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Nomenclature

G, : Specific heat capacity kJ/kgK

A . Area, m?

w - Weight ¢

P : Power, W

1% : Voltage, Volts

7 : Current, Amp

Q . Heat flow, Watts

T . Temperature, °C

D . Inner diameter of test section, m
L : Length of test section, m

h . Convective heat transfer coefficient, W/m’K
m : Mass flow rate, kg/s

k : Thermal conductivity, W/mK

q : Heat flux, W/m?

EG : Ethylene Glycol

MWCNT : Multi-walled carbon nanotube

Re : Reynolds number
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Greeks

o : Weight concentration, wt%
o . Density, kg/m?

1 . Viscosity, kg/ms
AP : Pressure drop, kPa
Subscript

bf : Base fluid

i . Inlet

o . Outlet

w : Wall temperature
b : Bulk temperature
max : Maximum

min : Minimum

nf : Nanofluid

np : Nanoparticle
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Abstract

Experimental Study on Convective Heat Transfer
Characteristics of MWCNT/Fe;O, Hybrid Nanofluid

Zoljargal Narankhishig
Advisor: Prof. Honghyun Cho, PhD.

Graduate School of Chosun University

The forced convective heat transfer is the key of heat transfer processes
affected by the flow of working fluid. In this study, the convective heat transfer
coefficient and friction factor of MWCNT, FesO4 and MWCNT/Fe;0, hybrid
nanofluids was investigated experimentally in a heating circular pipe at different
Reynolds numbers (1000, 1200, 1400 and 1600). The weight concentrations of
0.025wt%, 0.05wt%, 0.1wt% and 0.2wt% was used in the MWCNT, Fe;O, and
MWCNT/FesO, hybrid nanofluids, and mass mixing ratio of the MWCNT/FesO,
hybrid nanofluid was fixed by 1:1 between MWCNT and Fes;O, nanoparticles.

This study is to introduce the basic concept of convective heat transfer,
nano-sized nanoparticles, and main problematic prediction of convective heat
transfer. First, previous studies reviewed and summarized in the first part. In the
second, synthesis method of Fe;O4 nanoparticle, the preparation method of hybrid
nanofluid, measurement techniques of thermal conductivities of nanofluids,
convective heat transfer experimental setup, and method are presented. In the

third, considering all these mentioned elements, enhancement of convective heat

_x_
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transfer coefficient, Nusselt numbers, pressure drop, and friction factors in
MWCNT, Fe;O04, and MWCNT/FesO4 hybrid nanofluids were comprehensively
analyzed. Generally, the convective heat transfer coefficient increases with the
Reynolds number and weight concentration of nanofluids, so these phenomenon
was verified in this study.

The convective heat transfer coefficient of MWCNT/Fe;O, hybrid nanofluid was
ranged from 1914.3 to 1988.4 W/m’K, which was 6%-12.4% higher than that of
the base fluid. The maximum improvement in the convective heat transfer
coefficient was presented at 0.1wt% MWCNT/FesO, hybrid nanofluid and Reynolds
number of 1600, which was 12.4% higher than that of base fluid. The convective
heat transfer coefficient of MWCNT/FesO, hybrid nanofluid was 1914.3 W/mK,
1958.5 W/m?K, and 1988.4 W/m?K, respectively, at weight concentrations of
0.025wt%, 0.05wt%, and 0.2wt%, which were 6%, 8.5%, and 10.1% increased one
compared to those of the base fluid. The Fe;O4 nanocomposite synthesized by
using the co-precipitation method, which has a magnetic property and has a high
potential to improve its thermal properties by adding high thermal conductivity
material of MWCNT nanoparticles to FesOs nanofluid. The adding of Fe3O,
nanoparticles into the base fluid can reduce the thermal conductivity of Fes;Oq4
nanofluid. It may increase the viscosity of the high concentration of nanofluids,
which increases the viscous of the layer, therefore the friction factor increases.
The MWCNT/Fe;0, hybrid nanofluid are more effective in the increase the
convective heat transfer coefficient compared to single MWCNT and FesO,

nanofluids.

- X1 -
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[. Introduction

1.1 Background

A conventional heat transfer is the most important study of heat transfer
process used in an engineering fields, numerous industries such as cooling/heating
applications and other industrial systems. The convective heat transfer can
improve the characteristics of heat transfer through the widespread applicability
or variation of the heat exchanger elements or other heat transfer applications.
Most studies have been conducted to improve the convective heat transfer
performance and to consider the possibility of improving the convective heat
transfer characteristics through advanced nanotechnology as described in the
atomic and molecular scales of nanoparticles using micro-scale materials, as well
as molecular technologies using a nano-sized nanopaticles. Nanofluids improve the
heat transfer of conventional working fluids such as water, ethylene glycol and oil
by adding nano-sized nanoparticles with high thermal conductivity to improve their
nanofluid thermal properties. Specifically, nano-sized particles have at least two
dimensions between 1 and 100 nanometres. On this scale, interatomic forces
become large, and must be considered when conducting studies to characterize
the experiment and model the behaviors of nanomaterials. Fig. 1.1 shows the

combination of nanoparticles and biomolecule on a nanoscale [1].
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Fig. 1.1 Nanoscale combination of nanoparticle and biomolecule [1]

Therefore, A mixture of nano-sized nanoparticles and a conventional working
fluid is called a nanofluid. The nanofluids have a higher thermal properties and a
higher thermal conductivity than a base fluids of water, ethylene glycol and oil
Firstly, Choi and Eastman [2] investigated the basic concept of nanofluids in 1995.
Subsequently, a large number of researchers developed the effects of thermal
properties of nanofluids on the improvement of convective heat transfer of
various nanofluids with nanoparticles, such as Al,Os, TiO, CNT, SiO,, CuO, and

Fes04, respectively.
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Fig. 1.2 Number of papers related to nanofluids

Fig. 1.2 shows the numerous nanofluid related papers published over the
last decade. Research into nanofluids has grown sharply over the last 20 years.
Nowadays, many researchers are focusing on a new type of nanofluid by mixing
magnetic particles (cobalt, nickel, and iron) and a conventional working fluid (such
as water and glycol), called Ferrofluids (FesOs). In general, ferrofluids can be used
in engineering applications such as heat exchangers, microdevices, refrigeration,
turbomachinery, chemical reactors and air conditioning systems. Nanofluids with
magnetic nanoparticles have been shown to improve thermophysical properties

compared to non-magnetic nanofluid and conventional working fluids.
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1.2 Previous studies

The nanofluid is the fluid contained nano-meter sized nanoparticles in the
conventional working fluid such as water, ethylene glycol, oils. Nanoparticles with
their superior thermal properties, when suspended in the conventional working
fluids, find engineering applications for the convective heat transfer of fluids in
mechanical engineering. Cieslinski [3] investigated the convective heat transfer
potential of an Al,Os/water-EG nanofluid at the concentrations ranging from
0.1vol% to 1vol% in the transient and turbulent flow region. The convective heat
transfer coefficient was shown the increase in the nanoparticle concentration
which reduces the convective heat transfer coefficient, and a maximum
decrement of convective heat transfer coefficent was approximately 25% for a
base fluid of 50:50 water:EG mixing ratio at concentration of 1vol%. Minakov et
al. [4] have studied the convective heat transfer of a CuO/water nanofluid at
various concentrations in the laminar flow region. Their results conclude that the
convective heat transfer coefficient of CuO/water at concentration of 2vol% with
a constant Reynolds number improved by 40% compared to that of the base fluid
of water. For this, increment of viscosity was shown with the nanoparticle
concentration, which is due to the high pumping power. In addition, Gupta et al.
[5] investigated the convective heat transfer of MWCNT/DI-water at concentration
ranging from 0.05wt%-0.5wt% with a laminar flow region. The maximum
improvement in convective heat transfer coefficient was 77.6% in the
concentration of 0.5wt% MWCNT/Di-water nanofluid with the flow velocity of

0.232 m/s as compared to the base fluid of water. Numerous studies on the

-4 -
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convective heat transfer in various nanofluids have been conducted using a wide
range of nanoparticles such as TiO,, CuO, AlOs SiC, SiO;, and MWCNT
nanoparticles. [6-14]. Shin et al. [15] studied the convective heat transfer of
Alb,Os;, CuO, and TiO; nanoparticles under three dimensional simulation in
rectangular microchannels. They analysed that the local convective heat transfer
coefficient increases as the nanoparticle concentration increases according to the
type of nanoparticles applied. Oztop et al. [16] numerically studied the effects of
the temperature distribution of Al,Os and TiO, nanofluids in an inclined square
enclosure. An improvement in the convective heat transfer coefficient is shown at
a high concentration, and the heat transfer rate increases separately with the
types of nanoparticles. The effect of the improved convective heat transfer
coefficient is particularly clarity for low Rayleigh numbers. Kalteh et al. [17]
analyzed the convective heat transfer coefficient Al,Os, TiO, Ag, and CuO
nanofluids in a square cavity with the triangular heat source. Increasing the
concentration leads to an increase in the average Nusselt number for all
nanofluids, and the convective heat transfer coefficient of an Al,O; nanofluid is
greater than that of a TiO, nanofluid. The maximum Nusselt number shows on
the top wall at the concentration of 5vol% with Al,Os. Azizian et al. [18]
numerically and experimentally studied the effects of an external magnetic field
of FesO4Di-water in convective heat transfer coefficient under a laminar flow
region. They concluded that the maximum convective heat transfer coefficient of
magnetite nanofluids could be increased about 300% compared to that without the
magnetic field.

Nowadays, most convective heat transfer investigations have been conducted

with high concentrations of oxide nanoparticles, which can increase the viscosity

-5-
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of nanofluid and pumping power of the working fluid. Sufficient energy can be
transferred to low concentrations of nanofluids because the thermal conductivity
of carbon nanoparticles is higher than the thermal conductivity of oxide
nanoparticles [19,20]. Therefore, researchers found that the convective heat
transfer enhancement of magnetic nanofluids has shown significant changes in
magnetic field [21-26]. Goharkhah et al. [27] examined the convective heat
transfer of Fe;O, nanofluid based water in a uniformly heated parallel plate
channel with different magnetic field intensities. They concluded that the
non-magnetic field, the convective heat transfer coefficient improved by 24.9%
and 37.3% at constant and alternating magnetic fields. Yarahmadi et al. [28]
studied the convective heat transfer of Fe;Os/Di-water in a circular cross-section
tube at constant heat flux with a laminar flow region. Maximum improvement of
convective heat transfer coefficient was shown in the last segment of the
experiment with applied magnetic field on a FesOs/Di-water nanofluid. At the
concentration of 5vol% ferrofluid with a frequency of 50 Hz at Reynold number
of 465, a highest improvement in convective heat transfer was 19.8% in the last
segment of experiment with the magnetic field as compared to the non-magnetic
field. Hatami et al. [29] investigated the convective heat transfer of Fes;O,/water
nanofluid in a horizontal tube and compared to and without a magnetic field. No
effect on convective heat transfer improvement were shown by applying the low
magnetic field strenght at a nanoparticle concentration of 0.1vol%. Important
improvements in convective heat transfer improvement have been observed in
order to increase one of these factors. The convective heat transfer coefficient
also decreased with increase in the Hartmann number at the invariant

concentration and an increase in the nanoparticle concentration of the nanofluid

-6 -
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which was shown at the constant Hartmann number. This is caused by the action
of an applied the presence of a magnetic field, which decentralizes the Brownian
motion of nanoparticles. Currently, several researchers are experimentally
investigating improved nanofluid dispersion stability. However, when a magnetic
nanofluid dispersed by mixing two nanoparticles in a conventional working fluid is
used as a hybrid working fluid in a thermal system, the consideration should be
given to the consistency of each nanoparticle for its thermal performance with
the conventional working fluid. The convective heat transfer characteristics of
hybrid nanofluid have been experimentally studied and several results of a
preparatory study on the convective heat transfer of hybrid nanofluids were
introduced. A new type of nanofluid that is formed by dispersing two or more
single nanoparticles in the conventional working fluid can be provided with a
hybrid nanofluid. Hybrid nanofluids also have a high thermal properties than a
single nanofluid, which disperses one type of nanoparticle.

Numerous studies in the field of hybrid nanofluids have not yet been
presented with an acceptable model for various hybrid nanofluids [30-37]. Alsarraf
et al. [38] have recently studied simultaneously the convective heat transfer of
MWCNT-FesOs/water hybrid nanofluid with a laminar flow region. The average
increase in Nusselt number and pressure drop of a hybrid nanofluid which is
containing 0.9vol% and 1.35vol% with magnetite and CNT under a magnetic field
were 109.3% and 25.02%, compared without a magnetic field. They conclude that
the Nusselt number and pressure drop of the MWCNT-Fe;O4/water nanofluid were
improved under magnetic conditions. The previously described findings and the
improvements in the convective heat transfer of various nanofluids described in

other studies are summarized in Table 1.1.
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Table 1.1 Summary of studies on convective heat transfer of various nanofluid

Authors Nanoparticles | Findings

Chiney et al. [6] | Al;O3 The improvement is around the 10-60%
higher than the base fluids, higher
nanoparticle concentration with higher flow
rates.

Anoop et al. [7] | ALOs The improvement of convective heat transfer
coefficient was 31% at axial distance of x/D
= 63, whereas it increased by 25% and 10%
at x/D = 147 and 244, respectively.

Yu et al. [8] SiC The improvement convective heat transfer
coefficient was around 14-32% higher than
standard single-phase turbulent convective
heat transfer correlation.

Mehrjou et al. | CuO The convective heat transfer coefficient of
(9] nanofluids at triangular duct is increased as
the nanoparticle concentrations increases.

Heris et al. [10] | Al,Os, CuO The convective heat transfer improves with
increasing concentrations and Peclet number.
Al,Os/water nanofluid shows more
improvement of convective heat transfer
compared with CuO/water nanofluid.

Mangrulkar et | Al,O03, CuO The maximum improvement of Al,Os/water

al. [11] nanofluid was around 52%, and CuO/water
was around 60%.

Kumaresan et | MWCNT The Prandtl number decreases with increase

al. [12] the temperature for all concentration of the

nanofluids with MWCNT due to decrease in
the viscosity of the MWCNT nanofluids.

Wen and Ding | TiO, The convective heat transfer coefficient

[13] decreases with increase some deterioration as
well as nanoparticle concentrations.

Ferrouillat et al. | SiO, The improvement of convective heat transfer

[14] increases with the concentration as well as

Nusselt number from 10% to about 50% when
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volume concentration ranged from 2.3% to

18.9%.

Ghofrani et al. | FesO4 The improvement of convective heat transfer

[21] increases by 27.6%+1.22% at a Reynolds
number of 80 with an alternative magnetic
field

Sha et al. [22] Fe;04 The maximum improvements of convective

heat transfer were 4.2% and 8.1% with
applying the constant magnetic field.

Asfer et al. [23] | Fe;Oq4 The improvement of thermal conductivity of
FesO, resulting from the formation of
chainlike clusters of IONPs at magnetic field.

Sadrhosseinia et | Fe;0y4 To increasing concentration has a better
al. [24] effect on  convective  heat  transfer
improvement ranged from 50 to 75% which
are due to the increase of heat conduction
at higher volumetric ratios.

Guzei et al. [25] | FesO4 The convective heat transfer coefficient of a
FesO, nanofluid with a  nanoparticle
concentration of 0.25vol% increases by 35%
relative to the base fluid with the magnetic
field action applied by three magnets.

Ashjaee et al. | Fes0q The maximum improvement of convective

[26] heat transfer was 14% compared to the pure
water at applied magnetic field.

Shahsavar et al. | CNT-Fes0, The maximum improvement of 62.7% was

[30] improved for hybrid nanofluid containing

0.9vol% FesO4 and 1.35vol% CNT at Reynolds
number of 2190.

Shi et al. [31] CNT-Fes0,4 The improvement of convective heat transfer
increase at high magnetic field strength. it
improved from 6.7% to 18.4% at the external
magnetic field strength increased from 5 to

40 mT.
Takabi and Al,O3-Cu The average increase of Nusselt number in
Shokouhmand Al,Os-Cu/water hybrid nanofluid is 32.07% and
-9 .
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[32]

the amount for the average increase of friction
factor is 13.76% compared to pure water.

Balla et al. [33]

CuO, CuO-Cu

Hybrid nanofluids show great improvement in
Nusselt number for 2CuO-1Cu and 1CuO-2Cu
are 35% and 30% in compare with water

Labib et al. [34]

CNT-AL0O3

The improvement of convective heat transfer
coefficient ~ of  0.05vol% CNTs+0.6vol%
Alb,Os-water and 0.05vol%  CNTs+1.6vol%
Al,Os-water are 22.8% and 59.86% compared
to 0.05vol% CNTs-water nanofluids

Minea et al. [35]

CuO-Cu

The convective heat transfer coefficient of
1%vol 1CuO-2Cu nanofluid was improved by
3.28 times than pure water. The Nusselt
number for 1CuO-2Cu nanofluid showed
improvement of 129% compared to pure
water

Uysal et al. [36]

Diamond-Fe;
Oy

The improvement in convective heat transfer
coefficient ~ of  0.2vol% diamond-Fe;04
hybrid/water — nanofluid was 29.96% at
Reynolds number of 1000

Al-Balushi et al.
[37]

FegO4,
CoFey0y,
Mn-ZnFe,0y,,
SiO,

Those nanofluids have higher convective heat
transfer coefficient than water based base
fluids. The kerosene based nanofluids showed
higher convective heat transfer improvement
as an engine oil based nanofluids which show
lower heat transfer improvement.
Mn-ZnFe,O,-Ke nanofluid has a higher
convective heat transfer coefficient than
other types of nanofluids
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1.3 Objectives of this study

The representative thermal properties and manufacturing method of nanofluids
are briefly introduced, and the convective heat transfer characteristics of the
MWCNT/FesO, hybrid nanofluid is investigated and their findings discussed. The
previous investigations suggested that the FesO, nanofluid has a high potential to
improve its thermal properties by adding additional MWCNT nanoparticles into
nanofluid due to the significant thermal and rheological characteristics of MWCNT
nanoparticles. Most of the studies that investigated the convective heat transfer
of nanofluids compared the convective heat transfer coefficient of nanofluid with
the base fluid; however, several studies can be found with other methods. In
previous studies, limited research studies have been reported on the convective
heat transfer using MWCNT/FesO,4 hybrid nanofluids which have been shown to be
very good thermophysical properties. For that reason, the convective heat transfer
characteristics of the MWCNT/Fe;sO4 nanofluid are investigated and their
enhancement results discussed.

The objective of this study is to investigate the convective heat transfer
coefficient and the pressure drop of MWCNT, FesO4, and MWCNT/FesO, hybrid
nanofluids, which is based on the fluid of EG/Water=20:80 at various weight
concentrations ranging from 0.025wt% to 0.2wt%. The experiments were conducted
according to the nanofluid of MWCNT, Fe;O4 and MWCNT/FesO4 hybrid nanofluid
at Reynolds numbers were ranged from 1000 to 1600 in the laminar flow region.
Furthermore, the convective heat transfer coefficient and pressure drop as a

function of Reynolds number, nanoparticle concentrations were investigated.

- 11 -
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Achieving the enhancement of convective heat transfer and findings are

considered to be the experimental analysis.

12 -
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II. Experimental setup and method

2.1 Synthesis of FesO4 nanoparticles

The co-precipitation method was used in this experiment to synthesize the
Fe;0, nanoparticles. For co-precipitation method, the mixture of ferrous chloride
(FeClp and (FeCly) iron chloride were stirred in magnetic field at the temperature
of 50°C. During the stirring procedure, the aqua ammonia solution (NH,OH) was
added drop-wise to raise at the temperature of 50°C. At this temperature, the
solution color was changed from brown to black when adding the aqua ammonia
solution (NH,OH).

Afterwards, the black nanoparticles were magnetically separated from the
ammonium solution using the permanent magnet and washed with distilled water
more than three times. Separated FesO, nanoparticles were coated with an
aqueous poly solution (acrylic acid) pumped by a vacuum pump at the
temperature of 90°C for 1 hr. After the coating process, the mixture of Fe;Oq4
and poly solution (acrylic acid) was cooled until its temperature reached the
ambient temperature and dried in a vacuum filter. Fig. 2.1 shows the process of

synthesizing and coating of FesO, nanoparticles.

13 -

Collection @ chosun



Magmetic stirring

Magnetic stirring Magnet
FeCl.+2FeCl +SNH,OH Fe,0+SNH,CI1+4H,0
Polyacrylic acid Water
5

Magnetic stirting at 95°C

{1 bour) ‘Wash with water

p—

Fe.0), nanoparticle

Wash with water

Coated Fe;0y nanoparticle

Fig. 2.1 The developed co-precipitation method of FesO, nanoparticle
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2.2 Preparation method of MWCNT/FesO, hybrid nanofluid

In this experiment, a two-step method was used for the manufacture of
continuously circulating nanofluids and ultrasonic dispersion. Continuous circulation
of ultrasonic dispersion is a process which a mixture is continuously dispersed in a
fluid while ultrasonic dispersion and stirring is performed. The two-step
manufacturing method is shown in Fig 2.2. Two different nanoparticles (US nano,
Inc) used in this study. To disperse nanoparticles, mixing ratio of the base fluid of
EG/Water was 20:80 solution. A high concentrated nanofluid was added to the
base fluid EG/Water=20:80 and stirred in a pre-mixer for 1 hr, then mixed again
in the continuous ultrasonic processor for 2 hr after the pre-mixed nanofluid. To
disperse FesO, nanoparticles in nanofluid uniformly, the chemical agent poly
solution (acrylic acid) was used to coat the surface of Fe;O, nanoparticle. Similar
procedures were followed for the preparation of all concentrations of MWCNT or
FesO4 nanofluids based on the base fluid of EG/Water=20:80, in this study. The
nanoparticle mixing ratio of MWCNT/Fe;O4 hybrid nanofluid was fixed at weight
mixing ratio of 1:1, and also weight concentrations of Fe;O,, MWCNT, and
MWCNT/FesO4 hybrid nanofluids were 0.005wt%, 0.05wt%, 0.1wt% and 0.2wt%,
respectively. Thermo-physical properties of MWCNT, FesO4 nanoparticles,
nanofluids and base fluid EG/Water=20:80 of properties are presented in Tables
2.1 and 2.2.

- 15 -
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Nanofluid 1
+

Nanofluid 2

Base fluid

Direct mixing

Ultrasonication

Hybrid
nanofluid

Fig. 2.2 Preparation of hybrid nanofluid using a two-step method

- 16 -

Collection @ chosun



Table 2.1 Thermo-physical properties of MWCNT and Fes;O, nanoparticles

MWCNT FesO,4
Purity (%) 295 99.5+%
Outside diameter (nm) 10-20 15-20
Inside diameter (nm) 5-10 -
Length (um) 10-30 -
Color Black Dark Brown
Electrical conductivity (s/cm) 100 -
Tap density (g/cm?®) 0.22 4.8-5.1
True density (g/cm?®) ~2.1 -

Table 2.2 Thermo-physical properties of working fluids

at different weight

concentrations
, Specific L
} . Density Viscosity

Working fluid wt% vol% (ke/m?) heat (ka/ms)

& (KJ/kgk) &

EG/Water (20:80) | 21.7 20 1027.9 3.826 1.46
0.025 0.019 1034 3747.1 0.00105
0.05 0.038 1040.2 3668.2 0.00110
MWCNT 01 |0.076 1052.4 3510.4 0.00124
0.2 0.152 1076.9 3194.8 0.00158
0.025 0.005 1048.4 3746.6 0.00101
FesO, 0.05 0.010 1068.9 3667.2 0.00102
0.1 0.020 1110 3508.4 0.00105
0.2 0.040 1192 3190.8 0.00110
0.025 0.024 2134.97 1169 0.00107
MWCNT/Fe;04 0.05 0.048 2135.05 1144 0.00117
hybrid nanofluid | 0.1 0.096 2135.2 1094 0.00144
0.2 0.192 2135.5 996 0.00223

- 17 -
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The MWCNT/Fes0, hybrid nanoparticles were prepared by mixing ratio of 1:1
and weight concentrations ranged from 0.025wt% to 0.2wt%, respectively. The

weight concentrations of nanoparticle were estimated by Eq. (D).

_ ¢ pnf
n = ( 100— ¢ )( Pyf )wa M

where ¢ is the weight concentration of nanofluid, p,, and p,, are the mass of
base fluid of EG:Water=20:80 and nanoparticles.

Fig. 2.3 presents the transmission electron microscopy (TEM) image of MWCNT,
FesO4 and MWCNT/FesO4 hybrid nanoparticles, the diameter of the nanoparticles
ranged between 10 and 20 nm, which clearly indicates the matching size and
structure of the nanoparticles. In Fig. 2.4, X-ray diffraction (XRD) pattern of the
MWCNT, FesO, and MWCNT/FesO4 hybrid nanocomposites. The XRD pattern
analysis of nanocomposites used in this study reveals sharp density peaks at
25.5° , which is a typical pattern of MWCNT, Fe;0, and MWCNT/Fe;O, hybrid
nanocomposite. As shown in Fig. 2.5, no nanoparticle deposition has occurred in
the MWCNT, Fe;04 and MWCNT/FesO, hybrid nanofluids which indicate higher
dispersion stability. Increasing the concentrations of nanofluid can be shown the

change of color of nanofluid.
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Tt

(@) MWCNT nanoparticle (b) Fe;0,4 nanoparticle

() MWCNT/Fe;04 nanoparticle

Fig. 2.3 TEM images of (a) MWCNT nanoparticle, (b) Fe;O4 nanoparticle, and (c)
MWCNT/FesO4 hybrid nanoparticle

- 19 -

(“ICollection @ chosun



300

250

[d

>

>
|

150

100

Intensity (count/s)

50

20 30 40 50 60 70
2 0 (degree)

(a) MWCNT nanoparticle

120

100

(=]
>
|

[=a)
>
|

F
>
|

Intensity (count/s)

o
>
|

20 30 40 50 60 70
2 0 (degree)

(b) FesO, nanoparticle

- 20 -

Collection @ chosun



MWCNT/Fe,0,

Intensity (a.u.)

20 | 40 60 80 | 100
2 0 (degree)

() MWCNT/Fe30, hybrid nanoparticle

Fig. 2.4 XRD images of (a) MWCNT nanoparticle, (b) Fe;O, nanoparticle and (c)
MWCNT/FesO,4 hybrid nanoparticle
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0.025wt% 0.05wt%

(@) MWCNT nanofluids

() MWCNT/Fe;0,4 hybrid nanofluids

Fig. 2.5 Pictures of (@) MWCNT nanofluids, (b) FesO, nanofluids, and (c)
MWCNT/Fe;O4 hybrid nanofluids
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2.3 Thermal conductivity measurement of MWCNT, FesOy,

and MWCNT/FesO4 hybrid nanofluids

The transient how wire technique was used in this analysis to calculate thermal
conductivity nanofluids. The hot wire method is to measure the thermal
conductivity of working fluids using equipment, which is easily accessible in a
physical laboratory. The thermal conductivity of nanofluids depends on many
factors such as particle volume fraction, particle material, particle size, particle
shape, base fluid material, and temperature. In this experiment, the thermal
conductivity was measured by the thermal conductivity analyzer (KD2 Pro)
manufactured by Decagon Devices Inc. This measuring device is a handheld
device used to measure thermal properties of working fluid. There are several
sensors available for use that operators can insert into any material. KD2 Pro
consists of single needle with a length and diameter of 60 and 1.3 mm. The
thermal constant bath (VS-190CS), thermal conductivity measurement device (KD2
Pro), double glass beaker and temperature sensor were used to measure the
thermal conductivity of nanofluid. The thermal constant bath with 20 L capacity
was used to control the temperature of working fluid constantly, and the
temperature sensor (K-type) and test section of laboratory glass filled with
working fluid which covered by a double glass beaker. The double glass beaker
should be used to prevent against temperature disturbance. Double glass beaker
was insulated by pink foam. The experimental and schematic components are
shown in Fig. 2.6. Before the test, the measuring equipments were checked with

water for calibration process. After, thermal conductivity of MWCNT, Fe;O4 and

23 -
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MWCNT/FesO, hybrid nanofluids were measured at the temperature of 25°C.

(a) KD2 Pro (b) Thermal constant bath

Thermal
conductivity
measurement
device

]
O

Temperature
Sensor

Double Glass Beaker

(c) Schematic of thermal conductivity measurement

Fig. 2.6 Thermal conductivity measurement devices of (a) KD2 Pro, (b) Thermal

constant bath (c) Schematic of thermal conductivity measurement

24 -
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2.4 Experimental setup and equipments of convective heat

transfer

The convective heat transfer equipment consists of the test section, DC power
supply, pressure transmitter, brazed plate heat exchanger, micro gear pump,
storage tank, thermocouples, and data acquisition system. Fig. 2.7 shows the
schematic and pictures of the experimental setup for measuring performance of
convective heat transfer. The test section had a stainless steel tube of 1.5 m with
inner and outer diameter of 3.7 and 6.3 mm, respectively. The thermocouples are
installed on the tube at the distance of x=300 mm from the entrance of the test
section. The low temperature water bath provided for setting the inlet
temperature to the required level. Therefore, peroxide-cured silicone tubes were
installed on the inlet and outlet of the test section, which was insulated with
rubber foam insulation material. Table 2.3 shows the experiment conditions of

convective heat transfer.

Table 2.3 Experiment conditions of convective heat transfer

Items Specifications
Test section Stainless steel
Tube length (mm) 1500
Inner diameter (mm) 3.7
Outer diameter (mm) 6.3
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(b) Picture of experimental setup [part 1]

- 26 -

(+/Collection @ chosun

—-—




(c) Picture of experiment setup [part 2]

Fig. 2.7. Experimental setup of convective heat transfer (a) Schematic of
convective heat transfer experimental setup (b) Picture of experimental setup

[part 1] (c) Picture of experimental setup [part 2]
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A. Brazed plate heat exchanger

A brazed plate heat exchanger is the type of heat exchanger that uses welded
metal plates to transfer heat between two liquids. In this research, the brazed
plate heat exchanger (B3-030-10-3.0-HQ) was used which has a cost effective
component for conventional evaporators, condensers, commercial and industrial
refrigeration, cooling and air conditioning applications. The advantages of brazed
plate heat exchanger are less space, wide range of sizes, cooling capacity, high
heat transfer, and capable for high viscosity fluids. Fig. 2.8 and Table 2.4 show

the image and specifications of the brazed plate heat exchanger.

) 1 \%“Tr
‘i!“ h.“
»  Hileld

o ..
7 I [
Fig. 2.8 Brazed plate heat exchanger (B3-030-10-3.0-HQ)

Table 2.4 Specifications of brazed plate heat exchanger

Items Specifications
Model B3-030-10-3.0-HQ
Temperature range (°C) -196/+200
Pressure range (bar) -1/30
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B. Micro gear pump

The micro gear pump controls the low viscosity of working fluids, solvents, and
liquid gases. The fluids containing solids are not suitable for micro gear pumps
because nanoparticles are nano-sized solids dispersed in the conventional fluid.
For this reason, nanofluid dispersion stability will be higher and there will be no
sedimentation for each experiment. The advantages of the micro gear pump are
high dosing accuracy, high efficiency, low pulsation promotion, low costs, high
capability, and low maintenance. Fig. 2.9 and Table 2.5 show the image and

specifications of the micro gear pump.

<

Fig. 2.9 Micro gear pump (WT3000-1FA)

Table 2.5 Specifications of micro gear pump

Items Specifications
Model WT3000-1FA
Flow rate (ml/min) 85.7 to 2571.4
Speed (rpm) 300-3000
Accuracy (%) +1.0
Diameter of particle in liquid ( zm) 10
Temperature (°C) -45 to 120
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C. Power supply

The power supply is an electrical device which supplies electrical power to the
test section. The power supplies include a power input connection that produces
energy from the source in the electrical current, and power output connections
that provide experimental current. For this research, DC power supply (DSP-2005)
is designed to supply energy at voltage and current. The output of the DC power
supply was dependents on the input of the voltage reduction transformer and
matched the output of the current required by the load. As a consequence, the
output of the voltage decreases with an increase in the outlet of current. Fig.

2.10 and Table 2.6 show the image and specifications of the DC power supply.

L 18

Fig. 2.10 DC power supply (DSP-2005)

Table 2.6 Specifications of DC power supply

Items Specifications
Model DSP-2005
Normal capacity (kW) 1
Maximum voltage (V) 200
Maximum current (A) 5
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D. Low temperature water bath

Low temperature water bath consists of a container filled with heated water. It
is used to perform experiment in water at a constant temperature for a long
period of time. Low temperature water bath is the heated bath circulators for
water, oil, liquid. The advantages of low temperature water bath are cost
efficient, high quality and easy to circulate for the inlet of test section. Fig. 2.11

and Table 2.7 show the image and specifications of low temperature water bath.

Fig. 2.11 Low temperature water bath (RBC-08)

Table 2.7 Specifications of DC power supply

Items Specifications
Model RBC-08

Bath capacity (Liter) 8

Heater capacity (W) 1500
Temperature range (°C) -20 to 95
Temperature accuracy +0.5

Measuring equipment used for the measurement of physical and electrical
quantities is defined as the measuring equipments. Measuring equipments of

convective heat transfer are devices for measuring a mass flow rate, temperature,
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pressure, and data acquisition system in convective heat transfer. In this step, a

set of measuring devices for convective heat transfer are presented.

E. Precision balance

The measurement of mass of working fluid is possible using an electronic
weighing scale (precision balance of FX-300i) and the proper signal processing.
The liquid flow-weighing system consists of the flow control valve, pipe or nozzle,
collection tank, and precision balancer. The mass flow rate measured by weighing
the quantity of working fluid during certain measuring time. Fig. 2.12 shows the
liquid flow weighing measurement of mass flow rate and device of precision

balance. In addition, the specifications of precision balance is shown in Table 2.8.

o H

X Valve

v h
i | Collecting
\ 5 i/ tank

R T -l | o C_—_— o |

Precision balancer

Fig. 2.12 The mass flow rate measurement of (a) Precision Balance (FX-300i)

(b) The liquid flow-weighing measurement

Table 2.8 Specifications of precision balance

Items Specifications
Model FX-300i
Maximum capacity (gram) 320
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F. T-type thermocouple

The thermocouple is the sensor to measure temperature of test object. T-type
thermocouple consists of two wires of different material connected at the end.
One loop is located at the point of measuring temperature, and the other loop is
located at a constant lower temperature. That temperature difference causes the
development of an electromotive force which is approximately proportional to the
difference between the temperatures of the two loops. The T-type thermocouple
is a noticeable stable and is widely used in low temperature applications. Fig. 2.13

and Table 2.9 show the image and specifications of T-type thermocouple of this

study.
Fig. 2.13 T-type thermocouples
Table 2.9 Specifications of T-type thermocouple
Items Specifications
Model T-Type thermocouple
Temperature range (°C) -200 to 300
Accuracy (°C) +1.0
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G. Pressure transmitter

The pressure transmitter is used to measure the pressure of working fluid in
the test section of this experiment. The pressure drop between the inlet and the
outlet of tube was measured with the pressure transmitter. The output of working
fluid is transmitted to a control system. Accuration and stabilization process of
measurement equipment to guarantee for the safe, stable, and useful operation of
the experiment. Fig. 2.14 and Table 2.10 show picture and specifications of

T-type thermocouple.
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Fig. 2.14 Pressure transmitter (2301005PD2F11BC)

Table 2.10 Specifications of pressure transmitter

Items Specifications
Model 2301005PD2F11BC
Range (PSID) 0-5
Output (mA) 4-20
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H. Data acquisition system

The data acquisition system is the measurment of the physical parameters and
converting to the numerical values of results that can be operate with computer.
Data acquisition system starts with the same time of physical property to be
measured, to include temperature, pressure, light intensity, fluid force and mass
flow. This system consists of a DAQ hardware, sensor, and signal condition
hardware. In this experiment, the data acquisition system (MX100) which is
designed to operate with PCs is used. Fig. 2.15 and Table 2.11 show picture and

specifications of the data acquisition system.

Fig. 2.15 Data acquisition system (MX100)

Table 2.11 Specifications of data acquisition system

Items Specifications
Model MX100
Number of inputs 10
Measurement interval (ms) 100
Operating temperature range (°C) 0 to 50
Rated power supply voltage (VDC) 12 to 28
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2.5 Operating condition and method of experiment

An experimental setup was designed to examine the convective heat transfer
characteristics of MWCNT, FesOs, and MWCNT/Fe;O, hybrid nanofluids flowing
through a tube under constant heat flux boundary conditions. The nanofluids with
different weight concentrations based into the base fluid of EG/Water=20:80 are
pumped in the test section using a peristaltic pump with a maximum flow rate of
85.7-2571.4 ml/min. Subsequently, the outer test section was winded by a
nichrome heating wire. The working fluid is uniformly heated with the nichrome
wire. The heat was supplied by DC power supply with a maximum output of 1
kW. The power was measured by a voltmeter and an amperemeter with accuracy
of 0.01 V and 0.001 A. The heat loss was estimated to be less than 10%. After,
the fluid was cooled down to inlet temperature by recirculating low temperature
water bath (DS-RBC-08) directed to the 8 liter vessel. Thermocouples attached on
the wall of test section at regular intervals to determine the wall temperature.
The temperatures were measured by five thermocouples of T-type with an
accuracy of 0.1°C Two thermocouples are placed into the flow at the inlet and
outlet of the test section to measure bulk temperatures of nanofluids. During
experiment, the inlet and outlet temperatures of nanofluid and the wall
temperature were measured. Each measurement was repeated three times. The

operating conditions are shown in Table 2.12
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Table 2.12 Operating conditions of experiment

Items Specifications

EG/Water (20:80), MWCNT, Fe;O4, and

Working fluid
g MWCNT/Fes0, hybrid nanofluid

Reynolds numbers 1000, 1200, 1400, 1600
Inlet temperature (°C) 25
Power supply (W) 100
Mass flow rate (kg/s) 0.005-0.009
Velocity (m/s) 0.381-0.715
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2.6 Data reduction

The density and specific heat of single nanofluid were estimated based on the
Pak and Cho [39] equation, which are calculated by Eqgs. (2,3)

Py = (1= @)py+dxp, (2

Cy=010=0¢)Cs+¢xC, 3

Where ¢ is the weight concentration of nanofluid, p,;, p,, and p, are the

density of the base fluid, nanofluid and nanoparticle, G, ¢,

n

; and C, are the
specific heat of base fluid, nanofluid, and nanoparticle. For the hybrid nanofluid,
the density and specific heat were based on the equations, which are calculated

by Egs. (4,5)

Pent X Wentt Pre,0, X Wre,0,

= (4)
PCNT+ Fe,0, Wenr+ Wre o,

ConrXwenrt Cpe o, X Wre o,

&)

C =
CNT+ Fe,0,
o Wont T Wre,0,

Where weyy and wy, , are the weight of the MWCNT and Fe;Os nanofluids,
Cenr and Cy, o are the specific heat of MWCNT and Fe;O, nanofluids. The
amount of energy supplied to the test section and the absorbed heat by the
working fluid which are calculated by the Egs. (6,7)

P=VxI (6)
Q=mx Ox(T,~ T) D

Where V is the voltage, 7 is the current of power supply, m and C are the
mass flow rate and specific heat of working fluid, 7, and 7; are the outlet and
inlet of temperature of test section. The local heat of convective heat transfer

coefficients along the axial distance of test section are calculated by Eq. (8)
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_ Q
h= m (8)

Where A4 is the area of test section, t, and t, are the temperature of wall and

bulk. The area, wall and bulk temperatures are calculated by

o+i

A==nDL, t,= 5

,and ¢, = , respectively.

=T
5
The Nusselt number is the directly proportional to the convective heat transfer

coefficient which increases with the Nusselt number. The Nusselt number is

calculated by Eq. (9)

hxXD
k

Nu= 9

Where D is the inlet diameter of test section, % is the thermal conductivity of
nanofluid. The friction factor is the related to the pressure drop which is
measured across the test section under flow condition is used to determine the

friction factor which is calculated by Eq. (10)

Where £ is the length of the test section, p is the density of the working

f= 10)

fluid, v is the velocity of the working fluid at Reynolds number.
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2.7 Uncertainty analysis

The calculation of the experiment error

in the measurement of the

experimental analysis is based on the method used by Beckwith et al. [40]. The

uncertainties of Reynolds number, heat flux, convective heat transfer coefficient,

and Nusselt number are estimated with Eqgs. (13), (14), (15), and (16). The

uncertainties of measuring device and experimental result are presented in Tables

2.13 and 2.14.

m
2U, Uy \?

q 14 R

o 1) s

—= — +

h q w

Table 2.13 The uncertainties of measuring devices

(13)

(14)

(15)

(16)

Parameter

Instrument

Uncertainty (%)

Thermocouple (K)

Calibrated

T-type thermocouple 0.1

Voltage (V) DC power supply 0.1
Current (A) DC power supply 0.01
Time (s) Time taken 0.01

Table 2.14 The uncertainty analysis for the experimental results

Parameter Uncertainty (%)
Reynolds number, Re 0.10
Heat flux, q 0.2126
Convective heat transfer coefficient, h 0.2332
Nusselt number, Nu 0.2538
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[lI. Results and discussion

3.1 Validation of the experimental result

An experimental setup was validated by using Shah equation [41] for the
convective heat transfer experiment. The experiment was conducted with pure
water in the circular tube according to Reynolds number between 1000 and 1600.
There investigations were compared with our experimental results for pure water
along the axial distance of the test section. They reported this validation can be

calculated by Egs. (11,12)

1.953 % (2,)" /3 z; < 0.03
4.364+0.0722/x, x; > 0.03
. L
LT PrXRexD 12

Nusselt number calculation is separated into two sections where gz, is the
reference parameter. It can be seen from Fig. 3.1 which results corresponded
greatly to our test results of Nusselt number along the axial distance of the test

section. It is seen that there is a strong agreement with effects of pure water.
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Shah's equation Experimental results

114 Re =1000 of this study

X — Re =1200 B Re=1000

l — Re=1400 ® Re=1200

= 10 — Re=1600 A Re=1400

Z.\ Vv Re=1600
=
)
=
£
-
=
=
o
7]
72|
=
Z

Pure water "
5 I T I T I T I T I T I
0 50 100 150 200 250
x/D

Fig. 3.1 Comparison of the measured Nusselt number with the theoretical

correlation of Shah equation for pure water
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3.2 Thermal conductivity of MWCNT, FesO4 and

MWCNT/Fes04 hybrid nanofluids

Fig. 3.2 shows the variation of thermal conductivity of MWOCNT, Fe;Oy,
MWCNT/FesO, hybrid nanofluids at various concentrations. In this experiment, all
concentrations of MWCNT nanofluids were higher than that of other nanofluids.
The increment of weight concentration leads to increase the thermal conductivity
of MWCNT nanofluids. The maximum thermal conductivity of MWCNT nanofluid
was 0.537 W/mK, which was observed at weight concentration and temperature of
0.2wt% and 25°C, respectively. Improving thermal conductivity can be explained by
the increased interactions of nanoparticles in the base fluid (EG/Water=20:80). This
interaction causes the diffusion of heat in nanofluids, which is called Brownian
motion. Compared to the thermal conductivity of base fluid, the maximum thermal
conductivity improvement of MWCNT nanofluid was 6.3% which was observed at
the weight concentration of 0.2wt% and the temperature of 25°C compared to the
base fluid. Moreover, the thermal conductivity of MWCNT/FesO, hybrid nanofluid
was significantly improved compared to that of FesO, nanofluid. The maximum
thermal conductivity of MWCNT/Fe;0, hybrid nanofluid was 0.531 W/mK, which
was observed at 0.2wt% MWCNT/FesO, hybrid nanofluid and the temperature of
25°C, respectively. This improvement is due to the effect of adding MWCNT
nanoparticles. Since, the weight mixing ratio of MWCNT/FesO, hybrid nanofluid
was arranged at 1:1, the number of MWCNT nanoparticles in MWCNT/Fes;Oq4
hybrid nanofluids were greater than that of Fe;O, nanoparticles because of their

density differences affected to the MWCNT/FesO, hybrid nanofluid. Yarmand et al.
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[42] reported that this percolation effect caused by a high concentration of
nanofluid, reducing the distance between nanoparticles and increasing lattice
vibrational frequency. With increasing weight concentration the nanoparticle
distance decreases. This is due to the effect of percolation. It can be observed
that the thermal conductivity of nanofluids increases with an increase in weight
concentrations. The decrement of the distance between nanoparticles improves the

thermal conductivity of nanofluids.
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Fig. 3.2 Variation of the thermal conductivity at the temperature of 25°C under

different weight concentration of nanofluids
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3.3 Convective heat transfer of MWCNT, Fe3O, and

MWCNT/Fes04 hybrid nanofluids

Fig. 3.3 shows the variation of the convective heat transfer coefficient of
MWCNT nanofluid with varying weight concentrations under different Reynolds
numbers. When the concentration of the MWOCNT nanofluid increased from
0.025wt% to 0.2wt%, the convective heat transfer coefficient increased from
1892.1 to 1990 W/m’K, with 4.8% to 10.2% increase in convective heat transfer
coefficient compared to that of the base fluid. It is clearly seen that the
maximum improvement of the convective heat transfer coefficient was observed
at 0.2wt% MWCNT nanofluid, which was 10.2% higher than the base fluid at
Reynolds number of 1600. The convective heat transfer coefficient improvement
of MWCNT nanofluid was 1892.1, 1899.4, and 1983.8 W/m’K, respectively, which
were 4.8%, 5.2%, and 9.9% at the weight concentrations of 0.025wt%, 0.05wt%,
and 0.1wt%, compared with that of the base fluid. Fig. 3.4 presents the variation
of the Nusselt number of MWCNT nanofluid with different weight concentrations
and Reynolds numbers. The Nusselt number of MWCNT nanofluid concentrations
of 0.025wt%, 0.05wt%, 0.1wt% and 0.2wt%, were 12.22, 12.27, 12.82 and 12.86,
respectively, which were higher than the base fluid. The Nusselt number
increased by increasing the Reynolds number at the same weight concentration of
nanofluid. The improvement of the Nusselt number is directly related to the
convective heat transfer coefficient with an increase in weight concentration. By
increasing the Reynolds number with the Nusselt number increases the convective

heat transfer coefficient.
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Figs. 3.5 and 3.6 represent the variation of convective heat transfer coefficient
and Nusselt number of FesO4 nanofluid at different weight concentrations and
Reynolds numbers. The convective heat transfer coefficients of FesOs nanofluid
ranged from 1870.1 to 1963.5 W/m’K for Reynolds number of 1600. The maximum
increase in the convective heat transfer coefficient was 1963.5 W/m?’K at the
0.2wt% FesO4 nanofluid, which was 8.7% higher than the base fluid at Reynolds
number of 1600. The improvement of convective heat transfer coefficient of
Fe;O4 nanofluid was 1870.1, 1889.4, and 1951.8 W/m’K, respectively which were
3.6%, 4.6%, and 8.1% at the weight concentrations of 0.025wt%, 0.05wt% and,
0.1wt%, compared to those of the base fluid. The Nusselt number of FesOq4
nanofluid was 12.85, 12.37, 12.78 and 13.12, with a weight concentrations of
0.025wt%, 0.05wt%, 0.1wt% and 0.2wt%, respectively. Figs. 3.7 and 3.8 show the
variation of convective heat transfer coefficient and Nusselt number of
MWCNT/FesO, hybrid nanofluid at various weight concentrations and Reynolds
numbers. The convective heat transfer coefficients of MWCNT/FesO, hybrid
nanofluid ranged from 1914.3 to 1988.4 W/m?K, with 6% to 12.4% higher than the
base fluid. The maximum improvement in the convective heat transfer coefficient
was seen at 0.1wt% MWCNT/Fe;O4 hybrid nanofluid, which was 12.4% higher than
that of base fluid at Reynolds number of 1600. The convective heat transfer
coefficient improvement of MWCNT/FesO, hybrid nanofluid was 1914.3, 1958.5,
and 1988.4 W/m’K, respectively, which were 6%, 8.5%, and 10.1% at weight
concentration of 0.025wt%, 0.05wt%, and 0.2wt%, respectively, compared to those
of the base fluid. As shown in Fig. 3.8, the Nusselt number of MWCNT/FesOq4
hybrid nanofluid was 12.37, 12.78, 13.12 and 12.85, with a weight concentration of

0.025wt%, 0.06wt%, 0.1wt% and 0.2wt%, respectively. The Nusselt number
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increases with an increase in nanofluid weight concentrations and also increases
with increase Reynolds number ranging from 1000 to 1600. The improvement of
the convective heat transfer coefficient of MWCNT/FesO, hybrid nanofluid is
restricted by the thermo-physical properties and the random movement of the
nanoparticles with the different Reynolds numbers at a high weight concentration
of 0.2wt%. It can be assumed that extra thermal resistance on the inner surface
of the test section was caused by the agglomerated FesO, nanoparticles that
coated the inner surface of the test section at high Fe;O, nanofluid
concentrations. Also, the viscosity of the Fe;Os nanofluid increased with the

increase of nanofluid concentration.
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Fig. 3.3 Variation of the convective heat transfer coefficient with MWCNT

nanofluids according to Reynolds numbers

- 49 -

Collection @ chosun



1 EG/Water (20:80)
18 1 0.025wt% MWCNT nanofluid
16 - 0.05wt% MWCNT nanofluid
E 0.1wt% MWCNT nanofluid
2 14 | | | | | 0.2wt% MWCNT nanofluid
s 127 ] — ] | —
= 1 mZ\= BZ\= — —
g 104 — — — ]
E = = - =
= 5] H s = =
Q i — — — —
2 67 — — ] ]
=} 1 - ] ] ]
7 4- — ] ] ]
2 — — = =
01— N=1E N N\ m=EE N
1000 1200 1400 1600

Reynolds number, Re

Fig. 3.4 Nusselt number of MWCNT nanofluids according to the weight

concentrations and Reynolds numbers
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Fig. 3.5 Variation of the convective heat transfer coefficient with Fe;Oq4

nanofluids according to Reynolds numbers
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Fig. 3.6 Nusselt number of Fes;O; nanofluids according to the weight

concentrations and Reynolds numbers
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Fig. 3.7 Variation of the convective heat transfer coefficient with MWCNT/FesO,4

hybrid nanofluids according to Reynolds numbers
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Fig. 3.8 Nusselt number of MWCNT/Fe;O, hybrid nanofluids according to the

weight concentrations and Reynolds numbers

- 54 -

Collection @ chosun



3.4 Pressure drop of MWOCNT, Fes0s, and MWCNT/FesOq

hybrid nanofluids

Fig. 3.9 shows the variation of pressure drop of nanofluids according to the
weight concentrations and Reynolds numbers. The pressure drop of MWCNT
nanofluid ranged from 2.96 to 3.24 kPa according to Reynolds number. The
maximum value of the pressure drop was 3.24 kPa at the highest weight
concentration of 0.2wt% MWCNT nanofluid, which increased by 49.6% compared to
the base fluid. The pressure drop of 0.025wt%, 0.05wt%, and 0.1wt% MWCNT
nanofluids was 2.96, 3.09, and 3.12 kPa, with 36.7%, 42.6%, and 44.1%,
respectively, higher than the base fluid. As can be seen in figures, as
nanoparticle concentration increases, the pressure drop of nanofluid increases.
Compared with base fluid, no significant enhancement in pressure drop for various
nanofluids was found in the same Reynolds number. Fig. 3.10 shows the friction
factor of MWCNT nanofluids according to the nanoparticle weight concentrations
and Reynolds numbers. When the concentration of MWCNT increased from
0.025wt% to 0.2wt%, the friction factor increased from 0.0329 to 0.0342, with
26.2% to 31.3% increase in friction factor compared to that of the base fluid. The
friction factor increase of 0.2wt% of MWCNT nanofluid was 31.3% higher than the
base fluid. As Reynolds numbers were increased, friction factors decreased for all
nanofluids. It can be concluded that the pressure drop of base fluid was higher
than that of all nanofluids at the Reynolds number of 1600.

Fig 3.11 shows the wvariation of pressure drop with different weight

concentrations of FesO, nanofluid according to Reynolds numbers. The pressure
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drop increment of FesO, nanofluid was 3, 3.11, and 3.19 kPa, respectively, which
were 38.4%, 43.3% and 47% at the weight concentrations of 0.025wt%, 0.05wt%
and 0.1wt%, compared with those of the base fluid. The maximum pressure drop
was 3.37 kPa at the weight concentration of 0.2wt% Fe;O4 nanofluid, which was
increased by 55.2% compared to the base fluid at Reynolds number of 1600. The
friction factor of 0.025wt%, 0.05wt% and 0.1wt% Fe;O, nanofluids was 0.0298,
0.0310 and 0.0320, with 14.5%, 19.1% and 22.8%, respectively, higher than the
base fluid. In Fig, 3.12, the increment of friction factor for 0.2wt% of FesO,4
nanofluid was 0.0355 which improves 36% higher than the base fluid.

Fig. 3.13 shows the wvariation of pressure drop for different weight
concentrations of MWCNT/Fe;O4 hybrid nanofluids according to Reynolds numbers.
The pressure drop of MWCNT/FesO, hybrid nanofluid was 3.1, 3.16, and 3.29 kPa,
which were 43%, 46%, and 51.9% at the weight concentrations of 0.025wt%,
0.05wt% and 0.1wt%, compared with the base fluid. The maximum pressure drop
was seen at the weight concentration of 0.2wt% MWCNT/Fe;O4 hybrid nanofluid
was 3.52 kPa, which increased up to approximately 62.4% at Reynolds number of
1600, compared to the base fluid. Fig. 3.14 shows the friction factor of
MWCNT/FesO, hybrid nanofluids according to the weight concentration and
Reynolds number. The friction factor of 0.025wt%, 0.05wt% and 0.1wt%
MWCNT/FesO, hybrid nanofluids was 0.0331, 0.0339 and 0.0355, with 26.9%, 30.2%
and 36.3%, respectively, higher than the base fluid. The increment of the friction
factor was 0.0407 for 0.2wt% MWCNT/Fes04 hybrid nanofluid which improves 56%
higher than the base fluid. The friction factor for all concentrations decreased
with an increasing Reynolds number. Generally, the friction factor increases with

the increasing concentration of nanoparticles. It can be concluded that the
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viscosity of nanofluids increases proportionally with the concentration, which

increases the viscous sublayer and increases the friction factor.
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Fig. 3.9 Variation of pressure drop with MWCNT nanofluids according to Reynolds

numbers
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Fig. 3.10 Variation of friction factor with MWCNT nanofluids according to the

weight concentrations and Reynolds numbers
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Fig. 3.11 Variation of pressure drop with Fe;O, nanofluids according to Reynolds

numbers
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Fig. 3.12 Variation of friction factor with FesO, nanofluids according to the weight

concentrations and Reynolds numbers
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Fig. 3.13 Variation of pressure drop with MWCNT/Fe;O, hybrid nanofluids

according to Reynolds numbers
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Fig. 3.14 Variation of friction factor with MWCNT/FesO4 hybrid nanofluids

according to the weight concentrations and Reynolds numbers
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3.5 Comparison of the convective heat transfer

characteristics of MWCNT, FesO4, and MWCNT/FesO, hybrid

nanofluids

The comparison of the convective heat transfer coefficients of MWCNT, FesOy,
and MWCNT/FesO, hybrid nanofluids according to Reynolds number at the weight
concentration of 0.025wt% is shown in Fig. 3.15. The convective heat transfer
coefficients of MWCNT, Fe;Os and MWCNT/FesO4 hybrid nanofluids at a weight
concentration of 0.025wt% increased from 1722.2 to 1914.3 W/m?K as Reynolds
numbers increased from 1000 to 1600. Those were increased from 3.9% to 6% in
the convective heat transfer coefficient compared to that of the base fluid. It
reveals that remarkable improvement in the convective heat transfer coefficient
of MWCNT/Fe;04 hybrid nanofluid was shown at a weight concentration of
0.025wt% to compare with MWCNT and FesO4 nanofluids.

Fig. 3.16 shows the comparison of the convective heat transfer coefficient
results of MWCNT, Fe;O4, and MWCNT/FesO4 hybrid nanofluids at the weight
concentration of 0.05wt% according to Reynolds number. The convective heat
transfer coefficients of MWCNT, FesO, and MWCNT/Fe;0, hybrid nanofluids at
the weight concentration of 0.05wt% increased from 1730.6 to 1958.5 W/m°K when
the Reynolds number increased from 1000 to 1600. Those were increased from
4.4% to 8.5% in the convective heat transfer coefficient compared to the base
fluid. The improvement of convective heat transfer of MWOCNT/FesO, hybrid

nanofluid was 6.9%, 8.1%, 7%, and 8.5%, respectively, when Reynolds numbers was
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1000, 1200, 1400 and 1600 at the weight concentration of 0.05wt%.

The comparison of convective heat transfer coefficient of MWCNT, Fes;O4, and
MWCNT/Fe;O4 hybrid nanofluids at the weight concentration of 0.1wt% according
to Reynolds number is shown in Fig. 3.17. The convective heat transfer
coefficient of MWCNT, Fe;0,, and MWCNT/FesO, at the weight concentration of
0.1wt% increased from 1792.7 to 2030.5 W/m?K as Reynolds number increased
from 1000 to 1600. Those were increased from 8.2% to 12.4% in the convective
heat transfer coefficient compared to the base fluid. The maximum increase in
the convective heat transfer coefficient was 2030.5 W/m’K at the 0.1wt% Fe;0,
nanofluid, which was 12.4% higher than the base fluid when Reynolds number was
1600.

Fig. 3.18 shows the convective heat transfer coefficients at the weight
concentration of 0.2wt% of MWCNT, Fes04, and MWCNT/FesO, hybrid nanofluids
according to Reynolds number. The convective heat transfer coefficients of
MWCNT, FesO,, and MWCNT/FesO, hybrid nanofluids at the weight concentration
of 0.2wt% increased from 1798.2 to 1988.4 W/m’K when the Reynolds number
increased from 1000 to 1600. Those were increased from 8.5% to 10.1% in the
convective heat transfer coefficient compared to the base fluid. It is observed
that the improvement of the convective heat transfer coefficient of 0.2wt%
MWCNT/FesO, hybrid nanofluid was 10.1% higher than that of the base fluid. The
improvement of the convective heat transfer coefficient of MWCNT/FesO4 hybrid
nanofluid is restricted by the thermo-physical properties and the random
movement of the nanoparticles with the Reynolds number at a high weight
concentration of 0.2wt%. Based on these results, the improvement in convective

heat transfer is mainly depended on their thermal conductivity, viscosity, thermal
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boundary layer, flow condition, shape, and size of the nanoparticle. In all studies
of the convective heat transfer, the convective heat transfer coefficient increases
with the concentration of the nanoparticles as well as Reynolds number. In this
experiment, the convective heat transfer coefficient was dependent on the
concentration, and their viscosity. It can be assumed that extra thermal resistance
on the inner surface of the test section was caused by the agglomerated Fe;Oq4
nanoparticles, and they coated the inner surface of the test section at high FesO4
nanofluid concentrations. Besides, the viscosity of the Fe;O4 nanofluid increased
with the increase of nanofluid concentration. This phenomenon is due to the
shear rate in the cross-section of the tube, which reduces the thermal boundary

layer thickness.
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Fig. 3.15 Comparison of the convective heat transfer coefficient of MWCNT,

Fes04, and MWCNT/Fe;04 hybrid nanofluids at a weight concentration of 0.025wt%
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Fig. 3.16 Comparison of the convective heat transfer coefficient of MWCNT,

FesO4, and MWCNT/FesO4 hybrid nanofluids at a weight concentration of 0.05wt%
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Fig. 3.17 Comparison of the convective heat transfer coefficient of MWCNT,

FesO4, and MWCNT/FesO4 hybrid nanofluids at a weight concentration of 0.1wt%
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Fig. 3.18 Comparison of the convective heat transfer coefficient of MWCNT,

FesO4, and MWCNT/FesO4 hybrid nanofluids at a weight concentration of 0.2wt%
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The comparison of pressure drop of MWCNT, Fe;O4 and MWCNT/Fe;O, hybrid
nanofluids according to the Reynolds number at the weight concentration of
0.025wt% is shown in Fig. 3.19. The pressure drop for all nanofluid increased with
an increasing of Reynolds number. The pressure drop of MWCNT, FesO; and
MWCNT/FesO, hybrid nanofluid was ranged from 2.96 to 3.1 kPa when Reynolds
number increased from 1000 to 1600. Those were increased from 36.7% to 43% in
pressure drop compared to the base fluid. It reveals that the maximum increment
of pressure drop of MWCNT/Fe;O4 hybrid nanofluid was 3.1 kPa which was 43%
increased pressure drop at the weight concentration of 0.025wt%.

The pressure drop of MWCNT, Fe;Os, and MWCNT/Fe;04 hybrid nanofluids at
the weight concentration of 0.05wt% is shown in Fig. 3.20. The pressure drop of
MWCNT, Fe3O,; and MWCNT/Fe30O, hybrid nanofluid was ranged from 3.09 to 3.16
kPa when Reynolds number increased from 1000 to 1600. Those were increased
from 42.6% to 46% in pressure drop compared to the base fluid. The maximum
increment of pressure drop of MWCNT/Fes;O,4 hybrid nanofluid was 3.16 kPa which
was 46% increased pressure drop at the weight concentration of 0.05wt%. Besides,
the increment of pressure drop of MWCNT, FesO4 and MWCNT/FesO, hybrid
nanofluids was 3.09, 3.11, and 3.16 kPa, respectively. Those were 42.6%, 43.3%,
and 46% increased one when compared to the base fluid.

Fig. 3.21 shows the pressure drop of MWCNT, Fe;0, and MWCNT/Fe;O, hybrid
nanofluids at the weight concentration of 0.1wt% according to Reynolds numbers.
The pressure drop of MWCNT, FesOs, and MWCNT/Fes;O4 hybrid nanofluid was
ranged from 3.12 to 3.29 kPa when Reynolds number increased from 1000 to
1600. Those were 44.1% to 51.9% increased pressure drop compared to the base

fluid. The maximum increment of pressure drop of MWCNT/FesO, hybrid nanofluid
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was 3.29 kPa which was 51.9% increased pressure drop at the weight
concentration of 0.1wt%. In addition, pressure drop enhancement of MWCNT and
FesO4, nanofluids were 44.1% and 47%, respectively, at the weight concentration
of 0.1wt% compared to that of the base fluid.

The pressure drop of MWCNT, FesO4 and MWCNT/FesO, hybrid nanofluids
according to Reynolds number at the weight concentration of 0.2wt% is presented
in Fig. 3.22. The pressure drop of MWCNT, FesOs, and MWCNT/Fes;O4 hybrid
nanofluids ranged from 3.24 to 3.52 kPa when Reynolds number increased from
1000 to 1600. Those were 49.6-62.4% increased pressure drop compared to the
base fluid. It indicates that the maximum increment of pressure drop was 62.4%
in pressure drop of MWCNT/FesO4 hybrid nanofluid at the weight concentration of
0.2wt%. The increment of pressure drop of MWCNT and Fes;O, nanofluid was
49.6% and 55.2%, respectively, compared to that of the base fluid. From this
analysis, the pressure drop of MWCNT, FesO,, and MWCNT/FesO4 hybrid
nanofluids are higher than that of the base fluid under laminar flow condition,

which can increase the pumping power in the system.
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Fig. 3.19 Comparison of pressure drop of MWCNT, FesO, and MWCNT/FesOq4

hybrid nanofluids at a weight concentration of 0.025wt%
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Fig. 3.20 Comparison of pressure drop of MWCNT, FesO4 and MWCNT/Fe;0,4

hybrid nanofluids at a weight concentration of 0.05wt%
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Fig. 3.21 Comparison of pressure drop of MWCNT, FesO, and MWCNT/FesOq4

hybrid nanofluids at a weight concentration of 0.1wt%
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Fig. 3.22 Comparison of pressure drop of MWCNT, FesO, and MWCNT/FesOq4

hybrid nanofluids at a weight concentration of 0.2wt%
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The comparison of friction factor of MWCNT, FesO,, and MWCNT/Fes;O, hybrid
nanofluids according to Reynolds number at the weight concentration of 0.025wt%
is shown in Fig. 3.23. The maximum friction factor of MWCNT/FesO, hybrid
nanofluid was 0.0331, which was 26.9% increased friction factor at the weight
concentration of 0.025wt% as compared with the base fluid. The results observed
that the friction factor of MWCNT and Fes;Os nanofluids were 0.0329 and 0.0298
which were 26.2% and 14.5% improved ones, respectively, compared to the base
fluid. From this, the Reynolds numbers increased friction factors for all nanofluids.

Fig. 3.24 shows the comparison of friction factor of MWCNT, Fe;O4 and
MWCNT/FesO4 hybrid nanofluid. The friction factor of MWOCNT, Fe;O4 and
MWCNT/FesO4 hybrid nanofluids was ranged from 0.0310 to 0.0339 when Reynolds
number increased from 1000 to 1600. Those were 19.1%-30.2% increase in friction
factor compared to the base fluid. The friction factor of MWCNT/Fe;sO4 hybrid
nanofluid was 30.2% at the weight concentration of 0.05wt%. Besides, the
enhancements of MWCNT and FesO, nanofluids were 27.7% and 19.1%,
respectively, at the weight concentration of 0.05wt% compared to that of the base
fluid.

The comparison of the friction factor of MWCNT, FesOs, and MWCNT/Fe;Oq4
hybrid nanofluids according to Reynolds number at the weight concentration of
0.lwt% is shown in Fig. 3.25. The friction factor of MWCNT, Fe;O4 and
MWCNT/FesO, hybrid nanofluid was ranged from 0.0320 to 0.0355 when Reynolds
number increased from 1000 to 1600. Those were 22.8%-36.3% increase in friction
factor compared to that of the base fluid. The enhancements of the friction
factor of MWCNT, Fes;0; and MWCNT/Fe;O, hybrid nanofluid was 28.4%, 22.8%,

and 36.3%, respectively, compared to that of base fluid.
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Comparison of friction factor of MWCNT, FesO4 and MWCNT/FesO, hybrid
nanofluids according to Reynolds number at the weight concentration of 0.2wt%, is
presented in Fig. 3.26. The friction factor of MWCNT/Fe;O4 hybrid nanofluid was
0.0407 which was 56% increased at the weight concentration of 0.2wt% compared
to that of the base fluid. The friction factor of MWCNT and Fe;O, nanofluid at a
concentration of 0.2wt% was 0.0342 and 0.0355, which were 31.3% and 36%
increase in friction factor, respectively, compared to that of base fluid. The
fiction factor of MWCNT nanofluid showed little enhancement compared to that of
the FesO, nanofluid. Besides, the maximum enhancement of friction factor was
shown at the 0.2wt% MWCNT/Fe;0, hybrid nanofluid. It can be inferred that the
movement of the nanoparticles through the test section due to thermophoresis
and Brownian diffusion significantly increases the viscosity of nanofluid, which is
flattened velocity. This flattened velocity decreases the temperature difference of

the wall and bulk in constant heat flux condition.
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Fig. 3.23 Comparison of friction factor of MWCNT, Fe;O4, and MWCNT/Fes0;4

hybrid nanofluids at a weight concentration of 0.025wt%
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Fig. 3.24 Comparison of friction factor of MWCNT, Fe;O4, and MWCNT/Fes0;4

hybrid nanofluids at a weight concentration of 0.05wt%
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Fig. 3.25 Comparison of friction factor of MWCNT, Fe;O4, and MWCNT/Fes0;4

hybrid nanofluids at a weight concentration of 0.1wt%
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Fig. 3.26 Comparison of friction factor of MWCNT, Fe;O4, and MWCNT/Fes;O,4

hybrid nanofluids at a weight concentration of 0.2wt%
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IV. Conclusion

In this study, the convective heat transfer characteristics of MWCNT, Fe;O4 and
MWCNT/FesO, hybrid nanofluids based on EG/Water=20:80 was investigated
experimentally. The weight concentrations of nanofluid was ranging from 0.025wt%
to 0.2wt% and Reynolds numbers was changed by 1000, 1200, 1400 and 1600,
respectively. The Fes;O, nanocomposite synthesized by using the co-precipitation
method, which has a magnetic property and has a high potential to improve its
thermal properties by adding high thermal conductivity material of MWCNT
nanoparticles. Besides, the MWCNT/FesO4 hybrid nanofluid was fixed at the mixing

ratio of 1:1. The following conclusions were made from this investigation.

[1] The convective heat transfer coefficients at the weight concentration of
0.2wt% of MWCNT, Fes0;, and MWCNT/FesO, hybrid nanofluids according to
Reynolds number was investigated experimentally. The convective heat
transfer coefficients of MWCNT, FesO4,, and MWCNT/FesO, hybrid nanofluids
at the weight concentration of 0.2wt% increased from 1798.2 to 1988.4 W/m’K
when the Reynolds number increased from 1000 to 1600. Those were
increased from 8.5% to 10.1% in the convective heat transfer coefficient
compared to the basefluid. However, the convective heat transfer coefficient
of MWCNT/Fe;O4 hybrid nanofluid at a weight concentration of 0.1wt% was
2030.5 W/m?K, which was 12.4% improvement one compared to the base fluid.
It can be assumed that the convective heat transfer coefficient was dependent
on the concentration, thermal conductivity, and viscosity. The particle

migration effect was occurred when the viscosity of nanofluid increased with
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the increase of nanofluid concentration. This particle migration can be due to
the shear rate in the cross section of tube, which increase the thermal
boundary layer thickness. In addition, the increasing concentration of nanofluid
leads to reduce the dispersion stability of MWCNT/Fe;O, hybrid nanofluid at
weight concentration of 0.2wt%, therefore the convective heat transfer

performance decreases.

[2] In general, the MWCNT/FesO, hybrid nanofluid is more effective in increasing
the convective heat transfer coefficient compared to single nanofluids of
MWCNT and FesOs In comparison, the MWCNT/FesO, hybrid nanofluid was
found to have the highest convective heat transfer coefficient and pressure
drop. The highest flow velocity was also obtained in the MWCNT/FesO, hybrid
nanofluid. As a result, the velocity of MWCNT/Fe;0, hybrid nanofluid can be
increased to increase the intensity of synergistic effect which is the heat

convection intensity factor of convective heat transfer enhancement.

[3] All nanofluids had a higher convective heat transfer coefficient compared to
the base fluid. The convective heat transfer coefficient increased with an
increase in the Reynolds number and nanoparticle concentration. The
improvement of convective heat transfer were occurred in the entry length
region. This improvement in the entrance region was caused by the low
thermal boundary layer thickness because the effect of viscous shear rate
gradually spread further away from the wall to the centerline. In this study,
the friction factor of MWCNT/FesO, hybrid nanofluid was 0.0407 which was

56% increased friction factor at the weight concentration of 0.2wt% compared
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to that of the base fluid. The friction factor of MWCNT and Fes;O, nanofluid
at a concentration of 0.2wt% was 0.0342 and 0.0355, which were 31.3% and
36% increased friction factor, respectively, compared to that of base fluid.
Friction factor was decreased with the increase of Reynolds number. The
increasing nanofluid concentration with an increase in nanofluid viscosity,
which decreased fluid movement. It can be inferred that the movement of the
nanoparticles through the test section increased because thermophoresis and
Brownian diffusion significantly increased of nanofluid, which was flattened
velocity. This flattened velocity decreased the temperature difference of the

wall and bulk in constant heat flux condition.
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