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Abstract

The current research focuses on the chemical synthesis of ZnO and preparation of ZnO dispersed in EG@DW mixture-
based nanofluids for the investigation of enhancement in heat transfer of a square shaped heat exchanger. The steady and
uniform dispersion of ZnO nanoparticles was achieved using high probe sonication at varying mass% concentrations like
(0.1; 0.075; 0.05 and 0.025 mass%). Also, the ZnO particles were synthesized using sonochemical technique, where sodium
hydroxide (NaOH) and zinc acetate (ZnC,HO,) were used as raw materials. For the verification of ZnO synthesis numerous
characterizations like UV-Vis, XRD, FTIR, and FESEM analysis were carried out. The changed mass% concentrations of
ZnO-EG@DW-based nanofluids were considered to check their effects on thermophysical properties, dispersion, stability,
and heat transfer (Nusselt Numbers) at varying Reynolds numbers ranging from 4550 to 20,360 using square heat exchanger.
A positive increase in thermal conductivity was observed by the addition of ZnO in the ZnO-EG@DW with (50:50) mixture.
The highest thermal conductivity of 1.0 W m~" K~! was noticed at a maximum of 0.1 mass% concentration which is greater
than base fluid (EG@DW) at 45 °C. The maximum pressure drop of 2400 Pa m~! at Reynold number 20360 and higher
friction loss of 0.045 for Reynolds number 4550 was noticed at 0.1 mass% concentration. The highest improvement in heat
transfer was recorded at 0.1 mass% is 550-2830 W m~! K which is 63% greater of the base fluid, while others mass% illus-
trate improved heat transfer coefficient of about 550-2170, 550-1750, and 550-1500 W m 2K, respectively, at highest
Reynolds (Re) when it compared with the base fluid (EG@DW). All the heat transfer related experiments were executed at
30 °C room temperature where constant heat flux of 10,886 W m~ and eight varying flow rates were used.
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List of symbols Greek symbols and subscript

EG Ethylene glycol w Wall

Np Nanoparticles F Fluid

Ny Nanofluids B; Base fluid

DW  Distilled water T Turbulence

C; Friction coefficient FF Friction factor

Cu Copper P Density in kg m~>

G, Specific heat u Dynamic viscosity in N m s™!

d, Nanoparticles diameter (o} % Volume friction

Conc Concentration Vv Kinematic viscosity m* s>

K Thermal conductivity ¢ Volume friction

R Ratio of materials

T Temperature

h Convective heat transfer coefficient Introduction

Nu Nusselt numbers

0 Heat flux The ever increasing demand for efficient heat transportation
L Length of medium solutions has come to be a key challenge for engineering and

manufacturing productions especially in power and energy
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sectors. The aim of this research is based on the application
of different mediums in the heat transfer process. Usually,
normal or distilled water was used previously as a heat car-
rier specifically in oil and gas refineries, coal power plants,
nuclear plants, and heating and cooling systems, etc. [1].
However, it is observed that the conventional fluids show
few drawbacks, specifically on their aspect of heat transfer
capability. The results arise from conventional fluids sub-
jected to integrally less thermal conductivity which can be
a major cause of attaining low heat exchanges [2, 3]. There-
fore, this loss has encouraged several researchers to deter-
mine alternative approaches for the improvement of heat
transfer in different heat exchangers with their shapes, sizes,
surfaces, etc., with improved heat transport characteristics
[4-6].

The heat exchangers with varying geometries are being
used in engineering industries for heat transfer, which are
commonly known as energy-efficient vehicles with less
maintenance cost and can be used for a long duration [7].
These heat exchangers are mostly designed according to
the apparatus characteristics comprising the fluid, base
fluid temperature, heat flux, flow rates, and their dimension
as well [8]. Due to their particular shape and design, heat
exchangers can be classified into different categories such as
heat exchangers with wick, thermosyphon heat exchangers,
looped heat exchangers, and looped thermosyphon. Each
category of the heat exchanger is suitable for specific appli-
cations due to their performance, heat transfer rate, and an
impartial system for cooling and due to their installation
reasons [9-11].

The more quality of nanofluids as heat transportation flu-
ids could attain by adding the highly conductive nanoparti-
cles (solids) in varying conventional fluids. Choi et al. [12]
was the first researcher who coined the term nanofluids, he
realized that homogeneous and uniform dispersion of solid
nanoparticles in conventional base fluids likewise water,
distilled water, Polyethylene glycol (PEG), Palm oil (PO),
EG, Diathermic oil (DTO), Transformer oil (TO), glycerin,
etc., may illustrate the remarkable improvement in their
thermal performances characteristics [13, 14]. The metal
oxides, ceramics, carbon structure, and various bio-based
particles were used earlier to prepare varying nanofluids.
These nanofluids were included Al,O5, ZnO, TiO,, SiO,,
Al/AL,O5, Cu/Cupric, CNTs, SWCNTs, and MWCNTs,
etc. [15, 16]. Several investigations were conducted on heat
transfer improvement by mixing different nanoparticles in
normal or distilled water. The importance of distilled water
and ethylene glycol as Nano-coolants with the addition of
ZnO nanoparticles [17]. The addition of sonochemically
synthesized ZnO nanoparticles in EG + DW base fluid with
a stable dispersion and longer suspension stability will be a
new approach to see heat transfer development of the square
heat exchanger [18-20].

Hosseini et al. [21] used Graphene oxide and Al,O;
water-based nanofluids at 0.2 mass% concentration of
each in the parabolic trough solar collector (PTSC) for the
improvement of thermal efficiency. Varied thermo-physical
characteristics like dynamic/kinematic viscosities, densities,
specific heat and thermal conductivities were also analyzed
here. The maximum 23.4% in dynamic viscosity and 9.1%
enhancement in thermal conductivity were reported here.
Furthermore, three different 1, 3, and 5 L/mint Graphene-
based and Al,Os-based nanofluids were tested for thermal
efficiency, where 63.2% for Graphene oxide and 32.1% for
Al,05 enhancement at 1 mass% have been reported.

Said, Z et al. [22] investigated the TiO,- and Al,05-based
nanofluids for thermal enhancement of the radiator. The
solid TiO, and Al,O; nanoparticles were dispersed in water
and EG at a 50:50 ratio each, respectively. Further, differ-
ent characterizations and thermo-physical properties were
analyzed to measure the thermal performance at a 0.3% vol-
ume fraction of each. The choice of these metal oxide-based
nanofluids was chosen due to their anti-corrosive proper-
ties. The highest improvement in heat transfer was observed
about 24.21% for Al,O5-based nanofluids, which is more
than water-, EG-, and TiO,-based nanofluids.

Saedodin, S et al. [23] has used varying metal oxide-
based and turbulator Nano-fluids for heat transfer improve-
ment in a straight tube based on empirical correlation data.
The Si02-/water-based nanofluids were prepared at varying
0.5-2% volume concentrations, where all the volume con-
centrations have been investigated for the pressure drop and
heat transfer improvement. The thermophysical characteris-
tics like dynamic/kinematic viscosity and thermal conduc-
tivity were investigated as well. Therefore, based on all these
properties the maximum 7.93% heat transfer improvement
and 13.96% surge of pressure drop were recorded at a maxi-
mum 2% volume concentration. Also, overall 4.2% thermal
performance was reported here. Further, this enhancement
was compared with metal oxide type nanofluids like TiO,,
Al,O3, CuO, and SiO, at the same highest 2% volume con-
centration. In conclusion, the CuO-/water-based nanofluids
had better thermal performance as compared to all other
nanofluids.

Mabhani, R.B et al. [24] studied the heat transfer improve-
ment by combining factor effects, including 3D modeling
with varying geometries, and using hybrid nanofluids
of Al,0; and Cu at high Reynolds value. The outcomes
describe that hybrid nanofluids, Reynolds numbers, and
turbulators were influenced to augment the heat transfer
enhancement of the rectangular turbulators. By changing the
size of turbulators, nanofluids volume fraction, and Reyn-
olds numbers from lower to higher would cause to increase
in heat transfer up to 49.17% of the total. The suggested
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factors are more practical and can be benefited in the field
of nanofluids and fluid mechanisms.

Nafchi, P.M., et al. used ethylene glycol (EG) as a base
fluid or dispersant as an antifreeze agent in various engineer-
ing-based applications like cooling systems, heat exchang-
ers, automobile radiators, solar collectors, refrigeration,
etc. Varying thermophysical and thermal properties were
analyzed and outcomes are reported accordingly. However,
it has been noticed that this base liquid showed less ther-
mal conductivity as a working fluid in thermal engineering
systems [25, 26]. Furthermore, similarly, numerous stud-
ies were executed to improve its thermal conductivity and
other thermophysical properties such as viscosity, density,
and specific heat that can play a vital role in enhanced heat
transportation. For this purpose different solid nanoparticles
have been used to prepare the ethylene glycol (EG)-based
nanofluids at varying mass% concentrations [27, 28].

Also, several researchers have investigated the effects
of metal oxide nanoparticles in ethylene glycol (EG) or its
mixture on the heat transfer, the results showed improved
heat transfer amount with an escalation in concentrations of
solid nanoparticles. The addition of highly conductive Nano-
sized solid particles in ethylene glycol (EG) or its mixture
with water gives an escalation in the thermal conductivity,
which may lead to augmented heat transfer [29, 30]. Further,
many researchers have revealed the benefits of using differ-
ent nanofluids in engineering applications such as boiling
heat transfer, machining, convective heat transfer, micro-heat
exchangers, and cooling [31].

The ultra-sonochemical is a very common technique
that has been used for Nano-size particle synthesis in bulk
and their varying nanofluids for different purposes. This
technique is very useful to produce primarily nanoparti-
cles of regular shape and size, and it is a less time-con-
suming method as compared to other techniques. Further,
solid metal oxide nanoparticles need high sonication to
disperse them uniformly and homogeneously in the base
fluid. So, for this purpose, the high probe sonication or
ultra-sonochemical technique is the best choice, based on
these parameters they would prefer this technique through-
out the experiment.

Research significance

The previous studies showed a lack of longer dispersion
and stability of nanofluids, and they used varying stabiliz-
ing agents/surfactants that could drop their thermal con-
ductivities. Still, none of the studies has reported varying
improved thermophysical and heat transfer properties of
the nanofluids together. Also, pure ethylene glycol-based
nanofluids showed higher viscosity which needs additional
pumping power which may drop down the efficiency of the

@ Springer

system. Similarly, the only distilled water-based nanofluids
have dispersion and stability problems. The current study
was conducted considering the following key objectives.

e The key objectives of this study are to synthesize ZnO
by sonochemical procedure and then using a two-step
method for the preparation of surfactant-free stable and
homogeneously dispersed ZnO-EG @DW-based nanoflu-
ids at different mass% concentrations of (0.1; 0.075; 0.05
and 0.025 mass%) EG@DW (50:50)-based fluid.

e The current study intends to achieve supreme heat trans-
fer “h” in a square shaped heat exchanger. Moreover, the
mixture of EG@DW with (50:50) ratio was used as a
base fluid for nanofluids preparation.

e A high probe sonication procedure was implemented
to enhance and prolong the dispersion/suspension and
maximum stability of ZnO in the mixture of EG@DW
base fluid. This distinct procedure increases the solid
particle dispersion in EG@DW without using any sur-
factant/stabilizing agent, which can lift their stability.

e In the current study, changing flow rate and uniform heat
flux conditions and their effects on the increase in heat
transfer (Nusselt numbers) at several localities of square
heat exchanger in the turbulent regimes were considered
for the EG@DW and ZnO-EG@DW nanofluids at (0.1;
0.075; 0.05 and 0.025 mass%) concentrations.

Methodology and materials
Materials

The zinc acetate dihydrate Zn(CH;CO,),-2H,0 with (99.5%)
purity were used as a precursor for ZnO synthesis, sodium
hydroxide (NaOH) analytical reagent with (99.%) purity was
used as a strong base for chemical reaction with precursor
salt, Ethylene glycol (EG) and distilled water (DW) were
procured from Sigma Aldrich, Sdn Bhd Selangor Malaysia.
Ethylene glycol (EG) with molecular weight (M Wt 62,07)
g mol and distilled water were used to synthesis the ZnO
nanoparticles by using a one-pot sonochemical procedure.
All these chemicals used for synthesis were of analytical
grades. Furthermore, a 2-step probe sonication process was
adopted to prepare the well dispersed ZnO-EG@DW-based
nanofluids at varying (0.1, 0.075, 0.05, and 0.025 mass%)
concentrations.

Synthesis of ZnO nanoparticles

The one-pot sonochemical synthesis procedure was used to
synthesize the ZnO nanoparticles. Our synthesis process is



Effects of thermophysical, hydrodynamics and thermal characteristics of well stable metallic...

quite simple and aims at realizing the efficiency of sono-
chemical waves produced by sonicator and the use of pre-
cursors and bases in controlling the size. For ZnO synthesis,
1 M zinc acetate Zn (CH;COO),H,0 precursor were added
in a mixture of EG@DW with 50:50 and stirred until com-
pletely dissolved. A 2 M sodium hydroxide (NaOH) base
was added in EG@DW mixture with 50:50 ratios under con-
tinuously stirring to prepare the reaction solution. Further,
the precursor solution has been kept under probe sonication
and the sodium hydroxide NaOH solution was added drop by
drop (1 drop/s) into zinc acetate solution under continuous
probe sonication for 2 h shown in Fig. 1. The probe ampli-
tude was attuned at 70 with 3/2 s off/on time. The maximum
750 W probe power, 36,000 J delivered energy by the probe,
220 input voltage was selected and the probe temperature
was kept at 0 °C. By mixing the NaOH solution into the zinc
acetate Zn (CH;COO), H,O solution, the chemical reac-
tion has started and white precipitate started to form in the
EG@DW mixture. After adding the NaOH solution to the
zinc acetate solution, both solutions were left for continu-
ous sonication for 3 h. After completing 3 h, these white
precipitates were completely transformed into dense white
precipitates. After sonication, the dense white precipitates
were washed repeatedly with DW and ethanol and finally
dried in a vacuum oven for 2 h at 70 °C. Finally, the dried
white powder was kept for calcination in a furnace at 200 °C,
and ZnO nanoparticles were achieved with spherical mor-
phology, which later on was characterized and confirmed.
The chemical reduction process for ZnO nanoparticles is as
follows [32].

A
Zn(CH,C00),.2H,0 — Zn(OH), + 2CCH;00H )]

Zn(OH), iy (Zn[OH],) + Na* 2

e

Zinc
Acetate

Ultra-sonication

Calcination/
Washing/

) Zn2+

@ OH-

Fig. 1 Synthesis flow of ZnO solid nanoparticles
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H*OH™
(Zn[OH],)? < (Zn[OH],)"* + H* 3)
(Zn[OH],)> *S" ZnO + H,0 + 20H" )

Synthesis of ZnO-EG@DW-based nanofluids
with the help of probe sonication

The above presented synthesis describes the use of sono-
chemically synthesized ZnO nanoparticles that are physi-
cally blended by probe sonication method in a mixture of
EG@DW with (50:50) ratio to prepare ZnO-EG @ DW-based
nanofluids and then run them in a single tube square shaped
heat exchanger for to improve the heat transfer. The ZnO
nanoparticles were created by using a facile one pot sono-
chemical method. After synthesis, the ZnO nanoparticles
were dispersed in a mixture of EG@DW for 2 h continu-
ously to obtain uniform and homogeneous dispersion with-
out adding any kind of stabilizing agent and surfactant. Four
changed (0.1, 0.075, 0.050, and 0.025 mass%) concentra-
tions of the ZnO nanoparticles were dispersed in the EG@
DW mixture and highly sonicated by using probe sonica-
tion. Also, the 2 h sonication is the preferred duration for
equal/uniform ZnO dispersion in the base fluid, so this way
dispersion and suspension increase up to three months with-
out using any surfactant. Figure 2a is showing varying base
fluids like DW, Ethylene glycol (EG), and a mixture of both
DW and EG. The mixture of both EG@DW at (50:50) base
fluid was used to prepare the ZnO-EG@DW-based nano-
fluids at varying mass% concentrations. The 2-step line
flow of nanofluids preparation is shown in Fig. 2b, where
the first step showing the ZnO synthesis by using one pot
sonochemical technique and then were blended in base fluid
EG@DW under constant high probe sonication. Finally, the
four well dispersed and stable at different (0.1; 0.075; 0.050;
and 0.025 mass%) of ZnO-EG @DW-based nanofluids were
prepared.

Test section geometry

A square heat exchanger is a design of stainless steel having
1200 mm long and 0.01 m hydraulic diameter from both
ends is a significant part of the heat transfer experimental
test rig. The heated area of the square heat exchanger was
wrapped by electrical insulating tape up to 1200 mm from
the start point to end. The maximum delivered power by
heater was 600 W capacity; it has been controlled by using
voltage regulating supply. A heavy coating of insulating
wool was whorled over the square heat exchanger and fully
shielded by an aluminum sheet to evade the heat releasing
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flow for the preparation of ZnO-EG @DW-based nanofluids

by heat exchanger outer surfaces. K-Type five sensitive ther-
mocouples were attached at various points over the surface
of the square heat pipe and separated from each other with
an equal distance of 0.2 m of the total length as shown in
Fig. 3a. Close to the nanofluids flow channel, two additional
inlet-outlets, thermocouples were connected with a square
heat pipe to enumerate the bulk temperature. Figure 3a is
showing the 2-D schematic view and complete insulated
(Glass wool) square heat exchanger, while Fig. 3b is show-
ing a pictorial view of the complete heat transfer test rig
showing varying parts along with heat exchangers.

@ Springer

Experimental

The experiments were executed over a well designed heat
transfer test rig as given in Fig. 4. The test rig includes the
main nanofluid flow loop along the different bypass, nano-
fluid pump, flow meter, inlet—outlet, nanofluid, and fluid
tank. Further, the pressure meter, valves for heat exchangers,
main valve, pressure gauge, K-type thermocouples, chiller,
power supply, data logger GRAPHTECH-GL/220, etc.,
are also the important parts. The voltage regulator, control
panel, frequency control, heater control, and different indica-
tors on the control panel were all separately connected to the
setup. All the parts and the square heat exchanger are shown
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Fig.3 a The 2-D schematic
view and complete insulated

l

(Glass wool) square heat | K-Type Thermocouples \
exchanger. b Pictorial view of 11 11 11 11 11
complete heat transfer test rig " 0 . ' '
showing varying parts along : : : : :
ith h h.
with heat exchangers et 00 00 00 00 00 Outlet
Thermocouple Thermlocouple
1
I.I A
y, *+02 | |«02- | [¢=02| | [¢&=0.2| | [&=02| | =02 |,
[é
:> ogem
v
1.2m
errrrsnnsnnsasnsnsasnsannsnnnne External Heater ****=ssssssssssasnnnnns >

(@) The 2-D schematic view and complete insulated
(Glass wool) square heat exchanger.

(b) Pictorial view of complete heat transfer test rig showing
varying parts along with heat exchangers.

in Fig. 4 schematic/pictorial diagrams. The nanofluid flow
loop starts from the maximum 10L capacity of the fluid tank
where the nanofluids were stirred throughout the experiment
and a chiller was used to keep the temperature constant. The
Araki-EX-70R fluid pump was used to pump the nanoflu-
ids with a maximum 88 L/min capacity and all about zero
discharge heads. The pump flow was controlled by adjust-
ing frequency at main electric control panel according to
the experimental requirement. The PX154-025DI/OMEGA
company pressure transducer with an accuracy of +0.075%
was used to measure the pressure drop during nanofluids
running on the test rig. Preceding to start the experiment,
the proper arrangement of the heat exchanger and other
parameters is the key importance to provide a constant heat
flux to outer surface of the square heat exchanger. The five
K-type thermocouples are connected at numerous locations
alongside the square heat exchanger and to measure the
surface temperature by Wilson plot calculations [33, 34].

Additionally, the different thermo-physical characteristics
of newly synthesized ZnO-EG@DW nanofluids based were
inspected for the improved heat transfer (Nusselt numbers)
studies, fluid friction, total overall pressure drop “AP” and
local or average heat transfer. By using the cooling law
of Newton for nanofluids, both inlet—outlet temperatures,
bulk temperatures, nanofluid internal temperatures, surface
temperature, and the total heat transfer coefficient were
calculated. Also, constant heat flux and variable flow rate
conditions were followed throughout the experiment. Eight
varying flow rate were trailed here in this study.

Thermal conductivity analysis for ZnO-EG@
DW-based nanofluids

Figure 5 displays the KD-2 Pro thermal Analyzer setup of
Decagon company to calculate the thermal conductivities of
varying ZnO-EG@DW mass% concentrations by employing
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Fig.4 Complete schematic design of heat transfer test rig along with varying parts

the ASTM/D-5334 and IEEE- 442/1981 standards. The
below shown setup of thermal analyzer tracks the transient
line heat sources to read the thermal properties of nanoflu-
ids. The experiments were executed to analyze the thermal
conductivity for ZnO-EG@DW nanofluids with temperature
ranges starting from 20 to 45 °C. A cooling system (chiller)
was used to keep the surrounding temperature maintained.
Before starting the thermal conductivity experiment the
needle sensor of the thermal analyzer has confirmed by cal-
culating the thermal conductivity of the glycerin standard
sample provided by the company. The intended value for
the standard sample was 0.285 W m~! K~! with a precision
of +0.34%. For ZnO-EG @DW-based nanofluids, the experi-
ment was conducted repeatedly and the average values were
considered for each temperature range. The entire thermal
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conductivity was measured using advanced KD-2 pro ther-
mal analyzer. The six varying temperature ranges 20, 25, 30,
35, 40 and 45 °C were chosen to see the thermal conductiv-
ity variation of all nanofluids against temperature. Further,
the obtained thermal conductivities calculations are directed
for different time intervals depending upon the surrounding
temperature becoming stable before each new calculation at
the changed mass% of ZnO-EG@DW nanofluids for differ-
ent ranges of temperatures. This is important to reduce the
faults, which happen during the experiment by heat convec-
tion due to temperature changes of sensor needle. The ZnO-
EG@DW nanofluids at changing mass% concentrations (0.1,
0.075, 0.05, and 0.025 mass%) were tested here for thermal
conductivity measurements.
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The optimal thermal conductivity for ZnO-EG@DW-based
nanofluids has been analyzed by use of Maxwell model
offered for thermal conductivity [35, 36] as set in Eq. 5 and
Eq. 6. Where “k_g” is the overall thermal conductivity, “@”
is the volume fraction of the solid nanoparticles, “k, or k,”
is the thermal conductivity of solid nanoparticles, and “k;”
is the thermal conductivity of the fluid.

%f — ks + 2k + 20(Kf — ks)/ks + 2kf — OKf —ks)  (5)

B — by (1= Ly = (0= DT~ kW/kp + (1= DI+ (& = k)
(6)

The average and local heat transfer (h) were evaluated
using Eq. 7. Where “q” is known as the value of heat flux,
Heat exchanger wall temperature is “Tw” and the bulk tem-
perature is “Tb.” The amount of bulk temperature was cal-

culated by following Newton's cooling law.

_ qN
h= <Tw - Tb) 7

The total delivered power of closed square exchanger and
its area was considered to find the value of overall expanded
heat flux by the heater. Where “Q” is the power which is the
product of both V X1 that has been applied to the heater and
similarly the “A” is a dynamical area of the heat exchanger
as shown in Eq. 8.

"o_ Q
r-(9)

The square pipe (heat exchanger) area could be calculated
by using Eq. 9.

to the heat exchanger surface by the heater is 600 W. To
find the value of Nu, Eq. 6 was used throughout the experi-
ment, where “h” is known as heat transfer coefficient, “D,”
is known as the hydraulic diameter while “k” defines the
entire thermal conductivities. Furthermore, varying empiri-
cal correlations that were presented by Petukhov [37], and
Gnielinski [38] have been used to calculate Nusselt numbers
“Nu” of the single nanofluids. These Nusselt numbers “Nu”
could be assessed as well by using Egs. 10, 12, 13, and 14.

Dy,
Nu = <h * ?> (10)

Equation 11 was used to measure the value of Reynold
numbers “Re.” Different flow rates were selected and later
were converted to velocities. The “p” is the overall density of
the Nano-fluid, “v” is the value of velocities which is based
on flow rates, “u” is the kinematic and dynamic viscosities
of the nanofluids, and “D” is the overall diameter of the heat

exchanger.

e (2

The Nusselt numbers “Nu” were calculated by using var-
ying empirical correlations offered by Petukhov [37], Dittus-
Boelter [39], and Gnielinski [38]. Where “f” is the friction of
ZnO nanoparticles flowing inside the heat exchanger, “Pr” is
showing the Prandtl numbers and “Re” is the specific Rey-
nold numbers.

<£)(Re — 1000) Pr
Nu = _ (12)
L+127(L) (P23 - 1)

(j:)RePr
Nu = _ (13)
1.07 + 12.7(§> P 2/3 - 1)

oo

Nu = (0.023 Re**Pr° 4) (14)

The value of friction coefficient “f* was analyzed inside
the square heat exchanger by using Egs. 15, 16, and 17 that
was predicted by Petukhov [37] and Blasius [40]. Equa-
tion 12 represents the overall friction loss of the square heat
exchanger, whereas “AP” is representing the complete pres-
sure drop of the square shaped heat exchanger, “L” is the
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[Tt}

heat exchanger total length, “D” is the total diameter “p” is
showing to the density and “v” denotes velocities inside the
square heat exchanger.

f=(0.79LnRe — 1.64)2 1s)
AP
f - =
» (16)
(5)(%)
f =0.3164re™0% 17)

Equation 18 and Eq. 19 were used to calculate the required
pumping power of the square shaped heat exchanger. Equa-
tion 18 can be mainly used when the Reynolds numbers
“Re” are constant. Therefore, “p” is the density of nanoflu-
ids, “D” is the diameter of the square heat exchanger, “u”
is the viscosity of the Nano-fluids, “p,;” is the base fluid
density, “pbf” is the Nano-fluids density, “p,,” is the base

fluid viscosity and “u,;” is the Nano-fluids viscosity.

4 1.75 L 2.75,,0.25
W=0.158(;) <YZ2D—4/-475> (18)
Waf _ (b \*( unf \’
wr = (o) (i) )

Characterizations of ZnO-EG@DW-based
stable nanofluids

The optical behavior and energy band gaps of ZnO particles
were examined by using a UV-Vis spectrum analyzer (UV
1800 Shimadzu corp 08,579). The absorbance level at all
mass% of newly Sonochemically synthesized ZnO-EG@DW
nanofluids as a function of energies band gaps (E,) from pH
level 8—11 has been recorded by UV—Vis spectrum analyzer.
The absorbance level in % could resolute by UV-Vis spec-
trum analyzer and (hv) was calculated by equating wave-
length A where hv="h* c/A, where “h” is the Planck constant
(6.62x 10734, 2 =total wavelength 800—200 nm ¢ = light
speed 3 x 108 in m/s [41]. The morphological erection of
the sonochemically synthesized ZnO was calculated using
XRD analysis (Bruker Advanced X-rays D8 Solutions). The
XRD results obtained have matched the (JCPDS) X-ray data
files. The crystalline size of ZnO nanoparticles was achieved
by calculating the expansion of the different XRD peaks
with the desired positioning by using the Scherer formula:

Lc=180, k_ciﬁ\/FWHMz.s2 (20)
T 0S
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Where 7 is equal to 3.142, 1 is the wavelength of Cu/K
radiations and « is the constant of the Scherer rate (0.89), s is
broadening of the instrument (0), while (FWHM) is known
as the full width half/maximum of the surface plane (101),
and plan angle is 8 (101). The FWHM and plane angle have
been directly taken out from the (EVA) software, and ana-
lyzed by XRD [42].

The FESEM investigation was engaged to see the mor-
phology (Shape) and size of ZnO nanoparticles in presence
of different elements by (EDX mapping using Zeiss-Supra
35-VP) energy dispersion X-rays spectrometer. Further, the
investigation for attached functional groups with ZnO mate-
rial was carried out by using FTIR analysis. This analysis
was verified by using FTIR spectrum analyzer Perkin Elmer
with a range from 4000 to 400 cm™! [6].

UV-Vis spectrum analysis

UV-Vis spectra analysis is the most important and exten-
sively used method for the confirmation of different nano-
particles. The absorbance spectrum of Sonochemically
synthesized ZnO nanoparticles has been tested within the
specific range of wavelengths from 200 to 800 nm by using
a UV-1800 SHIMADZU crop spectrometer with a cuvette
length of 10 mm maximum, 190-110 nm minimum, and
maximum wavelength capacity [43]. UV—Vis spectra test
was executed to notice the optical conduct for Sonochemi-
cally produced ZnO. All the ZnO particles displayed a
robust absorption level at 376 nm, which is dependent onto
blue-lateral shifting of ZnO nanoparticles in bulk as given
in Fig. 6. The UV-Vis spectrum analysis for Sonochemi-
cally synthesized ZnO nanoparticles has been carried out at
0.05 mass% concentration of nanoparticles in the base fluid,
where the prominent peak at 376 nm confirms the ZnO syn-
thesis. Figure 7 shows the absorption levels at four changing
(0.1, 0.075, 0.05, and 0.025 mass%) of ZnO-EG@DW type
nanofluids, where it can be seen that the absorbance level
is increased with an increase in mass% concentration of the
solid nanoparticles into base fluid [44, 45].

Figure 7 describes the maximum absorption level of the
Sonochemically synthesized ZnO-EG@DW nanofluids at
varying mass% (0.1, 0.075, 0.05, and 0.025) concentrations
at normal temperature. The noticeable peak at 372 nm at var-
ying mass% of ZnO-EG@DW reveals the confirmed prepa-
ration of ZnO particles by using probe sonication method.
Consequently changed (0.1, 0.075, 0.05, and 0.025 mass%)
of ZnO-EG@DW nanofluids display the different absorption
levels due to the presence of maximum solid ZnO in the base
fluid, where it can see a rise in mass% of ZnO increased
the absorption level. The maximum absorption of 2.8% was
observed at 0.1 mass% concentration of the ZnO-EG@DW-
based nanofluids.



Effects of thermophysical, hydrodynamics and thermal characteristics of well stable metallic...

13889

26 | ZnO Nanoparticles |

Absorbance/a.u
o

200 300 400 500 600 700 800
Wavelength/nm

Fig.6 The UV-Vis spectrum of ZnO nanoparticles
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Fig.7 UV-Vis spectrum analysis for absorbance ratio of ZnO-EG@
DW-based nanofluids mass%

XRD investigation

The XRD of sonochemically synthesized ZnO nanoparticles
was conducted at Makmal Sinaran-X, University Malaya
301, Aras#1, Bangunan Utama (J-22), Jabatan Geologi
by using apparatus of Malvern Analytical Model: EMPY-
REAN. The white color ZnO nanoparticles were synthesized
by adopting a one-pot sonochemical-assisted method where
a pH of 11 was considered to produce crystalline nanopar-
ticles. Figure 8 describes the X-ray diffraction spectra of
sonochemically synthesized ZnO nanoparticles for nanoflu-
ids prepared with a pH value of 11. The ZnO nanoparticles
cannot be synthesized very well with pH value 6 because
of their low concentrations of OH™ ions and H ions in the

solution. Chand, P. et al. [46] describe that the ZnO nano-
particles having pH > 8 give the crystalline nature of the
nanoparticles with different diffraction angles of 26. The
three different prominent peaks are considered to be the 100,
002, and 101 correspondingly to the planes. The 101 peak is
to consider the preferred orientation of ZnO nanoparticles
with > 8 pH values. The maximum intensity peak for ZnO
nanoparticles was noticed at pH 11 due to enough presence
of OH™ ions to formulate the ZnO nanoparticles. All the
detected peaks with pH 11 show the successful synthesis
of ZnO nanoparticles and all the bases and precursors are
fully decomposed and no impurity has been found during
the X-ray-diffraction analysis.

FTIR analysis

The one-pot facile sonochemical synthesis method was used
to synthesis the ZnO nanoparticles where the pH level was
adjusted at 11 to obtain the crystalline nanoparticles with
specific morphology. Figure 9 displays the Fourier trans-
form infrared (FTIR) spectrum of sonochemically synthe-
sized ZnO nanoparticles with pH 11. Fernandes D. et al.
[47] explain that the energy bands from 3543 to 3393 cm™!
correspond to the vibration mode for O and H. When the
pH increased the O and H peaks became narrower due to
the additional presence of O and H ions from NaOH which
strongly reacts with the zinc acetate precursor solution at
higher pH values. The maximum vibration and stretch mode
has been observed between 1420 and 1570 cm™'. The sym-
metrical vibration and stretching occur between 1450 and
1330 cm™! due to the presence of C and O. The prominent
peaks of ZnO nanoparticles that appear between 550 and
400 cm™' ranges describe that Zn(OH), are completely
transformed into ZnO nanoparticles. So, the nanoparticle
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Fig.8 The X-ray diffraction (XRD) spectra of Sonochemically syn-
thesized ZnO nanoparticles
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Fig.9 The Fourier transforms infrared spectroscopy (FTIR) ZnO
nanoparticles

size affects the shifting rate of peaks due to which FTIR aid
FESEM images [48].

FESEM analysis

Figure 10 displays the FESEM image of Sonochemically
produced ZnO nanoparticles. The FESEM image of ZnO
nanoparticles displays the homogeneous structure when the
pH value raises to alkaline conditions 10 and 11. It can be
seen from the FESEM image that most of the ZnO nanopar-
ticles were spherical, where this synthesis technique gives
ZnO particles less agglomeration. This low agglomeration
happens due to the high centrifuge for washing of the sample
at the end. The high-speed centrifuge removes the impuri-
ties like hydroxyl ions and increases the interaction between
Zn and O ions [49]. Where the OH™ ions aid the nucleation
process and growth of the formation of ZnO nanoparticles,
and the increase in pH value up to 10 and 11 the particle
size decreased [50]. Smaller ZnO particle size is helpful for
ZnO-EG@DW-based nanofluids dispersion and can enhance
the heat transfer properties.

Results and discussion

We executed the experiments in different stages. 1. In the
first stage, we used a single pot sonochemical synthesis
technique including (Chemical reaction, sonication, drying,
centrifuge, and calcination) to produce ZnO nanoparticles
in bulk. 2. In the second stage, we have done the neces-
sary characterizations to see the proper ZnO synthesis. 3.
In the third stage, we prepared ZnO-EG@DW nanofluids

@ Springer

Fig. 10 FESEM analysis showing the ZnO morphology

by following a two-step technique. 4. In the fourth stage, all
thermo-physical characteristics like dynamic/kinematic vis-
cosities, densities and thermal conductivity, were tested. 5.
In the final stage, our targeted properties including stability/
dispersion, thermal properties, and hydrodynamic character-
istics like (Heat transfer coefficient “h,” Nusselt Numbers
“Nu,” Friction loss, pressure drop, and required pumping
power) were investigated in detail.

For the thermal and hydrodynamic characteristics, the
steady heat flux and changing flow conditions were used.
Eight varying flow rates were considered to see the conse-
quence of heat transfer improvement in square shaped heat
exchanger geometry. Also, their hydrodynamics effects were
calculated accordingly. Finally, the outcomes were equated
with previously presented varying correlations that showed
an association.

Dispersion and stability of ZnO-EG@DW-based
nanofluids

The different thermophysical properties of ZnO-EG@
DW nanofluids are extremely affected by their stability
and dispersion in the EG@DW. Similarly, as stated in the
literature, a maximum dispersion and stability of around
4-6 weeks have been reported for ZnO-based nanofluids,
where different surfactants and dispersants were used to
escalate the solid nanoparticles stability and longer sus-
pension [49-51]. The current study emphasizes to improve
the stability and dispersion of the ZnO-EG@DW-based
Nano-fluids without using surfactant. Stability represents
the aggregate of suspended particles at a significant rate.
Particles in the dispersion may adhere together and form
aggregates of increasing size which may settle out due to
gravity. The rate of aggregation is in general determined by
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the frequency of collisions and the probability of cohesion
during collision. In fact, the stability of a particle in solu-
tion is determined by the sum of van der Waals attractive
and electrical double layer repulsive forces which endures
between particles as they approach each other due to the
Brownian motion [51, 52]. At a large attractive force, the
particles collide and make unstable suspension. At suffi-
ciently high repulsion of particles, the suspensions remain
in a stable state. Thus, with the dominated repulsive forces
between particles nanofluids or colloids could be stable. Two
types (steric, electrostatic) or repulsive forces are recognized
[53].

Figure 11a and b is presenting the physical observation
and stability graph obtained by UV—Vis spectroscopy of
Sonochemically dispersed ZnO-EG @DW-based nanofluids
at varying (0.1, 0.075, 0.05, and 0.025 mass%) concentra-
tions. No sedimentation occurred for stated nanofluids for
3 months after the preparation for all mass% concentrations.
This longer dispersion is mainly accredited to a smaller size,
the viscosity of the base fluid (EG@DW), and sonication
time during preparation. Figure 11a reveals the reliability of
ZnO nanoparticles dispersion and stability in the EG@DW
mixture exposed to high Probe sonication for (0.1, 0.075,
0.05, and 0.025 mass%) of ZnO-EG @DW-based nanoflu-
ids. The sonicator setting was made according to (Total
I/P voltage 220 v, Frequency 20 kHz, Pulse Amp 80, Pulse
duration 3-2 s on and off, total delivered energy 36000 J,
Probe Temp 0 °C, Total Power 750 W) has been adjusted
for the probe sonication of ZnO-EG@DW-based nanoflu-
ids for 2 h continuously. The pictorial images in Fig. 11b
display the uniform dispersion of ZnO nanoparticles in the
EG@DW mixture and look very stable until 11 weeks for
all the mass% concentrations after their preparation and
nanoparticles are well dispersed in EG@DW without any
surfactant. Sonication time increases the dispersion of ZnO
nanoparticles in base fluid due to which it becomes stable.
From week 11 to onward all the sample starts from fewer
sediments and high sedimentation was noticed for 0.025%
sample because of lower amounts of ZnO nanoparticles.
Figure 11c is expressing the comparison of ZnO-EG@DW-
based nanofluids at 0.1 mass% concentration before use and
after use after the day of preparation for equal time slots of
(30, 60, and 90) days to check their stable characteristics for
heat transfer studies. The UV-Vis analysis was conducted
to check the behavior of ZnO-EG @DW nanofluids with dif-
ferent time passages like (on the day of preparation, after
(30 days, 60 days, and finally after 90 days). It can be seen
in Fig. 11c that the absorbance % and the prominent peak at
288 nm are stable for all sonication time, which is the strong
justification that the nanofluids didn’t lose its properties even
before and after the use. Therefore, the same nanofluids eas-
ily could be re-used by again sonication.

Thermophysical characteristics of ZnO-EG@DW
nanofluids

Figure 12a displays the thermal conductivity enrichment for
the ZnO-EG@DW-based nanofluids at changed (0.1, 0.075,
0.05, 0.025 mass%) concentrations at numerous tempera-
tures ranges from 20 to 45 °C. The thermal conductivity of
all the mass% of ZnO-EG@DW nanofluids exhibited grow-
ing trends with an increase in temperature value, which has
already an agreement in earlier researches [54, 55], whereas
the EG@DW displays declining trends with an increase in
temperature. The same declining behavior has already been
reported in earlier experiments steered by Asadi et al. [55,
56] and Aberomand et al. [57]. The mounting inclination has
been detected at all mass% of ZnO-EG@DW nanofluids. An
linear surge in ZnO particles collisions and their Brownian
motions could be the obvious key reason for enhancing the
overall thermal conductivity of ZnO-EG@DW nanofluids
with a temperature change. The thermal behavior of the
ZnO-EG@DW nanofluids with different mass% concentra-
tions is shown in Fig. 12a. where the thermal conductivities
of all mass% of ZnO-EG@DW nanofluids present a grow-
ing trend as the mass% concentration increases. This grow-
ing trend was noticed for all the temperature values. Also,
the graph shows the addition of ZnO in EG@DW led to an
improvement in the thermal conductivity of the base fluid,
which was previously reported by several researchers. So
the use of these nanofluids/Nano-coolants with solid mass%
concentrations could be commended for different cooling
applications.

The dynamic viscosity of EG@DW and ZnO-EG@DW
nanofluids moderates with the rise in temperature of the
fluid, and the viscosity outcomes for all (0.1, 0.075, 0.05,
and 0.025) mass% of ZnO-EG@DW nanofluids and EG@
DW as well against different mass% of ZnO nanoparticles
are given in Fig. 12b. The key reason for this increasing
behavior of viscosity value is due to an increase in mass%
of particles in base fluid (EG@DW) while the viscosity
ratio for all mass% exhibits the declining trend against the
increase in temperature value. This declining behavior of
the viscosity of ZnO-EG@DW type nanofluids is due to
their weak internal molecular interaction force [58, 59]. The
detailed dynamic viscosities at all concentrations of ZnO-
EG@DW type nanofluids and EG@DW base are illustrated
in Tablel, where the observed minimum and maximum tem-
perature range was from 20 to 45 °C. Similarly, Fig. 12¢
shows the same declining trend for the kinematic viscosity
of EG@DW and varying concentrations of ZnO-EG@DW
type nanofluids against the temperature values. While the
increase in viscosities value is due to the increase in mass%
of ZnO solid nanoparticles in the base fluid EG@DW. The
0.1 concentration of the ZnO-EG@DW showed highly
dynamic and kinematic viscosities due to the existence of
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Fig. 11 a ZnO sedimentation effecting to the dispersion and stability of the nanofluids, b Dispersion and stability behavior for ZnO-EG@DW
nanofluids, ¢ UV—-Vis showing the stable characteristics of ZnO-EG@DW-based Nano-fluids after and before use on test rig

the maximum concentration of ZnO in EG@DW. The behav-
ior of all mass% concentrations of the ZnO-EG@DW-based
nanofluids and base fluid EG@DW against the temperature
variations are given in Table. 2.

Figure 12d shows the density behavior of EG@DW and
varying concentrations of ZnO-EG @DW-based nanofluids.

@ Springer

After adding the ZnO nanoparticles to EG@DW, the over-
all density of the nanofluids has changed according to
mass% of nanoparticles. Also, due to an increase in the
temperature value the density of all fluids starts to decrease
slightly. When the temperature was low, all fluids showed
maximum density, the maximum density was noticed for
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Table 1 Dynamic viscosity profile at varying concentrations of ZnO-
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changed concentrations of the ZnO-EG@DW nanofluids, and d Den-
sity behavior against the varying temperatures of the EG@DW mix-
ture and all concentrations of ZnO-EG@DW-based nanofluids

Table 2 Kinematic viscosity profile at all concentrations of ZnO-
EG@DW-based nanofluids and EG@DW mixture

Temp 0.025\ 0.05\ 0.075\ 0.1\ EG@DW Temp 0.025/ 0.05/ 0.075/ 0.1/ EG@
mass% mass% mass% mass% 50:50 mass% mass% mass% mass% DW50:50

20 3.8066 3.6669 3.7345 42306  4.4475 20 3.5722 3.4462 3.5069 3.9514  4.1488
25 3.2956 3.1650 3.2054 3.6158  3.9572 25 3.1014 2.982 3.0177 3.3862  3.7005
30 2.8319 2.7125 2.758 3.1027  3.2682 30 2.6723 2.5626 2.6035 2.9141 3.0653
35 2.4524 2.3668 2.4038 2.6871 2.8195 35 2.3203 2.2424 2.2755 2.5310  2.6525
40 2.1311 2.0572 2.1034 2.3398 24516 40 2.0222 1.9549 1.9968 2.2105 2.3136
45 1.9038 1.8447 1.8763 2.0841 2.1699 45 1.8118 1.7579 1.7864 1.9745 2.0541
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higher concentration of the ZnO-EG @ DW-based nanofluids.
Though the EG@DW and the lowest concentration of ZnO-
EG@DW-based nanofluids showed lower density as com-
pared to other fluids, these density variations are credited to
the occurrence of the ZnO. The detailed density behavior
of all mass% concentrations of the ZnO-EG@DW-based
nanofluids and base fluid EG@DW for different values of
temperature is shown in Table3.

Hydrodynamic characteristics of all concentrations
of ZnO-EG@DW-based nanofluids inside a square
heat exchanger

To study the total pressure drop inside the square heat
exchanger, we intended the friction factor for EG@DW
mixture and all concentrations of ZnO-EG@DW-based
nanofluids, respectively. In the current study, the results that

Table 3 Densities of all concentrations of ZnO-EG@DW-based
nanofluids and EG@DW mixture

Temp 0.025/ 0.05/ 0.075/ 0.1/ EG@DW
mass% mass% mass% mass% 50:50
20 1.0656 1.0640 1.0649 1.0706 1.072
25 1.0626 1.0614 1.0622 1.0678 1.0694
30 1.0597 1.0585 1.0593 1.0647 1.0662
35 1.0569 1.0555 1.0564 1.0617 1.0629
40 1.0539 1.0523 1.0534 1.0585 1.0597
45 1.0508 1.0494 1.0503 1.0555 1.0563
(a)
0.048
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< 0.05% mass%
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arise from the calculation of the friction factor in Fig. 13a,
where the outcomes show a falling trend with a growth in
Reynolds numbers, all concentrations showed a decrease in
friction factor due to an increase in velocity which affects the
Reynolds increase. The friction was evaluated considering
the overall pressure drop “AP,” length of the heat exchanger
“L,” hydraulic diameter of the heat exchanger “D,” viscos-
ity “V.” and density “p” of the running fluid. To calculate
the changes in pressure drop across square heat exchanger,
calculations have been done to find the friction loss for base
fluid in the square heat exchanger by applying Eq. 16. The
assessed results were compared with Blasius’s [40] and
Petukhov model [60] Models where the total difference was

<

ey
5% when it has compared with Blasius and Petukhov cor-
relations results. These correlations showed that the square
shaped heat exchanger is reliable to notice the total pres-
sure drop across the test section for changed Reynolds val-
ues stated in the research. The entire pressure drop across
the square shaped heat exchanger of ZnO-EG@DW-based
nanofluids at different concentrations according to Reynolds
(Re) is given in Fig. 13b. During the experiment, it has been
observed that there is a slight surge in pressure drop of ZnO-
EG@DW nanofluids as in comparison to EG@DW. This
increase in pressure drop was reported due to the existence
of ZnO in EG@DW, which may increase the friction loss
resulting in an increase in the overall pressure drop.
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Fig. 13 a Comparison of friction loss of ZnO-EG@DW nanofluids and EG@DW, b Comparison of experimental and model data between pres-

sure drop and Reynolds numbers

@ Springer



Effects of thermophysical, hydrodynamics and thermal characteristics of well stable metallic...

13895

Average heat transfer (h) and average Nusselt (Nu)
numbers analysis of all concentrations of ZnO-EG@
DW-based nanofluids

Detailed investigations describe the positive effects vary-
ing mass% concentrations(0.1, 0.075, 0.05, and 0.025) of
ZnO-EG@DW-based nanofluids on average heat transfer/
Nusselt numbers for specified Reynolds ranging from 4550
to 20,360. The changing flow value and persistent heat
flux conditions were chosen throughout the experiment.
The experimental process has been conducted to assess
the average heat transfer (h) and their special effects on to
average Nusselt (Nu) numbers in the square shaped heat
exchanger of ZnO-EG@DW-based nanofluids. The calibra-
tion and necessary setting of the heat transfer experimental
setup was maintained on a priority basis before running the
experiment. To realize the overall temperature of the heat
exchanger surface and its heat conduction at wall of the heat
exchanger, as well as the heat convection allowed by ZnO-
EG@DW-based nanofluids were studied here. Wilson plot
[33] procedure was trailed here, by figuring the resistance
at the various locations of the square heat exchanger, also
heat transfer in the square heat exchanger. We measured the
thermo-physical characteristics of distilled water and vary-
ing mass% concentrations of ZnO-EG@DW nanofluids
by seeing numerous factors like friction, pumping power,
heat transfer (h), pressure drop and Nusselt (Nu) numbers,
etc. Likewise, the average heat transfer was recorded for
ZnO-EG@DW-based nanofluids running in a square heat
exchanger. Figure 14a is describing the typical heat transfer
for EG@DW mixture and all concentrations of ZnO-EG@
DW-based nanofluids. Further, the growing trend shows an
improvement in the heat transfer of at varying concentrations
of ZnO-EG@DW nanofluids, although the base fluid (EG@
DW) bounces lesser heat transfer coefficient (h) which is
credited to the nonexistence of ZnO particles in the EG@
DW mixture. Also, it can be seen, the highest enhancement
in average value of heat transfer was perceived for at 0.1
concentration of ZnO-EG@DW-based nanofluids which
are nearly about to 600—-1800 W m~! K~!, similarly rest all
mass% concentrations showed improved heat transfer out-
comes compared to EG@DW mixture but less enhanced
than 0.1 mass% concentration. The outcomes accomplish
the full existence of ZnO particles in base will surge to the
heat transfer as well as Reynolds increased.

Figure 14b is presenting a comparison between the
current study on heat transfer improvement and the past
studies, where different metal oxides were used in differ-
ent base fluids. The Reynold range was considered within
400 to 25,000. It can be seen in Fig. 14b the use of ZnO in
EG@DW mixture is leading to improved heat transfer. This
improvement is mainly due to good stability, High flow rate,

and higher mass% concentration of the ZnO-EG @DW-based
nanofluids.

Based on heat transfer coefficient (h) measurements it’s
easier to evaluate average Nusselt (Nu) development at all
(0.1, 0.075, 0.05, and 0.025 mass%) concentrations of ZnO-
EG@DW-based nanofluids. Similarly, Fig. 14c is presenting
the increase in average Nusselt (Nu) at all concentrations of
ZnO-EG@DW nanofluids with growth Reynolds values var-
ying from 4550 to 20,367. Average Nusselt enhancement for
EG@DW is comparatively less than ZnO-EG@DW-based
nanofluids, where 0.1 mass% gives the highest improvement
against the Reynolds increases. The enhancement of Nus-
selt numbers relies on the heat transfer coefficient, which
mainly increases due to the occurrence of ZnO. After adding
the ZnO nanoparticles in the EG@DW the improvement in
the Nusselt (Nu) numbers was observed, which has been
attributed to the increase in ZnO particles mass%. Also, the
enrichment in Nusselt numbers is credited to the increase
in Reynolds values, as the Reynolds increasing the average
Nusselt numbers were increased accordingly.

The outcomes arising from experimental data were com-
pared with some empirical correlations data, like Petukhov,
Gnielinski, and Dittus to find the improvement in average
Nusselt numbers of the ZnO-EG@DW-based nanofluids.
These empirical correlations are mentioned in Eq. 6 and
7 as well, also these correlations can be used for only the
turbulent type flow of the nanofluids. Figure 14d shows the
comparison graph of experimental data with correlations
data, where the mounting trends in average Nusselt num-
bers with variation in Reynolds. Also, the experimental
results show positive results compared with different model
empirical correlations. Therefore, the presented experimen-
tal study and setup can be used to study the heat transfer
characteristics of the ZnO-EG@DW nanofluids in square
heat exchangers.

Local heat transfer coefficient (h)/local Nusselt
(Nu) numbers measurement of ZnO-EG@DW-based
well stable nanofluids in a square shaped heat
exchanger

For the heat transfer measurements at varying points of the
square shape heat exchanger (local heat transfer, h) the heat
exchanger was calibrated with five K-type sensitive ther-
mocouples on its outer surface. These thermocouples were
placed apart from each other at a distance of 0.2 m along
the square heat exchanger to measure the local heat transfer
values at every point. The investigation was conducted to
quantify the effects of ZnO-EG@DW nanofluids with (0.1,
0.075, 0.05, and 0.025) mass% on local heat transfer (h) in
the square test section individually. The local heat transfer
measurement for all mass% concentrations on five different
points of the square heat exchanger has been conducted at

@ Springer



13896

W. Ahmed et al.

(a)
1800 +
1700 4
1600 4
1500 +
1400 4
1300 4
1200 +
1100 4
1000 +
900 4
800 4
700 4
600 4
500 4

95885

2500 5000 7500 10000 12500 15000 17500 20000 22500

ZnO-EG@DW
Nanofluids

[J 0.025 mass %
O 0.05 mass%
/A 0.075 mass%
O 0.1 mass%

{> EG@DW 50:50

s10 D O

Average Heat Transfer Coefficeint/h

Reynolds (Re) Numbers

(c)
16
15 [] 0.025mass% | ZnO-EG@DW
1l O 0.05mass% Nanofluids O
144| A 0.075 mass%
g 13 ) 0.1 mass%
£ {> EG@DW 50:50
£
S 12 4
z Vi S
3 114 O
%: 10 4 O
1]
> 84 {}
o
[}
é 7 4
iy g
54
4 T T r r r . i
2500 5000 7500 10000 12500 15000 17500 20000 22500

Reynolds (Re) Numbers

Fig. 14 a Average heat transfer development in ZnO-EG@DW nano-
fluids with changed mass%., b Comparison of heat transfer improve-
ment in % of the current study with past, ¢ Growth in Nusselt num-

constant heat flux and changing flow rate settings throughout
the experiment. Figure 15a—d indicates the local conduct of
the heat transfer (h) for all mass% of ZnO-EG@DW nanoflu-
ids at various points of the square test section. All the mass%
concentrations were treated individually in a heat exchanger
with numerous flow rates or specified range 4550-20,367
of Reynolds were also exposed. Through the experiment,
the outcome arises that at the 0.025 mass% of ZnO-EG@
DW-based nanofluids exhibited low local heat transfer (h)
which is 550-1500 W m~2 K~! for Reynolds increasing from
4550 to 20,367. In the case of 0.05 mass% of ZnO-EG@
DW nanofluids, the local heat transfer (h) was observed at
550 to 1750 W m~2 K™! at identical Reynolds numbers.
The 0.075 mass% of ZnO-EG@DW nanofluids show the
heat transfer (h) 550-2170 W m~2 K~! against the same
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results

Reynolds numbers. Finally, the maximum improvement in
local heat transfer was observed at about 550 to 2830 W m™>
K~! for the 0.1 mass% of ZnO-EG@DW nanofluids against
the same Reynolds values ranging from 4550 to 20,367. At
all mass% of the ZnO-EG @DW-based nanofluids exhibited
a supreme heat transfer (h) value at the first point of the
heat exchanger which is closest to the inlet point of the test
section. As the distance increases from the inlet point, the
heat transfer decreases according to different flow rates and
their respected Reynolds. The supposition from the stated
research describes that the presence of ZnO nanoparticles
in EG@DW 50:50 and their different mass% addition up to
0.1 mass% exposed to positive growth in local heat transfer
coefficient (h) in square heat exchangers.
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According to local heat transfer (h) measurements of
changing mass% of ZnO-EG@DW-based nanofluids, it is
quite easy to calculate the variations in local Nusselt (Nu) on
different points alongside the square heat exchanger. Based
on heat transfer results, the local Nusselt numbers improve-
ment was assessed for changing mass% of ZnO-EG@DW-
based nanofluids accordingly. Figure 16a-d demonstrates the
different trends of Nusselt (Nu) for specified Reynolds rang-
ing from 4550 to 20,367 at all mass% like (0.1, 0.075, 0.05,
and 0.025) of the ZnO-EG@DW-based nanofluids. Through
the experiment, it was observed local Nusselt (Nu) improves
with an increase in Reynolds with the same hydraulic diam-
eter of a square heat exchanger. These improved results are
attributed to an increase in mass% of ZnO in EG@DW,
and surge in Reynolds. From Fig. 16a-d, it is observed that
all mass% of ZnO-EG@DW nanofluids; the local Nusselt
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g.15 a-d Variations in local heat transfer coefficient (h) augmentation for all mass% of ZnO-EG @DW-based nanofluids

(Nu) are grown with the rise in mass% and Reynolds (Re).
While Local Nusselt numbers for all mass% decrease as the
distance increases from the input point of the square shape
heat exchanger. Also, at the lowest mass% of ZnO-EG@DW
nanofluids, the local Nusselt (Nu) was recorded 8—13 con-
sistent with the heat (h) at Reynolds continued from 4550 to
20,367. At the 0.05 mass% of ZnO-EG @DW-based nanoflu-
ids showing a rising trend of local Nusselt (Nu) from 6 to 15
at the similar Reynolds (Re). For 0.075 mass% of ZnO-EG@
DW-based nanofluids, the local Nusselt (Nu) was perceived
from 6 to 18 at the similar Reynolds (Re). Moreover, the
0.1 mass% of ZnO-EG@DW nanofluids showed a surprising
enhancement in local Nusselt (Nu) about 6-25 against the
specified Reynolds (Re) numbers mentioned earlier. This
decreasing behavior of local Nusselt (Nu) at lowest mass%
of ZnO-EG@DW-based nanofluids for all Reynolds (Re) is
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Fig. 16 a—-d Local Nusselt (Nu) numbers calculation at varying
mass% of ZnO-EG@DW nanofluids

attributed to the fewer amount and agglomeration of ZnO
for low Reynolds. While, high Reynolds numbers stop the
agglomeration of ZnO in EG@DW, which enhances the
ZnO in EG@DW due to proper mixing. Finally, it has been
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perceived that the improvement in Nusselt numbers (Nu)
is credited to a surge in heat transfer coefficient, which is
ascribed to the maximum presence of ZnO nanoparticles in
the base fluid.

Conclusions

The thermophysical characteristics, hydrodynamic and heat
transfer (h) improvement of the ZnO-EG @DW-based nano-
fluids at varying mass% concentrations flowing in a square
heat exchanger with constant heat flux boundaries, variable
Reynolds conditions in turbulent flow regimes were studied
in the current investigation. Based on experimental results
the following important findings have been concluded.

The distinctive single pot sonochemical synthesis tech-
nique for the synthesis of ZnO nanoparticles was fol-
lowed by a standard high probe sonication procedure.
The spherical shape of ZnO nanoparticles was produced
which was confirmed by FESEM analysis.

e The ZnO-EG@DW nanofluids were prepared using a
2-step nanofluids preparation technique at four different
mass% of 0.1, 0.075, 0.05, and 0.025, All the charac-
terization tests of ZnO nanoparticles were carried out
using UV-visible spectrum XRD, FTIR, and FESEM to
confirm a precise synthesis.

e The experimentation was targeted to measure the ther-
mophysical and heat transfer properties of ZnO-EG@
DW-based nanofluids at varying 0.1, 0.075, 0.05, and
0.025 mass% concentrations against Reynolds (Re) num-
bers varied from 4550 to 20,367.

e All the mass% concentrations of ZnO-EG@DW-based
nanofluids were tested for thermal conductivity measure-
ment by using an advanced thermal analyzer (KD-2 pro).
An improvement in thermal conductivity was noticed
when the mass% of ZnO increases in EG@DW. The
substantial augmentation in thermal conductivity was
noted at 0.1 mass% concentration of the nanofluids which
is greater than to the base fluid, while all other mass%
shows thermal conductivity higher than base fluid and
less than 0.1 mass%.

e Based on constant heat flux and variable Reynold (Re)
numbers the significant improvement of heat trans-
fer (h) was perceived at all mass% concentrations of
the ZnO-EG@DW-based stable nanofluids. The high-
est development in heat transfer coefficient (h) was
observed at 0.1 mass% concentration that is about 550—
2830 W m~2 K~! that is 63% and higher than the base
fluid while, 0.25 mass% of the Nano-fluids demonstrated
less improvement as compared to others.

e The ZnO-EG@DW-based nanofluids showed enhanced

Nusselt (Nu) from 6 to 27 at the 0.1 mass% concentration
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at the maximum value of Reynold (Re) numbers 20367.
This improvement is mainly credited to the occurrence of
the maximum concentration of solid ZnO nanoparticles
in the base fluid.

Thus, the improved thermal conductivity and overall
heat transfer properties of ZnO-EG@DW-based nano-
fluids could be a good choice for heat exchangers for
household and industrial applications.
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