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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu The advancement of nanotechnology has demonstrated the ability of metal-oxide-based nano-
Keywords: fluids (NFs) to produce high heat flux in microscale thermal applications. Convective heat transfer
Friction factor (HTC) and flow characteristics (pressure drop (AP) and friction factor (f)) of aqueous ZnO NFs’
Pressure drop within a circular mini tube (D; = 1.0 mm, L = 330 mm) were analyzed. Experiments were carried
Heat transfer coefficient out under steady-state and varying flow rates using 0.012-0.048 wt % of NFs and sodium hex-
Mini tube ametaphosphate (SHMP) and acetylacetone (ACAC) as surfactants (SFs). Laminar flow and con-
Nanofluids stant wall heat flux conditions were used to assess NFs heat transfer properties, AP and f. The
Nanoparticles viscosity (VC) and thermal conductivity (TC) of NFs exhibited a strong dependence on the

Reynolds number
Dispersion stability
Stabilising agents

operating temperature and NFs concentration. VC and TC increased by increasing the NFs con-
centration and decreased by increasing the operating temperature. Maximum VC and TC
enhancement of 16.75% and 23.70% were achieved for SHMP-stabilised NFs, respectively. The
average HTC increased by increasing NFs loading and flow rate, with HTCy,x of 17.0% noticed for
ACAC-stabilised NFs. The APp,ax and fiax were 16.0% and 12.0%, respectively. Experimental and
theoretical results showed a maximum deviation of +7.0% and +4.0%, respectively.

1. Introduction

Dissipation of high heat flux is the main challenge in the present era to cope with the cooling requirements of many high-tech
modern electronic systems. Despite significant development and research, cooling these systems with reasonable efficacy is still
challenging. It led the thermal engineers to develop new methods, techniques, and strategies to overcome this issue [1]. Various
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techniques, such as enhancing contact surface area, fluid flow rates, induced vibrations, and manipulating conventional fluids’
transport properties, are proposed in the literature [2]. However, traditional cooling agents such as distilled water (DW), deionised
water (DIW), ethylene glycol (EG), transformer oil, and engine oil possess limited thermophysical and heat transfer characteristics in
this regard, and new approaches and cooling agents are highly desired for heat dissipation [3]. A new class of efficient coolants in-
tegrated with compact heat exchanging systems is an alternative to dissipating high heat flux from these mini high-tech machines. It
will not only shrink the system’s size and quantity of fluid but will also improve the thermal systems’ heat transfer efficacy with
minimal energy consumption. The research community is working extensively for decades in this area to cope with the aforementioned
issues.

The thermal performance of traditional heat transfer fluids (HTFs) can be enhanced by adding ultra-fine, small-sized metallic and
non-metallic solid particles having high thermal conductivity [4]. The research on this novel concept led thermal engineers to innovate
new HTFs, famously known as nanofluids (NFs), containing 1-100 nm particles within volume concentrations up to 5.0%. These
small-sized particles dispersed in heat transfer base fluids (BFs) are most commonly known as nanoparticles (NPs) and mainly consist
of metallic and non-metallic (metal-oxides) particles. Improved thermophysical properties (thermal conductivity, Brownian motion,
etc.) of NFs are supposed to enhance their heat-carrying capability [5]. These NFs will likely enhance the aforementioned modern
systems’ local and average heat transfer performance. The overall thermal efficiency of any heat transfer system depends upon the
effectiveness heat exchanger [6]. The enhanced surface area of the heat-exchanging system plays a key role in increasing the thermal
effectiveness of the system. Compact heat exchangers are becoming popular with the advancement in design and shrinking heat
exchanging systems because of their reduced size, lesser weight, and increased thermal performance in many applications. Integrating
such heat exchanging systems with NFs makes them suitable to cope with high heat flux from the miniature devices [7]. The use of NFs
in compact heat exchangers appears promising, but the field faces different challenges in rapid advancement. It includes expensive
methods for formulating NFs, poor dispersion stability and heat transfer characteristics of NFs, disagreement between research in-
vestigations from various groups, and the absence of helpful information about different mechanisms responsible for heat transfer
intensification. The increased pumping power due to increased pressure gradient across the flow channels and collaging of NPs within
the minichannel heat exchanging systems is another neglected area [8]. Hence, more in-depth experimental studies are the need of the
day to fully recognise these novel fluids’ thermal performance and hydraulic characteristics in the microscale heat transfer systems.

1.1. Stability of nanofluids

The dispersion stability of aqueous metal oxide-based NFs is a great challenge for the research community of their potential use in
different thermal and heat transfer applications. The sedimentation of the NPs within the host BFs over time makes them unsuitable for
their use in compact-sized heat-exchanging systems due to possible blocking and clogging of the tubes and flow channels [9]. Scientists
in this field continually explore new horizons and have applied numerous techniques to overcome this issue [10]. Suganthi and Rajan
[11] reported the findings for SHMP-stabilised NFs at various SFs and NPs ratios. However, at an optimised ratio of 1:5, the NFs were
found stable for a long duration compared to pure DIW-based NFs. Radkar et al. [12] examined the ZnO/DW NFs with a 9-15 nm NPs
size and 0.05-0.25 vol % of NPs. It was found that the NFs were stable for the desired period. Different experimental findings elab-
orating the dispersion stability of ZnO/H30 NFs and the techniques used to enhance the stability time are well reported in Table 1.

Numerous SFs for stability enhancement have been reported, but the literature still lacks information about optimising SFs con-
centrations. Most of the authors in the existing literature reported that the ZnO-based NFs, without any SFs, in an aqueous media
possess poor dispersion stability. The standardisation of optimum ultrasonication time is another neglected area. The only possible
solution to overcome stability-related issues is to treat NFs with both physical and chemical methods under optimised operating
conditions.

1.2. Viscosity of nanofluids

The VC is another primary influencing parameter affecting the convective HTC and the flow properties of NFs in heat-exchanging
mediums [17]. Its importance in the heat transfer thermal system is a critical point of consideration because it has a direct impact on
the pumping power for the circulation of the NFs and directly influences the overall energy consumption of the system. Einstein [18]
pioneered computing the viscosity of NFs with spherical-shaped NPs using classical hydrodynamic equations. The experimental
findings reported in the literature confirmed that ZnO NFs’ viscosity depends upon the NPs loading and operating temperature along
with the other influencing parameters such as the morphology, pH, preparation techniques, nature and type of the stabilising agents.

Table 1
Dispersion stability of ZnO/H,0-based NFs prepared using different techniques.
Nanofluids (NPs Size) ~ Stabilising Techniques NPs/SFs Concentration Operating Conditions Stability Ref
(Days)
ZnO/DW + PVP Bath sonication (90 min) NPs (0.30 vol %.),SFs (1.5 x NFs stabilised with surfactant were found 21 [13]
(<100 nm) NPs) more stable compared to that pure NFs.
ZnO/DIW + SDBS + Magnetic stirring (60 min), NPs (0.1, wt. %.), SFs (0.017, Sonication time = 60 min, pH = 2, SDBS 12 [14]
Brine (55 nm) Bath sonication (30-120 min) 0.025, 0.050 wt %) concentration = 0.025 wt %,
ZnO/DW + XG (<50 Bath sonication (60 min) NPs (0.1, 0.3, 0.5 wt %.), SFs SEM and DLS analysis showed the stability 3 [15]
nm) (0.4 wt %) of NFs at 0.4 wt % of XG
ZnO/DW (-) Magnetic stirring (15 min), NPs (0.05-0.1 wt %.) 0.1 wt % of NFs were stable, Maximum 3 [16]
Bath sonication (60 min) hydrodynamic size = 16 nm,
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However, the existing literature lacks the effect of the aforementioned parameters [19]. Sadegh et al. [20] in their investigation
observed that for graphene oxide-based NFs the behaviour of NFs changed from Newtonian to non-Newotonain with an increase in the
mass concentrations of NPs. They also proposed a mathematical model, which predicted the findings of the study with reasonable
accuracy under standard operating conditions. In another investigation [21], authors performed a study with magnetic NFs consid-
ering the wedge flow in the Eulerian framework to investigate the NFs’ effectiveness. The study considered the NPs size, Brownian
motion and thermophoresis effect within the NFs which were overlooked by popular classical models. The authors in their previous
study [22] evaluated the viscosity of ZnO NFs under varying mass concentrations and operating temperatures. The findings showed an
increasing trend with the NPs loading while an opposite behaviour was observed with the rise in the operating temperature. The
findings were in line with the results of similar kinds of studies recorded in the existing literature. The experimental studies addressing
the VC of ZnO/DIW NFs have been reported in Table 2 with and without using SFs under different NPs loadings and operating
temperatures.

The reported literature has inconsistencies because of the non-standardisation of different methods used to prepare and measure
the VC of NFs. Furthermore, the optimization of NPs size, concentration, and stabilising agents used is still a neglected area for an
optimised viscosity of ZnO NFs in an aqueous media for potential heat transfer applications. However, it can be concluded that an
optimised concentration and size of NPs, stable operating conditions, and SFs concentrations are possible ways to optimise the vis-
cosity of NFs. It will not only lead towards the smooth operation of the heat exchanging systems but also result in a little compromise
over the pressure drop and frictional losses and the system’s overall energy consumption.

1.3. Thermal conductivity of nanofluids

NFs’ TC is a critical controlling characteristic among the thermophysical properties, which depends upon the physiochemical
characteristics of the NPs. ZnO NPs have anomalous high thermal conductivity similar to metal oxide NPs and have suitable heat
transfer applications. Jeong et al. [27] analyzed the ammonium polymethacrylate stabilised ZnO/DIW NFs with NPs size 20-40 nm
and reported an enhancement of up to 16% at 5.0 vol % in thermal conductivity for spherical shape NPs. This increase was 19.8% for
rectangular-shaped NPs under the same operating conditions and NPs size 90-210 nm. The possible rise in the rectangular-shaped NPs
may be due to larger particle sizes. Sadegh et al. [28] proposed empirical models for the estimation of TC of NFs based on the analytical
data for the estimation of TC with reasonable accuracy in the absence of experimental tools. Different experimental thermal
conductivity-related investigations of aqueous ZnO NFs under different NPs loadings and operating temperatures have been presented
in Table 3.

It can be seen that ZnO NFs possess relatively good thermal properties and could be a potential HTF. The NPs with spherical shapes
and smaller sizes have better thermal characteristics than large and non-spherical ones. However, there are several inconsistencies in
the existing data regarding the impact of NPs concentration, nature, and type of SFs used. An optimised concentration and size of NPs,
stable operating conditions, and SFs concentrations are possible ways to enhance the thermal properties of aqueous ZnO NFs for
potential applications in different heat-exchanging systems.

1.4. Convective heat transfer of nanofluids

Zinc Oxide NFs possess remarkably high thermal and rheological characteristics for their potential heat transfer applications in
conventional and compact channels. This is probably of the different sizes and shapes of NPs, the techniques used for the preparation
and stability enhancement of NFs, and the conditions under which the fluid is tested. Numerous studies reporting the experimental
findings from different research groups on the convective HTC of aqueous ZnO NFs in small-diameter circular cross-section tubes
presented different results. Shahrul et al. [13], in their study with 0.3 vol % of PVP stabilised aqueous ZnO NFs, observed an
improvement of 35% in the overall HTC. Sharifpur et al. [30] observed similar findings for aqueous ZnO NFs in a square cavity with a
rise of 9.14% in convective HTC for 0.10 vol% of NPs. Topuz et al. [25] investigated SDS-stabilised ZnO NFs in an aqueous media
flowing through a horizontal circular microchannel (Microtube, ID = 4 mm, 7.5 mm, 10 mm, length = 200 mm) under the constant
surface temperature condition in laminar flow regime (Re = 500-2300). ZnO (18 nm) NPs with 0.5, 0.7 and 1.0 vol % concentration of
NPs showed an improvement in HTC up to 1.5% only. In another experimental and numerical study [31], hydraulic characteristics of
Al,O3 NFs were explored in a pours media. The small size of the NPs proved to be excellent not causing any kind of blockage within the
flow system. Niknejadi et al. [32] in their experimental study with Fe304-based NFs analyzed the flow and thermal characteristics of
NFs within a twisted tube. The findings showed that the performance of NFs was quite superior in the twisted tube when compared

Table 2
Viscosity of ZnO/H,0-based NFs under various operating conditions.
Nanofluid (NPs Size) NPs/SFs Temperature Test Method (Instrument) Viscosity Enhancement Ref
Concentration Q)
ZnO/DIW + SDS NPs (0.01-1.0 wt %)  50-70 Ostwald type viscometer Viscosity increased with the temperature and [23]
(100 nm) concentration of NPs.
ZnO/DIW (20-40 NPs (1.0-2.0 vol %) 30-90 Viscometer (LVDV II + Pro, Maximum enhancement of 68% for 2.0 vol % [24]
nm) Brookfield, USA). NPs at 90°C
ZnO/DW + SDS (18 NPs (0.5, 0.7, 1.0 vol 20-50 Viscometer (LVDV II + Pro, Maximum enhancement of 20% for 1.0 vol % [25]
nm) %) Brookfield, USA). NPs at 20°C
ZnO/DW (25 nm) NPs(1.0, 1.5,2.0 vol 20-25 DV-II + PRO Digital Viscometer) Maximum enhancement of 23% for 2.0 vol % of [26]
%) NPs at 25°C




A. Qamar et al. Case Studies in Thermal Engineering 42 (2023) 102716

Table 3
Thermal Conductivity of ZnO/H,0-based NFs under various operating conditions.
Nanofluid (NPs Size) NPs/SFs Temperature Test Method (Instrument) Thermal conductivity Enhancement Ref
Concentration Q)
ZnO/DIW (20-40 NPs (1.0-2.0 vol %) 30-90 KD2 Pro Thermal Analyzer Enhancement of 8.0-15.0% for 1-2.0 vol % of [24]
nm) (THW) NPs
ZnO/DW + SDS (18 NPs (0.5, 0.7, 1.0 vol 30-60 KD2 Pro Thermal Analyzer Maximum enhancement of 9.0% at 30-60°C [25]
nm) %) (THW)
ZnO/DW (25 nm) NPs(1.0, 1.5,2.0 vol 25 KD2 Pro Thermal Analyzer Enhancement of 12% for 2.0 vol % of NPs [26]
%) (THW)
ZnO/H,0 (30 & 60 NPs (1.0 vol %) 25 KD2 Pro Thermal Analyzer Enhancement of 11.5 & 7.3 %for 30 nm and 60 [29]
nm) (THW) nm NPs

with the results obtained from the plain tube. In another study [33] the flow behaviour of Fe3O4-based NFs was investigated in
microchannels and it was found that the density, velocity and temperature of the NFs are also affected by the nature of the material of
the microchannel. Karimi et al. [34] in their investigation of SiC/H,0-based NFs observed that the thermal and hydraulic charac-
teristics of NFs are directly influenced by the NPs loading and volume flow rate. An enhancement of 19.8% in HTC was found while
operating with the NFs over the host BFs. Azimy et al. [35] conducted a study to investigate the impact of sonication waves on the
thermal performance and stability of aqueous-based MWCNT NFs in the mini heat exchanger at varying Re number values were
assessed experimentally. Their observation showed that the NFs’ stability and HTC were dramatically increased by applying ultrasonic
waves, but when the Re number increased, the effects of the sonication waves on NFs’ stability and HTC decreased. Maximum HTC
growth of 196% was recorded at 0.25 wt % of NPs and Re = 387 in comparison to water. The authors in one of their previous studies
[36] also analyzed the impact of minichannel cross-sectional area on the HTC and pressure drop of aqueous ZnO NFs. The investigation
revealed that smaller diameters resulting the smaller inlet cross sectional area of the minichannels are preferable for higher HTC, with
a little compromise over the pressure drop across the test section.

Table 4 shows a few literature studies targeting the ZnO NFs heat transfer performance in an aqueous media in mini and micro-
channels under different operating conditions. The research results presented in Table 4 show that aqueous ZnO NFs have excellent
potential for heat transfer augmentation in compact channels. It has been examined that considerable improvement in Nusselt number
and frictional pressure drops can be attained with the rise in NPs loading and Reynolds number. But the increased NPs loading may
result in particle aggregation, and more frictional pressure drops across the flow channel. Optimising the concentrations NPs and SFs,
and flow rates for reduced pressure drops and frictional losses would further enhance ZnO NFs’ potential in conventional and compact
channels. The experimental and numerical findings in the existing literature have also shown that the combination of MCHEs and NFs
has reasonably enhanced the heat transfer characteristics of BFs.

As per the literature, among the metal oxides, extensive studies exist with aqueous-based Al,03 CuO, SiO and TiOy NFs. In
addition, limited experimental investigations have been reported on the thermal (thermal conductivity, local HTC, average HTC) and
hydraulic (viscosity, pressure gradient, friction factor) performance of water-based zinc oxide (ZnO) NFs in minichannels. Among the
reported studies, many researchers used different stabilising agents to attain enhanced dispersion stability of ZnO-based NFs in a
variety of BFs [40]. However, none of these studies has reported the impact of stabilising agents on the thermal (thermal conductivity,
local HTC, average HTC) and hydraulic (viscosity, pressure gradient, friction factor) performance of zinc oxide (ZnO)-based aqueous
NFs at extremely-low NPs loading. Therefore, the current investigation examines the thermophysical properties, thermal performance,
and hydraulic characteristics of aqueous zinc oxide (ZnO) based NFs in different NPs loading ranging from 0.012 to 0.048 wt with and
without using SFs. In addition, the effect of thermophysical properties, SFs, the NPs concentration, and the fluid flow characteristics on
the local and average HTC, along with the pressure gradient across the test section, and friction factor losses, have been investigated.

2. Materials and synthesis of nanofluids

Preparing NFs under desired operating conditions is challenging and generally synthesised using either a one-step or two-step
technique. The present investigation has followed a standard two-step method for synthesising the aqueous ZnO NFs under steady-
state standard working conditions [41].

Table 4
Heat transfer performance of ZnO/H,0-based NFs under various operating conditions.
NFs/(NPs Size)/(Loading) Geometry Type of flow Enhancement Ref
ZnO/DIW, (20-100 nm)/ Straight tube, OD = 5.0 mm, ID = 4.0 mm, Type of flow: Laminar, Heat transfer coefficient improvement to 8% [371
(0.82-0.93 vol%) Length = 500 mm, Re = 200-15000 and 3% for polygonal and rod-like NPs.
ZnO/DW, (25 nm)/(1.0, Straight tube, OD = 2.5 mm, ID = 1.5 mm, Type of flow: Laminar, The rise in heat transfer was recorded as 3.623 [26]
1.5, 2.0 vol%) Length = 500 mm, Re = 200-1800 at 2.0 vol% of NPs at Re = 1800
ZnO/DIW, (30, 40,50 nm)/  Rectangular Microhannel, Height = 400 Type of flow: Laminar, The average Nusselt number increased 0.44% [38]
(1.0, 1.5, 2.0 vol%) pm, Width = 200 pm, Length = 10 mm Re = 1300 at 2.0 vol% and NPs of 30 nm.
ZnO/DIW, (20-40 nm)/ Straight tube, OD = 1.0 mm, ID = 0.5 mm, Type of flow: Laminar, Almost 3.2% rise in Nusselt number was found [39]
(0-10 vol%) Length = 300 mm Re = 25-1500 at the same concentration of NPs and Re
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2.1. Nanoparticles and stabilising agents

In the current investigation, dry ZnO NPs, ACAC and SHMP were procured from Nanostructured and Amorphous Materials, Merck,
Riedel Haén. Highly purified DIW was purchased locally. Numerous characteristic properties of the subject NPs and SFs are enlisted in
Table 5.

2.2. Synthesis methods of ZnO NFs

Aqueous ZnO NFs were prepared in 0.012-0.048% mass concentrations with and without stabilising agents, using magnetic stirring
(Heidolph MR Hei-End) followed by bath ultrasonication (Elma E100H) under optimised operating conditions.

The experimental scheme for preparing NFs is well elaborated in Fig. 1. A precise analytical micro-balance (AWU-220D Shimadzu)
was used for the mass measurement of NPs. The system’s temperature was controlled using TC-550MX, a thermal bath with enhanced
precision, to maintain the system’s accurate temperature. The detailed specifications of the instruments are elaborated on in our
previous study [42]. SHMP and ACAC were used as stabilising agents. The NFs preparation was carried out using an optimised stirring
of 1 h and sonication of 3 h, optimization procedure has been reported in an earlier study [42] from the group when experimental
campaign was carried out at our previous study, at a constant temperature of 30 °C.The stirrer rpm was adjusted at 1000, while the
sonication frequency and power was 37 kHz and 150 W, respectively. For the preparation of SFs stabilised NFs, after aforementioned
procedure the stabilising agents were added to the prepared NFs. The optimum concentrations of SHMP and ACAC were identified by
testing various concentrations of stabilising agents and NP’s, the details can be tracked/traced from an earlier reported work from the
group [42]. The findings from earlier work showed that under optimised operating conditions and SFs concentrations, the nanofluid
samples reamined stable for 24, 48, and 96 h for pure, SHMP, and ACAC-based NFs, respectively. The optimised concentrations of
stabilising agents and the NPs are well detailed in Table 6. To ease results interpretation, different abbreviations for pure and SFs
stabilised aqueous ZnO NFs have been used in Table 6. The NPs and SHMP are in mg, while ACAC is in pl.

For this study, addition of stabilising agents has enhanced the dispersion stability of NFs. The dissociation of the SHMP into Na* and
PO>~ ions and the chemisorption of the phosphate ions on the NP’s surface discourage the aggregation of NPs within the host BFs. It
was also observed that the SHMP possessed a linear relationship with the concentration of the ZnO NPs. On the other hand, while
dealing with ACAC-stabilised NFs, formulation of weak chelating complex breaks the NPs aggregates to their original size leading
towards uniform dispersion of NPs within the host BFs. The concentration of ACAC and ZnO NPs possessed a direct proportion,
however, a nonlinear trend has been observed between both in the present study.

3. Characterisation of nanoparticles

In the current research investigation, the morphological characteristics, chemical composition, crystal structure, and specific
surface area (SSA) of dry ZnO NPs were measured using the instruments, presented with their detailed specifications, accuracy, and
limitations in our previous study [42].

3.1. SEM and EDX study of NPs

The morphological characteristics of ZnO NPs revealed that the NPs were randomly distributed, nearly spherical, and particle
diameter was around 16-40 nm. The images collected from various sample holder locations showed a slight aggregation of NPs, as
shown in Fig. 2 (a) and 2 (b). The Energy Dispersive X- Rays Spectroscopy (EDX) analysis, as presented in Fig. 3 (a), showed the average
mass concentration was 80.45% and 19.45% for "Zn" and "O", respectively.

3.2. XRD and BET analysis of NPs

The XRD characterisation of dry ZnO NPs, presented in Fig. 3 (b), showed a monoclinic structure and is well mapped with the
JCPDS card No. 36-1451. It implies the excellent crystalline nature of ZnO NPs. The enlargement peaks on the lowermost side reflect
the small and nanometric crystal sizes of the NPs [43]. The nanometric crystal size of the NPs shows their excellent suitability for the
preparation of NFs, and their potential use for heat removal from high heat flux thermal systems.

The BET SSA area ZnO NPs were found as 22.37 m?/g, while the true density of the NPs, as recorded with a gas pycnometer, was
6.850 g/m®, which slightly differed from the theoretical value (5.606 g/m®) as reported in the literature, possibly due to the aggre-
gation effect during the storage of NPs [44]. Therefore, the aggregation of the NPs during storage and transportation could be the
possible cause for the change in SSA than the manufacturer specification.

Table 5

Properties of ZnO NPs and SFs at standard temperature and pressure (STP).
Material Appearance Size Specific Heat Thermal Conductivity pH Density SSA Purity
ZnO White 20 nm 514 (J/kgK) 29.00 (W/m.K) 6.5-7.5 6850 kg/m* 40 m%/g 99.5%
SHMP White - - - 8.6 2480 kg/m3 - 97.0%
ACAC Coluorless - - - 6.0 975 kg/m> - 99.0%
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Fig. 1. Experimental scheme and procedure for the preparation of Pure and SFs stabilised ZnO NFs in an aqueous media for the analysis of their thermal and hy-
draulic properties.

Table 6

Abbreviations and NPs and SFs concentrations used to prepare aqueous ZnO NFs.
NPs (wt. %) ZnO + DIW ZnO + DIW + SHMP ZnO + DIW + ACAC
0.012 Z12P 7128 NPs:SHMP 2:1 Z12A NPs:ACAC 16.66:1
0.024 724P 7248 NPs: SHMP 2:1 Z24A NPs: ACAC 12.50:1
0.036 Z36P Z36S NPs: SHMP 2:1 Z36A NPs: ACAC 10.00:1
0.048 Z48P Z48S NPs: SHMP 2:1 Z48A NPs: ACAC 8.34:1
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Fig. 3. Characterisation of dry ZnO NPs (a) EDX Analysis (b) XRD Analysis.
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4. Experimental test setup and methods

4.1. Viscosity estimation of NFs

The hydraulic performance of the NFs within the compact channel heat exchanging systems is greatly influenced by the rheological
characteristic of the NFs, NPs loading and operating temperatures are observed to be the key controlling parameters. The viscosity of
NFs measured by estimating the ratio between the applied shear rate and the corresponding shear stress within the NFs system [45].
The viscosity of the NFs was estimated using a Rotary Rheometer (RHEOTEST® RN 5.1). A measured quantity of about 35 ml was filled
in measuring cup G1 having a diameter of 38 mm. A rotor S1 possing a diameter of 35.04 mm and height of 52.56 mm was inserted in
the cup and the whole assembly was locked for the execution of the test. The system was connected to a thermal bath for maintaining
the desired temperature. In the current study, the operating temperature was varied within 20-60 °C. The whole system was connected
with a data acquisition system to set and adjust the desired operating conditions. The detailed specifications of the rheometer used are
presented in our previous study [42]. The system’s maximum viscosity measuring range was between 1 and 3 x 10° mPas, with an
adjustable shear rate of 0-1300 s~ . Using the operating system RHEOTEST® RN 5.1, the shear rate was adjusted from 0 to 1000 s~ *.
The system was then run under the desired set of operating conditions for the execution of the data. The procedure was repeated for the
VC measurement by changing the set temperature and NPs loading within the subject shear rate range to analyze the effect of tem-
perature and NPs concentration. The system’s accuracy was up to +1.0%, and the system was calibrated every week using a standard
solution of known viscosity.

4.2. Thermal conductivity estimation of NFs

The present experimental investigation examined the TC of ZnO/DIW-based NFs using a unique TC analyser (TEMPOS, Meter
Group, USA). A stainless steel sensor (KS-3) is used to simultaneously apply a small amount of heat in the NFs to investigate the TC by
estimating the heat conduction capability of the NFs. The sensor simultaneously acts as a heat source and sensor and has a measuring
TC range of 0.02-2 W/m.K. The calibration of the sensor using a standard glycerine solution showed experimental accuracy of the
instrument within +1.0%. A set of 4-6 experimental readings was recorded for accurate measurement of thermal conductivity, and
then finally, an average of all the readings was used for final analysis. All the measurements were recorded under controlled tem-
perature conditions within 20-60 °C.

4.3. Experimental heat transfer section

The present experimental work was conducted in a laminar flow to examine the convective HTC and pressure drop properties of
aqueous-based ZnO NFs under standard steady-state operating conditions in a minichannel comprising a very small diameter test tube.
The setup was subjected to electrical heating using a variable current and voltage DC power supply. The DC power supply (LONG WEI,
LW3060KD) has precise control of the current and the voltage to maintain constant heat flux boundary conditions at the outer surface
of the test section wall. The collected data was later analyzed to clarify the effect of applied heat flux, the NPs concentrations, and the
fluid flow rates on the HTC of NFs in a compact channel. The experimental setup used in the present investigation is presented in Fig. 4.
All the components of the setup have been labelled as shown in Fig. 4. The graphical diagram of the convective heat transfer mini-
channel test setup and its instrumentation is shown in Fig. 5. The experimental test setup is a stainless-steel mini-tube (ID = 1.0 mm,
OD = 1.5 mm, L = 330 mm), with an effective heated length of 280 mm. The whole system was adequately insulated to avoid
environmental effects and heat losses to the ambient. A Legato 200 KDS infuse-only dual syringe pump with excellent accuracy for
precise control of fluid flow rate was used in this study. The experiments were carried out by varying the volume flow rate of the NFs
within the minichannel test setup from 12.0 to 24.0 ml/min for all tested conditions. To measure the outer wall surface temperature of
the minichannel test section, 10 K-type temperature sensors were used. These sensors were attached with Omega OB-101-1 epoxy,
which makes it possible a good thermal contact and weak electrical contact of the thermocouples with the test section outer wall
surface for the accurate measurement of the temperatures. Two additional thermocouples were placed at the entry section and the
outlet region of the minichannel test tube to estimate and measure the temperatures of the entering accurately and exiting fluids. All
thermocouples in a reference bath were calibrated in a 20-60 °C temperature range. The maximum uncertainty recorded in the
temperature was +0.1°C.

The volume flow rate of the NFs passing through the minichannel test section was cross-verified using a digital analytical mass
balance with +0.01 g accuracy. The difference in the measured values and those cross-verified from the mass balance was less than

Monitor

Fig. 4. Experimental setup for the investigation of the thermohydraulic performance of ZnO NFs.
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Fig. 5. Schematic of minichannel test rig for the investigation of the thermohydraulic performance of ZnO/DIW NFs.

1.0%. The pressure gradient across the test tube inlet and outlet is essential for estimating the system’s required power input and
corresponding energy consumption. This investigation measured the pressure gradient across the minichannel test section using a
highly precise differential pressure gauge (HC 692, Range 0-1 bar).

The pressure transducer possesses an accuracy of +1.25%. To record the experimental data set from the temperature sensors and
the pressure transducer, a data acquisition system (Keysight 34970A) was used. The experimental data were recorded after an interval
of 5s each when the system attained a steady state condition. Detailed specifications of used instruments with their accuracies and
other limitations are provided in Table 7 and are also available in a study [36] conducted by the authors.

4.4. Heat transfer calculations

The thermal and hydraulic performance of the NFs can be investigated either under constant heat flux or constant wall temperature
boundary conditions depending upon the nature of the heat exchanging system [46]. In the present experimental study, the heat
transfer and pressure drop properties of the NFs were investigated under constant heat flux boundary conditions for the aforemen-
tioned NPs loadings and fluid flow conditions.

Thermal conductivity, viscosity, and density of NFs should be well-known before conducting experiments related to convective
HTC. Before proceeding with the exact estimation of the NF’s pressure gradient across the test section and the frictional losses during
the fluid flow within the minichannel heat exchanging system, these parameters must be known. Therefore, the volume concentration
of NPs in the NFs was calculated using equation (1).

@ x100 =" /m””+@ 1
Pup Por

The density measurement of NFs was crucial, and a highly sensitive system was needed for its experimental investigation. The
density of NFs was estimated by mixing theory [47] using equation (2), primarily depending upon the density of BFs, NPs, and the

Table 7
Specifications of adjustable DC power supply and syringe pump.
Name Model Specifications
Adjustable DC power LONG WEI Output Voltage Range: 0-60V, Voltage Stabilization: <0.2%, Output Current Range: 0-30A, Current
supply LW3060KD Stabilization: <0.5%, Display Accuracy: +1% =+ 1 digit
Syringe pump Legato KDS 200 Flow Rate (Minimum): 5 pl/min, Flow Rate (Maximum): 215.803 ml/min, Power: 100-240 VAC: 50/60 Hz, 50
W, Accuracy:+0.35%
Thermally conductive Omega OB-101-1/ Maximum continuous temperature: 105 °C, Work-life: 30 min at room temperature, Thermal conductivity:
epoxy 2 high, Electrical insulation: Very high
Differential pressure Huba Control 692 Differential pressure range: 0-1 bar, Medium: Liquids and natural gases, Operating temperature: 15-85 °C,
transducer accuracy, and repeatability: +1.25%




A. Qamar et al. Case Studies in Thermal Engineering 42 (2023) 102716

concentration of NPs.
P = PPyp + (1- (/’)/’bf (2)

The specific heat "c,," [48] was estimated with equation (3), where the subscript of "np" and "nf" means NPs and NFs, ¢ is a volume
fraction.

Py (Cp)nf :(/](pcp)n[) +(1-0) (pcl’)bf 3

The local convective HTC "h(x)" was estimated from the total surface area of the minichannel test section, the applied power, the
outer wall surface temperature and the bulk fluid temperature, as clarified in equation (4):
0 4

M T =T o= T) )

The heat input of "Q" was calculated by the electricity fed into the test section, and a multimeter was used to estimate injected
electricity. Where " ¢" is the applied heat flux, "x" is the distance in the axial direction across the mini tube, and T, and Tt are the tube
wall and mean bulk fluid temperatures, respectively. The inner wall temperature of the minichannel test section can be estimated using
equation (5), where ¢ is the (Dou/Din).

0 {w(l —9)— 1}

Tyoins = Ty ourx
S ot 47[Lkmbe [ 1

6]

The fluid temperature at any local position along the flow was estimated with an energy balance approach, equation (6) was used
for this estimation;

Tpo=Ty+—— (6
The theoretical average Nusselt number can be estimated with Shah’s correlation [49]; the formulation is given in equation (7). For

the present experimental investigation under the applied test conditions, the average Nusselt number was estimated by averaging the
local Nusselt number across the length of the test section.

@)

N — 1.953L+' Lx < 0.03
s 4364 4 0.0722L""" Lx > 0.03

Where "L*" is the non-dimensional length and can be calculated using a correlation (L/Dj,)/(RePr). The average HTC can then be
estimated using the correlation in equation (8), where "k" is the TC of the NFs.

Nu(x) = ‘ (8)

The friction factor can be assessed using correlation [50] as given in equation (9) when the flow is fully laminar and in the
developed region.
64
f= e ©)

The friction factor within the laminar regime is based on the Darcy Weisbach correlation [50], and its formulation is given in
equation (10).

24 PD;
T Lo (10)
Here "p" is the density of the fluid, "up," is the mean velocity of the fluid, "L" and "D;" are the characteristic length and the inner wall

diameter of the system under consideration, respectively. The differential pressure was measured experimentally and theoretically
[50] using equation (11) less than the theoretical values.

AP 32LRey*  32Luyp
- pD} D}

a1

The theoretical pumping power (P) across the flow channel for maintaining the desired flow rate of the fluid is presented in
equation (12).

P=VAP 12

In this correlation, the fluid volume flow rate is presented by "V," while AP is the pressure gradient across the channel under
consideration.

4.5. Uncertainty of measured parameters

The associated uncertainty levels of the independent and dependent variables in any experimental study define the reliability and
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reproducibility of experimental results. Therefore, type B uncertainty in experimental results reported in this study was estimated
following Moffat’s procedure [51]. The core purpose is finding the uncertainty in the computed values using the information from
original measured parameters. The uncertainty in the calculated values can be easily measured using the root sum square method, and
the results are expected to be as accurate as the original input parameters. For a single measured value, the uncertainty could be
represented as 6zy; = (8f/6xi)Sxi. For several independent input parameters, the individual variables are summarized by the root sum
square method as presented in equation (13).

n 2
Az= 11/; <§£> (ax) (13)

This is the basic equation of uncertainty analysis possessing multiple variables. Each term represents the contribution made by the
uncertainty in one variable, 6x;, to the overall uncertainty in the result, Az. Each term has the same form, the partial derivative of f(x)
concerning x; multiplied by the uncertainty interval for that variable. The uncertainties of important dependent and independent
parameters are enlisted in Table 8. The low uncertainties in the dependent and independent variables confirm the excellent accuracy of
the experimental setups.

The projected uncertainties would possessed the same probability as possessed by the independent individual results. equation
(13), would be applicable to the independent variables, and would display the Gaussian distributions for the repaeated results at the
same odds.

5. Results and discussion

This section consists of the research findings investigated for thermal conductivity, viscosity, HTC, and pressure drop across the test
section for ZnO NFs in a given concentration of NPs, operating temperatures, and flow rates under steady-state stable set conditions.

5.1. Viscosity estimation of ZnO NFs

The experimental absolute VC and VC ratio of pure and SFs stabilised ZnO NFs in an aqueous media has been presented in Fig. 6 (a)
and 6 (b). As shown in Fig. 6 (a), the VC of the NFs, showed a significant dependency on the operating temperature and NPs loading. It
followed a direct proportion with the NPs concentration, while an inverse behaviour is observed with the temperature rise.

The viscosity increase at a fixed temperature (30 °C) was 12.82%, 16.38%, and 14.39% for pure DIW, SHMP, and ACAC-based NFs,
respectively, as indicated in Fig. 6 (b). The highest viscosity possessed by SHMP stabilised NFs attributes towards the comparatively
higher specific gravity and bulk density of SHMP than that of DIW compared to ACAC. It can also be seen that there is little difference
between the VC of the pure DIW-based and ACAC-stabilised NFs. However, the prolonged dispersion stability of the ACAC-based NFs
over the pure DIW-based NFs makes them more suitable for thermal applications, when the other thermophysical properties of the NFs
are not compromised. The existing literature [52] supports the present study’s behaviour observed with tested NFs. The VC decrement
with the temperature rise contributes towards weakening the van der Waals forces between the adjoining NPs in the BFs, and the
resistance between the adjacent layers of the fluid decreases. It also shows the suitability of the NFs for high heat flux thermal ap-
plications at elevated temperatures.

The current study’s findings conclude that although the VC of NFs is affected by adding NPs and stabilising agents, the impact of
stabilising agents was insignificant compared with DIW. The enhanced stability of SFs stabilised NFs proved that the NFs can be used
effectively for high heat flux thermal systems while understanding their thermal properties with a bit of compromise over the cu-
mulative VC effects on the hydraulic performance of the NFs.

5.2. Thermal conductivity estimation of ZnO NFs

The estimated TC and TC ratio of pure and SFs stabilised ZnO NFs in an aqueous media is presented in Fig. 7 (a) and 7 (b). Fig. 7 (a)
shows the temperature and NPs loading-dependent TC of NFs, while Fig. 7 (b) presents the TC ratio change with the working tem-
perature of the NFs. Both the TC and TC ratio of the NFs showed a strong direct dependency on NPs loading and the NF’s temperature.

The TC increase at a fixed temperature (30 °C) was 18.63%, 23.70%, and 15.33% for pure DIW, SHMP, and ACAC-based ZnO NFs,
respectively, as indicated in Fig. 7 (b). With the increase in NPs loading, the overall TC increased because of NPs higher TC in the host
BFs. However, the rise in TC as a function of operating temperature enhances NPs’ Brownian motion within the NFs dispersion [53].

Table 8

Measured uncertainties of different influential factors.
Independent Variables (Parameters) Uncertainty (%) Dependent Variables (Parameters) Uncertainty (%)
Mass Flow Rate (1) 1.0% Surface Area (Ag) 1.04%
Length (L) +1.0 mm Friction factor (f) 5.25%
Diameter (D) +0.01 mm Pumping Power (P) 1.89%
Thermal conductivity (k) +1.0% Fluids velocity (u) 2.45%
Viscosity () +1.0% Reynolds Number (Re) 1.73%
Density (p) +1.0% Local HTC (hjpcal) 5.15%
Specific Heat Capacity (cp) +1.0% Average HTC (hayg) 3.60%
Temperature (T) +0.1 °C Local Nu (Nujocal) 5.34%
Pressure difference (AP) 1.25% Average Nu (Nugyg) 4.20%
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Therefore, the highest TC recorded for SHMP-stabilised NFs contributes to comparatively higher stability and the impact of SHMP’s
TC. The existing literature supports [54] NFs’ dependency on the operating temperature and the NP’s loading in the present study. The
findings show that SHMP-based NFs could be an excellent potential candidate for thermal applications with a little compromise over
the hydraulic performance in comparison to the pure DIW-based and ACAC-based NFs.

The experimental findings show that with the temperature variation, the TC change showed a similar trend at each concentration of
NPs compared to DIW. This fact also strengthens the belief that temperature variations do not have any adverse or irregular effects on
the thermal performance of NFs. Furthermore, it shows that the NFs” TC was systematically related to the operating temperature.
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Fig. 8. Comparison of DIW at varying Reynolds numbers for (a) Nusselt number and (b) Friction factor.
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5.3. Convective heat transfer coefficient of ZnO NFs

In the current investigation to evaluate the reliability of the test setup, first, a set of experiments were conducted with DIW within
12-24 ml/min. Then, the experimental findings with pure water were evaluated and compared with theoretical (Shah) correlations
[49] for average Nusselt number and friction factor, as shown in Fig. 8 (a) and 8 (b), and the maximum deviations were within +£7.0%
and +4.0%, respectively.

The variation was significant at the first and last points because of axial conduction and the exact heating point along the tube test
section. In addition, there is a high heat transfer rate because of irregularities and unsteady state conditions of the liquid at the entry
region. Also, the fluid is developing in the entry section of the test setup and the velocity and the thermal boundary layers are not fully
developed at this stage. Hence, the fluid is not in a fully steady state and the temperature fluctuations between the test set wall and the
fluid are not stable.

The thermal properties of the NFs are supposed to be promising in the entire region due to the aforementioned effects. However, the
system attains a steady state as long as the fluid flow leads towards the developing region. Consequently, the findings showed that the
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test setup was accurately performed and analyzed the comparative tests with the NFs.

It can also be seen that at higher Reynold Numbers the difference in the experimental and theoretical values for the Nusselt number
is not much significant. However, slight changes have been observed for the friction factor with the variation in volume flow rates.

Fig. 9 depicts the change in the average heat transfer coefficient (HTC) and the Nusselt number (Nu) of aqueous ZnO NFs at varying
mass concentrations of NPs and Reynolds numbers. Fig. 9 (a) to 9 (c) show the strong dependency of the average HTC over the NPs
loading and Reynold number. The rise in the HTC for Pure DIW, SHMP and ACAC NFs was found to be 9.0%, 13.0% and 17.0% for
Z48P (Re = 603), Z48S (Re = 583) and Z48A (Re = 596), respectively as shown in Fig. 9 (a) to 9 (c).

The Reynolds number was controlled with varying flow rates of NFs in 12-24 ml/min. The increase in HTC with the NP’s loading is
possibly due to the TC augmentation effects of adding NPs in the host BFs. For SHMP-stabilised NFs, the rise in average HTC was
comparatively more than pure DIW-based ZnO NFs under the same operating conditions. The possible reasons for this enhancement
are the uniform dispersion stability of SHMP-based NFs, and the TC rises due to adding NPs.

The research investigations with ACAC-based NFs presented better results than all the reported cases, and a maximum HTC
enhancement has been observed. As already discussed in section 5.2, the addition of ACAC deteriorated the overall thermal con-
ductivity of NFs to some extent. However, the enhanced HTC in the case of ACAC stabilised NFs also confirmed that the only aspect
considered for improved HTC is not only the thermal conductivity of NFs but other parameters are also involved.

In the present case, the maximum enhancement in the HTC is also possibly due to enhanced Brownian motion of NPs, because the
ACAC-based NFs were found most stable. Also, the VC of NFs was less effective than SHMP-based NFs, as explained in section 5.1. A
similar trend has been seen in Fig. 9 (d) to Fig. 9 (f), where the average Nusselt Number is augmented with the volume flow rate while a
depreciating effect was observed with NPs loading in almost all cases.

The maximum change in the average Nusselt number for Pure, SHMP, and ACAC-based NFs was found to be 7.50%, 8.10%, and
2.02% for Z48P (Re = 603), Z48S (Re = 583), and Z48A (Re = 596), respectively as shown in Fig. 9 (d) to Fig. 9 (f). The results revealed
that the Brownian motion and TC augmentation are the most influencing parameters affecting the convective HTC of NFs. The addition
of SFs positively influenced the system’s overall performance by influencing the subject’s two parameters.

5.4. Pressure gradient and friction factor of nanofluids

Fig. 10 presents the experimental findings depicting the pressure drop and the fictional losses across the minichannel test section
under varying fluid flow rate conditions. In addition, the research analysis showed the NFs flow rate and NPs loading dependency of
the pressure gradient and friction factor.

The maximum rise in pressure drop across the test section for Pure, SHMP, and ACAC-based NFs was 12.0%, 16.0%, and 13.0% for
Z48P, Z48S, and Z48A, respectively, shown in Fig. 10(a—c). Friction factor losses across the test sections are directly linked with the
pressure drop characteristics of NFs across the mini tube test channel. The pressure gradient increased with the concentrations of NPs
and the Reynolds number. For all the tested NFs, the maximum pressure drop across the minichannel was recorded for SHMP-stabilised
NFs corresponding to the pure DIW and ACAC-stabilised NFs. This fact attributes that the HTC augmentation is a little compromised
with the addition of NPs because of pressure drop and consequently increased energy consumption by the pumping system.

As recorded and observed for the pressure gradient, a similar kind of trend was observed for the friction factor, as shown in Fig. 10
(d-f). The maximum rise in friction factor across the test section was 7.0%, 12.0%, and 9.0% for Z48P, Z48S, and Z48A, respectively, as
shown in Fig. 10(d-f). The friction factor increased with the concentrations of NPs and the change in Reynolds number of NFs. The
friction factor was maximum for SHMP-based NFs for all the tested cases.

Controlling the pressure gradient across the test setup could cope with the frictional losses across the test section for improved
system heat transfer. Fig. 10 shows that the pressure gradient and frictional losses of aqueous ZnO NFs are higher than DIW across the
test section. The maximum losses were observed for SHMP-based NFs. However, ACAC-based NFs possess minor changes relative to
pure aqueous NFs. The pressure losses are directly proportional to the pumping power, which increases as the pressure drop increases,
as more power is required to cope with the pressure losses.

Therefore, the author used the possible lower concentrations of NPs to prepare the aqueous NFs to cope with the issue to minimise
the compromise over heat transfer characteristics of NFs, due to increased energy consumption used to cope with these losses.

6. Conclusions and future recommendations

The current investigation evaluated the thermophysical (viscosity, thermal conductivity) properties of ZnO NFs within 20-60 °C.
The investigation was conducted using a minichannel test tube under constant wall heat flux in a laminar flow regime. The experi-
mental findings led to the following conclusions.

1. Viscosity and thermal conductivity both showed an intense temperature and NPs loading dependency. The VC and TC were directly
proportional to the operating temperature; however, in contrast to thermal conductivity, viscosity decreased with an increased
operating temperature.

2. The maximum VC and TC rise for pure, SHMP, and ACAC-based ZnO NFs was recorded as 12.82-16.75% and 15.33-23.70%,
respectively. The slight increase in VC and enhanced TC of NFs make them suitable for heat transfer in mini channels.

3. The HTC of NFs increased with the concentration of NPs. At a fixed volume flow rate of NFs, the enhancement in the HTC for Pure,
SHMP, and ACAC-based NFs was 9.0%, 13.0%, and 17.0%, respectively. At the same mass concentration of NPs, the HTC showed a
variable behaviour with the effective TC of NFs.
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4. The Nusselt number strongly depends upon the HTC and the TC of the NFs. Hence, it possessed an increasing behaviour with the rise
in HTC and an opposite trend with the TC of the NFs. For Pure and SHMP-based NFs, the Nusselt number decreased due to the
dominancy of NFs’” TC. In contrast, for ACAC-based NFs, the Nusselt number increased due to the dominant effect of convective

HTC.

5. The pressure gradient of NFs showed a strong dependency on the rise in NP’s mass concentration and the fluid flow rate, possibly
due to a rise in the VC of NFs. The maximum pressure gradient recorded across the minichannel test section for Pure, SHMP, and

ACAC-based NFs was 12.0%, 16.0%, and 13.0%, respectively.

6. The friction factor recorded across the test setup was directly dependent on the loading of the ZnO NPs. The maximum friction
factor losses across the test section for Pure, SHMP, and ACAC-based NFs were 7.0%, 12.0%, and 9.0%, respectively.

The current study revealed the potential of the investigated ZnO NFs for present and future heat transfer applications with and
without stabilising agents. In future studies, the NFs with comparatively higher TC and lower VC may be explored at ultra-low
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temperatures rather than above ambient to evaluate their potential for refrigeration and air conditioning applications. Furthermore,
new techniques to mitigate the high production cost of the NPs should be explored, focusing on non-corrosive NPs for the extended life
of the thermal and heat transfer systems. Finally, the solution to the subject-cited problems will lead to the industrial applications of
the NFs.
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