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Abstract

The thermophysical properties of freely suspended ZnO and TiO, nanoparticles in a base fluid (DW) with different mass%
concentrations of ZnO@TiO,/DW binary composite nanofluids (0.1, 0.075, 0.05 and 0.025 mass%) are deliberated. ZnO
have been synthesized by using a facile single-pot sonochemical method and mixed with TiO, under high probe sonication
to prepare binary composite nanofluid. The experiment of effective thermal conductivity was executed in the temperature
range of 20—45 °C. The positive improvement in thermal conductivity value for ZnO @TiO,/DW binary composite nanoflu-
ids was recorded for 0.1 mass%, and the highest improvement was measured up to 36%, greater than the base fluids (DW).
The convective heat transfer properties of the ZnO@TiO,/DW binary composite nanofluids with different concentrations
and base fluid (DW) were also examined by using complete experimental test rig with a circular heat exchanger based on a
constant heat flux boundary conditions. All the concentrations were examined to check the local and average improvement
in heat transfer with Reynolds range from 5849 to 24,544. The increase in nanoparticles mass% in base fluid causes to raise
the heat transfer coefficient (k) which is due to the composite nanoparticles. Finally, the maximum 600-1950 W m~2 K~
enhancement was found in convective heat transfer with an increase in 0.1 mass% of composite nanoparticles, which is 69%
greater than base fluid, while all other concentrations also shows positive enhancement as compared to base fluid (600—1870,
600—1700 and 600-1500) W m~2 K~! correspondingly.
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List of symbols

Nu Nusselt numbers

D, Pipe diameter

Cpor Heat capacity for nanofluid
Pp Pumping power

(0] Heat flux

S Friction factor

mass%  Particle mass concentration
k Thermal conductivity (W m™' K=1)
1 Inlet condition

PN Prandtl numbers, Pr= cp-n/k
Seen Entropy ratio

B Bulk value

< Specific heat (J kg™! K™1)
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Reynolds numbers, Re=p-v-D/n
Field emission scanning electron microscopy
Ration of nanoparticles
Distilled water

Area of pipe

Total length of the test pipe
Outlet temperature

Inlet temperature

Pipe surface temperature

Fluid bulk temperature

Velocity (m s7h

Thermocouple
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Greek symbols

u Dynamical viscosity (MPa s)
p Fluid density in (kg m™>)
w Mass concentration (%)
n Efficiency

Subscripts

nf Nanofluid

bf Value of base fluid

Np Nanoparticle

Cnf Composite nanofluid
hnf Hybrid nanofluids
Introduction

There has been significant interest in improving the different
fluids with enhanced thermophysical properties for improve-
ment in the heat transportation of various heat exchangers
[1-3]. The recent researches on nanofluids describe that the
addition of different highly thermal conductive nanoparticles
in the base fluid like DW, EG, PEG, palm oil, diathermic oil,
paraffin oil, glycerin, transformer oil, etc. improves the effec-
tive thermal conductivity, hence improving the heat transfer
values of base fluid [4-6]. Normally, the heat transfer rate
of any base fluid is increased by increasing the mass% con-
centrations; this is because the increased Brownian motion
in the base fluid causes the speedy heat transportation from
the heat exchanger walls to nanofluid [7, 8]. To improve
the thermal energy and heat transfer performances, different
studies with different materials and approaches were con-
ducted by many investigators [9]. Consequences presenting
in the literature are about closed-loop cooling, and heating
offers a considerable role in frequent industrial areas like
chemical or petrochemical industries, power plants, automo-
biles, nuclear, food, microelectronics, solar thermal energy,
industrial cooling, electronic cooling, geothermal extraction,
magnetic sticking, etc. [10]. To improve the heat transporta-
tion, different studies with different metal oxides, ceram-
ics, carbon-based nanoparticles, etc. were considered by a
series of researchers [11]. Later, there are massive numbers
of opportunities in the present and upcoming time toward
expanding the convective heat transfer and energy efficiency
of the different thermal systems [12, 13].

The nanomaterial world offers exciting opportunities and
challenges for physicists, chemists, biologists and nanoma-
terial scientists [14]. Nanofluids typically contains the dif-
ferent metals, metal oxides, ceramics and carbon structured
nanoparticles, and the most popular solid nanoparticles are
Al,03, CuO, TiO, and SiO, [3]. Furthermore, the thermo-
physical and chemical properties of nanomaterials can be
significantly changed and modified during their synthesis
or functionalization which may affect their properties due to

their shape and size [15]. Different metallic, bio-waste, metal
oxides, ceramics and carbon-based materials have been used
to prepare different kinds of nanofluid by using one-step or
two-step methods. Such kinds of nanofluids may consist of
Al/Al,O; Cu/cupric oxides, ZnO and TiO, [16]. In the pre-
sent time, to improve the heat transfer significant researches
have been conducted on metal oxides, composite/hybrids
of metal oxides, carbon and carbon-based nanofluids [17],
single-wall carbon nanotubes (SWCNTSs) [18], multi-walled
carbon nanotubes (MWCNTSs) [19-21], gold and diamond
nanoparticles [22], graphene or graphene oxides [23] and
also activated carbon. Activated carbon is usually primed
from different organic materials like coconut shells [24],
sawdust of coconut trees [25], agro wastes and biomaterials,
palm shells, seed coat, rubber tree, cotton stalks, tea leaves,
pistachio nutshells, palm shells, biomass waste including
corn cobs and different dead leaves that contain high level
of carbons [26-29]. The agronomic surplus is a choice of
attention due to its little cost and its feature of a source of
renewable energy [30].

Since few decades, different nanofluids having good
suspension and dispersion with solid nanoparticles have
attracted interest due to some experimental reflections of
their improved thermal conductivity properties beyond the
calculations of the effective test medium theory and their
credible applications in the energy-saving field [31-34].
Further, the convective heat transfer models traits the ther-
mal conductivity improvement which effected by Brown-
ian motion, in some other cases it shows less Brownian
effects on thermal conductivity. Numerous clustering models
have also been suggested, counting clustering with micro-
heat convection or clustering with heat conduction [35-37].
Thermal conductivity for suspended alumina nanoparticles
was examined using the transient hot-wire technique pre-
sented by Nagashima and Nagasaka. The outcomes obtained
from experiments describe that effective thermal conductiv-
ity will increase with an increase in mass% of alumina oxide
nanoparticles [38, 39]. The experiments were conducted to
measure the thermal conductivities of a nanocomposite
system composed of unsaturated polyester resin (UPR) as
medium and two dissimilar metal oxide nanoparticles as a
filler: Al,O5 and CuO are presented here. The used nano-
particles were alpha (Al,0; 30-40 nm and CuO 30-50 nm).
Different samples were made up by using simple physical
blending and magnetic stirring. Thermal conductivities for
each sample were inspected using a device that obeys with
(ASTM C518-04 and E1530-06). All the measurements
were repeated at different temperatures (0, 25 and 50) °C
with different concnentrations of the Al,0O; and CuO nano-
fluids; and the results are compared with different models
to ensure the positive enhancement in thermal conductivity
after using metal oxide-based nanofluids [40, 41]. Efforts are
needed to enhance the thermal conductivity and heat transfer
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properties of nanofluids; in this context, metal oxide-based
composite nanofluids were examined here. Some of the con-
sequences arise from that literature about composite nano-
fluids are listed in Table 1.

The key objective of this research is to study the effec-
tive transportation of convective heat transfer by using
metal oxide-based ZnO@TiO,/DW binary composite
nanofluids by changing mass% concentrations (0.1, 0.075,
0.05 and 0.025). Distilled water with ZnO@TiO, compos-
ite can transport the benefit of the blend of binary metal
oxides where ZnO@TiO, can stimulate the overall thermal
conductivity and heat transfer properties of the suspended
nanoparticles with slight sedimentation. Previously, a
few investigations were practiced about thermophysical

properties of binary composite nanofluids by using differ-
ent metal oxides. The efforts were made here to improve
the heat transfer value of a circular heat exchanger by
using sonochemically synthesized ZnO (17 nm) particles
and commercially purchased TiO, (21 nm) physically
blended in water for heat transportation studies. In the
present experimentation at specific range of Reynolds
numbers (Re), the local Nusselt values (Nu), average
Nusselt values, local heat transfer and average convective
heat transfer at different points crosswise, the circular heat
exchange in the turbulent and transitional areas of flow
was evaluated for the ZnO@TiO,/DW binary composite
nanofluids at different (0.1, 0.075, 0.05 and 0.025) mass%
concentrations (Fig. 1).

Table 1 Characteristics of different composite nanofluids from the previous literature

Composite nanofluid Nanoparticle size Methodology Different param- Thermal conductiv- Efficiency in terms  Reference
and shape eters/variables ity measurement of thermal conduc-
tivity
AIN (aluminum 30 nm Two-step; sonication (1-4%) con, flow [42]
nitride)-EG time 150 mint rate 0.4—4 LPM,
25-50 °C, laminar,
R/N 500-1750
Al,O;-MWCNTs Al,03 20 nm Two-step Conc: 0.125-1.5% 5% accuracy 1.5% for Al,O4 [43]
(18-15)-thermal ~ The 20-30 nm 7-day stability 25-50 °C, laminar ~ KD2 Pro And 45% for 50 °C
oil diameter of and turbulent 0.02-2 W m~' K!
MWCNTs Needle Dm 1.3 mm
Al,0;—Cu Cu 70 nm Two-step+7-h Cu 2%—Al1,04 ND: 1.3 mm 2% Al,0,—Cu [44]
(50/50) EG AlL,O; 5 nm sonication 0.125% NL: 6 cm 28%-50 °C
25-50 °C KD2 Pro, 5%
Ag/MWCNTs/water Ag 30 nm Two-step Ag-MWCNTSs: 0.1% Accuracy 5% 20.4%-40 °C [45]
MWCNTs 10 nm 3-h sonication 20-50 °C KD2 Pro 0.1% Ag-MWCNTs
Al,O;/MWCNTs/ Al,O5: 30-50 nm Two-step 1-h sonica- Ag 1,2 and 4% Hot-wire method Nonground MWC-  [46]
water MWCNTs 20 nm tion Al,0;-MWCNTs Lambda system NTS
5-day sedimentation 1-6%, 15-40 °C 12-4% hybrid 90:10
UV, for stability Al,0;-MWC-
NTs=90:10,
97.5:2.5
Al,O;—CuO/EG Al,O; 40 nm Two-step Cu+7Zn,2.0-0.5%  Hot-wire method  CuO-Al, 04 [47]
water 25:75 CuO 29 nm 16-h sonication 23-25°C Lambda system 90-95%
Al,0;—Cu/water Al,0;—Cu 17 nm Two-step Al05,0.1-2% Accuracy 5% 12.11-2% [48]
Stability checked 20-60 °C Range 0.2-2 Cu-Al,O5
by zeta potential  Surfactant-SLS Wm™ ! K!
and pH KD?2 Pro
Ag-MgO/water Ag25nm Two-step Temp 25 °C, pH ND 1.27 mm Ag 16% [49]
MgO 40 nm 3-h sonication 5.57 KD2 Pro Ag-MgO 2%
Surfactant-CTAB Accuracy 5%
Conc: Ag-MgO NL 6 cm
0-2%)
Ag—graphene nano- GNP 2 um Two-step Conc: Ag=0.02% ND=1.3 mm 40 °C for 22.22% [50]
particles/water GNP=0.1% NL=6cm and 0.1% Ag—GNP
Temp: 2040 °C KD2 Pro
RN=5000-17,500  Accuracy=5%
Flow =Turbulent
Al 5, mass% Zn Al-Zn Two-step Conc: Zn 5 mass%  KD2 Pro 16% for 0.1% [51]
10-30 nm 0.01-0.1% Al 5 Zn mass%

Temp: 30-70 °C
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Synthesis of ZnO by using single-pot sonochemical
technique

In the stated experimentation, it is commended a single-
pot sonochemical synthesis of ZnO in order to enhance its
dispersion and stability by using zinc acetate (precursor)
analytical reagent and sodium hydroxide (base) analyti-
cal reagent. In this synthesis, zinc acetate was diluted in a
100 mL mixture of ethylene glycol and distilled water with
a 50:50 mL of each according to 2:1 molarity and stirred for
half an hour. Sodium hydroxide (NaOH) was also diluted
in 100 mL mixture of ethylene glycol and distilled water
solution with 50:50 mL each under constant stirring for a
half an hour. Finally, sodium hydroxide (NaOH) solution
has been dropped into zinc acetate solution dropwise under
constant probe sonication. The sonicator of SONICS (CV
334 Vibro cell) company has been used for sonication. The
sonicator power was adjusted 750 watts; the pulse amplitude
was fixed on 80% with 3/2 s on/off time, the net distributed
probe energy 36,000 J and the input voltage 220. After drop-
ping the base solution into zinc acetate solution, the mixture
has been left for 2-h continuous sonication. During the addi-
tion of sodium hydroxide NaOH into zinc acetate mixture,
white precipitates appear into the beaker. With time passage,
it changed into thicker white precipitates. The precipitates
appear during the reaction and were washed by water several
times by using a centrifuge machine with 6000 rpm, and
lastly, once it was washed with ethanol. Further for dry-
ing the sample, it has been kept in a heat oven overnight
at 100 °C. For crystallization and specific shape, the dried
sample has been kept for calcination at 200 °C in a high-
temperature furnace for 3 h uninterruptedly.

Preparation of ZnO@TiO,/DW binary composite
nanofluids

The offered study concerns the use of physical blended ZnO
and TiO, in base fluid (DW) nanoparticles by using probe
sonication technique for heat transfer measurements. ZnO
nanoparticles were synthesized by using a single-pot sono-
chemical procedure, while TiO, was procured by chemical
provider company Sigma-Aldrich Sdn Bhd, Malaysia. The
ZnO and TiO, nanoparticles were blended physically in
base fluid (DW) with the initial mass% concentration of 0.1,
0.075, 0.050 and 0.025, respectively. Later the both ZnO and
TiO, nanoparticles were mixed with 50:50 each in base fluid
(DW) and sonicated for 3 h without using any surfactant.
The experimentations were led at four different nanoparticle
blend ratios (0.1, 0.075, 0.050 and 0.025) mass%. Moreo-
ver, the presented procedure shows the well-dispersed and
well-suspended ZnO and TiO, nanoparticles in base fluid
(DW) with 50:50 each by mass ratios. Later on, the dilution
procedure is commenced with the assistance of Egs. (1) and
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(2). The two-step flow of composite nanofluids preparation
is given in Fig. 2, where it can be seen in the first step ZnO
nanoparticles have been synthesized; then, TiO, nanoparti-
cles were mixed together in base fluid (Tables 2, 3; Fig. 3).

wpb;
b= ” )
(1 - @>pp+ 10 X pby
—vr_viv=vif B _
AV =(V2-V1)=VI ((52 1). 2)

Stability and dispersion of ZnO@TiO,/DW binary
composite nanofluids

The ZnO,@TiO,/DW binary composite nanofluids were
physically blended by high probe sonication procedure to
increase the dispersion and suspension of the nanoparti-
cles in base fluid and to decrease the agglomeration [52].
The four samples of 50 mL each with different mass% (0.1,
0.075, 0.05 and 0.025) was prepared and sonicated for a
specific time by using probe sonication to achieve good dis-
persion and stability. Then these samples were physically
tested for sedimentation and dispersion of nanoparticles in
base fluid after preparation until 14 days. The nanoparticle
dispersion and stability in base fluid depend upon their parti-
cle size and sonication time, where the smaller size particles
offer longer suspension [53]. The sedimentation reflection
for ZnO@TiO,/DW binary composite nanofluids is shown
in Fig. 4. Subsequently, after 14 days of sample preparation,
the ZnO@TiO,/DW binary composite nanofluids with dif-
ferent (0.1, 0.075, 0.05 and 0.025) mass% concentrations
are experiential to be still stable as displayed in Fig. 4. The
estimation of the given nanofluids’ suspension and stabil-
ity was also examined through ultraviolet—visible (UV—Vis)
spectral analysis. The absorbance and the light scattering
are restrained by associating the ZnO@TiO,/DW-based
nanofluid light intensity with base fluid [54]. The physical
observations elaborate the good dispersion and stability of
both nanoparticles in the base fluid until 14 days after its
preparation time without using any surfactant.

Table 2 Characteristics of ZnO, TiO, and water (50:50) mixture

Characteristics ZnO TiO, Base fluid/DW
Color White White Colorless

Size of particles 17 nm 21 nm -

Purity 97.9 99.9 -

Mass concentrations 50 50 -
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Table 3 Mass concentrations of

: . . S. no Mass% con- Base fluid in ZnO nanoparti- TiO, nanoparti- Total nanopar-
(Z]I)l\(z];md Ti0, with base fluid centration litters cles in grams cles in grams ticles in grams
1 0.1 7 35 35 7
2 0.075 7 2.265 2.265 5.25
3 0.05 7 1.75 1.75 35
4 0.025 7 0.87 0.87 1.75

Fig.3 ZnO@TiO,/DW binary
composite nanofluids with dif-
ferent mass% concentrations

ZnO + TiO, DW
0.1 mass%

ZnO + TiO, DW
0.075 mass%

ZnO + TiO, DW
0.05 mass%

ZnO + TiO, DW
0.025 mass%

Thermal conductivity of ZnO@TiO,/DW binary
composite nanofluids

Figure 5 shows an experimental setup of the KD2 Pro ther-
mal analyzer (Decagon Devices) company to compute the
thermal conductivity values by implementing the ASTM-
D5334 and IEEE 442-(1981) standard for ZnO@TiO,/
DW-based nanofluids. The shown instrument follows the
transient line convective heat source to measure the nano-
fluid’s thermal properties. The thermal conductivity experi-
ment was commenced for a specific series of temperatures
starting from 20 to 45 °C. To keep the constant temperature
during the experiment, a cooling system has been used. The
KD?2 Pro sensor needle sensor was validated by defining
the thermal conductivity of the normal confirmation lig-
uid of glycerin given by the same company. The calculated
value was 0.285 W m~! K~! with a precision of +0.34%.
The experiment was repeated frequently, and the average

calculation among five repetitions of readings was deliber-
ated. The presented thermal conductivity calculations are
considered for different time intervals to maintain the tem-
perature each before the new calculation for each sample at a
series of temperatures for ZnO@TiO,/DW binary composite
nanofluid mass% concentrations. This is most significant to
diminish the errors during an experiment by free heat con-
vection owing to the variations in temperature along with the
KD2 Pro needle sensor, which is directly connected to the
fluid sample. The four different mass% concentrations (0.1,
0.075, 0.05 and 0.025) of ZnO @TiO,/DW-based nanofluids
were tested here.

Test section geometry

A circular test pipe of stainless steel with 1400 mm all-
out length and 0.01 m internal diameter from two sides is

@ Springer



886

W. Ahmed et al.

Zn0 + TiO,
DW 0.05 mass%

ZnO +TiO,
DW 0.025 mass%|

ZnO +TiO,
DW 0.1 mass%

Week 1

Zn0 + TiO,
DW 0.75 mass%

Zn0 + TiO,
DW 0.1 mass%

ZnO +TiO, ZnO +TiO,
DW 0.05 mass% | DW 0.025 mass%|

w— - ~
— PR
—

Fig.4 Stability and sedimentation of ZnO@TiO, nanoparticles in distilled water

Fig. 5 Experimental setup for thermal conductivity measurement by using KD2 Pro analyzer

the key part of the experimental setup and used as a heat
exchanger. The heated position of the circular test section
was wrapped by electrical heat tape up to 1200 mm length
with maximum 900 W capacity which is fully controlled
by voltage transformer. A thick layer of wool insulation
has been twisted alongside the circular test section and
covered by the aluminum foil to stop the heat releasing by
pipe surfaces. Five highly sensitive K-type thermocouples
are placed at various points at the surface of a circular test
pipe separated from others with equivalent separation of
0.2 m of each. Close to channel, inlet and outlet, thermo-
couples are additionally joined with this test section to
quantify the temperature distinction (Fig. 6).
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Fig. 6 Circular heat exchanger with thermocouples arrangements

Experimental

The experimental studies of this research work were con-
ducted in a test rig shown in Fig. 7 which comprises of a
major fluid flow loop with bypass, fluid pump, fluid tank,
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Fig. 7 Pictorial and schematic diagram of heat transfer experimental test rig with different parts

digital flow meter, pressure drop meter, inlet and outlet
valves, pressure gage, coolant/chiller, K-type sensitive ther-
mocouples, main power supply, digital data logger (Graphtec
GL220) and the full test section as shown in the schematic
diagram. The experimentation flow loops started with 10 L
capacity fluid tank where the nanofluid were stirring uni-
formly and chiller is used to maintain temperature constant.
The nanofluids flowing through the flow loop were pumped
by an Araki/EX-70R fluid pump with maximum capacity
88L/mint and about zero discharge heads of total 6.8 m.
Then the pump flow values can be changed by controlling
frequency according to requirement from main panel con-
trol. The total pressure drop during the nanofluid flow has
been measured by using PX154/025D1I OMEGA pressure
transducer with maximum accuracy +0.075%. Prior to run-
ning the nanofluid on the experimental setup, the appro-
priate positioning of the test section is the most important
task to quantify the circular test pipe surface temperature

and to clarify the presence of convection of nanofluids in
the circular heat exchanger. In this way, we connected the
thermocouples at various points in the track of the circular
heat exchanger and surface temperature by means of logical
wholes by applying the Wilson plot appeared [55]. Further,
the thermophysical properties of ZnO @TiO,/DW composite
nanofluids were examined by scheming the Nusselt numbers
(Nu), pressure drop (Pa/m), friction factor loss (f;) and local
and average convective heat transfer (%) values. By applying
the Newton cooling law for inlet and outlet temperatures and
its difference, nanofluid temperatures and medium surface
temperature, we can compute the convective heat transfer
coefficient.

Uncertainties in heat transfer experimental setup

The presented investigations are on ZnO @TiO,/DW binary
composite nanofluids for convective heat transfer capacities,

@ Springer



888

W. Ahmed et al.

Table 4 Uncertainties counted during the testing of the ZnO@TiO,/
DW-based nanofluids

S.no  Parameters Symbols  Uncertainty/%
1 NF inlet temperature T;, +0.14
2 NF outlet temperature T +0.14
3 Ambient temperature T, +0.14
4 NF mass flow rate v +19
5 NF differential pressure hy +2.2
6 NF thermal conductivity ko +24
7 NF specific heat measurement  Ci,y¢ +29
8 Voltage Vv +0.15
9 Current 1 +0.15
10 Heat flux 0 +0.15
11 Reynolds numbers Re +0.2
12 Convective heat transfer h +29
13 Nusselt numbers Nu +29
14 Pumping power Pp +23

the total velocity, variation in temperatures, volume flow
rates, overall pressure drop, Reynolds (Re) and Nusselt
(Nu) values, which were inspected with appropriate equip-
ment’s arrangements. Throughout the experimental capaci-
ties of these above-mentioned parameters, the uncertainties
occurred are presented in Table 4. Sighted the linked errors
in the distinct factors signified by (x,,) error approximations
of reliant parameters was whole by using the below-given
equation [56]. The different uncertainties were counted for
proposed investigational results and are given in Table 4.
Numerous time repetition approach expresses that each
parameter of given investigational consequences is within
the uncertainty limits.

[(x1)2 4+ (2)2 + - + (xn)2]

W= > : 3

Results and discussion
UV-Vis spectral analysis

UV-Vis spectral analysis is a common procedure to confirm
the optical behavior of the sonochemically synthesized zinc
oxide. The UV-Vis (1800 spectrometer) Shimadzu Corp
0.8579 has been used for the analysis of ZnO nanoparticles.
The UV-visible spectrometry for the synthesized ZnO-based
nanofluids of 0.025 mass% concentration is shown in Fig. 8.
The highest absorbance peak at 370 nm specifies the suc-
cessive synthesis of ZnO, which is owing to the blue lateral
shift to the ZnO in bulk amount. The absorption level aug-
mented its energy band gap from 3.37 to 3.6 eV [57].

@ Springer

©_ZnO nanoparticles’

~
@

= n
) 1

o

Absorbance

1.754

o
o

(@)

o

Absorbance %

1.50 200 300 400 500 600 700 8O
Wavelenght/nm

1.251

1.00

0.75
O ZnO@TiO,

0.50 T T T T T T
300 400 500 600 700 800

Wavelength/nm

Fig.8 UV-Vis spectra for ZnO and ZnO@TiO,/DW binary compos-
ite nanofluids

Similar inspections of different nanofluid dispersion and
stability by using UV—Vis spectral analysis were earlier sug-
gested and deliberated by others [58, 59]. The ZnO@TiO,/
DW binary composite nanofluid absorbance values for probe
sonication time and nanoparticle sedimentation time were
observed frequently up to specific time and detailed wave-
length from 200 to 850 nm. The four samples with different
mass% concentrations have been sonicated for 3 h each, and
this sonication time was noticed to be the maximum stability
with an absorbance value of more than 80% for up to two
weeks of sedimentation period. Lee et al. and Habibzadeh
et al. [59, 60] also suggested comparable results for optimal
stability. In the meantime, the stability and dispersion for
different samples with time were noticed to be less than 50%
of the absorbance ratio after 7 days of physical reflection.
By this condition, each sample declines with sedimentation
time.

FESEM analysis of ZnO@TiO,/DW binary composite
nanofluids

The morphology, nanoparticle size and chemical compo-
sition of ZnO nanoparticles were considered by energy-
dispersive X-ray spectrometry (EDX-Zeiss Supra 35/
VP) and field emission scanning electron microscopy
(FESEM). Field emission scanning electron microscopy
(FESEM) has been used to perceive the uniform disper-
sion stability and shape/morphology of ZnO and TiO,
in the distilled water [61]. The FESEM images for ZnO,
TiO, and ZnO @TiO, composite nanofluids at 0.1 mass%
concentration are shown in Fig. 9. The given FESEM
images of composite nanofluids highlight the shape, size
and equal dispersion of ZnO and TiO, nanoparticles.
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Fig.9 FESEM images for ZnO,
TiO, and ZnO@TiO, binary
composite nanofluids

Signal A= InLers
Mag= 10000 KX

Date :9 Jul 2019
Time :16:2720

(b) znO nanoparticles (50,000kx mag)

TiO,

Signal A= Intens
Mag= 50.00KX

Date 9 Jul2019
Time :16:03:37

EHT = 500 &V
Wo= 43mm

Meanwhile, the size of ZnO is less than as compared
to the TiO,, and the space between the nanoparticles of
TiO, is filled with ZnO nanoparticles. The equal nano-
particle distribution of ZnO@TiO, is given in Fig. 9. In
general, the contribution of both nanoparticles power-
fully depends on the composite’s ratios, which signify
the mass% of each nanoparticle in the base fluid (DW).
This condition led to decrease space among the larger
nanoparticles, which gives the benefits to the thermal
properties like specific heat and overall thermal conduc-
tivity. Furthermore, the thermophysical properties as if
density and viscosity are also anticipated changing by this
condition. In order to assess the distinct characteristic for
both nanoparticle distributions, the current effort explores
the effects of nanoparticle composite concentrations on
effective thermal conductivity of ZnO@TiO,/DW-based
nanofluids.

(¢) znO + TiO, nanoparticles (100,00kx mag)

Thermophysical and hydrodynamic properties
of ZnO@Ti0,/DW-based binary composite
nanofluids

Figure 10 displays the linear growth in thermal conductivity
values for ZnO@TiO,/DW binary composite nanofluids with
a range of temperatures from 20 to 45 °C for (0.1, 0.075,
0.05 and 0.025) mass% concentrations. The thermal conduc-
tivity values of ZnO@TiO,/DW composite nanofluids for all
given mass% concentrations increased with increase in tem-
perature, which are comparititvley greater than base fluid.
Additionally, it has been noticed the highest thermal conduc-
tivity value was recorded with an equal ratio of ZnO@TiO,
for 0.1 mass% concentration of a given fluid. Meanwhile, the
0.025 mass% delivered the lowermost thermal conductivity
value among all composite concentrations for all tempera-
tures ranges. The outcomes confirmed the increased per-
centage of ZnO and TiO, contribute equally to the greater
thermal conductivity value of the ZnO@TiO,/DW binary
composite nanofluids as presented in Fig. 10. In the current
exploration, the relation of composite mass% ratios to the
thermal conductivity value improvement might be owing to
the dissimilar size of the two different nanoparticles and the
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Fig. 10 Growth in thermal conductivity with temperature for (DW,
0.025, 0.05, 0.075 and 0.1 mass%) ZnO@TiO,/DW binary composite
nanofluids

quantity of the lesser nanoparticles existing in the compos-
ite. The average diameter of ZnO nanoparticles is 17 nm,
which is lesser than the TiO, nanoparticles of 21 nm. The
ZnO nanoparticles support in thermal conduction by filling
the space among the large TiO, nanoparticles, as shown in
the FESEM images given in Fig. 9. The characteristic pro-
cedure of the two different nanoparticles in the composite
dilution will increase the contact area for thermal conduction
among the different molecules and hence persuade a greater
amount of thermal heat transfer during the collision process
by the Brownian motions [62].

The effective thermal conductivity values of ZnO@
TiO,/DW binary composite nanofluids and its associated
improvements against different values of temperatures
are given in Fig. 11a, respectively. The outcome exposes
the effective thermal conductivity value and grows with
an increase in mass% of ZnO nanoparticles in the ZnO @
TiO,/DW in the binary composite nanofluids, excluding for
the 0.025 mass% ratio with the lowermost effective ther-
mal conductivity value of given nanofluids. The effect of
different temperature values on the overall effective ther-
mal conductivity value is also significant. Furthermore,
the supreme augmentation has recorded at the maximum
value of the temperature of 45 °C with an improvement
of 36% for 0.1 mass% of ZnO@TiO,/DW binary compos-
ite nanofluids. This could be owing to interaction among
all nanoparticles which is triggered by kinetic energy at
high temperature and the effects of Brownian motion [63].
Figure 11b describes the comparison between present out-
comes and literature data of effective thermal conductivity
from Hardani et al. [63], Kumar et al. [64], Ahmed et al.
[65] and Esfe et al. [66].
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In order to describe the pressure drop changes across the
circular test section, we present the total pressure drop for
binary composite of ZnO@TiO,/DW with all mass% con-
centrations and base fluid (DW) as a function of specific
Reynolds numbers. Figure 12a shows that there is a slight
increase in pressure drop for the all mass% concentrations
of binary composite nanofluids compared to base fluid. The
maximum pressure drop was noticed across the section for
0.1 mass% concentration, and we belive this increase is due
to little increment in dynamic viscosity of the binary com-
posite nanofluid, which requires little increase in composite
nanofluid velocity against the Reynolds. Here, we concluded
the velocity of composite nanofluid plays an important role
in increasing the friction factor and pressure drop as well.

Our target is to avoid a radical increase in dynamic vis-
cosity of the ZnO@TiO,/DW binary composite nanofluids,
where greater amount of viscosity can increase the pump-
ing power. Therefore, we calculate the dynamic viscosity of
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Fig. 12 a Pressure drop profile for DW and different mass% concen-
trations of ZnO@TiO,/DW binary composite nanofluids, b dynamic
viscosity of ZnO@TiO,/DW binary composite nanofluids

the ZnO@TiO,/DW binary composite nanofluids with 0.1,
0.075, 0.05 and 0.025 mass% concentrations and tempera-
ture range from 20 to 45 °C in Fig. 12b. It can be seen when
we rise the mass% of both nanoparticles in base fluid, there
is a slight increase in the viscosity of binary composite nano-
fluids related to distilled water. In fact, these are expected
changes because we only used very low concentration of
both ZnO and TiO, nanoparticles in our nanofluid samples.
It can be observed the dynamic viscosity of the binary com-
posite nanofluids is dependent upon temperature changes,
once the temperature increases the dynamic viscosity of
both nanofluids and water decrease, which is due to weak
intermolecular interaction. We concluded we can prevent
our samples from dynamic viscosity loss by maintaining
and keeping synthesis parameters under control. Further it is
necessary to realize the higher mass% cause to increase the

dynamic viscosity, while lower mass% prevents the sample
from viscosity decrement.

Growth in average heat transfer and average
Nusselt numbers of ZnO@TiO,/DW binary composite
nanofluids

Investigation were directed to calculate the average heat
transfer coefficient and average Nusselt increase in ZnO @
TiO,/DW binary composite nanofluids running in a closed
circular heat exchanger. Necessary calibrations of com-
plete experimental setup are needed before running the
sample to grasp the internal surface temperatures of the
circular section, in order to analyze the supreme presence
of convective heat conduction in the circular tube walls as
well as heat convection of the binary composite nanofluid
running inside the circular heat exchanger. According to
the Wilson plot the resistance among the different points
of the test section in direction of surface temperature and
heat transfer amount of the circular heat exchanger were
calculated by using different mathematical calculations.
The stated research considered the thermophysical prop-
erties of the binary composite nanofluids and base fluid
(DW) by using these factors: thermal conductivity, vis-
cosity, density, specific heat, heat transfer coefficient (4),
pumping power, Nusselt (Nu) numbers and pressure drop.
On the basis of Newton cooling law for the bulk amount
of inlet, outlet and surface temperatures, the heat transfer
coefficient has been calculated. The stated study reveals
the accumulation of different types of nanoparticles in any
base fluids displays improved convective heat transporta-
tion and Nusselt (Nu) numbers. In the current investiga-
tion, the effect of ZnO@TiO,/DW binary composite nano-
fluids with mass% concentrations of 0.1, 0.075, 0.05 and
0.025 on the average heat transfer and local heat transfer
(h) coefficients at the constant heat flux and Reynolds from
5849 to 24,544 was inspected. To continue experimenta-
tion, average convective heat transfer was measured for
ZnO@TiO,/DW binary composite nanofluids at individu-
ally of the stated mass% concentrations for comparison
with base fluid. In Fig. 13a, the mounting trends evidently
portray that the heat transfer coefficient (h) is growing as
the ZnO@TiO,/DW binary composite nanofluids mass%
is increasing. For the base fluid (DW), it can be seen that
the convective heat transfer was small due to the nonex-
istence of ZnO and TiO,; by adding nanoparticles, the
average convective heat transfer coefficient was improved.
Figure 13a shows at 0.1 mass% concentration, the convec-
tive heat transfer coefficient was greater as compared to
base fluid (DW) data. For the base fluid (DW), average
heat transfer was recorded from 600 to 800 (W m~2 K1),
while in the case of 0.1 mass% ZnO@TiO,/DW binary
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composite nanofluid, the highest average heat transfer
value was recorded up to 500-1100 W m=2 K~

Also, experimental data have been used to compute the
convective heat transfer and pressure drop characteristics
for ZnO@TiO,/DW binary composite nanofluids. Reyn-
olds (Re) number of base fluid (DW) and ZnO@TiO,/DW
binary composite nanofluids with different (0.1, 0.075,
0.05 and 0.025) mass% concentrations can be measured
based on the above-given experimental setup mass velocity
and hydraulic diameter of the circular pipe heat exchanger
as given below.
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Figure 13a portrays the improvement in average Nusselt
(Nu) numbers for the mass% concentrations of ZnO@
TiO,/DW binary composite nanofluids with the increase
in the Reynolds (Re) number from 4550 to 20,367. It can
be experiential that the average Nusselt (Nu) values for the
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base fluid (DW) vary from 9 to 13 with the increase in the
Reynolds (Re) numbers. After adding ZnO and TiO, in base
fluid (DW), the optimistic improvement in the Nusselt (Nu)
numbers was perceived, which might be credited to the
increase in mass% concentrations level. At 0.1 mass% of
ZnO@TiO,/DW binary composite nanofluid, the supreme
improvement in Nusselt (Nu) numbers was noted by the
change in Reynolds (Re) numbers from 5849 to 24,544. The
Nusselt (Nu) numbers were higher than those noted for the
base fluid (DW) without any nanoparticle addition. All the
outcomes were confirmed by numeric calculations, as given
in Egs. (7), (8), (9), (10) and (11).

Nu=<h><%> 7

For the calculation of local and average Reynolds numbers,
Eq. (6) can be used.

pvD
Re = [ &=
e=(22) ®

The empirical correlation of Nusselt numbers was suggested
by Dittus—Boelter [67], Gniellinski [68] and Petukhov [69],
respectively.

<§>(Re — 1000) Pr
Nu =

. 9
1+ 12.7<'§>05(Pr/\2/3 -1

here Re =Reynolds number, Pr=Prandtl number and
f=friction factor.

f
<§>RePr

Nu =
0.5
1.07 + 12.7(%) (PrA2/3 — 1)

10)

If 3% 10° <Re <5x 10° and 0.5 < Pr <2000, then Eq. (7) can
be used.

Nu = (0.023Re”*Pr*) an

Lastly, the experimental outcomes were matched with Dittus
and Gnielinski models, which give promising comparison
among all experimental data and different model data. It dis-
plays the combination of ZnO@TiO,/DW binary composite
nanofluids shows improved heat transfer value as compared
to model data. Figure 13c describes the average Nusselt
numbers obtained from experiments, and the relevant model
data showed rising trend with rise in Reynolds (Re) num-
bers. Here, this binary composite nanofluid is considered
to be appropriate selection for heat transfer in engineering
applications.

Growth in local heat transfer and local Nusselt
numbers of Zn0@TiO,/DW-based nanofluids

Figure 14a—d represents the local conduct of convective
heat transfer for all the mass% concentrations of ZnO@
TiO,/DW binary composite nanofluids. For 0.1 mass% con-
centration ZnO @TiO,/DW composite nanofluids, the local
convective heat transfer (/) coefficients recorded from 600
to 1900 W m~ K~! at the constant Reynolds (Re) numbers
from 5849 to 24,544. For 0.075 mass% ZnO@TiO,/DW
binary composite nanofluid concentration, the local convec-
tive heat transfer (h) coefficients were noticed from 600 to
1800 W m~2 K~! at the Reynolds (Re) numbers from 5849
to 24,544. For 0.05 mass% concentration of ZnO@TiO,/
DW binary composite nanofluid, the convective heat transfer
(h) coefficients were recorded from 600 to 1700 W m™2 K~!
at the Reynolds (Re) numbers from 5849 to 24,544. In
Fig. 13d, it can be perceived as the lowest local convec-
tive heat transfer (k) coefficients were measured from 500
to 1750 W m~2 K~! for the same Reynolds (Re) numbers
specified earlier.

Figure 15a—d displays the different variations in local
Nusselt (Nu) numbers against the different ranges of Reyn-
olds (Re) and different mass% like 0.1, 0.075, 0.05 and 0.025
of ZnO@TiO,/DW binary composite nanofluids. During the
experiment, the outcomes professed the local Nusselt (Nu)
numbers and were increasing with the rise in Reynolds (Re)
in a circular pipe heat exchanger. Figure 14a—d shows that at
all of the detailed concentrations of ZnO@TiO,/DW binary
composite nanofluids, the local Nusselt (Nu) values are
growing with the variation of Reynolds (Re) numbers. In the
case of 0.1 mass% ZnO@TiO,/DW composite nanofluid, the
local Nusselt (Nu) numbers were noted from 10 to 35 with
Reynolds (Re) numbers extended from 4550 to 20,367. For
0.075 mass% ZnO@TiO,/DW binary composite nanofluid,
an increase in local Nusselt (Nu) was recorded from 10 to
32 for the similar Reynolds (Re) numbers. For 0.05 mass%
of ZnO@TiO,/DW binary composite nanofluid, the local
Nusselt (Nu) numbers are recorded from 10 to 30 with the
Reynolds (Re) number varying from 5849 to 24,544. Lastly,
for 0.025 mass% of ZnO@TiO,/DW binary composite nano-
fluids the Nusselt (Nu) number increased from 10 to 25 with
the same range of the Reynolds (Re) number. This declining
conduct at lower concentrations and Reynolds is credited to
the agglomeration properties of ZnO and TiO, in the base
fluid at the lesser value of Reynolds (Re) number and lower
metal oxide (MO) surface area at the low concentrations.
With the high value of Reynolds, the agglomeration proper-
ties for ZnO and TiO, nanoparticles decrease which supports
the dispersion and stability of nanoparticles in the base fluid
due to its proper mixing.
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Conclusions

In the current research, the effective thermal conductivity
of ZnO@TiO,/DW binary composite nanofluid is examined
for 0.1, 0.075, 0.05 and 0.025 mass% of ZnO and TiO, con-
centrations at a range of temperatures from 20 to 45 °C. The
outcomes of this research exposed the equal mass ratio 50:50
of the both ZnO and TiO, nanoparticles and represent the
finest combination rendering to the effective thermal con-
ductivity. The equivalent ratio develops the control param-
eters and enhances the heat transfer performance also. From
the examination of thermophysical properties and rendering
to the Reynolds range from 5849 to 24,544, the 0.1 mass%
concentration of ZnO@TiO,/DW binary composite nano-
fluids is anticipated to describe the greater thermal perfor-
mances of the binary composite nanofluids. Consequently,
local and average convective heat transfer values for all
mass% concentration of ZnO@TiO,/DW binary compos-
ite nanofluid and the base fluid (DW) were experimentally
assessed at different hydrodynamic and thermal circum-
stances by using a circular heat exchanger and constant heat
flux. The highest improvement in average heat transfer of
ZnO@TiO,/DW binary composite nanofluids was recorded
for the 0.1 mass% at the different studied conditions. The
experimental outcomes described the addition of ZnO and
TiO, nanoparticles with 50:50 in base fluid (DW) gives the
best combination as a binary composite to improve the heat
transfer properties, which is the finest mixture for cooling
and so many other applications.
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