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Abstract
Energy consumption in buildings is a major contributor to India's greenhouse gas emissions, accounting for a significant 
portion of the country's environmental impact. Consequently, there is a crucial need to prioritize energy-efficient heating, ven-
tilation, and air conditioning technologies supported by solar thermal collectors to minimize the environmental consequences 
associated with building energy consumption. In this investigation, a flat-plate collector thermal performance is enhanced 
by the adaptations of 0.1 volume percentage concentrations of aluminum oxide  (Al2O3), nickel (Ni), and combinations of 
 Al2O3–Ni nanoparticles dispersed in water as hybrid nanofluid at 0.028, 0.041, 0.055, and 0.068  kgs−1 flow rates. Influences 
of nanofluid and flow rate conditions on thermal and exergy efficiency, heat transfer coefficient, entropy generation, and coef-
ficient of performance of FPC are experimentally analyzed and spot that the hybrid nanofluid  (Al2O3/Ni/water) own higher 
thermal and exergy efficiency of 72.8% and 22.9%, better heat transfer coefficient of 133.2  Wm−2  K−1, and high COP of 7.9 
under high flow rate. These output results are higher than those of the water-fluid-operated FPC.

Keywords Flat-plate collector · Heating, ventilation, and air conditioning · Nanofluid · Thermal performance: coefficient of 
performance

Abbreviations
Ac  Collector area  (m2)
Al2O3  Aluminum oxide
Cp  Specific heat of fluid (J  kg−1  K−1)
COP  Coefficient of performance
D  Tube diameter (m)
FR  Heat removal factor
Fe2O4  Iron dioxide
FPC  Flat-plate collector
H  Heat transfer coefficient  (Wm−2  K−1)

HVAC  Heating, ventilation, and air conditioning
I  Solar radiation  (Wm−2)
K  Thermal conductivity  (Wm−1  K−1)
ṁ  Flow rate of fluid  (kgs−1)
MgO  Magnesium oxide
MWCNT  Multi-walled carbon nanotubes
Ni  Nickel
Nu  Nusselt number

 * R. Venkatesh 
 venkidsec@gmail.com

1 Department of Mechanical Engineering, SRM Institute 
of Science and Technology, Ramapuram Campus, 
Chennai 600 089, Tamil Nadu, India

2 Department of Industrial Management, Faculty of Business, 
Liwa College, Abu Dhabi, UAE

3 Department of Nuclear and Renewable Energy, Ural Federal 
University, Yekaterinburg 620002, Russia

4 Department of Mechanical Engineering, Saveetha School 
of Engineering, Saveetha Institute of Medical and Technical 
Sciences (SIMATS), Saveetha University, Chennai 602105, 
Tamil Nadu, India

5 Department of Mechanical Engineering, Karpaga 
Vinayaga College of Engineering and Technology, 
Chengalpattu 603308, Tamil Nadu, India

6 Department of Mechanical Engineering, Karpagam Academy 
of Higher Education, Coimbatore 641021, Tamil Nadu, India

7 Centre for Materials Engineering and Regenerative Medicine, 
Bharath Institute of Higher Education and Research, 
Chennai 600073, Tamil Nadu, India

8 Department of Mechanical Engineering, Amity University, 
Dubai 345019, United Arab Emirates

9 Mechanical Engineering Department, College 
of Engineering, King Saud University, 11421 Riyadh, 
Saudi Arabia

10 School of Civil and Environmental Engineering, FEIT, 
University of Technology, Sydney, Ultimo, NSW, Australia

http://orcid.org/0000-0002-9057-8185
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-024-12994-z&domain=pdf


5048 L. Selvam et al.

Qu  Heat gain (W)
Qin  Energy input (W)
S  Entropy generation (W  K−1)
SiO2  Silicon dioxide
Tamb  Ambient temperature (K)
Tin  Inlet temperature (K)
Tout  Outlet temperature (K)
Tsun  Sun temperature (5770 K)
Ul  Heat loss coefficient  (Wm−2  K−1)

Greek symbol
�  Transmittance
�   Absorptivity
ηth  Thermal efficiency (%)
ηe  Exergy efficiency (%)

Introduction

The HVAC systems are integral to modern living, offer-
ing comfort and climate control. Their projections indicate 
that this energy demand could surge by a factor of 4.3 by 
2037. Such a dramatic increase in energy consumption due 
to HVAC systems could significantly worsen environmen-
tal pollution [1]. Hence, the primary sources of electricity 
generation worldwide depend on fossil fuels like natural 
gas, oil fuel, and coal. Solar energy is a fast-growing and 
popular renewable source retained with collectors' help, with 
flat plates, evacuated tubes, dish collectors, and parabolic 
troughs for HVAC applications. Specifically, flat-plate solar 
collectors (FPC) are uncomplicated and capable of operat-
ing efficiently within a temperature range of up to 150 °C. 
Hence, the FPC is a viable and effective option for inte-
grating HVAC systems [2]. The choice of working fluid 
for solar systems plays a pivotal role in determining the 
efficiency of FPC. To enhance the thermal performance of 
FPC, numerous researchers have conducted studies utilizing 
various working fluids, such as water, oil, and nanofluids 
(base fluids with dispersed nanoparticles). Incorporating 
nanofluids within solar collectors notably impacts collector 
performance by improving the working fluid thermal char-
acteristics [3].

FPC with a hybrid nanofluid at a concentration of 0.15% 
significantly enhances heat transfer and exhibits a remark-
able peak Nusselt number enhancement of approximately 
21.2% [4]. When integrated with FPC, the MgO/water 
nanofluid outperformed the  Al2O3/water nanofluid in terms 
of thermal performance improvement, demonstrating its 
superior capabilities [5]. The Al mixed with alumina/water 
combinations of hybrid nanofluid is considered a working 
medium, exhibiting a superior performance improvement of 
about 23.6% [6]. Utilizing the Ni/Fe2O4 nanofluid at higher 
flow rates significantly enhances the effectiveness of the 

FPC, resulting in an impressive efficiency of 22% compared 
to traditional water [7]. Employing  Al2O3–SiO2/water hybrid 
nanofluid at 0.5%, 1%, and 1.5% concentration resulted in 
a remarkable increase of 25%, 60%, and 67% in HTC [8]. 
Utilizing a hybrid MWCNT/Al2O3 (50:50) combination 
leads to efficiency improvements of 26%, 29%, and 18% at 
flow rates of 1.5, 2.5, and 3.3 LPM, respectively. It suggests 
that substituting 50% of the more expensive MWCNTs with 
environmentally friendly  Al2O3 is a viable recommendation 
[9]. Experiments with different  Al2O3 concentrations rang-
ing from 1 to 4% in FPC showed that the 4% concentration 
yielded the highest thermal efficiency, reaching approxi-
mately 67.1%, surpassing the efficiencies achieved with 
other concentration levels [10].

Moreover, the choice of working fluid significantly 
impacts the COP within the HVAC system. The highest COP 
value, approximately 0.86, was achieved when utilizing alu-
mina/water nanofluid [11]. The nanofluid-based system was 
recently reviewed, summarizing the thermal performance 
for automotive cooling applications. Compared to water-
fluid-operated radiators, nanofluids recorded better thermal 
conductivity [12]. Besides, the adaptations of multi-walled 
carbon nanotube-based terminal 55 nanofluid with varied 
volume percentages noted better thermal conductivity [13]. 
The thermal performance of solar collectors is improved 
by using modified fin, nanofluid, and coating material [14]. 
Based on this, recent research is exposed with copper oxide 
(CuO) nanoparticles and matt black paint coated with an 
absorber unit implemented as single slope solar. Its thermal 
performance is experimentally evaluated. Its output showed 
a 19.90% improved exergy compared to the conventional 
solar system [15].

Moreover, nanofluid technology with a suitable solar col-
lector design found better thermal behavior and improved 
thermal conductivity [16, 17]. Solar-based thermal energy 
utilization for concentrating solar power in environmental 
aspects is discussed [18]. The solar collector efficiency is 
enriched by introducing magnesium oxide and multi-walled 
nanotube hybrid nanofluid in 80–20, 70–30, 60–40, and 
50–50 ratios under 1–3 L  min−1 flow rate. They reported 
that the hybrid nanofluid 50–50 ratio performed maximum 
energy and exergy efficiency of the collector [19]. Likewise, 
much research has been carried out related to nanofluids 
such as alumina, copper oxide, and iron oxide [20–22]. How-
ever, the solar performance varies due to weather conditions 
and time [23]. The literature review has revealed that exist-
ing research on nanofluids for enhancing heat transfer in 
FPC systems is limited and primarily focused on specific 
types of nanofluids. These studies have shown favorable 
results when replacing the combinations of water mixed 
with nanoparticles (nanofluid) considered the working 
fluid, leading to increased thermal conductivity and HTC 
and improved system efficiency. However, it is noteworthy 
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that these studies have employed various methodologies and 
produced varying findings. Furthermore, it is advisable to 
explore the potential of different types of nanoparticles in 
nanofluid preparation when integrated with FPC systems for 
HVAC applications. However, the literature on integrating 
 Al2O3, Ni, and  Al2O3/Ni nanofluids with the HVAC system 
using FPC's was unavailable.

This study delves into the thermal performance evaluation 
of FPC designed for HVAC applications. The investigation 
encompasses diverse working fluid conditions, incorporat-
ing water and nanofluids, such as  Al2O3, Ni, and  Al2O3/
Ni, at a 0.1% volume fraction when dispersed in water. 
A specific ratio of 50:5 between water and nanofluid was 
selected. Introducing nanofluids into the FPC system notably 
impacts its thermal characteristics, progressively enhancing 
the working fluid's thermal properties. Specifically,  Al2O3/
Ni nanofluid exhibits superior performance across various 
aspects, including thermal and exergy efficiency, HTC, 
Nusselt number, and entropy generation. Furthermore, this 
nanofluid optimizes the COP within the cooling circuit of 
the HVAC system, signifying its potential to enhance overall 
system efficiency.

Material and method

Preparation of nanofluids

Here, combinations of water and nanofluid, which contain 
 Al2O3, Ni, and  Al2O3–Ni, each with a diameter ranging 
from 40 to 60 nm, are to be used. As mentioned earlier, the 
varied particle size exploited superior thermal conductiv-
ity [12]. They were employed as the working fluids in the 

FPC heat pipe. They were tested under different flow rate 
conditions of 0.028, 0.041, 0.055, 0.068, and 0.083  kgs−1, 
respectively. These nanoparticles were chosen based on 
their high thermal conductivity, chemical inertness as a 
base fluid, and cost-effectiveness rather than others [24, 
25]. The specific reason for selecting metal oxide particles 
is their unique thermal properties and cost-effectiveness 
compared to others [12]. As earlier [9], the thermal per-
formance of FPC is evaluated with a hybrid nanofluid with 
0.005–0.01 vol% concentration, and more than 0.01 vol% 
showed better results. Likewise, 0.1% of the  Al2O3 blend 
attained maximum thermal efficiency [11]. This study is 
fixed as these nanoparticles' 0.1% volume fraction con-
centration was blended with the working fluid and thor-
oughly stirred. In the case of  Al2O3–Ni, a mixture of 50% 
of each component was used, and its nanofluid prepara-
tion is exposed in Fig. 1. A magnetic stirrer was consist-
ently utilized to ensure the creation of a uniform suspen-
sion, and the hot plate was raised to 300 °C. To enhance 
the nanofluid stability, the water–Al2O3, water–Ni, and 
water–Al2O3–Ni hybrid nanofluids are involved in the 
ultrasonication process at higher sonication duration [13].

As mentioned earlier [26], different water-based nano-
fluids prepared with a four-day sonication process exposed 
better stability for up to 33 days, and more than four days 
showed the micrometric aggregate results of partial insta-
bility. With this concern, the present  Al2O3–Ni nanofluid 
is prepared with continuous pulsing through an ultrasoni-
cation device for four days to achieve the desired stability 
from the first to 32 days (constant) and homogeneity. The 
dynamic light scattering (DLS)-analyzed stability values 
are highlighted in Table 1. The water and nanofluid prop-
erties, [5] and [25], are in Table 2.

Fig. 1  Photocopy of nanofluid 
preparation

Al2O3 Nanoparticles Al2O3/Water

Al2O3-Ni/Water

Ultrasonicator

Magnetic stirrer
with hot plate

Nanofluid

Ni/WaterNi Nanoparticles
Water

Direct mixing

Al2O3-Ni Nanoparticles
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Experimental

Saveetha University's geographical location of the present 
investigation is in Chennai, the capital city of the Indian 
state of Tamil Nadu. Its geographical coordinates are 
approximately 13.0604°N latitude and 80.1831°E longitude. 
The incident average (annual) global horizontal irradiance 
for Saveetha University in Chennai is typically from 5.5 
to 6.0 kWh  m−2 per day. In this experiment, the FPC was 
inclined at an angle of 30 degrees due to optimum sunlight 
absorption. Two working fluids, namely water and nanofluid, 
were circulated through the system at varying flow rates. The 
working fluid flow rate was monitored using a flow meter 
and controlled using a valve. The fluid inlet and outlet tem-
peratures were monitored and recorded using J-type thermo-
couples connected in a series to a data logging system. The 
heat from hot fluid was efficiently transferred to the HVAC 
circuit through a heat exchanger. Simultaneously, ambient 
temperature data were recorded to facilitate the calculation 
of relevant thermal parameters. Solar radiation levels were 
also measured using a pyranometer and an advanced ane-
mometer to determine wind speed. It is important to note 
that all system components were designed to provide com-
plete isolation, ensuring that heat transfer occurred exclu-
sively between the working fluids. For this study, the water 
and nanofluid were taken as 50:5. With the conditions of a 
quasi-steady state, the values are noted to maintain integrity 
and accuracy. Figure 2 shows the experimentation layout for 
the current study.

Instantaneous efficiency values were determined by the 
combinations of inlet fluid temperature, incident radiation, 
and ambient temperature, enabling the FPC's thermal perfor-
mance calculation. Under various flow rate conditions, the 

experimental work spanned five consecutive days between 
10:00 and 15:00 for 30 min intervals.

Graphs were constructed to visualize the experimental 
results, illustrating how FPC efficiency correlates with the 
reduced temperature parameter [(Tin − Tamb)/I]. The experi-
ments were carried out over multiple days, with the most 
favorable results chosen for analysis. Throughout the tests, 
the largest fluctuations in an inlet and ambient temperatures 
remained within ± 0.6 and ± 0.8 °C. Furthermore, signifi-
cant changes in global radiation are observed by ± 28  Wm−2. 
These observations confirm that the experiments were con-
ducted under quasi-steady state conditions in compliance 
with the ASHRAE policy of 93–2003 [30]. The efficiency of 
FPC was evaluated by different rates of flows ranging from 
0.028 to 0.083  kgs−1, providing a comprehensive assessment 
of its performance under different flow conditions. Figure 3 
shows the photocopy of the experiment and its equipment 
specification, addressed below in Table 3.

During the experiments, the following assumptions are 
made. The blending of nanoparticles is homogenous, with 
uniform solar irradiance, constant nanoparticle concentra-
tions, and negligible heat loss permitted. Likewise, the flow 
rate varies from 0.028 to 0.068  kgs−1. Moreover, the follow-
ing assumptions made during the experimental investigations 
included that the flow is in a steady state, good adsorption 
behavior with their loss considered as less than 1%, and there 
was minimum convective and radiation loss (less than 1%). 
For this reason, higher thermal performance during high flow 
rates may be shown.

Thermal analysis

The measured value from this section is used to measure the 
performance of FPC. The heat gain by FPC is measured by 
the ratio of output and input energy, which is mentioned in 
Eqs. (1) and (2) [15].

The energy of the system related to the approach of absorp-
tion and loss is mentioned in Eqs. (3) and (4) [16]:

(1)Qu = ṁCp(Tout − Tin)

(2)Qin = AcI

(3)Qu = AcFR[I(��) − Ul(Tin − Tamb)]

(4)

�th =
Qu

Qin
=

ṁCp(Tout − Tin)
AcI

=
AcFR[I(��) − Ul(Tin − Tamb)]

AcI

= FR(��) − FRUl
Tin − Tamb

I

Table 1  DLS analyzed the mean diameter of nanoparticles (static 
sample)

Nanoparticles Prepa-
ration 
days

Concentra-
tion

Method Peaks (mean 
diame-
ter—50 nm)

Ni 4 0.1 vol% Ultrasonica-
tion

193
Al2O3 4 178

Table 2  Properties of working fluid

Working fluid Density/kg  m−3 Heat capac-
ity/Jkg−1  K−1

Thermal 
conductivity/
Wm−1  K−1

Water 997.6 4184 0.6
Al2O3 3600 451 35
Ni 8900 445 106
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In Eq. (5), Tin−Tamb

I
 , FR, UL, τ, and α illustrate the minimized 

temperature parameters. The Nusselt number by working fluid 
is defined as

(5)Nu =
hD

k

Here, h is the HTC, D is the absorber tube diameter, and k 
is the thermal conductivity. The entropy generation is given 
by Eq. (6).

Following Eqs. (7–11) measure the exergy efficiency.

(6)ΔS = Sout − Sin = Cpln

(

Tout

Tin

)

− Rln

(

Pout

Pin

)

(7)𝜂e =
Ėuseful

Ėsolar

Ėuseful = Ėout − Ėin

(8)Ėout = ṁCp

[

(

Tout − Tamb

)

− Tambln

(

Tout

Tamb

)]

(9)Ėin = ṁCp

[

(

Tin − Tamb

)

− Tambln

(

Tin

Tamb

)]

Fig. 2  Systematic layout of FPC 
experimental setup
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M

Fig. 3  Actual experimental setup of FPC

Table 3  Specification of the FPC

Area of FPC 2500 mm × 1000 mm

Fluid medium Water,  Al2O3, Ni, and  Al2O3/Ni 
hybrid nanofluid

Inner dia. of tube 15 mm
Outer dia. of the tube 15.5 mm
Slope 30°
Center distance of the tube 70 mm
Material for the back plate Aluminum
Collector cover Toughened glass of 3 mm thickness
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Here, is Qc heat dissipation by refrigerator, and Win is 
work input.

Uncertainty analysis

To evaluate the error in calculated thermal performance, 
an uncertainty analysis is executed for all data gained from 
experimentation in the present study, which can be expressed 
as Eq. (12) [17].

where wx is uncertainty, wxn is measured value uncertainty, 
and xn is an uncertainty variable. Table 4 shows the uncer-
tainty of measured instruments.

Results and discussion

Thermal efficiency

Figure 4a–d depicts how thermal efficiency varies with the 
Tin − Tamb/I parameter. The working fluid thermal behaviors 
are enhanced when nanoparticles are dispersed, leading to 
differences in FPC efficiency as water temperature parameter 
decreases for various flow rates and working fluids. Further, 
the thermal efficiency decreases as the reduced temperature 
parameter (Tin − Tamb/I) increases at most points. In Fig. 4a, 
the highest thermal efficiency using water is achieved at 
32.5%, 39.4%, 45.1%, and 50.2% for flow rates of 0.028, 
0.041, 0.055, and 0.068  kgs−1, respectively. It demonstrates 
that an increased rate of flow finds superior efficiency. Con-
sequently, the highest flow rate consistently yields superior 
thermal efficiency compared to other flow rate conditions.

With  Al2O3 nanofluid, the optimal (peak) efficiency at 
flow rates of 0.028, 0.041, 0.055, and 0.068  kgs−1, as shown 

(10)Ėsolar = AcI

[

1 +
1

3

(

Tamb

Tsun

)

−
4

3

(

Tamb

Tsun

)]

(11)COP =
Qc

Win

(12)wx =

√

(

�X
�x1

)2

(wx1)
2 +

(

�X
�x2

)2

(wx2)
2 +……⋯ +

(

�X
�xn

)2

(wxn)
2

in Fig. 4b, is about 48.6%, 52.7%, 61.5%, and 67.3%. The 
enhancement of thermal efficiency was the primary reason 
for the presence of  Al2O3.

As earlier, Salman et al. [7] studied and reported that the 
alumina-blended nanofluid facilitates higher thermal effi-
ciency related to water medium. Likewise, Fig. 4c reveals 
that at the same flow rate conditions, the peak efficiency 
reaches approximately 54.3%, 62.7%, 69.6%, and 75.3% 
when using Ni nanofluid. While compared with alumina 
and water fluid, it offered maximum efficiency due to its 
enhanced thermal conductivity, as represented in Table 2. 
Besides, the hybrid combinations of nanofluids were 
exploited more than the conventional fluid [31]. Further-
more, Fig. 4d illustrates that by using  Al2O3–Ni nanofluid, 
the optimal efficiency at flow rates of 0.028, 0.041, 0.055, 
and 0.068  kgs−1 is about 65.9%, 71.6%, 83.2%, and 94.1%, 
respectively. Thus,  Al2O3–Ni nanofluid demonstrates supe-
rior efficiency compared to other nanofluids and water. In 
addition, this  Al2O3–Ni nanofluid combination facilitates 
higher thermal efficiency rather than the past reported value 
of 49.7% [24].

Similarly, Fig. 5 shows the average thermal efficiency 
value for water and nanofluid at dissimilar flow rates. The 
average efficiency by water is 24.1%, 30.8%, 34.4%, and 
38.6%, respectively, at 0.028, 0.041, 0.055, and 0.068  kgs−1. 
At the same time, average efficiency for  Al2O3–Ni shows the 
superior efficiency than water of about 51.7%, 58.6%, 66.9%, 
and 72.8%. The progression of efficiency with increasing 
flow rates predominantly stems from enhanced heat trans-
mission properties [18, 19]. Incorporating nanoparticles like 
 Al2O3 and Ni further augments efficiency because of their 
elevated heat transfer and thermal conductivity attributes. 
Remarkably,  Al2O3–Ni nanofluid surpasses other alterna-
tives by capitalizing on the advantages of both nanoparticle 
types, resulting in superior thermal efficiency compared to 
conventional nanofluids and pure water.

Exergy efficiency

Figure 6 depicts an FPC's average exergy efficiency using 
water and nanofluids at various flow rates. Notably, using 
 Al2O3–Ni nanofluid as the working fluid in FPC for HVAC 
systems significantly impacts exergy efficiency. These hybrid 
nanofluids establish it as a more effective absorbing medium 
than water. At the same time, at 0.028  kgs−1 flow rate, the 
exergy efficiency of the system to be achieved with water, 
 Al2O3, Ni, and  Al2O3–Ni is 7.5%, 8.7%, 9.5%, and 11.6%, 
respectively. Likewise, the 0.068  kgs−1 flow rate reaches a 
better exergy efficiency of 13.4%, 15.9%, 20.3%, and 22.9% 
for the same working fluid conditions. This hybrid nanofluid 
operated with a higher flow rate and showed a 22.9% exergy 
efficiency, higher than the water fluid.

Table 4  Measured instrument uncertainty

Name of instru-
ment

Instrument model Range Uncertainty

Anemometer FST200-1000 0.5–50  ms−1 0.02%
Data logger KEY34970A − 200–800 °C ±0.5 °C
Pyranometer SMP11 0-4000W  m−2 0.5%
Thermocouple WRNK-191 0–600 OC 0.5%
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Fig. 4  Thermal efficiency vs. temperature difference parameter a water, b  Al2O3, c Ni, and d  Al2O3–Ni
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Moreover, the exergy efficiency is higher than the water 
fluid. It may vary due to the flow rate of nanofluid and its 
concentration. As mentioned earlier, the hybrid nanofluid 
 (Al2O3/MWCNT) was found to have 34% exergy efficiency 
under 0.058  kgs−1 [9]. Here, less than 5% pressure drop is 
considered due to the utilization of different nanofluid at 
varied flow rates, and the lack of efficiency may be caused 
by the mismatch of thermal conductivity and compatibility 
of material [11].

During the evaluation, the nanofluid and its flow rate var-
ied with a similar FPC setup, leading to a pressure drop and 
being considered less than 5%. It is one reason for limited 
exergy efficiency compared to  Al2O3 and Ni nanofluid-func-
tioned FPC. The synergistic influence of these nanoparti-
cles within  Al2O3–Ni nanofluid significantly enhances its 
heat transfer capabilities, resulting in a distinct advantage in 
exergy efficiency related to other nanofluids. It underscores 
the promise of nanofluids, specifically focusing on  Al2O3–Ni 
nanofluid, for optimizing the performance of HVAC systems 
employing FPC. The utilization of  Al2O3/water nanofluid 
significantly enhances exergy efficiency, with an impressive 
increase of up to 21%.

HTC and Nusselt number

Both the HTC and Nusselt numbers are crucial in determin-
ing the thermal performance of FPC's. The increase in tem-
perature gradient causes variations in the Nusselt number, as 
these factors influence the HTC. Further, increasing the flow 
rate could enhance the HTC Nusselt number and improve 
FPC performance, connected with boundary conditions of 
fluid's heat transfer under the convection forced flow.

Figure 7 illustrates HTC and Nusselt number variation 
for varied rates of flow. Here, the 0.068  kgs−1 flow rate and 

the HTC and Nusselt numbers for water are approximately 
86.4   Wm−2  K−1 and 7.2, respectively. In contrast, when 
using  Al2O3–Ni nanofluid, the average HTC and Nusselt 
numbers are elevated to around 133.2 W  m−2  K−1 and 11.1. 
The nanofluid significantly enhances heat transfer efficiency, 
resulting in higher HTC and Nusselt number values than 
water as the working fluid. Specifically, the alumina nano-
fluid rather than water enhances the HTC and Nusselt num-
bers by about 19.5% and 58%, respectively. It also increases 
their behavior-wise HTC, thermal behavior, and heat transfer 
rate [21].

Entropy generation and COP

The amount of entropy generated by the FPC plays a crucial 
role in determining the FPC's energetic performance. It is 
a critical factor that must be managed to ensure maximum 
FPC efficiency. The concentration of nanoparticles is kept 
constant, and the value of entropy generation was obtained 
at different working fluids at various flow rate conditions, 
as shown in Fig. 8.

Increasing the nanofluid flow rate decreases the entropy 
generation rate, which is inversely proportional to the exergy 
efficiency of the collector. Here, the entropy generation 
of water and nanofluid system is shown as a downtrend. 
Here, the entropy generation of water fluid is 3.3, 2.85, 
2.4, and 2.1 W  K−1 at an increased flow rate from 0.028 to 
0.068  kgs−1. Likewise, the nanofluid and hybrid nanofluid 
found decreased entropy generation due to irreversible ther-
mal performance action, which improved exergy efficiency.

Similarly, the coefficient of performance (COP) for 
the cooling unit within the HVAC circuit during the FPC 
experimentations using nanofluid was computed. Figure 9 
illustrates the variations in COP for the HVAC cooling unit 
with different working fluids. Notably, with a 0.028  kgs−1 

0 0

5

10

15

20

25

30

Water Al2O3 Al2O3-NiNi

Working fluid

20

40

60

80

H
ea

t t
ra

ns
fe

r 
co

ef
fic

ie
nt

/W
 m

–2
K

–1

N
us

se
lt 

nu
m

be
r

100

120

140

160
Nu for 0.028 kg s–1

h for 0.028 kg s–1 h for 0.041 kg s–1 h for 0.055 kg s–1 h for 0.068 kg s–1

Nu for 0.041 kg s–1 Nu for 0.055 kg s–1 Nu for 0.068 kg s–1

Fig. 7  Average HTC and Nusselt numbers for different working con-
ditions

0
Water Ni

Working fluid

E
nt

ro
py

 g
en

er
at

io
n/

W
 K

–1

Al2O3 Al2O3-Ni

1

2

3

4

5
 0.028 kg s–1

 0.041 kg s–1

 0.055 kg s–1

 0.068 kg s–1

Fig. 8  Entropy generation for working fluid



5055Impact of hybrid nanofluid on thermal behavior of flat‑plate solar collector: performance…

flow rate, COP is approximately 2.8, 3.2, 3.5, and 3.9 for 
water,  Al2O3, Ni, and  Al2O3–Ni, respectively. Similarly, 
under the same working fluid conditions, with an optimal 
flow rate of 0.068  kgs−1, the COP reaches around 6.4, 7.3, 
7.8, and 8.3. Therefore, nanofluids, especially at higher flow 
rates, consistently exhibit higher COP values than water. The 
results indicate that using nanofluids, especially  Al2O3–Ni 
nanofluid, and operating at higher flow rates can signifi-
cantly enhance the COP of the HVAC cooling unit. This 
improvement in COP is essential for achieving better cooling 
efficiency and maintaining a comfortable indoor environ-
ment in HVAC systems [23]. Table 5 compares the thermal 
performance of FPC using various nanofluids to the current 
study's findings.

According to Table 5, the present FPC adopted with 0.1% 
concentrations of  Al2O3/water, Ni/water nanofluid, and 
water:  Al2O3/Ni with ratios of 50:5 nanofluid operated with 
0.068  kgs−1 flow rate FPC found better thermal efficiency 
compared to the recent literature. In this FPC, thermal effi-
ciency improved by 72.8%, which is higher than the reported 
values of Tong et al. [20] and Azim et al. [25] (56.9 and 
44.96%).

Economic and environmental impact summary

Here, we summarized the work feasibility related to the eco-
nomic and environmental impact of the present research. 
The nanofluid-adopted FPC showed better thermal perfor-
mance, such as improved temperature, thermal efficiency, 
exergy efficiency, HTC, entropy, and COP, compared to cop-
per oxide-based nanofluid. The  Al2O3 and Ni-based nano-
fluid is cost-effective with improved energy savings. The 
details of energy saving and its environmental conditions 
are addressed in Table 6.

The thermal and exergy energy savings are calculated 
using the water-operated FPC system. The thermal energy 
is saved by 33.9, 73.31, and 88.6% on using the  Al2O3, Ni, 
and  Al2O3–Ni-water nanofluid compared with water-fluid-
operated FPC system. Likewise, the exergy is saved by 
18.65, 51.49, and 70.89% on the adaptations of  Al2O3, Ni, 
and  Al2O3–Ni-water nanofluid compared with water-fluid-
operated FPC system. However, its operating environmental 
temperature (absorber temperature) enhanced by the imple-
mentations of nanofluid is proven.
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Table 5  Comparison of 
previous PTC receiver with the 
current system

References Findings Efficiency/%

Tong et al. [20] Incorporating 1 vol%  Al2O3/water nanofluid FPC 56.9
Azim et al. [25] Utilizing  NiFe2O4/water nanofluid in FPC at 0.050  kgs−1 flow 

rate
44.96

Present work The  Al2O3–Ni nanofluid FPC at 0.068  kgs−1 flow rate 72.8

Table 6  Details of energy 
saving and its environmental 
conditions

Descriptions Water Al2O3 nanofluid Ni nanofluid Al2O3–
Ni–water 
nanofluid

Thermal efficiency 38.6 51.7 66.9 72.8
Exergy efficiency 13.4 15.9 20.3 22.9
Thermal energy savings 0 33.9 73.31 88.6
Exergy energy savings 0 18.65 51.49 70.89
Operating environment tem-

perature rise in °C
28–35 28–55 28–50 28–77



5056 L. Selvam et al.

Conclusions

This study examines the thermal performance of FPC for 
HVAC applications using different flow rates and various 
working fluids. The experiments were conducted with water 
and nanofluids, including  Al2O3, Ni, and  Al2O3–Ni, at dif-
ferent flow rate conditions, such as 0.028, 0.041, 0.055, and 
0.068  kgs−1. Incorporating nanofluids within the FPC system 
substantially improved the thermal behavior of the current 
research fluid medium, resulting in superior thermal perfor-
mance compared to using water alone. This study has led to 
the following conclusions:

• With the significance of hybrid nanofluid, the FPC 
adopted with  Al2O3/Ni/water hybrid nanofluid func-
tioned by 0.068  kgs−1flow rate and recorded better ther-
mal performance than other combinations. Its thermal 
and exergy efficiency is enhanced by 72.8 and 22.9%, 
respectively, and compared to the thermal and exergy 
efficiency of water-functioned FPC, it is limited by 51.7 
and 13.4%, respectively.

• Furthermore, the heat transfer coefficient and Nusselt 
number exhibited 58.3% and 52.6% higher, respectively, 
when using  Al2O3–Ni nanofluid related to the fluid 
medium of water at the higher flow rate.

• The entropy of the present system shows a downtrend, 
while 1.2  WK-1 spots increased flow rate and optimum 
entropy generation on a hybrid nanofluid.

• Likewise, the COP of a hybrid nanofluid-operated FPC 
system was enhanced by 29.5% compared to the conven-
tional system.

Incorporating nanoparticles into water significantly 
improved heat transfer characteristics and played a crucial 
role in determining FPC efficiency. Notably,  Al2O3–Ni/water 
nanofluid demonstrated the maximum energy and thermal 
efficiency related to other kinds of fluid mediums under a 
high flow rate.
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