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ABSTRACT

Nanofluids are a relatively new class of fluids consisting of a base fluid with suspended
nano-sized particles (1-100 nm). Nanofluids are suggested as a favorable convective
medium because the thermal conductivity of the suspensions is typically an order-of-
magnitude higher than those of normal fluids such as water. In convection heat transfer
applications, some researchers reported that enhancing the convection heat transfer
coefficient is directly proportional to nanofluids' thermal conductivity increment. In
contrast, others said that the nanofluid thermal conductivity is not the critical parameter
for enhancing convection heat transfer. Therefore, experimental and numerical work was
conducted in the current study to evaluate the thermal performance of different nanofluids
in different pipe geometries with the same hydraulic diameter. Three different aqua-based
nanofluids of weight concentrations 0.05%, 0.075%, and 0.1% were prepared using the
two-step method. One nanofluid was prepared from composite nanoparticles, composed
of 60 % Al203 and 40% f-MWCNTs by weight. The second one was prepared from the
Al203, and the third nanofluid was prepared from SiO2 nanoparticles. All the nanofluids
showed an excellent dispersion in the stability test over one month, and their
thermophysical properties were evaluated experimentally except the specific heat, which
was calculated theoretically. The experimental work was conducted using a test rig
containing circular and square test sections of 10 mm hydraulic diameter exposed to a
uniform heat flux on their outer surfaces. The inlet flow temperature was kept constant at
30 °C in all the runs. All experimental work was done under steady-state fully developed
turbulent flow conditions with the Reynolds number range of 6000-11000. The results
obtained experimentally showed that the Prandtl number has the most significant effect
compared to the thermal conductivity on the Nusselt number and the convection heat
transfer coefficient. The numerical work was conducted to evaluate the heat transfer and

pressure drop through the same geometries in the experimental work in addition to an

il



annular heat exchanger of the same hydraulic diameter and an eccentricity range from 0.0
to 0.6. The continuity, momentum, and energy equations were solved using the finite
volume approach available in the ANSYS-Fluent commercial software with the same
flow and boundary conditions as the experimental work. The results obtained numerically
were in good agreement with those obtained experimentally for the circular and square
pipes. The annular pipe’s model was validated with some empirical correlations, shown
an average error of less than 10%. All the results obtained numerically confirmed the
experimental findings. Finally, the thermal performance evaluation showed that the
distilled water (DW) has the highest thermal performance, and the lower nanofluid

concentration has also shown the higher thermal performance.

Keywords: Hybrid Nanofluids; Metal-oxide Nanofluids; Eccentric pipe heat

exchanger; Forced Turbulent flow; CFD modeling.



ABSTRAK

Nanofluids atau cecair-nano adalah kelas cecair yang agak baru yang terdiri daripada
cecair asas dengan zarah bersaiz nano yang terkandung (1-100 nm) di dalamnya.
Nanofluids adalah dijangka menjadi sebagai medium konvektif yang baik dan sesuai
bergantung kepada fakta bahawa kekonduksian haba kandungan tersebut biasanya adalah
mengikut urutan-magnitud lebih tinggi daripada cecair biasa seperti air. Dalam aplikasi
pemindahan haba konveksi atau perolakan, sesetengah penyelidik melaporkan bahawa
peningkatan pekali pemindahan haba perolakan adalah berkadaran secara langsung
dengan kenaikan kekonduksian haba cecair-nano manakala, yang lain melaporkan
bahawa kekonduksian haba cecair-nano bukanlah parameter utama untuk meningkatkan
pemindahan haba perolakan. Oleh itu, satu eksperimen dan kerja berangka telah
dijalankan dalam kajian ini untuk menilai prestasi haba cecair-nano yang berbeza di
dalam geometri paip yang berbeza yang mempunyai diameter hidraulik yang sama. Tiga
cecair-nano berasaskan air yang berbeza kepekatan berat 0.05 %, 0.075 %, dan 0.1% telah
disediakan menggunakan kaedah dua langkah: cecair-nano pertama telah disediakan dari
partikel-nano hibrid, terdiri daripada 60% daripada Al2O3 dan 40% dengan beratf-
MWCNTs, yang kedua telah disediakan dari Al2Os3, dan yang ketiga disediakan dari
partikle-nano SiO2. Semua cecair-nano menunjukkan penyebaran yang sangat baik dalam
ujian kestabilan dalam tempoh satu bulan dan sifat termofizikal mereka telah dinilai
secara eksperimen kecuali haba-tentu yang telah dikira secara teoritikal. Kerja-kerja
eksperimen dijalankan menggunakan pelantar ujian mengandungi bahagianujian
berbentuk pekeliling dan persegi diameter hidraulik 10 mm yang terdedah kepada flux
haba seragam pada permukaan luaran mereka dan suhu aliran masuk ditetapkan
berterusan pada30 °C dalam semua larian. Semua eksperimen telah dilakukan di bawah
keadaan mantap dengan keadaan aliran bergelora sepenuhnya dengan julat nombor

Reynolds 6000-11000. Keputusan yang diperolehi secara eksperimen menunjukkan



bahawa nombor Prandtl mempunyai kesan terbesar kepada nombor Nusselt dan pekali
pemindahan haba perolakan juga, sebagai tambahan kepada kesan kekonduksian haba.
Kerja-kerja berangka itu dijalankan untuk menilai pemindahan haba dan penurunan
tekanan melalui geometri yang sama dalam kerja-kerja eksperimen sebagai tambahan
kepada penukar haba annular dengan diameter hidraulik yang sama dan julat eksentrisiti
dari 0.0 hingga 0.6. Kesinambungan (kontuniti), momentum, dan persamaan tenaga
diselesaikan menggunakan pendekatan isi padu terhingga yang terdapat dalam perisian
komersial ANSYS-Fluent dengan aliran dan keadaan sempadan yang sama seperti dalam
kerja eksperimen. Keputusan yang diperolehi secara berangka adalah dalam sama dengan
apa yang diperolehi secara eksperimen untuk paip keliling dan paip persegi, dan
keputusan model anular paip. telah disahkan dengan beberapa korelasi empirikal,
menunjukkan kesilapan purata kurang daripada 10%. Kesemua keputusan yang
diperolehi secara berangka mengesahkan penemuan eksperimen. Akhirnya, penilaian
prestasi haba menunjukkan bahawa air suling mempunyai prestasi haba tertinggi dan
kepekatan cecair-nano yang lebih rendah juga menunjukkan prestasi haba yang lebih
tinggi.

Kata kunci: Nanofluid Hybrid; Nanofluid logam-oksida; Penukar haba eksentrik;

Aliran Turbulen Terpaksa; Pemodelan CFD.
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CHAPTER 1: INTRODUCTION

1.1 Concepts and definitions

The heating and cooling of flowing fluids inside closed conduits is the most common
and essential process in all industrial and engineering applications. Therefore, the ways
to enhance the heat exchangers effectiveness are many and miscellaneous; either by
changing the system parameters such as shape, size, design, and flow conditions, or by
controlling the working fluid (Heat transfer medium) properties such as density, specific
heat, viscosity, and thermal conductivity. The enhancement of fluid thermal properties
was the most concerning issue attracting scientists' attention for many decades since
Maxwell (1891) tried to break the fundamentals by dispersing millimeter-sized metal

particles in some liquids to increase their thermal conductivity.

The great modern scientific revolution taught us that, at some stage, one would reach
the molecular level and even the atomic level, below which the physical and chemical
properties are entirely different from those of the original material. For example, the
thermal conductivity of single-walled carbon nanotubes (diameters ranging from 0.4 to
50 nm) at room temperature could be an order of magnitude higher than that of copper.
Therefore, carbon nanotubes (CNTs) have been considered as a candidate material for
applications that require a high heat flux (Zhang, 2007). As a result, the need for studying

the behavior of different materials in the nanoscale is continuously increasing.

Nanofluids are defined as a suspension of nanoparticles in a base fluid (Saidur et al.,
2011). In common meaning, Nanofluids are a relatively new class of fluids that consist
of a base fluid with suspended Nano-sized particles (1-100 nm). Those Nanoparticles
may come from metals (e.g., Al, Cu, and Au), metal oxides (e.g., Aluminum oxide,
Silicon oxide, Zirconium oxide), metal carbides, metal nitrides, and carbon derivatives

(e.g., Diamond, Graphene, Fullerene, and CNT).While base fluids may be distilled water



or organic liquids such as different refrigerants, liquid fuels, lubricant oils, and ethylene-

glycol (Sarkar et al., 2015).

According to Siginer and Wang (1995), using of Nanofluids in heat transfer

applications has many advantages compared to conventional heat transfer, such as:

High specific surface area and therefore more heat transfer surface between

particles and fluids.

e High dispersion stability with a predominant Brownian motion of particles.

e Reduced pumping power as compared to pure liquid to achieve equivalent heat
transfer intensification.

e Reduced particle clogging as compared to conventional slurries, thus promoting

system miniaturization.

Nanofluid is being suggested as a convective medium because the thermal
conductivity of the solid material particles is typically an order of magnitude higher than
those of normal fluids such as water. Therefore, it is expected that a suspension of nano-
sized solid particles in a base fluid, even at low volume concentrations, will cause a
significant increase in its thermal performance. Many researchers such as (Kaka¢ &
Pramuanjaroenkij, 2009; Sarkar et al., 2015; Trisaksri & Wongwises, 2007; X.-Q. Wang
& Mujumdar, 2007; Wen et al., 2009; Yu et al., 2008) concluded that: the percentage
increase in convective heat transfer coefficient (W/m2.K) is generally more significant
than the percentage increase in thermal conductivity (W/m.K) of the same nanofluid.
Moreover, various studies were performed either experimentally or numerically to
evaluate the use of nanofluids in the different applications of convection heat transfer
performance since Pak and Choi (1998) started the first experimental investigation on
convection heat transfer using nanofluids. Many researchers had reported enhancing

convection heat transfer, but these enhancement levels are still a subject of debate, as



reported by Choi et al. (2014). They referred to many of the valued authors used a

different definition for Nusselt number of nanofluid as Nu is multiplied by the
k
magnification factor of ( nf / kbf) Which means the Nusselt number of nanofluids has

been evaluated based on the thermal conductivity of the base fluids instead of nanofluids.

Therefore, a wrong assessment of nanofluids as a convective medium may be presented.

As it is well known from the basic knowledge of heat transfer, the heat transfer by
convection depends on two linked processes; diffusion and advection, and many
properties are affecting them. Some of those properties have a positive effect, while others
are affected negatively when using nanofluids. Therefore, Studying the whole aggregated
factors affecting either diffusion rate or advection rate helps to understand the
phenomenon well and leads to a better selection of nanofluid type for each engineering

application.

1.2 Objectives

1. To synthesize and characterize nanocomposite materials in different mixing
ratios and different weight concentrations.

2. To investigate the effect of nanofluid thermal conductivity compared to the
thermal and momentum diffusivities on the convection heat transfer and
friction loss.

3. To compare the performance of metal oxides nanofluid and a hybrid nanofluid
of metal oxide and carbon-based nanoparticles through circular, square, and
annular cross-section pipes of the same hydraulic diameters.

4. To analyze the heat transfer and fluid flow characteristics through an annular
pipe of different vertical eccentricities using metal oxides and hybrid

nanofluids.



1.3 Thesis layout

This thesis contains five chapters, including the chapter of the introduction.

e Chapter two is the literature review that presents a survey about the different
methods of nanofluids preparation, nanofluids stability, the thermal and
rheological properties of nanofluids. Moreover, the previous studies of the
forced turbulent convection using nanofluids and the purpose of the current
study are presented.

e Chapter three presents the methodology of the current study, including the
preparation and characterization methods of the nanofluids with all
instruments used as well. In addition, the experimental setup and its
component. The numerical models and the critical assumptions for all the
configurations are also included in this chapter.

e Chapter four presents the results and discussion, including the nanofluids'
thermophysical properties and validation curves of the experimental and
numerical work. The heat transfer and friction loss analysis for the
experimental and numerical work are presented. Moreover, the performance
analysis of all nanofluids in different pipe configurations, either
experimentally or numerically, is presented.

e Chapter five contains the general conclusions of the present work.

The thesis also contains two appendices:

e Appendix A contains discussion about calibration of the test section, from
which the current setup is based.

e Appendix B describes the uncertainty and error analysis.



CHAPTER 2: LITERATURE REVIEW

2.1 Background

As the heat transfer phenomenon is part of all human life activities, the studies on heat
transfer enhancement did not stop all the time. Even inventions that may lead humanity
to new horizons do not become applicable until the related heat transfer problems have
been solved. Improvement of design and shapes of heat transfer devices made great leaps
forward, and the revolution rises with the invention of micro-scale devices. In contrast,
the convection heat transfer mediums do not achieve the same improvement level.
Nanofluids are considered as the new revolution in heat transfer medium through the last
two decades. In this chapter, a literature survey on the studies about different preparation
methods; and the impact of their thermal properties on heat transfer and pressure drop are

presented either in experimental or numerical studies.

2.2 Nanofluids preparation
The first and most crucial step in using nanofluid is the preparation of nanofluid, where
it directly affects the value of thermal conductivity of nanofluid. The preparation of

nanofluid has two ways: one-step preparation and two-step preparation.

2.2.1  One-step preparation

The preparation of nanofluid using the one-step method makes nanofluids more stable
and achieve uniform dispersion of nanoparticles in the base fluid than the two-step
method. The one-step process simultaneously makes and disperses the particles in the
liquid, as done by Eastman et al. (2001) in preparing Cu/ethylene glycol nanofluids. As
reported by Sridhara and Satapathy (2011), preparation of nanofluid by one-step
method consists of direct evaporation and condensation of the nanoparticulate materials
in the base liquid are obtained to produce stable nanofluids. Kanaras et al. (2002) used

chemical reduction to make nanofluids. They prepared cuprous oxide nanofluids by



reducing copper acetate chemically using glucose in the presence of sodium lauryl sulfate
(SLS). Kumar et al. (2009) also used chemical reduction to produce copper (Cu)
nanofluids by reducing copper sulfate pentahydrate chemically in the presence of SLS in
water. Submerged arc nanoparticle synthesis system (SANSS) was considered in
preparing nanofluid (Lo et al., 2005; Lo et al., 2007). A pure metal rod is submerged in a
dielectric liquid inside a vacuum chamber and passes an electric power to produce a very
high temperature (from 6000 °C to 12000 °C), that can melt and vaporize the metal rod.
The vaporized metal undergoes nucleation, growth, and condensation resulting in

nanoparticles dispersed in the base fluid.

The metal nanoparticles are also dispersed directly into base fluid without needing to
be dispersant by Laser ablation. Many researchers (Kim et al., 2009; Lee et al., 2012;
Phuoc et al., 2007) used such technique to produce nanofluids from submerged metals
such Cu, Ag, and Au into various base fluids (e.g., water and lubricant oils) by focusing
a pulsed laser beam with a biconvex lens onto the submerged metal in the base fluid. Lee
et al. (2012) prepared Cu/water nanofluid at a concentration of 0.001 vol.% by laser

ablation method with Cu pellets.

Microwave irradiation is another technique used to prepare nanofluid as a one-step
method. Reduction of CuSO4:5H20 by NaH2PO2-H20 in ethylene glycol (EG) under
microwave irradiation produced copper nanofluid as reported by Zhu et al. (2004). This
technique was applied to prepare silver nanofluid with oil and ethanol as base fluids
(Bonnemann et al., 2005; Singh & Raykar, 2008). Yang et al. (2009) developed a general
protocol to transfer metal ions from an aqueous solution to an organic medium called the
phase transfer method. In such a method, the reactant migrates from one phase into

another phase where the reaction occurs.



As reported by Wang et al. (2013), the combination between phase transfer technology
and wet chemistry method for the synthesis of nanoparticles is an effective way for the
preparation of nanofluids which helps to get the advantage of overcoming the problems
associated with the insolubility of precursor materials in base fluids during the preparation
of nanofluids. Kumar et al. (2004) applied the phase transfer method using A simple
process based on amine chemistry. They applied this technique to transfer platinum
nanoparticles from an aqueous to an organic solution. Wang et al. (2010) applied a similar
way by using alkyl amine as a surfactant to transfer Au and Ag from aqueous to an organic
phase. Graphene oxide nanosheets (GONs) were successfully transferred from water to

n-octane after modification by the alkylamine (Yu et al., 2011).

Despite being that the one-step method helps reduce the aggregation of
nanoparticles and achieves long-term nanofluids stability, it has some
disadvantages. It cannot synthesize nanofluids on a large scale, the cost is also high, and

the most critical defect is the remaining of the residual reactants in the nanofluids due to

incomplete reaction or stabilization (Yu & Xie, 2012).

2.2.2  Two-step preparations

The two-step method is considered the most widespread and economical method to
produce nanofluids on a large scale because nanopowder synthesis techniques have been
scaled up to industrial production levels (Yu & Xie, 2012). In such method, nanoparticles,
nanofibers, nanotubes, and any other nanomaterials used, are first produced as dry
powders by chemical or physical methods (e.g., milling, grinding, and sol-gel and vapor
phase methods). Then, the dispersion process is the second processing step to produce
homogeneous colloids from nanoparticles and the host fluid. The dispersion process can
be done with the help of intensive magnetic force agitation, ultrasonic agitation, high-

shear mixing, homogenizing, and ball milling (Yu & Xie, 2012). Eastman et al. (2001)



reported that the two-step method is more suitable for preparing nanofluids with oxide
nanoparticles than those with metallic nanoparticles. Figure 2-1 shows the preparation

processes of nanofluids by a two-step method.

Figure 2-1: Two-step preparation processes of nanofluid.
Dispersion stability is one of the biggest challenges till now despite the great efforts
devoted to overcoming it. Various approaches such as mechanical stirring, ultrasonic
treatment, charging the nanoparticles' surfaces, and chemical treatment of surfaces using

surfactants have improved dispersion stability (Yu et al., 2017).

2.3 Stability of nanofluids
2.3.1 Dispersing challenges

Stability is related directly to the dispersion and settlement of nanoparticles in the host
fluid. It affects the flow pattern or clogging of microchannels and directly affects the
thermal conductivity of nanofluid (Yu & Xie, 2012). So, it is considered a vital issue for
using nanofluid in different applications. Figure 2-2 shows nanofluid samples, where one
of them is visually stable while the second one visually separates the particles from the

host fluid.

Sedimentation and aggregation are the two phenomena that cause the instability of

nanofluids. Both phenomena are related to micro forces affect the nanoparticles. Due to



the density difference between the single nanoparticle and the base fluid, the gravity force

pulls the nanoparticle down to cause sedimentation.

Figure 2-2: Stable (left) and unstable (right) nanofluids.
Equation (2-1) shows how to calculate sedimentation (settling) velocity according to

Stokes's law.

_ dp’(Pr_— Por)9
1841y, f 2-1)

Us

where dp is the diameter of nanoparticles, pp and psr are the densities of nanoparticles
and base fluid respectively, g is the acceleration gravity, and us1s the dynamic viscosity

of nanofluid.

The aggregation occurs due to the attractive interaction forces (such as Van der Waals
force) between the neighboring nanoparticles. The distance between the adjacent
nanoparticles strongly affects the interaction force. The closer nanoparticles, the higher
the interaction force that can overcome the repulsive forces and form clusters of the
aggregate nanoparticles. This aggregation or clustering of nanoparticles increases its size
and speeds up the sedimentation process due to the significant difference in densities

between nanoparticles and the base fluid, according to Equation (2-1). The nanoparticles



shape also influences the attractive force between the adjacent particles. As concluded by
various studies presented by Fan Yu et al. (2017), the adjacent nanoparticles of plate or
rod shape have a stronger attraction force than the spherical-shaped nanoparticles due to

their larger contact area.

DLVO theory was developed to explain colloidal stability (Missana & Adell, 2000).
DLVO theory states that the stability of a particle in solution is determined by the sum of
Van der Waals attractive and electrical double layer repulsive forces between particles
undergoing Brownian motion that led them to approach each other. Suppose the resistance
to attraction exerted by electrical double layer repulsive forces is smaller than Van der
Waals's attractive force. The two particles will aggregate together, and the suspension

becomes unstable, and the opposite is true.

2.3.2  The ways of enhancing nanofluids stability

From the previous discussion, increasing the repulsive force between nanoparticles
can enhance the nanofluid stability by counterbalancing the attractive van der Waals
force. In general, the various mechanisms used to increase the repulsive force and
improve the dispersing stability can be categorized under two main groups; the

electrostatic stabilization mechanism and the steric stabilization mechanism.

2.3.2.1 Surfactant

Surfactants are defined as the chemical compounds added to reduce the surface tension
of liquids and increase the suspension time of particles (Choudhary et al., 2017). As
nanoparticles are usually hydrophobic, they cannot easily disperse and become stable in
heat transfer fluid such as water and ethylene glycol (Chen & Xie, 2010). Adding
surfactants (as an electrostatic repulsion technique) is convenient and straightforward and
is thus attractive in practical applications. Due to hydrophilic and lipophilic groups that

exists in the surfactants - long organic molecules-, the hydrophilic groups (once surfactant

10



is added to nanofluid) will adsorb on the solid, change the surface activity (Keblinski &
Thomin, 2006; Kumar et al., 2004; Lee et al., 2006), change pH value (Xie et al., 2003),
and reduce the surface energy of nanoparticles (Jiang et al., 2003). Surfactants or

dispersants are classified according to Yu and Xie (2012) into four groups as follow:

1) Nonionic surfactants without charge groups in its head (include polyethylene
oxide, alcohols, and other polar groups),

2) Anionic surfactants with negatively charged head groups (anionic head groups
include long-chain fatty acids, sulfosuccinates, alkyl sulfates, phosphates, and
sulfonates),

3) Cationic surfactants with positively charged head groups (cationic surfactants
may be protonated long-chain amines and long-chain quaternary ammonium

compounds),

Based on surfactants classification, the researchers cannot select the surfactant
randomly. Generally, the water-soluble surfactants should be selected if the host fluid
(base fluid of nanofluid) is polar solvent; otherwise, the oil-soluble ones should be. The
vital key in evaluating solubility is the term hydrophilic/ lipophilic balance (HLB) value,
where the higher HLB value indicates that the surfactant is water-soluble. In comparison,
the lower HLB value indicates that the surfactant is oil-soluble (Yu & Xie, 2012). Ricardo
et al. (2008) presented different ways and the considerations that should be taken to

calculate HLB value.

Shanbedi et al. (2015) investigated the influence of different surfactant materials at
various concentrations on the stability and thermophysical properties of aqua-based
MWCNTs nanofluid. They used gum Arabic (GA), sodium dodecyl sulfate (SDS), and
cetyl trimethylammonium bromide (CTAB) as surfactants in the ratios 0.5:1, 1:1, and 2:1

of surfactant: MWCNTs, respectively. They used the zeta potential test to evaluate the

11



dispersion stability of all nanofluids concentrations and surfactant in the range + (20.5-
32.0 mV). They found that the best surfactant: MWCNTs ratio is 1:1, and the SDS
surfactant was the best surfactant type followed by GA and finally CTAB based on

stability evaluation test.

Rastogi et al. (2008) studied the effect of using various surfactants such as Triton X-
100, Tween 20, Tween 80, and sodium dodecyl sulfate (SDS) on the stability of aqua-
based MWCNTs nanofluid. They found that the surfactants Triton X-100 and SDS

provide the best and the worst nanofluid stability, respectively.

As reported by Chen et al. (2008), several problems resulted from using surfactants

and listed them as follow:

1) the addition of surfactants may contaminate the heat transfer media,

2) Surfactants may produce foams when heating, while heating and cooling are
routine processes in heat exchange systems,

3) Surfactant molecules attaching to the surfaces of nanoparticles may enlarge the
thermal resistance between the nanoparticles and the base fluid, limiting the

enhancement of the effective thermal conductivity.

2.3.2.2 Surfactant-Free method

The surface-free method is a surface modification technique (depends on steric
repulsion mechanism) where the functionalization process takes place with nanoparticles
to achieve long-term stability of nanofluid. Sadri et al. (2017) examined an
environmentally friendly method with GNP suspended in distilled water. They used clove
buds to functionalize GNP- water nanofluid with three particle concentrations (0.025,
0.075, and 0.1 wt.%). They concluded that the clove-treated graphene nanoplatelet

(CGNP) gives remarkable stability even 63 days after preparation.
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The same technique with cloves buds was also examined with multi-wall carbon
nanotubes (MWCNTs) dispersed in distilled water by Sadri et al. (2017). They used
Raman spectroscopy, X-ray photoelectron spectroscopy, and transmission electron
microscopy to characterize the clove-functionalized MWCNTs (CMWCNTs). UV-vis
spectroscopy was also used to examine the stability of the CMWCNTSs nanofluid. They
found that the CMWCNTs nanofluids have remarkable stability over 63 days after

preparation.

The milling process with bead mill was used by Joni et al. (2009) to modify the surface
of Titania nanoparticles with a primary particle size of 15 nm to easily disperse in an
organic solvent of diethylene glycol dimethyl ether (diglyme). As introduced by Inkyo et
al. (2008), the bead mill is composed of a 170-mL vessel, a pump, and a mixing tank.
Nanoparticle suspensions were pumped into the vessel containing zirconia beads and a
centrifugation rotor at the speed of 73.8 Hz (6095 rpm). The beads are agitated in the
lower portion of the vessel (dispersing section), which drives the breakup of agglomerated
particles. The suspension was pumped from the dispersing section to the upper region
(centrifugation section), where centrifugal force separates the zirconia beads from the
nanoparticle suspension. The nanoparticle suspension is then recycled back to the
dispersing section. To prevent temperature increasing in the system, the vessel is housed
in a cooling water jacket and is completely sealed from the outside environment. Using a
bead mill to functionalize Titania nanoparticles dispersed in an organic solvent
(diethylene glycol dimethyl ether) leads to producing a high zeta potential of a solution

up to 80 mV and brought the solution into high dispersion stability (Joni et al., 2009).

Tang et al. (2006) modified Zinc oxide nanoparticles with polymethacrylic acid
(PMAA) in an aqueous system. They got the benefit of carboxyl groups (COO-) in

PMAA which interacted with the hydroxyl groups of nano-ZnO particle surface and
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formed poly (zinc methacrylate) complex on the surface of nano-ZnO. They found that
PMAA enhanced the dispersibility of nano-ZnO particles in water, and the stability of

modified ZnO nanoparticles in the aqueous system was significantly improved.

2.3.3  Nanofluid stability evaluation method
2.3.3.1 Spectral analysis

Ultraviolet-visible (UV-vis) spectrometer is evaluating nanofluids' stability depending
on spectral analysis techniques. In the spectral analysis technique, the intensity of light
passing through a fluid sample or reflected from it is being evaluated by two methods.
The first one is by comparing the intensity of light passing through the sample to its
original intensity. The second method is by comparing the light reflected from the sample
to the light reflected from the standard sample. To assess the dispersion stability of
nanoparticles in the host fluid, the measured absorbance of the nanofluid sample is
compared to the absorbance of base fluid, where the difference is associated with the
concentration of nanoparticles. Measuring the absorbance should be done directly after
preparation and considered a reference (Maximum value) as the sedimentation process
has no effect due to small sedimentation velocity. So, if the sedimentation rate increases,
the absorbance values will decrease, which indicates suspension stability. To evaluate the
stability of nanofluids using UV—vis spectral analysis, the nanomaterials dispersed in the
fluid should have absorption bands in the wavelength range between 190-1100 nm

(Angayarkanni & Philip, 2015).

Abdolbaqi et al. (2016) used a UV-vis spectrometer to evaluate stability for a
bioglycol-water mixture containing Al2O3 nanoparticles of different concentrations from
0.5-2.0%. They found that the peak wavelengths of absorbance for Al2O3 nanofluid were
between 313-316 nm. Abdolbaqi et al. (2016) examined the stability of silica

nanoparticles suspended in a mixture of bioglycol and water using a UV-vis spectrometer.
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They found that SiO2 nanofluid has absorption bands in the wavelength range between
200 and 400 nm and the peak absorbance occurs at the peak wavelength of 294 to 299
nm. They also concluded that the nanofluids with lower concentrations have more
potential for agglomeration and faster sedimentation time. Mehrali et al. (2014) evaluated
stability for graphene/DW nanofluid using a UV-vis spectrometer. They found that GNP-
DW nanofluid of concentrations 0.025-0.1 wt.% has absorption bands in the wavelength
range between 190 and 590 nm, and the peak absorbance occurs at the peak wavelength
of 180 nm for all concentrations. They also studied the effect of using GNP with different
specific surface areas for the same concentrations. They found that the absorption peak
wavelength increased when increasing specific surface area, which indicates that a higher

specific surface area gives better GNP dispersion.

2.3.3.2 Light scattering techniques

In nanofluids, the suspended particles continuously undergo random thermal motion
due to their Brownian motion. The particle size directly affects particle movement speed,
where the smaller particles move faster, and the larger particles move slowly. Therefore,
when laser light is directed through a nanofluid sample, it will be scattered, and based on
the intensity variations of the collected scattered laser light after passing the sample, the
hydrodynamic diameter of particles can be measured. Thus, the Dynamic Light Scattering
(DLS) method effectively measures the particle size over the larger sample volume. By
using the DLS method, particle size can be calculated using the Stokes-Einstein equation

as follow:

ksT

=— 2-2
3TpnrCar (2-2)

p

where ks is the Boltzmann Constant equals 1.328x1072 J/K, T is the temperature, pint
is the nanofluid viscosity, and Car is the diffusion coefficient (Angayarkanni & Philip,

2015) or particle diffusion constant (Keblinski et al., 2002).
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Advantages of DLS for particle sizing are its ability to provide an ensemble-averaged
estimate of particle size in suspensions, a widely accessible range of particle sizes in the
submicron range, and fast data acquisition. DSL technique was being used to evaluate
stability for different kinds of nanofluids; for example, a stability evaluation for iron oxide
(Fe304) and copper oxide (CuO) was performed with the DLS technique by Shima et al.
(2010). Fedele et al. (2011) used the DSL technique to study the stability of water-based
dispersions containing different nanoparticles such as single-wall carbon nanohorns

(SWCNHs), titanium dioxide (TiO2), and copper oxide (CuO).

2.3.3.3 Zeta potential measurements

As the electro-kinetic properties of nanoparticles dispersed in aqueous solution playing
a vital role in their stability, the dispersion behavior of nanofluids can be understood by
studying the electrophoretic behavior through the measurement of zeta potential. Zeta
potential is the potential difference between the bulk fluid (dispersion medium) and the
stationary layer of fluid attached to nanoparticles. It indicates the degree of repulsion
between adjacent, similarly charged particles in the dispersion. Ghadimi et al. (2011)
presented that the stable suspension systems give high zeta potential values (either
positive or negative), while the low zeta potential values indicate that the nanoparticles
will settle down faster. Vandsburger (2009) concluded that the stability of nanofluids is
expected to be moderate if zeta potential is near to £30 mV, while zeta potential of
+45 mV indicates that the stability of nanofluids is supposed to be good. The excellent

stability of nanofluid will be achieved if the zeta potential is above £60.
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Table 2-1: Stability conditions according to zeta potential values (Vandsburger,

2009).
Zeta potential (A £ mV) Stability
0 Little or no stability
15 Some stability but settling lightly
30 Moderate stability
45 Good stability
60 Very good stability

2.3.34 Sedimentation method

The sedimentation method is the simplest method to evaluate the stability of the
nanofluids with the elapsed time. The only indication that nanofluid is stable in this
method is the remaining suspended particles concentration constant with the elapsed time.
In this method, nanofluid stability observation is done by taking the sedimentation
photographs of nanofluids in test tubes using a camera for an extended period. Such
method was used to evaluate the stability of aqueous copper nanosuspension as done by
Li et al. (2007), CNT water-based nanofluid (Nasiri et al., 2012), and graphite
nanopowder suspended in distilled water (Zhu et al., 2007). The disadvantage of this
method is the long observation period to check the sedimentation of particles. Wozniak
et al. (2013) presented an equation that can be used to calculate sedimentation rate as

follow:

. . Ho - Ht
Sedimentation rate = 100% — [( i ) X 100]

o

(2-3)

where Ho is the initial height of the homogeneous suspension column in mm and Htis the

height of sediment in time. Figure 2-3 shows an illustration of the sedimentation process.
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Figure 2-3: An illustration of terms of equation (2-3).

234  Effect of pH on nanofluids stability

In nanofluids, the pH values are related to the electrostatic charge on the nanoparticle
surface. Thus, it is considered a critical parameter to control the stability of colloidal
systems where the strong repulsive force increases the stability of nanofluids. Choudhary
et al. (2017) studied the stability of Alumina/ water nanofluids. They concluded that the
extreme values of pH on both sides ( higher sides of acid and basic) of nanofluids gave
nanofluids higher values for zeta potential. For highly acidic nanofluids (pH is less than
7), the number of H' ions becomes larger. Thus, the positive ions in the electric double

layer around the nanoparticles increase, increasing positive zeta potential in magnitude.

On the other hand, for highly basicity nanofluids (pH is higher than 7), many OH ions
are performed in the suspension, increasing the possibility of OH near nanoparticles.
Thus, the negative ions are attracted to the stern layer's positive ions, which increase the
negative magnitude of zeta potential. A second point that should be considered is the
definition of the isoelectric point (IEP) where zeta potential equals zero. Thus, the pH
value should be far from IEP to maintain the stability of the colloidal. Many researchers
reported the value of IEP for their nanofluids. Choudhary et al. (2017) said that IEP is 8.6

pH value for all particles concentrations with sonication times of 120 and 180 minutes.
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In contrast, it oscillates between 8 and 9.4 pH values for the sonication time of 60 minutes.
Wamkam et al. (2011) obtained the IEP for TiO2 / DW nanofluid (of concentration 3wt.%
), which equals a 4.5 pH value. Zawrah et al. (2016) studied Al2O3 / DW nanofluid's
stability and found that the IEP of their nanofluids was nearly 8. Diebold (2003) found

that IEP equals 4.5 for TiO2 / DW nanofluid.

24 Thermal and rheological properties of nanofluids.
2.4.1 Thermal conductivity

As a scientific concept, the thermal conductivity of metals in solid form has an order
of magnitude higher than that of conventional fluids at room temperature (Das et al.,
2008). Thus, since the first trial to make a nanofluid by Maxwell (1891), the various
attempts to increase fluids’ thermal conductivity by using such colloids failed until the
rise of the nanofluids era started with the pioneering work of Masuda et al. (1993). Since
that time, the curiosity and interest in scientific research focused on thermal conductivity
enhancement of nanofluid (knr) and its effects on different modes of heat transfer. Various
parameters had been considered in further studies to show their impact on the thermal
conductivity of nanofluids (knf). For example, the type of nanoparticles, base fluid, the
volume fraction of solid particles, particle shape/size, the nanofluids temperature, pH
value, adding of surfactants, sonication time, and quantum effects are considered factors
that affect the nanofluids thermal conductivity. Table 2-2 summarizes some experimental
data of the thermal conductivity with different nanomaterials suspended in the most

common heat transfer fluids.
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Table 2-2: Summary of some experimental data of thermal conductivity with
different nanomaterials.

Type of Base fluids Particle | concentration Max.
nanoparticles size enhancement
D.W E.G (nm)
(Ho et al., 2010) 33 0.1-4 vol.% 14%
(Heyhat, 2012) 40 0.1-2 vol. % 18%
(Williams et al., 46 0.9-3.6 vol. %
2008)
(Wang et al., 1999) 28 3-5.5 vol.% 16%
(Wang et 28 5-8 vol. % 41%
al., 1999)
(Li & Peterson, 36,47 0.5-6 vol. % 28%
2007)
(Xie et al., 2002) 60.4 1.8-5 vol. % 21%
(Xie et al., 15, 26, 1.8-5 vol. % 30%
2002) 60.4,
Alumina 302
(ALO3) (Das et al., 2003) 38.4 1-4 vol. % 9%
(Lee et al., 2008) 30 0.01-0.3 vol.% 1.44%
(Wen & Ding, 2004) 42 0.19-1.59 vol. 10%
%
( Li & Peterson, 36 2-10 vol. % 29%
2006)
(Beck et al., 2009) 8,12, 2-4 vol. % 17.67%
16, 40,
71, 245,
282
(M"‘Sl‘;%a; al, 13 | 1343vol% | 29.6%
(Chandrasekar et al., 43 0.33-5 vol.%
2010)
(Xia et al., 2014) 13,20 | 0.1,0.5,1,2.5
vol.%
(Masuda et al., 12 1.1-2.4 vol.% 1.1%
1993)
Silica (Si02) "o hian et al., 2016) 7 0.5, 1,2vol.% | 4.5% (25 C)
13% (60 "C)
TiO, (Jarahnejad et al., 30 3-9 wt.%
2015)




Table 2-2 Continue.

(Silambarasan et al., 100-344 | 0.27-1.39 vol. 8%
TiO, 2012) %
0.24-11.22 o
(Fedele et al., 2012) 70 vol.% 21.3%
Zirconia (ZrOs) (Wﬂg‘z)rg;)et al, 60 | 0.2:0.9 vol. %
(Philip et al., 2007) 6.7 6.3 vol.% 300%
(Abareshi et al., o 8.9 % (1 %)
2010) 6.7 L3vol% 115 104 (3%)
(Sundar et al., 2013) 13 0.2-2 vol.% 48% (60 "C)
(Parekh & Lee, 1.115-4.7 o
FesOs 2010) 9.9 voLo 17.25%
200%
(Gavili et al., 2012) 10 5 vol.% (magnetic
field only)
(Razzaq et al., 2007) 10-40 vol.% 215%
(Fe“gz‘;)et al., 0.01-0.2 vol.%
(Eastman
Cu etal., <10 0.3 40%
2001)
. 2 0.025, 0.075, 22.92%
(Sadri et al., 2017) (thick) | 0.1 wt.% (0.1%)
0.041-0.395 o
(Kole & Dey, 2013) vol.% 15%
0.001, 0.01
(Selvam et 5-10 ’ ’ 21% (EG)
(Selvam et al., 2016) . 0.1,0.2,0.3,
GNP al.,, 2016) | (thick) 0.4.05 16% (DW)
13.56% (20
(Yarmand et al., 5 um 0.02, 0.06, 0.1 ‘0)
2016) K wt.% 15.87% (40
0)
2 0 8.36%
(Sarsam et al., 2016) (thick) 0.1 wt.% (SDBS)
10% (20 "C)
(Ding et al., 2006) 0‘82{?,)49 27% (25°C)
e 79% (30 C)
. 1.5 vol.%
. Liu et al. 17% (DW)
MWCNT ( °
(Liu et al., 2011) 2011) (DW) 12.4%(EG)
1 vol% (EG)
0.05, 0.08
(Sadri et al., 2017) vol.% 20% (0.08)
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2.4.1.1 Modeling of thermal conductivity
(a) Theoretically investigated models

Many researchers considered the different parameters affecting the value of nanofluid
thermal conductivity (knf) and expressed it into various mathematical models. The
modeling of nanofluids' thermal conductivity is a complex problem due to the number of
variables affecting its value. The first attempt to investigate the nanofluid thermal
conductivity theoretically was introduced by Maxwell, the Maxwell or Maxwell-Garnett
model (Khairul et al., 2016). It was developed to estimate the effective thermal
conductivity for a dilute solid/ liquid colloid with micro and millimeter-sized particles as

in equation (2-4).

. (kp + 2kps + 20y — ks ) y
M (ky + 2k — @y —kpp) | (2-4)

where, @ is the percentage volumetric concentration (volume fraction) of suspended

nanoparticles in the base fluid.

The Maxwell model is not accurate for mixtures at high concentrations. Therefore, the
attempts continuously investigate more accurate models. Hamilton and Crosser (1962)
presented a mathematical model to calculate the thermal conductivity of a homogeneous
mixture of liquid and solid considering the particle shape of solid particles suspended in

the liquid as shown in equation (2-5).

oo = |G+ (=D ki — @ — Dikyy — k)]
Mk + (= 1) kyp + @y — Ky ) vr (2-5)

where, n = 3 / (1) and ¥ is the sphericity of solid particles.

The solid particle sphericity is expressed as the ratio of the sphere surface area (with
the same volume of the particle) to the given particle surface area. Hence, if solid particles'

sphericity equals unity, the model is similar to the Maxwell model. Xuan, Li, and Hu
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developed a mathematical model to predict the thermal conductivity of nanofluids. They
considered the effect of various parameters more than Hamilton and Crosser, such as
temperature, particles density, and particle specific heat (Alawi et al., 2018). They

expressed their model as shown in equation (2-6).

e = _ [(kpr2rn—20(knr—ky)) 4 (PpeCp) [y T
nf = (kp+2kbf+(p(kbf kp) 2kpf Bmre 1) (2_6)

To explain the reasons beyond enhancing nanofluid thermal conductivity, recent

research changed the point of view from macroscopic to microscopic scale. They
suggested various numbers of mechanisms which divided into two main categories. The
first is the static mechanism, which assumes the particles are stationary while suspended
in the base liquid. The second category is the dynamic mechanism that considers the
particles in random motion as in the Brownian motion and micro convection to be

responsible for knf enhancement (Akilu et al., 2016).

Yang et al. (2017) explained the effect of an interfacial layer between solid and liquid

on enhancing knt. They introduced their model to calculate knf, as shown in equation (2-7).

(kp = ki )@k [22,° — 22 + 1) + (kp + 2kp )4 (@123 (ki — Kf) + Kf] 2-7)
A3 (ky + 2ky) = (kp = ki )i [A° — 23 — 1]

knf =

where, @, = (A3 —-1),1=1+ Ti, 6 is the shell (nanolayer) thickness around the
14

nanoparticle, 7, is the radius of nanoparticle, and kj. is the interfacial thermal

conductivity.

Chandrasekar et al. (2010) studied the effect of interfacial resistance on nanofluids'
thermal conductivity. They concluded that enhancing nanofluids' thermal conductivity is
strictly dependent on the aggregation of nanoparticles in the colloidal state and the

connectivity between them. Hamzah et al. (2017) used a three-level homogenous model
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to evaluate the effect of different parameters on enhancing nanofluids' thermal
conductivity. They found that the aggregation and radius of gyration of the nanoparticles
in the colloidal state have a noticeable effect on improving nanofluids' thermal
conductivity. Based on the Maxwell model, Yu and Choi (2003) used the nanolayer
concepts to develop their model by assuming that the nanolayer is the preferable thermal

path between liquid and solid. Equation (2-8) shows Yu and Choi model.

L = kpe + 2kps + 2¢(kpe — kps)(2 — 2)3
nf kpe + 2kpp — @(kpe — kps) 23 bf

(2-8)

where, kpe 1s the equivalent thermal conductivity of nanoparticles and can be calculated

from equation  (2-9).

b - 2 -y)+ 21+ 2]y (2-9)
e Tl —(A—-p)+30+2y) |7

where, y = ki / k. > and if y = 1, the model is consistent with the Maxwell model.
P

Keblinski et al. (2002) studied the effect of Brownian motion (the particles move
through the liquid and possibly colloids) on the enhancement of nanofluids' thermal
conductivity. The Brownian motion can be described by diffusion rate coefficient or

particle diffusion constant of equation (2-2).

Jang and Choi (2004) developed a theoretical model based on kinetic, Kapitza
resistance (Interfacial thermal resistance), and micro convection. They considered four
modes of microscopic heat transfer: thermal diffusion of nanoparticles, the collision
between nanoparticles due to Brownian motion, thermal interaction between dynamic
particles with fluid molecules, and collision between liquid molecules. Equation (2-10)

shows their mathematical model.
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dps
kng = kpo + (1 — @)kps + 39C, d—kbfPbeRepz (2-10)
b

where, C; is a proportional constant, dyf is the diameter of the base fluid molecule,
and Re,, is the Reynolds number for nanoparticles, and it is calculated by the equation

(2-11).

Cr dp ER — Cdf

Rep = 'be ) lbf (2_11)

where, Cg is the random nanoparticle velocity and [, 7 18 the mean-free path.

(b) Experimentally investigated correlations

All the previous equations from (2-4) to (2-10) depend basically on a theoretical
approach to enhancing nanofluids’ thermal conductivity either with the macroscopic or
microscopic study. Therefore, such equations have limited applicability concerning other
experimental factors such as pH value, sonication time, preparation method, particle size,
etc. Hence, there is no acceptable difference range when the data from such equations are
compared with experimental results. The experimentally investigated correlations or
semi-empirical models are derived using experimental data affected by various

experimental parameters.

Khanafer and Vafai (2011) developed a general correlation for Al203-DW nanofluid
using experimental data measured at various temperatures, nanoparticle diameters, and
volume fractions. They validated their correlation shown in the equation (2-12) with
different published experimental data and got a good agreement between the predicted

data from their correlation and the published data.
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1 (2-12)

0.2246
kns = [0.9843 + 0.398¢p"7383 (d—) (

p

@ ®
32.509; — 3.9517 F] kbf

Unf(T)

0.0235 )
) +34.034 £ +
upr(T) T3

Equation (2-12) is valid for the ranges 0 < ¢ < 10%, 11nm < d,, < 150 nm, and

20°C<T<70°C

The equation developed by Khanafer and Vafai presented in Fedele et al. (2012)
published work also demonstrated a general empirical correlation shown in equation
(2-13) to evaluate the thermal conductivity of Al203-DW and CuO-DW nanofluids. Their
correlation is estimated for the properties at the ambient temperature 25 °C and volumetric

nanoparticles concentration of 4%.

47 ky
knr = (1.0 +1.0112¢ + 2.4375¢ <dp(nm)> —0.0248 ¢ <0-613)l (2-13)

Sharma et al. (2012) developed an empirical correlation (2-14) to investigate the
thermal conductivity for different nanofluids with oxide metals nanoparticles. they used
the regression technique to establish the correlation based on much-measured data for
Al2O3-DW, TiO2-DW, Fe304-DW, ZrO2-DW, CuO-DW, and ZnO-DW nanofluids of
volumetric concentration less than 4%, the temperature range between 20 °C and 70 °C,

and 20nm < dp < 150 nm.

- 0.01737
(p 1.37( Tnf>0.2777< dp ) 0.0336 ap
k- =08938(1+—)" (1+£ 14 % a
nf (1+1o0) T30 T 150 o (2-14)

2.4.2  Viscosity

In forced convection heat transfer applications, the heat transfer acts as the benefit
while pressure drop acts as the penalty. Therefore, the evaluation of nanofluids as a heat
transfer medium should depend on the benefit vs. penalty evaluation. When the benefit is

more prominent than the penalty, the nanofluid is commercially viable and vise verse. To
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make such evaluation, the nanofluid viscosity should be measured or evaluated as the

pressure drop or pumping power is depending on its value.

The viscosity of nanofluids not only affects the convection heat transfer but also
influences the thermal conductivity. Tsai et al. (2008) studied the effect of base fluid
viscosity for suspension of Fe3O4 nanoparticles with a volume concentration of 1 and 2%
suspended in base fluid composed of diesel oil and polydimethylsiloxane. They controlled
the viscosity of the base fluid by changing the volumetric fractions between both fluids.
According to their study, the nanofluid thermal conductivity decreases with the increase
of base fluid viscosity. The maximum values of thermal conductivity were obtained for

viscosity values less than 100 cP.

2.4.2.1 Modeling of viscosity
(a) Theoretically investigated models

As done with the nanofluids' thermal conductivity, the dynamic viscosity of nanofluids
had been investigated theoretically based on equations of analytical studies and empirical
correlations. Einstein (1906) was the first scientist who derived an equation to investigate
the dynamic viscosity of colloids composed of spherical solids dispersed in a base fluid
with a volume fraction less than 5%. Einstein’s equation for the dynamic viscosity is

shown in equation (2-15).

Based on Einstein’s equation, several equations were developed to evaluate the
dynamic viscosity of concentrated colloids of a high-volume fraction. Brinkman (1952)
extent Einstein’s equation to make it applicable for concentrated colloids as shown in

equation (2-16).
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1

Hnp = (m) Hpr = (1.0 + 2.5¢ + 4.375@% + - )ups

(2-16)
Batchelor (2006) considered the effect of Brownian motion of the suspended solid

particles and developed the equation (2-17) to evaluate the dynamic viscosity.

s = (1.0 + 2.5¢ + 6.2¢0*) s (2-17)

(b) Experimentally investigated correlations

The work done by Masuda et al. (1993) was the first attempt to evaluate the dynamic
viscosity of nanofluids experimentally. They measured the viscosity of several water-
based nanofluids of metal oxides nanoparticles at different temperatures starting from
room temperature to 67 °C. Maiga et al. (2005) performed a curve fitting process using
the least square method for the data measured by Masuda et al. (1993), Lee and Choi
(1999), and Wang et al. (1999) to create an empirical correlation for the dynamic viscosity
of silica nanoparticles dispersed in DW and EG as shown in equations (2-18) and (2-19),

respectively.

unf = (10 + 73(P + 123@2).“bf (2'18)

oy = (1.0 = 0.19¢ + 3069y (2-19)

Khanafer and Vafai (2011) used the least square method to make a curve fitting for the
data measured by (Pak & Cho, 1998). They performed correlations to evaluate the
viscosity of Al203-DW nanofluid with dy = 13 nm and TiO2-DW nanofluid with dp, = 27

nm as shown in equations (2-20) and (2-21), respectively.

fns = (1.0 + 23.09¢ + 152539 uyf (2-20)
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fns = (1.0 — 3.544¢ + 169.469?) (2-21)

Equation (2-20) is accurate for the volume fraction range between 0 and 4%, and

equation (2-21) is valid for the volume fraction range between 0 and 1%.

Vajjha and Das (2012) analyzed the measured data published by Namburu et al. (2007)
and Sahoo et al. (2009) and established a general correlation to evaluate the viscosity of
several water-based nanofluids with metal oxide nanopowder. Equation (2-22) shows

Vajjha and Das correlation, and Table 2-3 shows the constant A1 and A2 values.

ﬂnf = (AleAz(p)be (2_22)

Table 2-3: Constant of equation (2-22) for different nanofluids (Vajjha & Das,

2012).
nanoparticles Al Az dp (nm) ®
Al203 0.983 12.959 45 0-10%
CuO 0.9197 22.8539 29 0-6%
SiO2 1.092 5.954 20 0-10%
SiO2 0.9693 7.074 50 0-6%
SiO2 1.005 4.669 100 0-6%

Data of equations (2-18) to (2-21) are evaluated at room temperature, while equation
(2-22) considers the temperature dependency of viscosity where it is applicable for the

temperature range of 0°C < T < 90 °C.

As the viscosity is very sensitive to the temperature variation, several correlations

showed the temperature dependence of nanofluids viscosity. Khanafer and Vafai (2011)
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conducted an empirical correlation showing the temperature dependence of Al203-DW

nanofluid with nanoparticles diameter of 13 nm as shown in equation (2-23).

@ @2

— _ 2 X _ -

Unf = (0.4444 0.254¢+0.0368¢p“ + 26.333 T 59.311 2 ),ubf (2-23)
Khanafer and Vafai (2011) also performed a temperature dependence relation for the

viscosity of Al203-DW nanofluid with a wide range of nanoparticles diameter from 13 to

131 nm and volume concentration range from 1% to 9%. Their correlation is shown in

equation (2-24)

837 2
oy = <—0.4491 + +0.574¢ — 0.1634¢? + 23.053%
@ ol
+0.0132¢p% — 2354.7358 — + 23.498 —
T d, (2-24)

3

@

P
Sharma et al. (2012) investigated an empirical model to calculate the viscosity of
different water-based nanofluids with metal oxide nanoparticles. Their model considers
the viscosity dependence on temperature, nanoparticle size, and nanoparticles volume

fraction as shown in equation (2-25).

—-0.061
A 11.3 nf “r
g = [(”‘P) (1+35)  (1+5% l“bf (2-25)

As discussed in this literature, the nanoparticle type does not affect the nanofluid
viscosity. Therefore, once the volume concentration, nanoparticle size, base fluid, and
temperature are the same, the viscosity of nanofluid will be the same, whatever the

nanoparticle type.
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2.4.3  Density

As the density of metals is more incredible than liquid, the addition of metal
nanoparticles to water or any other fluid will increase its density. The density of nanofluid
can be obtained analytically based on the mass balance principle of the mixture, where
the mass of the mixture equals the masses of its compounds. Equation (2-26) shows how

to calculate the density of nanofluid.

mbf + mp pbfvbf + ppr
= = =(1- +
Pns Vo Vr (1= @)ppr + @pyp

(2-26)

Many researchers, such as (Pak & Cho, 1998; Ho et al., 2010), examined the validity of
equation (2-26) by conducting an experimental work to measure the densities of Al,O3-DW and
TiO2-DW nanofluids with volume fraction from 0 to 4%. They found an excellent agreement
between the experimental data and the data that had been calculated by equation (2-26). Based
on the published data by (Ho et al., 2010), which indicated the temperature dependence for
nanofluid viscosity, Khanafer and Vafai (2011) developed an empirical correlation to evaluate
the viscosity of Al,O3-DW nanofluid as a function of temperature where their correlation had

given the data is completely matched with the published one.

pny = 1001.064 + 2738.6191¢ — 0.2095T;0 < ¢ < 0.04,5 < T °C < 40. (2-27)

2.4.4  Specific heat
Based on the assumption which considers the base fluid and nanoparticles in thermal
equilibrium, Xuan and Roetzel (2000) developed the equation (2-28) to evaluate the

specific heat of nanofluids.

(1= @)PprCops + PPpCop (2-28)
pnf

Cong =

Zhou and Ni (2008) conducted experimental work to evaluate the specific heat of
ALO3-DW at several volume concentrations from 0-21.7%. Their results showed a good

agreement with equation (2-28) and indicated that specific heat decreases when volume
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concentration increases. Sekhar and Sharma (2015) developed an empirical correlation
where they considered the effects of temperature, volume fraction, and nanoparticle size
on the specific heat of nanofluids. They conducted their study on metal oxides/ water-
based nanofluids such as Al203, CuO, SiO:, and TiO: with particle size range from 15-
50 nm. Equation (2-29) shows their correlation valid for the temperature range between

20 °C and 50°C and volume fraction from 0 - 4%.

-0.3037 0.4167 2972

_ nf %o s
Cony =08429(1+22)  (1428)  (1+155) 2-29)
2.5 Studies of the forced turbulent convection using nanofluids

Attention to nanofluids as a heat transfer medium was initially upon the fact that
increasing fluid thermal conductivity by adding solid nanoparticles will enhance its
ability to transfer the heat. But for forced convection heat transfer application, the
efficiency of fluids does not depend on the fluid thermal conductivity as a unique
parameter. Therefore, parameters such as convection heat transfer coefficient and
pressure drop become more critical than nanofluid thermal conductivity (Timofeeva,
2011). Various studies were performed, either experimentally or numerically, to evaluate
the use of nanofluids in the different applications of convection heat transfer since Pak
and Choi (1998) started the first experimental of convection heat transfer using
nanofluids. The enhancement of convection heat transfer had been reported by many
researchers when they used nanofluids as a heat transfer medium in different flow

passages.

2.5.1 Experimental studies of pipe flow
An experimental study was conducted by Yarmand et al. (2017) to investigate the
performance of heat transfer and friction loss of the GNP-PT/DW hybrid nanofluid under

turbulent flow in a square duct with uniform heat flux on its outer surface. The nano fluid
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with a concentration range of 0.02-0.1 wt.% was prepared using the two-step method. All
the experiments were performed under turbulent fully developed flow with Reynolds
number range of 5000-17500, and the test section was stainless-steel tube with 1.4 m long
and 10 mm aside. Their work showed a percentage enhancement in Nu number up to
28.48% compared to the DW in the highest nanofluid concentration. Their results also
showed the enhancement of the Nu number depends on the Reynolds number as well. It
was 4.58% at the lowest Reynolds number and 6.35% at the highest Reynolds number for
the concentration of 0.02 wt.%. The enhancement was in the range between 14.63% and
28.48% for the 0.1 wt.% concentration. The convection heat transfer coefficient was
enhanced and showed a percentage enhancement of 49.16% at the Reynolds number of
17500 and 0.1 wt.% concentration. Evaluation of friction factor and pumping power were
also investigated to calculate the performance index and the energy efficiency of the
whole system. They calculated the thermal performance based on the positive
enhancement in the convection heat transfer coefficient divided by the negative
enhancement or the pressure drop increment. They found that all the concentrations have
a thermal performance above unity even at a low Reynolds number, which indicates that

their nanofluid is energy efficient and has promising features as a convective medium.

In another study, the same researcher, Yarmand et al. (2016), conducted experimental
work to evaluate the performance of functionalized GNP in a square duct under the same
previous conditions. They tested the GNP/DW nanofluid with weight concentrations of
0.02%, 0.06%, and 0.1%. They got an enhancement of 3.3% up to 26.5% in the Nusselt
number for 0.02 wt.% at Re 5000 and 0.1 wt.% at Re 17500, respectively. Based on the
equation (2-30), they evaluated the performance index. They got a net positive
enhancement because the enhancement in the heat transfer is higher than the penalty due
to pressure drop increment. The performance index for all the nanofluid concentrations

was higher than unity except for 0.02 wt.% at Re 5000.

33



hnf/
hps

~ AP, (2-30)
APy,

&

Aliabadi et al. (2016) conducted experimental work to evaluate the performance of
Cu/DW, Fe/DW, and Ag/DW nanofluids of 0.1 wt.% concentration on heat transfer
characteristics inside rectangular duct equipped with different cylindrical pins shown in
Figure 2-4. They prepared all nanofluid samples using the one-step technique and
investigated their performance in comparison with the DW. They run their experiments
under constant surface temperature using a film of condensed water vapor on the outer
surface of the test section. They validated their test rig by comparing Nu number, and
friction factor obtained experimentally with those calculated from published correlations
for the test section without pins under fully developed turbulent flow. Then they evaluated
the convection heat transfer coefficient and pressure drop for all pin arrays using DW at
volume flow rates from 4.0 to 10.0 L/min. According to their results, the convection heat
transfer and pressure drop were directly proportional with the pin diameter and pin
number (i.e., they were decreased when the pin diameter increases for the same pin
diameter array). So, the pin array of diameter 6.0 mm and pitch 20.0 mm produced the

highest heat transfer coefficient and the highest pressure drop in the water run experiment.
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Figure 2-4: A picture showing the design of pin arrays used to build the pin-
channel (Aliabadi et al., 2016).

The average enhancements in heat transfer coefficient for DW run were about 5.7%,
10.7%, 15.3%, and 25.6% for the channel with a pin diameter of 1.0, 3.8, 4.8, and 6.0,
respectively. The pressure drop increments for the same pin channel were 2, 3, 3.9, and
6.8 times higher than the empty ducts, respectively. Due to the increase in heat transfer
and pressure drop, they used the thermal-hydraulic performance or performance index as

an evaluation criterion, as shown in equation (2-31).

N
um/ Nu,,

1 (2-31)
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where, subscripts m and nm refer to modified and non-modified duct, respectively.

They evaluated the thermal-hydraulic performance for both the DW and nanofluids

and assessed the percentage of &, to &,r. According to the results of Aliabadi et al.

(2016), the Ag/DW nanofluid was the best for all the study cases based on the percentage
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enhancement of convection heat transfer coefficient and the percentage of both the

performance indices, which were more significant than unity for all the pin arrays.

The circular pipe heat exchanger is the most common application in convection heat
transfer studies using nanofluids under laminar or turbulent flow conditions.
Ranjbarzadeh et al. (2017) conducted an experimental study to investigate the heat
transfer and friction loss performance through an isothermal circular cupper tube of 10
mm outer diameter using Graphene oxide/DW nanofluid with 0.025, 0.075, and 0.1 vol.%
concentrations. The flow condition was turbulent flow with a Reynolds number range of
5250 and 36500. The outer surface temperature of the test section was kept constant at
the evaporation temperature of the water inside a heating chamber. The nanofluid was
prepared by the two-step method, and its thermophysical properties were measured at
room temperature. According to their results, they got a maximum thermal conductivity
enhancement for the highest concentration of 28% compared to the DW at room
temperature. Their results also showed that heat transfer enhancement and pressure drop
increase when the nanofluid concentration increases and Reynolds number. The
maximum increase in the friction coefficient was 16%, while the Nusselt number showed
a maximum enhancement of 17.6% compared to the base fluid. They used equation (2-31)
to evaluate the thermal performance of the nanofluid of their study. They found the
thermal performance increases when the nanofluid concentration increases, and all the

thermal performance values were higher than unity.

Sadri et al. (2017) conducted experimental work to investigate the characterization of
an environmentally friendly covalent GNP/DW nanofluid and its heat transfer
performance in a circular tube heat exchanger. Three concentrations, 0.025, 0.075, and
0.1 wt.%, were prepared. All the thermophysical properties were measured

experimentally, where the thermal conductivity measurements showed a maximum
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enhancement percentage of 22.92% for the 0.1 wt.% concentration compared to the base
fluid at 45°C. The dynamic viscosity measurements showed that all the nanofluid
concentrations are Newtonian fluids with a slight increment in comparison with the
viscosity of the base fluid. The specific heat of nanofluid was reduced by 0.43—1.52% due
to the low specific heat capacity of the GNP nanoparticles. Also, a maximum increase of
0.045% in the nanofluid density was recorded at 20 °C for the 0.1 wt.% concentration
compared to that of the DI water. The heat transfer experiment was conducted under fully
developed turbulent flow with the Re range of 6371 to 15927, and uniform heat flux at
the outer surface of the pipe with a fixed inlet flow temperature of 30 °C. According to
their results, the average enhancement of the convective heat transfer coefficient
approximately was 9.26, 26.59, and 37.54% for the nanofluid concentrations of 0.025,
0.075 and 0.1 wt.%, respectively, and the maximum Nusselt number enhancement was
obtained at the highest Re number with the average percentages of 4.96, 13.58 and
18.69% for particle concentrations of 0.05, 0.075 and 0.1 wt.%, respectively. They
evaluated the performance index based on equation (2-31). They found that all the
nanofluid concentrations have a positive potential where the performance index is higher

than unity for all the concentrations.

Sadeghinezhad et al. (2014) conducted an experimental study to evaluate the heat
transfer characteristics and pressure drop of Graphene nanoplatelet (GNP) dispersed in
DW through horizontal stainless-steel pipe. The pipe was 10 mm diameter and 1.4 m in
length, with uniform heat flux on the outer surface. A fully developed turbulent flow
conditions were employed in their experimental work. Nanofluids with four
concentrations of 0.025, 0.05, 0.075, and 0.1 wt.% were prepared using the two-step
method. They measured all the thermophysical properties experimentally and studied the
effect of nanoparticle concentration, flow velocity, and heat flux on heat transfer and

pressure drop. Their measurements showed that base fluid thermal conductivity
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enhancement was between 7.96% and 25% for the low and high concentrations,
respectively. Compared with the base fluid, the nanofluid of 0.1 wt.% concentration
showed a maximum enhancement of the convective heat transfer coefficients equals
131%, 146%, and 160%, and a maximum enhancement of Nu number equals 75%, 79%,
and 83% for the heat fluxes of 8231, 10351, and 12320 W/m?, respectively. The pressure
drop increased by 0.4% at the lowest velocity of 0.3 m/s for 0.025 wt.% and reached
14.6% at the highest flow velocity of 1.3 m/s for 0.1 wt.%. The researchers evaluated the
thermal performance of all the nanofluids based on equation (2-31). They showed that the
thermal performance increased when the nanofluid concentration increased, and the
thermal performance values were higher than unity. From their results, there are two
points to stand on: the first one is the heat flux effect on the Nu number for the same fluid,
while the Nu number is heat flux independent. The second point is evaluating Nu numbers
at different velocities but not at different Reynolds numbers. Because the number differs
from one fluid to another at the same velocity, which gives wrong indications about the

enhancement of Nu number as it mainly depends on Re and Prandtl numbers.

Esfe et al. (2014) conducted an experimental study to evaluate the performance of the
heat transfer and pressure drop inside the circular pipe with constant hot surface
temperature using Mg/DW nanofluid of volume fractions 0.0625%, 0.125%, 0.25%,
0.5%, and 1%, under fully developed turbulent flow with Reynolds number range
between 3200 and 19000. Evaluation of thermophysical properties such as thermal
conductivity and viscosity was done experimentally. At the same time, the specific heat
and density of the nanofluid were evaluated using equations of the thermal equilibrium
model and the mixing theory, respectively. Their results showed a significant
enhancement of Nusselt number up to 1.32 of the base fluid Nu number and a
considerable enhancement of the heat transfer coefficient up to 1.36 of the base fluid at

1% concentration. The pressure drop measurements through the test section showed that:
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the pressure drop of nanofluid was increased slightly compared to those of the DW. They
did not explain why the pressure drop of the highest nanofluid concentration is lower than
those of the lower concentration. They also calculate the thermal performance factor for
all nanofluids based on Nu number and friction factor, and they got a trend over than

unity for all the nanofluids.

Heyhat et al. (2012) studied the effects of using Al2O3— DW nanofluid of volumetric
concentrations of 0.1, 0.5, 1.0, 1.5, and 2 % on the convection heat transfer and pressure
drop under turbulent flow regime with Re number range of 3000 - 16000 inside a circular
pipe. The test section used in their experiments was a copper tube of 5 mm diameter and
2 m length. They kept the outer surface of the test section at constant temperature by using
steam evaporated from a water path where the test section passes through it. They found
that the convection heat transfer coefficient had a 23% enhancement than distilled water
at a maximum of 2 vol.%. At the same time, the measured Nusselt number did not match
the same trend of enhancement as the convection heat transfer coefficient due to the
effects of the nanofluids Prandtl number. They also found that the pressure drop through
the test section increased gradually with the increasing volumetric concentrations of

nanofluids.

Williams et al. (2008) used horizontal stainless-steel pipe as a test section of 9.4 mm
inside diameter and 3 m length to evaluate the heat transfer performance and pressure
drop for Al2O3 - DW and ZrO:z - DW nanofluids. They exposed the outer surface of the
test section to constant heat flux from the resistant heater rapped over the test section. The
Reynolds number for their experiments was in the range of 9000-63000. The volumetric
concentrations of Alumina/ water nanofluid were 0.9%, 1.8%, and 3.6%, and the
volumetric concentrations of Zirconia/ water nanofluid were 0.2%, 0.5%, and 0.9%. They

concluded that the nanofluids could be treated as a single-phase as their heat transfer and
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pressure drop results perfectly matched the traditional empirical correlations of Dittus-

Boelter and Blasius for Nusselt number and pressure drop, respectively.

Pak and Choi (1998) conducted experimental work to study the convection heat
transfer and friction behavior of aqua-based nanofluids with Al2O3 and TiO2
nanoparticles of diameter 13 nm and 27 nm, respectively. They prepared the nanofluids
with volume concentrations varied from 1% to 10% using a mechanical stirrer of 10000
rpm. They studied the viscosities at different concentrations and got two and three times
the water viscosity for Al203-DW and TiO2-DW nanofluids, respectively. They got the
maximum enhancement of thermal conductivity of 32% and 11% for Al203-DW and
T102-DW nanofluid, respectively, at a volume concentration of 4.3%. Their test rig
contained a 0.2 m® reservoir tank for nanofluid and stainless-steel tube as a test section
with dimensions of 10.66 mm and 0.480 m for inside diameter and length, respectively.
The test section was electrically heated with a maximum heating capacity of 15 kW. They
found that the Nu number increased when the volume concentration increased as well as
the Reynolds number. When they conducted their experiments under constant average
velocity, they found that the convective heat transfer coefficient decreased by 12% more

than the DW.

Studying the thermal and flow performance of the nanofluids through different pipe
configurations with the same thermal boundaries and flow conditions was done along
with optimization of the various designs of heat exchangers when using nanofluid as a
convective medium. Jafarimoghaddam and Aberoumand (2017) presented an
experimental study to compare the performance of the Ag/DW nanofluid as a convective
medium in rectangular and semicircular pipes with the same length and hydraulic
diameter of 0.5 m and 9.4 mm, respectively. The test sections were exposed to a uniform

heat flux at their outer surfaces. Seven volume concentrations from 0.03% up to 2% were
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used in their study under laminar flow conditions with relatively low Reynolds numbers
from 301 to 740. They prepared the nanofluid by applying the one-step method using the
electrical explosion wire. Referring to their results, the convection heat transfer
coefficient increased by increasing the volumetric concentration in both the geometries.
They found that the enhancement percentage in the semicircular pipe was higher than that
of registered within the rectangular one. Although the friction factor in the semicircular
tube was higher than that of the rectangular one for the same nanofluid concentration and
Reynolds number, the highest friction factor of nanofluids did not exceed 1.04 times the
DW. Therefore, the extra pump power can be neglected in the performance evaluation of

the nanofluid as a convective medium.

2.5.2  Numerical studies of pipe flow

Senay et al. (2019) presented a numerical study to evaluate the heat transfer and
friction loss of Al2O3/DW and TiO2/DW nanofluids in a square duct exposed to uniform
heat flux on its outer surfaces under constant flow velocity conditions. They built a
turbulent flow model using the ANSYS-FLUENT package with a Reynolds number range
equivalent to the velocity range of 1 - 8 m/s. They validated their model by comparing
the Nu number obtained numerically with the Dittus & Boelter correlation for DW. All
nanofluid concentrations were treated as a homogenous single-phase fluid. The
thermophysical properties of different nanofluid concentrations from 0.01-0.04 vol.%
were evaluated theoretically. According to their results, the TiO2/DW nanofluid showed
a higher enhancement in the heat transfer and pressure drop in comparison with the
Al2O3/DW nanofluid for the same Reynolds number. The enhancement of heat transfer
with TiO2/DW was higher than those obtained with AL2O3/DW for all the velocities,
reaching about 29% higher values at the highest concentration at Re number 20000. The
negative point in their work is conducting their study under constant velocity, which gave

a different Reynolds numbers range for each nanofluid concentration.
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Abdolbagqi et al. (2014) presented a CFD analysis study to evaluate the heat transfer
and pressure drop performance of CuO, TiO2, and Al2O3 aqua-based nanofluids with
volume concentrations of 1-4% inside a square pipe with a hydraulic diameter of 0.02 m
and 1.6 m length under uniform heat flux boundaries and Re number range of 10*-10°.
They evaluated all nanofluid thermophysical properties theoretically using published
empirical correlations. They validated their model by comparing the friction factor
Blasius equation and Nu number with those calculated by Dittus & Boelter equations.
Based on their results, the CuO/DW nanofluid showed the highest Nu number and the
convection heat transfer coefficient for each concentration. They attributed the reason to
the higher thermal conductivity and Prandtl number of the CuO/DW nanofluid. The
CuO/DW nanofluid also showed the highest increasing percentage of the friction factor

compared with the DW and the other nanofluids.

Rostamani et al. (2010) studied the heat transfer characteristics and friction loss of
CuO/DW, TiO2/DW, and Al2O3/DW nanofluids numerically using a 2-D model for
rectangular duct under fully developed turbulent flow with Re number range of 20000-
100000, and a uniform heat flux along the outer surfaces. Their model was built by a
commercial CFD package, and the nanofluids' volume concentrations were varied from
1 to 6% and were treated as single-phase fluids. All the thermophysical properties were
evaluated theoretically at the flow inlet temperature. Their results showed that the
CuO/DW nanofluid has the highest heat transfer enhancement over TiO»/DW and
Al203/DW nanofluids. Both the Nusselt numbers and convection heat transfer coefficient
were increased with the increasing nanoparticles concentration and Reynolds number.
The wall shear stress evaluation showed that the CuO/DW nanofluid and TiO2/DW

nanofluid have the highest and lowest shear stress values, respectively.

42



Sadri et al. (2018) conducted a numerical CFD study to investigate the thermal and
hydrodynamic performance of aqua-based clove-treated graphene nanoplatelets
nanofluids flowing inside a circular horizontal tube. The pipe surface was subjected to
uniform heat flux, and the flow conditions were adjusted as a forced turbulent flow of Re
number range of 6371 - 15927, and the inlet flow temperature was fixed at 30 °C. They
created the mesh and solved the governing equations of their 3-D model using a
commercial CFD package and the thermophysical properties of all nanofluid
concentrations (0.0, 0.025, 0.075, and 0.1 wt.%) were measured experimentally. They
treated all nanofluids in their study as a single-phase fluid. They got an acceptable
deviation from the experimental data that was evaluated at the same conditions for the

average convection heat transfer coefficient and pressure drop.

Boertz et al. (2018) conducted a 2-D numerical study to evaluate the performance of
heat transfer and friction loss of nanofluid flowing inside a circular tube with constant
heat flux boundary under fully developed turbulent flow with a Re number range of 6000-
12000. They prepared the nanofluids from silica nanoparticles (from 0 vol.% to 10 vol.%)
in a mixture of DW/EG with a mass ratio of 60:40 as a base fluid. They modeled the
nanofluid as a single-phase fluid and calculated all the thermophysical properties
theoretically. They applied the finite volume approach to solve the governing equations
using the computational fluid dynamics code Open FOAM (Open-source Field Operation
And Manipulation) and PCG (Preconditioned Conjugate Gradient) solver with the DIC
(Diagonal Incomplete-Cholesky) preconditioner for symmetric matrices to solve the
system equations and calculating the pressure field. According to their results, the average
Nu number showed a max enhancement of 13.2% compared to the base fluid at Re of
12000 and 10% vol.% concentration. The pumping power also increased with the increase

of the Reynolds number and nanoparticles concentrations. It reached up to 1.8 of the total
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pumping power consumed by the base fluid at the Re number of 8000 and concentration

of 6%.

Saha and Paul (2014) performed a numerical study to evaluate the heat transfer
performance of water-based metal oxide nanofluids flowing inside a horizontal circular
tube of 1 m length and 0.013 m diameter and exposed to uniform heat flux on its outer
wall. The flow conditions that employed were a forced turbulent flow of Re number range
1000-100000. The nanoparticles of Al203 and TiO2 with different particle sizes (dp) of
10, 20, 30, 40 nm were chosen to prepare a nanofluid’s of 4 vol.% and 6 vol.%
concentrations. They theoretically calculated the nanofluids' thermophysical properties
and used a commercial CFD package to solve the governing equations using the single-
phase fluid approach. They validated their model by comparing the resulted Nu number
and friction factor for DW with those obtained mathematically using Gnielinski and
Blasius equations, respectively. Referring to their results, the impact of nanofluids'
kinematic viscosity on the velocity profile was noticeable as the maximum velocity
increased for the same Re with the decreasing of particles diameter and increasing of the
nanoparticle concentration. The Al2O3/DW nanofluid showed a higher thermal
performance than the TiO2/ DW nanofluid for the same nanoparticle size. The nanofluid
prepared from the smallest nanoparticle size (10nm) showed the highest thermal
performance than those prepared with the larger nanoparticle size. They evaluated the
thermal performance based on equation (2-31), which was higher than unity for both

concentrations.

Hejazian and Moraveji (2013) presented a comparative numerical study to evaluate
single-phase and multi-phase approaches in the heat transfer studies of nanofluids. The
heat transfer performance of TiO2/DW nanofluid of volumetric concentrations between

0.05% and 0.25% was evaluated under forced turbulent flow conditions using a 2-D
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model for a circular horizontal tube of 1.2 m length and 0.05 m diameter, with constant
wall temperature boundary condition. They used a commercial CFD package to create
the mesh and solve the governing equations of their model. They validated their model
with a published experimental data from the same authors. According to their results, the
mixture model (multi-phase) gave a more accurate prediction of the experimental data
than the single-phase model. The average errors percentages for Nu's experimental data
numbers are 10.85% and 9.36% at the same Re number range for the single-phase and
mixture model, respectively. Also, the deviation from the experimental data can improve
the single-phase model by altering the solution scheme, improving its error percentage,

and saving the run time.

Lotfietal. (2010) conducted a numerical study to investigate the thermal performance
of Al20O3/DW nanofluid of various volumetric concentrations (1-7 vol.%) in a forced
turbulent flow through a horizontal circular pipe. A Single-phase, two-phase mixture
model and the two-phase Eulerian models were applied to study the flow field with
nanofluid as a convective medium. Their numerical study was validated using the
traditional expressions for Nusselt number given by Dittus—Boelter and Gnielinski
formulas and some published experimental works. According to their results, the mixture
model was the most precise one compared to the single-phase and the two-phase Eulerian
models; they found that: the rate of thermal enhancement decreased when the volume

concentration increased.

Space limitations and economic considerations of the fabrication process have a
prominent role in selecting heat exchanger configuration. Therefore, it is essential to
evaluate the performance of different designs and geometries to make the selection
decision more established. Mohanrajhu et al. (2015) conducted a comparative numerical

study to assess the performance of automotive radiator with flat and circular tube design
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using Alumina nanofluid with the base fluid containing 60% vol.% of EG and 40 vol.%

of DW. Their work was carried out under a turbulent regime with a Re number range

5000-14000 and nanoparticles volume concentrations of 1-5 vol.%. Both the flat and

circular pipes have the same hydraulic diameter and thermal boundary conditions as well.

The inlet flow temperature for both tubes was 90 'C, and the nanofluids’ thermophysical

properties were estimated at this temperature. The thermal radiation losses from the outer

surfaces were negligible where the convection heat transfer coefficient at the air side of

the tube was fixed at 50 W/m?.K with a free stream outside temperature at 30 ‘C. Their

results showed that:

Both the Nusselt number and the convection heat transfer coefficient were
increased when Reynolds number and nanofluid concentration increased for
both configurations.

The enhancement of Nusselt number and convection heat transfer coefficient
in the flat tube was higher than those of the circular tube at the same Re and
nanofluid concentration.

A similar trend of the Nusselt number was observed for the pressure drop
along with both the configurations.

For a constant pumping power per unit length of 5W/m, the average
convection heat transfer coefficient decreased with the increase in nanofluid
concentration.

The convection heat transfer coefficient for the two vol.% and five vol.%
nanofluids were lower than those of the base fluid by 6% and 23.8%,
respectively.

Nanofluid with 1 vol.% concentration showed a 1.2% improvement in the

convection heat transfer coefficient than the base fluid.

46



The pressure drop results obtained by Mohanrajhu et al. (2015) conflicted with those
obtained numerically by Hussein et al. (2013). They found that the pressure drop obtained
from the flat tube is lower than those obtained from the Blasius equation for the circular
pipe at the same turbulent flow conditions. Hussein et al. (2013) obtained another
essential point, as they found the enhancement of Nusselt number was the highest with
SiO2 followed by Al2O3/DW and TiO2/DW while the enhancement arrangement was

reversed in the thermal conductivity evaluation for the same nanofluids.

2.5.3  Studies of annular flow

The heat exchangers of cylindrical annular geometry are found in many engineering
and industrial applications such as thermal power plants, solar collectors, thermal storage
systems, and even in cooling devices of electronic components. Therefore, a lot of
research work were done on the heat transfer mechanisms inside the annulus either for
concentric annuli such as (Davis, 1943; Gnielinski, 2015; McAdams, 1954; Wiegand et
al., 1945), or eccentric one such as (Cantab, 1963; Deissler & Taylor, 1955; Kenjeres &
Hanjali¢, 1995; Nikitin et al., 2009; Ogino et al., 1987; Usui & Tsuruta, 1980). All the
works that have been done for eccentric cases concluded that: the heat transfer rate in the
concentric annuli is higher than those in the eccentric annulus due to the non-uniform
temperature distribution created along the eccentric annulus. Various studies were
performed either experimentally or numerically to evaluate the thermal and hydraulic

performances of different types of nanofluids in the annular-shaped heat exchanger.

Bahmani et al. (2018) presented a numerical solution using the finite volume method
to evaluate the heat transfer and the pressure drop through a double pipe heat exchanger
using Alumina/DW nanofluid. Their model was solved using the FORTRAN code for
parallel, and counter flow conditions with Reynolds numbers range from 10000 to

100000. They considered the nanofluid as a single-phase Newtonian fluid with constant
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thermophysical properties evaluated at 258 K. They found that the maximum thermal
efficiency enhancement was achieved at the 5 vol.% concentration, and a reduction in the

enhancement was recorded for the volumetric concentrations greater than 5%.

Arzani et al. (2015) conducted a numerical study to evaluate the effect of using two
types of GNP-DW on the heat transfer and the pressure drop through an annular heat
exchanger with a concentric cross-section. The inner pipe of their model was subjected
to uniform heat flux, and the outer one was insulated entirely. GNP-SDBS/DW and GNP-
COOH/DW nanofluids were used with concentrations of 0.25 wt.%, 0.05 wt.%, and 0.1
wt.% under turbulent flow conditions with Reynolds number range from 5000 to 17000.
Their 2-D model was solved by ANSYS Fluent, considering the nanofluid as a two-phase
mixture model with constant thermophysical properties evaluated at the flow inlet
temperature. The highest enhancement in the convection heat transfer was 22% for the
0.1 wt.% concentration compared to the DW at the Reynolds number of 17000. The
highest pressure drop increment was obtained for the same concentration and Reynolds

number as well.

Nasiri et al. (2011) evaluated the heat transfer performance experimentally for the
Alumina/DW and the Titania/DW nanofluids of 0.1vol.%, 0.5 vol.%, 1 vol.%, and 1.5
vol.% concentrations through a concentric double pipe heat exchanger of 2.2 diameter
ratio. The design of their test section consisted of three concentric pipes: the inner one
was a metallic rod. The nanofluids flowed in the annulus between the inner rod and the
middle pipe, while the annular space between the middle pipe and the outer shell was
filled with the flowing hot water for heating purposes. The outer surface of the shell was
insulated. They ran their experiments under fully developed turbulent flow conditions in
the nanofluid side at Reynolds number range from 4000 to 13000 and put nine baffles in

the waterside to create strong turbulence. The thermophysical properties of their
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nanofluids were evaluated theoretically based on the nanoparticle’s properties and the
DW. The Nusselt number and heat transfer coefficient were obtained versus the Peclet
number to show the effect of the Prandtl number on the heat transfer performance.
According to their results, both the nanofluids tend to give the same enhancement in heat
transfer for the same Pe number range and volumetric concentration. Based on a
comparison with a published experimental data of cylindrical pipe flow, they found that
the enhancement of the Nusselt number seems to be higher in the circular pipe for the

material and Pe number range.

Sonawane et al. (2013) conducted an experimental study to evaluate the Al2O3-DW
nanofluid as a coolant in a concentric double pipe heat exchanger of 2.0 diameter ratio.
Volume concentrations of 2.0% and 3.0% were used with volume flow rates 1-3 1/min
and 0.1-1 1/min for the hot and the cold fluid, respectively. They obtained maximum
enhancement of the overall heat transfer coefficient equals 14% and 47.3% for the volume

concentrations of 2.0% and 3.0%, respectively.

Darzi et al. (2013) studied the effect of using Al2O3-DW nanofluid with volumetric
concentrations of 0.25%, 0.5%, and 1% in a concentric double pipe heat exchanger
experimentally; under turbulent flow conditions with the Reynolds number range 5000 to
19000. The inner tube of their test section was made from copper while the outer was
from stainless steel, and the diameter ratio of 15.67, and they concluded that the nanofluid

has a good enhancement only at a high Reynolds number.

The performance evaluation of nanofluids as a convective medium through heat
exchangers of eccentric annulus had been done by many researchers (El-Maghlany &
Elazm, 2016; Matin & Pop, 2013; Hu, 2017; Matin & Pop, 2014; Mirzaee & Lakzian,

2017; Shahzadi & Nadeem, 2017; Sheikholeslami et al., 2014; Teimouri, 2017). They
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considered only the natural convection either with the stationary inner tube or the rotating

one (El-Maghlany & Elazm, 2016; Teimouri, 2017).

2.5.4  Purpose of study

According to the current literature, the enhancement of convection heat transfer
occurring by nanofluids stills a matter of debate. Some work proved that enhancing
thermal conductivity is the vital key to improving the convection heat transfer. In contrast,
some others showed an inversed relationship between thermal conductivity and
convection heat transfer enhancement. Therefore, the current study will investigate the
effect of the properties such as thermal and momentum diffusivities side by side with the
thermal conductivity because dispersing of the nanoparticles in the base fluids affects the
thermal conductivity and affects the properties such as specific heat and kinematic

viscosity.

Despite the importance of the nanofluids performance evaluation in the different
geometries to guide the engineers to select the best heat exchanger configurations with
nanofluids applications, there is a lack in the research focus on the comparative studies
between the different pipe geometries, especially between square and circular pipe
geometries under the same turbulent flow conditions. Therefore, a part of the current work
will focus on the nanofluid performance evaluation in square and circular conduits of the

same hydraulic diameter and have the same flow and boundary conditions.

The annular geometry heat exchangers are widely used in the heat transfer equipment
and the nano heat transfer studies focused mainly on the concentric types. A lack of
studies focused on the annular heat exchanger with an eccentric annulus, especially under
turbulent flow conditions, was found. Therefore, the current study will investigate the
thermal and hydraulic performance of different types of nanofluids in the annular heat

exchanger with various vertical eccentricities.
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The nanofluids that will be used in the current study are two types of metal oxide
nanoparticles and hybrid nanocomposite of metal oxide and carbon-based nanoparticles.
Preparation of stable nanofluids using the two-step method and investigation of their

thermal performance in the different pipe geometries are also highly considered.
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CHAPTER 3: METHODOLOGY
3.1 Introduction
In this chapter, the preparation methods, characterization, and thermophysical
properties evaluation of all the nanofluids used in the current study will be discussed. The
components of the experimental test rig and the analysis method of the data collected will
be shown. The numerical study, including governing equations, physical models, solution

method, and validation of all the physical models, will be discussed.

3.2 Nanofluids characterization and preparation methods
In the current study, two metal oxide nanopowder and a composite of functionalized
multi-walled carbon nanotubes -MWCNTs plus Alumina were used to prepare all the
nanofluid samples of the concentrations 0.1 wt.%, 0.075 wt.%, and 0.05 wt.% using the
two-step method. The silica (SiO2) and Alumina (Al20O3) nanopowders of 13 nm diameter
were purchased commercially from Sigma-Aldrich to prepare two metal oxide nanofluids
with the indicated concentrations. The f-MWCNTs nanopowder was prepared
experimentally and then mixed with the commercial Alumina with different weight
percentages to prepare the hybrid nanofluid. All nanofluids were firstly prepared at the
highest concentration wt.% and then diluted according to the dilution equation of the
solutions (3-1).
GV, = GV, (3-1)

where, C1is the concentration in volume V1, and Czis the concentration in volume Vo.

The amount of nanomaterial needed to prepare nanofluids according to the predefined

mass or weight concentration can be calculated as follows:

For hybrid nanofluids with n nanopowders, the nanopowders are added to the base

fluid according to a certain percentage A that calculated by equation (3-2):
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where, m, . is the total mass of nanoparticles and can be calculated by equation (3-3)
n
_ C
Mor = Z Mo = ™Mr (3-3)
i=1
where, C is the total mass concentration and C; is the mass concentration for a single

nanoparticle in the hybrid nanofluid, C; = A; C, and the weight concentration percentage

w (wt.%) equals 100 x C.

3.2.1 Covalent Functionalization of Multi-Walled Carbon Nanotube (MWCNTs-
OH)

The MWCNTs are hydrophobic. Therefore, it cannot be dispersed in any polar base-
fluid like distilled water to perform a stable colloid. Treating the MWCNTSs to be
hydrophilic and become a well-dispersed nanoparticle can be done by several
functionalization approaches. The acid method is one of those approaches which assists
in introducing functional groups such as carboxyl and hydroxyl groups on the surface of

MWCNTs, and it will be used in the current study.

Figure 3-1 shows the step order of the functionalized MWCNTSs preparation using the
acid treatment method. In this method, a strong acidic medium is prepared by mixing
Nitric acid (HNOs3) and sulfuric acid (H2SO4) in a container at the ratio of (1:3). The first
step is dispersing the pristine MWCNTs in the H2SO4 and shaking the solution well,
where the MWCNTs will mix with the sulfuric acid. Next, the container is relocated into
an ice bath, and the nitric acid drops were added to the solution mixture. The ratio of
sulfuric to nitric (3:1) was adopted due to its preference as an acid treatment (Kanakia,

2013; Sarsam et al., 2016). Next, the solution was stirred for 30 min at room temperature

53



and then sonicated for 3 hrs. After the sonication probe process, the sample mixture was

refluxed for 30 min at room temperature with constant stirring.

After stirring, the washing process takes place, where the MWCNTs were washed
several times using DW until the pH reached (4-5). Then, the MWCNTs were centrifuged
at 6000 rpm for 15 min to exclude the excess acid and finally dried inside the drying oven
for 24 hrs at 80 "C. After finishing the drying process, the functionalized MWCNTs were
ready in a very fine powder to be mixed with the Alumina nanoparticles according to the

designed weight percentages in the DW to prepare the highest nanofluid concentration.

Figure 3-1: Steps of -MWCNT preparation
3.2.2  Preparation of -MWCNTs—Al:O3 Nanocomposite

The total mass of all the nanoparticles (m,, ) was firstly calculated based on the
designed nanofluid concentration then, the mass of each nanoparticle type (m,,) was

calculated based on equation (3-2). After weighing, both the nanoparticle types were

dispersed in the DW with the required quantity of the surfactant (Triton X-100). The
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mixture was then sonicated for 3 hrs in the ultrasonic bath sonicator at 60 °C. Then, it was
sonicated for one hr in the prob-sonicator to make it ready for use after completion of the

sonication process.

In the current study, a hybrid nanocomposite of -MWCNTs: Al2O3 of concentrations
20:80, 30:70, and 40:60 was selected to prepare the hybrid nanofluid, and the Triton X-
100 was used as a surfactant with a mass ratio of (1:1) to the f-MWCNTs based on the
studies conducted by Rastogi et al. (2008) and Shanbedi et al. (2015). All the hybrid
nanocomposite ratios were tested using Spectroscopy to select the optimum mixing ratio

for the heat transfer experiment.

3.2.3 Hybrid Nanofluid Characterization
3.2.3.1 FTIR spectroscopy

The Fourier transform infrared spectroscopy (FT-IR) test identifies or characterizes
any unknown material and any contaminant on or in its surface. This analysis can identify
the material depending on the unique spectral fingerprint of its molecules or chemical
structure. The FTIR spectrometer uses the infrared lights to scan the test sample by
sending infrared radiation of wavenumber range 10000 to 100 cm™ through the sample,
where some of the irradiated beams will be absorbed, and the rest may be transmitted
or/and reflected. The absorbed radiation by the test sample molecules is converted into
vibrational or/and rotational energy, and the spectrometer can present it as a spectrum
(after a mathematical process using Fourier transform) of wavenumber range 4000 to 400

cm’!,

In the current study, FTIR analysis was employed to analyze the surface of the hybrid
nanocomposites. Figure 3-2 shows the representative FT-IR spectra of the hybrids. The
broadband at 1670 cm™' was attributed to the bending mode of adsorbed water (Nasiri et

al., 2011). The intense band at 1230 cm™ was assigned to the symmetric bending
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vibrations in the Al-O-H group. The two strong bands at 760 and 460 cm™! were ascribed
to the vibration of AlOs, and the peak at 810 cm™ could be due to an Al-O stretching
vibration (Zhu et al., 2008). These results confirm the formation of g-Al203 in calcined
nanohybrid powders. The bands at 2311 cm™ correspond to the C—H stretch and bending
vibration, which originates from the pre-treatment of the MWCNTSs. The detectable
transmission bands approximately 1530cm™ are strongly linked to the C=O stretching
vibrations of carboxylic acid groups (-COOH), and new peaks around 760 cm™ be
assigned to the stretching vibration of C—O—C groups (Chen et al., 2008; Ho et al., 2010).
The FT-IR results clearly show that hydrophilic groups, such as hydroxyls and carboxylic

acid moieties, have been introduced onto the treated MWCNTSs surfaces.
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Figure 3-2: FT-IR spectrum for Al,O3: f-MWCNTSs hybrid nanofluids at
different ratios.

3.2.3.2 Raman spectroscopy

Raman spectroscopy is a nondestructive chemical analysis technique that can
distinguish the structural fingerprint and by which the different molecules can be
identified. The Raman analysis is a light scattering technique, where the incident laser
beam on the molecule should be scattered at the same wavelength (or color) of the source.

There are tiny amounts (typically 1x107 %) scattered at a different wavelength (or color),
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which is called Raman Scatter and gives helpful information about the chemical structure
of the test sample. This shifted energy (Raman Scatter) appears in the number of peaks,
showing the intensity and the wavelength position of the Raman scattered beam. Each
peak corresponds to the system's vibration, rotation, and/or other low-frequency modes

for a specific molecular bond.

Raman spectroscopy revealed necessary information on the evolution of hybrid after
chemical or physical treatment (Niyogi et al., 2002). Figure 3-3 illustrates the Raman
spectra of the hybrid nanofluids with a sonication time of 3 h. The D band intensity/G
band intensity (ID/IG) ratio represents the defect density in graphitic structures. As shown
in Figure 3-3, there are three peaks at =~ 1290 cm™' (D band: usually use to evaluate the
defects, impurities, and the quality of MWCNTSs), at = 1630 cm™' (G band helps to
identify the following: metallic or a semiconductor of MWCNTs, chirality, and
MWCNTs diameter) and at = 2650 cm™ (G’ band). The relative intensity of the D-band
to the G-band (ID/IG) is representative of the crystallinity and the quality of the
MWCNTs. The ratio of hybrid (40:60) has a higher ID/IG ratio than a hybrid (30:70) and
hybrid (20:80), which indicates the intense formation of defects or functional groups on
the treated MWCNTs (Cho et al., 2012). By comparison of the ID/IG ratios of these
spectra, it could be seen that this ratio was varied as sonication time increased. Hybrid
(20:80) had the lowest ID/IG ratios of 0.811. The ID/IG ratios gradually increased to
0.832 and 0.851 of (30:70) and (40:60), respectively, under the sonication process at three
h. The number of defects increased in the MWCNTs after the functionalization process,

especially after three hrs of sonication treatment.
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Figure 3-3: Raman spectra for AlO3;: MWCNTs hybrid nanofluids at different
ratios.
3.2.3.3 FE-SEM analysis
THE Field emission scanning electron microscopy (FE-SEM) analysis is used to
inspect the topographical and the elemental information of the test sample at very high

magnification using the scanning electron microscope.

The results of FE-SEM characterization are shown in Figure 3-4, which includes four
FE-SEM images for (a) Al2Os, (b) the pristine MWCNTs, (c¢) acid-treated MWCNTSs
(functionalized MWCNTs), and (d) AlOs-coated MWCNTs. However, no clear
difference can be seen in the structure of MWCNTSs, but more apparent changes are found
from the samples that have undergone ultrasonication for three hrs. At three hrs, the
MWCNTs are severely shortened and dispersed, with the risk of the MWCNTSs being
damaged under prolonged acid treatment. The morphologies of the MWCNTSs and the
synthesized MWCNTs/alumina adsorbent were shown in Figure 3-4 (c) and (d),
respectively. It is well known that after the acidification of MWCNTs, their surface
presents polar groups, such as hydroxyl or carboxyl groups which can interact by

hydrogen bonding with the Al2O3 surface. It was observed that alumina nanoparticles

58



were successfully coated on the surface of MWCNTSs to form multi-wall carbon nanotube

alumina composites, as depicted in Figure 3-4 (d).
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Figure 3-4: The structural modifications of (a) Al,O3, (b) the pristine MWCNTs,
(c) MWCNTs @ OH, (d) Al,Os-coated MWCNTs.

3.2.3.4 Dispersion Stability of nanofluid samples

The sedimentation method (static position method) was used to evaluate the dispersion
stability, where the observation of the nanofluid samples was continued for 30 days.
Figure 3-5 shows the photo taken for the A1203/DW and SiO2/DW nanofluids for 30 days.

The dispersion for both the nanofluids was so good, with sedimentation rate equals 93%
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during the first 15 days, which emphasized that both the samples were fit to run the

experiments.

Figure 3-5: Dispersion of metal oxides nanofluids over 30 days.

Although the sedimentation method seems to be effective in evaluating the dispersion
stability of some metal oxides nanofluids such as Al203/DW and SiO2/DW due to their
transparency, it should not be in the case of dark nanofluids like carbon-based nanofluids.
Therefore, the Shimadzu UV spectrometer (UV-1800) with a wavelength range of 190 -
1100 nm was used to evaluate the dispersion stability of the hybrid nanofluid and the two
metal-oxide nanofluids as well. The (UV-vis) spectrum method was applied to all
concentrations of the three types of nanofluid in the current study over 15 days, where the
absorbance of each concentration was evaluated on the first day of preparation and after
15 days which meets the same period of the experimental run. The stability was evaluated
based on Beer-Lambert law which states that the absorbance of a solution is directly
proportional to the concentration of species in any solution for the same path length
(Mayerhofer & Popp, 2019). Therefore, the percentage difference between the average

absorbance value in the same wavelength range on the first day and the 15% day was
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calculated using equation (3-4) to evaluate the dispersion stability of the different

nanofluid samples.

Abs;—Absy % 100

0 A =
% Absorbance reduction Abs, (3-4)

where, the Abs; and Absy are the average absorbance on the first day and the 15% day,

respectively.

The hybrid nanofluid samples were diluted with a ratio of 1:10 in a distilled water to
increase their transparency and avoid spectrometer saturation. In contrast, the A2O3/DW
and SiO2/DW samples were used without dilution unless compared with the hybrid

sample.

Figure 3-6 shows the absorbance versus the wavelength for the Al2O3/DW nanofluid
concentrations on the first day and after 15 days of the preparation. The absorbance
profiles show the effect of the Al2O3/DW nanofluid concentration, where the highest
concentration shows the highest beak while the lowest concentration shows the lowest
beak. All concentrations show maximum beak at 285 nm and then decayed gradually to
the near-IR wavelengths, which may be attributed to the scattering. Based on equation
(3-4), the percentages absorbance reduction for 15 days was 5.5 %, 6.4%, and 7.9 for the

concentrations 0.1 wt.%, 0.075 wt.%, and 0.05 wt.%, respectively.

The Si02/DW nanofluid showed a similar attitude to the alumina one, where the beak
occurred at 285 nm but with lower values than the Al2O3/DW nanofluid, as shown in
Figure 3-7. The absorbance reduction percentages for the SiO2/DW nanofluid over 15
days were 4.32 %, 4.4%, and 5.8 % for the concentrations 0.1 wt.%, 0.075 wt.%, and 0.05

wt.%, respectively.
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Figure 3-6: Absorption profiles of the Al,O3;/DW nanofluid at different
concentrations.
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Figure 3-7: Absorption profiles of the SiO2/DW nanofluid at different
concentrations.

Figure 3-8 shows the comparison between the Alumina, f-MWCNTs, and Alumina/ f-
MWCNTs hybrid nanofluids of 0.1 wt.% concentration diluted in a DW at ratio of 1:10.
The profiles of the thee absorbance curves in Figure 3-8 shows that the hybrid sample has
the highest beak while the Alumina one has the lowest beak, and there is no beak shifting
in the case of the hybrid sample in comparison with the Alumina and the f-MWCNTs
which means there is no chemical interaction on the nanoparticle surface due to the

mixing of the two nanoparticle types.
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Figure 3-9 shows the absorbance profiles of the different concentrations of the f-
MWCNTs-Al2O3 nanofluid on the first day and after 15 days of the preparation. The
absorbance profiles of the hybrid samples confirmed the effect of the nanofluid
concentration on the UV absorbance as in the previous two cases. The absorbance
reduction percentages for the f-MWCNTs-Al203/DW nanofluid over 15 days were 5.24
%, 6.61 %, and 6.03 % for the concentrations 0.1 wt.%, 0.075 wt.%, and 0.05 wt.%,

respectively.

As the absorbance reduction percentages over 15 days for all nanofluid samples were
less than 10%, all samples were suitable to conduct the experiments and Confidence in

the results.
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Figure 3-8: Absorption profiles of -MWCNTs, Al,O3, and hybrid nanofluids of
0.1 wt.% concentration diluted with 10:1.
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Figure 3-9: Absorption profiles the hybrid nanofluid at different concentration
diluted with 10:1.

33 Thermophysical properties of nanofluids
3.3.1 Thermal conductivity

Evaluation of thermal conductivity for all the samples was done experimentally using
the Decagon Devices KD2 thermal properties analyzer (KD2 Pro, Decagon
Devices, Inc., USA) which depends on the transient hot-wire technique. The KD2 pro
probe is very sensitive to any convective current in the measurement of medium and the
positioning of the probe, where it must be vertical without any deviation to give accurate
readings. The vertical alignment and the temperature of the samples were adjusted by a
simple setup built for that purpose. A jacketed beaker was connected to a chilled water
bath to control the temperature and provide an isothermal environment to the sample. The
vertical alignment of the probe was adjusted by using a rubber stopper for the jacketed
beaker, as shown in Figure 3-10 (a), and the fixation of the sample tube with the rubber

stopper is shown in Figure 3-10 (b).
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(a) (b)

Figure 3-10: 3-D drawing of the setup components used with the KD2 thermal
properties analyzer: (a) the whole jacketed backer setup, (b) the 50 mm sample
tube, and the KD2 probe head with the rubber stopper.

Evaluation of thermal conductivity for different samples was conducted at a
temperature range between 20 °C and 40 °C, where the KD2 accuracy has the highest
value in this range according to the manufacturer guidelines and as recorded by Mehrali
et al. (2014). Measurement of thermal conductivity was done by adjusting the temperature
of the chilled water bath at a specific value. A thirty min at least should be passed to
reach the steady-state conditions and ensured that the sample temperature was the same

as its environment, and the data recorded were taken as the average value of four

measurements evaluated at each temperature.

3.3.2  Density

The samples' density was evaluated experimentally using the Anton Paar density meter
(DMA™ 1001, Serial number: 82542702, Software version: 1.0.0). The data taken by the
density meter was validated by comparing the DW density with those recorded in the
standard tables of the thermophysical properties of water offered by NIST at the same

temperatures of the density meter readings.
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3.3.3 Specific heat

In the current study, the specific heats for all the samples were calculated theoretically
based on the energy balance equation of the nanofluid components. All the nanofluids
were considered ideal solutions, where the nanofluid volume equals the sum of its

components. Therefore, the energy balance equation was applied as stated by equations

(3-5) to (3-7).

n
MysConp = z Mp; CPi + My CPpgp, My = My — My, (3-5)
i=1
n
Cong = Z CiCp; + (1 — O)Cpyy (3-6)
i=1
n
“ Comy = Cz 2 Cp; + (1 = C)Cpyy 3-7)
i=1

Equation (3-7) was applied to calculate the specific heat of a single nanofluid used in
the current study such as Al203/DW and SiO2/DW and for the hybrid nanofluid Al2Os-

fMWCNTs/DW where, 4; equals 0.6 and 0.4 for Al2O3 and f-MWCNTs, respectively.

3.3.4  Viscosity

Fluid viscosity refers to the resistance of fluid flow, which means the higher viscosity,
the higher force of flow, and the shearing stress, which increases the pressure drop and
fluid pumping power. Figure 3-11 shows the main differences between the Newtonian
and the non-Newtonian fluids. The Newtonian fluids are ideal fluids, where the shearing
stress 1s directly proportional to the rate of shearing strain, and the constant slope value
of the straight line represents the viscosity. The second type is the shear-thinning fluids,
where the viscosity decreases when shearing stress increases. Moreover, the shear
thickening fluids, where the viscosity increases when shearing stress increases. As most

of the colloids are non-Newtonian fluids, it is essential to investigate if the nanofluids are
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Newtonian or not because Newtonian fluids are more suitable for heat transfer

applications and can be treated as a single-phase fluid.

Figure 3-11: A picture showing the viscosity profile (a) of Newtonian and non-
Newtonian fluids, (b) different Newtonian fluids (Munson, 2013).

The viscosity of all the samples in the current study was evaluated experimentally
using Anton Paar rotational rheometer (Physica MCR 301) within a temperature range of
20-60 °C. The Rheometer was validated by comparing the measured viscosity of the DW

with those recorded in the standard table of NIST for the same temperature range.

3.4 Experimental setup and the flow loop description

Figure 3-12 shows the schematic drawing of the test rig used in the current study
demonstrated in Figure 3-14. The experimental test rig consists of the main flow loop
with the bypass line. It contains flow controlling valves, Araki EX-70R magnetic pump
of maximum capacity 14 L/min and zero discharge head of 6.8 m, pressure gage, Biirkert
Contromatic SE 32 inline paddle wheel flowmeter, 10 L capacity jacketed reservoir tank,
drain line, two parallel test sections with different geometries, and a set of hand-operated
gate valves that used to switch the flow between test sections. A 2.2 kW capacity chiller
or refrigerated bath circulator (DAIHAN-brand, WCR- P30) was used to control the

temperature of the water flowing through the jacketed space of the nanofluid tank. A
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pressure transducer (PX154-025DI made by OMEGA) of accuracy +0.75% was used to
measure the pressure drop through the test section. A digital data logger (GRAPHTECH
midi logger GL 220) was connected to five k-type thermocouples of accuracy + 0.1 ° C
in each test section. The thermocouples were inserted into thermocouple sleeves to

measure the surface temperature of both test sections.

Figure 3-12: Schematic drawing for the experimental test rig with horizontal
straight pipe for nanofluid performance studies.
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Figure 3-13: Sectional view for the test sections of circular and square cross
sections.

Figure 3-14: A photo showing the test rig in the laboratory.
Figure 3-13 shows the detailed drawing and the different sectional views of both test

sections fixed parallel in the test rig, as shown in Figure 3-14. The test sections' entrance
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region was 120 mm long to confirm a fully developed flow through the heated section.
Both pipes were straight stainless-steel of outer diameter 12 + 0.1 mm and had the same
inside hydraulic diameter of 10 mm. One pipe with a circular cross-section and the second
with a square cross-section, and both the test sections were 1400 mm in length. Each pipe
has five equally spaced thermocouples on its surface and two RTD sensors (PT 100) to

measure the bulk temperatures of the flow at the inlet and outlet.

The heated section was wrapped carefully with an electrical tape heating element of
900 W maximum power capacity to give a uniform heat flux along the circumferential
area. The input electrical power was controlled by QPS VT2-1 variable voltage
transformer. A bright aluminum foil-covered glass wool of thick layer was used as an
insulation to minimize the heat loss from the heater to the surrounding either by
convection or radiation. The test sections were specially built to retard the axial heat flow

along the axial flow direction by introducing Teflon fittings at both ends.

The test rig power was controlled by the central power unit, which contained all the
power switches for the heater, the paddle, the flowmeter, the DPT, and the pump. It also
has a data logger system connected to the RTD sensors at the inlet, the outlet, and the
nanofluid tank. In addition, a speed regulating inverter to control the pump speed helped

to get different pump flow rates.

3.5 Experimental procedure and data analysis

Before starting the experimental run, the fluid velocity was calculated based on the
designed value of Re numbers and hence the volume flow rate based on the test section
geometry. The valve sets were first adjusted according to the selected test section. The
main power switch was turned on to connect the power to all the test rig components.
Then, the pump was turned on to circulate the fluid through the test loop starting from the

nanofluid tank. After a while, the heater was switched on. Its power was controlled by
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adjusting the input voltage using the voltage transformer. The heat added to both the test
sections was adjusted at 435 W for all the experimental runs. The inlet temperature was
adjusted at the designed value by controlling the chilled water temperature. The flow rate
was adjusted by controlling the gate valve before the flowmeter. After reaching steady-
state conditions, the temperature and pressure readings were registered and analyzed in a
spread sheet. For each flow rate, the temperature readings were taken at least four times
with 10 min intervals after reaching the steady-state conditions, and then the average
value of all readings was considered for each thermocouple. The Wilson plot method was
then applied to calibrate the thermocouple readings and calculate the inner wall

temperature of the test sections, as discussed in detail in Appendix A.

After completion of each run, all the fluid was drained completely. Then, the test rig
was flushed nicely by flowing water that contains some chemicals (Decon 90) to ensure

no nanoparticles remaining inside the test rig.

3.6 Numerical study

In this part, a numerical evaluation for heat transfer and pressure drop performance of
all nanofluids was conducted to compare with and verify the experimental results
obtained under the same flow conditions. The numerical investigation was conducted for
three different pipe geometries of the same hydraulic diameter and same flow conditions.
In addition to the circular and square cross-sectional pipes studied experimentally, a
circular annular pipe with various vertical eccentricities was considered in this numerical

study. The purposes of the numerical study are:

1. To create an experimentally validated model that can help in saving time and
effort for any future work.
2. To investigate the thermal performance of nanofluids in different tube

geometries that are not available for experimental investigation.
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3. To validate the single-phase approach of nanofluids modeling with the

experimental results.

3.6.1 Governing equations of numerical models

The single-phase approach was accepted in modeling nanofluid flow, and this
conclusion was mentioned by many researchers (Pak & Cho, 1998; Xuan & Roetzel,
2000). Therefore, the temperature and velocity field for the nanoparticles was considered
the same as the base fluid, and the effective properties of the nanofluids were used to

solve the continuity, momentum, and energy equations.

As all nanofluids in the current study were considered as single-phase fluids of
constant thermos-physical properties evaluated at the inlet temperature, the conservation
equations of the forced turbulent flow under steady-state conditions for a 3-D physical

domain are as follows:

Continuity equation:

V.V =00 (3-8)
Momentum equation:
V(V V) ==[-VP + uv?V + pg| (3-9)
Energy equation:
DT — 2
(V.V)T = a, V2T (3-10)

3.6.2 Computational domains and meshing

The physical model and meshing of 3-D thin-walled horizontal pipes of circular cross-
sections and square cross-sections are shown in Figure 3-15 and Figure 3-16, respectively.
The hydraulic diameter of both the pipes was 10 mm, and the outer surfaces of both the

pipes were considered as heated surfaces of the same length as in the experimental test
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section. In the modeling process, both pipes were considered solid pipes with uniform
constant heat flux on their walls, and the heat transferred to the fluid flowing inside the

pipes in the directions shown in Figure 3-15 and Figure 3-16.

Figure 3-17 shows the physical model and the computational domain of 3-D horizontal
annulus of length L formed between two eccentric pipes of circular cross-sections. The
inner and outer radii were Ri and Ro, respectively. The distance “e” represents the vertical
shifting between the centers of the inner and the outer pipes, while the non-dimensional
eccentricity “e™ was calculated by dividing “e” by the difference between the outer and
the inner radius. In the current model, the inner pipe was considered a solid pipe with a
uniform constant heat flux on its surface, while the outer surface of the outer pipe was
insulated entirely. Therefore, the heat was transferred only from the inner pipe wall to the
fluid flowing in the annular space as shown in Figure 3-17. The annular pipe has a
hydraulic diameter of 10 mm, where the inner pipe diameter was 10 mm, and the diameter
ratio between the outer and inner pipe was 2. Its length was 1.2 m to ensure the fully
developed turbulent flow at the outlet. The eccentricities considered in the current study

were 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 plus the concentric case of 0.0 eccentricity.

To solve the governing equations within the physical model, a hexahedral mesh was
generated for the three physical models, the circular, square, and annular, using the
meshing tool in ANSY S-Fluent software. Figure 3-18 shows the generated mesh for the
physical domain of the annular pipe with the nonuniform distribution. The finest cells
were adjacent to the wall, and the larger cells were nearer to the centers as in the circular
and square mesh because the boundary layers near the walls have sharp characteristics

changes due to the turbulence effect.
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Figure 3-15: Physical model and meshing of the circular tube.

Figure 3-16: Physical model and meshing of the square tube.
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Figure 3-17: Physical model of the annular heat exchanger.

Figure 3-18: The meshing profile for the concentric and eccentric heat
exchanger.
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3.6.3 Numerical solution
The turbulent model employed to solve the conservation equations for the three
physical models was the slandered (k-¢) turbulent model, and it is available in the
ANSYS-Fluent software. It depends on the finite volume approach to convert the
governing equations from the partial differential form to a system of discrete algebraic
equations. The enhanced wall treatment model was chosen for the near-wall treatment,
and the Simple scheme was applied for the pressure velocity coupling. The inlet was
defined as a velocity inlet criterion. The outlet type was a pressure outlet with zero gauge
pressure. The specification of turbulence for both the inlet and the outlet was selected as
“Intensity and hydraulic diameter.” The discretization method applied the second-order
upwind scheme for momentum, turbulent kinetic energy, turbulent dissipation rate, and
energy. The residuals of the numerical solution were taken as le for all the solution
parameters. The equations of the (k-g) turbulent model presented by Launder and
Spalding (1972) and their constants are given by equation (3-11).

V.(pkV) = V. [(ﬂ) V(k)] Gy — pe

Oy (3-11)

The G represents the generation of turbulence kinetic energy due to mean

velocity gradient and u, = p C, kz/ ¢ 1s the turbulence viscosity. The Specific Rate of

dissipation for kinetic energy, €, for (k-¢) model is presented by equation (3-12).

&
V. (peV) = V. [(?) Ve| + = (CieGi + & Coep)

&

(3-12)
where, the values of constants C,, Cy,, Cy¢, 0y, and o, are 0.09, 1.44, 1.92, 1.0,

and 1.3, respectively.
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3.6.4 Boundary conditions

The inlet temperature was kept constant at 30 °C for all the nanofluids as in the
experimental run. All the thermophysical properties were assumed to be constant through
the flow passages and evaluated at the inlet flow temperature as recorded in Table 4-1.
The comparison between different flow passage configurations based on the thermal
performance should be calculated at the same heat rate since each configuration has a
different surface area. The heat flux added to its wall should be calculated according to

equation (3-13) to give the same heat rate for all the pipes.

q=q"A; = qc (mDL) = q5 (4LsL) (3-13)

The heat fluxes added to the tube walls in the numerical solution are higher than those
of the experimental run to enhance the outlet temperature significantly. Therefore, a
uniform constant heat flux of 50000 W/m? was applied at the wall of the square duct, and
according to equation (3-13), a 63661.98 W/m? was applied to the wall of the circular.
The inner tube of the annular heat exchanger had the dimensions, and the outer tube
surface of the annular heat exchanger was considered a completely insulated wall with no
heat generation. The range of Reynolds number was selected for all the numerical models

as in the experimental work from 6000 to 11000.

3.7 Formulation of pressure drop and heat transfer

The value of the mean velocity through all the cross-sectional pipes was determined

based on the Re number value as in equation (3-14):

Ve Re
~ pDy (3-14)

This means that the inlet flow velocity could be different for each nanofluid

concentration and could have the same value for the same fluid in all the flow passages

77



in the current study at different Reynolds numbers. Equation (3-15) shows how to

calculate the velocity of nanofluid.

Pbf Unf
Vag = ===V
Pns Hbf (3-15)

The pumping power and pressure drop are considered as two essential factors in
comparison between the three geometries. The hydraulic pumping power was calculated
from equation (3-16), and the volume flow rate was calculated from equation (3-17).
Therefore, the volume flow rate could be different and according to the values cross the
sectional areas.

W =vapP (3-16)
where, W is the hydraulic pumping power in W, V is the total volume flow rate in

m?/s, and AP is the total pressure drop across the pipe length in Pa.

(3-17)

2

A, = for the circular cross-section and A, = m(R2 — R?) for the annular heat

exchanger while, for the square cross-section A, = Lg”.

The pressure drop across the tube length can be evaluated experimentally using the
differential pressure transducer (DPT) and numerically by calculating the difference
between the average outlet and inlet pressure using the CFD Post module ANSYS-Fluent
package. Equation (3-18) shows the factors that affect the pressure drop through any

closed conduit (Bergman et al., 2011).

AP—ZC pV?
L~ "7\ b, (3-18)

where, Cr is the friction coefficient or “fanning friction factor,” and calculated from

equation (3-19)
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Ts

Cr=——r
F = pv2/2 (3-19)

where, 74 is the wall shear stress, V is the average flow velocity, and the friction

coefficient Cr = f / 4 Where, f is the friction factor.

Therefore, equation (3-18) can be used to determine the friction coefficient and friction
factor of different nanofluids used in the current study where, it depends mainly on the
Reynolds number and relative pipe roughness in case of turbulent flow as stated by
Petukhov (1970) and Munson (Munson, 2013). If V from equation (3-14) was added to
equation (3-18), the pressure drops per unit length in all the conduits can be represented
by equation (3-20).

AP _ Re?*f

L~ 2p,2 M (3-20)

Equations (3-21) and (3-22) show how to calculate the average convection heat
transfer and average Nusselt number, respectively, where, q" is the total heat flux, T, is
the average temperature of inner wall surface, and T, is the average bulk temperature of

the fluid and it is equal to the mean value of inlet and outlet temperatures.

b= q' _ Nuk
~(Tw—=Ty) Dy (3-21)
Dy q
Nu= T =) (3-22)

Referring to equation (3-20), the pressure drop per unit length through any pipes could
be increased due to using of nanofluids because the increases raise the penalty value of
nanofluids in heat transfer applications. So, nanofluid is a mixed blessing weapon as it
has one positive face when it enhances the convection heat transfer and a negative face
due to pressure drop increases. Therefore, it is crucial to evaluate the performance index
of the nanofluid being studied to know if it is economical or not. The performance index
is defined as the ratio of positive enhancement (Heat transfer enhancement) to the

negative enhancement (pressure drop increment), as shown in equation (3-23).
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o g/
T AP, /AP, (3-23)

As volume flow rate changes due to using nanofluids and hence the pumping power,
it will be more accurate in the performance index evaluation if the pumping power is
included. Equation (3-24) shows pumping power as a penalty in the performance index

evaluation instead of pressure drop.

_ hag/hog
Was /Wy (3-24)

3.8 Results validation

To validate the results of the current study, the experimental data from the test rig for
water run in the circular and square test sections were compared with the numerical
results, which validated the experimentally obtained data. The numerical solution of the
annular heat exchanger was validated by comparing the data obtained from the models
with those obtained from the published empirical correlations at the same range of

Reynolds numbers.

3.8.1 Validation of circular and square test sections
One of the most accurate empirical correlations was presented by Gnielinski (1975) to
calculate the Nusselt number for the flow through the smooth pipe as given by equation

(3-25).

! Rep, —1000 ) Pr
Nu = (8 h

1+12.7\/f78(Pr2/3 -1) (3-25)

where, f is calculated according to the correlation of Petukhov (1970) and Blasius’
correlation stated by Taler (2016) as shown in the equations (3-26) and (3-27),

respectively.
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f = (0.7901n Rep, — 1.64)72 (3-26)

f = 0.3164 Rep;, °%° (3-27)

Duan et al. (2012) showed that the friction factor f calculated by Blasius correlation
should be modified for non-circular cross-section tubes to include the effect of the
characteristic geometric parameter. They modified the Blasius friction factor for tubes

with square cross-sections to be calculated as in equation (3-28).

_ —-0.25
f = 0.3068 Rep, (3-28)

In the current study, the friction factor in equation (3-25) will be calculated according
to equations (3-27) and (3-28) for circular and square pipes, respectively, because the

Blasius correlation was more accurate in the Re range of this study.

Dittus and Boelter presented one more empirical correlation introduced in the
(Bergman et al., 2011) textbook as in equation (3-29). They can be used to

validate the Nusselt number in pipe flow.

Nu = 0.023 Re%8pr™ (3-29)

where, n = 0.4 or 0.3 in the case of heating or cooling, respectively.

The measured pressure drop was validated by comparing it with those obtained by
calculation from the equation (3-18), where the friction factor was calculated by Petukhov

or Blasius correlation (Taler, 2016).

3.8.2 Validation of annular pipe model

The numerical model of the annular pipe was validated for the concentric case by
comparing the Nusselt number and the friction factor for the water run case with those
determined from empirical correlations. For the annular pipe geometry, different

correlations were used to calculate the Nusselt number and pressure drop for different
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ranges of the Reynolds number under the fully developed turbulent flow conditions. Table
3-1 shows the other empirical correlations used to calculate the Nusselt number for
annular flow based on the hydraulic diameter of the annulus. At the same time, pressure
drop was evaluated by equation (3-18) based on the correlations of the friction factor. In
Gnielinski correlation for the Nusselt number, the friction factor fan» was calculated as

shown in equations (3-30) and (3-31).

fann = (1.8 10g10 Re* - 1.5)_2 (3_30)

(1+a?)Ina* + (1—a?)
(1 — a*z)ln a* (3-31)

Re* = Re

The factors ki and Fan in the Gnielinski correlation were calculated using the
equations (3-32) and (3-33), respectively. The parameter a* is the inner to outer diameter

ratio of the annular heat exchanger.

900 0.63
Re (1+ 10Pr) (3-32)

k, = 1.07 +

_ *—0.17
Fyun =0.75a (3-33)
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Table 3-1: Nusselt number correlations for the fully developed turbulent flow

through smooth annuli.

Author Nup h Re range
(fann/S)Re Pr [1
ki + 127/ fonn/8(Pr2/3 — 1)
Gnielinski (2015) 10*-10°
Dh 2/3 Pr 0.11
_ F -
() | (55)
Davis (Dirker & Meyer,
5 02p08py1/3 (M o1 Not specified
0.038a%15(a — 1)* : (——)
2004) @™ la =DM ReTEPTIE(
,Ll 0.14
McAdams (1954) 0.03105a%15(a — 1)%2Re%8py1/3 (—) Not specified
w
# 0.14
Weigand et al. (1945) 0.023aq°45Re%-8py04 (—) Not specified
Uw
Dittuse& Boelter (Bergman
0.023Re%8py04 Not specified

etal., 2011)
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CHAPTER 4: RESULTS AND DISCUSSION
4.1 Thermophysical properties of nanofluids
4.1.1 Thermal conductivity
Validation of the data measured by the KD2 thermal properties analyzer was made by
comparing the data measured for the water and the standard data recorded in the NIST
(National Institute of Standard and Technology) Table for a distilled water which gave an

average percentage error of 0.3719 % as shown in Figure 4-1.
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0.6300

0.6000

& Measured W/(m-K)
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ST W/(m-K)

0.5700 T T T T T 1
15 20 25 30 35 40 45

Temperature (°C)

Figure 4-1: Comparing the measured data of DW and the standard data
recorded by the NIST.

The variation of thermal conductivity with the temperature of all the samples is shown
in Figure 4-2 where, all the nanofluids concentrations showed a significant enhancement
comparing to the DW, which can be attributed to the Brownian motion of the
nanoparticles as recorded by many researchers (Alawi et al., 2018; Jabbari et al., 2017;
Shahsavar & Babhiraei, 2017; Tawfik, 2017). As shown in Figure 4-2, all the nanofluids
concentrations in this study show a nonlinear increment when temperature increases, and
the thermal conductivity increases when the concentration increases. The thermal
conductivity of nanofluids also has the same order as the nanoparticles used to prepare it,

which confirms the effect of the suspended solid particles on the thermal conductivity of
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nanofluids. The SiO2/DW nanofluid showed the lowest average enhancement for all the
nanofluids in the current study, where the concentration 0.05 wt.%, 0.075 wt.%, and 0.1
wt.% showed the average enhancement percentages of 0.788 %, 0.717 %, and 1.075 %,
respectively. For Al203/DW nanofluid, the concentration of 0.05 wt.%, 0.075 wt.%, and
0.1 wt.% showed the average enhancement percentages of 0.879 %, 1.337 %, and 1.696
%, respectively. The hybrid/DW nanofluid showed the average percentage enhancement
0f 3.102%, 1.829 %, and 1.158 % for the concentration of 0.1 wt.%, 0.075 wt.%, and 0.05

wt.%, respectively.
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Figure 4-2: Thermal conductivity for all the samples at different temperatures.
4.1.2  Density

Figure 4-3(a) shows the comparison between the measured density of DW by Anton
Paar density meter and the standard values in a temperature range from 20 °C to 45 °C,
where the average error is 0.056% which means the data collected by that meter is correct
for this temperature range. Figure 4-3(b), (c), and (d) show the density profile for
Al203/DW nanofluid, SiO2/DW nanofluid, and hybrid nanofluid, respectively. The effect
of solid particles density on nanofluids density is noticeable. For the same nanofluid

concentration, the higher the nanoparticle density, the higher the nanofluid density. The
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maximum increment was observed for the Al203/DW nanofluid density, where the
average percentage increments were 0.095%, 0.062%, and 0.031% for the concentrations
of 0.1 wt.%, 0.075 wt.%, and 0.05 wt.%, respectively. Then, the hybrid nanofluid density
showing an average percentage increment of 0.084%, 0.042%, and 0.018% for the
concentrations 0.1 wt.%, 0.075 wt.%, and 0.05 wt.%, respectively. Finally, the SiO2/DW
nanofluid with an average percentage increment of 0.061%, 0.036%, and 0.014% for the

concentrations of 0.1 wt.%, 0.075 wt.%, and 0.05 wt.%, respectively.
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Figure 4-3: The density profile of the DW and different nanofluid
concentrations: (a) The measured and the standard values for DW, (b) DW and
AlLO3 nanofluid, (¢) DW and SiO; nanofluid, and (d) DW and hybrid nanofluid.
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4.1.3  Specific heat

Figures 4-4, 4-5, and 4-6 show the effect of temperature on the specific heat of the DW
comparing to the data of the Al203/DW, SiO2/DW, and the hybrid nanofluid Al2O:-
fMWCNT/DW, respectively. The specific heat results show that increasing the nanofluid
concentration reduced the specific heat of the base fluid, and the order of nanofluids
specific heat for the same concentration is the same as the specific heat of the solid
particle. So, Al203/DW shows the highest specific heat than SiO2/DW and Al2O3-

fMWCNT/DW.
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Figure 4-4: Specific Heat of different Alumina nanofluid concentrations
compared to DW,
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Figure 4-5: Specific Heat of different Silica nanofluid concentrations compared
to DW.
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Figure 4-6: Specific heat of different hybrid nanofluid concentrations compared
to DW.

The average percentage reduction in specific heat of Al2O3/DW nanofluid are
0.0817%, 0.0612%, and 0.0408% for the concentrations of 0.1 wt.%, 0.075 wt.%, and
0.05 wt.%, respectively. The average percentage reduction in the specific heat of Al2Os-
f-MWCNT/DW nanofluid are 0.0823%, 0.0617%, and 0.0411% for the concentrations of
0.1 wt.%, 0.075 wt.%, and 0.05 wt.%, respectively. These results indicate that the specific
heat of IMWCNT decreases when mixing it with Al2O3 compared to Al2O3 at the same
temperature. The average percentage reduction in specific heat of SiO2/DW nanofluid are
0.0822%, 0.0616%, and 0.0410% for the concentrations of 0.1 wt.%, 0.075 wt.%, and

0.05 wt.%, respectively.

4.1.4  Viscosity
Figure 4-7 shows that the measured viscosity of DW by the Anton Paar rheometer is
in good agreement with the standard values in the temperature range 20-60 °C, where the

average percentage error is 3.806%.
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Figure 4-7: The measured viscosity of DW in comparison with the standard
values.

The relation between shear stress and shear strain rate for all the nanofluid samples at
different temperatures in the current study is represented in Figures 4-8 to 4-16. A curve
fitting process was made to know the linearization data for each curve, where the R
squared parameter for each straight line nearly equals unity. Therefore, the stress-strain
relation for all nanofluid samples is linear and passes through the origin, confirming that
all nanofluid samples are Newtonian fluids. The stress-strain curves for all nanofluid
samples in Figures 4-8 to 4-16 showing that the temperature affects the nanofluid

viscosity, where the line slope (viscosity) decreases when the temperature increases.
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Figure 4-8: Shear stress variation with the shear strain rate at different
temperatures for 0.05 wt.% Al,O3/DW nanofluid.
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Figure 4-9: Shear stress variation with the shear strain rate at different
temperatures for 0.075 wt.% Al,O3/DW nanofluid.
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Figure 4-10: Shear stress variation with the shear strain rate at different
temperatures for 0.1 wt.% ALO3/DW nanofluid.
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Figure 4-11: Shear stress variation with the shear strain rate at different
temperatures for 0.05 wt.% SiO2/DW nanofluid.
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Figure 4-12: Shear stress variation with the shear strain rate at different
temperatures for 0.075 wt.% SiO2/DW nanofluid.
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Figure 4-13: Shear stress variation with the shear strain rate at different
temperatures for 0.1 wt.% SiO2/DW nanofluid.
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Figure 4-14: Shear stress variation with the shear strain rate at different
temperatures for 0.05 wt.% hybrid nanofluid.
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Figure 4-15: Shear stress variation with the shear strain rate at different
temperatures for 0.075 wt.% hybrid nanofluid.
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Figure 4-16: Shear stress variation with the shear strain rate at different
temperatures for 0.1 wt.% hybrid nanofluid.

It can be seen that viscosity depends on the nanofluid concentration, temperature, and
nanoparticle type. For nanofluid concentration, the viscosity increases at a higher
concentration, where it can be attributed to the increase of nanoparticles agglomeration
within the suspension when the concentration increases. Consequently, the internal shear
stress in the nanofluid will be increased due to the higher force needed to dissipate the

solid particles in the suspension, leading to increased viscosity.

The viscosity is a nanoparticle-dependent phenomenon at the same wt.%
concentration, where the viscosity of SiO2/DW is higher than that of hybrid and

Al203/DW, respectively. Thess results can be attributed to the difference in nanoparticles
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density, where the low density gives a high volume for the same mass. Therefore, for
lower density nanoparticles and hence nanofluid, the suspended nanoparticles have a
higher volume and higher agglomeration within the suspension, leading to the similar

results of the nanofluid concentration-effect mentioned in the previous paragraph.

Comparing to DW, the average percentage increasing in viscosity of Al2O3/DW
nanofluid are 32.35%, 26.54%, and 19.63% for the concentrations of 0.1 wt.%, 0.075
wt.%, and 0.05 wt.%, respectively. The average percentage increasing in viscosity of
AlLO3-ftMWCNT/DW nanofluid are 33.62%, 27.06%, and 20.75% for the concentrations
of 0.1 wt.%, 0.075 wt.%, and 0.05 wt.%, respectively. The average percentage increasing
in viscosity of SiO2/DW nanofluid are 34.54%, 28.05%, and 21.77% for the

concentrations 0.1 wt.%, 0.075 wt.%, and 0.05 wt.%, respectively.

Table 4-1 shows the thermophysical properties of all the nanofluids in the current study

at a bulk temperature of 30 °C, which is designed to be the inlet flow temperature in the

present study for the experimental and the numerical work.

Table 4-1: Thermophysical properties of all the nanofluids at 30 °C.

Nanofluid ux10* p (kg/m®) K Cp Pr amx107 v %107
(Pa.s) (WmK) | (J/kgK) (m?/s) (m?/s)
D.W 8141 | 995173 | 0613 | 4180.100 | 5551 | 1474 8.180
ALO; 1077 | 995950 | 0.621 | 4176.685 | 7241 |  1.493 10.81
(0.1%)
ALO:
e A 1036 | 995.680 | 0619 | 4177.539 | 6.989 |  1.488 10.40
ALO:
0059 989 | 995460 | 0617 | 4178392 | 6.699 | 1483 9.937
Si0»
0% 1095 | 995611 | 0618 | 4176.665 | 7.4 1.486 11.00
Si0,
0075%) 1036 | 995426 | 0616 | 4177524 | 7.071 | 1481 10.47
Si0,
©005%) 903 | 9952091 | 0615 | 4178382 | 6749 |  1.479 9.98
Alz(?i}fl)\” 1085 | 995.876 | 0630 | 4176.662 | 7.194 |  1.515 10.90
. 0
ALO-CNT
007578 1038 | 995475 | 0622 | 4177521 | 6972 |  1.496 10.43
ALO>-CNT
005 9.91 995315 | 0618 | 4178381 | 6.697 |  1.486 9.951
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4.2 Validation of the experimental test rig

The validation curves of the experimental results for the circular test sections based on
the DW experimental run are shown in Figure 4-17 and Figure 4-18. Figure 4-17
compares the Nusselt number obtained experimentally with those obtained from the
empirical correlations of Dittus & Boelter and Gnielinski. The experimental Nu number
shows an average error of 5.78% and 8.27% compared to the empirical correlations of
Dittus & Boelter and Gnielinski, respectively. Figure 4-18 shows the measured AP/L in
good agreement with the values obtained from the equations of Petukhov and Blasius

with average errors of 3.81% and 9.63%, respectively.

Figure 4-19 and Figure 4-20 show the validation of the square test section based on
Nu number and pressure drop per unit length, respectively. The data obtained from the
square test section shows the experimental Nusselt number in good agreement with those
obtained from the Gnielinski and Dittus & Boelter correlations, where the average errors
are 7.28% and 9.75% in comparison with the data from Gnielinski and Dittus & Boelter
correlations, respectively. The measured AP/L in the square test section shows average

errors of 6.01% and 9.59% compared to the Petukhov and Blasius equation, respectively.

A comparative assessment was made between the input and output energy at different
values of Re number to ensure that the percentage of heat loss to the surroundings from
both the circular and square pipes has no significant effects on the heat transfer
calculations. The conventional energy balance equation (g= IAV= pVCp (T, — Tin))
showed reasonable average losses of 3.76% and 4.23% for the circular and square pipe,

respectively, which would not affect the calculation of heat transfer parameters.
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Figure 4-17: Average Nusselt number of DW for the circular pipe.
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Figure 4-18: Pressure drop per unit length of DW for the circular pipe.
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Figure 4-19: Average Nusselt Number of DW for the square pipe.
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Figure 4-20: Pressure drop per unit length of DW for the square pipe.

One more comparison between the Nusselt number and friction factor obtained
experimentally from both the test sections was applied to validate the test rig. In the fully
developed forced turbulent flow, the average convection heat transfer coefficient should
be lower in a square cross-section pipe than the circular one. This difference can be
attributed to the nonuniformity of the convection heat transfer coefficient around the
periphery, approaching zero along with the corners of the square pipe (Bergman et al.,
2011; Deissler, 1959). Moreover, the friction factor obtained from the data of the square
test section is a little bit lower than those of the circular tube, which is consistent with the

results obtained by other researchers (Bisht et al., 2014; Deissler, 1959).

Referring to Figure 4-21 and Figure 4-22, the data obtained by the current study are
compatible with the basic knowledge of heat transfer and friction loss, where the Nu
number and friction factor are higher in the case of the circular test section than those of

the square one at the same Reynolds number.
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Figure 4-21: Average Nusselt number of DW for square and circular pipes.
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Figure 4-22: Friction factor profile of DW for the square and circular pipes.

4.3 Experimental evaluation of heat transfer and pressure drop
43.1 Circular pipe

Figure 4-23 displays the profile of the average Nusselt number vs. the designed
Reynolds number range of the current study, where there is a significant Nu number
enhancement when using nanofluids in comparison with the DW. As shown in Figure
4-23, the enhancement of the Nusselt number for each nanofluid is directly proportional
to its concentration and with the Reynolds number. The SiO2/DW nanofluid of 0.1 wt.%
concentration shows the highest average enhancement of 7.46%, followed by the

ALO3/DW of 0.1 wt.% concentration with 6.32 %, then the hybrid nanofluid of 0.1 wt.%,
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where it shows an average enhancement of 6.08%. For 0.075 wt.% concentration, the
SiO2/DW nanofluid shows the highest average enhancement of 5.83%, followed by
ALO3/DW with 3.79%, and finally, the hybrid nanofluid with 3.73%. For 0.05 wt.%
concentration, the SiO2/DW nanofluid shows the highest average enhancement of 3.29%,

followed by the hybrid nanofluid with 2.32% and finally the A12O3/DW with 1.38%.

These results confirm that: at the same Reynolds number, the highest Prandtl number
the highest Nusselt number regardless of the order of nanofluid’s thermal conductivity,
where the order of the average enhancement of Nusselt number is the same as the order

of the Prandtl number shown in Table 4-1.
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Figure 4-23: Average Nusselt number of DW and nanofluids in the circular
pipe.

The order of convection heat transfer enhancement is slightly different from that of the
Nusselt number enhancement. The thermal conductivity influences the convection heat
transfer coefficient according to the equation (3-21). For the convection heat transfer

coefficient, the hybrid nanofluid of 0.1 wt.% concentration gives the highest average
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enhancement of 9.02%, followed by the SiO2/DW of 0.1 wt.% concentration with 8.83
%, then the Al203/DW nanofluid of 0.1 wt.% with an average enhancement of 7.72%.
For 0.075 wt.% concentration, the SiO2/DW nanofluid shows the highest average
enhancement of 6.35%, followed by hybrid with 5.25% and finally the Al2O3/DW
nanofluid with 4.81%. For 0.05 wt.% concentration, the SiO2/DW nanofluid shows the
highest average enhancement of 3.63%, followed by the hybrid nanofluid with 3.16% and

finally the Al.O3/DW with 2.04%.
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Figure 4-24: profile of the average convection heat transfer coefficient in the
circular pipe.

By comparing the nanofluids order based on thermal conductivity values with that
obtained based on average Nu number values, the experimental results of the circular pipe
showed the impact of Pr Number over the thermal conductivity in convection heat transfer
performance. Therefore, the thermal conductivity of nanoparticles not only the parameter

affects the convection heat transfer, but also the other thermophysical properties such as
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specific heat and viscosity have significant effects on the convection heat transfer and

may overrule the thermal conductivity enhancement.

The pressure drop evaluation should be deeply considered side-by-side with
nanofluids' heat transfer characteristics if used for practical purposes. Figure 4-25 shows
the pressure drop per unit length for all the nanofluids used in the current study within the
Reynolds number range of 6000-11000. The main features of Figure 4-25 show that the
pressure drop increases when the nanofluid concentration increases and the Reynolds
number. The average increment differs from one nanofluid to another one, where the
effect of dynamic and kinematic viscosity (momentum diffusivity) plays a vital role in
this increment. For 0.05 wt.% concentration, the Si02/DW, hybrid, and Al2O3/DW have
the average increment of 13.24%, 11.83%, and 11.26%, respectively. The average
increments are 22.67%, 20.29%, and 20.1% for the nanofluids Si02/DW, hybrid, and
ALlO3/DW, respectively, at 0.075 wt.% concentration. For the highest concentration, 0.1
wt.%, the nanofluids SiO2/DW, hybrid, and Al203/DW have the average increments of

32.91%, 31.22%, and 29.71%, respectively.

The order of pressure drop increment of nanofluids compared with that of DW is the
same as the order of the product of both the dynamic and kinematic viscosity, which

matches the relation in equation (3-20).
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Figure 4-25: Pressure drop of DW and nanofluids in the circular pipe.

Figure 4-26 and Figure 4-27 show the performance index profile at different Reynolds
numbers for the circular test section based on the evaluation of pressure drop and pumping
power, respectively, as a penalty. Both figures show that the DW appears as the most
efficient convective medium compared to other nanofluid concentrations. The lowest
concentration of each nanofluid has the highest performance comparing with the higher
concentration. The Al203/DW shows the highest thermal performance compared with
other nanofluids' data based on both evaluations. The Al2O3/DW thermal performance is
followed by the hybrid nanofluid and the SiO2/DW, reflecting the significant effect of
nanofluids' penalty over its benefit. Moreover, evaluation of performance index
depending on the pumping power as a penalty reduces the average performance for each
nanofluid concentration compared to the performance evaluation based on the pressure
drop. The effect of pumping power on the performance index reflects the impact of
increasing the volume flow rate and the pressure drop increment when using nanofluids

instead of DW. Therefore, consideration of the heat transfer enhancement compared to
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the pressure drop or pumping power consumption could be a weighted factor to select the

nanofluid type instead of the distilled water in different heat transfer applications. In case

of enhanced heat transfer requirement, the user should overrule the pressure loss

compensation of the nanofluids; otherwise, it would not be economical.

Performance index
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Figure 4-26: Performance index based on the pressure drop for the circular

pipe.
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Figure 4-27: Performance index based on pumping power for the circular pipe.
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43.2 Square pipe

The experimental data obtained from the square test section, such as Nusselt number,
convection heat transfer coefficient, and pressure drop, have the same trend as those
obtained from the circular test section for the same Re range. Figure 4-28 shows the
average Nusselt number of different nanofluids in the square pipe, where the order of Nu
number enhancement is the same as in the circular pipe, but its values are different due to

the geometry shape effect.

For 0.05 wt.% concentration, the percentages enhancement of Nusselt number for
Si02/DW, hybrid, and AlO3/DW are 1.55%, 1.43%, and 1.15%, respectively. The
average enhancement of the Nusselt number is 5.26%, 5.20%, and 4.63% for the
nanofluids Si02/DW, Al203/DW, and hybrid, respectively, at 0.075 wt.%. For the highest
concentration, 0.1 wt.%, the nanofluids SiO2/DW, AlO3/DW, and hybrid have an

average increment of 7.13%, 6.63%, and 5.24%, respectively.

Figure 4-29 shows the average convection heat transfer coefficient, where the average
percentage enhancement of the convection heat transfer coefficient is 8.16%, 8.03%, and
8.00 for the hybrid nanofluid at 0.1 wt.%, Al2O3/DW at 0.1 wt.%, and SiO2/DW at 0.1
wt.% concentration, respectively. For 0.075 wt.% concentration, the Al203/DW nanofluid
shows the highest average enhancement of 6.23%, followed by hybrid with 6.16%, and
finally the Si02/DW nanofluid with 5.77%. For 0.05 wt.% concentration, the hybrid
nanofluid shows the highest average enhancement of 2.26%, followed by the SiO2/DW

nanofluid with 1.88% and finally the Al2O3/DW with 1.81%.
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Figure 4-28: Average Nusselt number of DW and nanofluids in the square duct.
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Figure 4-29: Average convection heat transfer coefficient of DW and nanofluids
in the square duct.
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Figure 4-30 shows the pressure drop profile for different nanofluids in the square test

section. As in the circular test section, the SiO2/DW nanofluid has the highest pressure

drop increment compared to the similar wt.% concentration followed by hybrid nanofluid

and Al203/DW nanofluid, respectively, which confirm the significant effect of dynamic

and kinematic viscosities of nanofluids on the pressure drop. For 0.05 wt.% concentration,

the Si02/DW, hybrid, and Al2O3/DW have an average increment of 11.18%, 9.70%, and

4.70%, respectively. The average increments are 18.95%, 16.95%, and 15.25% for the

nanofluids Si02/DW, hybrid, and A1203/DW of 0.075 wt.%, respectively. For the highest

concentration, 0.1 wt.%, the nanofluids SiO2/DW, hybrid, and Al2O3/DW have an

average increment of 27.50%, 26.10%, and 23.50%, respectively.
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Figure 4-30: Pressure drop of DW and nanofluids in the square duct.

Table 4-2 shows the enhancement percentage for Nusselt number, convection heat

transfer, and pressure drop of all nanofluid samples for the circular and square test

sections.
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Table 4-2: The percentage enhancement for different parameters in the
experimental study.

Nu number h (W/m?.K) AP/L (Pa/m)
Nanofluid
Cir Sq Cir Sq Cir Sq
ALO; 6329 | 6.63% | 7.72% | 8.03 % | 29.71 % | 23.50 %
(0.1%)
ALO; 379 % | 520 % | 4.81 % | 6.23 % | 20.1% | 1525 %
(0.075%)
ALO3 138% | 1.15% | 2.04% | 1.81% | 11.26% | 4.70 %
(0.05%)
Si0s 746 % | 7.13 % | 8.83 % | 8.00 % | 33.42 % | 27.50 %
(0.1%)
Si02 5.83 % | 5.26 % | 635% | 5.77 % | 22.67 % | 18.95 %
(0.075%)
Si0s 3.0 % | 1.55 % | 3.63 % | 1.88 % | 13.24 % | 11.18 %
(0.05%)
Mﬁ;;é(ﬁ%s 6.08% | 524 % 9.02% | 8.16 % | 31.22% | 26.10 %
(0.1 wt.%)
M‘?{,‘é%%s 3.73% | 4.63% | 5.25% | 6.16 % | 20.29 % | 16.95 %
(0.075 wt.%)
M‘%gﬁ%s 232% | 1.43% | 3.16% | 2.26 % | 11.83% | 9.70 %
(0.05 wt.%)

The performance index evaluation as in Figure 4-31 and Figure 4-32 shows that the
performance of the nanofluid in the square pipe is higher than that of the circular one
either on a pressure drop or pumping power basis. The increment of performance index
in the square duct may belong to the increment percentage of heat transfer enhancement

and the reduction of pressure drop increment compared to the data of the circular one.

From the present investigation, DW still has the best thermal performance compared
with the data from different nanofluids and concentrations in the circular pipe
configuration. The lowest nanofluid concentration has the best performance compared

with the other concentrations of the same nanofluid.
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Figure 4-31: Performance index based on the pressure drop for the square duct.
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Figure 4-32: Performance index based on pumping power for the square duct.
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4.4 Numerical Results
4.4.1 Circular and square pipes
4.4.1.1 Validation and mesh dependency

the Nusselt number values obtained from both the circular and square pipe models
were compared at different mesh densities for the DW run at the same Reynolds number
range to ensure that the current study's numerical results are mesh independent. The
change in the mesh element density was done by keeping the number of longitudinal
elements constant and the bias factor. Only the number of circumferential elements was
increased to increase the total mesh elements number. Figure 4-33 shows the effect of
mesh density on the DW Nusselt number, where the mesh densities of 968016, 1337232,
and 5476460 gave nearly the same values of the Nusselt number. Therefore, the model of
circular pipe with a mesh density of 968016 elements was selected to save the running
time. Figure 4-34 shows the results of the mesh independency test of the square pipe
model, where there was no noticeable change in the Nusselt number for the mesh densities
of 600000, 864000, and 1563000 elements. Therefore, the mesh density of 600000

elements was selected.
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Figure 4-33: Nusselt number of DW at different mesh densities for circular pipe
model.
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Figure 4-34: Nusselt number of DW at different mesh densities for square pipe
model.

Validation of numerical models for the circular and the square pipes was done by
comparing the Nusselt number and pressure drop obtained from the models with those
obtained experimentally as shown in Figures 4-35 and 4-36, respectively. For the square
duct, the Nusselt number and pressure drop obtained numerically showed a good
agreement with those obtained experimentally with an average error of 6.8% and 2.49%
for Nu number and AP/L, respectively. For circular pipe, the average Nusselt number and
pressure drop errors were 9.34 % and 5.92 %, respectively. Therefore, the numerical
solution obtained by the ANSYS Fluent models has been accepted for both models as the

average errors were less than 10%.
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Figure 4-35: The average Nusselt number obtained experimentally and
numerically for circular and square pipes.

1600 -

1400 -

1200 -

1000 -

AP/L (Pa/m)

800 -

600 -

400 T T T T T 1
5500.00 6500.00 7500.00 8500.00 9500.00 10500.00 11500.00

Re

B Exp_Sq —#—Num _Sq ® Exp_Cir —@—Num_Cir

Figure 4-36: Pressure drop per unit length for the circular and the square pipes.
4.4.1.2 Thermal and flow characteristics

In this section, the thermal and fluid flow characteristics inside the circular and square
pipes during the water run were discussed to show the different phenomena that affect the
heat transfer and pressure drop in both configurations with no facilities to capture them
in the experimental work. In the turbulent flow, the sharp edge corners in the square pipe

cause a secondary flow formation and Reynolds’s stress gradient. In the circular pipe
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flow, there is no secondary flow, and the flow is more uniform, as shown in Figure 4-37,

which displays the velocity vectors at the outlet section for both pipes.

The wall temperature contours for the circular and square pipe are shown in Figures
4-38 and 4-39, respectively. The temperature distribution is uniform on the circular pipe
surface, and hot temperature spots appear along the edges of the square duct due to the

formation of the secondary flow.

Figure 4-37: Velocity vectors for DW at the outlet section of the square and
circular pipes at Re = 6000.

Figure 4-38: Temperature contours at the wall of the circular pipe with DW at
Re =11000.
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Figure 4-39: Temperature contours at the wall of the square pipe with DW at
Re =11000.

Figure 4-40 and Figure 4-41 show the flow development in the circular and square
pipe, respectively, where the flow became fully developed at x/Dn > 10. Figure 4-42
shows the local Nusselt number and friction factor variation along the pipe length for both
pipes configurations. The Nu number and friction factor became nearly straight and
horizontal in the fully developed region. These profiles confirm that the current study
models match the standard considerations for internal turbulent flow of incompressible

fluids presented by (Cengel, 2007; Diessler, 1953).
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Figure 4-40: Velocity profile of DW at different locations in the circular pipe at
Re =11000.

Figure 4-41: Velocity profile of DW at different locations in the square pipe at
Re =11000.
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Figure 4-42: Local Nusselt number and friction factor profiles of DW at Re =
6000.

4.4.1.3 Heat transfer and pressure drop of nanofluids

In the CFD post module, the local Nusselt number was calculated using equation
(3-22) by replacing the local fluid temperature with the fluid bulk temperature. The
average Nusselt number over the turbulent flow region was calculated by getting the
average of its local values in the fully developed region. Hence, the average heat transfer
coefficient was calculated. The pressure drop along the pipe was calculated by getting the

difference between the average pressure value at the inlet and the outlet sections of the

pipe.

Figure 4-43 and Figure 4-44 show the average Nusselt number profiles of all nanofluid
samples for circular and square pipe, respectively. The Nusselt number enhancement in
both figures has the same order, not value, as obtained from the experimental work, which
confirms the effect of nanofluid’s Prandtl number on the Nusselt number values.
Moreover, the convection heat transfer coefficient in Figure 4-45 and Figure 4-46 and the
pressure drop in Figure 4-47 and Figure 4-48 have similar trends as those obtained from
the experimental work, which confirm the vision of the current study towards the main

factors affecting the heat transfer and pressure drop performance of nanofluids. Table 4-3
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shows the average enhancement percentages for all the nanofluid concentrations based

on the numerically obtained results that have the same trend in the experimental results.
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Figure 4-43: Average Nusselt number obtained numerically for the circular

pipe.
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Figure 4-44: Average Nusselt number obtained numerically for the square pipe.
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Figure 4-45: Average heat transfer coefficient obtained numerically for the

circular pipe.
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Figure 4-46: Average heat transfer coefficient obtained numerically for the

square pipe.
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Figure 4-47: Pressure drop per unit length obtained numerically for the circular

pipe.
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Figure 4-48: Pressure drop per unit length obtained numerically for the square

pipe.
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Table 4-3: The percentage enhancement for different parameters in the

numerical study.

Nu number h (W/m? K) AP/L (Pa/m)
Nanofluid
Cir Sq Cir Sq Cir Sq
?)121(;3) 420% | 3.90 % | 5.56 % | 5.26 % | 29.22 % | 29.14 %
. 0
ALO; 3.60 % | 3.43 % | 4.70 % | 4.44 % | 24.89 % | 24.81 %
(0.075%)
ALO; 1.80% | 138 % | 2.47% | 2.04 % | 12.03% | 11.95 %
(0.05%)
Si0s 497 % | 476 % | 5.83 % | 5.62 % | 33.42 % | 33.33 %
(0.1%)
Si02 3.93 % | 3.61 % | 4.43 % | 4.12 % | 25.30 % | 25.22 %
(0.075%)
Si0s 2776 % | 2.40 % | 3.09 % | 2.74% | 17.24% | 17.16 %
(0.05%)
M%{;é%}s 3.89 % | 3.56 % | 6.78 % | 6.43 % | 30.84 % | 30.76 %
(0.1 wi.%)
M‘?{;g\;}s 3.54% | 3.24 % | 5.06% | 4.76 % | 25.13 % | 25.05 %
(0.075 wt.%)
M‘%é(ﬁ%s 2.15% | 171 % | 2.98 % | 2.54 % | 14.58 % | 14.52 %
(0.05 Wt.%)

Figure 4-49 and Figure 4-50 show the performance index that was evaluated

numerically based on the equation (3-23) for both circular and square pipe, respectively.

From the performance index evaluation for both pipes, the numerical results confirmed

the results obtained experimentally, where the DW has the highest performance index

compared to the other nanofluids in the current study. Also, the lower concentration

showed the highest performance index for each nanofluid.
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Figure 4-49: Performance index based on the pressure drop for the circular

pipe.
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Figure 4-50: Performance index based on the pressure drop for the square pipe.
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4.4.2  Annular pipe

In the current study, the performance of all nanofluids was evaluated at the same
Reynolds number range of the circular and square pipes at different eccentricities starting
from e"= 0.0 (concentric case) to e = 0.6. All the nanofluids were tested for the concentric
case, and only the highest and lowest concentration for each nanofluid were evaluated at
the higher eccentricities. The model was validated using the concentric case results, and
the different thermal and flow characteristics of the annular flow were investigated using

the DW for comparison purposes.

4.4.2.1 Validation and mesh dependency

As shown in Fig. 4-51, the grid distribution was tested for the concentric case ("= 0.0)
by computing the average outlet temperature at Reynolds number of 11000. Several mesh
densities from 500000 elements up to 2000000 elements were tested to ensure that the
solution is mesh-independent. The mesh independence was confirmed, and the numerical
solution became steady and independent at the number of grid elements equals 1000000
(one million). Therefore, a grid distribution of 1000000 elements was employed to save

running time.

307 -
—e— 500000

£306.5 1 —e— 750000

< " 1000000

% 306 - . u

e n - @ - 1500000

€ 305.5 - 2000000

2

©

3 305 1

3 =

304.5 T T T 1

5000 7000 9000 11000 13000

Re

Figure 4-51: Outlet temperature profile at different mesh densities.
The numerical model validation was done for the concentric case by comparing the

Nusselt number, and the friction factor of the DW run with those determined from the
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empirical correlations. For annular geometry, various correlations were used to calculate
the Nusselt number and friction factor at different Reynolds number ranges under the
fully developed turbulent flow conditions. Table 3-1 shows the different empirical
correlations that have been used to calculate the Nusselt number for annular geometry
based on the hydraulic diameter of the annulus, and the friction factor of the annular space

was evaluated by the equation (3-30).

A wide variation in the Nusselt number values that was obtained from the different
empirical correlations mentioned in Table 3-1as shown in Figure 4-52(a). Therefore, the
results obtained from the numerical model of this study are acceptable as it has a similar
trend and mediating the curves of the other empirical correlation for the same Reynolds
number range. Moreover, the friction factor obtained numerically showed a perfect
agreement with that calculated by Gnielinski's correlation (2009), where the average error

was 8.46%, as presented in Figure 4-52(b).
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Figure 4-52: Validation curves of the numerical results: (a) Average Nusselt
number and (b) Average friction factor.
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4.4.2.2 Thermal and flow characteristics of the annular flow

Evaluation of the average Nusselt number and friction factor under turbulent flow
conditions inside a circular annulus is still debated. Some researchers tend to use the same
correlations of the circular tube by replacing the hydraulic diameter with the physical
diameter of the circular pipe. In contrast, others reject that treatment due to the effect of
annulus diameter ratios. Gnielinski (2009) modified the equation presented by Petukhov
and Kirillov for the circular pipes to suit the evaluation of the Nusselt number inside the
annular passages by multiplying the equation with the entrance correction factor. That
factor was greater than unity, which refers to the higher Nusselt number for annular
passage compared to circular cross-sections of the same hydraulic diameter. Also,
Gnielinski (2015) and Barrow (1955) concluded that the average friction inside the
annulus is higher than inside the circular tube for the same Reynolds number and
hydraulic diameter and, accordingly, the pressure drop. Those conclusions were tested for

the numerical results of the current study using the DW.

Figure 4-53(a) shows the average Nusselt number evaluated numerically for all
configurations in the current study. The average Nusselt number of the annular concentric
passage is higher than the circular and square tubes of the same hydraulic diameter. The
average Nu number in the concentric annulus was higher than the circular pipe with 3.5%,
matching Deissler and Taylor's results (1955). Figure 4-53(b) shows the pressure drop
per unit length profiles for all configurations in the current study. The average increment

percentage between the annular passage and the circular tube was 7.12%.
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Figure 4-53: A comparison between the numerically evaluated parameters for
different configurations of the same Dy: (a) Average Nusselt number, (b) pressure
drop per unit length.

Figures 4-54 and 4-55 show the velocity profiles of the distilled water inside the
annulus at different axial distances for the zero-eccentricity case (concentric case) and the
maximum eccentricity case (e” = 0.6) at the highest Reynolds number (Re = 11000),
respectively. The velocity profile for the concentric case in Fig. 4-54 shows that the
entrance length is nearly ten times the hydraulic diameter, which matches the standard
conditions of the internal turbulent flow (Cengel, 2007). Figure 4-55 shows the effect of
the eccentricity on the velocity profile. The lower side of the annulus became narrow, the
flow resistance increased, and the top side became wider, decreasing the flow resistance
at that side. Therefore, the fluid velocity in the narrow space decreased gradually when

the eccentricity increased, which increased the fluid temperature in the narrow area than

that in the wide area of the annulus, as shown in Figure 4-56.

Figure 4-57 shows the contour map of the flow separation that occurs in the eccentric
annulus and increases with the eccentricity value. This flow separation leads to a
nonuniform temperature distribution along the annulus for the inner tube surface or the
fluid, as shown in Figure 4-58. Due to the nonuniform temperature distribution, the
convection heat transfer coefficient and the Nusselt number were calculated using

equations (3-21) and (3-22), respectively, based on the bulk average surface temperature
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of the inner tube surface and the inlet and outlet flow temperature as recommended by

Deissler and Taylor (1955).

Figure 4-54: The Concentric velocity profile development in the annular space
for the DW Run at Re = 11000.

Figure 4-55: The velocity profile development in the annular space for the
DW Run at Re = 11000 and (b) e" = 0.6.
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Figure 4-56: The temperature contours of the DW Run at Re = 11000: (a) e"
=0.0, (b) e" = 0.1, (c) e" = 0.2, (d) "= 0.3, (¢) e" =0.4, (f) e" = 0.5, and (g) e" = 0.6.

125



(@) (e)

(b) ®
© @
(d)

Figure 4-57: The outlet velocity contours of the DW Run at Re = 11000: (a) e" =
0.0, (b) e" = 0.1, (c) " = 0.2, (d) " = 0.3, (e) " =0.4, (f) e = 0.5, and (g) e" = 0.6.
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Figure 4-58: The contours of the inner wall temperature of the DW Run at Re =
11000: (a) e* = 0.0, (b) " = 0.1, (¢) " = 0.2, (d) e" = 0.3, () " =0.4, (f) ¢" = 0.5, and
(2) e = 0.6.

The deterioration in the temperature distribution caused a drop in the heat transfer rate
in comparison with the concentric case, as shown in Figure 4-59(a), where the average

Nusselt number decreased when the eccentricity increased, which agrees with the

published work of Lee and Barrow (1963), Deissler and Taylor (1955), Kline and
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Tavoularis (2015), and Alassar (2017). Figure 4-59-a also shows that the difference
between the Nusselt number for the concentric and eccentric cases increases as the
Reynolds number increases due to the increase of the flow separation at the high
velocities. Also, the significant flow separation increases the collapse of the temperature

distribution along the circumferential wall of the inner tube surface.

Deissler and Taylor (1955) stated that the wall shear stress should decrease when the
eccentricity increases. Therefore, the friction factor will decrease accordingly. It is
directly proportional to the wall shear stress according to equation (3-19) which is

confirmed in the current study as shown in Figure 4-59(b).
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Figure 4-59: Profiles of (a) Average Nusselt number, (b) Average friction factor
for the DW at different eccentricity values.

The average reduction percentages of the Nusselt number due to the eccentricity effect
are 0.412 %, 1.586 %, 3.904 %, 7.69 %, 13.34 %, and 21.817 % for the eccentricities 0.1,
0.2, 0.3, 0.4, 0.5, and 0.6, respectively. The reduction of the friction factor due to
eccentricity effect is an indication to the reduction of the pressure drop as well where, the
friction factor reduction percentages for the eccentricities 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6
are 0.164 %, 0.617 %, 1.479 %, 2.824 %, 4.852 %, and 7.627 %, respectively.

Therefore, the performance evaluation of the nanofluids in the eccentric heat exchanger
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is important to know if the nanofluids can compensate for the reduction of the convection

heat transfer due to the eccentricity effect.

4.4.2.3 Heat transfer and pressure drop of nanofluids in the concentric annulus.
Figure 4-60 shows the profiles of Nusselt number for different nanofluid
concentrations used in this study. As discussed earlier with the circular and square pipe,
the Prandtl number has the main effect on the Nusselt number enhancement at the same
Reynolds number, where the SiO2 /DW nanofluid showed the highest enhancement
percentages of 5.26%, 4.19%, and 3.02% for the concentrations 0.1 wt.%, 0.075 wt.%,
and 0.05 wt.%, respectively. The Al2O3 / DW nanofluid showed an enhancement of
4.54%, 3.99%, and 2.02% for the concentrations 0.1 wt.%, 0.075 wt.%, and 0.05 wt.%,
respectively. When using the hybrid nanofluid, the enhancement occurred was 4.22%,
3.75%, and 2.39%, for the concentrations 0.1 wt.%, 0.075 wt.%, and 0.05 wt.%,

respectively.

Figure 4-61 shows the pressure drop per unit length variation with the Reynolds
number for all nanofluid concentrations. The SiO2 /DW nanofluid showed the highest
pressure drop increment percentage, followed by the hybrid nanofluid, and the lowest
increment percentages were obtained from the Al2O3 / DW nanofluid. For 0.1 wt.%
concentration, the Si02 /DW nanofluid caused an average percentage increase in pressure
drop of 22.24%. The hybrid nanofluid caused an increment of 20.71%, and the percentage
increasing was 19.72% in the case of Al2O3 / DW nanofluid. A 17.2% average increment
was obtained with the Si02 /DW nanofluid of 0.075 wt.% concentration, and the hybrid
nanofluid of the same concentration caused an average increment of 17.09%, and the
Al203 / DW nanofluid of 0.075 wt.% caused a 16.93% average increment. Average

increments of 11.51%, 9.47%, and 7.39% were obtained with the SiO2 /DW nanofluid,
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hybrid nanofluid, and Al2Os / DW nanofluid, respectively, for the 0.05 wt.%

concentration.
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Figure 4-60: Average Nusselt number obtained numerically for the concentric
annular heat exchanger.
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Figure 4-61: pressure drop per unit length obtained numerically for the
concentric annular heat exchanger.

A comparison was made to investigate the effect of the same hydraulic diameter pipe
configurations on the Nu number, convection heat transfer coefficient, pressure drop, and
thermal performance for all nanofluid concentrations. Figure 4-62 shows all pipe

configurations' percentage enhancement Nu number, convection heat transfer coefficient,
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and pressure drop. Even though the differences were too small, the annular heat exchanger
showed the highest enhancement percentages compared to the circular and square cross-
sections. Figure 4-63 shows the average performance index that performed numerically
for all nanofluid concentrations in the three pipes configurations. The data in the figure
represents the average value of the performance index at different Reynolds numbers for
all nanofluid concentrations in the different pipe configurations. As shown in the figure,
there are no significant differences between the performance index of each nanofluid
concentration through any of the three pipe configurations. The 0.05 wt.% concentration
of Al203 / DW nanofluid has the highest performance index in all pipe configurations
either evaluated based on the pressure drop or the pumping power. On the other hand, the
0.1 wt.% SiO2 /DW nanofluid has the lowest performance index compared to the other

nanofluid concentrations for all pipe configurations.

40% -

35%

30%

25%

20%

Enhancement

15%

10%

5%

0%

Nu h (W/m2.K) AP/L (Pa/m)
EAI203  (0.1%) = AI203 (0.075%) EmAI203  (0.05%)
=si02  (0.1%) ESi02 (0.075%) mSi02  (0.05%)

& AL203-CNT (0.1 wt.%) AL203-CNT (0.075 wt.%) M AL203-CNT (0.05 wt.%)

Figure 4-62: The average increment in the heat transfer and pressure drop for
all pipe configurations.
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Figure 4-63: The numerically evaluated average performance index for all pipe
configurations.

4.4.2.4 Heat transfer and pressure drop of nanofluids in the eccentric annulus

As discussed in part 4.4.2.2, convection heat transfer and pressure drop decrease when
the eccentricity of the annular passage increases. Figure 4-64 (a) and (b) show the effect
of the eccentricity on the convection heat transfer coefficient and pressure drop of the
Al2O3 / DW nanofluid of 0.1 wt.% concentration, respectively. The average reduction
percentages of the convection heat transfer at the same Reynolds number range due to
eccentricity effect were 0.40%, 1.67%, 3.92%, 7.69%, 13.27%, and 21.64% for the
eccentricities 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6, respectively. For pressure drop, the average
reduction percentages due to eccentricity effect were 0.17%, 0.68%, 1.60%, 3.02%,

5.04%, and 7.81% for the eccentricities 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6, respectively.

Figure 4-65 presents the effect of the eccentricity on the on the convection heat transfer
coefficient and pressure drop of the SiO2 / DW nanofluid of 0.1 wt.% concentration. The
average reduction percentages of the convection heat transfer due to eccentricity effect

were 0.36%, 1.59%, 3.91%, 7.60%, 13.18%, and 21.53% for the eccentricities 0.1, 0.2,
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0.3, 0.4, 0.5, and 0.6, respectively. The pressure drop reduction percentages were 0.17%,
0.68%, 1.60%, 3.02%, 5.04%, and 7.81% for the eccentricities 0.1, 0.2, 0.3, 0.4, 0.5, and

0.6, respectively.

Figure 4-66 presents the effect of the eccentricity on the on the convection heat transfer
coefficient and pressure drop of the hybrid nanofluid of 0.1 wt.% concentration. The
average reduction percentages of the convection heat transfer due to eccentricity effect
were 0.36%, 1.59%, 3.91%, 7.60%, 13.18%, and 21.53% for the eccentricities 0.1, 0.2,
0.3, 0.4, 0.5, and 0.6, respectively. The pressure drop reduction percentages were 0.17%,
0.68%, 1.60%, 3.02%, 5.04%, and 7.81% for the eccentricities 0.1, 0.2, 0.3, 0.4, 0.5, and

0.6, respectively.

According to the above results, the eccentricity significantly impacts the convection
heat transfer coefficient compared to pressure drop. This effect is nearly the same for all
fluids, reflecting the considerable effect of the flow separation on the convection heat

transfer compared to the pressure drop.

A comparison was made between the eccentric convection heat transfer of nanofluids
and the DW's concentric convection heat transfer coefficient to investigate if the
nanofluids can compensate for the reduction in the convection heat transfer of the DW
due to eccentricity effect or not. The highest and lowest concentration of all nanofluids
were selected for this comparison, and the results are shown in Figure 4-67. For 0.05
wt.%, the Al2O3 / DW nanofluid showed a higher convection heat transfer coefficient at
the eccentricities 0.1 and 0.2 than DW's convection coefficient at the concentric case. The
SiO2/ DW and the hybrid nanofluids showed a higher convection heat transfer coefficient
at the same eccentricities. For the 0.1 wt.%, all nanofluids showed a higher convection
heat transfer coefficient at the eccentricities 0.1, 0.2, and 0.3 than the DW's convection

coefficient at the concentric case. These results showed that the nanofluid, even with a
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very low concentration, can be used as an alternative heat transfer fluid in eccentric heat

exchanger applications because it can compensate for some heat transfer loss due to the

eccentricity effect.
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Figure 4-64: The eccentricity effect on the: (a) convection heat transfer

coefficient, (b) pressure drop per unit length of the A O3/DW nanofluid with 0.1
wt.% concentration.
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Figure 4-65: The eccentricity effect on the: (a) convection heat transfer

coefficient, (b) pressure drop per unit length of the SiO2 nanofluid with 0.1 wt.%
concentration.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

5.1 Introduction

The objectives of the current study were achieved by preparing three different
nanofluids and evaluating their thermal performance experimentally and numerically
compared to the DW. Characterization, stability, and thermophysical evaluation were
performed for all nanofluid samples. The thermal performance for DW and all nanofluids
was performed experimentally and numerically for different pipe geometries of the same
hydraulic diameter. The experimental part covers the nanofluids' thermal performance
evaluation in pipes with circular and square cross-sections. The numerical part covers the
nanofluids' thermal performance evaluation in circular, square, and annular pipe cross-
sections. The experimental and numerical work was conducted under the same forced
turbulent flow conditions with Re numbers range from 6000 to 11000. In this chapter, the
research findings will be pointed out, and the recommendation for future work will be

presented.

5.2 Research conclusions
Based on the experimental and numerical results of the current study, all the objectives

are achievable and being confirmed, and the findings can be concluded as follow:

1. Two single and one hybrid composite aqua-based nanofluids were prepared
in different nanofluid concentrations of 0.1, 0.075, and 0.05 wt.% using the
two-step method. Silica, Alumina, and Pristine MWCNTs nanopowder
were purchased commercially to prepare the metal oxide nanofluid, and the
Alumina coated f-MWCNTs hybrid nanofluid at different mixing ratios.
The acid treatment method was employed to functionalize the MWCNTs.
The synthesizing and functionalization processes were successful based on

the different results of FTIR, RAMAN, FESEM, and SDS analysis. Based
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on the (UV-Vis) spectrum evaluation, the stability test showed that all the
nanofluid samples were dispersed well over 15 days. All nanofluid
concentrations showed a stability ratio over 93%.

. Based on the thermophysical properties evaluation at 30 °C for all
nanofluid concentrations in comparison with the DW, the hybrid nanofluid
showed the highest enhancement in thermal conductivity (2.77%, 1.47%,
and 0.815%), followed by the Alumina (1.31%, 0.978%, and 0.653%), and
finally the Silica nanofluids (0.816%, 0.489%, and 0.326%). In contrast,
the Prandtl number showing a different trend for the same nanofluids where
its % enhancement for the silica nanofluid concentrations were the highest
(33.31%, 26.57%, and 21.58%), followed by the Alumina (30.5%, 25.96%,
and 20.68%), and finally the hybrid nanofluid (29.58%, 25.58%, and
20.64%). Our results showed that the Prandtl number has the most
significant effect on the Nusselt number, which interfered with the impact
of thermal conductivity on the convection heat transfer coefficient.
Therefore, it is not necessary that the higher the thermal conductivity, the
higher the Nusselt number. The results also showed that the dynamic and
kinematic viscosity product has the most significant effect on the pressure
drop. So, the dynamic viscosity can be considered as a critical parameter,
where it has a considerable impact on the Prandtl number and pressure
drop.

. The thermal performance comparison for the current experimental work
showed that the max enhancement in h (W/m>K) was 9.02% for the
circular pipe and 8.16% for the square duct. The max pressure drop
%increment was 33.42 and 27.5 for the circular and square duct,

respectively. Moreover, the performance index evaluation for all nanofluid
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concentrations showed that the DW was economically efficient compared
to the nanofluids unless we target the enhancement in heat transfer
regardless of the cost of pressure drop or pumping power. The numerical
results showed the geometry effect on the Nu number and pressure drop,
where the concentric annular pipe showed an average increment of Nu
(3.5% and 19.7%) and pressure drop increment of (7.12%, 13.61%) for the
same Re number range compared to the circular and square pipe,
respectively.

Evaluation of heat transfer and pressure drop in the annular pipe with
different vertical eccentricities (¢* = 0.1 to e’= 0.6) were conducted
numerically. The results showed that the heat transfer and friction loss
decrease when the eccentricity increased. The convection heat transfer
coefficient recorded the lowest average reduction of 0.40% and the highest
average reduction of 21.64% at the eccentricities 0.1 and 0.6, respectively.
The pressure drop recorded the lowest average reduction of 0.17% and the
highest average reduction of 7.81% at the eccentricities 0.1 and 0.6,
respectively. Another comparison was made between the convection heat
transfer coefficient of the lowest and highest nanofluid concentrations at
different eccentricities and the convection heat transfer coefficient of the
DW at the concentric case. This comparison showed that all nanofluids at
the concentration 0.05 wt.% gave a higher convection heat transfer
coefficient at the eccentricities 0.1 and 0.2 than the DW at the concentric
case. Also, it showed that all nanofluids at the concentration 0.1 wt.% gave
a higher convection heat transfer coefficient at the eccentricities 0.1, 0.2,

and 0.3 compared to the DW at the concentric case.
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5.3

5. Finally, the nanofluids' thermal performance in all pipe configurations
showed that the DW is still considered the best choice as a convective
medium unless heat transfer enhancement is targeted, regardless of the

penalty due to pumping power or pressure drop increment.

Recommendations for future work

Based on the findings of the current study, some specific subjects may be addressed

for future work on nanofluid studies, as stated below:

1.

The researchers could focus on synthesizing a new nanocomposite material
with high specific heat and thermal conductivity to enhance the Prandtl number
of nanofluids. Mixing three or more nanoparticles in a stable colloid may be
helpful for controlling more, the nanofluid thermophysical properties.

The researchers are advised to perform an optimization study for the hybrid
nanofluid with different mixing ratios to get the best mixing ratio that can give
the best thermal performance.

The researchers could perform an extension for the current numerical work by
fabricating an annular passage with various eccentricities and evaluate the
thermal performance of nanofluids in the eccentric annular conduit
experimentally.

A comparative and optimization study using different cross-sections
configuration of the annular conduit may be performed experimentally under

different boundary conditions.
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