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A B S T R A C T   

This experimental study is focused on heat transfer performance and pressure drop characteristics 
of ZnO/DIW-based nanofluids (NFs) in horizontal mini tubes of different (1.0–2.0 mm) diameters. 
Different mass concentrations (0.012–0.048 wt %) of nanoparticles (NPs) were tested with 
varying fluid flow rates (12–24 ml/min) of NFs. The thermal conductivity (TC) and viscosity (VC) 
of stable NFs were tested at 20–60 ᵒC, at a fixed temperature (40 ◦C), and concentration of NPs 
(0.048 wt%) the maximum rise was 18.27% and 20.31%, respectively. The local and average heat 
transfer coefficients (HTCs) and the pressure gradient were noticed to be directly proportional to 
volume flow rate of NFs and the mass concentration of NPs. However, an inverse trend was 
noticed with the test section’s diameter. At 0.048 wt % of NPs and 24.0 ml/min flow rate of NFs, 
the maximum rise in local and average HTCs and pressure gradient was 17.11–11.61% and 
13.05–9.79%, and 29.19–12.25%, respectively, in a tube’s diameter of 1.0–2.0 mm. The friction 
factor increased with NP’s loading while the same reduced with the fluid flow rate. The corre
sponding maximum change in the friction factor was 28.85–12.72% for the tubes with 1.0–2.0 
mm diameters, respectively, at a 12.0 ml/min flow rate of NFs. The comparison of experimental 
findings for the HTCs, pressure gradients and friction factors with the standard Shah and Darcy’s 
correlations showed that the observations are in good agreement with the predicted ones.  
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Nomenclature: 

A cross sectional area of test section (m2) 
Cp specific heat capacity (J/kg K) 
Di inner diameter (m) 
Do outer diameter (m) 
f friction factor (− ) 
h heat transfer coefficient (W/m2 K) 
k thermal conductivity (W/m K) 
L length of the test section (m) 
Nu Nusselt number (− ) 
Pr Prandtl number (− ) 
ΔP Pressure drop (Pa) 
Q heat applied (W) 
Q′′ heat flux (W/m2) 
Re Reynolds number (− ) 
T temperature (K) 
Tbf bulk fluid temperature (K) 
u velocity (m/s) 
x axial distance (m) 

Greek symbols 
Ø volume fraction (− ) 
ρ density (kg/m3) 
μ viscosity (mPa s) 
β diffraction peak (Ө) 

Subscripts 
bf base fluid 
in inlet 
iw inner wall 
nf nanofluid 
np nanoparticle 
os outer surface  

1. Introduction 

Rapid advancement have been made in electronic communications devices, compact heat exchangers, evaporators, and condensers 
in the last few decades. The exponential technological growth does brought a severe problem in thermal management for effective 
device operations. Researchers have used various conventional and non-conventional techniques [1,2] to cope demand. The literature 
has indicated that traditional practices are insufficient for removing surplus heat from modern high heat dissipating systems. The 
suspension of NPs in conventional base fluids (BFs), commonly known as NFs, could be a good solution for withstanding high heat 
dissipation from modern compact devices. NFs usually have higher thermal conduction and could have better thermal performance [3, 
4]. Therefore, NFs could be a potential candidate for managing high heat fluxes in electronic systems, chillers, refrigeration systems, 
automotive cooling, solar thermal systems and cooling and heating of buildings [5]. 

Micro and minichannel heat exchangers have received much attention recently because of their efficient thermal performance, 
large surface area, and small physical dimensions [6]. Numerous studies have investigated the thermal performance of micro and 
minichannels employing traditional heat transfer fluids (HTFs). However, the existing literature lacks studies addressing the in-depth 
investigations on the heat transfer performance of micro and minichannels with aqueous metal oxide-based NFs [7,8]. 

The NFs integration with the microchannel heat exchangers has improved the system’s thermal performance [9]. Hwang et al. [10] 
worked with aqueous-based Al2O3 NFs having different mass concentrations (0.01–0.30 wt %) of NPs in a small test section with a 
1.812 mm inside diameter. At a constant Reynolds number, they observed up to 8.0% enhancement in HTCs with 0.30 wt% of NPs 
compared to pure BFs. Karimzadehkhouei et al. [11] studied aqueous-based NFs with Al2O3 and TiO2 NPs having a 20 nm mean 
diameter in a small horizontal tube with 717 μm inside diameter with varying Reynolds numbers under thermally and hydrody
namically developing flow conditions. At Reynolds numbers more than 1200, the increase in NPs loading significantly affected HTC. 
Upto 25% enhancement in HTCs was reported for tests when Reynolds numbers >1500. Wen et al. [12] analyzed heat transfer and 
friction factors of aqueous ZnO NFs with 0.75–1.5 wt% of NPs through a small tube of 1.59 mm inside diameter. For 1.50 wt% of NPs, 
10.50% enhancement in HTC was reported. However, the friction factor intensified up to 40.90% due to the possible rise in the 
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viscosity of the NFs. Lodhi et al. [13] analyzed the thermal behaviour of NFs in a microchannel heat sink having 500 μm inside 
diameter using aqueous-based Al2O3 NFs within 1.0–3.0 wt % concentration of NPs, and Reynolds numbers ranging from 300 to 1000. 
At NPs concentration of 3.0 wt % an enhancement of 24.5% and 22.7% in HTC, and friction factor under similar operating conditions 
were observed. Thermophysical properties of aqueous-based Al2O3 and TiO2 NFs were studied in a small horizontal test section by 
Azari et al. [14]. Their observation showed that the HTCs significantly increased at low/dilute concentration of Al2O3 and TiO2 NPs. An 
enhancement of 16% and 28% in HTC were found with Al2O3 NFs. 

Almohammadi et al. [15] used aqueous-based Al2O3 NFs in a small circular test section to examine their thermal performance. 
Experimental data showed a 27.0% increment in HTCs for 1.0 vol % of NPs. Nguyen et al. [16] experimented with Al2O3/DIW base NFs 
at a 6.80% volume fraction of NPs in a heat exchanger and obtained a 40.0% enhancement in the HTC. Behi et al. [17] tested 
Al2O3/DW-based NFs in a small diameter test section under different Reynolds numbers and found an enhancement of 42.0% for 5.5 
vol % of NPs. Esfahany and Fotukian [18] observed a 25.0% and 20.0% augmentation in HTC and pressure gradient across the compact 
channel heat exchanger. The heat-carrying capacity of water base Al2O3 NFs in compact channels of various geometrical sizes was 
investigated by Saeed and Kim [19]. It was found in their study that the HTC strongly depends upon the concentration of NPs within 
the host BFs. Aqueous-based ZnO NFs were tested for thermal performance in a car radiator [20]. The results demonstrated that by 
raising the fraction of NPs within the BFs, 46.0% HTC intensification has been found. Arshad and Ali [21] investigated the TiO2 NFs, in 
a microchannel with a 1.0 mm inner diameter under heating power input of 100W, 125W and 150W, respectively. The maximum HTC 
of TiO2 NFs was 12.75% at lower heating power. The cooling ability of the aqueous-based Al2O3 NFs in a copper tube was investigated 
by Sohel et al. [22] at two different volume flow rates. Results concluded that the thermal efficiency of Al2O3/DIW NFs intensified 
within the range of 0.1–0.25% volume concentrations of NPs under laminar flow conditions. An improvement of 18.0% in HTC was 
observed at a 0.25 vol % fraction of NPs. 

Isfahani and Afrand [23] conducted an experimental and numerical investigation using the Lattice Boltzmann Method (LBM) for 
aqueous Al2O3-based NFs through an etched glass micromodel. The research findings revealed that the small-sized Al2O3 NPs passed 
through the pore throat of the micro model without causing any blockage and change in permeability. The results also showed that 2D 
LBM simulations could be used in 3D micro models by replacing the viscous drag force in LBM equations. A reasonably good agreement 
was found in the experimental and numerical findings. In another study by Zarei et al. [24], a flow simulation approach in a nano
channel with a porous medium was carried out employing LBM. The results demonstrated that wall slip velocity and gas permeability 
were directly proportional to the Knudsen number. Moreover, the volume flow rate increased with porosity, and velocity increased 
with decreasing porosity. Permeability and Darcy coefficient decreased with ain increase in channel’s average pressure. The thermal 
performance and dispersion stability of MWCNT-based NFs were studied by Azimy et al. [25] in a sono heat exchanging system. The 
heat exchanger integrated with an ultrasonic transducer showed improved/better thermal performance with improved dispersion 
stability of NFs. The HTC was reported to increase with concentration of NPs; however, at higher flow rates, the effect of ultra
sonication waves was not significant in HTC enhancement. For the experimental testing with and without incorporating the ultrasonic 
transducer, in the mass concentration of NPs 0.12–0.25%, the maximum enhancement in HTC was 96% and 77%, respectively, for a 
Reynolds number of 1753. The study confirmed that the simultaneous use of ultrasonic waves and NFs could enhance the HTC by up to 
300%. 

Wen et al. [26] studied the effect of NPs loading NPs (0.75–1.5 vol %), the flow rate of NFs (Re = 100–3750), and channel diameter 
(1.22–1.42 mm) on the thermal and hydraulic performance of the aqueous ZnO NFs. Results indicated that NFs showed superior 
thermal performance with smaller channels in a turbulent flow regime. For Reynolds numbers near 1400, the most significant 
enhancement of 52% in the HTC was observed for a channel diameter of 1.22 mm and at a 1.5% volume concentration of NPs. The 
corresponding maximum augmentation in friction factor was 11.7% at the Re of 2780. For the estimation of the Nusselt number with 
high accuracy, a new method based on Genetic Algorithm-optimized Backpropagation-Artificial Neural Network (GA-optimized 
BP-ANN) was developed. The model showed a maximum deviation of 2.70% from experimental investigation. In another similar kind 
of study with aqueous ZnO/EG-based NFs, Wen et al. [27] found an enhancement of 10.6 and 13.2% for the volume concentration of 
NPs 0.75 and 1.5%, respectively. The corresponding augmentation in the friction factor was 31.2% and 47.3% due to the intensifi
cation of the viscosity of the NFs. BP-ANN model predicted the Nusselt number and friction factor of NFs in the heat exchanging 
medium with a maximum deviation of 0.39% and 0.35%, respectively. Balla et al. [28] studied the thermal performance of ZnO/DIW 
NFs in free impingement jet and found thermal performance augmentation up to 133% compared with BFs for NPs concentrations of 
0.1–0.5%. 

Wen et al. [29] analyzed the heat transfer and flow behaviour of aqueous ZnO/EG NFs experimentally and using CFD simulations 
through two multiport mini tubes of the hydraulic diameter of 1.22 and 1.42 mm, respectively. For the volume concentration of NPs 
0.75–1.50%, heat transfer augmentation was 6.7–9.8%, at the cost of increased frictional losses of 4.6–8.6%, respectively. The 
experimental findings showed that the HTC, pressure gradient and frictional losses increased with shrinking channel diameters. The 
single phase numerical model well predicted the Nusselt number and friction factor with a maximum deviation of 16.0% and 19.1%, 
respectively. Ahmad et al. [30] investigated the thermal conductivity and heat transfer performance of ZnO/DIW NFs in a square heat 
exchanger (length, 1.2 m and cross section 0.01 mm) at 0.025–0.1 wt% of NPs. At a temperature of 45 o C and 0.1 wt % loading of NPs, a 
significant enhancement of 52.0% in TC was recorded. The corresponding rise in the Nusselt number was recorded to be 47% at the end 
of the square pipe. In another study, Martínez et al. [31] examined the thermal characterization, and dispersion stability of aqueous 
ZnO NFs in microchannel heat sinks in a mass concentration of 1.0–3.0%. NFs were found stable up to 168 h for 1.0 wt % of NPs. Under 
the constant heat flux boundary conditions, 42.33% intensification in the HTC for the heat sink configurations was reported. 

Although many experimental investigations studied the thermal and hydraulic features of metal oxide-based NFs in compact 
channels, only a few studies have been reported using aqueous-based ZnO NFs in compact channels. Hence, the present experimental 
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work aimed to examine thermal (heat transfer) and fluid flow (pressure drop) characteristics of ZnO/DIW based NFs in small diameter 
stainless steel test tubes (1.0–2.0 mm), keeping all other design parameters and operating conditions constant. Furthermore, the 
investigation was aimed to be conducted under constant heat flux and laminar flow (12–24 ml/min) conditions, for NPs loading varied 
within 0.012–0.048 wt%. 

2. Materials and methods 

2.1. NFs preparation setup 

ZnO NPs (20 nm) were procured from Nanostructured & Amorphous Material, USA. The DIW was acquired locally. Ultra-sonication 
bath, magnetic stirrer, glass vials, beakers, and microbalance were utilized to synthesize NFs. The detailed specifications of the subject 
instruments can be traced from an earlier investigation [32] from the authors. 

2.2. Preparation of NFs 

One-step and two-step methods are commonly employed techniques for synthesising NFs. The present investigation used the two- 
step technique since it is simpler and more cost-effective than the one-step method [33]. First, the characteristic mass (12, 24, 36 and 
48 mg) of the NPs was measured with a precise digital microbalance (AWU-220D, Shimadzu). After that, ZnO NPs were added to 100 
ml DIW. Then, for uniform dispersion, the NFs were subjected to magnetic stirring (Heidolph MR Hei-End) for 1 h at 1000 rpm. Next, to 
further improve the dispersion stability of the prepared NFs, an ultra-sonication water bath (Elma E100H) was used for 3.0 h of 
sonication at 550 W, 240 V, and 50 Hz. Next, the NFs were subjected to 30 min of magnetic stirring and 30 min of ultrasonication to 
ensure enhanced dispersion stability. Finally, a fresh batch of NFs was used to record the results of each experimental test. The core 
characteristics of NPs and DIW are shown in Table 1. 

3. Experimental setup and procedures 

This section describes the experimental test setups used for stability, thermal conductivity (TC), viscosity (VC) and heat transfer 
coefficient (HTC) of the aqueous ZnO NFs under a range of designed operating conditions. 

3.1. Dispersion stability of NFs 

The stability of NFs is a growing concern, and researchers have used different techniques its proper investigation [34]. In this work, 
the visual photography technique assessed the dispersion stability by measuring the transparent section of the NFs at the top of the 
glass vials over the investigated time. First, the glass vial was divided into equal sections by placing a precise scale across it, and then 
the transparent section of the fluid was measured with great care to determine the NP’s settling rate. The method is easy and widely 
used to find the stability of NFs, as reported in the literature [35]. Different snapshots were captured at regular intervals with the help 
of a high resolution and magnification digital camera. Then the recorded snapshots were compared to assess the NFs’ stability [36]. 

3.2. Thermal conductivity of NFs 

ZnO NFs were tested for their TC using a Transient Hot-Wire technique [37]. The TC was investigated in the given mass con
centration of NPs in the 20–60 ᵒC temperature range. A digital thermal conductivity analyzer (TEMPOS, METER GROUP, USA) was 
used in this study. This thermal analyzer comprises of KS-3 needle sensor and microcontroller. KS-3 needle sensor was connected to the 
microcontroller with a data cable. This needle sensor can measure the TC up to 2.0 W/mK. To ensure the accuracy of the analyzer, it 
was calibrated by testing the TC of the standard glycerin sample within± 1.0% uncertainty. The desired temperature of NFs was 
maintained using a thermal bath (TC-550MX, USA). The data was collected for steady-state operating conditions. The test setup was 
validated by comparing the measured data with the NIST database [38], and the deviation of the experimental findings from those 
obtained from the NIST database was within ±1.0%, as presented in Table 2. 

3.3. Viscosity of NFs 

The viscosity (VC) of the fluid is a prerequisite for estimation of pressure drop and related frictional losses within the heat 
exchanging systems [39]. In the current study, the VC of NFs was studied in 20–60 ᵒC temperature range using a Rotary Rehometer 
having an S1 rotor under varying shear rates (0.01–1000 s− 1). A standard data acquisition software (RHEOTEST RN 5.1) was used to 
extract the measured data. The test setup was validated by comparing the measured data (collected with DIW) with the NIST database 
[38]. The deviation between the experimental and theoretical findings obtained from the NIST database was within ±1.0%, as pre
sented in Table 2. 

Table 1 
Thermal and physical characteristics of ZnO NPs and DIW at 20 ᵒC  

Property (− ) Density, ρ (kg/m3) Thermal conductivity, k (W/m.K) Specific heat capacity, 
Cp (J/kg.k) 

Average diameter (nm) 

ZnO 5600 29.0 514 20 
DIW 998 0.598 4184 -  
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Table 2 
Validation of experimental setup for TC and VC measurement of NFs  

Thermophysical properties Temperature (oC) Experimental data NIST database Deviation (%) 

Thermal conductivity (mW/m.K) 20 604.7 598.4 1.05% 
30 619.4 615.5 0.63% 
40 632.5 630.6 0.30% 
50 644.0 643.5 0.07% 
60 654.0 654.3 − 0.04% 

Viscosity (mPs.s) 20 1.002 1.001 0.09% 
30 0.797 0.797 0.00% 
40 0.645 0.652 − 1.08% 
50 0.541 0.546 − 0.91% 
60 0.464 0.466 − 0.42%  

Fig. 1. Experimental setup for thermal and hydraulic characteristics of NFs.  

Fig. 2. Schematic diagram of the experimental test setup for thermal and hydraulic characteristics of NFs.  
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3.4. Thermal performance of NFs 

The experimental setup and its schematic diagram for heat transfer performance are shown in Figs. 1 and 2. The test set-up 
comprises three mini-channel stainless steel tubes with inside diameters of 1.0 mm, 1.5 mm and 2.0 mm and each with characteris
tics axial length of 330 mm. The wall thickness of each tube was 0.5 mm. NFs samples were injected into the test section using a highly 
precise dual syringe pump (Legato 200 KDS) to maintain a constant flow rate. The syringe pump used two glass syringes 120 ml each to 
maintain the desired flow rate. 

All the experiments were performed in a laminar flow regime (12–24 ml/min). The flow rate was also cross-checked with the help 
of microbalance. The stainless steel test section was subjected to constant heat flux using a DC power supply (LONG WEI, LW3060KD). 
The fluid temperature at the inlet and outlet and outer wall surface temperature of the test section was measured with K-type ther
mocouples. Overall twelve thermocouples were used for the temperature meaurement. All thermocouples were calibrated in the 
reference thermal bath within a 10-70ᵒC temperature range. To ensure the proper thermal conduction to the thermocouples from the 
outer surface of the wall, all thermocouples were attached using a highly thermally conductive and electrically insulating epoxy 
(Omega OB-101-1/2). Fibreglass insulation was used to isolate the test setup from the environmental effects. In addition, a pressure 
transducer (Huba Control 692, 0–1 bar) was installed across the mini tube test setup (inlet and outlet) to investigate the pressure 
gradient of the NFs. A data logger (Keysight 34970A) was used for recording the data. The data was collected under steady-state 
operating conditions to estimate the average and local HTCs and the pressure and frictional losses within the test section. 

3.5. Data analysis for NFs 

The volume concentration against the mass concentration of the NPs within the prepared NFs has been estimated using the cor
relation presented in Eq. (1) [40]. Here, φ, ρbf, ρnp, ρnf, Wnp and Wbf are the volume concentration of NPs, density of DIW, density of 
NPs, density of the NFs, the mass of NPs, and the mass of BFs, respectively. 

φ =
Wnp × ρbf[

ρnp
(
1 − Wnp

)
+Wnp × ρbf

] (1) 

The density (ρnf) and specific heat capacity (Cpnf) of the NFs are the prerequisites for evaluating their heat transfer potential and can 
be found using the two-phase mixture theory as presented in Eqs. (2) and (3) [41,42], respectively. 

ρnf =(1 − φ)ρbf +φ× ρnp (2)  

Cpnf =
φρnpCpnp + (1 − φ)ρbf Cpbf

ρnf
(3) 

The Cpnp, Cpnf and Cpbf are the specific heat capacities of NPs, NFs and DIW. The convective HTC of the NFs was measured using 
correlation as presented in Eq. (4) [43]. 

hx =
q′′

Tiw(x) − Tf (x)
(4)  

where q", Tiw(x), Tf(x), and h(x) are the applied heat flux, inner wall and bulk fluid temperatures and the HTC in the axial direction of the 
minichannel test setup. The subject parameters can be estimated using the correlations as presented Eqs. (5)–(7), respectively. 

q′′ =
Q
A

(5) 

Q is the applied input power to the mini tube and can be estimated using correlation Q = VI. A is the surface area of the tube and can 
be estimated using the correlation (A = π.Di.L). 

Tw(x) =Tos −
Q.ln

(
Do
Di

)

2.π.L.Ktube
(6)  

Tf (x) =Tin +
q′′.π.Di.X
ṁ.Cpnf

(7)  

where Tos is the wall outer wall surface temperature, Di and Do are the inner and outer diameters of the test section. Ktube is the TC of 
the tube material, ṁ is the mass flow rate, and x is the horizontal length of the tube from the leading edge. L is the total length of the test 
section. The Nusselt number (Nu) is calculated using Eq. (8) [44]. The Reynolds (Re) number of the NFs was determined using Eq. (9) 
[45]. Here ρ, v, D and μ are the density, kinematic and dynamic viscosities of the NFs, while Di is the inner diameter of the test section. 

Nu=
h.Di

Knf
(8)  
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Re=
ρnf × vm × Di

μnf
(9) 

Shah’s correlation is usually used to compute the local Nu as a function of the Graetz number (Gz) in the test section subject to the 
constant heat flux when the fluid flow is in a laminar regime. The governing equation used to compute the Nu is shown in Eq. (10) [8]. 

Nux =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1.302 · x− 1/3
∗ − 1

1.302 · x− 1/3
∗ − 0, 5

4.364 + 8.68 ·
(
103 · x∗

)− 0,506
· e− 41 · x∗

x∗ ≤ 0.00005
0.00005 ≤ x∗ ≤ 0.0015

x∗ ≥ 0.0015

⎫
⎬

⎭
(10)  

where x* is the reciprocal of Gz, representing the distance along the axis of the test section as presented in Eq. (11) [8]. 

x∗ = [(x / d) / (Re ·Pr)] (11) 

The average HTC can be determined at the entrance region of the test section at uniform heat flux and laminar flow conditions using 
Eq. (12) [8]. 

Nuavg =
{

1.953(Re.Pr.D/L)(1/3)
(Re.Pr.D/L) ≥ 33.3

4.364 + 0.0722.(Re.Pr.D/L) (Re.Pr.D/L) < 33.3
(12) 

Besides that, the friction factor is measured using Darcy correlation under laminar fluid flow and can be calculated using the 
correlation shown in Eq. (13) [15]. 

f =
64
Re

(13)  

3.6. Uncertainty analysis 

Uncertainty in reported results is of acute importance as it determines quality of repeatability for any experimental results. Various 
variables’ uncertainties determine the parameter’s uncertainty which is a function of the sum of these factors. For example, consider z 
as a function of various independent variables, Xi, each having its level of uncertainty, ΔXi, the total level of uncertainty in z, can be 
estimated with Eq. (14). 

Fig. 3. ZnO NPs (a) SEM image at 100,000 magnification (b) Average size distribuatation (c) XRD spectrum (d) Adsorption-desorption isotherms.  
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Δz= ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(
∂f

∂Xi

)2

(Δxi)2

√

(14) 

The uncertainties in the independent parameters such as axial length of the mini tube, the diameter of the mini tube, temperature 
and pressure gradient were ±1.0 mm, ± 0.01 mm, ± 0.1ᵒC, and 1.25%, respectively, while the uncertainties in the mass flow rate, TC, 
VC, density, specific heat capacity, were 1.0% of the recorded experimental values. The corresponding uncertainties in the dependent 
parameters, such as in surface area (As), friction factor (f), pumping power (P), fluids velocity (u), Reynolds number (Re), local HTC 
(hlocal), average HTC (havg), local Nu (Nulocal) and average Nu (Nuavg), 1.04%, 5.25%, 1.89%, 2.45%, 1.73%, 5.15%, 3.60%, 5.34%, and 
4.20%, respectively. 

4. Characterization of NPs 

4.1. SEM analysis of NPs 

The NP’s morphological characteristics and size are commonly measured using Scanning Electron Microscopy (SEM) [46]. The 
present study investigated the morphology and primary particle size of NPs using SEM (Nova Nano 450). Fig. 3 (a) shows the processed 
image of SEM at 100,000 magnification. The size distribution found by processing the SEM image in Image J software, as shown in 
Fig. 3 (b), was at about 33 nm. 

4.2. XRD analysis of NPs 

X-ray diffraction (XRD) is the widely accepted technique for investigating the crystalline behaviour of any NPs [47]. This study 
determined the crystalline behaviour of ZnO NPs using Bruker D2-Phaser Germany Model-D2 XRD, as shown in Fig. 3 (c). XRD peaks 
were recorded in the 10ᵒ-80ᵒ range. Fig. 3 (c) presents the different peaks of the XRD pattern, which were found at 31.737ᵒ, 34.379ᵒ, 

36.215ᵒ, 47.484ᵒ, 56.536ᵒ, 62.777ᵒ, 66.304ᵒ, 67.868ᵒ,69.009ᵒ. Comparatively miller indices value was (100), (002), (101), (102), (110), 
(103), (200), (112). The XRD pattern confirms the monoclinic crystalline structure of ZnO particles with lattice constants of (a = b =
3.2530 Aᵒ c = 5.2130Aᵒ). These indexed well match those in (Joint Committee on Powder Diffraction Standards, i.e. JCPDS card 
number 036–1451) [48]. Besides that, it also showed the highest purity of the NPs. The diameter of ZnO NPs was measured using 
Debye- Scherrer Eq. (15). 

d= 0.89λ / (β ∗ Cos θ) (15) 

In Eq (13), Scherrer constant = 0.89, λ, θ, and β are the X-rays wavelength, Bragg’s diffraction angle, and full width at half 
maximum (FWHM) diffraction peak and are measured in radians. The average diameter of NPs was nearly 18.53 nm, as determined 
using Eq. (13). 

4.3. BET analysis of NPs 

NPs’ pore size, specific area, and pore volume significantly affect heat transfer rate for better thermal application. Hence, it is 
crucial to find the vent size and pore volume of the NPs. Brunauer-Emmett-Teller (BET) technique is the broadly employed meth
odology for finding the specific surface area (SSA) of NPs [49]. In this method, the subject characteristics of NPs are estimated by 
adsorption and desorption of nitrogen gas. The volume flow technique can determine the temperature of the nitrogen in the liquid state 
and the magnitude of the adsorbed gas [50]. The current research investigation determined the SSA of NPs by using the NOVA 3200e 
surface area analyzer. For the first 5.0 h, the sample (150 mg) was held at 100ᵒC to eliminate any unwanted impurities. Then the 
specific surface area is then analyzed based on adsorption-desorption isotherms data. The isothermal curve of adsorption and 
desorption is shown in Fig. 3 (d). The surface area was determined to be about 22.37 m2/g. However, the specific surface area was less 
than described by the manufacturer, and the possible reason might be due to the agglomeration of NPs over time. 

Fig. 4. (a) ZnO/H2O NFs right after preparation (b) right after 48 h.  
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5. Results and discussions 

5.1. Dispersion stability of NFs 

The stability of the prepared NFs was assessed by the visual photography method by measuring the transparent section of the NFs at 
the top of the glass vials over the investigated time. Fig. 4 (a) and 4 (b) display the visual inspection of the samples immediately after 
formulation and after 24 h. 

The inspection showed no sign of sedimentation after 24 h without adding any surfactant. The possible reason is the low 
agglomeration of NPs under the optimized time of intensive ultrasonication followed by magnetic stirring. Another reason is the 
presence of strong electrostatic repulsion forces between the NPs because of the smaller size of the NPs. The findings of the present 
investigation conform with the study conducted with ZnO/DIW-based NFs [31]. Furthermore, the research results showed the 
dispersion stability of the prepared NFs was enough for their application in mini tube heat exchanging systems without any significant 
fear of agglomeration and particle deposition on the inner surface of the channel. 

5.2. Thermal conductivity NFs 

An increasing trend has been observed in the TC of DIW and all prepared NFs with the rise in temperature and NPs loading, as 
presented in Fig. 5 (a). The behaviour observed was consistent with another study conducted with aqueous-based ZnO NFs [51]. The 
recorded uncertainty in the measured experimental results was ±1.0%. From Fig. 5 (a), the increase in TC was observed up to 3.81% at 
0.012 wt %, 8.96% at 0.024 wt %, 13.70% at 0.036 wt % and 18.27% at 0.048 wt % of NPs compared to DIW at 40 ◦C. The possible 
enhancement in NFs thermal conductivity is due to ZnO NPs concentration in the host BFs and increased Brownian motion of NPs with 
temperature. Another reason is the interfacial layer between the ZnO NPs and the host BFs, which enhances the thermal performance of 
the NFs [52]. The findings were compared with the well-known empirical models from the published literature, as presented in 
Table 3. However, the results shown in Fig. 5 (c) indicated that the classical correlations failed to estimate the experimental TC of the 
NFs. The possible reason could be different operating conditions, mass concentrations of NPs, and the size and morphology of NPs 
considered for modelling these correlations. 

Fig. 5. ZnO/DIW NFs (a) thermal conductivity and (b) viscosity as a function of temperature and NPs loading (c) thermal conductivity and (d) viscosity, comparison 
with classical correlations. 
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5.3. Viscosity of NFs 

The VC of DIW and NFs samples has been measured for varying concentrations of NPs (0.012–0.048 wt %) and operating tem
peratures (20–60 ◦C) using a rotary rheometer. The analytical findings presented a strong dependency of the NFs’ viscosity on the NP’s 
loading and operating temperature. The viscosity was directly related to the NP’s loading while inversely proportional to the tem
perature of NFs. The behaviour observed was consistent with another study conducted with aqueous-based ZnO NFs [51]. The un
certainty in the measured results is ±1.0%. Fig. 5 (b) shows that the percentage rise in VC for ZnO/DIW-based NFs was observed up to 
8.52% at 0.012 wt %, 12.71% at 0.024 wt %,16.58% at 0.036 wt % and 20.31% at 0.048 wt % mass concentrations of NPs compared to 
DIW at 40 ◦C. The viscosity rise with a concentration of NPs attributes to the fact that the interfacial forces between the adjacent layers 
of the NFs increased with the increase in NPs loading. The same fact is attributed to the effect observed with the decrease in NFs 
temperature and vice versa. 

The analytical results were compared with the well-known theoretical models from the existing literature, as presented in Table 4. 
The results shown in Fig. 5 (d) indicated that the theoretical models failed to estimate the experimental TC of the NFs. The possible 
reason could be different operating conditions, mass concentrations of NPs, and the size and morphology of NPs considered for 
modelling these correlations. 

5.4. Validation of experimental setup 

The test setup’s reliability and accuracy were validated by comparing the experimental values of DIW calculated for the Nusselt 
number and the friction factor with those predicted by the well-known theoretical models. The comparative analysis for all three tube 
diameters has been presented in Fig. 6 (a) and (b) at 12–24 ml/min flow rates. The findings showed a good agreement between the 
experimental and theoretical results for the average Nusselt number and friction factor predicted by the Shah correlation [62] and the 
famous Darcy Correlation [63]. The maximum deviation between experimental and theoretical results was within ±5.86% and 
±2.80% for Nusselt number and friction factor, respectively. 

5.5. Local heat transfer coefficient of NFs 

Fig. 7(a–f) show the local HTC variance along the axial length of the test section at different flow rates and diameters of the tube for 
DIW and 0.048 wt % NPs of ZnO NFs. The literature surge also revealed a similar kind of behaviour of aqueous ZnO NFs in the compact 
channel heat exchangers [26]. The experiments were performed with tubes with 1.0, 1.5, and 2.0 mm inside diameters and varying 
flow rates in the 12–24 ml/min range. The results indicated that the local HTC values at the tube’s entrance region were high and 
gradually fell along the tube’s axis. The possible reason for high HTC at the test section entry region is that the flow is not fully 
developed. At the same time, across the test section length, the HTC reduces as soon as the flow becomes fully developed, leading to a 
constant HTC value. 

It can also be observed that the HTC increased with NPs loading and fluid flow rate compared to DIW. The increment in local HTC 
values is due to the high TC of ZnO NFs compared to DIW. In addition to fore-stated observation, it is evident that the local HTC values 
possessed an inverse proportion with diameter of the test section. This is because an increase in tube diameter will decelerate the flow 
(at fixed flow rate), reduce the Reynolds number, and hence the HTC. The Brownian motion of NPs could be plausible cause for the 
stated trends at low velocity within large tube. The maximum rise of local HTC is 17.11% compared with DIW, which is observed at 

Table 3 
Classical models for the evaluation of TC of NFs  

Thermal Conductivity Model Mathematical expression Results Deviation (%) 

Maxwell model [53] keff

kf
=

[
kp + 2kf + 2Φ(kf − kp)

kp + 2kf − 2Φ(kf − kp)

]
12.00 

Hamilton and Crosser [54] keff

kf
=

[
kp + (n − 1)kf − (n − 1)Φ(kf − kp)

kp + (n − 1)kf +Φ(kf − kp)

]
12.00 

Timofeeva Model [55] keff

kf
= (1 + 3φ)

9.30 

Wasp model [56] keff

kf
=

[
kp + 2kf − 2Φ(kf − kp)

kp + 2kf + 2Φ(kf − kp)

]
11.70 

Mintsa et al. [57] keff

kf
= (1 + 1.72φ)

10.10  

Table 4 
Classical models for the viscosity prediction of NFs  

Viscosity Model Mathematical expression Results Deviation (%) 

Einstein’s model [58] μnf = (1 + 2.5φ)μf 12.90 
Wang model [59] μeff = μf (1 + 7.3φ + 123φ2) 10.70 
Pak and Cho model [60] μnf = (1 + 39.11φ − 533.9φ2)μf 6.70 
Guo et al. [12] μeff = μf (1 + 2.5φ + 6.5φ2)(1 + 350φ /dp) 3.0 
Dávalos-Orozco [61] μeff = μf (1 + 2.5φ + 6.17φ2) 12.90  

H.-u.-R. Siddiqi et al.                                                                                                                                                                                                 



Case Studies in Thermal Engineering 39 (2022) 102441

11

24.0 ml/min when the tube’s diameter is 1.0 mm. Under similar operating conditions, this rise was 14.82% and 11.61% for 1.5 mm and 
2.0 mm diameter test sections, respectively. 

Experimental findings of the local HTC were compared with the predictions obtained by Shah Correlation, as shown in Fig. 8 (a) 
and (b) for the 0.012 wt % and 0.048 wt % loading of NPs. The result showed that most of experimental datapoints for ZnO/DIW NFs 
were in ±10% deviation from Shah Correlation. The deviation of the analytical results from the predicted results attributes to the 
optimized and standard operating conditions, the ideal temperature and velocity distribution within the NFs, and the uniformly 
developed velocity and thermal boundary layers, which could be compromised to some extent in the practical case. 

5.6. Average heat transfer coefficient of NFs 

Fig. 9(a–c) shows the experimental results of the average HTC plotted against volume flow rates for DIW and ZnO NFs for different 
tube diameters. The literature surge also revealed a similar kind of behaviour of aqueous ZnO NFs in the compact channel heat ex
changers [26]. It is observed from the analytical findings that the average HTC increases/improves/enhances with the volume flow 
rate and the NPs concentration in the BFs; however, an increase in tube diameter has inversely affected the HTC due to a decrease in the 
Reynolds number at the same flow rate. This augmentation in average HTC is due to the increased loading of ZnO NPs in the BFs. 
Another reason for enhancing heat transfer is the Brownian movement of NPs at higher Reynold numbers. The maximum rise in the 
average HTC was 13.05% compared with DIW, at 0.048 wt % of NPs when the tube’s diameter was 1.0 mm at a 24.0 ml/min fluid flow 
rate. This enhancement was observed to be 12.14% and 9.79% for the tubes with 1.5 mm and 2.0 mm diameters. Similar reasons exist 
for this variation in average HTC with the change in tube diameters, as observed in the case of local HTC. The results presented in Fig. 9 
(d) showed that most of the findings for ZnO/DIW NFs were in the range of ±10% deviation compared to Shah Correlation. 

5.7. Friction factor of NFs 

Fig. 10 represents the variations in friction factor (f) against volume flow rate at different mass concentrations of ZnO NPs. The 
analytical findings showed that the friction factor decreased as the volume flow rate increased. It is also evident from the experimental 
findings that the effect of NPs loading on the friction factor at low volume flow rates of NFs was more significant. The friction factor 
increased with NPs charging in pure fluid at a lower volume flow rate. At low flow rates, the viscous forces are dominated by inertia 
forces. Haghighi et al. [64] observed similar behaviour in their study of different metal oxide-based NFs in an aqueous media. 

Therefore, adding the NPs in DIW increases shear stress among the layers and friction increases. The maximum friction factor 
obtained was about 28.85%, 19.25% and 12.72% for 1.0 mm, 1.5 mm and 2.0 mm diameter tubes, respectively, at 0.048 wt % of NPs 
and at 12.0 ml/min fluid flow rate compared to DIW. The Reynolds number decreased with an increase in the test section diameter; 
hence it was attributed to lower shear stress and, consequently, the less viscous forces to the fluid flow. This indirectly shows the 
decrease in friction factor of the NFs with the decrease in Reynolds number of the NFs with an increase in channel cross-sectional 
diameter. It also shows that the friction factor was inverse to the tube diameter. At low flow rates, the viscous forces are domi
nated by inertia forces. Therefore, adding the NPs in DIW increases shear stress among the layers, and frictional losses increase. 
However, when the cross-sectional area increases, the velocity of the fluid decreases, and hence the viscous forces do not dominate the 
inertia forces. Therefore, the shear forces become weak within the tubes, and the friction factor decreases. Analytical findings were 
compared with predicted results by Darcy correlation for laminar flow, as shown in Fig. 10 (d). The result shows that predicted results 
obtained by the Darcy formula of friction factor for ZnO/DIW NFs were in good agreement with analytical findings in the ±8.0% 
deviation range. 

5.8. Pressure drop of NFs 

Fig. 11(a–c) represents the change in pressure gradient against volume flow rate for different diameters of tubes. As shown in 
Fig. 11, for both DIW and ZnO NFs, the pressure gradient increased with the volume flow rate and NPs loading but decreased with an 

Fig. 6. Comparison of DIW experimental and theoretical results for (a) Nusselt Number vs volume flow rate (b) Friction Factor vs volume flow rate.  
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increase in tube diameter. 
This is because viscosity increases with ZnO NPs loading in pure DIW, and the frictional losses increases. The maximum pressure 

drop is achieved up to 29.19%, %, 19.21%, and 12.25% for ZnO/DIW NFs with 1.0 mm,1.5 mm and 2.0 mm diameters of the tube at 
0.048 wt % of NPs concentrations, respectively, compared to DIW. Haghighi et al. [64] observed similar behaviour in their study of 
different metal oxide-based NFs in an aqueous media. 

Results proved that when the test section’s diameters reduced, the change in pressure increased and vice versa. The cause is with 
the decrease in the diameter, the cross-sectional area reduces and the force per unit area increases, resulting in more pressure and vice 
versa. Experimental results were compared with predicted results by Darcy correlation, as shown in Fig. 11 (d). The result showed a 
good agreement between the analytical and theoretical findings within the ±5.0% deviation range. The deviation of the experimental 
results from the predicted results attributes to the optimized and standard operating conditions, the uniformly developed velocity and 
thermal boundary layers within the test section, which could be compromised to some extent in the practical case. 

Fig. 7. Variations in local HTC of BFs and NFs for 0.048 wt % (a) DIW, Di = 1.0 mm (b) NFs, Di = 1.0 mm (c) DIW, Di = 1.5 mm (d) NFs, Di = 1.5 mm (e) DIW, Di =
2.0 mm (f) NFs, Di = 2.0 mm. 
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6. Conclusion and future recommendations 

Thermal and hydraulic performance of aqueous-based ZnO NFs with 0.012–0.048 wt % of NPs were investigated in small horizontal 
circular tubes of different inside diameters (1.0–2.0 mm) under laminar flow (12–24 ml/min) and constant heat flux boundary con
ditions. Besides that, in this study, different techniques for material characterization, such as XRD, BET analysis, and SEM, were used. 
The experimental findings result in the following conclusions. 

Fig. 8. Comparison of local HTC from Shah correlation prediction with experimental results for NFs in tubes of different diameters and NPs concentrations (a) at 
0.012 wt % (b) at 0.048 wt %. 

Fig. 9. Average HTC of ZnO-DIW as the function of volume flow rate (a) Di = 1.0 mm (b) Di = 1.5 mm (c) Di = 2.0 mm (d) Comparison with Shah correlation for NFs 
at 0.048 wt %. 
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1. It was observed from the experimental results that the TC of the NFs possessed a direct relation with the NPs loading and NFs 
temperature. In contrast, the VC was directly proportional to the NP’s loading and had an inverse relation with the temperature. 
The maximum rise in TC and VC was observed up to 3.81%–18.27% and 8.52%–20.31%, respectively, at 40 ◦C for 0.012–0.048 wt 
% of NPs, respectively.  

2. Local HTC and Nusselt’s number intensified with the fluid flow rate and NPs mass concentration in the BFs but decreased with the 
rise in tube diameter. The maximum intensification in local HTC along the axial length of the tube was observed up to 17.11% 
compared with DIW, at 24.0 ml/min when the tube’s diameter was 1.0 mm. The result showed that most experimental values were 
within the range of ±15% deviation compared to Shah Correlation. The average HTC and Nusselt’s number also directly correlated 
with the fluid flow rate and NPs mass concentration in the BFs but decreased by increasing the tube diameter. For instance, the 
maximum average HTC growth was about 1.83% at 0.012 wt %, 6.12% at 0.024 wt %, 9.16% at 0.036 wt % and 13.05% at 0.048 wt 
% for 24 ml/min volume flow rate when tube diameter was 1.0 mm compared to DIW. An increase in tube diameter has inversely 
affected the fluid velocity, Reynolds number, and hence the HTC.  

3. NFs have a more significant friction factor than DIW, increasing with NPs concentration in the host fluid and decreasing with the 
rise in volume flow rate. At a 12.0 ml/min flow rate, friction factor was observed up to 28.39% at 0.048 wt% for a 1.0 mm diameter 
of the tube. The friction factor reduced with the rise in tube diameter and vice versa. Analytical findings agreed with those obtained 
from the Darcy correlation within the ±8.0% deviation range. The Reynolds number decreased with an increase in the test section 
diameter; hence it was attributed to lower shear stress and, consequently, the less viscous forces to the fluid flow.  

4. The maximum pressure drop was up to 29.19%, 19.21%, and 12.25% for ZnO/DIW NFs for 1.0 mm, 1.5 mm and 2.0 mm of tube 
diameters at 0.012 wt %, 0.024 wt %, and 0.036 wt % and 0.048 wt % of NPs, respectively, compared to DIW. Results proved that 
when the tube diameters were reduced in the test section, the change in pressure gradient increased and vice versa. The change in 
inner tube diameter affects the Reynolds number and the NFs velocity profile within the test section and hence the pressure 
gradient. 

The research findings showed that at lower test section diameter, the local and average HTCs possessed enhanced values at the cost 
of more frictional and pressure losses due to interdependence of the Reynolds number on the cross-sectional area of the tube. However, 
with the rise in tube diameter and under similar operating conditions, a decrement was observed in the local and average HTC. 

Fig. 10. Friction factor of ZnO-DIW as the function of volume flow rate (a) Di = 1.0 mm (b) Di = 1.5 mm (c) Di = 2.0 mm (d) Comparison with Darcy correlation for 
NFs at 0.048%. 

H.-u.-R. Siddiqi et al.                                                                                                                                                                                                 



Case Studies in Thermal Engineering 39 (2022) 102441

15

Nevertheless, this decrement was not significant, and there is a potential for the future to optimize the test section diameters to create a 
balance between the tube cross-sectional area and enhancement in HTC. Optimized operating conditions could be determined for the 
enhanced thermal and hydraulic performance of the NFs in minichannel heat exchangers for high-tech modern thermal systems. 
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