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Abstract: In this research, Zinc Oxide-Ethylene @ glycol distilled water based nanofluid was syn-
thesized using the sonochemical method. The convective heat transfer properties of as synthesized
nanofluid were observed for a closed single circular tube pipe in turbulent flow regimes. The pre-
pared nanofluids were characterized by ultra violet spectroscopy (UV–VIS), UV–VIS absorbance,
X-Ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Transmission electron
microscopy (TEM) and stability analysis. Five calibrated k-type thermocouples were mounted on
the surface of the test section. Analytical data related to heat transfer properties of the synthesized
nanofluid for the heat exchanger, incorporated with the closed circular tube test section were col-
lected. The addition of ZnO solid nanoparticles in the EG@DW mixture enhanced the value of
thermal conductivity and other thermophysical characteristics of the nanofluids. Maximum thermal
conductivity was observed at 45 ◦C for using 0.1 wt.% of ZnO nanoparticles EG@DW nanofluid.
Increasing the wt.% of ZnO solid nanoparticles in the EG@DW mixture had increased the thermal
conductivity subsequently with change in temperature from 20 to 45 ◦C. Furthermore, Nusselt
numbers of ZnO-EG@DW-based nanofluid was estimated for the various concentration of ZnO
present in EG@DW-based fluid. The presence of ZnO solid nanoparticles into the EG@DW base fluid
escalate the Nusselt (Nu) number by 49.5%, 40.79%, 37% and 23.06% for 0.1, 0.075, 0.05 and 0.025 wt.%
concentrations, respectively, at room temperature. Varying wt.% of ZnO (0.1, 0.075, 0.05 and 0.025)
nanoparticles had shown improved heat transfer (h) properties compared to the base fluid alone.
The absolute average heat transfer of ZnO-EG@DW nanofluid using the highest concentration of
0.1 wt.% was improved compared to the EG@DW mixture. The magnitude of absolute average heat
transfer was increased from 600 W/m2k for the EG@DW mixture to 1200 W/m2k for ZnO-EG@DW
nanofluid. Similarly, the heat transfer improvement for the other three wt.% (0.075, 0.05 and 0.025)
was noticed as 600–1160, 600–950 and 600–900 W/m2k, respectively, which is greater than base fluid.

Keywords: synthesis of ZnO; friction factor; ZnO-EG@DW nanofluids; Nusselt (Nu) numbers;
heat recoveries by nanoparticles
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1. Introduction

Energy crises are one of the most crucial issues for various engineering industries. Vari-
ous technology-based applications like solar collectors, liquid to gas conversion, direct solar
absorption, heat exchanger, geothermal extraction, energy conversions and cooling de-
vices, etc. are suffering from these energy issues. It can decrease the overall efficiency of
any system. To handle this technical problem efficiently, the application of conventional
fluids might not be enough to recover the energy losses. However, dispersing the solid
nanoparticles in the base fluids can effectively change the thermos physical properties
of the nanofluids and could lead to enhanced energy recovery of the system. The new
generation of conducting fluids with homogeneously dispersed solid nanoparticles in base
fluids are called nanofluids [1]. The variations in thermos physical characteristics exhibited
by nanoparticles incorporated base fluid are sometimes fairly outstanding and are much
better than the base fluid alone [2,3]. It was observed that the addition of solid nanopar-
ticles in the base liquid with varying weight percentages from 0.1% to 5% can change
several thermophysical characteristics of nanofluids including density, specific heat, viscos-
ity and thermal conductivity [4,5]. These nanofluids are mainly used in heat convection
applications—specifically in the thermal and solar thermal fields [6–8].

Nanofluids are suspensions of solid nanoparticles (<100 nm size) in base fluid (like Ethy-
lene Glycol (EG), Poly ethylene Glycol (PEGs), water, diathermic oil, transformer oil, paraf-
fin oil, etc.). Nanofluids can be contemplated as an upcoming era of heat-exchanging fluids.
In addition, their heat-transference characteristics are innovative than other base liquids,
where they showed astonishing performance for application in microelectronics, lubricants,
transportation, refrigeration, high voltage appliances, etc. [9,10]. Earlier literature revealed
that substantially higher heat transfer properties and thermal conductivity of the system
can be achieved using uniform nanoparticle concentrations lesser than 5 wt.% [11]. The
addition of metals or metal oxide into the conventional base liquid can improve the thermal
properties of the conventional base fluids, i.e., Brownian motion, fluid atoms layering and
the heat transfer (h) properties of nanofluids [12]. The application of heat exchangers in
several industrial processes is challenging and complicated as it needs to show improved
performances with effective output. Different methods were applied in the past studies to
increase the heat exchanging performances like unadulterated fluid forced heat convection
and strained out surfaces to raise the heat exchange [13,14].

Metals or metal oxides are generally used as thermal carriers in many base liquids,
due to their optimum characteristics like higher thermal conductivity, viscosity, density and
outstanding compatibility with conventional fluids with high charge performance ratios [15,
16]. ZnO, Al2O3, CuO and TiO2 are the best choices among the metal oxides nanoparticle
for improvement of the heat transfer. Thus, nanofluids prepared by these metal oxides
have been extensively used for convective heat transfer applications. Maria et al. [17]
executed studies on density, thermal conductivity and viscosities of EG-based Al2O3
nanofluids and has observed a substantial improvement in thermal conductivity around
19%. Vasheghani et al. [18] used a hot-wire technique to estimate the thermal conductivities
of nanofluid. At 3 wt.% concentration of TiO2 nanofluid in engine oil, they observed a
supreme development of 57% in heat transfer. Yu et al. [19] investigated the viscosities and
thermal conductivities of ZnO-EG nanofluids. The researcher reported that the thermal
conductivity of ZnO-EG base nanofluids is dependent on solid nanoparticle concentrations.
With the increment in concentration of certain nanoparticles, the thermal conductivity also
increases nonlinearly [3,20].

Compared to natural heat convection, the forced heat convection evolves a greater
heat transfer coefficient. Several research works were carried out to examine the forced heat
convection characteristics of different nanofluids. Sun et al. [21] experimentally considered
the flow and heat transfer characteristics of Cu-water, Al-water, Al2O3-water and Fe2O3-
water nanofluids in a built-in twisted belt outside thread tube. They observed that Cu-water
nanofluids displayed better heat transfer properties [22,23]. The results confirmed that
the heat transfer percentage of varying nanofluids is generally reliant on the size of the
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nanoparticles, different states of the particles, thermophysical characteristics of base liquids
and shape of the solid particles. [24,25]. Das et al. [26] observed that the study of aluminum
oxide nanofluids confirmed an agreement with the previous model developed by Crosser
and Hamilton to evaluate the convective heat transfers.

In contrast, experimental data of copper oxide-based nanofluids illustrated lower
improvement. Different researches have been conducted previously on the dispersion
and stability of solid particles in conventional base fluids for enhancement of convec-
tive heat transfer. However, it is noticeable that the bigger solid nanoparticle size led
to sedimentation, settling, clogging and erosion, which lowered the materials’ thermal
conductivity and heat transfer ratio [27,28]. To resolve such issues, the researchers focused
on different nanofluids for enhanced thermal conductivities [29]. Over time, the rapid ad-
vancement in nanomaterials technology led to the development of effective nanofluids
that substituted the traditional fluids with less effective convective heat transfer [30,31].
Furthermore, the ethylene glycol (EG) or polyethylene glycol-water (PEG)-based nanoflu-
ids have been used for heat transfer (h) studies and other thermal performances, where it
showed improved results [32–34].

The core intention of this exploration was to prepare well-stable ZnO-EG@DW nanoflu-
ids with different wt.% (0.1, 0.075, 0.05 and 0.025) of ZnO solid nanoparticles in the EG@DW
mixture as a base liquid for the active transport of convective heat transfer in a single-tube
closed flow passage. The ZnO nanoparticles were synthesized using the facile one-pot
sonochemical method. Different characterizations have been conducted to confirm the
proper synthesis of ZnO solid particles. The ZnO-EG@DW-based nanofluids were prepared
using a mixture of EG@DW 50:50 with the addition of ZnO solid nanoparticles. Finally, the
investigation was carried out to analyze the improvement in local Nusselt (Nu) numbers,
average Nusselt (Nu) numbers, average heat transfer and local heat transfer at different
points across the closed circular test section in the turbulent flow regimes. The EG@DW
blend with the addition of sonochemically synthesized ZnO nanoparticles can enhance the
thermal conductivity, compared to conventional EG@DW with negligible sedimentation.

2. Materials and Methodology

The sodium hydroxide (NaOH), Zinc acetate dihydrate (Zn(CH3COO)2H2O) and
ethylene glycol grade AR-M/Wt 62.07 g-mol as raw materials were procured from Sigma
Aldrich, USA, for the synthesis of ZnO-EG@DW nanofluids. All the entire materials used
in the stated investigation were of analytical grade and the EG@DW mixture was used as a
base fluid throughout the experiment.

2.1. ZnO Synthesis Procedure

Single-pot sonochemical procedures were followed to synthesis the ZnO solid nanopar-
ticles. A single line flow to synthesize the ZnO solid nanoparticles is shown in Figure 1.
In this synthesis technique, zinc acetate as a precursor was dissolved in 100 mL DW and
EG blend with (50:50) ratio according to (2:1) M and stirred continuously for 10 min using
a magnetic stirrer. Further, the sodium hydroxide was dissolved in the 100 mL EG and DW
solution with (50:50) wt.% ratio and stirred continuously for 15 min using a magnetic stirrer.
In the next step, the sodium hydroxide mixture was added dropwise slowly into zinc
acetate mixture under high probe sonication. The setting of probe sonicator is necessary
before starting the synthesis; for this purpose, the sonicator power was retained at 750 W,
the pulse amplitude is 80% with 3 and 2 s on/off mode and the total delivered energy
was 360,000 J and 220 V of input alternating current and voltage, respectively. During the
mixing of sodium hydroxide mixture in aqueous zinc acetate mixture, the white precip-
itate was formed. After some time, these precipitates transform into thicker precipitate.
The bulk mixture was highly sonicated for 2 h continuously without using coolant. The
white precipitates were washed by DW water four times using a centrifuge at 6000 rpm
and finally washed with ethanol. The precipitate was dried overnight in an oven at 80 ◦C.
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For more crystal and distinct morphology of the ZnO solid nanoparticles, the mixture was
required to calcined at least for 3 h continuously at a temperature of 200 ◦C [35–39].

Figure 1. One-pot facile synthesis of ZnO nanoparticles and preparation of ZnO-EG@DW-based nanofluids with different
wt.% (0.1, 0.075, 0.05 and 0.025) of ZnO.

2.2. Two-Step Synthesis of ZnO-EG@DW Nanofluids

Figure 1 shows a two-step synthesis technique of the ZnO-EG@DW nanofluids using
Probe sonicator. In the first step, the ZnO solid particles were produced by one-pot
sonochemical procedure; in the second step, the sonochemically synthesized solid ZnO
nanoparticles were dispersed in EG@DW mixture using probe sonication. The sonicator
specifications were adjusted according to (20-kHz frequency, Input AC volt 220 V, Pulse-
amplitude 80%, Energy 36,000 J) and pulse rate was maintained at 3 s/2 s on and off
respectively and Probe Max Power 750 W. The sonicator parameters (power/time) were
adjusted for ZnO-DW@EG nanofluids at 0.1 wt.%. ZnO-EG@DW nanofluids at 0.1, 0.075,
0.05 and 0.025 wt.% were sonicated with a selection of 70% pulse amplitude until 3 h of
each wt.%. All these wt.% concentrations of ZnO-EG@DW-based nanofluids were primed
according to data deliberated in Table 1 accordingly. For each concentration, the remaining
base fluid mixture of EG@DW was taken at least 7 L. Uniform and homogeneous dispersion
of ZnO solid nanoparticles in EG@DW were investigated at various nanoparticles wt.%,
varied dimensions and time of sonication. It was observed using similar nanofluids with
similar wt.% at different sonication times provides changed dispersion and stability in the
EG@DW. Further, 0.2 mg of zinc oxide was mixed in 30 mL EG@DW and was sonicated
for 30, 60, 90 and 120 min, then the stability and dispersion at each of the concentrations
were evaluated.
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Table 1. Sequential data table for ZnO-EG@DW nanofluids at different concentrations.

S. No wt.% Concentration Base Fluid in Liter DW in Liter EG in Liter Nanoparticles in Grams

1 0.1 7 3.5 3.5 7
2 0.075 7 3.5 3.5 5.25
3 0.05 7 3.5 3.5 3.5
4 0.025 7 3.5 3.5 1.75

2.3. The Geometry of the Test Section

A circular closed single tube aluminum pipe of 1.2 m length and 0.01 m diameter
was used as a heat exchanger for heat transfer studies. Five k-type highly sensitive
thermocouples were mounted at a depth of 1 mm on the periphery at an equal distance
(0.2 m) from the entry point. The 2-D geometric view of a single tube closed annular heat
exchanger is shown in Figure 2. Two additional highly sensitive thermocouples were
attached at the inlet/outlet locations of a single tube closed circular heat exchanger shown
in Figure 3 to see the difference in temperatures.

Figure 2. The 2-D geometric model of the circular heat exchanger.

2.4. Experimental Setup

The heat transfer and hydrodynamic characteristics of ZnO-EG@DW nanofluid flow-
ing through a single tube heat exchanger were investigated on an experimental test rig,
as presented in Figure 3. The given experimental setup just consists of a control panel,
voltage regulator, electrical heater, inlet and outlet valves, main valves, flow meter, pressure
meter, fluid pump, fluid tank, chiller, frequency control meter and digital data logger.
Preceding to run the sample, the thermocouples on the test section were calibrated by
applying the Wilson plot [38]. Here, the thermal convection and hydrodynamic charac-
teristics of ZnO-DW@EG-based nanofluid were inspected by calculating the Nusselt (Nu)
values, pressure drop-in (Pa/m), the friction factor (f), local heat transfer and average heat
transfer. Different flow rates, i.e., 2.5, 3, 4, 5, 6, 7, 8 and 9 L/min and constant heat flux
were considered to study heat transfer improvement. As per Newton’s law of cooling, for
both outlet and inlet temperatures and their differences, the nanofluids temperature and
varying surface temperatures were considered to evaluate the heat transfer coefficients.
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Figure 3. Experimental setup of a heat transfer test rig for studying heat transfer and friction loss.

3. Characterizations of Sonochemically Synthesized ZnO Nanoparticles
3.1. UV–VIS Spectrum

UV–VIS spectrum analysis spectroscopy was performed to understand the optical
characteristics of sonochemically synthesized ZnO nanoparticles. The optical absorption
spectrum was restrained using a UV–VIS NIR spectrophotometer (SHIMADZU-1800,
Energy-240-volt, SOFT, Fisher scientific Sdn Bhd Malaysia) with diffuse reflectance mode
with ZnO powder dispersed in a base fluid by 0.025 wt.%. The UV–VIS spectroscopy
technique was used to confirm the proper synthesis of ZnO nanoparticles. The highlighted
peak at 376 nm in Figure 4 stipulates the influential absorption energy band of ZnO
nanoparticles, which is dependent on the blue shift of ZnO solid particles in the majority.
The prominent peak at 376 nm is the identification of ZnO material. The increase in
absorbance peak from 300 to 800 nm is dependent on the content of ZnO in the base
fluid. As the ZnO nanoparticles increased in the base fluid, the absorbance increased
accordingly. The maximum absorption significance amplified its energy gap from 3.37
to 3.6 eV. This improvement in the energy gap is significantly valuable in the existence
of sunlight.

Figure 4. Confirmation of sonochemically synthesized ZnO by UV–VIS spectrum.
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3.2. UV–VIS Absorption of Different Concentrations

Figure 5 represents the absorption band behavior of ZnO-DW@EG nanofluids having
different (0.1, 0.075, 0.05 and 0.025) wt.%. A typical single-pot sonochemical process was
used to produce the ZnO solid nanoparticles. The subsequent peak at 376 nm for different
concentrations validate the presence of ZnO nanoparticles. Further to check the absorbance
level, the same UV–VIS spectroscopy analysis was conducted for all wt.% concentrations
of the ZnO-EG@DW-based nanofluids. During the analysis, it has observed that the
absorbance increases with an increase in ZnO nanoparticles in the base fluid. As can be
seen in Figure 5, the increase in wt.% of ZnO in the base fluid increases the absorption
band level optical light passing through the nanofluids. The maximum presence of ZnO
nanoparticles causes to increase in the viscosity of nanofluids, which may lead to more
increased light absorption.

Figure 5. Absorption profile of ZnO-EG@DW nanofluids and their changed 0.1, 0.075, 0.05 and
0.025 wt.%.

3.3. X-ray Diffraction (XRD) Analysis of ZnO Nanoparticles

Generally, ZnO solid nanoparticles produced using sonochemical synthesis procedure
were inclined to an amorphous state. X-ray diffraction of ZnO powder ensured the existence
of phase transition and its different effects on phase transition of zinc oxide nanoparticles.
That analysis was conducted using Advanced level diffractometer (Malvern Panalytical-
D8/0000000011092674) Makmal Sinaran-X,301, Aras 1, Bangunan Utama (J22), Jabatan
Geologi) associated with a very sensitive detector (Lynx Eye position and Cu electrode).
The deflection patterns were obtained in the condition of 5–95◦ 2θ sectors, 0.01◦ per step
size, each stepper second and 0.3◦ deviation slit and 2.5◦ second Soller slit was used. Under
similar conditions, to find the fundamental parameters, the XRD patterns were obtained for
standard specimens and original specimens (LaB6, NIST, SRM, Gaithersburg, MD, USA).

In Figure 6, X-ray diffraction (XRD) study for ZnO solid nanoparticles are exposed,
where the results present the appropriate materialization of ZnO and its crystallite index.
The prominent peaks define the behavior of zinc oxide and its quartz level. Through
ZnO preparation, the crystalline index and morphology of nanoparticles are dependent
on synthesis procedure, calcination time and temperature. Calcining on low temperatures
leads to formless particle size and high temperatures lead to crystalline particles.
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Figure 6. XRD spectrum analysis for sonochemically synthesized ZnO.

3.4. FTIR of ZnO Nanoparticles

Figure 7 represents the Fourier-transform infrared spectroscopy (FTIR) of sonochem-
ically synthesized zinc oxide nanoparticles. This FTIR spectrum approves the physical
investigation with Sargassum muticum considering diverse energy bands. The sonochemi-
cally synthesized zinc oxide nanoparticles were inspected by Perkin Elmer/Spectrum-100
Makmal Petroleum Geokimia 2, GB108, Aras Bawah, Bangunan Baru (J21), Jabatan Geologi
model working with resolution (4000–400 cm−1) an occurrence of transmission modes.
Typical absorption in area 1627–1423 cm−1 poorly entails an aromatic ring. A too weak
absorption spectrum was at about 2950–2790 cm−1, which defines the actuality of aromat-
ics aldehydes.

Figure 7. FTIR spectra confirmation of ZnO.
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Further, the identical frail absorption peak was at 2076 cm−1 owing to cation exchange
capacity (CEC) maximum vibrations. The maximum OH stretching can be perceived at an
intensive and broad energy band at about 3337–3576 cm−1. Besides, the absorption at 450–
540 cm−1 identifies the occurrence of zinc oxide. While the infrared bands at 3337 cm−1, 1457
cm−1 and 2923 cm−1 recognize the existence of OH. Concentrated broadband on 3460 cm−1

stipulates the OH− vibration. The band nearby 2920 cm−1 connotes irregular fluctuations
of alkyl elements.

3.5. Transmission Electron Microscopy (TEM)

The morphology of sonochemical produced ZnO solid particles was been reflected
by TEM analysis with EDX from MIMOS Semiconductor (M) Sdn Bhd (498484-V) Nano
Characterization & QRA Services Lab Technology Park Malaysia 57000 Kuala Lumpur.
Figure 8 shows the morphological study of the TEM image for sonochemical synthesized
ZnO solid particles. The average size of sonochemical produced ZnO was measured by the
TEM size coordinates tool, the picture representing in Figure 8 shows that the average size is
around 15 nm, which is generously smaller within the spectacle of ultrasound. In addition,
TEM analysis specified that the monodispersed morphology, which was credited to the
cavitational case due to ultrasound waves. The TEM picture indicates that ZnO particles
are attached, as compared to SEM/FESEM. The ZnO nanoparticles in TEM analysis shows
chain-like structural arrangement of the particles because of their connection to one another.

Figure 8. ZnO nanoparticles size and morphology confirmation using TEM.

4. Results and Discussions
4.1. Homogeneous Dispersion and Stability of ZnO Nanoparticles in EG@DW Base Fluid

Figure 9 depicts the consistency of zinc oxide nanoparticles suspension in EG@DW
visible to probe sonication with changing times. Further, the probe sonicator (I/P 220 V,
20-kHz, Amp 80, pulse rate 3/2 on and off, 36,000 J energy, probe temperature 0 ◦C and
maximum power 750 W) was selected for ZnO-EG@DW nanofluids sonication until 2 h
successively [40]. Figure 10 shows the equal dispersion of ZnO and its stability in EG@DW
water. By physical observation, it can be seen, in Figure 9, that up to 63 days, nanoparticles
are well dispersed and stable in EG@DW without mixing of any surfactant. After 63 days
of preparation, it slightly starts to sediment, which can be seen in Figure 9.
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Figure 9. Stability and dispersion of ZnO nanoparticles at different concentrations for 12 weeks.

Dispersion and stability analysis of 0.01 g zinc oxide nanoparticles were performed by
diluting it into 30 mL EG@DW (15:15), then sonicated for 2 h consecutively maintaining
the similar sonicator operating parameters [41]. Figure 10 describes the stability and
sedimentation behavior of the ZnO-EG@DW nanofluids with 0.1, 0.075, 0.05 and 0.025
wt.%. From preparation until 9 weeks, all the concentrations of nanofluid preparations
look well stable and dispersed, whereas at 10 weeks, it started to sediment, slightly about
2.7%. For 0.1 wt.% concentration of nanofluid, the absorbance level decreased from 1.2
to 0.8 within 8 weeks, while at 0.025 wt.%, the decline of absorbance was recorded from
1.2 to 0.4, which showed that the dropping of concentration level was proportional to the
enhancement of sedimentation percentage. The same trend was noticed for the other two
0.075 and 0.05 wt.% nanofluids, as represented in Figure 10.
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Figure 10. Sedimentation analysis of ZnO-EG@DW nanofluids with different wt.% of ZnO in EG@DW
base fluid.

4.2. Hydrodynamic Properties

The pumping power for convective heat transfer using nanofluids is most vital since
it needed to consider the energy consumption to enhance the energy utility of any thermal
system. In the presented study, the pumping power required for ZnO-EG@DW nanofluids
at each 0.1, 0.075, 0.05 and 0.025 wt.% was evaluated using Equation (12). The required
pumping power for ZnO-EG@DW nanofluids and distilled water is shown in Figure 11a
and the present results seem positive since the pumping power increases concerning the
increase in ZnO nanoparticle wt.% concentrations. The addition of ZnO solid nanoparticles
in base fluid causes increase in the viscosity of nanofluids, which requires more pumping
power to pump the nanofluid in the flow pipe. More prominently, the pumping power
requirement for 0.1 wt.% of the ZnO-EG@DW nanofluids is quite high as compared to
other concentrations and EG@DW as well. This is due to the higher amount of the ZnO
solid nanoparticles in the base fluid.

Figure 11b describes the friction coefficient for all wt.% concentrations of ZnO-EG@DW
nanofluids and EG@DW as well, where the friction of all fluids starts to decrease as
the Reynolds numbers increases. The friction loss happens due to the walls of the heat
exchanger, nanoparticle collisions, nanoparticle shape, the shape of the heat exchanger and
wt.% of the solid nanoparticles in the base fluid. The 0.1 wt.% concentration showed high
friction on the lowest value of Reynolds number due to the presence of maximum ZnO
solid nanoparticles.
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Figure 11. (a) Variations in relative pumping power for all concentrations of ZnO-EG@DW nanofluids
and (b) friction loss during experimental.
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4.3. Thermal Conductivity and Viscosity Analysis

Figure 12a describes the thermal conductivity with changed 0.1, 0.075, 0.05 and 0.025
wt.% of ZnO-EG@DW-based nanofluids with temperature variations. The thermal con-
ductivity analysis was conducted using advanced thermal properties analyzer KD-2 Pro
(DECAGON devices, INC Sdn Bhd Malaysia Kuala Lumpur), where all the wt.% concen-
trations of the ZnO-EG@DW-based nanofluids were tested at a specific temperature range
from 20 to 45 ◦C. The growing trend in Figure 12a reveals the mounting conduct of the
overall thermal conductivity at each concentration of ZnO-EG@DW nanofluids with the
temperature rise. Additionally, the outcome of the experiment at the lowest 20 ◦C and high-
est 45 ◦C was considered here. The assessed thermal conductivity was 0.99 W/mK against
45 ◦C and 0.5 W/mK for 25 ◦C of 0.1 wt.% of ZnO-EG@DW nanofluids, 0.85 W/mK on 45
◦C and 0.4 W/mK against 25 ◦C of 0.075 wt.% of ZnO-EG@DW nanofluids, 0.72 W/mK on
45 ◦C and 0.3 W/mK on 25 ◦C of 0.05 wt.% of ZnO-EG@DW nanofluids and 0.68 W/mK
on 45 ◦C and 0.2 W/mK on 25 ◦C of 0.025 wt.% of ZnO-EG@DW nanofluids. Figure 12
shows a growing trend in thermal conductivities with an increase in temperature for each
wt.% of ZnO-EG@DW nanofluids. Furthermore, the EG@DW combination provides a
homogeneous dispersion of ZnO and its stability. Moreover, the increase in wt.% of ZnO ex-
pands the thermal conductivities of nanofluids. Further, the supreme evolution in thermal
conductivity drives up to 53% greater for 45 ◦C and of 0.1 wt.% of ZnO solid particles in a
mixture of EG@DW fluid. This improvement in thermal conductivity ensues on the base of
ZnO Brownian motion in the mixture of EG@DW fluid with the temperature change.

Figure 12. Cont.
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Figure 12. (a) Variations in thermal conductivities of ZnO-EG@DW-based nanofluids against tempera-
ture at different wt.% of ZnO and (b) viscosity ratio for each of the concentrations at 35 ◦C.

Figure 12b shows the viscosity profile of ZnO-EG@DW-based nanofluids and their
correlation between experimental data and previously published data. The viscosity
of ZnO-EG@DW-based nanofluids was measured using a viscometer at a constant tem-
perature of 35 ◦C. Four different 0.1, 0.075, 0.05 and 0.025 wt.% concentrations of the
ZnO-EG@DW-based nanofluids were measured for dynamic and kinematic viscosity. Dur-
ing the viscosity measurement, it was noticed that the viscosity of ZnO-EG@DW-based
nanofluids was increasing with the addition of ZnO solid nanoparticles in the base fluid.
From Figure 11b, it can be observed that as the wt.% of ZnO-EG@DW-based nanofluids
increases the viscosity also increases. The higher 0.1 wt.% of the ZnO-EG@DW-based
nanofluids showed higher viscosity at the same temperature as compared to other wt.%.
The increase in viscosity is mainly attributed to the addition of the ZnO solid nanoparticles.
Further, the experimental data were compared with different model data and found to be
in good comparison [42–44].

4.4. Average and Local Heat Transfer (h)

To evaluate the local/average Nusselt (Nu) and local/average heat transfer (h) mea-
surements of ZnO-EG@DW nanofluids with 0.1, 0.075, 0.05 and 0.025 wt.%, the succession
of tests has performed considering the specific variable parameters: power 600 W, Reynolds
(Re) varying from 5849 to 24,544 and input temperature of 30 ◦C. The varying output vari-
ables were evaluated by applying different equations. Heat transfer (h) can evaluate by
Equation (1).

h =

(
q′′

Tw− Tb

)
, (1)

where Tb = describes to bulk temperature, Tw = wall temperature and q′′ is heat flux.
Similarly, Tb could directly be evaluated from (Tout + Tin)/2; here, Tout and Tin are

the outlet/inlet temperatures, respectively.
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The heat flux could be analyzed by Equation (2),

q′′ =
(

Q
A

)
, (2)

where Q, represents to I/P power that is equal to current and voltage product (P = IV).
A represents to heated inner surface area for a single tube closed circular heat exchanger.
For the circular test section, the area could be calculated using Equation (3).

A = πDL. (3)

For the present tentative setup, the supreme input power was retained as 600 W.
By the way, the Nusselt values are nondimensional, so mathematically can be repre-

sented by Equation (4)

Nu =
hDh

k
, (4)

where h is the heat transfer, Dh denotes the hydraulic diameter of circular medium and k
describes the nanofluids thermal conductivity.

The Reynolds numbers (Re) have been calculated using Equation (5).

Re =
(

ρvD
u

)
. (5)

Here, ρ = density, Re = Reynolds numbers, µ = fluid viscosity and v = velocity. Con-
sidering the nanofluids as single-phase liquids, some of the standard correlations (Equa-
tions (6)–(8)) were applied to evaluate the Nu numbers (Dittus-Boelter, Gnielinski and
Petukhov) [45–47].

Nu =


(

f
8

)
(Re− 1000)Pr

1 + 12.7
(

f
8

)0.5
(Pr2/3 − 1)

. (6)

Here, Pr is the Prandtl number, Re denotes Reynolds number and f describes fric-
tion factor.

Nu = (
( f

8 )RePr

1.07 + 12.7( f
8 )

0.5(Pr2/3− 1)
) (7)

If 3 × 103 (< Re < 5 × 106) and 0.5 (< Pr < 2000), then the use of Equation (6) is valid

Nu =
(

0.023Re0.8 Pr0.4
)

. (8)

Furthermore, Equation (7) is valid in the specified range (Re > 104 and 0.7 < Pr < 160).
The friction loss in Equation (6) and (7) were introduced from Equation (9) of Petukhov.

f =
{
(0.79LnRe− 1.64)−2

}
. (9)

Here, in the range of 104 < Re < 106, for the samples ZnO/EG/DW nanofluid and DW
water, the friction factors were evaluated experimentally by Equation (10).

f =

 ∇P(
L
D

)(
ρv2

2

)
. (10)

where ∇P = fluid Pressure drop and v is the velocity. To evaluate the friction factor,
Equation (11) introduced by Blasius can be used.

f =
(

0.3164Re−0.25
)

. (11)
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If (Re) remains within 3000 < Re < 105, then the driving power of turbulent regimes
flow can be evaluated by Equation (12).

W =

{
0.158

(
4
π

)1.74( Lm2.75u0.25

ρ2D4.75

)}
, (12)

where m is the mass flow in the test medium.
By inserting v = V/A and ρ = m/v into Equation (5) and by inserting the altered Equa-

tion (5) into Equation (12), the resultant driving power expression of Pumping power for
nanofluid to pumping power for base fluid (Wnf/Wbf) can be represented by Equation (13)
for any specific Reynolds number.

Wn f
Wb f

=

{(
ρb f
ρn f

)2(un f
ub f

)3
}

. (13)

Figure 13a–d represents the variations in local heat transfer against varying Reynolds
(Re) at different locations (TC1, TC2, TC3, TC4 and TC5) alongside the single tube closed
circular heat exchanger with changing 0.1, 0.075, 0.05 and 0.025 wt.% of ZnO-EG@DW
nanofluids. For each location, the bulk temperature was calculated using inlet temperature,
outlet temperature and distance from inlet point (0.2, 0.4, 0.6, 0.8 and 1 m) correspondingly.
In addition, for the local heat transfer measurement at each location, the bulk tempera-
ture Tb, wall temperature Tw and heat flux are considered. The cumulative inclination
of heat transfer with the escalation of Reynolds (Re) and wt.% of sonochemically synthe-
sized solid ZnO in EG@DW is presented in Figure 13a–d. Each wt.% of ZnO-EG@DW
nanofluid validates that the heat transfer is growing against the incremental variations of
Reynolds (Re).

Figure 13a shows that at 0.1 wt.% of ZnO-EG@DW nanofluids, the local heat transfer
(h) was noticed at the end of the circular test section, which was perceived to be mounting
within 600–1200 W/m2K with Reynolds (Re) extension within 5849–24,544. Figure 13b
shows that at 0.075 wt.% of ZnO-EG@DW nanofluids, the local heat transfer was about 600–
1170 W/m2K for the same Reynolds (Re) numbers. Similarly, Figure 13c shows that at 0.05
wt.% of ZnO-EG@DW, nanofluids showed less local heat transfer about 400–970 W/m2K
and lastly, the 0.025 wt.% of ZnO-EG@DW nanofluids presented data that varied from
400–900 W/m2K as shown in Figure 13d. This cumulative behavior is due to turbulent
improvement in circular medium with the rise in the flow velocities or Reynolds (Re)
number that eventually increased the heat transfer, where it could be reliant on boundary
width reduction in circular medium to fix eddies damage at great Reynolds (Re) number,
which amplified the heat transfer. During the experiment, a high Re number strengthened
the uncontrolled movement of zinc oxide nanoparticles in EG@DW base fluid, which also
maintained the rise of heat transfer.

Figure 13e exposed the mounting trend in average heat transfer for all 0.1, 0.075, 0.05
and 0.025 wt.% of ZnO-EG@DW nanofluids and EG@DW as well. The increasing trend
displays that average heat transfer (h) has enhanced with the increase in the Reynolds
(Re) number. The experiential augmentation could be owed to a drastic reduction in ZnO
particles agglomeration. Further, the rise in Reynolds (Re) number will progressively affect
condensed agglomeration, which enhances the heat transfer of ZnO-EG@DW nanofluids.
An additional reason for the amplified heat transfer (h) is that the growth in ZnO particles
wt.% driven force occurs owing to the rise in velocity or Reynolds (Re) numbers. Besides,
the increase in velocities, the movement and collision among ZnO nanoparticles rise,
which attributes the growth in heat transfer. The tentative outcomes showed that 0.1 wt.%
contributed to the maximum heat transfer of about 600–1000 W/m2K at the peak value of
Reynolds (Re) number, which is higher than the EG@DW heat transfer.
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Figure 13. (a) Local heat transfer for 0.1 wt.%, (b) local heat transfer for 0.075 wt.%, (c) local heat
transfer for 0.05 wt.%, (d) local heat transfer for 0.025 wt.% and (e) average Heat transfer for each
wt.% of ZnO-EG@DW nanofluids and EG@DW at Reynolds number 5849 to 24,544.

4.5. Average and Local Nusselt Numbers

Figure 14a–e illustrates the performance of local Nusselt (Nu) number against changed
Reynolds (Re) number and varying 0.1, 0.075, 0.05 and 0.025 wt.% of ZnO-EG@DW nanoflu-
ids at different locations (TC1, TC2, TC3, TC4 and TC5) of the circular heat exchanger. The
Nusselt (Nu) number was analyzed at each location using the values of local heat transfer,
which were calculated previously. The investigational outcomes showed that the Nusselt
(Nu) amplified with a rise in Reynolds (Re) for each wt.% of ZnO-EG@DW nanofluids and
the heat exchanger pipe diameter was persistent. It was recorded for 0.1 wt.%. The Nusselt
(Nu) number improved up to 20 with at maximum Reynolds (Re) number. The 0.075 wt.%
gives the Nusselt (Nu) number elevation up to 18 with the highest Reynolds (Re) number.
The 0.05 wt.% of ZnO-EG@DW nanofluids projected the Nusselt (Nu) number up to 15 with
augmentation of Reynolds number. Finally, the 0.025 wt.% showed the maximum Nusselt
(Nu) number augmentation up to 14 at the highest Reynolds (Re) value. The following
mathematical equations are generally used to calculate the Nusselt values, friction loss,
pumping power and uncertainty, etc. for all kinds of nanofluids and base fluids.
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Figure 14. (a) Local Nusselt numbers for 0.1 wt.%, (b) local Nusselt numbers for 0.075 wt.%, (c) lo-
cal Nusselt numbers for 0.05 wt.%, (d) local Nusselt numbers for 0.025 wt.% and (e) average Nusselt
(Nu) for each of wt.% and EG@DW at Reynolds (Re) numbers 5849–24,544.

Average Nusselt (Nu) number from heat transfer (h) of varying wt.% 0.1, 0.075, 0.05
and 0.025 of ZnO-EG@DW nanofluids with variant Reynolds (Re) number is shown in
Figure 14e. Equation (4) was used to evaluate Nusselt (Nu) data. It can be seen that
there is a sluggish swell in Nusselt (Nu) number with a rise in Reynolds (Re) number.
Additionally, the Nusselt (Nu) surges with the increase in wt.% of ZnO in the EG@DW
mixture. Development of average Nusselt (Nu) of ZnO-EG@DW nanofluids is owed to
its amended thermal conductivities from convection of ZnO solid particles and Brownian
motion in EG@DW. Here, the augmentation of average Nu is 8–15 for 0.1 wt.%, 7–14 for
0.075 wt.%, 7–13 for 0.05 wt.% and 6.5–12 for 0.025 wt.%., agreeing to the highest Reynolds
Re = 24,544.

4.6. Uncertainties in Experimental Test Setup

In the existing investigations on ZnO-EG@DW nanofluids for heat transfer calcula-
tions, the velocity, flow rates, temperatures, Reynolds (Re), pressure drop, Nusselt (Nu) and
heat transfer (h) were inspected with different tools. Through the investigational quantities
of given parameters, the uncertainty scrutiny is described in Table 2. Provident associated
errors and parted factors represented by (xn) error valuations of dependent parameters
were accomplished using Equation (14). The remaining uncertainties found for projected
investigational outcomes are as specified in Table 2. The repeatability method displays that
all parameters of the agreed experimental results are inside the uncertainty limitations.

W =
[(x1)2 + (x2)2 + . . . + (xn)2]

2
. (14)
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Table 2. Uncertainties of varying parameters of the experimental test rig.

S. No Parameters Symbols Uncertainty %

1 NF inlet temperature Tin ±0.141
2 NF outlet temperature Tout ±0.141
3 Ambient temperature Te ±0.140
4 NF mass flow rate v ±1.92
5 NF differential pressure hh ±2.22
6 NF thermal conductivity knf ±4.42
7 NF viscosity measurement µnf ±3.6
8 NF specific heat measurement Cpnf ±4.21
9 Voltage V ± 0.15

10 Current I ± 0.152
11 Heat flux Q ± 0.15
12 Power P ± 0.151
13 Reynolds numbers Re ± 4.2
14 Convective heat transfer h ± 3.33
15 Nusselt numbers Nu ± 4.31
16 Pumping power PP ± 4.37

5. Conclusions

The current study deals with the successful development of ZnO solid nanoparticles
using a facile single pot sonochemical route. The cost-effective and time-saving preparation
of ZnO-EG@DW well-dispersed nanofluids were achieved by a commonly used two-step
technique. The heat transfer (h) improvement of varying 0.1, 0.075, 0.05 and 0.025 wt.%
concentrations of ZnO-EG@DW-based nanofluids inside a single tube closed circular heat
exchanger at turbulent flow regimes and uniform heat flux conditions were assessed in
detail. The following essential conclusions are figured out from the stated findings.

• ZnO solid nanoparticles synthesized by standard single-pot sonochemical technique
provided ZnO nanoparticles having sizes from 12 to 19 nm. A two-step method was
used to produce relevant nanofluids with four different wt.% of the ZnO nanoparticles.

• The proper synthesis of ZnO nanoparticles was confirmed with different charac-
terization X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
transmission electron microscopy (TEM), elements detection (EDX) mapping and
UV–VIS spectrum analysis.

• In the investigation, the ZnO-EG@DW nanofluids were varied from 0.1, 0.075, 0.05
and 0.025 wt.% concentrations, the Reynolds number ranged from 5849 to 24,544.

• The significant thermal conductivities of ZnO-EG@DW-based nanofluids were found
higher than that of the water data and further improvement was noticed with the rise
of nanofluid concentrations.

• The magnitude of the convective heat transfer (h) was enhanced from 600 to 1200 W/m2k.
Nusselt (Nu) number also increased from 6 to 17 with the variation of nanoparticle con-
centrations. ZnO-EG@DW-based nanofluids grew Nusselt number (Nu) values from
79% as compared to the base fluid data in the specific inspected range of Reynolds
number (Re).

• Thus, the improvement in thermal conductivities and convective heat transfer (h)
properties with improved Nusselt (Nu) numbers can initiate the application of the
stated nanofluid as a promising choice for heat exchanging fluid for several industries
and household applications.
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Nomenclature
EG Ethylene glycol
k Thermal conductivity (W/m.K)
DW Distilled water
A Pipe inner area
Tout Outlet temperature
Tin Inlet temperature
Cp Heat capacity for nanofluid
ZnO zinc oxide
h Heat transfer coefficient
Greek Symbols
ρ Fluid density (kg/m3)
µ Viscosity (MPa.s)
Φ Percentage volume concentration
ω Percentage of weight concentration
Ts Surface outer temperature
Tb Bulk temperature
f Friction
V Velocity
Re Reynolds numbers
ρ Fluid density (kg/m3)
PP Pumping power
Nu Nusselt numbers
Subscripts
np Nanoparticles
nf Nanofluid
bf Base fluid
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