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ARTICLE INFO ABSTRACT
Keywords: The present experimental study investigates the thermal and hydraulic performance of Ethylene
Compact channels Glycol (EG)-based ZnO nanofluids (NFs) in circular minichannel test sections, each of 330 mm in

Ethylene glycol
Frictional losses
Heat transfer coefficient

length and 1.0-2.0 mm inner diameters. The experiments were conducted under steady-state
constant heat flux and laminar flow conditions. The stable ZnO/EG-based NFs were synthe-
sized using a standard two-step method in varying nanoparticles (NPs) loadings (0.012-0.048 wt

Nanofluid

Nanoparticle %). The morphological characteristics, crystal structure, and specific surface area (SSA) showed
Stability that the NPs were sized in nm, possessing excellent crystal structure and enhanced surface area.
Thermal conductivity Thermal conductivity (TC) and viscosity (VC) of the NFs were examined in the 20-60 °C tem-
Viscosity perature range. Both TC and VC possessed an increasing trend with the rise in concentration of the

NPs. However, with the temperature rise, TC increased while the VC decreased and vice versa.
The highest enhancements in TC and VC were 14.38 % and 15.22 %, respectively, at 40 °C and
0.048 wt% of NPs loading. The highest enrichment recorded in the local and average heat transfer
coefficient (HTC) were 14.80 % and 13.48% in a minichannel with 1.0 mm inner diameter,
respectively. It was directly proportional to the NPs loading and volume flow rate of the NFs. The
friction factor was also directly proportional to the test section’s inner cross-sectional area, while
the pressure gradient showed an inverse behavior. An inverse relationship was recorded for the
volume flow rate of the NFs and vice versa. Maximum friction factor and the pressure drop for all
three minichannel test sections were recorded as 34.58 % and 32.16 %, respectively. The well-
known Shah correlation predicted the local and average HTC within +15.0 %, while the fric-
tion factor and the pressure gradient were well predicted by the Darcy correlation within the
+10.0 % range.
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1. Introduction

High heat flux management is the need of the hour in many industrial and commercial thermal applications. The cooling of
compact-sized next-generation modern devices and systems is a significant concern for thermal engineers for their high performance
and increased operational life [1]. Due to conventional fluids’ limited heat transfer capability, researchers have been working for
decades to use alternative fluids with better heat transfer and flow properties to manage high heat flux from such systems. The search
ended with the invention of novel fluids, famously known as nanofluids (NFs). These newly invented NFs replaced conventional
heat-exchanging fluids with better thermal performance [2]. The potential of these NFs has been investigated for effectively managing
high heat flux from the aforementioned systems. In addition, scientists have been trying for decades to overcome the governing issues
encountered for the commercial applications of NFs in different heat transfer systems [3].

Nanofluids (NFs) are a combination of nanometer-sized metallic and metal-oxide nanoparticles (NPs) suspended in the host base
fluids (BFs). The heat-carrying capability of the NFs primarily depends upon the thermal characteristics of dispersed NPs. This is the
key characteristic to overcome the high heat flux from modern high-tech devices [4]. Multiple efforts have been made in this regard by
dispersing discrete types of metallic and meta-oxide NPs in the host BFs, like deionized water (DIW), distilled water (DW), and EG
Ref. [5]. Recently, researchers have shown interest in dealing with metal oxide NFs due to their growing potential applications in
different thermal systems [6]. Another reason for considering metal oxide-based NPs for synthesizing the NFs is their low density
compared to the parent metals, leading to better dispersion stability in the host BFs. In addition, micro and minichannel
heat-exchanging systems have also been explored using conventional cooling agents. However, integrating the NFs with the afore-
mentioned heat exchanging system could exponentially enhance the HTC with a minimum quantity of NFs and more surface area
available for heat transfer [7]. Al;03, CuO, TiO5, and SiO are the most investigated NFs in different types of BFs in conventional and
compact channels. However, less attention has been paid to the ZnO/EG-based NFs. The possible reasons can be a slightly higher true
and bulk density of the ZnO NPs than most of the other metal oxide NPs and a comparable thermal conductivity not higher than the
other NPs from this family. However, despite the facts elaborated, the ZnO/EG-based NFs can be used for heat transfer enhancement
with reasonably good effectiveness, primarily when operating in low-temperature zones below the freezing temperature of the water
[81.

In a research study, Kaggwa et al. [9] examined CuO/EG-based NFs for their dispersion stability using arabinogalactan (ARB) as a
stabilizing agent. They found the stability of NFs for up to 20 days without any significant signs of sedimentation. The high stability
recorded shows that the ARB’s structural nature allows complete dispersion and solubility of CuO NPs within the host BFs. Jumpholkul
et al. [10] examined SiOy/DIW NFs (0.5-2.0 vol %) prepared using 2.0 h of ultrasonication for analyzing the stability. They found that
the prepared NFs did not show any signs of sedimentation for the complete duration of the experimentation. In another study, He et al.
[11] examined TiO2/DW NF’s stability for several months under an ultrasonication time of 30 min by analyzing the pH and zeta
potential of NPs. All the studies conclude that the physical and chemical methods affect the NF’s stability. The single techniques or a
combination of both can be used to formulate the NFs as and when desired, dependent upon the nature of BFs and the NPs used.

The NF’s temperature and the NPs concentration with the host BFs primarily influence the TC of the NFs. A similar observation was
investigated for EG-based Al,O3 NFs by Gallego et al. [12] at 25 wt% of NPs. The maximum enhancement in the TC was 19.0 %
compared to BFs. Kanti and Maiya [13] studied the TC enrichment of graphene oxide (GO) based NFs dispersed in DIW using poly-
vinylpyrrolidone (PVP) as a stabilizing agent. The minimum and maximum TC amplification in pure GO-based NFs was 36.8 % and
52.4 % at 30 and 60 °C, respectively, compared to DIW. It was also observed that the TC amplified as usual with the NPs loading and
operating temperature. The highest TC recorded is also attributed to the possible reason for the relatively higher TC of GO NPs
compared to other metal oxides. Karthikeyan et al. [14] found an enhancement of 31.6 % in the TC of CuO/H20 NFs using a customized
TC measurement system. They observed that NPs clustering harms the TC of NFs. Guo et al. [15] investigated the TC of SiO5 (20 nm)
with an optimized THW method at 20 °C. The TC of NFs under study was found to be 1.0-3.4 %, at 0.5-1.0 vol % loading of NPs.
Sonawane et al. [16] examined the TC of TiO NFs in an aqueous media. They found a maximum enhancement of 2.95 % and 22.131 %
for 1.0 vol % and 6.0 vol % of NPs concentration at 25 °C. They used NPs of minimal size (4-8 nm); however, it seems a lesser NPs size
could not contribute much towards the TC enhancement of NFs. Jeong et al. [17] inspected the NPs shape effect on the TC of
ammonium polymethacrylate stabilized ZnO/DIW NFs using the THW method with an NPs size of 20-40 nm. They observed an
increment of 16.0 % in TC at 5.0 vol % of NPs. Their study also confirmed that the spherical NPs possessed higher TC than
non-spherical NPs due to their regular shape and specific surface area for heat transfer in the host BFs. Li et al. [18] investigated the TC
of ZnO/EG-based NFs in 15-55 °C with mass concentrations of 1.75-10.50 wt %. A similar trend for TC enhancement was investigated
as observed in the literature with temperature and concentration of NPs. Gallego et al. [19] examined the effect of operating tem-
perature of NFs and the volume fraction of NPs on the TC of homogeneous and stable ZnO/EG NFs. The experimental results proved
that TC increased nonlinearly with the NP’s loading and operating temperature and vice versa. The non-liner behavior may attribute to
the operating conditions, the NPs size and the specific surface area available for heat conduction between the NPs and the host BFs.

Kole et al. [20] experimentally investigated ZnO NPs dispersed in EG for their TC in a 10-70 °C temperature range for NPs loading
of 0.5-3.75 vol % under an extensive ultrasonication of 60 h. The maximum rise in TC was recorded as 40 % (3.75 vol % of NPs)
compared to the host BFs at a temperature of 30 °C. The TC of NFs was directly proportional to the sonication time and attained its
maximum value at 60 h of sonication. This is probably due to enhanced stability and uniform distribution of the NPs within the host
BFs. Moosavi et al. [21] investigated the TC of ammonium citrate stabilized ZnO/EG-based NFs in a 10-50 °C temperature range and
observed a direct non-linear behavior of the TC with the temperature and concentration of NPs. A maximum 10.5 % rise in TC was
recorded at 3.0 vol % of the NPs. Yu et al. [22] examined a similar kind of behavior, where they found an enhancement of 26.5 % in the
TC of ZnO/EG-based NFs for 5.0 vol % of NPs in the 10-60 °C temperature range. The research findings for the TC of numerous metal
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oxide-based NFs in DIW and EG-based NFs showed the strong dependence of the TC on the NPs loading in the host BFs and the
temperature changes under the steady state operating conditions. The NP’s shape and size are also the influencing parameters;
however, the literature surge shows that their impact is insignificant and less researched than the concentration of NPs and operating
temperature. A possible reason is their governing effect compared to the other influencing parameters.

The influence of temperature and NPs loading on the VC of EG-based AloO3 NFs was studied by Gallego et al. [12] in their study. At
25 wt % of NPs, they observed an enhancement of 19.0 % in VC compared to BFs. Priya et al. [23] investigated Tiron-stabilized
non-spherical CuO NPs dispersed in DIW at 28-55 °C. An enhancement of 8.0 % in the VC was recorded for 0.016 vol % of NPs at
50 °C. Kaggwa et al. [9] used ARB as a stabilizing agent to prepare stable CuO/EG NFs and found an enhancement of about 17.0 % in
the relative VC of NFs. Duangthongsuk and S. Wongwises [24] found a rise of 13.0 % in the VC of aqueous TiO; NFs at 0.2-2.0 vol %
loading of NPs in the 15-35 °C temperature range. Similar findings were reported in another study [25] as a function of NPs loading
and the NFs temperature. Li et al. [17] examined the NPs shape effect on the VC of ammonium polymethacrylate stabilized aqueous
ZnO NFs in 0.05-5.0 vol % at an operating temperature of 25 °C. They found that the VC increased to 59.0 % at 5.0 vol % of NPs. The
highest augmentation in VG, in this case, is most possibly due to the increased NPs loading, and the effect of NPs shape seems to be
insignificant, as many litureture studies support that the spherical shape NPs have a low impact on the VC compared to non-spherical
NPs. Yu et al. [22] examined the VC of ZnO/EG-based NFs in the 10-60 °C temperature range. They found that the NFs possessed a
Newtonian behaviour at low concentrations of NPs. They observed that the NFs showed a shear thinning behaviour for the increased
NPs loadings. This is possibly due to the increased aggregation rate of NPs for NPs loadings.

Liet al. [18] investigated the VC of ZnO/EG-based NFs in 15-55 °C with mass concentrations of 1.75-10.5 wt %. The NFs showed a
similar trend with the change in concentration of NPs and the operating temperatures, as observed in the aforementioned findings for
the other metal oxide-based NFs. The NFs also demonstrated Newtonian behaviour under the mass concentration of NPs less than 10.5
%. In another investigation, Gallego et al. [19] studied the effect of operating temperature and NPs loading on the VC of ZnO/EG-based
NFs. The VC, as usual, possessed a linear increasing behaviour with the weight fraction of the NPs and an inverse proportion with the
temperature. Yu et al. [22] analyzed a similar behavior, finding an enhancement in the VC of ZnO/EG-based NFs in the 10-60 °C
temperature range. In their investigation, Kanti and Maiya [13] observed that the VC of GO/DIW-based NFs possessed a non-linear
behavior with an increasing shear rate in a mass concentration of 0.1-1.0 vol % at a temperature ranging between 30 and 60 °C.
The maximum enhancement in the VC was 177 % compared to DIW at 30 °C. In another study [26], the authors investigated the VC of
Al;03 and Fe;03-based hybrid NFs in a mixture of DIW and EG. Their investigation revealed that as long as VC is dependent on the
concentration of the NPs and operating temperature, the ratio of two different NPs in the host BFs also greatly affects the VC of the
resulting NFs. The research findings comprising various oxide-based NPs dispersed in DIW and EG-based NFs showed the strong
dependence of the VC on the NPs loading in the host BFs and the NF’s temperature. The effect of the NPs size and shape is also
important; however, less attention is given to this side in the existing literature for most of the investigated metal oxide-based NFs,
possibly due to the governing effects of NPs concentration and operating temperatures.

The HTC of Al;03/DIW-based NFs in a circular cross-section test section was investigated by Anoop et al. [27] within laminar flow
conditions under constant heat flux. Two different sizes of NPs were used in the investigation, and the NFs tested with 45 nm-sized NPs
showed a maximum rise of 25.0 % compared to 150 nm-sized NPs, around 11.0 %. Rea et al. [28] investigated laminar HTC of
Al;03/DIW NFs in a vertically heated tube (OD = 6.4 mm, ID = 4.5 mm, length = 1001) and found an increase of 27% at 6.0 vol %
loading of NPs. Goudarzi et al. [29] studied the HTC of the Aly03/EG-based NFs using different NPs loadings. The investigation was
conducted on a car’s radiator with different configurations and geometries. The investigation revealed an enhancement in the system’s
thermal performance by up to 9.0 % compared to pure BFs. Abdollahi et al. [30] studied the thermal-hydraulic behavior of CuO/DIW
NFs in a microchannel heat sink using NPs of different diameters at varying concentrations. Under laminar flow conditions (Re =
1300), the results specify that increasing the NP’s loading and decreasing the NP’s size augmented the Nusselt number. At the same
time, the hydraulic characteristics of the NFs did not affect significantly. Gupta et al. [31] examined the HTC of TiO2/DW NFs inside a
copper tube (ID = 8.0 nm, OD = 10 mm, L = 1.05 m) under laminar flow conditions. HTC of NFs was directly proportional to the NP’s
mass loading and fluid flow rates. An increment of 50.11 % was observed for 0.1-0.3 wt% of NPs, keeping other parameters constant.
However, an inverse relationship between the HTC and NPs loading has been observed for 0.3-0.5 wt% of NPs. A possible reason may
be the NPs clustering over time. Hashemi et al. [32] followed a similar trend for SiO5/DIW NFs in a rectangular heat sink within a
laminar flow regime. The maximum enrichment in the HTC was 3.5-5.0 % for the volume concentrations of NPs 4.0-8.0 %.

Ali et al. [33] examined the heat HTC of aqueous SHMP-stabilized ZnO NFs in a car radiator in various volumetric loadings. NFs
showed an enhancement in the HTC than the host BFs for all the tested concentrations of NPs. A maximum 46.0 % enhancement in the
HTC was recorded at NPs volume concentration of 0.2 %. Topuz et al. [34] observed an enhancement in the thermal performance of
ZnO/DIW NFs of up to 1.5% compared to host BFs at 1.0 vol %. The HTC of aqueous ZnO/EG NFs were experimentally tested by Wen
et al. [35] in two multiport tubes. Results showed that HTC growth was 6.7-9.8% for NPs concentrations of 0.75-1.50 vol %, at the
expense of higher frictional losses of 4.6-8.6 %. ZnO/EG NFs were tested for forced HTC in spiral shell-tube heat exchangers at varied
concentrations of ZnO nanorods (0.1-0.3 vol%) under laminar flow conditions at varying Reynolds numbers (400-600). The results
show that adding minor concentrations of ZnO nanorods can dramatically improve the HTC [36]. A square-type heat sink thermal
efficiency using/EG-based NFs at various ZnO NPs concentrations was examined in another study [37], at 0.10 wt % ZnO NPs, a 51.5 %
increase in Nu number was observed. Furthermore, the average HTC increased to 1292 W/m?K for ZnO/EG-based NFs. Kanti et al. [38]
investigated that the HTC and thermal performance of the NFs greatly depend upon the NPs loading. However, as long as the HTC
increases with the rise in the NP’s loading, there is a significant drop in pressure and enhancement in the friction factor across the
heat-exchanging system. In another study [39], the authors investigated the thermo-hydraulic performance of water-based fly-ash and
flyash-Cu-based hybrid NFs. The findings revealed that compared to water and fly ash-based NFs, the HTC was higher for the hybrid
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NFs. Marulasiddeshi et al. [40] examined the thermal performance of Al;03 and Al,O3-CuO-based NFs in DIW under constant heat flux
conditions at various Reynolds numbers and fluid inlet temperatures. The study showed that the HTC increased with fluid inlet
temperature, velocity, and NPs concentration. They observed an enhancement in the HTC up to 121.5 % for hybrid NFs compared to
pure Al,O3-based NFs. The literature surge targeting the thermal performance of different types of metal oxide-based NFs declared that
the HTC of NFs is strongly influenced by the NPs loadings, the NFs volume flow rate, the heat exchanger geometry, type, and shape. All
these parameters are indirectly linked in other ways with the Reynolds number of the NFs flowing and the surface area of the heat
exchanging system.

The research work reported in the existing literature shows that the most investigated metal oxides are Aly03, CuO, SiO2, and TiO,
in an aqueous media and EG as a BFs. However, the investigations on the thermophysical properties (TC and VC), HTC, pressure drop,
and frictional losses of ZnO/EG-based NFs in compact circular minichannel heat exchangers are very limited. Hence, this research aims
to investigate the aforementioned neglected performance parameters and indicators for ZnO/EG-based NFs in compact circular
minichannels of variable inner diameters (1.0-2.0 mm) at ultra-low NPs loadings (0.012-0.048 wt %). The heart of the investigation is
the impact of NPs loading, thermophysical properties (TC and VC) of NFs, the fluid flow rate and minichannels diameter on the HTC,
pressure drop characteristics, and frictional losses of NFs across the compact channel test sections. The present work’s potential ap-
plications include but are not limited to advanced electronics cooling, heat exchangers used in power plants and process industry, solar
thermal systems, biomedical applications, high-power laser diodes, and space cooling.

2. Materials and methods
2.1. NPs and chemicals

ZnO NPs and the EG of analytical scale were imported from renowned US-based Companies named Nanostructured and Amorphous
Materials, Inc. and Merck. The NP’s average size, as provided by the manufacturer’s datasheet, was 20 nm. The purpose of importing
such small-sized NPs is due to their proven high heat transfer capability, as presented in the existing literature. The other governing
physiochemical characteristics of the ZnO NPs, comprising of true density (pyp), TC, and specific heat capacity (Cp), were 5600 (kg/
m?), 29.0 (W/m.K), and 514 (J/kg.K), respectively, under standard atmospheric conditions.

2.2. Preparation of NFs

The present study synthesized ZnO/EG-based NFs following the standard two-step methodology, widely adopted for preparing
metal oxide-based NFs as reported in the literature [41]. First, the NFs samples were prepared in mass concentrations varying from
0.012 to 0.024 wt% without using any stabilizing agent. The measured quantity of NPs using an analytical balance (AWU-220D
Shimadzu) was added to EG under 1.0 h of stirring using a magnetic stirrer (Heidolph MR Hei-End) at 1000 rpms, followed by 3.0 h of
bath ultrasonication (Elma E100H). The temperature of the NFs during preparation was precisely controlled in a thermal bath
(TC-550MX) to avoid any adverse temperature effects.

3. Experimental setup and procedures

This section comprehensively describes the different analytical tools and techniques to study the thermophysical properties (TC and
VC), thermal (HTC), and hydraulic characteristics of ZnO/EG-based NFs under the desired operating conditions. In addition, details
about the procedures adopted to execute the experimental investigations and the limitations of each instrument are also well-
elaborated. Finally, the critical specifications, uncertainties, and accuracies of the instruments used under the experimental oper-
ating conditions have also been well elaborated at the appropriate places.

3.1. Dispersion stability of ZnO/EG NFs

The uniform and homogeneous dispersal of NPs within the desired host BFs is essential for their practical use in thermal appli-
cations. Researchers have used different techniques to evaluate the NF’s stability. These include but are not limited to the physical and
chemical methods [42]. The current experimental study used the visual photography method for the subject purpose. Many re-
searchers in existing literature used the subject method. First, the sedimentation rate of NPs was estimated by capturing snapshots of
the glass vials containing NFs samples over an equal time for the complete duration of the investigation. All the snapshots were taken
with great care and precision to avoid human errors. Then, the captured snapshots over the investigated time intervals were matched
and contrasted to evaluate the stability of the ZnO/EG NFs over the studied period. The investigation was conducted in an isolated,
vibration-free room with controlled environmental conditions. The method is friendly in the ease of its use and was used by many
researchers in the existing literature [43].

3.2. Thermal conductivity of ZnO/EG NFs
The TC of the ZnO/EG-based NFs was measured using a precise and accurate thermal conductivity analyzer (TEMPOS-METER

Group, USA). This method uses the famous THW method to evaluate the TC of NFs [44]. The investigation was carried out in the 20 to
60 °C temperature range for the mass concentrations of NPs ranging from 0.012 to 0.048 wt %. KS-3 needle sensor (TC range, 0.2-2.0
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W/mK), simultaneously acting as a heating source and sensor to record the TC, was set in the standard glass vial containing the NFs
samples. Before performing the experiments with the NFs samples, the subject sensor was calibrated using a standard solution of
known TC, and the experimental uncertainty was estimated to be +1.0 %. The testing was conducted acoustically and vibration-free to
avoid convection errors. Since the TC of the NFs is sensitive to temperature fluctuations, any variation in the operating temperature
directly influences the TC of the NFs. Hence, to ensure data accuracy, reproducibility, and repeatability, the system’s temperature was
maintained during the experimentation using a temperature-controlled bath to attain the desired temperature of the NFs.

3.3. Viscosity of ZnO/EG NFs

The ZnO/EG-based NF’s VC was measured using a precise Rotary Rheometer (RHEOTEST RN 5.1). The investigation was carried
out in the 20 to 60 °C temperature range for the mass concentrations of NPs ranging from 0.012 to 0.048 wt % in a shear rate ranging
from 0.01 to 1000 s~ 1. The instrument was calibrated using a standard fluid of known VG, and the instrument’s uncertainty was within
+1.0 % of measured experimental findings. The system contains a built-in system for controlling and attaining the desired temperature
of the NFs samples. The test setup was validated using a standard solution, and the deviation between the findings was within +1.0 %.
The NFs sample of the required quantity was filled in the sample holder of the Rheometer. Then, the system was operated under the
desired operating temperature and shear rate to measure the dynamic VC of the ZnO/EG NFs.

3.4. Heat transfer coefficient of ZnO/EG NFs

In the present research study, the thermal (HTC) and hydraulic analysis of ZnO/EG-based NFs was made using different inlet
diameters (1.0-2.0 mm) mini channel tubes of the same fixed length. This study used all the mini tubes of uniform cross-sectional area,
fixed length (330 mm), and wall thickness (0.5 mm). The flow rate through each diameter’s mini tube test section was maintained
using a syringe pump with dual syringes (KDS Legato-200). The pump used two syringes, each of 120 ml, while the experimental data
was measured under varying flow conditions through the test section (12-24 ml/min). The test rig schematic for executing the desired
data is shown in Figs. 1 and 2.

The thermal (HTC) and hydraulic properties of the ZnO/EG-based NFs were examined within the mini tube test sections subjected
to the constant heat flux boundary conditions. The heat flux was applied to the stainless-steel mini tubes by applying a direct current
across the inlet and outlet using a DC power supply (LW-3060-KD). To evaluate the surface temperature of the mini tubes, 10-K type
thermocouples were installed at the surface of the outer wall of the test section using an electrically insulated and thermally highly
conductive epoxy (OB-101-1/2). The inlet and outlet temperatures of the fluid at the entry and exit of the test sections were examined
using two independently installed thermocouples, which directly measured the fluid temperature. Finally, the hydraulic characteristics
of the NFs were measured by installing a differential pressure transducer (HC-692, 0-1 bar). All the thermal and hydraulic data
acquisition was done using a Keysight 34970A data logger.

The test setup was installed in a room with controlled environmental conditions to mitigate any adverse effects of atmospheric
variations on the performance of the different sensitive instruments used for the data collection and acquisition. The system was
insulated using fiberglass insulation to avoid unaccounted heat losses from the heated test sections. The experimental results across the
test sections were recorded under controlled steady-state operating conditions.

3.5. Data analysis for ZnO/EG NFs

Different mathematical correlations and models are critical for calculating important parameters to investigate the HTC and
pressure drop of NFs while flowing through the compact channel test sections. The measured parameters using precise instrumen-
tation, such as temperatures, flow rates, pressure drop, and other physiochemical properties of the NFs and NPs, are the input pa-
rameters for calculating heat transfer and friction factor-related parameters. The mathematical models and correlations for calculating
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Fig. 1. Test rig setup for HTC and pressure gradient measurement of ZnO/EG NFs.
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the subject properties and parameters of the NFs have been well elaborated in our previous study [45]. The theoretical modeling of the
thermal and hydraulic performance of the NFs is carried out using the famous Shah’s correlation and the Darcy correlation in laminar
flow conditions. Mathematical expressions are also available in the subject study [45]. For the ease of graphical presentation of the
experimental data sample, sample coding for the different concentrations of the ZnO/EG-based NFs has been clarified in Table 1. The
same coding and symbols defined for the subject purpose have been used and presented in all of the text’s graphical data
representations.

3.6. Uncertainty analysis of ZnO/EG NFs

The significance of reported results lies in the precision of their repeatability in experimental outcomes. Various factors influence
the uncertainty, each associated with the uncertainty in independent variables. For instance, if z is a variable and is a function of an
independent parameter, Xi, each with its corresponding uncertainty (AXi), the overall uncertainty in z can be assessed using Eq. (1)

[46].
B AN
Az= £/ ;:1 (E) (Axi) @

In the present case, the uncertainty analysis performed for different independent and dependent variables is reflected in Table 2.
This gives a brief insight into the percentage error and the error propagation within the measured and calculated thermal and hydraulic
parameters studied in the research.

By acknowledging and accounting for these uncertainties, the experimental results presented in this study gain enhanced credi-
bility and applicability, fostering a more robust foundation for subsequent analyses and interpretations.

4. Characterization of ZnO NPs
4.1. Scanning electron microscopy

In the present experimental study, the morphological properties of ZnO NPs were investigated using a Nova Nano 450 Scanning

Table 1
NFs sample coding for different concentrations of NPs and diameters of the minichannel test sections.
NPs + BFs (NPs loading) Sample Coding Tube Dimensions Tubes Coding
ZnO + EG (0.012 wt %) Z12E Di + T = 1.0 mm + 0.5 mm D1T
ZnO + EG (0.024 wt %) Z24E Di + T =15mm + 0.5 mm D2T
ZnO + EG (0.036 wt %) Z36E Di + T =2.0mm + 0.5 mm D3T
ZnO + EG (0.048 wt %) ZASE - -




M. Ahsan et al. Heliyon 10 (2024) e26493

Table 2

Uncertainties of governing important independent and dependent parameters.
Governing Characteristics Uncertainty Governing Characteristics Uncertainty
Diameter of Minochannels (D) 40.001 m Specific Surface Area of NPs (A) 1.09 %
Length of Minichannels (L) +0.001 m NFs Velocity in Minichannels (u) 2.76 %
Density of NFs (p) +1.0 % Reynolds Number of NFs (Re) 2.04 %
NFs Flow Rate (m) 1.0 % Friction Factor across Minichannles (f) 5.55 %
Specific Heat Capacity of NFs (c;) +1.0 % Pumping Power Required (P) 2.07 %
Temperature Measurements (T) +0.1 °C Average HTC of NFs (hayg) 3.96 %
Thermal Conductivity of NFs (k) +1.0 % Average Nu of NFs (Nugayg) 4.54 %
Viscosity of NFs (p) +1.0 % Local HTC of NFs (hjocal) 5.43 %
Pressure Gradient (AP) 1.25% Local Nu of NFs (Nujpcar) 5.67 %

Electron Microscopy (SEM). The SEM (Nova Nano 450) used in the present study possessed a high resolution and magnification of 1.0
mm and 500,000, respectively. Fig. 3(a) shows the NP’s image at 100,000 magnifications. In addition, an analysis software (Image J)
was used to investigate the size distribution of NPs, as shown in Fig. 3(b), and was found at about 33 nm. The NPs size was a little
greater than the manufacturer-provided one, possibly due to the aggregation of NPs over time. Nevertheless, the findings are consistent
with the manufacturer’s specifications. A slightly larger size observed in the present case could be supposed to break down to the
original ones during the preparation of the NFs.

4.2. X-ray diffractometry

The dry ZnO NPs samples were examined using an X-ray diffractometer (Burker D2-Phaser). The X-ray diffraction (XRD) pattern of
the ZnO NPs is presented in Fig. 3(c). The XRD analysis showed unique line-broadening peaks, indicating that the ZnO NPs are
nanostructured. The XRD patterns’ peak intensity, location, and breadth were determined at fullwidth at half-maximum (FWHM) data.
The hexagonal wurtzite phases of the subject ZnO NPs with lattice constants a = 3.24 A°, b = 3.24 A° and ¢ = 5.21 A° showed the
deflection peaks at 31.83°, 34.51°, 36.32°, 47.62°, 56.70°, 62.95°, 68.12°, and 69.17°. These indexed well match those in JCPDS card
numbers 036-1451 [47]. Furthermore, it reflects the highest purity and excellent crystalline nature of the ZnO NPs. In addition to the
SEM analysis, the NPs size was also estimated from the XRD graph using the Debye-Scherrer correlation presented in Eq. (2) [48]. This
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correlation gives a rough estimate of the crystal size of the NPs and is frequently used by many researchers in their studies to estimate
the size of NPs.

_ K x2 @
P x cos @

here, “D” is the crystallite size of the particle, “K” is the shape factors and is a dimensionless number; typically, its value is around 0.9.

“)\” is the wavelength of X-rays radiations, “p” is the FWHM of the diffraction peak and “0” is the diffraction angle. In the present case,

the average NPs size calculated using Eq. (1) was 18.46 nm. This slightly differs from the SEM investigation, possibly due to an uneven

size distribution of NPs, as reflected in Fig. 3(b).

4.3. Brunner-emmet-teller analysis

The most widely used technique in the existing literature to evaluate the NP’s specific surface area (SSA) is the Brunauer-Emmett-
Teller (BET) method to determine its potential effect on the heat transfer properties of the formulated NFs. The adsorption/desorption
characteristics of the nitrogen (N3) gas are used to evaluate the SSA of the NPs. In addition, a volume flow methodology was used to
measure the adsorbed quantity of the liquified nitrogen (N3) gas [49]. This study used a highly precise and accurate SSA analyzer
(NOVA 3200e) to evaluate the ZnO NPs SSA. After degassing the specimens (146 mg) at 100 °C for 5.0 h, the SSA of the NPs was
measured using the BET analyzer based on the nitrogen (N3) adsorption/desorption data of isotherms. This research estimated the
mean pore diameter (size) and the volume of the ZnO NPs using a Barrett-Joyner-Halenda (BJH) technique. Fig. 3(d) depicts ZnO NPs’
adsorption and desorption isotherms, and the SSA was approximately 22.37 m?/g. Due to possible aggregation of the NPs over time the
measured SSA was slightly different from the manufacturer-specified SSA. However, it is supposed to attain the original value during
the NFs preparation. Fig. 3(d) illustrates valuable insight into the gas adsorption behavior on the surface of ZnO NPs. The information
regarding the available SSA for the gas adsorption, the pore size distribution, and the adsorption capacity of the NPs can also be easily
grabbed. The behavior of the adsorption-desorption isotherm, shown in Fig. 3(d), shows mesoporous structures within the ZnO NPs.
The hysteresis loop also confirms that the adsorption process is not entirely reversible, and the shape of the hysteresis loop further
confirms the rigid mesoporous structure of ZnO NPs with a broad pore size distribution.

5. Results and discussions
5.1. Stability of ZnO/EG NFs

The stability inspection results for the EG-based ZnO NFs for various concentrations of NFs have been shown in Fig. 4(a) and (b).
The photographs captured just after the preparation presented in Fig. 4(a) show the uniform dispersion of the subject ZnO-based NPs
within the under-consideration host BFs. The milky color of the formulated NFs also indicates that the NPs aggregates formed during
the storage were dissociated to their original size, as mentioned by the manufacturer. The photographs captured after 24 h showed no
signs of NPs sedimentation, as presented in Fig. 4(b). 40 ml special transparent glass vials (CNW, Singapur) have been used in this
research study. The experimental findings showed no visual signs of NPs sedimentation over the investigated time, showing reasonable
stability of the NFs. Furthermore, the prepared samples of the NFs were found stable for an observation period of 30 days. The
investigation confirmed the stability of NFs for a long duration and its consistency with the literature for applying prepared NFs in
mini-compact channels. The long-term stability of the NFs is attributed to the uniform dispersion of the NPs under acute sonication and
stirring processes as adopted for the preparation of NFs in the present research. The ZnO NPs are supposed to possess the robust
electrostatic force of repulsion within the host BFs, which prevents them from aggregation. As the existing literature supports, a
reasonable charge on the NPs could result in stable NFs with excellent thermophysical properties [50].

Fig. 4. ZnO/EG NFs (a) after preparation and (b) after 24 h.
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The existing literature revealed very high-tech and expensive instrumentation for the stability investigation of the NFs; however,
these instruments are not readily available to everyone due to their high cost and require expertise in operating and handling them
[51]. However, the visual photography method can easily estimate the stability of the NFs forming colored dispersions without
requiring the involvement of high-tech instrumentation and skills. The only pre-requisite is taking the snapshots carefully in a
vibration-free environment.

5.2. Thermal conductivity of ZnO/EG NFs

TC of ZnO/EG-based NFs varies directly with the temperature and mass concentration of NPs, as presented in Fig. 5(a). At a
temperature of 40 °C, the rise in TC of NFs compared to EG was 4.92-14.38 % for 0.012-0.048 wt %. The rise in temperature of the NFs
triggers the NP’s Brownian motion within the host BFs, which contributes towards enhancing the overall TC of the system. The
interfacial layer between the host BFs and the NPs contributes to TC enrichment. The increase in NPs loading makes it more convenient
for the enhancement in the TC of NFs due to the enrichment of more conducting materials within the host BFs. The highest recorded TC
in the present case is also attributed to the smallest size and spherical shape of the NPs, hence the availability of more SSA of the NPs
exposed in the host BFs environment [52]. Similar findings have been reported in a study [48] with ZrOo/EG-based NFs at 0.2-1.0 vol
% and 20-60 °C temperature range. The TC of the ZrO,/EG-based NFs augmented with the NP’s loading and operating temperature.
The experimental results of the present study were compared with the aforementioned study at a temperature of 60 °C. It was found
that the enhancement in TC was 5.11-14.55 % for the NPs mass concentration of 0.012-0.048 %, while for ZrO5/EG-based NFs, this
enhancement was 7.60-19.60 % in the volume concentration of 0.2-1.0 %. The higher TC reported in the case of ZrO,/EG-based NFs is
possibly due to the higher mass concnentration of ZrOy NPs in the host BFs. The other possible contributing parameters are the TC of
the NPs, their morphology, nature, and dispersion stability in the BFs. It attributes to the fact that the TC of the NFs is not dependent
only on the operating temperature of the system but also on the nature of the NPs, the concentration of the NPs in the host BFs, and the
size and shape of the NPs.

The research results found in the present case for TC of NFs were compared and contrasted with a study [45] conducted by the
authors using ZnO NPs in the DIW under similar concentrations of the NPs and operating temperatures, as presented in Fig. 5(b). The
comparison showed that the operating temperature and the NPs loading influenced the TC of NFs in the same manner in both cases. An
increasing trend was observed in the TC of the NFs, with a rise in the concentration of the NPs and the operating temperature of the
NFs. However, EG-based NFs showed relatively lower TC than DIW-based NFs under the same operating condition. This is possibly due
to EG’s relatively lower TC than DIW’s. This also revealed that the NFs’ TC is not only linked with the characteristics of the NPs but also
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highly dependent upon the properties of the host BFs. Z12D, Z24D, Z36D, and Z48D present the mass concentrations of 12 mg, 24 mg,
36 mg and 48 mg, respectively, in DIW.

Fig. 5(c) shows the percentage enhancement in the TC of the ZnO/EG-based NFs compared to the host BFs. It was recorded that the
highest TC of the ZnO/EG-based NFs was at a temperature of 60 °C and a concentration of NPs of 0.048 wt % Fig. 5(d) compares the
experimental findings for the ZnO/EG NFs with those estimated from the classical correlations. The investigation showed the failure of
the conventional models to predict the analytical findings.

Table 3 shows the classical models used by different researchers to compare experimental findings in the present investigation. The
underestimation of the experimental findings by the theoretical models is most probably due to the consideration of the NP’s con-
centration, the TC of the host BFs, and the NPs only. However, as reported and investigated in the current study, the TC of the NFs is not
limited to the subject parameters only. Still, it also depends upon the shape and size of the NPs used and the extent of dispersion and
stability of the NPs in the host BFs.

5.3. Viscosity of ZnO/EG NFs

VC of ZnO/EG-based NFs varies inversely with the temperature and directly with the mass concentration of NPs, as presented in
Fig. 6(a). For example, at 40 °C temperature, the rise in VC of NFs compared to EG was 5.42-15.22 % for 0.012-0.048 wt %. The
depression in the VC of the NFs with the temperature rise is possibly due to the weakening of the interfacial layer resistance and, hence,
van der Waals forces between the individual NPs. On the other hand, the rise in the VC with the increased concentration of NPs shows
the increased resistance and shear forces among the coinciding NFs layers [58]. The maximum rise in the VC of the NFs was seen at the
higher concentrations of the NPs and low temperatures. However, this rise was not significant at higher concentrations and tem-
peratures, strengthening the consideration of studied NFs for high-temperature heat transfer systems. Similar findings have been
observed in a study [48] with ZrO,/EG-based NFs, with a volume concentration of 0.2-1.0 % and a temperature range of 20-60 °C. The
VC of the ZrO,/EG-based NFs augmented with the rise in the NPs loading, while it decreased with the system’s operating temperature.
The experimental results of the present study were compared with the aforementioned study at 60 °C. In the present case, the VC
enhancement was 5.79-18.73 % for the NPs mass concentration of 0.012-0.048 %, while for ZrO,/EG-based NFs, this enhancement
was 7.66-39.23 % in the volume concentration of 0.2-1.0 %. The lower VC reported in the case of ZrOo/EG-based NFs is observed
compared to ZnO/EG-based NFs. The deviation of the current research results from the aforementioned study is possibly due to the
different nature and physical properties of the NPs. This deviation in VC also shows that the VC is not only dependent on the operating
temperature of the system but also on the nature of the NPs, the concentration of the NPs in the host BFs and the size and shape of the
NPs. The current research findings were also compared and contrasted with a study [45] conducted by the authors using ZnO NPs in
the DIW under similar concentrations of the NPs and operating temperatures, as presented in Fig. 6(b). It can be seen in Fig. 6(b) that in
the case of DIW and EG base host BFs, the VC of NFs followed a similar trend with the NPs loading and the operating temperature. The
comparison showed a decreasing trend in the VC of the NFs in both cases, while VC increased with the rise in the concentration of the
NPs.

However, EG-based NFs showed relatively higher VC than DIW-based NFs under the same operating condition. This is possibly due
to EG’s relatively higher VC than DIW’s. This also revealed that the NFs’ VC is not only linked with the characteristics of the NPs but is
also highly dependent upon the properties of the host BFs. Fig. 6(c) shows the percentage enhancement in the VC of the ZnO/EG-based
NFs compared to the host BFs. It was recorded that the highest VC of the ZnO/EG-based NFs was at a temperature of 20 °C and a
concentration of NPs of 0.048 wt %.

Fig. 6(d) compares the experimental findings for the ZnO/EG NFs with those estimated from the classical correlations. The
investigation showed failure and underprediction of the experimental findings by the traditional classical models. Table 4 shows the
classical models used by different researchers to compare experimental findings in the present investigation.

The underestimation of the experimental findings by the theoretical models is most probably due to the consideration of the NPs
concentration only. However, as reported and investigated in the existing research study, the measured VC of the NFs is not limited to

Table 3
Classical models for predicting TC of NFs.
TC Models Mathematical model Remarks
Maxwell model [53] ks [kp + 2k; + 20(ks — kp) Based on the effective medium theory, uniformly dispersed and spherical-sized NPs.
K [kp+2kf—q’(kf—kp)
Hamilton and Crosser [54] ke Applicable for spherical and cylindrical particles. Developed by using the shape
K factor.

[kp +(n—1ks — (n—1)®(ks — kp)
kp + (n — 1)ks + (ks — kp)

Timofeeva Model [55] @ —(1+39) Modelled considering the effective medium theory of NPs.
ks

Wasp model [56] ks Ky + 2k; — 20 (k; — ky) The shape factor is unity. Not valid for spherical particles.
K [kPJerf*‘D(kf’kp)}

Mintsa et al. [57 k. C tration-d dent and -t ture-d dent.
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Traditional classical correlations for predicting the VC of NFs.

Viscosity Model

Mathematical expression

Remarks

Einstein’s model [59]
Batchelor model [60]
Brinkman model [61]
Wang model [62]
Guo et al. [63]

Hnp =
Hnp =

Hop = (1= ™)
Her = (1 + 7.3p + 123¢?)
Hep = (1 + 250 + 6.5¢0)(1 + 3509 /dp)

1+ 2.5¢)u;
1+ 25¢ + 6.50%)y;

Applicable to the NPs of spherical shape only at volume fraction ¢ < 0.02.

Modelled using Einstein’s model and minding the Brownian motion of the NPs
Applicable for continuous NPs medium for the NPs loading up to 4.0 %

Formulated taking the standard room temperature as a reference for VC measurements.

Developed by considering the size and concentration of the NPs only in the host BFs.
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the subject parameters only. Instead, it also depends upon the operating temperature, shape, and size of the NPs used and the extent of
dispersion and stability of the NPs in the host BFs.

5.4. Validation of test setup

In the current study, the research setup for investigating the thermal (HTC) performance and hydraulic features of the ZnO/EG-
based NFs have been validated for the desired experimentation to check its accuracy using EG as a standard BFs. Therefore, the
testing was made under the desired operating settings, and the results were evaluated to estimate the Nusselt number and frictional
losses through the minichannel test tube.

The assessment of the results obtained for the subject parameters was made with the famous theoretical classical Shah correlation
for the Nusselt number [64] and then with the Darcy Correlation for frictional losses [65], as presented in Fig. 7(a) and (b). The
theoretical and analytical results have presented the highest deviation of +-5.86 % and +2.80 %, respectively. These minor deviations
are attributed to the possible minor variations in the controlled conditions, which are not considered in the theoretical models.
However, the deviations are slight and can be considered in an acceptable range. Many researchers in the existing literature use the
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subject correlations to validate compact channel-based experimental testing setups subjected to the constant heat flux in the laminar
flow regime using NFs.

The findings confirmed the reasonable accuracy of the test rig for investigating the thermal (HTC) and hydraulic performance of
ZnO/EG-based NFs within the designed operating conditions. Further, it confirms the repeatability and reproducibility of the
experimental results within the examined uncertainties for the performance characteristics of the ZnO/EG-based NFs under the subject
operating conditions.

5.5. Local heat transfer coefficient of ZnO/EG NFs

Fig. 8(a-f) presents the relationship between the local HTC and the non-dimensional pipe length of the mini tube test sections. For
HTC, experiments were performed for NFs containing different concentrations of ZnO NPs ranging from 0.012 to 0.048 wt % and the
mass flow rates ranging from 12.0 to 24.0 ml/min. The research findings revealed that local HTC is high at the channel’s entry and
progressively decreases with an increase in the direction of the test section length. At the entry level, the boundary layer of fluid is not
fully developed, and HTC is high. However, approaching the developing region, the HTC decreases and attributes to attain a constant
value for a fully developed flow. This behavior is due to the uniform temperature gradient between the flowing fluid within the test
section and the temperature of the heated wall of the minichannel test sections. Similar findings were observed when the diameter of
the test section was increased. The maximum enhancement recorded in local HTC against 0.048 wt % of NPs and 1.0 mm diameter
(D1T) of the test section at 24.0 ml/min was 14.80 % compared with EG. The corresponding enhancement for the 1.5 mm (D2T) and
2.0 mm (D3T) diameter test sections was 10.76 % and 8.30 %, respectively.

The findings showed an enhancement in the local HTC with the rise in the concentration of the NPs, which is attributed to the
thermal performance enhancement at the cost of an increase in the TC of the NFs. The HTC augmentation with the rise in flow rate at
the cost of Reynolds number enrichment is also a prime factor. It also includes the increase in convective mass transfer role in trig-
gering the thermal performance of NFs within the minichannel test section.

The other factors responsible for the enrichment of the thermal characteristics of the NFs include but are not limited to the
enhancement in the TC of the NFs with the rise and mass concentration of NPs and the rise in the NFs flow rate within the minichannels.

The research findings also confirmed that the minichannel test sections with smaller diameters have great potential for high heat
flux removal applications if the hydraulic characteristics of the NFs are not compromised much. Optimization between the NF’s
thermal characteristics and hydraulic performance within minichannels will lead to this novel concept for commercial applications.

Fig. 9(a) and (b) show a comparative analysis of experimental findings for HTC plotted against predicted values by Shah correlation
[66] for pure EG and ZnO/EG-based NFs, respectively. The experimental findings were within 15 % of the projected values from the
Shah correlation. The comparison shows that the experimental results for evaluating the thermal (HTC) performance of the
ZnO/EG-based NFs in compact channel thermal systems in the developing and fully developed flow can be estimated with reasonable
accuracy using the traditional classical correlations. The prediction of the experimental data through the classical mathematical
models also reflects the fact of predicting the HTC of the NFs for other mass concentrations of NPs and the operating conditions to
optimize the different parameters for higher HTC with a minimum compromise over the thermal and hydraulic characteristics of the
NFs within the compact channels.

5.6. Average heat transfer coefficient of ZnO/EG NFs

Fig. 10(a—c) presents the average HTC of the ZnO/EG-based NFs in the minichannel test sections of different diameters under
varying flow rates and mass loading of NPs. The average HTC was directly proportional with the NFs flow rate and the NPs loading. At
the same time, an inverse relationship exists with the diameters of the test sections. The maximum enhancement recorded in the
average HTC against 0.048 wt % of NPs and 1.0 mm diameter (D1T) of the test section at 24.0 ml/min was 13.48 % compared with EG.
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The corresponding enhancement for the 1.5 mm (D2T) and 2.0 mm (D3T) diameter mini tubes was 12.56 % and 11.75 %, respectively.
The increased flow rate enhances the governing parameters affecting the HTC, while the NPs loading improves the thermal conduction
within the host BFs. These factors ultimately boost the overall thermal performance of the NFs within the heat-exchanging system. The
decrement in the inlet diameter impacts the velocity of the NFs and, hence, the Reynolds number, leading to an increase in heat transfer
rate. The research findings were compared with the existing studies in the literature. A study by Sundar and Shaik [67] investigated the
heat transfer performance of nanodiamond-based NFs in EG in a volume concentration of 0.2-1.0 %. Under constant heat flux and
laminar flow conditions, as adopted in the present study, the study confirmed an enhancement in the HTC of NFs with the rise in
Reynolds number and the mass concentration of NPs in the host BFs. They observed a maximum enhancement of 45.01 % in the HTC
compared to the BFs. The comparison also shows that the HTC is also dependent upon the morphological characteristics and ther-
mophysical properties of the NPs and NFs, respectively, and these are supposed to be a great influential parameter in heat transfer
performance evaluation. Fig. 10(d) compares the experimental results and those predicted with the classical Shah Correlation [66] for
ZnO/EG NFs. The findings showed that the deviation between the theoretical and analytical findings was within +15 %. Adding NPs
enhanced the average HTC due to the improved TC of the NFs and increased Brownian motion of NPs within the host BFs.

It also shows that smaller diameters are recommended for higher HTC if the other conditions are optimized. Similar reasons
observed for local HTC also contribute to the enrichment of the average HTC. The average HTC presents the thermal performance of
the bulk fluid corresponding to the bulk fluid temperature and the bulk mass transfer of the fluid during flow within the compact
channels. In average HTC, the effects of the fluid flow behavior in the developing and fully developed region are not separately dealt
with and is an uncomplicated representation of the fluid thermal performance within the flow channel without estimating the point-to-
point temperatures across the surface subjected to the constant heat flux boundary conditions.

5.7. Average Nusselt number of ZnO/EG NFs

The average Nusselts number variation with volume flow rate for EG and ZnO/EG-based NFs is illustrated in Fig. 11(a—c). It is
evident that the average Nusselt number increases with volume flow rate and NPs loadings but decreases with increasing test section
diameters.

The maximum enhancement noted in the average Nusselts number for ZnO/EG-based NFs compared to BFs was 9.74 % against
0.048 wt % of NPs and 1.0 mm diameter (D1T) of the test section at 24.0 ml/min. The corresponding enhancement for the 1.5 mm
(D2T) and 2.0 mm (D3T) diameter mini tubes was 8.85 % and 7.74 %, respectively. The research findings were compared with the
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existing studies in the literature conducted by Sundar and Ramana [68]. The study confirmed an enhancement in the average Nusselts
number with the rise in Reynolds number and NPs loading. They observed a maximum enhancement of 72.33 % in the Nusselt number
ata 1.0 vol % compared to the BFs. The comparison also showed that the Nusselt number depends on the morphological characteristics
and thermophysical properties of the NPs and NFs, respectively. Fig. 11(d) compares the experimental results and those predicted with
the classical Shah Correlation [66] for ZnO/EG NFs. The findings showed that the deviation between most of the theoretical and
analytical findings was within +15 %.

5.8. Pressure drop of ZnO/EG NFs

Fig. 12(a—c) shows the hydraulic characteristics of the NFs under varying flow rate conditions, test section diameters, and the
loading of the NPs. As usual, the pressure gradient intensified with the NPs loading and the volume flow rate of NFs. In contrast, an
inverse proportion exists between the pressure drop and the area of the minichannel cross-section. The maximum pressure gradient
observed for the test section of diameter 1.0 mm (D1T) was 32.16 % at 0.048 wt% mass concentration of NPs for 24.0 ml/min flow rate
of the NFs.

The test sections’ corresponding pressure drops for 1.5 mm (D2T) and 2.0 mm (D3T) diameters minichannel test tubes were
recorded as 22.31 % and 13.88 %, respectively, compared to EG. The higher NPs concentration is attributed to more viscous forces at
higher flow rates and contributes towards the more pressure gradient. By reducing the cross-sectional area of the test section, the per
unit area exerted force by the flowing fluid enhances and increases the overall pressure gradient. The experimental findings in the
laminar flow regime were also compared and contrasted with those predicted from the well-known classical Darcy correlation [69], as
shown in Fig. 12(d).

The findings showed that the experimental results agreed with the predicted values within the +10.0 % deviation range. This
shows the validation of the prediction of the experimental results by the Darcy correlation [69] n in the existing literature, where
different researchers have used it for the pressure drop modeling while dealing with a diverse range of NPs in various conventional and
non-conventional channels for evaluating their hydraulic characteristics for heat transfer applications.

The hydraulic performance of the NFs within the minichannel heat exchangers of varying diameters showed that the larger inlet
dimeters of the minichannels are best suited for the low-pressure drops across the test section, however, with a compromise over the
HTC. Hence, optimizing the HTC and the hydraulic characteristics of the NFs should be critically considered while operating with the
minichannel heat exchanging systems for thermal applications.
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5.9. Friction factor of ZnO/EG NFs

The friction factor (f) of the ZnO/EG-based NFs depends on the NP’s loading within the host BFs and the flow rate of NFs. Therefore,
the relation between the subject parameters and the friction factor (f) is well projected in Fig. 13(a—c). The friction factor increased
with the NPs loading, while an opposite effect was observed with the NFs flow enrichment. It also possessed a direct proportion with
the diameters of the test sections. The impact of the friction factor is more significant at lower fluid flow rates due to lower values of the
Reynolds number, most probably due to the dominance of the viscous forces over the inertia force, leading to more frictional losses.
The friction factor (f) of the formulated NFs, on the other hand, is also the function of the relative roughness of the minichannel flow
systems. In the present case, for 0.048 wt % of NPs, the maximum friction factor at a 12.0 ml/min volume flow rate of NFs was 34.58 %
in the test section of 1.0 mm diameter (D1T). The corresponding values for 1.5 mm (D2T) and 2.0 mm (D3T) diameter minichannel test
tubes were 20.77 % and 15.96 %, respectively, compared to EG. The increased cross-sectional area of the flow channel depresses the
velocity of the NFs, dominating inertia forces over viscous forces, and hence the frictional losses decrease. When the flow rate is very
low, the role of the relative roughness of the system is negligible compared to the other dominating factors. Therefore, it does not
influence the flow behaviour of the NFs within the compact channels.

The results of the current study were compared to a study by Sundar and Ramana [67], investigating the friction factor of
Nano-diamond-based NFs in EG in a volume concentration of 0.2-1.0 %. Experiments were performed by applying constant heat flux
under laminar flow conditions. Their observations showed that friction factor increased with NPs concentration but decreased with
volume flow rate. The trend observed in the present research work matches with the aforementioned research findings. The maximum
enhancement of 27.9 % in the friction factor for 1.0 wt % of NPs was observed compared to the BFs in their investigation. The friction
factor in the present study was higher than the aforementioned findings, most probably due to the different nature, size, and shape of
NPs, flow conditions, and other operating parameters.

Fig. 13(d) compares experimental findings with those predicted by the well-known classical Darcy correlation [69] in the laminar
flow regime. It shows that the experimental findings agreed with the predicted values for fiction factor in the tubes of different di-
ameters for all volume flow NPs loadings within the +10.0 % deviation range. The agreement between the experimental and theo-
retical results shows that the data reflects the reasonable accuracy of the experimental setup. Many researchers have also used the
Darcy correlation [69] in the laminar flow regime in the existing literature to predict the friction factor. It is well-mapped with the
findings in the current study.
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friction factor with Darcy correlation.

6. Conclusion and future recommendations

The thermal and hydraulic performance of ZnO/EG-based NFs were investigated in minichannel heat exchangers of different inner
diameters under constant heat flux and laminar flow conditions. The following conclusions have been drawn from the experimental
findings for the NFs investigated in this study.

1. The TC and VC increased with the NP’s loading. In addition, TC increased with the increase in the NFs temperature, while the VC of
the NFs showed an inverse behavior under the same operating conditions. Under steady-state operating conditions, the
enhancement in the subject properties of the NFs was 13.80 % and 15.22 %, respectively. The enhancement in TC of NFs with
increased NPs loading and operating temperature is attributed to the thermal percolation, NPs to BFs interaction, higher TC of NPs,
and increased Brownian motion of NPs in the host BFs. On the other hand, NPs to BFs interaction increases with the rise in NP
concentration, leading to increased VC of NFs. However, the decrease in the VC with the temperature rise is due to reduced
interparticle van der Waals and electrostatic forces.

2. Both the local HTC and the average HTC possessed an increasing trend with mass loading of the NPs and the NFs volume flow rate.
However, HTC showed an inverse trend with the variation in the inlet diameter of the minichannel test section due to possible
variations in the Reynold number of the NFs system. Under the standard operating conditions, the local and average HTC
enhancement was 14.80 % and 13.48%, respectively. The enhancement in HTC with the NP’s loading is attributed to the enhanced
TC of the BFs and increased Brownian motion of NPs. The convective HTC also increases with the increase in volume flow rate,
leading to an increase in overall local and average HTC. However, an increase in the cross-sectional area of the test section inlet
directly impacts the velocity of the NFs and, hence, the HTC.

3. Both the friction factor and the pressure gradient across the test section possessed an increasing trend with the loading of the NPs.
However, the friction factor (f)was directly proportional to the compact channels’ cross-sectional area, while the pressure gradient
showed an inverse behavior. An opposite behavior was observed in the case of comparison over the volume flow rate. For the
standard operating conditions, the maximum friction factor (f) and the pressure drop for all three test sections of the different
diameters were recorded as 34.58 % and 32.16 %, respectively. The enhancement in the friction factors and the pressure gradient
due to NPs loading attributes to the increased VC, higher velocity gradients, and additional shear stress effects between the NPs and
the host BFs. The effect of minichannels cross-sectional area on the friction factor and the pressure gradient is also attributed to the
aforementioned parameters.
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4. The experimental results for local and average HTC were within +15.0 % of those predicted from the well-known Shah correlation.
However, the experimental findings were within the +10.0 % range of the predicted results from the notable Darcy correlation for
the friction factor and the pressure gradient. This shows that existing correlations for the subject parameters can reasonably predict
the experimental findings. However, the slight deviations observed are due to different morphological characteristics of the NPs
and the design operating conditions that are inconsistent with those considered in the classical correlations.

The research findings showed the potential of the ZnO/EG-based NFs for thermal applications by integrating mini and micro-
channels of different diameters. The lower diameter test sections could enhance the HTC to a great extent but compromise the hy-
draulic performance of the NFs and vice versa. However, there is still a potential to optimize the cross-sectional area of the mini and
microchannel heat exchangers with a minimum compromise over the aforementioned characteristics of the NFs. This could be the
potential research area for thermal engineers working in microfluidics and nanofluidics for their potential applications in the next
generation of high heat flux thermal systems.
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