluids is influenced by
particle volume concentration; this effect is more pro-
nounced at higher volume fractions. The reason for the en-
richment is that the dynamic motion of the particles en-
hances collisions between suspended nanoparticles. This is
the reason for the enrichment. When copper nanoparticles
hybridize with copper oxide nanoparticles, Kim et al. claim
that a superior thermal network is created at the particle-
particle and particle-surrounded fluid layer interfaces [22].

The Nusselt number variation for mass flow rates of 0.1 kg/s
and 0.5 kg/s is depicted in Figs. 4 (a) and (b). These are the
Nusselt numbers: 78.28 and 12.54 at mass water flow rates
of 0.1 kg/s and 0.5 kg/s, respectively. However, the Nusselt
number of the nanofluid falls with increasing particle con-
centration, and the Reynolds number is inversely propor-
tional to the fluid's viscosity at constant mass flow rates.

Thermal diffusion rates increase by 18.51% while viscous
diffusion rates decrease by 4.4 % for Zn-ZnO/water hybrid
nanofluid with a mass flow rate of 0.1 kg/s. As a result, the
Nusselt number drops by 9.6%. At a mass flow rate of 0.5
kg/s, the Zn-ZnO/water hybrid nanofluid reduced the
Nusselt number by 13.99% in comparison to water. This
happens because, as the mass flow rate improves, the Rey-
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nolds number rises. Heat capacity falls, and the nanofluid's
thermal conductivity rises more with larger particle density.
Consequently, the Prandtl number lowers when thermal
diffusion takes dominance over viscous diffusion. The de-
crease in Nusselt number is caused by the combined de-
cline in Reynolds and Prandtl numbers.

The Nusselt number fluctuation as a function of Reynolds
number is displayed in Fig. 5 for a variety of nanofluids with
different particle concentrations ranging from 1 vol.% to 5
vol.%. In SFPC, the mass flow rate rises proportionately to the
nanofluid's Reynolds number. Regardless of the kind of
nanofluid, the Nusselt number increases as the Reynolds
number does. According to Allahyar et al., the Nusselt num-
ber increases as the Reynolds number does [23]. The change
in outlet temperature in relation to volume fractions at mass
flow rates of 0.01 kg/s and 0.1 kg/s is depicted in Figs. 6 (a)
and (b). The working fluid's specific heat significantly affects
the nanofluid's exit temperature in an SFPC. Zinc/water has
a lower heat capacity and higher density than other nanoflu-
ids, resulting in higher outlet temperatures.
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—e—7ZnO NF
11.5 —4A— Zn-ZnO HNF
5 11.0
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1S
2 10.5
3 S
% 10.01
=] —
> —
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8.5 T T T T T T T T T
1 2 3 4 5
Volume Fraction (%)
Fig. 4 (a). Nusselt number with respect to the particle
volume fraction
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Fig. 4 (b). Nusselt number in relation to the fraction
of particle volume
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Fig. 5. Reynolds number in relation to Nusselt number
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Fig. 6 (a). Temperature at the outlet in relation
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Fig. 6 (b). Temperature at the outlet in relation
to the particle volume fraction
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The outlet temperature is not solely determined by specific
heat. Because the higher effective density nanofluid has a
lower velocity at a given flow rate, it may absorb more heat
energy from the hot riser tube of the SFPC. As a result, the
nanofluid's exit temperature rises. According to Genc et al.,
the nanoparticles have a stronger impact on the outlet tem-
perature of the flat plate solar collectors [24]. Figs. 7 (a) and
(b) display the heat gain at different volume percentages.
These graphs demonstrate that the hybrid nanofluid has a
higher heat gain than the mono nanofluids for all volume
fractions. At a mass flow rate of 0.1 kg/s, the highest useful
heat gain of the hybrid nanofluid is around 585.85 W/m,
which is higher than the maximum usable heat gains of wa-
ter, Zn/water, and ZnO/water nanofluids, which are 569.23
W/m?,574.23 W/m?, and 575.11 W/m?.

6004 |—®— Zn-ZnO HNF — 01 ka/
e ZnONF m=0.LKs 3
550l | A ZnNF _
‘\:\E 500 -
=3
c
< 450 1
o
S 400 -
T
350 -
300 -
T T T T T
1 2 3 4 5
Volume Fraction (%)
Fig. 7 (a). Heat gain with respect to particle
volume fraction
6004 |—®— Zn-ZnO HNF
—o—7Zn0O NF
5504 | > Zn NF

Heat Gain (W/m?)
&
o
1

1 2 3 4 5
Volume Fraction (%)

Fig. 7 (b). Heat gain in relation to the volume proportion
of particles

The hybrid nanofluid has a heat gain of 601.41 W/m? at a
mass flow rate of 0.5 kg/s. The equivalent gains for Zn/wa-
ter, ZnO/water, and water nanofluids are 588.68 W/m?,
591.14 W/m?, and 593.23 W/m?, respectively. The maximal

usable heat gain of the hybrid nanofluid is precisely 2.15%
more than that of water. The hybrid nanofluid's increased
specific heat causes it to absorb more heat than the other
nanofluids. According to Alrowaili and associates, the heat
removal was 0.894. With a thermal-optical efficiency that is
61.7% higher than that of water and 14.9% higher than that
of mono CuO, the hybrid CuO 2.5g and Cu 1.5g nanofluid
[25]. Figs. 8 (a), (b) shows the SFPC's first law efficiency at
various volume fractions of particle concentration in the
Zn-ZnO/water hybrid nanofluid and its component mono
nanofluids at mass flow rates of 0.1 kg/s and 0.5 kg/s. The
hybrid nanofluid-based SFPC shows a 2.23% gain in instan-
taneous efficiency over water at a mass flow rate of 0.5
kg/s. The figure illustrates the superior performance of hy-
brid nanofluids over regular nanofluids in terms of collector
efficiency at both mass flow rates.
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Fig. 8 (a). Thermal efficiency with respect to particle vol-
ume fraction
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Fig. 8 (b). Thermal efficiency with respect to particle vol-
ume fraction

Higher energy efficiency is achieved by the collector fluid
with a higher useful heat gain and a lower heat loss for the
incident solar radiation. According to Zadkhast et al., the
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hybrid nanofluid's thermal conductivity significantly in-
creases as the temperature and solid volume fraction rise
[26]. For different nanofluids, the variation in SFPC's pump-
ing power and pressure drop as a function of volume per-
cent is shown. in Figs. 9 (a) and (b). When the volume frac-
tion rises, the pressure drop increases linearly. Every
nanofluid has a similar propensity to develop. As pressure
decreases, the pumping power varies significantly. A
greater pumping power is needed in proportion to the in-
creased pressure loss in the Zn/water nanofluid. In contrast
with water, the ZnO/water, Zn-ZnO/water, and Zn/water
nanofluids exhibit gains in pumping power of 2.918%,
3.08%, and 2.38%, respectively.

resulted in a greater pressure drop [27]. Figs. 10 (a) and (b)
show the second law efficiency of SFPC as a function of par-
ticle concentration for a variety of nanofluids at mass flow
rates of 0.5 kg/s and 0.1 kg/s. Exergy efficiency is defined as
the ratio of the net exergy obtained by the working fluid to
the available exergy of the collector. The specific heat of
the hybrid nanofluid is 4.49 % lower than that of the base
fluid. Its efficiency of energy increases by 2.60 %. Mouli et
al. discovered that the exergy efficiency increases as the
volume percentage of nanoparticles increases [28].
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Fig. 9 (a). Pumping power with respect to particle volume
fraction
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Due to its maximum density, the Zn/water nanofluid pro-
duces a larger pressure drop than the other nanofluids.
Moreover, viscosity is another element influencing pres-
sure drop. Ajeena et al. reported that a ZrO»-SiC/DW hybrid
nanofluid required more pumping power than water and
that a higher concentration of nanoparticles in the fluid
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ume fraction
2.14
2‘12_- —=—Zn NF m=0.1 kg/s
{|-* znONF —
2104 | A - Zn-ZnO HYNF

Second Law Efficiency (%)
2
1

2.02 4

2.00

1.98 - o

1.96 - o«
i

1.94 4
T T T T T
1 2 3 4 5

Volume Fraction (%)

Fig. 10 (b). Exergy efficiency with respect to particle vol-
ume fraction

6. CONCLUSIONS

Metallic nanoparticles possess superior thermal transport
characteristics and are intrinsically highly reactive. Hybrid
nanofluids were developed to maximize the synergistic ef-
fects of suspensions containing monometallic nanoparti-
cles. Consequently, hybridizing nanoparticles with metal
oxides results in enhanced thermophysical properties.
These improved thermophysical characteristics in solar flat
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plate collectors (SFPCs) lead to higher energy and exergy
efficiencies. In this study, hybrid nanofluid Zn-ZnO/water
and its constituent mono nanofluids were used to evaluate
the first and second law performance of SFPCs, and the re-
sults were compared with those obtained using water.

1.

Energy and Exergy Efficiency: Exergy data showed that
the hybrid nanofluid increased energy efficiency by
2.60%. On the other hand, the exergy efficiency of the
Zn/water and ZnO/water nanofluids increased by 2.18
and 2.32%, respectively.

Useful Heat Gain: The usable heat gain of ZnO/water,
hybrid nanofluid, and Zn/water nanofluids increased by
1.02%, 2.15%, and 0.90%, respectively, due to the im-
provement in thermophysical characteristics.

Thermal Conductivity: While the Zn/water and
ZnO/water nanofluids demonstrated improvements of
16.71% and 16.36%, respectively, the Zn-ZnO/water hy-
brid nanofluid demonstrated a gain of 18.52% in ther-
mal conductivity when compared to water.

Collector Efficiency: The hybrid nanofluid's collector ef-
ficiency rose by 2.23%. 1.05% for the ZnO/water
nanofluid, and 0.93% for the Zn/water nanofluid when
compared to water.

Pressure Drop: The Zn-ZnO/water, ZnO/water and
Zn/water nanofluids exhibit a penalty in terms of pres-
sure drop, with increases of 2.918%, 2.38%, and 3.08%,
respectively, in comparison to water.

Zn-ZnO/water hybrid nanofluid significantly enhances the
performance of SFPCs, providing notable improvements in
thermal conductivity, useful heat gain, and energy effi-
ciency, despite the associated increase in pressure drop.
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