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ABSTRACT

EXPERIMENTAL AND THEORETICAL INVESTIGATIONS ON
ALUMINA-WATER NANOFLUID VISCOSITY WITH STATISTICAL ANALYSIS

Elcioglu, Elif Begiim
M.S., Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Almila Giiveng Yazicioglu

June 2013, 119 pages

Nanofluids are nanoparticles’ colloidal suspensions. Due to their enhanced thermal conductivity,
nanofluids are regarded as advantageous for high efficiency requiring heat transfer applications. On
the other hand, the viscosity of nanofluids is greater than those of base fluids. Since the pumping
power requirement, which is related to operation cost, is higher for high viscosity fluids, the viscosity
of nanofluids should be carefully investigated.

Enhancements in nanofluid thermophysical properties are related to the nanoparticle fraction within
the base fluid. Therefore, concentrated nanofluids are more advantageous in terms of their high
thermal conductivity. However, viscosity is also high for concentrated nanofluids. Therefore,
balancing the advantages of the thermal conductivity enhancement and drawbacks of the viscosity
enhancement of nanofluids is important.

The aim of this thesis is to experimentally and theoretically investigate the nanofluid viscosity with
detailed statistical analysis. Toward this aim, first a detailed benchmarking of the subject is
performed. The unique parts of this thesis are: experimental investigation on Al,0s—H,0O nanofluid
viscosity for varying nanoparticle volumetric fractions (¢), nanoparticle diameters (dp), and
temperatures (T); and statistical analysis on the experimental data. The experiments showed that, the
viscosity of Al,03—H,O nanofluids increased with ¢ and d,, and decreased exponentially with T. The
statistical analysis showed that, the main effects of ¢, d, and T, and the interaction effect of T and ¢
on nanofluid viscosity; and the main effects of ¢ and d, on relative viscosity are found to be
significant. In addition, new nanofluid viscosity and relative viscosity correlations are presented.

Keywords: Al,0s-H,0 nanofluids, nanofluid viscosity, design of experiments, Taguchi Method
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ALUMINA-SU NANOAKISKANININ ViSKOZITESININ TEORIK VE DENEYSEL
INCELEMESI VE iSTATISTIKSEL ANALIZi

Elcioglu, Elif Begiim
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Almila Giiveng Yazicioglu

Haziran 2013, 119 sayfa

Nanoakigkanlar, nanopargaciklarin kolloidal siispansiyonlaridir. Nanoakigkanlarin, Yyiiksek 1sil
iletkenliklerinden dolay1, yiiksek verim gerektiren 1s1 transferi uygulamalarinda kullanimi avantajl
olarak kabul edilmektedir. Diger yandan, nanoakiskanlarin viskozitesi de, baz akigkanlardan daha
yiiksektir. Islem maliyeti ile dogrudan iliskili olan, akigskani sistem icerisinde sirkiile etmek icin
gerekli pompa giicli, viskozitesi yiiksek akiskanlar i¢in daha yiiksek oldugundan, nanoakiskanlarin
viskozitesi dikkatle incelenmelidir.

Nanoakiskanlarin termofiziksel ozelliklerinde elde edilen artiglar, baz akiskan igerisindeki
nanoparcacik oranina baghdir. Bu nedenle, derisik nanoakigkanlar, yitksek 1sil iletkenlikleri ile
avantajhidirlar. Ancak, ayn1 zamanda, derisik nanoakiskanlarin viskoziteleri de oldukga yiiksektir.
Dolayisiyla, nanoakigkanlarin yiiksek 1sil iletkenliklerinin avantajlar1 ile yiiksek viskozitelerinin
dezavantajlarmin dengelenmesi 6nem tagimaktadir.

Bu tezin amaci, nanoakigskan viskozitesinin teorik, deneysel ve detayli istatistiksel analiz ile
incelenmesidir. Bu amagla, oncelikle nanoakigkan viskozitesinin karsilagtirmali degerlendirmesi
(benchmark ¢aligma) yapilmigtir. Bu tezin 6zgiin kisimlart: Al,O3—H,0 nanoakiskan viskozitesinin
degisen sicakliklar (T), nanopargacik hacimsel oranlar1 (¢) ve nanopargacik ¢aplari (dp) igin deneysel
incelemesi ve deneysel verilerin istatistiksel analizidir. Deneyler, Al,0s-H,O nanoakiskanmin
viskozitesinin ¢ ve d, ile arttigini, T ile istel azaldigini gdstermistir. Istatistiksel analiz, ¢, d, ve
T’nin ana etkilerinin ve T Ve ¢’nin etkilesim etkilerinin nanoakiskan viskozitesi; ve ¢ ve dy’nin ana
etkilerinin bagil viskozite iizerine etkilerinin anlamli oldugunu goéstermistir. Ayrica, nanoakiskan
viskozitesi ve bagil viskozite i¢in birer korelasyon sunulmustur.

Anahtar kelimeler: Al,03—H,O nanoakiskanlari, nanoakiskan viskozitesi, deney tasarimi, Taguchi
Yontemi
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CHAPTER 1

INTRODUCTION

In this Chapter, introductory information on nanofluids is given by explaining the components of
nanofluids, i.e. nanoparticles and base fluids. The reasons for the outstanding properties of
nanoparticles compared to micro- and larger particles are discussed in order to give an opinion on the
unforeseen behaviors on nanofluids. After that, nanofluid production and stabilization methods are
handled and the importance of the nanofluids’ thermophysical properties is emphasized. Finally, the
thesis organization is given.

1.1. Need for Efficient Energy Transport

Heat transfer and fluid mechanics practices are very important for industrial applications, especially
from the research and development point of view. One of the most important aims of researchers and
engineers is to enhance the efficiency of the processes, and this can be done by designing processes in
which the energy can be transported in an efficient way.

There are ways to increase the energy transport between the media. One of the most commonly used
ways is increasing the heat transfer surface area [1], which can result in an increase in the size of the
system, and eventually an increase in the operation cost. Artificial roughness elements [2] may be
implemented on the heat transfer surfaces in order to enhance the heat transfer between the media, but
this kind of a specific application may not be the solution most of the time.

Relatively poor thermophysical properties of commercial working fluids (e.g, water, ethylene glycol,
engine oil, etc.) are regarded as a limitation of the heat transfer performances of the systems.
Therefore, improving thermophysical properties of commercial fluids seems to be the best way to
achieve high efficiency in heat transfer applications. Suspending small sized particles with enhanced
thermophysical properties into the commercial fluids (called “base fluids” from here on) in order to
form suspensions that have improved thermophysical properties, thus show improved heat transfer
performance mostly, has been considered as a solution for many years.

From this point of view, “nanofluids”, which can simply be defined as colloidal dispersions of
nanometer sized particles (nanoparticles) in base fluids, are considered as advantageous compared to
base fluids, mainly due to their improved thermal conductivity. In addition to the thermal
conductivity; thermal diffusivity, thermal absorbtivity, density, and viscosity of nanofluids are higher
than those of base fluids, as well. The aforementioned enhancements in thermophysical properties of
nanofluids are mainly caused by the high thermophysical properties of dispersed nanoparticles within
the base fluids. Detailed information on nanofluids and its components are given in the following
sections.



1.2. Nanofluids

Nanofluids are a new class of fluids engineered by dispersing (suspending) nanometer sized materials
(nanoparticles, nanofibers, nanotubes, nanowires, nanorods, nanosheets or droplets) within the base
fluids. In other words, nanofluids are nanoscale colloidal suspensions containing condensed
nanomaterials. They are two-phase systems with one phase (solid phase) in another (liquid phase) [3].
However, nanofluids cannot be considered as totally similar to the commonly used classical
suspensions, due to the unforeseen phenomena occurring at the nanometer scale.

The concept nanofluid was introduced by S.U.S. Choi and his co-workers at the Argonne National
Laboratory (ANL) in USA. In Choi and Eastman’s study [4], nanofluids are defined as: “innovative
new class of heat transfer fluids can be engineered by suspending metallic nanoparticles in
conventional heat transfer fluids” and it is stated that: “the resulting nanofluids are expected to exhibit
high thermal conductivities compared to those of currently used heat transfer fluids, and represent the
best hope for enhancement of heat transfer”.

As it is clear from this definition, nanofluids can be simply defined as the combination of
nanoparticles and base fluids, as it is illustrated in Figure 1. Information about the components of a
nanofluid, i.e. nanoparticles and base fluid as shown in Figure 1, are given in following sub-sections
in detail.

Base Fluid _
ter, ethylene glycol Nanoparticles
water, ethylene glycol, _
propylene glycol, A'zog %uot. TiO,, NANOFLUID
engine oil, etc. noO, etc.

Figure 1. Schematic description of a nanofluid: base fluid in combination with nanoparticles.

1.2.1. Nanoparticles

Nanoparticles are engineered materials, with at least one dimension in the 1-100 nm range. In this
definition, size represents an important point. The definition of nanoparticles differs depending upon
the materials, fields, and applications concerned. In the narrower sense, they are regarded as the
particles smaller than 10 — 20 nm, where the physical properties of solid materials themselves would
drastically change [5].

Nanoparticles that are used to improve the thermal conductivity of base fluids can be metals and/or
non-metals, since their thermal conductivities are more than one or more order(s) of magnitude(s)
higher than those of base fluids. Thermal conductivities of some relevant solids and liquids are
provided [6] in Table 1.



Table 1. Thermal conductivities of various solids and liquids

Solids/liquids Material Thermal conductivity (W/mK)

Silver 429

Metallic solids Copper 401
Aluminum 237

Diamond 3300

Nonmetallic solids Carbon nan_o_tubes (CNTs) 3000
Silicon 148
Alumina (Al,O3) 40

Metallic liquids Sodium (at 644 K) 72.3

Water (H,0) 0.613

Nonmetallic liquids Ethylene glycol (EG) 0.253

Engine oil (EO) 0.145

As is seen in Table 1, thermal conductivities of metallic and non-metallic solids are significantly
higher than those of nonmetallic liquids. This is the main idea behind the suspension of particles with
enhanced properties into commercial base fluids (which are nonmetallic liquids, mostly).

Some of the commonly used nanoparticles for nanofluid production are: Al, Al,Os, Cu, CuO, TiO,,
ZnO, carbon nanotubes (CNTSs) (e.g. single walled carbon nanotubes (SWCNTs) and multi walled
carbon nanotubes (MWCNTS)), and titanate nanotubes (TNT). In addition to the aforementioned; SiC,
Si0,, Fe,03, Fes0,4, Ag, Au, diamond, and BaZrO; nanoparticles are used, as well.

1.2.1.1. Nanoparticles vs. Microparticles: Which is Advantageous?

With the upsurge in the miniaturization trend, especially towards enhancing the heat transfer
performance of the base fluids, mainly by improving their thermal conductivity; suspending small
sized particles into the base fluids came to the fore, due to their enhanced thermal conductivity.
During the earlier times, micro- (1um = 10® m) and larger particles were used for this purpose. While
some enhancement in heat transfer was obtained this way, some major disadvantages (quick
settlement and aggregation of particles, channel clogging, erosion in flow channels, pump damage,
etc.) could not be overcome. Later on, suspension of nanoparticles into the commercial base fluids
was attempted, in order to enhance the heat transfer performance of the base fluids.

It appeared that, suspending nanoparticles worked better than micro- and larger particles, and
developed a new research field. In Figure 2, a general comparison between heat transfer fluids
containing microparticles and nanoparticles is illustrated.
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Figure 2. Comparison between heat transfer fluids containing microparticles and nanoparticles.
Adapted from [7].

When it comes to fluidic applications, stability is an important concern. While microparticles can
easily settle, nanoparticles are mostly stable (remain in suspension almost indefinitely) [8]. This is
mostly because of the high surface/volume ratio of the nanoparticles (1000 times higher than that of
microparticles), which leads them to be better integrated within the base fluid. As a result, suspending
nanoparticles rather than micro- or larger particles into the base fluids is more advantageous due to
improved stability and less number of limitations.

1.2.1.2. Why Do Nanoparticles Behave Different?

There are a lot of studies available in literature aimed to explain the possible mechanisms responsible
for the unforeseen behaviors of nanoparticles. Behaviors of nanofluids are not similar to those of base
fluids, however the base fluid is the biggest component of the nanofluid (considering the volumetric
concentrations of nanoparticles (~ 8-10% at most, 1-2% typical), surfactant (little amounts, if used),
and base fluid (~ 90-95% at least)). Dispersion of nanoparticles into the base fluids in even very little
concentrations can drastically alter the properties of the base fluids, thus leads to the enhanced
thermophysical properties of nanofluids. Therefore, it is important to have a fundamental
understanding of the possible mechanisms responsible for the unforeseen behaviors of nanoparticles,
in order to understand the properties of nanofluids.

The responsible mechanisms are mostly regarded as the size effect and increased surface area of
nanoparticles. As the particle size approaches the micrometer range, it tends to be affected by the
behavior of atoms or the molecules, and show different properties from those of the bulk [5]. Atoms in
a material can be classified as surface atoms and bulk atoms. Surface atoms, which have a high
concentration of unsaturated bonds, are different from the bulk atoms, since the termination of the
bulk crystalline structure (repeating pattern) occurs at the surface. As the material size decreases, the
ratio of atoms lying on the surface, i.e. surface atoms, to the total increases.



The relationship between the particle size and the number ratio of surface atoms to the total (%), with
an assumption of atomic distance of 0.2 nm, is provided in Table 2 (adapted from [5]).

Table 2. Solid particle size and the fraction of atoms located at the particle surface.

Number of Number ratio of . .
Total number Examples of particle size
atoms at the surface atoms to the
of atoms and powder
surface total (%)
8 8 100
56 64 87.5
488 1.000 48.8 2nm
58.800 1x10° 5.9 20 nm (colloidal silica)
6 x 10° 1x10° 0.6 200 nm (titanium dioxide)
6 x 10° 1x10% 0.06 2 um (light calcium carbonate)
6 x 10" 1x 10" 0.006 20 um (green tea powder, chalk)

Another possible mechanism is the increased surface area of nanoparticles compared to micro- and
larger particles. A simple illustration showing the surface areas of cubes (the whole of a cube (left
hand side) and a cube divided into smaller cubes on the order of nanometers (right hand side)) is given
in Figure 3.

@ 10nm

1 cm /
(108 pieces)
L pibod) S, =600 m¥g
Sy =6 cm?/g

Figure 3. Change of the surface area of a cube. From left to right: the whole of a cube, a cube divided
into smaller cubes on the order of nanometers. S, is the specific surface area. Solid density is assumed
to be 1g/cm®. Adapted from [5].

As mentioned, thermophysical properties of nanofluids are different from those of base fluids, and this
causes the correlations between the thermophysical properties and ambient parameters for nanofluids
to be different than those of base fluids. Therefore, for the measurement and analysis of the
thermophysical properties of nanofluids, the aforementioned phenomena are important and should be
taken into consideration.

Above, some of the commonly accepted mechanisms responsible for the unforeseen behaviors of
nanoparticles were summarized, but there may be other mechanisms that need to be considered, as
well. Therefore, observation of the differences between the properties of nanofluids and base fluids is
important.



1.2.2. Base Fluids

Some of the commonly used base fluids for nanofluid production are: water (H,0), ethylene glycol
(EG), propylene glycol (PG), and their mixtures (H,O&EG, H,O&EG, EG&PG), and engine oil (EO).
In addition, decane (CyoH,,), polyalphaolefin (PAO), and gear oil have also been used as base fluids.
At this point, it is important to note that, EG and PG are commonly used to lower the freezing point of
H,0, which makes EG and PG mixed H,O based nanofluids suitable for low temperature applications

[9].

1.3. Synthesis of Nanofluids

Nanofluids are synthesized by dispersing (suspending) nanoparticles into the base fluids. The methods
used for nanofluid production are “one-step method” and “two-step method (Kool-Aid Method)” [10].
In addition, stability of nanoparticles in the base fluid is a critical concern at all times, including the
production step of nanofluids. Nanofluid production and stabilization methods are presented in detail,
next.

1.3.1. Nanofluid Production Methods

Methods used for nanofluid production are “one-step method” and “two-step method”, which can be
classified under top-down approach (producing nanomaterials from bigger materials using
micromachining techniques) and bottom-up approach (producing nanomaterials by bringing atoms
and molecules together), respectively [11].

In the one-step method, production of nanofluids, i.e. production of nanoparticles and their dispersion
into the base fluid, is performed during the same step. This method is usually used for metallic-
nanoparticle nanofluid production [12]. In Eastman et al.’s study [13] the authors performed the one-
step method for nanofluid production by utilizing direct evaporation technique, in which nanoparticles
are solidified into the base fluid from their gas phase. The one-step method can be regarded as
advantageous, since the drying, storage, transportation, and dispersion of nanoparticles processes are
avoided, the agglomeration of nanoparticles is minimized, and the stability of nanofluids is increased
[14].

In the two-step method, the nanofluid production process is performed in two separate steps. In the
first step, nanoparticles are produced or purchased from a commercial source. In the second step, their
dispersion into the base fluid is performed by some techniques, e.g. high shear and ultrasound [15]. In
addition, this method is more suitable for producing oxide nanoparticles [15]. This method can be
considered as advantageous for some cases, when laboratory facilities may not be sufficient to
produce nanofluids in one step. As mentioned, this method isolates the preparation of the nanofluids
from the preparation of nanoparticles. Therefore, agglomeration of nanoparticles may take place in
both steps, especially during drying, storage, and transportation stages of nanoparticles [14]. As a
result, the possibility of aggregate formation is high in the two-step method.



1.3.2. Nanofluid Stabilization Methods

During (or after) the dispersion of nanoparticles into the base fluid, stabilization methods should be
used, in order to obtain a suspension with high stability, i.e. minimum aggregation and settlement of
nanoparticles. Nanoparticles can quickly agglomerate before the dispersion and sometimes
nanoparticles disperse partially into the base fluids [15]. So as to prevent these unwanted results,
stabilization methods are used. The most effective method of breaking and evenly dispersing the
nanoparticles in a base fluid is through application of ultrasonic vibration and high speed stirring [16].
Addition of an appropriate stabilizing agent (surfactant) and/or pH adjusting agents into the nanofluids
are also used to prevent the agglomeration of the nanoparticles. Nanoparticle aggregation can cause
settlement of nanoparticles, due to the increased weight of the nanoparticle aggregates and may result
in poor performance. Zeta potential, which is a measure of the potential difference between the
dispersion medium (base fluid) and the stationary layer of fluid attached to the particle [3], is a
commonly used characterization technique for the determination of the stability of nanofluids.
Nevertheless, it is important to note that, the aggregation and settlement of nanoparticles are inevitable
in the long term. Therefore, reliable and effective stabilizing methods are required for long-term
applications of nanofluids.

1.4. Importance of the Thermophysical Properties of Nanofluids

Due to their improved thermal conductivity and improved heat transfer performance, nanofluids are
now regarded as a solution for high efficiency requiring heat transfer applications. However, before
the utilization of nanofluids, correct prediction of the thermophysical properties (thermal conductivity,
density, viscosity, thermal diffusivity, thermal absorbtivity, etc.) is essential.

For high efficiency requiring heat transfer applications, improved thermal conductivity of nanofluids
is a key advantage. As the amount of nanoparticles dispersed within the base fluid increases, the
thermal conductivity enhancement obtained with nanofluids always increases [17]. However, the
viscosity of nanofluids increases with increasing the amount of dispersed nanoparticles within the
base fluid, as well. Enhanced viscosity of nanofluids is a serious limitation, since it results in an
increased pressure drop and increased pumping power requirement [18] in the flow channel, and
eventually in increased operation cost. Therefore, enhanced viscosity is an unwanted result and should
be taken under control. At this point, it is important to define “relative viscosity (u,.)”, which is used
to define the viscosity enhancement obtained with nanofluids. Relative viscosity can thus be defined

as the ratio of nanofluid viscosity () to base fluid viscosity (u,f), i.€. tr = tnr/Hpy -

When the literature is surveyed, it is seen that, the studies interested in particularly with nanofluid
viscosity are limited in number, compared to the nanofluid thermal conductivity and heat transfer
enhancement studies. However, nanofluid viscosity deserves attention and should be studied
comprehensively, as well.

From this point, it is decided to perform a systematic study involving theoretical and experimental
investigations along with statistical analysis on Al,0s—H,O nanofluid viscosity. There is a certain
need for systematic efforts on the measurement and analysis of nanofluid viscosity.

1.5. Scope and Obijectives of the Thesis

In this thesis, nanoparticle volumetric fraction (¢), nanoparticle size (d,) and temperature (T)
dependent viscosity of Al,0;—H,O nanofluids was investigated experimentally. The nanofluid
samples used are y (gamma phase) Al,O3—H,0O nanofluids with nanoparticle volume fractions of 1, 2
and 3%, and particle sizes of 10+5 nm and 30+10 nm, which were purchased from Nanostructured &
Amorphous Materials, Inc. (NanoAmor), USA. Experiments were carefully designed with Taguchi
Method (a Design of Experiments (DOE) approach) before they were performed. Experimental data
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were then analyzed with Analysis of Variance (ANOVA), in order to statistically determine the effects
of nanoparticle volume fraction, nanoparticle size, and temperature on nanofluid viscosity. It is
important to emphasize that, although the trend of viscosity with ¢, d,, and T may be observed
through standard experiments, ANOVA helps at the determination of the real magnitudes of the
factors, and the factor interactions on the examined parameter. In addition, ANOVA tells whether an
effect is due to the experimental error, or it is an actual effect of a factor. The main objectives of this
thesis are to provide a reliable nanofluid viscosity database for Al,0;—H,O nanofluids, and have an
epistemic understanding on nanofluid viscosity and related concepts by the critical evaluation of the
theoretical background. To the knowledge of the author, this will be the first study that is concerned
with the statistical determination of the effects of the nanoparticle volumetric fraction, nanoparticle
size and temperature with the Taguchi Method.

1.6. Thesis Organization

The thesis is concerned with the evaluation of Al,0;—H,0 nanofluid viscosity both theoretically and
experimentally, with statistical analysis. Chapter 1 provides introductory conceptual information on
nanofluids, its components (nanoparticles and base fluids), why nanofluids have different properties
than the commercial working fluids, and the methods and approaches used to produce the nanofluids.
After this introduction, a literature survey on nanofluid viscosity is presented in Chapter 2. A
benchmark study on nanofluid viscosity and relative viscosity is also presented in the Chapter. After
touching on the theoretical background by summarizing the literature and benchmark study, detailed
information on the material and method of the present investigation are provided in Chapter 3. After
giving the essential points in Chapter 3, the experimental investigation and the statistical evaluation on
the Al,Os;—H,0O nanofluid viscosity and relative viscosity are presented in Chapter 4. The discussion of
the results is presented in Chapter 5, and after this Chapter, the summary and conclusions of the
present investigation are presented in Chapter 6.

In addition, some materials are provided in the Appendices. In Appendix A, the coefficients of the
correlations presented in Chapter 2 are provided. In Appendix B, the MATLAB code that is employed
for the calculations required for diluted sample preparation is presented with the program outputs. In
Appendix C and Appendix D, the zeta potential and dynamic light scattering results (related to the
stability and the particle size distribution) are provided. The data entering for performing ANOVA in
order to investigate the effects of the factors on the nanofluid viscosity and relative viscosity is
provided in Appendix E. Finally, the entire experimental data are presented in Appendix F.



CHAPTER 2

NANOFLUID VISCOSITY: LITERATURE SURVEY AND BENCHMARK STUDY

In this Chapter, nanofluid viscosity is handled by surveying the related studies in literature, first.
Critical evaluation of the previous work is considered to be important, since there have been a lot of
inconsistencies in literature. The literature survey consists of the summaries of the manually selected
studies from scientific databases. After the literature survey, a benchmark study is performed on the
nanofluid viscosity (u,r) and relative viscosity (u, =Mnf/llbf) models® and correlations® via a
parametric analysis, in order to summarize the literature objectively. Finally, some conclusions are
drawn.

2.1. Introduction

Research on the subject “nanofluids” has been widely conducted all over the world, since Choi and his
co-workers introduced “nanofluids” in 1995 [4]. Heat transfer enhancement obtained with nanofluids
is one of the most important advantages of nanofluids, and as expected, most of the studies in
literature aimed to investigate the superior thermal conductivity of nanofluids, and explain the heat
transfer enhancement obtained with nanofluids. The literature survey showed that, the subject
“nanofluid viscosity” has not been investigated as comprehensively as the “nanofluid thermal
conductivity” and “heat transfer enhancement with nanofluids”. However, viscosity and other flow
characteristics should gain attention, since they have considerable effect on the flow, just as the
thermal conductivity. Figure 4 shows the multi-variability of nanofluid systems and the properties of
nanofluids that affect the heat transfer performance.

YIn this context, the word “model” is used to refer to the widely used and accepted equations developed for conventional
mixtures, namely the “Classical Models.
2 In this context, the word “correlation” is used to refer to the other theoretical and empirical equations.
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Figure 4. Complexity and multi-variability of nanofluids [19]

As it is seen in Figure 4, viscosity is one of the key properties of nanofluids. Therefore, it should be
carefully investigated.

From the heat transfer performance point of view, viscosity is regarded as an important parameter.
Heat transfer enhancement between the media is very important, but viscosity enhancement can lead
to unwanted results. For turbulent flow, the Fanning friction factor (f) is defined with many
correlations (for details, see [1] and [20]), but it can be generally defined as: f= A Re™ . In this
definition, A and n are constants, and Re is Reynolds number, Re = pu,, D /u. Using the information
given, it can be concluded that, the Reynolds number is lower, thus the friction factor is higher for the
high viscosity fluids. The general expression for the frictional pressure drop for flow through a duct of
length L and the power required by an adiabatic pump for an incompressible stream with a mass flow
rate 7n were provided by Kakag and Liu [20] as in Equation (1) and Equation (2), respectively.

L pu?,,
Ap = 4f — 1
p= 4525 M
1m
P=—"1p @
Mp P

Kakag and Liu [20] also provided the pumping power per unit heat transfer area (W/m?) for fully
developed turbulent flow in smooth tubes.

P B Ch3.5ﬂl.83 (Dh)O.S (3)
A k2.33cp1.17p2np

As it is seen in Equation (3), the pumping power per unit area depends strongly on the thermophysical
properties of fluids [20], and it is proportional to approximately the square of the working fluid
viscosity. Therefore, the fluid viscosity is of great significance in terms of heat transfer performance.
In order to have an application with high efficiency, the pumping power should be reduced as much as
possible, in order to reduce the operation costs. This is the main reason behind why viscosity is a key
property in applications, and why it should be carefully investigated.

The complexity of the nanofluid applications is pretty clear. The reason for the need of nanofluid
utilization is the need for high efficiency, and any drawbacks and losses that may be faced during the
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applications should be eliminated. Therefore, viscosity of nanofluids should be kept under control, in
order to control the pumping power requirement and operation costs of the systems.

2.2. Nanofluid Viscosity: Estimation and Literature Survey

Nanofluids are essentially two-phase mixtures, but this fact does not mean they are totally similar to
the conventional suspensions. The reasons for this difference were handled under Section 1.2.1.2.

Equations used to calculate the nanofluid viscosity can initially be classified according to the fluid
type that the equations were particularly developed for. Namely, they can be classified as: models
proposed for conventional mixtures, and correlations proposed particularly for nanofluids. Models
proposed for conventional mixtures, i.e. “Classical Models” can be used to calculate the nanofluid
viscosity, but while they are used, their applicability limits should be recalled. The secondary
classification can be done according to the methodology used to develop the equations as: theoretical
and empirical correlations [21]. Under Section 2.2.1 and 2.2.3, the Classical Models, and the
theoretical and empirical correlations are handled in detail.

As aforementioned, the term “relative viscosity” is used to define the viscosity enhancement obtained
with nanofluid compared to the viscosity of base fluid. The relative viscosity is defined as the ratio of
the viscosity of nanofluid (u, ) to the viscosity of the base fluid (u,s), i.€. t, = s /1ty -

2.2.1. Viscosity Estimation with Classical Models: The Conventional Approach

The relative viscosity equations proposed for conventional mixtures are called Classical Models. They
are widely accepted and used equations in literature for a certain time. A comprehensive review of
nanofluid viscosity estimation with the Classical Models, and theoretical and empirical correlations
belongs to Kumar et al. [22]. Mahbubul et al. [15] presented the latest developments on the nanofluid
viscosity in their review paper. Hosseini et al. [23] reviewed the relations for the physical properties
(including viscosity) of nanofluids. In addition, Elgioglu et al. [21] reviewed the recent literature, in
addition to a comparative evaluation on the Classical Models, and theoretical and empirical
correlations.

The Classical Models that are used to calculate the viscosity of the conventional suspensions as well
as nanofluids are given in Table 3 in their chronological order. To mention briefly, Einstein’s work in
1906 [24] can be regarded as the pioneer effort in suspension rheology field and after that, many
models and correlations have been proposed, mostly with the aim of extending the Einstein Model
[24] to different conditions.

The general expression for the relative viscosity of suspensions is given in Equation (4) [25, 26].

0
= l:l(_bf) =1+ [nle + ky([nle)?* + 0(p*) @

In Equation 4, [n], ky and p(0) denote the intrinsic viscosity, Huggin’s coefficient (the interaction
parameter characterizing the colloidal interactions between particles as opposed to the purely
hydrodynamic effect [26]) and dispersion viscosity at the low shear limiting behavior [25],
respectively. As it is seen in Table 3, Einstein [24] and Batchelor [27] predicted the coefficients of ¢
(which is []) as 2.5 for dilute suspensions and @? (which is k[n]?) as 6.2, respectively in Equation
(4) for suspensions of hard spheres. Batchelor also predicted the coefficient of 2 (which is kj[n]?) as
7.6 for extensional flows [25]. Deviations from the particles being hard spheres results in a change of
the coefficients of Einstein Model [24] and Batchelor Model [27]. Hence, the dispersion viscosity can
be regarded as an indication that may be used to have information on adsorbed layers, particle charge,
particle shape, and the fluid nature of the particles [25].
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Table 3. Classical Viscosity Models

Reference

Equation

Notes

Einstein, 1906 [24]

The pioneer model among most of the other viscosity models and
correlations, which asumes the particles are non-interacting hard spheres.

e =1425¢ ) The model is valid for low particle volumetric fractions (0< ¢ < 0.001)
[26].
u = Dexp(B/T) (6) | The model is an empirical model and it defines the viscosity as a function
Andrade, 1934 [28] of temperature (D and B are constants).
Brinkman, 1952 [29] = (1— )25 7 The model is a modified version of Einstein Model [24] to moderate
r=(1-9) ™) particle volumetric fractions [33].
—I7] o [n] and ¢,,, are intrinsic viscosity and maximum particle packing fraction,
Krieger and Dougherty, U =|1- i] (8) | respectively. [n]has a typical value of 2.5 for the mono disperse
1959 [30] Pm suspensions of hard spheres. ¢, is 0.495 to 0.54 under quiescent
conditions, and 0.605 at high shear rates [26].
. 9[ (e/em)'"? The model is valid for spherical particles in the range of 0.5236 < ¢,,, <
Frankel and Acrivos, w=3g WW (9 | 0.7405 [22]. ¢,, is the maximum particle volumetric fraction, and
1967 [31] m determined experimentally [46].
. _ 4 The model was proposed to take the particle-particle interactions and
Nielsen, 1970 [32] #r = (L +15¢)exp (1 — <pm> (10) aimed to extend the Einstein Model [24] to about ¢ = 0.04 [33].
25 The model is the Taylor Series expansion of Einstein Model [24] with
— 2 3
Lundgren, 1972 [34] pr=1+25¢+ 9% +0(¢") (11 | respect to . O denotes the order of terms, which is of 3.
Batchelor, 1977 [27] Uy =1+ 25¢+ 6.2¢° (12) | The model takes the particle-particle interactions into account.
The model defines the relative viscosity depending on the particle size
I[ . 1| (d,) and inter-particle spacing (h).
Graham, 1981 [35] pr=1425¢+ 4.5| - - - Zi (13)
e (2+3)(1+ )
ldp dp dp J




For concentrated suspensions, in which the particles interact with each other [25], the rheological
behavior cannot be defined with Equation (4). For those cases, Krieger-Dougherty Model [30]
(Equation (8) in Table 3) is used. The Model [30] defines the viscosity of suspensions for low and
high shear conditions. Substituting the values of [n] = 2.5 and ¢,, = 0.5 and 0.605 into the Krieger-
Dougherty Model, Equation (14) and Equation (15) are obtained for low and high shear conditions. In
Equation (14) and Equation (15), u(0) and u(co) denote the viscosity at low and high shear
conditions, respectively.

M(O) —[2.5] 1) -1.25
- 1—— 14
Hpf [ [ 0.5 =
foe] -[2.5]0.605 -1.5125
_H®) e [P (15)
Uy 0. 605 0. 605

As it is seen in Table 3, most of the Classical Models (other than Andrade Model [28]) have a lot in
common, as can be observed from their polynomial form. This is mostly because of their origin,
which is regarded as Einstein Model [24]. Therefore, it may not be wrong to expect them to give
similar results. In Table 4, the relative viscosity predictions of Einstein Model [24], Brinkman Model
[29], Krieger-Dougherty Model [30] for low and high shear conditions, and Batchelor Model [27] are
provided for varying particle volumetric fraction.

Table 4. Relative viscosity predictions of some commonly used Classical Models for varying particle
volumetric fraction

. Krieger-Dougherty Model
El\i/rl]gttjeeiln B:\I/lnokdrgfn Low s:e(altzrquat?on (8Hy)|) h shear B:;I%Zeellor
g (Equation (5)) (Equation (7)) condition cogndition (Equation (12))
(Equation (14)) | (Equation (15))
0.000 1.000 1.000 1.000 1.000 1.000
0.010 1.025 1.025 1.026 1.030 1.026
0.020 1.050 1.052 1.052 1.052 1.052
0.030 1.075 1.079 1.080 1.080 1.081
0.040 1.100 1.107 1.110 1.109 1.110
0.050 1.125 1.137 1.141 1.139 1.141
0.060 1.150 1.167 1.173 1.171 1.172
0.070 1.175 1.199 1.207 1.204 1.205
0.080 1.200 1.232 1.244 1.239 1.240
0.090 1.225 1.266 1.282 1.276 1.275
0.100 1.250 1.301 1.322 1.314 1.312

As it is seen in Table 4, the predictions of the Classical Models are quite close to each other. Because,
as aforementioned, they have similar equation forms, as most of the models or correlations proposed
after Einstein Model [24] have the aim to extend it to different conditions. The modifications are
classified in Wang and Mujumdar’s review paper [36] as follows.

1. Extension of the Einstein Model to higher particle volume concentrations by including particle-
particle interactions as: u, = (1 4 ¢, + c,0? + c30 + ).
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2. Taking into account the fact that the effective viscosity of a mixture becomes infinite at the
maximum particle volume concentration ¢,,,, and including the effect of non-spherical particle
concentrations.

3. The equation obtained through item 2 usually has the term [1 — (¢/@nq.)]% in the denominator,
which can be expressed in a form similar to the Einstein Model [36].

In literature, the validity of some of the Classical Models was evaluated by comparing the estimations
of Classical Models and the experimental data. In addition, some theoretical and empirical
correlations were proposed, and they were also compared with the Classical Models. Conclusions of
literature about the validity of the Classical Models are given in literature survey presented in the next
Section.

2.2.2. Survey on the Experimental Nanofluid Viscosity Literature

This Section provides a literature survey on the experimental nanofluid viscosity field. Critical
evaluation of the previous work is considered to be important, since there have been a lot of
inconsistencies in literature. In order to address this issue, the studies that were selected manually
from the scientific databases were outlined in detail.

In Table 5, the experimental parameters of the studies outlined in the literature survey are
summarized. The summary based on the experimental parameters is essential, since differences in
experiment parameters may lead to significantly different experiment results.

After the parameter based summary of literature given in Table 5, a review of the literature including
the conclusions of the outlined studies is provided in this Section. In the review; the shear rate,
nanoparticle volumetric fraction, temperature and nanoparticle diameter are denoted as Y, ¢, T, and dj,
respectively. In the review of the literature provided in this Section, the correlations (see Table 6 in
Section 2.2.3) proposed in the studies are referred with their equation numbers.
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Table 5. Parameter based summary of literature

Reference

Nanofluid Type

Particle Size **

*kk

0
Nanoparticle Base Fluid* T(0) 4
Pak and Cho, 1998 [37] | Al,Os; TiO, (Distilled H,0) + pH adjuster ~15-75 dp=13 nm (Al,05); 0.01-0.10
(HCI or NaOH) (A1L03); dp= 27 nm (TiOy)
~20-65 (TiOy,)
Wang et al., 1999 [38] Al,O4 Distilled H,0; EG - d,=28 nm 0.01-0.0625 (Al,0s-H,0);
0.00125-0.0035(Al,0;-EG)
Tseng and Lin, 2003 TiO, DDW 25 dp=7-20 nm 0.05-0.12
[39]
Prasher et al., 2006 [40] | Al,Os PG 30, 40, 50, 60 d,=27, 40, and 50 nm 0.005, 0.02, 0.03
Namburu et al., 2007-a CuO EG&H,0 (60:40) -35-50 dp=29 nm 0.01-0.0612
[41]
Namburu et al., 2007-b Sio, EG&H,0 (60:40) -35-50 dy=20, 50, 100 nm 0.02-0.10
[42]
Chen et al., 2007 [43] TiO, Pure EG 20-60 dp=25 nm, 0.01-0.018
d,=120-150 nm
He et al., 2007 [44] TiO, (Distilled H,0) + pH adjuster 22 dp=20 nm; 0.0024, 0.006, 0.0118
da =95, 145, 210 nm
Chevalier et al., 2007 SiO, EtOH Ambient dp=35+3, d;=97nm; 0.011-0.07
[45] temperature dp=94+5, d,=195 nm;
d,=190+8 nm, d,=352 nm
Nguyen et al., 2007 [46] | Al,Os; CuO (H,0) + chemical dispersants 22-75 dp=36, 47 nm (Al,03), 0.01-0.12
(not specified) d,=29 nm (CuO)
Murshed et al., 2008 Al,O3; TiO, | (DIW; EG; EO) + surfactant | — dp,=80nm (Al), 0.01-0.05

[47]

(CTAB)

dp:80 nm (A|203),
d,=15 nm (TiOy)
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Table 5 (cont’d)

Reference Nanofluid Type T(C) Particle Size **
Nanoparticle | Base Fluid*
Chen et al., 2008 [48] TNT (Distilled H,0) + pH 25 (9= 0.0012, | dy=10nm, 0.0012, 0.0024, 0.006
adjuster (NaOH) 0.0024); 25-50 | 1 =100nm,
(p=0.006) d, =260 nm
Tavman et al., 2008 SiO,; Al,O4 DIW 20-50 dp=12nm (SiOy); 0.0045, 0.0185, and 0.04
[49] dp=30nm (AL,O3); (SiO,); 0.005 and 0.015
(Al,05)
Garg et al., 2008 [50] Cu EG 25 dp=200 nm 0.004-0.02
Lee et al., 2008 [51] Al, O3 DIW 21-39 dp,=30£5 nm 0.0001-0.003
Xie et al., 2008 [52] Al,O3 EG,; Distilled H,0O — - 0.01-0.05
Anoop et al., 2009 [53] | Al,O5; CuO (H,O; EG) + pH adjuster 20-50 dp<50 nm, d,=100 nm; 0.005-0.06
d, =95 nm; d, =152 nm
Chen et al., 2009 [54] TNT EG 20-60 dp=10 nm, I =100 nm, 0.01-0.018
d, =260 nm
Turgut et al., 2009 [65] | TiO, DIwW 13-55 d,=21 nm 0.002-0.03
Duangthongsuk and TiO, H,O 15-35 dp=21nm 0.002-0.02
Wongwises, 2009 [56]
Phuoc and Massoudi, Fe,0;3 (DIW)+ dispersant (PVP or | 25 dp,=20-40 nm 0.01-0.04
2009 [33] (PEO))
Garg et al., 2009 [57] MWCNT (DIW) + GA 15-30 dp=10-20 nm, 0.01 ***

1 =0.5-40 pm
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Table 5 (cont’d)

Reference Nanofluid Type T(°C) Particle Size **  *
Nanoparticle | Base Fluid*
Timofeeva et al., 2009 [58] | Al,O3 (Laboratory grade EG& DIW 15-85 9 nm (platelet); 60x10 nm 0.01-0.084
(50:50)) + dispersant (blade); 80x10 nm
(monovalent acids: nitric, acetic (cylinder); 40 nm (brick)
or formic)
Zhao et al., 2009 [59] Sio, DIW 25 d,=7, 12, 16, 20, 40 nm 0.0001-0.02
Pastoriza-Gallego et al., Al,O; Milli-Q-Grade H,0 15-60 dp=40-50 nm, d,=43+23 nm | 0.0013-0.029
2009 [60] (S1); dy<50 nm, d,=32+23
nm (S2); d,<20 nm, d,=8+3
nm (S3)
Naik et al., 2010 [61] CuO PG&H,0 (60:40) -15-60 d,<50 nm 0.00025-0.012
Godson et al., 2010 [62] Ag DIW 50-90 dp,=60 nm 0.003-0.009
Tavman and Turgut, 2010 SiO,, TiO,, DIw dp=12 nm (SiOy); 0.0045, 0.0185 (SiO,); 0.002,
[63] Al,O4 dp=21 nm (TiOy); 0.01, 0.02 (TiO,); 0.005, 0.015
dp:30 nm (Al,O5) (AlL,05)
Kole and Dey, 2010 [64] Al,O4 PG&H,0 (50:50)) 10-50 dp< 50 nm 0.001-0.015
Chandrasekar et al., 2010 Al,O3 Distilled H,O Room dp=43 nm 0.01-0.05
[65] temperature
Xie et al., 2010 [66] MgO EG 10-60 - 0.005-0.05
Lee etal., 2011 [67] SiC DIW ~28-~72 dp< 100 nm 0.00001-0.03
Suresh et al., 2011 [68] Al,OzCu (DIW) + dispersant (SLS) 32 dp=17nm 0.001-0.02
(hybrid)
Kole and Dey, 2011 [69] CuO (Gear oil) + surfactant 10-80 dp=40nm; d,~ 7d, 0.005-0.025

(spherical)

(C18H3.0,)
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Table 5 (cont’d)

Reference Nanofluid Type T(C) Particle Size ** .
Nanoparticle [ Base Fluid* ¢
Pastoriza-Gallego et CuO Mili-Q-Grade H,O 10-50 dp=33£13 nm (S1); 0.0016-0.017
al., 2011 [70] d,= 113 nm (S2)
Kim et al., 2012 [71] Al, O3 EG 25-80 dp=80 nm (spherical) | 0.055
(spherical
and
fibrous)
Aladag et al., 2012 Al,Og; (H,0) + surfactant (not 2-10 dp= 30 nm (Al,O5); 0.01 ***
[72] MWCNT | specified) dp=9 um (MWCNT),
I= 200 um
Utomo et al., 2012 [73] | Al,O3; H,O 20£0.1 dp=50-60 nm (Al,O3), | ~0.005-0.06 (TiO,);
TiO, d,=200 nm; d,= 20-30 | ~0.005-0.10 (Al,O3)
nm (TiO,), d,= 140
nm
Sugan[thi]and Rajan, Zn0O (H20) + stabilizer (SHMP) 10-55 dp=35-40 nm, 0.0025-0.015
2012 [74
Nabeel Rashin and CuO Coconut oil 35-55 dp=20nm 0.005-0.025***
Hemalatha, 2013 [75]
Syam Sundar et al., Fes04 Distilled H,O 20-60 dp=13nm 0.002-0.02
2013 [76]

* Abbreviations and Chemical formulae. HCI: hydrochloric acid, EtOH: Ethanol; DDW: Double distilled H,O; CTAB: cetyl trimethyl
ammonium bromide; TNT: Titanate nanotubes; NaOH: sodium hydroxide; DIW: Deionized H,O; PVP: polyvinylpyrrolidone; PEO: poly
(ethylene oxide); MWCNT: multi wall carbon nanotube; GA: Gum Arabic; SLS: sodium lauryl sulphate; C1gHs40,: oleic acid; SHMP: sodium
hexa-metaphosphate.

** The symbols d,, d, and | denote the nanoparticle diameter, aggregate diameter (the diameter of the nanoparticle cluster) and nanotube length.
*** The sign indicates that the nanoparticle fraction is given by weight. For all the other cases, the nanoparticle fraction is given by volume.



Pak and Cho [37] investigated the viscosities of Al,0;—H,0 and TiO,—H,O nanofluids for varying YV,
@, and T. The Al,0s-H,0 nanofluids at ¢= 0.03, and TiO,—H,0O nanofluids at ¢= 0.10 started to
behave as shear-thinning fluids. The viscosities of Al,0;—H,O and TiO,—H,O nanofluids increased
with increasing ¢ (the increase for Al,0;—H,O nanofluids were higher than that of TiO,—H,O
nanofluids) and decreased asymptotically with increasing T. The experimental results were
significantly higher than the predictions of Batchelor Model [27].

Wang et al. [38] investigated the viscosity of Al,O;—H,O nanofluids produced by mechanical blending
(method 1), coating particles with polymers (method 2), and filtration (method 3), and Al,0s—EG
nanofluids for varying ¢. The nanofluids produced by methods 2 and 3 had lower viscosity, indicating
that the particles were better dispersed. The H,O and EG based nanofluids had a similar viscosity
increase with increasing ¢.

Tseng and Lin [39] investigated the viscosity of TiO,—H,O nanofluids for varying ¥ and ¢. The
relative viscosity increased exponentially with ¢ (see Equation (16)), and the increase became more
pronouncedly as ¢> ~ 0.1. This exponential relationship was attributed to the particle interactions
(more specifically, the attractive interparticle potential), which became more pronounced as ¢ was
increased. The nanofluids generally exhibited pseudoplastic flow behavior (indicating an existence of
particle aggregations), and they became apparently thixotropic as ¢> 0.1.

Prasher et al. [40] investigated the viscosity of Al,O;—EG nanofluids for varying Y, ¢, d,, and T. The
nanofluids exhibited Newtonian behavior. The relative viscosity was largely independent of d,, which
was regarded as a sign of Newtonian behavior. The nanofluid viscosity increased with increasing ¢
(see Equation (19)) and the relative viscosity did not varied significantly with T. In the study, the
applicability of nanofluids for laminar and turbulent flow was discussed.

Namburu et al. investigated the viscosity of CUO-EG&H,0 (60:40) nanofluids for varying ¥, T, and ¢
[41] and the viscosity of SiO,—EG&H,0 (60:40) nanofluids for varying ¥, ¢, dy, and T [42]. The most
concentrated CuO-EG&H,0 nanofluids exhibited Newtonian behavior, which was attributed to the
Newtonian nature of the base fluid EG&H,0, such that it dominated the rheological property of the
nanofluid. The dy,= 50 nm SiO,~EG&H,0 nanofluid exhibited Newtonian behavior for T> -10°C,
whereas it exhibited non-Newtonian behavior for T< -10°C. The viscosity of both CuO-EG&H,0 and
SiO,~EG&H,0 nanofluids decreased exponentially with increasing T (see Equation (20)) and
increased with increasing ¢. The authors provided the correlations of the coefficients A and B
dependent on nanoparticle weight fraction for CUO-EG&H,0 and SiO,—EG&H,0 nanofluids, which
are given in Table 6. The relative viscosity of CUO-EG&H,0 decreased with increasing T and the rate
of this decrement was higher for higher ¢; whereas for lower ¢, the change in relative viscosity over T
was found to be minimal. For ¢= 0.08, the SiO,—~EG&H,0O nanofluids with the highest d, showed the
lowest viscosity. The relative viscosity of SiO,~EG&H,O nanofluids modestly decreased with
increasing T.

Chen et al. [43] investigated the viscosity of TiO,—EG nanofluids for varying V, ¢, and T. The
nanofluids exhibited Newtonian behavior. The viscosity of nanofluids increased with increasing ¢ in a
nonlinear manner, and the experimental results were significantly higher than the predictions of
Einstein Model [24]. The nanofluid viscosity decreased exponentially with increasing T (see Equation
(21)). The authors provided the values of the coefficients A, B, and C dependent on nanoparticle
weight fraction, which are provided in Appendix A, Table 30. The relative viscosity increased with
increasing ¢ (see Equation (22)) but it was independent of T.

He et al. [44] investigated the viscosity of TiO,—H,O nanofluids for varying ¥, ¢, and d,. The TiO—
H,O nanofluids exhibited shear-thinning behavior. The viscosity of nanofluids increased with ¢ in a
nonlinear manner, and increased with d,. The non-linearity of the viscosity dependence on ¢ was more
considerable than that on d,. The experimental results were much higher than the predictions of
Einstein Model [24], which was considered as an indication of nanoparticle interactions.

Chevalier et al. [45] investigated the viscosity of SiO,—EtOH nanofluids for varying ¥, ¢, and d,. The
nanofluids exhibited Newtonian behavior. The viscosity of nanofluids increased with increasing ¢ and
decreased with increasing d,. The experimental results were significantly higher than the predictions
of Einstein Model [24] and consistent with Krieger-Dougherty Model [30]. The linear regression only
holds for d,= 190 nm diameter nanofluids (see Equation (25)). The strong enhancement of the relative
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viscosity with increasing ¢ was attributed to nanoparticle aggregation. In addition, the causes of
nanoparticle aggregation were evaluated in terms of the Peclet number.

Nguyen et al. [46] investigated the viscosity of Al,0;—H,0 and CuO-H,O nanofluids for varying ¢,
dp, and T. The viscosity of nanofluids increased significantly with increasing ¢ (see Equation (26),
Equation (27) and Equation (28)), decreased with increasing T (see Equation (29) and Equation (30))
and decreased with increasing d,. The viscosity of CuO-H,0O nanofluids was found to be similar to
Al,03—H,0 nanofluids for ¢< 0.04; whereas for higher ¢, the viscosity increase was greater than that
for Al,O3—H,0 nanofluids. The experimental results were significantly higher than the predictions of
Einstein [24], Brinkman [29], Lundgren [34], Batchelor [27] and Graham [35] Models, except at very
low ¢. In addition, a critical T was observed beyond which irreversible damage seemed to happen to
the nanofluid properties, and hysteresis behavior was observed. The authors attributed the differences
between their study and the literature to various factors, such as nanofluid production methods.

Murshed et al. [47] investigated the viscosity of Al,0s—H,0 and TiO,—H,O nanofluids for varying ¢.
The viscosity of nanofluids increased with increasing ¢. The authors attributed the differences of the
findings of this study and literature to the differences in the size of the particle clusters, the dispersion
techniques and the use of surfactant in this study. In addition, the predictions of Krieger-Dougherty
Model [30] and Nielsen Model [32] were found to be lower than the experimental results.

Chen et al. [48] investigated the viscosity of TNT-EG nanofluids for varying V, ¢, and T. The
nanofluids exhibited shear-thinning behavior. The viscosity of nanofluids decreased with increasing T.
The experimental results for ¢< 0.0012 were in an agreement with the Einstein Model [24] and
Branner and Condiff Equation (which was given asp,/p; =1+ [ule + 0(9?) in the article),
whereas for p= 0.0024 and ¢= 0.0060, the predictions of the aforementioned models were lower than
the experimental results. In addition, high shear viscosity of TNT nanoparticle nanofluids was
considerably higher than that of spherical TiO, nanoparticle nanofluids, indicating the effect of
nanoparticle shape on the rheological behavior.

Tavman et al. [49] investigated the viscosity of SiO,—H,0 and Al,0s—H,0 nanofluids for varying ¢
and T. The decrease in viscosities of the SiO,—H,0 and Al,0s-H,O nanofluids with increasing T was
exponential (similar to that of water [77]) for low ¢. Viscosity of nanofluids increased dramatically
with increasing ¢, which was attributed to not using any surfactant or chemical additives. In addition,
the experimental results were much higher than the predictions of Einstein Model [24].

Garg et al. [50] investigated the viscosity of CuUO-EG nanofluids for varying ¥ and ¢. The nanofluids
exhibited Newtonian behavior. The viscosity of nanofluids increased with increasing ¢ in a linear
manner (see Equation (31)), but were higher than the predictions of Einstein Model [24].

Lee et al. [51] investigated the viscosity of Al,0;—H,0 nanofluids for varying ¢ and T. The viscosity
of nanofluids decreased significantly with increasing T, and increased slightly with increasing ¢. The
experimental results were higher than the predictions of Einstein Model [24] even for very low ¢
(which was considered as an indication of particle-particle interactions) and the relation between the
relative viscosity and ¢ was nonlinear (while the Einstein Model [24] predicts a linear relationship).

Xie et al. [52] investigated the viscosity of Al,O3—H,0 and Al,Os—EG nanofluids for varying Y, ¢,
nanoparticle morphologies (different specific surface areas, i.e. 122 m’g’, and 124 m’g?),
nanoparticle agglomeration and pH values. The nanofluids exhibited Newtonian behavior for ¢< 0.03,
whereas they exhibited shear-thinning behavior for ¢> 0.05. The viscosities of Al,03;—H,0 nanofluids
were higher than Al,O;—EG nanofluids. Viscosities of Al,0; (124 m’g™)-EG nanofluids were found to
be smaller than the viscosities of Al,O; (122 m’gl)-EG nanofluids, indicating the effect of
nanoparticle status on the rheological behavior of nanofluids. The effect of pH on the viscosity of
nanofluids was investigated in terms of the isoelectric point and dispersion characteristics. The
viscosities of Al,O; (122 m?g™)-EG, Al,O; (124 m?g™)-EG and Al,O; (122 m?g™)-H,0 nanofluids
were found to be much higher than the predictions of Batchelor Model [27], which was attributed to
the electrical viscosity effect.

Anoop et al. [53] investigated the viscosities of Al,03—H,0, Al,Os;-EG and CuO-EG nanofluids for
varying ¥, ¢, and T. The H,O based and EG based nanofluids exhibited Newtonian behavior. The
relative viscosity increased with increasing ¢, and decreased with increasing T. The effect of T on
viscosity was more severe for EG-based nanofluids than for H,O based nanofluids. The viscosities of
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nanofluids were found to be higher than the theoretical predictions. The differences between H,O and
EG based nanofluids were attributed to the fact that, the H,O based nanofluid was electrostatically
stabilized (which forms an electrical double layer that introduces additional increase in viscosity, see
Equation (32)) whereas the EG based nanofluids (see Equation (33)) were not. It was also noted that
the viscosity might be higher for suspensions containing smaller particles than for suspensions with
larger particles. The authors stated that, since pH values, particle sizes and methods of nanofluid
preparation vary in literature and some are not reported precisely, exact predictions were not possible.
The equal importance of the electroviscous effects as the particle agglomeration on the viscosity of
nanofluids was emphasized.

Chen et al. [54] investigated the viscosity of TNT-EG nanofluids for varying V, ¢, nanoparticle
shape, and T. The nanofluids exhibited strong shear thinning behavior especially at ¢> 0.02 (by
weight), which was different than the rheological behavior of spherical TiO,—EG nanofluids [26]. The
viscosity of TNT-EG nanofluids exponentially decreased with increasing T (see Equation (21)), and
increased with increasing ¢. The Einstein Model [24] and the Brenner and Condiff Equation (which
was given asu,./u; =1+ [u]lo + 0(¢?) in the article) greatly under predicted the experimental
results. The high-shear viscosity of TNT-EG nanofluids was found to be much higher than that of the
spherical TiO,—EG nanofluids, which indicated a strong particle shape effect on the viscosity of
nanofluids. In addition, based on the modified Krieger-Dougherty Model [30], it was stated that the
effective volume fraction of aggregates (¢,) are much higher than the ¢, and this fact was considered
as the reason for the experimentally observed high-shear viscosity even for very dilute nanofluids.
Therefore, the authors suggested that, the demarcations defining the dilute and semi-concentrated
dispersions should be changed by using the effective volume fraction.

Turgut et al. [55] investigated the viscosity of TiO,—H,O nanofluids for varying ¢ and T. The decrease
in the viscosities of the TiO,—H,0 nanofluids with increasing T was found to be similar to that of
water, which can be considered as exponential [77] for low ¢. The viscosity of nanofluids increased
dramatically with increasing ¢, and this was considered as a result of not using any surfactant or
chemical additives. The experimental results were much higher than the predictions of Classical
Models, which were considered as an indication of nanoparticle interactions.

Duangthongsuk and Wongwises [56] investigated the viscosity of TiO,—H,O nanofluids for varying ¢
and T. The viscosity of nanofluids increased significantly with decreasing T, and increased with
increasing ¢ (see Equation (34)). The authors provided the values of the coefficients a, b and ¢
dependent on temperature, which are provided in Appendix A, Table 31. In addition, the experimental
results were much higher than the predictions of Einstein Model [24], Brinkman Model [29] and
Batchelor Model [27], whereas they were closer to the predictions of the correlation proposed by
Wang et al.

Phuoc and Masoudi [33] investigated the viscosity of Fe,0s;—H,0 nanofluids for varying } and ¢. The
nanofluids exhibited Newtonian behavior when ¢< 0.02 whereas they transformed to non-Newtonian
and shear-thinning behavior when ¢> 0.02. The viscosity of nanofluids increased exponentially with
increasing ¢.

Garg et al. [57] investigated the viscosity of MWCNT—H,O nanofluids for varying Y, ultrasonication
times, and T. MWCNT-H,O nanofluids exhibited shear-thinning behavior. The viscosity of the
nanofluids increased with sonication time until a maximum value was reached and decreased
thereafter, and decreased with increasing T. The initial increase was associated with declustering of
CNT bundles, which resulted in a better dispersion. The latter decrease in viscosity was explained by
the increased breakage rate of CNTSs, resulting in shorter nanotubes, and hence, inferior networking of
CNTs in dispersion.

Timofeeva et al. [58] investigated the viscosity of Al,0;—EG&H,0 (50:50) nanofluids for varying ¢,
nanoparticle shapes, and T. The viscosity of nanofluids decreased with increasing T, and increased
with increasing ¢ (see Equation (35)). The experimental results were higher than the predictions of the
Einstein-Batchelor Equation (which is same as the Batchelor Model [27] in this text), which was
considered as an indication of strong particle-particle interactions. Regarding nanoparticle shapes, the
viscosity increase with increasing ¢ in Al,0;-EG&H,0 nanofluids at T= 25°C was described low to
high sequence as: blades< bricks<< cylinders< platelets. The values of the coefficients A; and A; in
Equation (35) at 25°C for different nanoparticle shapes are provided in Appendix A, Table 32. Platelet
and blade shaped nanoparticle nanofluids exhibited Newtonian behavior, whereas the brick and
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cylinder shaped nanoparticle nanofluids exhibited shear-thinning behavior. In addition, the
relationship between the pH and the nanofluid viscosity was examined and as a result, it was stated
that nanofluid viscosity can be modified with almost no effect on nanofluid thermal conductivity.

Zhao et al. [59] investigated the viscosity of SiO,—H,0 nanofluids for varying ¢, dp, and pH values.
The viscosity of nanofluids increased with increasing ¢, and the relative viscosity increased rapidly as
dp was decreased. The viscosity of nanofluids was strongly dependent on d,, especially for d,< 20nm.
For smaller d,, larger nanofluid viscosity values were obtained. For small dy, the relative viscosity was
a strong function of ¢ (the relative viscosity increased with increasing ¢), whereas with an increase of
dp, the relative viscosity was inversely correlated with ¢. The viscosity of nanofluids fluctuated with
pH value. The fluctuation was more pronounced for dp,= 7 nm than d,= 12 and d,= 16 nm, whereas for
dp> 20 nm, viscosities remained unchanged with varying pH. In addition, the aggregate diameter to
nanoparticle diameter ratios (d./d,) varied slightly with the pH, which was an indication of the effects
of the fractal dimension change of aggregates and the electrical double layer of particles on the
viscosity fluctuation with pH.

Pastoriza-Gallego et al. [60] investigated the viscosity of Al,0s—H,O nanofluids for varying ¢, T, and
dispersion techniques. The viscosity of nanofluids increased with increasing ¢, and decreased with
increasing T. The viscosity of the sample with smaller d, was larger than that of the sample with larger
dp. The experimental results were higher than the predictions of Einstein Model [24] whereas they
were closer to the predictions of Krieger-Dougherty Model [30] with variable and constant d./d,
values.

Naik et al. [61] investigated the viscosity of CuO-PG&H,O nanofluids for varying V, ¢, and T. The
nanofluids exhibited Newtonian behavior. The viscosity of nanofluids decreased exponentially with
increasing T and increased with increasing ¢. The Einstein Model [24], Brinkman Model [29] and
Batchelor Model [27] were found to be suitable to predict the viscosity of examined nanofluids.

Godson et al. [62] investigated the viscosity of Ag—H,O nanofluids for varying ¢ and T. The viscosity
of the nanofluid increased with increasing ¢ (see Equation (36)), and decreased with increasing T. The
experimental results were much higher than the predictions of Einstein Model [24], Brinkman Model
[29], and the correlation proposed by Wang et al. The results showed that the viscosity depends on
nanoparticle material, size, and shape, ¢, random motion of the nanoparticles, and the operating T.

Tavman and Turgut [63] investigated the viscosity of SiO,-H,O, TiO,-H,O and Al3Os;—H,0
nanofluids for varying ¢ and T. The viscosity of nanofluids increased with increasing ¢. The decrease
in the viscosities of the TiO,—H,0 nanofluids with increasing T was found to be similar to that of
water, which can be considered as exponential [77] for low ¢. The experimental results of SiO,—H,0
nanofluids were significantly higher than the predictions of Einstein Model [24], Krieger-Dougherty
Model [30] and Nielsen Model [32], whereas the experimental results of TiO,—H,O nanofluids were
also higher than the predictions of Einstein Model [24].

Kole and Dey [64] investigated the viscosity of Al,0;—PG&H,0 (50:50) nanofluids for varying ¥, ¢,
and T. The base fluid, engine coolant (PG&H,0 (50:50)) exhibited Newtonian behavior, and with the
addition of ¢= 0.001 Al,O3 nanoparticles, the behavior of the nanofluid transformed to non-
Newtonian. The viscosity of nanofluids increased with increasing ¢, and decreased exponentially with
increasing T. The predictions of Einstein Model [24], Brinkman Model [29], Batchelor Model [27],
Krieger-Dougherty Model [30], Kitano Model [78] and the modified version Krieger-Dougherty
Model proposed by Chen et al. [26] were lower than the experimental results. The failure of Krieger—
Dougherty Model [30], and its modified version proposed by Chen et al. [26] were considered as an
indication of the absence of the aggregation of Al,Oz nanoparticles in the engine coolant based
nanofluid. The T dependent viscosity of nanofluids were in a strong agreement with the predictions of
the correlation proposed by Namburu et al. [41], and the authors provided the values of the
coefficients A and B dependent on nanoparticle volumetric fraction, which are provided in Appendix
A, Table 33. The correlation proposed by Masoumi et al. [79], which fairly explained the nanoparticle
volumetric fraction and viscosity relationship, did not give acceptable agreement to the T dependence.

Chandrasekar et al. [65] investigated the viscosity of Al,0s—H,0 nanofluids for varying } and ¢. The
nanofluids exhibited Newtonian behavior. The viscosity of nanofluids increased with increasing ¢ (see
Equation (37)). The relative viscosity increase was almost linear up to ¢= 0.02 and agreed well with
the Einstein Model [24], whereas for ¢> 0.02, the increase in relative viscosity showed a nonlinear
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relationship with ¢. This behavior was attributed to the hydrodynamic interactions between particles at
higher ¢.

Xie et al. [66] investigated the viscosity of MgO—EG nanofluids for varying V, ¢, and T. The MgO-
EG nanofluids exhibited Newtonian behavior. The viscosity of nanofluids increased with increasing ¢
in a non-linear manner, and decreased rapidly with increasing T. The non-linear relationship between
the relative viscosity and ¢ was attributed to nanoparticle aggregation. The experimental results were
higher than the predictions of Einstein Model [24], Brinkman Model [29] and Batchelor Model [27].

Lee et al. [67] investigated the viscosity of SiC—H,O nanofluids for varying ¢ and T. The viscosity of
nanofluids increased with increasing ¢ (see Equation (38)), and decreased with increasing T. The
experimental results were higher than the predictions of Brinkman Model [29] and Batchelor Model
[27] even at very low ¢. The overall effectiveness of nanofluids as heat transfer fluids were evaluated
in terms of the equations suggested by Prasher et al. [40]. The nanofluids investigated in this study
were found to be not beneficial to convection heat transfer applications.

Suresh et al. [68] investigated the viscosity of Al,0;&Cu (hybrid, 90:10 by weight)-H,O nanofluids
for varying } and ¢. The nanofluids exhibited Newtonian behavior. The viscosity of nanofluids
increased with increasing ¢. In addition, the difference between the viscosities of the Al,0;&Cu-H,0
hybrid nanofluids and Al,0s—H,O nanofluid at lower nanoparticle volumetric fractions was small,
while the viscosity of Al,03;&Cu—H,0 hybrid nanofluids was higher than the Al,O;—H,0 nanofluid at
higher ¢. The experimental results were higher than the predictions of Einstein Model [24], Brinkman
Model [29] and Batchelor Model [27], and this difference was attributed to the nanoparticle
aggregation. The roles of the nature of the nanoparticle surface, ionic strength of the base fluid,
surfactants, pH values, inter-particle potentials such as repulsive (electric double layer force) and
attractive (van der Waals force) forces were considered as significant on the viscosity of nanofluids, in
addition to the ¢ and nanoparticle diameter. Finally, the viscosity of the hybrid nanofluid with the
functionalized Al,O3; was higher than that corresponding to the nanofluid made of simple Al,O3 or
CuO due to the increased effective density of hybrid nanoparticles.

Kole and Dey [69] investigated the viscosity of CuO—Gear oil nanofluids for varying V, ¢, and T. The
nanofluids showed non-Newtonian behavior. The viscosity of nanofluids increased with increasing ¢,
and decreased asymptotically with T (strongly following Equation (21), which belongs to Chen et al.
[26, 43]), and the authors provided the values of the coefficients A, B, and C dependent on
nanoparticle weight fraction, which are provided in Appendix A, Table 34. The predictions of Einstein
Model [24], Brinkman Model [29], Batchelor Model [27], Nielsen Model [32], Frankel and Acrivos
Model [31], Kitano Model [78], correlations proposed by Wang et al. and Choi et al. were lower than
the experimental results, and this behavior was attributed to nanoparticle aggregation, since the
experimental results were in a good agreement with the predictions of Krieger-Dougherty Model [30].

Pastoriza-Gallego et al. [70] investigated the viscosity of CuO—H,O nanofluids for varying ¢ and T. It
was found that the nanofluids produced by different methods (which also had different dg) showed
different viscosity trends. The viscosity increased with increasing ¢, decreased with increasing d,, and
increasing T. The relative viscosity increase with ¢ did not follow a classical trend. The viscosity
increase was examined considering the nanoparticle aggregation and particle size distribution (PSD)
analysis. The unforeseen viscosity increase was attributed to the aggregation behavior of nanoparticles
(as defined by the Krieger-Dougherty Model [30]), and both approaches (state of nanoparticle
aggregation or the PSD alone) provided a qualitative correct description of the nanofluid viscosity in
both cases, but as d, decreased the deviations were larger. The authors stated that, the simplified
viscosity theories might be insufficient to describe the complex behavior of these nanofluids, thus
other effects (e.g. interparticle interactions, solid—fluid interactions, friction, particle anisotropy, etc.)
should be introduced in the existing viscosity theories.

Kim et al. [71] investigated the viscosity of Al,Os;—EG nanofluids for varying ¢, nanoparticle shapes
(fibrous and spherical), and T. The viscosity of nanofluids increased with increasing ¢ and decreased
with increasing T. At T= 25°C, the relative viscosity of fibrous Al,0s—EG nanofluids was higher than
that of spherical Al,O;—EG nanofluids. As T increased, the decrease in the relative viscosity was
higher for fibrous Al,O;—EG nanofluids than that of spherical Al,O;—EG nanofluids, which was
considered as an indication of severe aggregation occurred in fibrous Al,O;—EG nanofluids.
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Aladag et al. [72] investigated the viscosity of Al,0;—H,0 and MWCNT-H,O nanofluids for varying
YV and T. The viscosity of nanofluids decreased with increasing T. The MWCNT-H,O nanofluids
exhibited shear-thinning behavior, whereas the Al,0;—H,O nanofluids exhibited shear-thickening
behavior. The difference in non-Newtonian behavior of Al,0;—H,0 and MWCNT-H,O nanofluids
was attributed, at least partially, to different particle shape and aspect ratio, agglomeration and
disagglomeration kinetics due to the interaction between the surfactant and the nanoparticles. The
predictions of Brinkman Model [29] were lower than the experimental MWCNT-H,O results, and this
finding was attributed to nanoparticle aggregation.

Utomo et al. [73] investigated the viscosity of Al,03;—H,0 and TiO,—H,O nanofluids for varying }
and ¢. The viscosity of nanofluids increased with increasing ¢, and at the same ¢, the relative
viscosity of TiO,-H,O nanofluid was higher than that of Al,0s—H,O nanofluid. The viscosity of the
nanofluids was considered to be dependent on many factors, (e.g. surface chemistry and size of the
particle, shape of the primary particle, base fluid, pH, T and dispersion method), which in turn
influence the morphology of suspension of nanoparticles/nanofluids by electro-viscous effect and the
interaction between particles/aggregates due to attractive van der Waals force and repulsive
electrostatic force. In addition, the experimental results were higher than the predictions of the
Einstein—Batchelor Model (which is same as the Batchelor Model [27] in this text), whereas they were
in a better agreement with the predictions of Krieger—Dougherty Model [30]. This was considered as a
confirming fact that, the aggregation can increase the viscosity of nanofluids by increasing the
effective volume fraction of nanoparticles.

Suganthi and Rajan [74] investigated the viscosity of ZnO-H,O nanofluids for varying ¢, T, and
ultrasonication times. The viscosity of nanofluids increased with increasing ¢ (see Equation (39)), and
decreased with increasing T in a similar manner to that of water, which can be considered as
exponential (see Equation (40)). The zeta potential and hence the magnitude of inter-particle forces in
a stable dispersion was considered as not effective on the trend of viscosity and T relationship. The
predictions of Einstein Model [24] were found to be lower than the experimental results.

Nabeel Rashin and Hemalatha [75] investigated the viscosity of CuO—-Coconut oil nanofluids for
varying ¥, @, and T. The CuO-Coconut oil nanofluids exhibited shear-thinning behavior. The
viscosity of nanofluids increased with increasing ¢ (see Equation (41)) and decreased exponentially
with increasing T (see Equation (42)). The authors provided the values of the coefficients a and b in
Equation (41) dependent on T in Appendix A, Table 35, and ¢ in Equation (42) dependent on
nanoparticle weight fraction in Appendix A, Table 36. The experimental results were not in exact
agreement with the predictions of Einstein Model [24], Batchelor Model [27] and the correlation
proposed by Wang et al., but they were either closer, or slightly higher.

Syam Sundar et al. [76] investigated the viscosity of Fe;0,—H,0O nanofluids for varying ¥, ¢, and T.
The Fe;04-H,0 nanofluids exhibited Newtonian behavior. The viscosity of nanofluids increased with
increasing ¢ (see Equation (43)), and decreased with increasing T. The experimental results were in an
agreement with predictions of Einstein Model [24], Brinkman Model [29] and Batchelor Model [27]
for low ¢, whereas they failed to predict the values with the effect of T.

With the light of this literature survey, one can conclude that the inconsistencies in literature are
abundant. The inconsistencies are mainly on the rheological properties of nanofluids (whether the
nanofluid exhibit Newtonian or non-Newtonian behavior), the effect of the properties of nanofluids
(¢, d,, nanoparticle type and morphology, base fluid type, etc) and ambient parameters (temperature,
pressure, etc.) on nanofluid viscosity, and the type of the correlations proposed (linear, exponential,
and other types of non-linear relations).
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2.2.3. Viscosity Estimation with Theoretical and Empirical Correlations: The New Approach

Considering the fact that the concept nanofluid was introduced by Choi and his co-workers in 1995,
the equations proposed before 1995 were presented for conventional suspensions. Correlations for the
thermophysical properties of nanofluids have been shared in literature after 1995. Classical Models
proposed for conventional suspensions can be used to calculate the viscosity of nanofluids. From this
point forth, Classical Models were employed to calculate the nanofluid viscosity, but in general, most
of the Classical Models turned out to give rough results compared to the experimental results [27, 33,
39, 40, 43-56, 58, 60, 62-69, 72-74]. A few studies [61, 75, 76] claimed that the Classical Models
were suitable in estimating the nanofluid viscosity dependent on nanoparticle volumetric fraction.
Therefore, the need for more accurate results leads researchers to propose empirical correlations. The
empirical correlations in the studies summarized in Table 5 are given in Table 6 below in their
chronological order.
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Table 6. Theoretical and Empirical Correlations of Studies Outlined in Table 5

Reference Correlation Notes
Tseng and Lin, 2003 [39] | p, = 13.47 35989 (16) | The exponential relationship of w, with ¢ was observed. Thus, the
correlation gives considerably high relative viscosity values for high ¢
(provided in Table 7) compared to common literature.
Maiga et al., 2004 [80] _ Py _ 2 Equation (17) and Equation (18) were proposed for Al,0s-H,O and
=l = 12397 +73¢ +1 (A7) | ALO,-EG nanofiuids, respectively.
Uy = Hns _ 30692 —0.19¢ + 1 (18)
Hpf

Prasher et al., 2006 [40] U =1+ 10¢ (19)
Namburu et al., 2007-a ]og(‘unf) = Ae BT (20) | The curve-fit values A and B in Equation (20) are provided in the
[41], Namburu et al, | 4 =1.8375(¢p)% — 29.643(¢) + 165.56 (20.1.a) | Equations (20.1.a), (20.1.b) for CuO-EG&H,0O nanofluids [41], and
2007-b [42] B =4 x107°(p)? — 0.001(¢p) + 0.0186 (20.1.b) the Equations (20.2.a) and (20.2.b) for SiO—EG&H,0 nanofluids [42].

A =0.1193(p)3 — 1.9289(p)% — 2.245(¢) + 167.17 (20.2.a)

B =—7 x10"%(¢)? — 0.0004(¢p) + 0.0198 (20.2.b)
Chen et al., 2007 [26, 43], ln(.unf) =A+ B x1000/(T + () (21) | In Equation (21), the empirical constants A, B and C were given for
Chen et al., 2008 [48], | , =1+ 10.6¢ + (10.6¢)? (22) | different ¢ (by weight) in Appendix A, Table 30. In Equation (23), D
Chen et al., 2009 [54] g\~ Mem ag\3P is the fractal index, [n] is the intrinsic viscosity, ¢, is the effective
Uy = (1 - —) ;P =@ (—) (23) | volume fraction of aggregates, ¢, is the maximum packing fraction of
0_(3/31"2r 0_5a 1.872 aggregates, a, is the radius of the aggregate, and a is the radius of the

(24) | particle. In Equation (24), r is the radius of the particle.
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Table 6. Theoretical and Empirical Correlations of Studies Outlined in Table 5

Reference Correlation Notes

Chevalier et al., 2007 The Equation was derived for d,= 190 nm nanofluids.

[45] u=1+82¢ (25) q P

Nguyen et al., 2007 [46] Hnf 0148 Equation (26) and Equation (27) were proposed for d,=47 nm
Hr = M_bf = 0.904¢"*%% (26) | and dp=36nm Al,03—H,0 nanofluids, respectively, whereas the

_ 2 Equation (28) was proposed for CuO-H,0O nanofluids. Equation

Hr _ 1 1_7%'0_23(2(;_10'3_13%51 2 4 0.00903 gg (29) and Equation (30) were proposed for ¢= 0.01 and ¢= 0.04
Hr T (11 5'20 _(po 0067 TSP U0 (29) Al,03-H,0, Al,0;—EG and CuO-EG nanofluids, respectively.
g = Hpr' 2 : . In Equation (29) and Equation (30), the temperature units are
Hng = Wpr(2.1275 - 0.0215 T + 0.0002 T?) (30) | oc.

Garg et al., 2008 [50] " = % —1+11¢ 31)

bf

Anoop et al., 2009 [53] — 1410 (32) The Equation (32) was proposed for electrostatically stabilized
Hr _ 145 ¢ 33 Al,03-H,0 nanofluids, whereas the Equation (33) was
Hr = ¢ (33) proposed for EG based nanofluids which were not stabilized.

Duangthongsuk and | Hns _ 2 In Equation (34), the values of the empirical constants a,b and ¢

Wongwises, 2009 [56] Ly a+bp+co (34) are given in Appendix A, Table 31.

Timofeeva et al., 2009 _ 2 In Equation (35), the values of the empirical constants A; and A,

[58] Hnp = tpr(1+ A9 + A;0°) (35) at 25°C are given in Appendix A, Table 32.

Godson etal,, 2010 [62] | Fnr _ 4 05 4 0.497¢ — 0.1149¢2 (36)

Hw
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Table 6 (cont’d)

Reference

Correlation

Notes

Kole and Dey, 2010 [64]

The correlation proposed by Namburu et al [41, 42] (Equation (20))
was stated to give the best fit to the experimental data in [64].

The values of the empirical constants A and B in correlation
proposed by Namburu et al. [41, 42] are provided in
Appendix A, Table 33.

Chandrasekar et al., o \" In Equation (37), b=5300 and n=2.8.
Lee etal., 2011 [67] 1, =1+33¢p (38)

Kole and Dey, 2011 [69]

The correlation proposed by Chen et al. [26, 43, 54] (Equation (21))
was stated to give the best fit to the experimental data in [69].

The values of the empirical constants A, B, and C in
correlation proposed by Chen et al. [26, 43] are provided in
Appendix A, Table 34.

Suganthi and Rajan, In Equation (39), the value of B has substantially similar
2013 [74] range between 0.465 and 0.174. For ¢= 1.5% nanofluid, A=
pr=1+ 1_119-;97‘:0 (39) | 5254 (maximum), while for = 2.5% nanofluid, A= 4.676.
Hnp =Ae (40) | Equation (40) is valid for 10-35°C and ¢= 0-15% (R?= 0.98
and standard deviation= 0.0087).
Nabeel ~ Rashin  and | u,, = u,;(1 + ap + bep?) (41) | The values of the empirical constants a and b of Equation
Hemalatha, 2013 [75] Hpy = ce™003T (42) | (41) and the values of the empirical constant c of Equation
(42) are given in Appendix A, Table 35 and Table 36.
Syam Sundar et al., 2013 @ 0356 Equation (43) is valid for 0< ¢< 2% and 20°C< T <60°C.
[76] Hnf = Hpf (1 + m) (43)
Masoumi et al., 2009 The correction factor C in Equation (44) can be calculated
[79] B p,Vedy’ " by € = wr (erdy + )9 + (c3dy, + 1)) The
Hnp = Hpr +—ors (44) | coefficients c;, C» C; and c4 are; -0.000001133,

0.000002771, 0.00000009 and -0.000000393.




As it is seen in Table 6, many correlations were proposed based on the experimental data or
theoretical considerations. Since the validity of Classical Models appeared to be questionable for
nanofluids, researchers started to propose new correlations, mostly based on the experimental data.
Although the validity of the empirical correlations seems to be enhanced since they are based on
experimental data, it is important to note that, the empirical correlations were obtained for a particular
experimental data set. Therefore, their range of applicability is limited with the experimental
conditions, and their extrapolation to the wider intervals of the experiment parameters may lead to
erroneous results.

With the light of this theoretical outline, it can be concluded that, the Classical Models may be used to
have an opinion and obtain preliminary nanofluid viscosity or relative viscosity values, rather than
using them to get the actual values of nanofluid viscosity or relative viscosity for applications.

2.3. Benchmark Study on Nanofluid Viscosity and Relative Viscosity

In this Section, a benchmark study on nanofluid viscosity and relative viscosity is done by a
parametric analysis on the relative viscosity and nanofluid viscosity models and correlations with
respect to the nanoparticle fraction (mostly given as volumetric fraction, rarely given as weight
fraction; information on this issue is provided when required.) and temperature. The parametric
analysis involves some of the Classical Models given in Table 3 and some empirical correlations
given in Table 6. This kind of a benchmark study is needed in order to point out to the inconsistencies
in the nanofluid viscosity literature.

2.3.1. Nanofluid Viscosity Dependent on Nanoparticle Fraction

Viscosity of conventional suspensions depends on the solid content in the mixture. This behavior is
consistent with nanofluids, but it does not follow a classical trend, mostly. The predictions of some
Classical Models and empirical correlations proposed for different types of nanofluids for a wide
interval of (nano) particle volumetric fraction are provided in Table 7.

Table 7. Relative viscosity predictions of some Classical Models (Einstein Model, Batchelor Model,
and Krieger-Dougherty Model) and empirical correlations (proposed by Tseng and Lin, Maiga et al.,
and Suganthi and Rajan)

Batchelor Krieger- . . .
Einstein Model Dougherty Tsfgguzrt]?o:;m l\glglguaafito#. Suggr;t_glnand
® Model (Equation Model ?16)) ?17)) (Equati é n (39))
(Equation (5)) (12) (Equation g
(14)

0.000 1.000 1.000 1.000 13.470 1.000 1.000
0.020 1.050 1.053 1.052 27.662 1.195 1.239
0.040 1.100 1.110 1.110 56.807 1.489 1.479
0.060 1.150 1.173 1.173 116.660 1.881 1.718
0.080 1.200 1.242 1.244 239.575 2.371 1.958
0.100 1.250 1.315 1.322 491.993 2.960 2.120
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As it is seen in Table 7, the relative viscosity of nanofluids increases with increasing nanoparticle
fraction, but the predictions of Classical Models and empirical correlations differ significantly from
each other. Especially, the correlation proposed by Tseng and Lin [39] predicts approximately 491
times viscosity increase for a nanoparticle volumetric fraction of ¢= 0.10, which is considerably high
compared to the common literature. This behavior was also mentioned in review paper of Mahbubul et
al. [23] as an unrealistic increment of the viscosity with increasing nanoparticle volumetric fraction.

A closer look at Table 7 leads to further discussion. The empirical correlations, whose results were
illustrated in Table 7, were proposed for different types of nanofluids, meaning the nanoparticle and
base fluid material, nanoparticle diameter, and experiment conditions are different for these
correlations. At this point, it can be concluded that, the effect of nanoparticle fraction is significant on
nanofluid viscosity. However, when predicting the viscosity of nanofluids, some other parameters
should certainly be taken into account, as well as the nanoparticle volumetric fraction. For this
purpose, further comparisons are presented under Sections 2.3.2, 2.3.3, 2.3.4 and 2.3.5, for evaluating
the effects of different nanoparticle shapes, nanoparticle materials, temperatures, and nanoparticle
aggregation levels on nanofluid viscosity and relative viscosity.

2.3.2. Nanofluid Viscosity Dependent on Nanoparticle Shape

Nanoparticle shape is a very important parameter, and it is usually desired to be under control at the
nanoparticle production stage [21]. There are a few studies in literature examining the effects of
nanoparticle shape on nanofluid viscosity. Timofeeva et al. [58] and Kim et al. [71] discussed the
effect of nanoparticle shape on nanofluid viscosity. Timofeeva et al. [58] proposed correlations for the
relative viscosity of nanofluids containing different shaped Al,O; nanoparticles. In Figure 5, the
correlations proposed by Timofeeva et al. [58] and some other correlations proposed for Al,O;
nanoparticle nanofluids together with Einstein Model [24] are compared within their validity limits.
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Figure 5. Relative viscosity of nanofluids dependent on ¢ for different nanoparticle shapes. Behavior
of a Classical Model (Einstein Model for non interacting hard spheres) and empirical correlations are
presented.
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In this comparison, the empirical correlations proposed only for Al,O; nanoparticle nanofluids are
used in order to avoid other parameters’ (nanoparticle type, etc) effects, and strengthen the sensitivity
of the analysis. As it is seen in Figure 5, the relative viscosity of nanofluids increases with increasing
nanoparticle volumetric fraction. The relative viscosity is greater than 1, meaning the viscosities of
nanofluids are greater than the base fluids studied. In addition, the behaviors of the relative viscosity
correlations proposed for nanofluids containing different shaped nanoparticles, are significantly
different from each other, and Einstein Model. Therefore, it can be concluded that, the effect of
nanoparticle shape is significant on nanofluid viscosity.

2.3.3. Nanofluid Viscosity Dependent on Nanoparticle Material

Although nanoparticles with their enhanced surface to volume ratios constitute a relatively small
percentage of nanofluids, they are regarded as one of the responsible factors for the unforeseen
behaviors of nanofluids. From this point of view, nanoparticle material is a critical factor. In Figure 6,
the frequency values of nanoparticles dispersed within nanofluids evaluated in studies summarized in
the literature survey (see Table 5) are provided.
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Figure 6. Nanoparticle frequency plot obtained from the literature survey given in Table 5.

As it is seen in Figure 6, a significant amount of research was done on the viscosity of Al,Os, TiO,
and CuO nanoparticle nanofluids, but Al,O3 nanoparticle nanofluids come to the fore with 17 studies
outlined among 41 studies.

In Figure 7, the relative viscosity correlations proposed for different nanoparticle materials together
with Einstein Model [24] are compared within their validity limits.
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Figure 7. Relative viscosity of nanofluids dependent on ¢ for different nanoparticle materials.
Behavior of a Classical Model (Einstein Model) and empirical correlations are presented.

In this comparison, the empirical correlations proposed for Al,Os; CuO, TiO, (at 25°C), and SiC
nanoparticle nanofluids are used. Empirical correlation proposed for the viscosity of Ag nanoparticle
nanofluids by Godson et al. [62] is not included into the Figure, in order to strengthen the sensitivity
of the analysis, since the regarding correlation was presented for the viscosity of Ag-H,O nanofluids,
at high temperatures (50-90°C), whereas the others presented in the Figure are approximately at room
temperature (20-30°C). Regarding the nanoparticle diameters of the empirical correlations proposed
for varying nanofluids, they were selected as close as possible (e.g. for the correlations proposed by
Nguyen et al. [46], the correlation proposed for d,= 36 nm nanofluid is employed rather than the
correlation proposed for d,= 47 nm nanofluid) in order to avoid nanoparticle size effects, and
strengthen the sensitivity of analysis.

As it is seen in Figure 7, the relative viscosity of nanofluids increases with increasing nanoparticle
volumetric fraction, and is greater than 1, meaning the viscosity of nanofluids are greater than that of
the base fluids studied. In addition, the behaviors of the relative viscosity correlations proposed for
different nanoparticle materials are significantly different from each other and Einstein Model. Since
the parameters other than the nanoparticle shape and nanoparticle volumetric fraction could not be
kept constant in this analysis, it is not for certain that the differences in the results presented in Figure
7 are due to the nanoparticle material effect, only. Nevertheless, it still seems to be an important
factor, and have significant effect on nanofluid viscosity.

2.3.4. Nanofluid Viscosity Dependent on Temperature

Viscosity is very sensitive to temperature, thus particular attention must be given to temperature when
determining viscosity [81]. The exponential variation of the viscosity of pure water with temperature
is an explanatory example on the effect of temperature on viscosity [77]. In Figure 8, the relative
viscosity and nanofluid viscosity correlations are compared within their validity limits.
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Figure 8. Relative viscosity and nanofluid viscosity dependent on T. Behavior of empirical
correlations are presented.

As it is seen in Figure 8, the viscosity of nanofluids decreases significantly with increasing
temperature. It is important to recall from the literature survey that, the nonlinear decrease in the
nanofluid viscosity with increasing temperature is a commonly observed fact. However, explaining
the relative viscosity dependence on temperature may not be as simple as the nanofluid viscosity
dependence on temperature. As aforementioned, the temperature dependence of the base fluids (e.g.
water) is also very dominant. Therefore, when evaluating the relative viscosity and temperature
relationship, evaluation of the dependence of the nanofluid viscosity, as well as the base fluid
viscosity on temperature is necessary. The behaviors seen in Figure 8 for relative viscosity are good
examples in this issue. Nevertheless, the temperature dependence of viscosity is widely known. The
viscosities of fluids dependent on temperature should be carefully investigated within the bounds of
experimental facilities [21], and it can be concluded that, the effect of temperature is significant on
nanofluid viscosity.

2.3.5. Nanofluid Viscosity Dependent on Nanoparticle Aggregation

Aggregation is an inevitable behavior of nanoparticles. As it is seen in Figure 9, nanoparticles tend to
come together and form particle pairs, multi particles, and aggregates. Since this behavior is inevitable
in the long term, and has strong effect on nanofluid viscosity, developing an understanding of
nanofluid viscosity from the nanoparticle aggregation point of view is important.
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Figure 9. Schematic illustrations of the particle conditions within shear flow (a and a, refer to particle
and aggregate radius, respectively) [26]

The parameters that are used to define the nanoparticle aggregation are correlated with the relative
viscosity by Chen et al. [26, 43, 54] as in Equation (23), which are a,/a, D, ¢y and [n]. The intrinsic
viscosity [n] should be calculated using Equation (24) for nanoparticles other than spherical shaped,
which is done for TNT (cylindrical) nanoparticle nanofluids, in the present study.

The aggregate size is mostly defined as the aggregate diameter (d,) or aggregate radius (a,). These
parameters define the size of an aggregate as a mean value, since the aggregates do not have a uniform
shape. In literature, some of the studies [40, 43, 54, 59, 60, 69, 70, 73] reported the measured d, / d,
(or, a, / a) values. In Table 8, the d,/ d, (or, a./ a), D, ¢m and [n] values reported in the studies
outlined in the literature survey are given.

Table 8. The values of d,/ d, (or, a,/ @), D, pmand [n] reported in the experimental studies outlined in

Table 5

da/ d, (or, @,/ a) D Om [n]
Prasher et al. [40] 3.17 1.8 0.605 | 2.5
Chen et al. [43] 3.34 1.8 0.605 | 2.5
Chen et al. [54] * 9.46 2.1 0.30 Calculated using

Equation (24)

Zhao et al. [59] 4.48 (dy= 40 nm); 1.9 0.605 | 2.5 (dp=40 nm);

16.29 (dp=7 nm) 2.8 (dp="7nm)
Pastoriza-Gallego et al. [60] 2.7 (S1*%); 1.8 0.605 | 2.5

5.1 (S3**)
Kole and Dey [69] 7.15 1.7 0.5 25
Pastoriza-Gallego et al. [70] 2.5 (S1**); 1.8 0.605 | 2.5

7.5 (S2**)
Utomo et al. [73] 4 (AL,03); 2.6 (Al,03); | 062 |25

4.7 (TiOy) 2.0 (TiOy)

* The sign indicates that the nanoparticles were cylindrical. For all the other cases, the nanoparticles were spherical.
** S denotes the “sample” in the studies of Pastoriza-Gallego et al. [60, 70].
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In addition to Table 8, Chevalier et al. [45] reported ¢./gm values of 3.4, 2.4 and 2.1 for d,= 35, 94 and
190 nm nanofluids, respectively. They found a relatively good agreement between Equation (45)
(below) and their experimental results.

" -2 dg 1.2
be=(1-2)"  pa=(2) o (45)

In Figure 10, the relative viscosity correlations are compared within their validity limits for different
nanoparticle aggregation levels.
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Figure 10. Relative viscosity of nanofluids dependent on ¢ for different nanoparticle aggregation
levels (see Table 8). Behavior of empirical correlations is presented.

In this comparison, the relative viscosity of nanofluids is evaluated in terms of nanoparticle
aggregation. Figure 10 shows the behavior of modified Krieger-Dougherty Model proposed by Chen
et al. [26, 43, 54] (given as Equation (23)) for different nanoparticle aggregation levels and varying d,
/ d, (or, @,/ @), D, gm, and [n] values.

As it is seen in Figure 10, the relative viscosity of nanofluids increases with increasing nanoparticle
volumetric fraction, which also results in an increase in the effective volumetric fraction of
aggregates, thus an increase in nanoparticle aggregation. Therefore, it can be concluded that, the effect
of nanoparticle aggregation is significant on nanofluid viscosity.
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2.3.6. Concluding Remarks from the Benchmark Study

Nanofluid viscosity can be easily affected by many parameters, and some of them were shown under
Section 2.3. The Section provides an objective summary of the literature by comparing the empirical
correlations and some Classical Models within their validity limits. It was found from the benchmark
study that, the effects of nanoparticle fraction, nanoparticle shape, nanoparticle material, temperature,
and nanoparticle aggregation on the nanofluid viscosity are significant, and should certainly be taken
into consideration while estimating nanofluid viscosity.

The complexity of the nanofluid systems and the lack of a universally accepted nanofluid viscosity
model make this subject even more complicated [21]. Regarding this issue, Godson et al. [62] stated
that, “Since the thermophysical properties of nanofluids depend on various factors, such as particle
size, particle shape, nature of material, and pH value, it is hard to develop a universal model”. On the
other hand, nanofluid viscosity as an easily affected property by many parameters should be carefully
investigated, in order to have a fundamental understanding on the applications.

2.4. Conclusion

This Chapter provided a literature survey and a benchmark study on the nanofluid viscosity and
relative viscosity. The literature survey and the benchmark study lead to develop insights for further
experimental studies. The important points that came to the fore are the nanofluid types that can be
examined experimentally, and the effects of parameters that can be examined on nanofluid viscosity.
As aforementioned, although the nanoparticles constitute a relatively small percentage of nanofluids,
they are regarded as one of the responsible parameters from the unforeseen behaviors of nanofluids.
From this point of view, selection of the nanoparticle material is of great importance for the
applications.

Regarding the nanofluid type, the frequency plot for the nanoparticle materials examined in the
literature review was provided in Figure 6. It was seen in the Figure 6 that, a significant amount of
research was done for Al,O; nanoparticle nanofluids. In the statistical review paper of Sergis and
Hardalupas [82], a similar but a more comprehensive frequency distribution based on the examined
nanofluid types was presented. Among the 141 studies, 85 of the studies examined Al,0;—H,0O
nanofluids, which made the Al,0s—H,0O nanofluids the most commonly examined nanofluid [82]. In
addition, due to the relatively accessible cost of Al,O3 nanoparticles, the industry may be established
on Al,Os nanoparticles (nanofluids). This is the main idea on selecting Al,Os;—H,O nanofluids for the
experimental investigation presented in this thesis.

Regarding the effects of parameters to be examined on nanofluid viscosity in the current work, the
literature review was consulted. In the literature survey presented in Section 2.2.2, the examined
parameters on nanofluid viscosity were provided. It was seen that, the effects of the nanoparticle
fraction and temperature should certainly be examined, since their effects are proven to be significant
by many studies. In addition to the nanoparticle fraction and temperature, the effect of nanoparticle
diameter was thought to be very important as well; however it was not examined as comprehensively
as the nanoparticle fraction and temperature.

Another conclusion that can be drawn based on the literature review is that, the experiments were
mostly done on randomly selected parameters. This may be due to the experimental resources in hand,
and the sample supplying opportunities; since the nanofluid industry is still emerging. In addition, an
actual experimental design based on statistics was not seen to be done before the experiments were
performed, which is a very important point.
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CHAPTER 3

MATERIAL HANDLING AND METHODOLOGY

In this Chapter, information on the materials used in the experimental study (see Chapter 4) is given,
first. The Chapter emphasizes the algorithm of the Taguchi Method, which is used for the
experimental design. The algorithm steps are given for the present experimental investigation. The
experimental setup and the experimental procedure are also introduced. The statistical methodology
employed in this thesis is a novel approach for the field nanofluid viscosity. Finally, some conclusions
are drawn.

3.1. Introduction

Nanofluid viscosity is still an emerging research area; therefore systematic investigations are needed
in order to develop a fundamental understanding in this field. For this purpose, nanofluid viscosity has
been investigated both theoretically and experimentally. Still, inconsistencies in literature are very
significant and clear to see. Reasons of the inconsistencies in literature are very difficult to keep under
control and nearly impossible to eliminate at this point. However, the aforementioned facts do not
make comparing the findings of researches with each other unnecessary, in fact, it strengthens this
requirement, but in a more efficient and meaningful way, from which drawing conclusions will be
more objective.

From this point of view, systematic investigations combining both the experiments and theoretical
background are required. The present experimental study was performed at the Energy Laboratory of
the Mechanical Engineering Department in Dokuz Eyliil University in Izmir, Turkey.

At this point, it is considered as necessary to provide required information on the properties of the
experiment samples. Because if the required information is not present, interpretation of the
experimental results on a solid basis is not possible.

The methodology used to construct the experiments is very important, as well. Design of Experiments
(more specifically, Taguchi Method) is used to design the experimental study. Utilization of such a
statistical methodology is novel for the field “nanofluid viscosity”, as far as the author’s literature
investigation is concerned.

3.2. Material

In the experiments, the viscosity of Al,0s;—H,0 nanofluids (supplied from NanoAmor (USA)) is
comprehensively investigated. The nanofluid samples contained two different sized Al,O;
nanoparticles (d,= 10+5 nm and dy;= 30+10 nm). Initially, the weight fractions of Al,O3 nanoparticles
were 20% within the nanofluids, as it was provided by the manufacturer. But, they were diluted with
medical grade deionized water supplied from the Department of Nephrology in Eskisehir Osmangazi
University Hospital, to ¢= 1, 2 and 3% (by volume) nanofluids. The nanofluids involve Acetic Acid as
a surfactant. The concentration of Acetic Acid is 0.1-0.3% by weight, in all samples. Table 9
summarizes the characteristics of the nanofluids.
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Table 9. Characteristics of nanofluids used in the experiments

Material: Al,0;—H,0
d, (nm) 10£5 nm 30+£10 nm
) 1, 2, and 3 vol% 1, 2, and 3 vol%

3.2.1. Sample Preparation

The weight fractions of nanoparticles within both nanofluids were provided as 20% by the
manufacturer. It is useful to convert the weight fraction of nanoparticles to volumetric fraction, since a
significant part of the information provided in the literature is based on volumetric fraction, rather
than weight fraction. For this purpose, Equation (46) [83] was used.

o= PwPi
pp + (pwpl_(pwpp

(46)

In Equation (46), the parameters ¢, ¢, p, and p, denote the nanoparticle volumetric fraction,
nanoparticle weight (mass) fraction, liquid (H,O) density, and nanoparticle (Al,O3) density. The
density of the Al,O; nanoparticles was specified as 3700 g/cm® by the manufacturer. The density of
H,O was taken as 1000 g/cm® [83]. The weight fraction of nanoparticles was 0.20 within the
nanofluids. Using Equation (46), the volume fraction of nanoparticles is estimated to be
approximately 0.0633. Thus, for the Al,O3—H,O nanofluids considered, ¢,,= 20% corresponds to ¢ =
6.33 vol%.

In experiments, the p= 0.01, 0.02 and 0.03 nanofluids (each are 50 ml in volume) are examined. The
sample volumes are specified as 50 ml considering the possible material losses, since the volume of
approximately 40 ml and 10 ml samples can be used in experiments, depending on the measurement
type. Detailed information regarding with this issue is provided in Chapter 4, Section 4.2.1.2.

For the sample preparation, the ¢ = 0.0633 nanofluids were diluted to ¢= 0.01, 0.02, and 0.03
nanofluids. In order to dilute the ¢ = 0.0633 Al,0s—H,O nanofluids, certain amounts of deionized
water were added to ¢ = 0.0633 samples. The amounts of water to be added to ¢ = 0.0633 nanofluids
for dilution are calculated using MATLAB Program. The Code and detailed program outputs are
provided in Appendix B. The program outputs regarding the amounts of deionized water and
nanofluid (¢ = 0.0633) to be mixed in order to prepare ¢ =0.01, 0.02 and 0.03 nanofluids (50 ml,
each) are given in Table 10.

Table 10. Required volumes of nanofluid and deionized water for diluted sample preparation

@ of diluted | Volume of ¢ =6.33% | Volume of deionized | Volume of resulting
samples nanofluid (ml) water (ml) nanofluid (ml)
0.01 7.9 42.1 50
0.02 15.8 34.2 50
0.03 23.7 26.3 50
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The dilution of the nanofluids was done very precisely using AXYGEN Single Channel Micropipette
AP-10ML with a measurement range of 1000 pul to 10000 ul (Figure 11a). The diluted samples were
ultrasonicated with Misonix Sonicator 3000 (Figure 11b, 11c) in order to ensure the stability of
nanofluids after dilution.

Figure 11. a) AXYGEN Single channel micropipette with its tip. b, ¢) Misonix Ultrasonicator 3000.
Figure 11.b is adapted from [84]

The prepared six Al,03-H,O nanofluid samples of ¢ = 0.01, 0.02, and 0.03; dy,= 10 nm and d,= 30
nm after ultrasonication are given in Figure 12.

Figure 12. The nanofluids after ultrasonication
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In order to prevent sunlight exposure and other unwanted results, the prepared samples were stored in
dark colored glass bottles, as it is seen in Figure 12. Foams that were caused by the ultrasonication
process can be seen in some of the bottles. However, after the relaxation of the samples for a few
hours, the foams disappeared.

3.2.2. Determination of the Colloidal Behavior of Nanofluids by Zeta Potential Measurements

Aggregation and sedimentation of nanoparticles are inevitable in the long term. They are directly
related to the stability of nanofluids. Aggregate formation of nanoparticles is guided by the
electromagnetic forces (attractive forces: van der Waals force and repulsive forces: electrical double
layer force [47]) between the nanoparticles and the fluid medium. If these forces balance each other,
the net charge will be zero, and the particles tend to come together and form aggregates (see Figure 9
in Section 2.3.5), which will result in an unstable nanofluid.

The measure of “zeta potential” comes to the fore at this point. Zeta potential is a measure of the
stability of colloidal dispersions. Colloids with high zeta potential (negative or positive) are
electrically stabilized, while colloids with low zeta potentials tend to coagulate [3]. As a generally
accepted rule, colloids with zeta potential higher than 30 mV (negative or positive) are regarded as
stable [83], whereas colloids with zeta potential lower than 30 mV (negative or positive) are regarded
as unstable, and prone to aggregation and sedimentation. The ranges of zeta potential corresponding to
stable and unstable behavior are illustrated in Figure 13.

Positive Zeta potantial

STABLE

e sreeeneenneneeee VY NOT STABLE

STABLE

MNegativa Zeta potential

Figure 13. Zeta potential ranges of colloids [85]

The Zeta Potential measurements of nanofluids were done with MALVERN Nano ZS90 at Middle
East Technical University, Central Laboratory. The measurements were done on the most diluted
nanofluid samples, i.e. = 0.01, d,= 10 and ¢= 0.01, d,= 30 nm. The graphs showing the zeta
potential of the p= 0.01, d,= 10 and ¢= 0.01, d,= 30 nm Al,O3;—H,0O nanofluids are given in Figure
14. The detailed results are provided in Appendix C.
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Figure 14. Zeta potentials of 9= 0.01, d,= 10 nm and ¢= 0.01, d,= 30 nm nanofluids

The mean zeta potential of ¢= 0.01, d,= 10 nm nanofluid is 49.2 mV, whereas the mean zeta potential
of ¢= 0.01, d,= 30 nm nanofluid is 48 mV. Both zeta potential values are higher than 30 mV,
indicating the nanofluids are highly stable.

3.2.3. Particle Size Distribution of Nanofluids with Dynamic Light Scattering Measurements

The particle size distribution (PSD) analyses on the most diluted nanofluid samples, i.e. = 0.01, d,=
10 nm and ¢= 0.01, d,= 30 nm nanofluids, were done with Dynamic Light Scattering (DLS)
measurements, using ALV/CGS-3 compact goniometer system (Malvern Instruments, Inc, UK) in
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Eskisehir Osmangazi University, Polymer Laboratory. The system is equipped with He-Ne laser at
Ao= 632.8 nm, 22 mW, photodiode detector with high quantum efficiency and an ALV/LSE-5003
multi tau digital correlator electronic system. The measurements were done with 90° constant angle
scatterings on the suspensions, and the data were processed using secondary cumulant analysis.

Although the nanoparticle sizes were provided by the manufacturer, it is important to confirm these
values before/after the experiments, since the particle size is a dynamic parameter. Unfortunately, due
to the experimental opportunities, the confirmation experiments on the nanoparticle sizes were done
one month after the viscosity experiments.

The unweighted results of the PSD of the ¢= 0.01, d,= 10 nm and ¢= 0.01, d,= 30 nm nanofluids are
given in Figure 15. The detailed results are provided in Appendix D.

Solution with PROB1 = 0.5 Baseline = 1.8745E-5

0.z
0.6
04

0.z

I:I -I T T T T T T T T T T T 1
1E8  Dooot ooo oo 01 1 10 100 1E2 1B 1ES 1E6 1E7
Radius [nm] (Unweightad log.)

Solution with PROB1 = 0.5 Bazeline = 0

0.2

(18]

04

0.

0 T T T T T T T T T T T T 1

1E5 0000 oool o 04 1 10 100 1E3 15 1B5 1E5 1E7
Radius [nm] (Urmweighted log.)

Figure 15. Particle size distribution of ¢= 0.01 d,= 10 nm (top) and ¢= 0.01 d,= 30 nm (bottom)
nanofluids.

The average particle sizes of the nanoparticles dispersed in nanofluids are specified as d,= 10+5 nm
(minimum dp= 5 nm, maximum dy= 15 nm) and d,= 30+10 nm (minimum d,= 20 nm, maximum dy=
40 nm) by the manufacturer. The results presented in Figure 15 seem to be a bit higher than the
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information provided by the manufacturer, but suggesting that the measured and provided (by the
manufacturer) particle sizes being totally inconsistent would not be correct, since the PSD results
depend on many factors, such as the nanoparticle aggregation (not seem to be happened, though), and
the equipment type and resolution. (The effect of the equipment type can be observed through
comparing the PSD results in Appendix C and Appendix D.) Nevertheless, in Figure 15, the average
particle sizes for ¢p=0.01 dy,= 10 nm and ¢= 0.01 d,= 30 nm nanofluids are shown as nearly consistent
and within the minimum and maximum values specified by NanoAmor. Therefore, it can be
concluded that, the results in Figure 15 (for detailed results, see Appendix D) are acceptable.

3.3. Method

The method employed to construct the experimental study is Taguchi Method, which is classified
under the approach “Design of Experiments (DOE)”. DOE is a statistical tool and it was founded by
Ronald A. Fisher [86, 87, 88]. It gives a clear arrangement of the both experiment plan and
experimental results, and it is used to determine the effects of the experimental parameters on the
measured parameter.

Scientific investigations are important not only for academic research, but also in industry.
Recognition is being given to the necessary link between the scientific study of industrial processes,
and the quality of the goods produced [89]. For continuous production and high quality, the processes
should be carefully designed, the process inputs and outputs should be thoroughly examined, and
optimized process conditions should be sought in order to minimize the losses occurring during the
process and to procure the optimized results (or products). Hence, the importance of the careful
experimentation and the statistical evaluation is critical for both academic and industrial advance. The
DOE can be employed in order to design the processes with minimal expense on both cost and time,
since experimentation in a trial-and-error manner and changing one factor at a time is the most
expensive approach. A far more effective method is to apply a computer-enhanced and systematic
approach to experimentation, one that considers all factors simultaneously [90], all of which are what
DOE is capable of.

DOE can be used for process characterization, optimization, and modeling. The method DOE is
widely accepted in many fields for improving the product performance and reliability, the process
capability and yield. By employing DOE, a lot of information can be obtained with a minimum
number of experiments, which is of great importance for today’s industry [91].

3.3.1. Conceptual Introduction to Design of Experiments

In this Section, some important concepts of DOE defined below are handled.

- Experiment: An operation under controlled conditions to determine an unknown effect; to illustrate
or verify a known law; a test to establish a hypothesis [92].

In experiments, the measurements are done to observe the behavior of a parameter, which is
dependent on some experiment parameters. Here, the observed parameters (the outputs) are the
dependent variables, whereas the parameters that are controllably varied that affect the dependent
variables (the inputs) are the independent variables. From this point of view, the concepts “factor”,
“quality characteristic” and “level” are defined below.

- Factor: The input parameter. The independent variable considered in experiments, for which the
dependent variable is examined. The factors are denoted with capital letters, such as: A, B, C, etc.

- Quality (performance) characteristic: The output parameter. The dependent variable examined in
experiments.
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- Level: In experiments, effects of a factor on the quality characteristic can be examined for different
values of the factor. The different values of the factors are denoted as the levels of a factor. The levels
of a factor are denoted with lower case letters, such as: a, b, c, etc.

Using DOE, the effects of the factors on the quality characteristic can be evaluated. The effects of the
factors can be classified as main effect (which is the summation of the simple effects) and interaction
effects.

- Simple effect: The very own effect of a factor on the quality characteristic. When the effect of a
factor is kept as constant, the difference between the other factors levels gives the simple effect. Table
11 gives an explanatory example on the simple effects of parameters in a two leveled two factor
experiment.

Table 11. The simple effects of factors A and B in a two leveled (1, 2) two factor (A, B) experiment

Factor B The simple effect of B
Factor Level bl b2
al (albl) (alb2) (albl)-(alb2)
A a2 (a2bl) (a2b2) (a2bl)-(a2h2)
The simple effect of A (albl)-(a2bl) (alb2)-(a2b2)

- Interaction (AB): The synergistic effect of two or more factors [92].
The other concepts that are used when performing DOE are also given below.

- Experimental error: The variation observed when products are tested under “identical” conditions;
a portion of which is instrumentation repeatability [92].

- Orthogonal matrix (array): A matrix which assures a balanced, fair comparison of levels of any
factor or interaction of factors; all columns can be evaluated independently of one another [92].

- Degrees of freedom (ds): The number of independent measurements available to estimate pieces of
information; the number of independent (fair) comparisons that may be made within a set of data [92].

- F test: The hypothesis test that determines whether the means () of two different populations are
different or not (the name of the test is eponym of Ronald A. Fisher). On the evaluation of results, the
F table is used, in which reference values are present [93].

- Hypothesis: In statistics, hypotheses are used in order to evaluate whether there is a difference
between the two values for a particular case. For this purpose; two different hypotheses, i.e. the null
hypothesis (H) and the alternative hypothesis (H,) are employed. As a rule of thumb, the Hj is tested.
The only hypothesis that is accepted or rejected is Ho. If the Hy is rejected, then the H, is accepted.

The acceptance of a hypothesis does not mean that the hypothesis is true. The measure of the
sensitivity of the decision made on acceptance/rejection of a hypothesis is related to the alpha («)
error, which is defined below.

- Alpha (a) error: The probability of the null hypothesis (Ho) will be rejected, when in fact it is true
[92].
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Figure 16. F distribution: The value of the alpha () error and its corresponding F value [93]

In Figure 16, the F distribution is given. The total area under the curve and the tailed area correspond
to 1 and a, respectively. According to the definition of the a error, the untailed area, which is 1-¢,
belongs to the situation that the Hy is accepted when it is true.

Regarding the experimental data, choosing the appropriate analysis method is of great importance.
Usage of statistical methods with experiments works extremely well, since statistics is a very efficient
tool on the evaluation and interpretation of the experimental results in an unbiased way. With
straightforward algorithms, DOE can be used to draw critical conclusions. For the analysis, the
analysis of variance (ANOVA) is used, which is defined below.

- ANOVA: A procedure to isolate one source of variation from another; a method to decompose the
total variation present into accountable sources; a method to make a statistically based decision as to
the causes of variation in an experiment [92].

Lu et al. [94] published a review paper regarding statistical methods for quality improvement and
control in nanotechnology. In the study, the importance of using statistical approaches when studying
nanotechnology was emphasized as: “Because statistical techniques have made sizable impacts in
many technology fields in the past, statistics are expected to play an important role in tackling these
challenges and boosting the development of nanotechnology.” The difficulties of controlling the
effects of ambient parameters on the newly developing and experiment based fields were mentioned,
and the requirement of studying the effects of each factor and their interactions using advanced
statistical techniques was emphasized. Finally, the important points of the statistical methodology to
be used when studying nanotechnology were noted, such as: the choice of experimental design
methods, analysis of experimental data, use of computer simulations and interaction between
statisticians and experts in material science, physics, and other disciplines.

3.3.2. The Algorithm of Taguchi Method

Taguchi Method is a robust design method with straightforward steps. Since the Taguchi Method is
classified under DOE, the algorithm is based on mostly DOE, but it involves Taguchi-specific steps.
The DOE algorithm is mainly divided into three phases, which are: the planning phase, the conducting
phase, and the analysis phase, respectively. The DOE algorithm involving Taguchi-specific steps is
given in Figure 17. The analysis steps are adapted from [92], and after that, they are explained for the
present experimental investigation.
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1. State the problem(s) or area(s) of concern \
v

2. State the objective(s) of the experiment

v

3. Select the quality characteristic(s) and measurement systems(s)

v

4. Select the factors that may influence the selected quality characteristics

v

5. Identify control and noise factors (Taguchi-specific) Planning
v Phase

6. Select the levels for the factors

v

7. Select the appropriate orthogonal array(s)

v

8. Select interactions that may influence the selected
quality characteristics, or go back to step 4 (iterative steps)

v /
9. Assign factors to orthogonal arrays and locate interactions

t Conductin
10. Conduct tests described by trials in orthogonal arrays } ohase g

v
11. Analyze and interpret results of the experimental trials

Analysis
v
. . . phase

12. Conduct confirmation experiments

Figure 17. The DOE algorithm involving Taguchi-specific steps. Adapted from [92]

The steps given in Figure 17 are fundamentally the same regardless of whether one is designing a
Taguchi-based experiment or a classical design. In addition to the classical experimental design,
Taguchi approach relies on the assignment of factors in specific orthogonal arrays to determine these
test combinations [92].

Nanofluids is still an emerging research field, and the inconsistencies in literature are abundant.
Therefore, systematic studies are needed, in order to obtain objective, unbiased and interpretable
results. Investigating the thermophysical properties of nanofluids in a systematic way is a good start
and thus, it will strengthen the background in this area.

Regarding the thermophysical properties of nanofluids, it is seen that the viscosity of nanofluids has
not been investigated as comprehensively as the thermal conductivity of nanofluids. Since the
viscosity is of great importance for applications, systematic investigations are needed in nanofluid
viscosity field.

In Sections 3.3.2.1, 3.3.2.2 and 3.3.2.3, the phases of the DOE: the planning phase, the conducting
phase, and the analysis phase are described for the present experimental investigation.
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3.3.2.1. Planning Phase

Step 1. Problem statement: The viscosity of working fluids is critical for the applications, since it is
directly proportional to the pumping power required to circulate the fluid in the system. The viscosity
of nanofluids is higher than the conventional working fluids (unless any additive is used to reduce the
viscosity). Therefore, it is important to keep the viscosity of nanofluids under control, in order to have
an application with high efficiency, and minimum expense.

Step 2. Objective of the experiment: Determining the effects of some observable and controllable
parameters that have significant effect on nanofluid viscosity and relative viscosity.

Step 3. Selection of the quality characteristic and measurement systems: The viscosity of Al,Os3—
H,O nanofluids is measured with a Sine Wave Vibro Viscometer SV-10 located at the Energy
Laboratory of the Mechanical Engineering Department in Dokuz Eyliil University. The temperature of
the nanofluid samples is regulated with a WiseCircu circulating water bath WCR-P8 with 0.1°C
stability.

Step 4. Selection of the factors that may influence the quality characteristics: This step requires
the critical evaluation of the previous work, in order to have insight on the factors that may have
considerable effect on the quality characteristic (nanofluid viscosity, and relative viscosity). In order
to clearly illustrate the factors that can affect the quality characteristic, a cause and effect diagram
(fishbone diagram) can be used. The cause and effect diagram (fishbone diagram) showing some
effective factors on nanofluid viscosity is given in Figure 18.

R | : Nanofluid ' : Nanofluid :
i Temperature ' | material : | production |
il Wi | methods |

.1 Nanofluid
T viscosity

Nanoparticle Nanoparticle

aggregation

Nanoparticle ' |
fraction . diameter

shape

Figure 18. The cause & effect diagram (fishbone diagram) showing some factors that have
considerable effect on nanofluid viscosity

As it is seen in Figure 18, the parameters that have considerable effect on the nanofluid viscosity are a
lot in number. Although their effects are considered as significant, assigning some of them as factors
to the experiment is very hard, since some of them are controlled by the manufacturer, or some of
them are hard to controllably change during the experiments. As a consequence, the parameters in the
pink blocks (temperature, nanoparticle fraction, and nanoparticle diameter) are controllably varied in
experiments, whereas the parameters in the gray blocks are tried to kept as constant.
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Step 5. ldentification of the control and noise factors: The control factors are selected as the
temperature, nanoparticle fraction and nanoparticle diameter, whereas some of the noise factors can be
listed as the relaxation time of the nanofluid samples (as the relaxation time increases, the samples are
being more prone to aggregation, sedimentation, or evaporation), level of the nanofluid in the sample
cup, position of the sensor plates that are submerged within the nanofluid sample, and experiment
personnel.

Step 6. Selection of the levels of the factors: The factors and the levels of the factors are provided in
Table 12 (adapted from [92]).

As it was stated in Section 3.2.1, the experiments are done for ¢= 0.01, 0.02 and 0.03 and d,= 10 nm
and 30 nm nanofluids, for T= 20, 30, 40 and 50°C. The statistical analysis is concerned with the
determination of the effects of the factors (¢, d, and T) on the quality characteristic (nanofluid
viscosity and relative viscosity). For the analyses, it is decided to consider the levels of these factors,
which corresponds to their minimum and maximum values, in order to see the differences in the
nanofluid viscosity and relative viscosity, i.e. for ¢=0.01 and 0.03 and d,= 10 nm and 30 nm and T=
20 and 50°C. The reason for this selection is to see the effects of the factors more clear, whereas the
reason for the additional experimentation for T= 30 and 40°C and ¢=0.02 is to be able to see the
behavior of the nanofluid viscosity and thus relative viscosity for the intermediate values, and to be
sure of the behavior for the whole interval of the factors, and to interpret the results with a more solid
basis, in addition to the aim to provide a wide database for the Al,O;-H,O nanofluid viscosity. In
addition, with this approach, the standard orthogonal array Lg can be used (see Table 13).

Table 12. The factors and their levels

Factors Level 1 Level 2
. A Temperature (°C) a 20 a, 50
Nang)f(lu;?ir\'r/:esr(]::)5|ty B Nanoparticle volumetric fraction b, 0.01 b, 0.03
P C Nanoparticle diameter (nm) C1 10 C; 30

Step 7. Selection of the appropriate orthogonal array (matrix): The selection of the appropriate
orthogonal array should be done considering the number of factors and interactions of interest, the
number of levels for the factors of interest, and the desired experimental resolution or cost limitations
[95]. In the present experimental investigation, three factors with two levels are considered, thus the
Lg orthogonal array is selected. The detailed information on the Lg standard orthogonal array is
provided in Table 13.
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Table 13. The Lgstandard orthogonal array

Column

N

Experiment
1
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By employing Lg design, a maximum of seven different factors’ effects on the quality characteristic(s)
can be determined. However, for the present experimental investigation, the three factors (A, B, C) and
their interactions (AB, AC, BC and ABC) fill the columns of the Lg matrix (see Table 14). Therefore,
for the present experimental investigation, it will be possible to determine the effects of the
interactions of the factors on the quality characteristic, as well as the simple effects of the factors.

Step 8. Selection of the interactions that may influence the selected quality characteristic: This
step is already handled, since all the interaction effects will be examined for the present experimental
investigation.

Step 9. Assigning factors to orthogonal array and locate interactions:

The factors (A, B and C; and their interactions AB, AC, BC and ABC) are located into the Lg
orthogonal array. The corresponding array is given in Table 14.

Table 14. The Lgorthogonal array for the present experimental investigation

Column
A B AB C AC BC ABC
Experiment 1 2 3 4 5 6 7
1 1 1 1 1 1 1 1
2 1 1 1 2 2 2 2
3 1 2 2 1 1 2 2
4 1 2 2 2 2 1 1
5 2 1 2 1 2 1 2
6 2 1 2 2 1 2 1
7 2 2 1 1 2 2 1
8 2 2 1 2 1 1 2

At this point, deciding on the interaction(s) to be examined is very important. Using the Lg orthogonal
array, two different cases for the interaction evaluation can be done. The linear graphics for the
regarding cases are given in Figure 19.
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Figure 19. Linear graphics for the Lgorthogonal array, in which the factors and their interactions of
the present experimental investigation are located. Adapted from [96]

Regarding the linear interaction graphics given in Figure 19, the following explanations can be given.
The left hand side interaction is appropriate for the following two cases:

Case 1: The simple effects of the three factors (A, B and C), all the two factor interactions of these
factors (AB, AC and BC), and their three factor interaction (ABC) are to be examined.

Case 2: The simple effects of the four factors (A, B, C and D) and the two factor interactions of the
three factors (AB, AC and BC) are to be investigated.

The right hand side interaction is appropriate for the cases in which the simple effects of the four
factors (A, B, C and D) and two sided interactions of a single factor with other factors (e.g. AB, AC
and AD) are to be investigated. With the light of the above given explanation, it is concluded that, the
left hand side interaction with Case 1 fits the present experimental investigation.

3.3.2.2. Conducting Phase

Step 10. Conducting tests described by trials in orthogonal arrays: The samples examined in
experiments were selected as Al,O;—H,O nanofluids. The experiments are done following the Lg
orthogonal array given in Table 14. During the experiments, data are collected via four repetitions.
The experiments are done by the same person. In the next two sub-sections, information on the
experimental setup and the experimental procedure are given in detail.

3.3.2.2.1. Experimental Setup

In the experiments, the viscosities of = 0.01, 0.02 and 0.03; d,= 10 nm and d,= 30 hm Al,03—H,0
nanofluids were measured with a Sine Wave Vibro Viscometer SV-10, for the temperatures of 20, 30,
40 and 50°C. The temperatures of the samples were regulated with WiseCircu circulating water bath
WCR-P8 with 0.1°C stability. Pictures of the experimental setup are provided in Figure 20.
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Figure 20. a) The Sine Wave Vibro Viscometer SV-10 (with black insulation on its sample cup), b)
the WiseCircu circulating water bath WCR-P8 and ¢) the viscometer and the water bath.

3.3.2.2.2. Experimental Procedure

In this Section, the experimental procedure is described. Viscosity of nanofluids was measured with a
Sine Wave Vibro Viscometer SV-10 manufactured by A&D Company Ltd. (Japan), with a
measurement range of 0.3 mPa.s to 10,000 mPa.s. SV-10 vibrates with a sine wave frequency of 30
Hz and an amplitude of approximately 0.2 mm (0.4 mm peak to peak) [97]. In Figure 21, the
schematic description of the viscosity detection unit is given [98].

] Spring Plate
] |— Displacement Sensor
[I I: \' Electromagnetic Drive

Temperature Sensor

Sample

Oscillator

— @ =

Figure 21. Schematic description of the viscosity detection unit [98]
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As it is seen in Figure 21, the viscometer has two sensor plates (oscillators), which are driven with an
electromagnetic force at the same frequency, by a sine-wave vibration in reverse phase, similar to a
tuning-fork [97]. The tuning-fork vibration viscometer utilizes the same measurement principle as the
vibration method. But, the vibromotive force generated due to vibration is a problem of the vibration
method, which is eliminated by the adoption of a tuning-fork structure with two oscillator plates. The
tuning fork and two oscillator plates function as a resonance system that is a highly sensitive viscosity
sensor. The problem is eliminated by balancing the viscous resistance of the liquid and the driving
force generated in the electromagnetic unit, since the amplitude of the oscillators is always feedback-
controlled to remain constant [98]. In SV-10, the electromagnetic drive controls the vibration of the
sensor plates to maintain constant amplitude. The drive electric current, i.e. an exciting force, will be
detected as the magnitude of the viscidity produced between the sensor plates and the sample fluid.
The coefficient of viscosity is obtained by the correlation between the drive electric current and the
magnitude of the viscidity [97].

It is a widely known fact that, viscosity is very sensitive to temperature. Therefore, accurate
measurement of the temperature of the samples is very important. With SV-10 viscometer, it is
possible to measure the temperature of the sample accurately in a short period of time (since the
sample and the sensor plates have small surface area, thermal capacity reaches thermal equilibrium
only in a few seconds) [97].

Experiments are conducted in such a way that, the viscometer is calibrated before and after every
nanofluid viscosity measurement with a reference fluid (H,0), to ensure the validity of the results.

3.3.2.3. Analysis Phase

Step 11. Analyzing and interpreting the results of the experimental trials: For the analysis of the
experimental data, ANOVA and graphics showing the mean effects of the factors and/or their
interactions are used [99]. The experimental results are analyzed, and the effects of the factors and
their interactions on the quality characteristic are determined by use of ANOVA. The optimum
conditions of factors can also be determined as a Taguchi-specific step by drawing the mean effects
graphics of the regarding factors, if there is a “best scenario” defined. However, for the present
experimental investigation, the optimization of the factors and obtaining the best scenario is out of the
scope.

Step 12. Conducting confirmation experiments: This step is not required for the present
experimental investigation, since the objective of the investigation is not the optimization of the
factors and obtaining the best scenario. If the objective of the investigation involves optimization and
improvement of the process, the confirmation experiments should be done after obtaining the
ANOVA results, in order to check whether the best scenario is obtained with the optimum conditions
(levels) of the factors determined.

3.3.3. Performing the Statistical Analysis

Design of Experiments can be employed using different approaches, depending on the data collection.
When an F test is used to test a hypothesis concerning the means of three or more populations, the
technique is called ANOVA [100]. Taguchi Method can be employed to design the experiments with
standard orthogonal arrays, and the experimental data can be analyzed with ANOVA. In this Section,
the analysis procedure is handled, whereas the analysis results are presented in Chapter 4, Section 4.3.

At this point, it is useful to give an insight on the analysis procedure. Firstly, the experimental data
should be well-arranged. A sample arrangement of experimental data for a two leveled three factor
experiment is given in Table 15.
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Table 15. Arrangement template of experimental data (for a two leveled (1, 2) three factor (A, B, and
C) experiment with m repetitions)

Repetitions | Factors Al A2
Bl B2 Bl B2

1 C1l
C2
2 C1l
C2
C1l
C2
m C1l
C2

The analysis is constructed on the model selected. Among the models available, which are fixed
effects model, random effects model, and mixed effects model (the combination of the fixed effects
model and the random effects model), the fixed effects model is appropriate for the present
experimental investigation. The regarding additive model is given as Equation (47).

k
p =T+Z(ﬁi—7) (47)

In Equation (47), u is the response (the quality characteristic), CF denotes the factors, whose effects
are determined as significant on the quality characteristic through ANOVA, and T is the sum of all
observations. The sign “— upon the terms in Equation (47) denote the average of the corresponding
terms. The CF can be one or more among the following: the factors (A, B, and C), their two factor
interactions (AB, AC, and ABC), and their three factor interaction (ABC).

Detailed formulations of ANOVA are given below. The formulations (Equation (48-54)) are taken
from [92]. One can refer to [92] for more detailed explanations on calculations.

The sum of squares of the main effects of the factors is calculated for each factor (A, B, and C) using
Equations (48-50). The subscripts are provided as 1 and 2 for convenience, since each factor has two
levels. In Equations (48-50), N is the total number of observations, and n is the number of
observations for i" level of the corresponding factor.

A —A)" A% A° T2

SS, = +—=——— (48)
4 N Ny, N, N
(Bl B Bz)z Blz 322 T’

SSp=——=" = — (49)
B N ny, Ny, N
C,—C) C% C* T2

ss, =) Gl G T (50)

N ng, ng, N

The sum of squares of the two factor interactions (AB, AC and BC) are calculated through Equations
(51-53). Before providing the formulas for the calculations of SS,g, SS,c, and SSgc, it is useful to
touch on to the subtotal tables of axb, axc and bxc. Construction of these subtotal tables are not
compulsory for ANOVA calculations, but their utilization makes the calculations more clear and
easier. Sample templates for the subtotal tables of a xb, axc, and b xc tables are given in Tables 16-18.
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Table 16. Subtotal table of axb

axb Bl B2

Al Sum of.the terms Sum oflthe terms
corresponding to (A1B1) corresponding to (A1B2)

A2 Sum of.the terms Sum of_the terms
corresponding to (A2B1) corresponding to (A2B2)

Table 17. Subtotal table of axc

axc C1l C2

Al Sum of_the terms Sum of_the terms
corresponding to (A1C1) corresponding to (A1C2)

AD Sum of_the terms Sum of_the terms
corresponding to (A2C1) corresponding to (A2C2)

Table 18. Subtotal table of bxc

bxc Cl C2

B1 Sum of_the terms Sum of_the terms
corresponding to (B1C1) corresponding to (B1C2)

B2 Sum of_the terms Sum of_the terms
corresponding to (B2C1) corresponding to (B2C2)

The Sy, Suc. and Sy are calculated by using the subtotal tables (see Table 16-18) with Equations
(51-53).

_ (4B, —4B))* _(4B)* (4B)* T?

Sap = 51

AB N Tang v, N (61

(A, —AC)®  (AC)?  (AC)? T? e

ac N B Nac, Nac, N (52)
BC, — BC,)* (BC,)? (BC,)? T?

SBC=( 1 2 _(BG)* (BG)® T? 53)
N Npc, Ngc, N

The sum of squares of the three factor interaction (ABC) is calculated through Equation (54). At this
point, one can refer to the a xb xc¢ subtotal table (see Table 19).

(ABC, — ABC,)* (ABC))? (ABC,)? T?
SSABC‘: = - —_—

(54)

N LOY:Tol} LLY: Yol N

where S,5- denotes the sum of squares of the cells in the axbxc table. A sample template for the
subtotal table of axbxc is given in Table 19.
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Table 19. Subtotal table of a xb xc

axbxe Al A2
Bl B2 Bl B2

Sum of theterms | Sum of the terms Sum of the terms Sum of the terms

C1 corresponding to corresponding to corresponding to corresponding to
(A1B1C1) (A1B2C1) (A2B1C1) (A2B2C1)

Sum of the terms | Sum of the terms Sum of the terms Sum of the terms

Cc2 corresponding to corresponding to corresponding to corresponding to
(A1B1C2) (A1B2C2) (A2B1C2) (A2B2C2)

After the calculation of the sum of squares of the main effects of the factors (SS,, SSg, and SS;), their
two factor interactions (SS,g, SSac, and SSg.) and their three factor interaction (SS,5c); the sum of
squares of the error SSg should be determined using Equation (55).
SSg = SS; — (58,+5S5+SS; + SSap + SSuc + SSpc + SSupc) (55)

where the SS; denotes the total sum of squares, which is calculated using Equation (56). In Equation
(56), Y; denotes the all the observations taken (see Table 15).

N

SSp = [Z %

i=1

TZ

~ (56)

As it was mentioned in Section 3.3.1, two different hypotheses, namely the null hypothesis (H,) and
the alternative hypothesis (H,) are tested. The H, claims that there is no difference between the levels
of a particular factor, which means the effect of the factor is insignificant on the quality characteristic
at a significance level of a. The H, claims that the levels of a particular factor are different, which
means the effect of the factor is significant on the quality characteristic at a significance level of a.

At the hypothesis testing step, the a error is very important. As it was given in Figure 16 in Section
3.3.1, the a error is the probability that the null hypothesis (Ho) will be rejected, when in fact, it is true
[92]. If the « is selected as 0.05, this means that the chance of rejecting Hq when it is true is 0.05,
whereas the chance of accepting Ho when it is true is 0.95. The a error is therefore called as
significance level, as well. As it is seen from this explanation, as the a value decreases, the probability
of the correct decision and the level of analysis being sophisticated are getting higher.

The hypothesis testing involves six steps. In order to give example, these steps are explained below
for factor A, only. For all the other factors and interactions considered, the below given steps should
be followed, as well.

Step 1. Construction of the hypotheses:

At this step; two different hypotheses, i.e. the null hypothesis (Hy) and the alternative hypothesis (H,)
are employed, and the Hy is tested. If the Hq is rejected, then the H, is accepted. The Hy and H,
hypotheses are given below. The term p,, in the hypotheses statements is the average of the
observations for the each level (1, 2) of factor A.

Ho: 14, = 1a, (The effect of A is insignificant at a significance level of o)
Ha: 14, # a, (The effect of A is significant at a significance level of o)

Step 2. Determination of the test statistic: The F test is used to compare the means of the factor
levels. The F statistic is defined as the ratio of the mean square of the factor to the mean square of the
error, as in Equation (57).
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F, (57)

Step 3. Selection of the significance level:

The significance level (a) is selected. It is important to recall that, the significance level (a error) is the
probability of the acceptance of a hypothesis, which is not in fact true. Therefore, the smaller the « is,
the more sophisticated the analysis gets. As a widely used value in pure sciences and engineering
practices, a can be selected as 0.05.

Step 4. Development of the decision rule:
if Fao < Fupe ; the Hg is accepted.
if Fao > Fepie ; the H, is accepted.

Frabie is the reference value taken from the F table. For a particular factor (e.g. A) Fipe is the value
corresponding to F,, 1, v, Such as the v1 is the degree of freedom of A, and v2 is the degree of freedom

of the error (see Table 20).

Step 5. Calculations: Calculation of the test statistic F (for A: F,) is done.

Step 6. Result and decision:

If Fa < Fuapie ; the Hg is accepted.
Decision: The effect of A is insignificant at a significance level of «.

If Fa > Fuane ; the H, is accepted.
Decision: The effect of A is significant at a significance level of «.

After performing the abovementioned steps, the ANOVA table can be constructed in the form given in

Table 20.

Table 20. ANOVA: Standard table and formulas

Source of variation | SS ds MS F Frable

A SSa | dy,=a-l SSaldy, MSa/MSe Faap ap,
B SSg | dy, =b-1 SSgldy MSg/MSe Faap ap,
C SSc | dy =c-1 SSc/dy, MSc/MSe Faas af,
AB SSas deB:de. de SSag /deB MSas/MSg Fa,deB,de
AC SSac dec:de' df(: SSac /deC MSac/MSe Fa‘dec‘de
BC SSpc deC:de. dfc SSgc /deC MSgc/MSe Foa Facs s

ABC SSasc | dr, =ds,.dp dr | SSascldy, | MSasdMSe | Foq,  a

Error SSe de:dfT- deBC SSg /de

Total SSt | dp =df -1
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In Table 20, the parameters SS, d;, MS, F and Fye denote the sum of squares, degree of freedom,
mean square, the calculated F value of the factor, and the F value obtained from F table, respectively.
In addition to the aforementioned parameters, the “pure sum of squares (SS')”, which is the sum of
squares of a factor that is purified from the error, can be calculated for factor A as in Equation (58),
which will help at the estimation of the contribution (%) of the factors, as indicated in Equation (59).
The calculation is the same for the other factors, as well.

5S'y = 55, — (MS; .d; ) (58)

Ss’,

S g=24
Contribution % of ss,

(59

In this Section, the calculations and decision making procedures in ANOVA are given in detail. This
procedure is applied on the data of present experimental investigation, which is presented in Chapter
4, Section 4.3.

3.3.4. Conclusions

In this Chapter, the material and method are described, in order to construct the basis of the
experimental study and the statistical analysis presented in Chapter 4.

Regarding the material topic, information is given on the nanofluid samples used in experiments, first.
The characterization of the nanofluid samples is considered as very important, thus the zeta potential
and the particle size distribution analyses are explained in detail. Since the effects of the zeta potential
and particle size distribution are important on the colloidal behavior of nanofluids, they should be
investigated when studying nanofluid viscosity.

After the information given on the experiment samples, the methodology of the experimental study is
given, in detail. The methodology used for constructing the experimental study is DOE, which is a
very useful tool based on statistics. DOE is widely used and appreciated for a considerable time for
many fields, but its implementation for the field nanofluid viscosity is novel, to the best of the
author’s knowledge.

It is important to point out to the importance of employing DOE, since the determination of the effects
of the factors (temperature, nanoparticle volumetric fraction and nanoparticle diameter, for the present
investigation) on the quality characteristic (nanofluid viscosity and relative viscosity, for the present
investigation) will have a more solid basis with DOE, by means of the statistical results. In addition,
utilization of the statistics with experimental studies can be regarded as crucial, since statistics helps
the researchers to have a stronger understanding on the results, which considerably helps provide
valuable comments on the research.
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CHAPTER 4

EXPERIMENTAL INVESTIGATION AND STATISTICAL EVALUATION OF Al,03-H,0
NANOFLUID VISCOSITY

In this Chapter, the experimental investigation on Al,Os—H,0 nanofluid viscosity for varying
temperature, nanoparticle volumetric fraction, and nanoparticle diameter is presented, first. The
relationships between the aforementioned parameters and nanofluid viscosity and relative viscosity
are shown. The experimental study involves stability evaluation of the nanofluids, as well. After that,
the statistical evaluation of the experimental data is done. Two different correlations for the nanofluid
viscosity and relative viscosity based on the present investigation are presented. Finally, some
conclusions are drawn.

4.1. Introduction

In this Chapter, Section 4.2 is concerned with the experimental investigation on the Al,O;-H,0
nanofluid viscosity. The experimental setup and the experimental procedure of the measurement of
Al,03-H,0 nanofluid viscosity were presented in Chapter 3, in detail.

The experiments were planned with DOE before they were performed. Therefore, the current
experimental investigation is based on a systematic approach. Section 4.3 is concerned with the
statistical evaluation of the experimental data. The calculation procedure and the outputs of the
statistical evaluation are presented in detail.

4.2. Experimental Study on the Al,O3;—H,0 Nanofluid Viscosity

The viscosity of Al,0s—H,O nanofluids are measured for varying temperatures (T= 20°C, 30°C, 40°C,
and 50°C), nanoparticle volumetric fractions (p= 0.01, 0.02, and 0.03), and nanoparticle diameters
(dp= 10 nm and 30 nm). In the experiments, the 40 ml and 10 ml samples are examined. When the
viscosity of the sample is to be measured irrespective of temperature, the 40 ml samples are used,
whereas if the temperature of the sample is to be regulated, the 10 ml samples are used.

The measurements are concerned with the evaluation on the nanofluid viscosity at room temperature
(Section 4.2.1), nanofluid viscosity for varying temperatures (Section 4.2.2), nanofluid viscosity for
varying nanoparticle volumetric fractions (Section 4.2.3), and nanofluid viscosity for varying
nanoparticle diameters (Section 4.2.4). The stability of the examined nanofluids is evaluated at room
temperature for different relaxation durations. In addition to the aforementioned, the representability
of the samples, i.e. the effect of the differences in sample volumes on nanofluid viscosity is evaluated,
as well.
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4.2.1. Measurement of Al,03-H,O Nanofluid Viscosity at Room Temperature

Nanofluid viscosity measurement at room temperature is done as a starting point. The experiments
done at room temperature are concerned with the effect of ultrasonication on nanofluid viscosity, and
the evaluation of the small volume samples’ representativeness on the sample in the main container.

The effect of ultrasonication on the viscosity of nanofluids is evaluated in terms of the ultrasonication
time and power. The effect of ultrasonication on nanofluid viscosity is investigated by comparing the
viscosities of the relaxed nanofluid samples that were ultrasonicated for different durations and
powers.

The nanofluid samples examined at room temperature are of 40 ml volume. Since the nanofluids can
be poly disperse and heterogeneous, the nanoparticle fraction within the samples in the small
containers can be different than the sample in the main container. Therefore, evaluation of the
representativeness of the small volume samples is important.

4.2.1.1. Decision Making on the Ultrasonication Time and Power

In the experiments, the nanofluids are used as they were supplied. The only process done on the
nanofluid samples is the ultrasonication, by a high speed stirring of the suspension to ensure the mono
dispersed and homogeneous condition of the particles within the suspension. The ultrasonication of
the samples is applied as in Figure 22.

(] R

Figure 22. Ultrasonication of the nanofluids. The nanofluid is in the middle of the container, in which
the ultrasonication tip is submerged. The containers at the corners are full of cold water, in order to
limit the heating of the nanofluid, as a result of the ultrasonication.

It is important to obtain the optimum stability of the nanofluid samples. For this purpose, the
ultrasonication is applied to the nanofluids, and it is regulated by the ultrasonication time and power.
Therefore, the viscosity of nanofluids is investigated for different ultrasonication periods and powers
applied on the samples. The results of the investigation on the viscosities of nanofluids at room
temperature are provided below in Table 21.
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Table 21. Viscosities of d,= 10 nm and d,= 30 nm nanofluids. Effect of different ultrasonication
conditions on viscosity is shown.

After relaﬁz;cttieorn of After one night Relative difference (%)
Sample ultrasonication few hours relaxation between the first ultrasonication
(mPa.s) * ** (mPa.s) (mPa.s) and one night relaxation ***
dy= 10 nm 2.84 * 3.01 3.18 11.97
(50 ml)**>=* 2.65 ** 2.66 2.68 1.13
dp=30 nm 3.65* 4.24 4.13 13.15
(50 ml)***= 3.73 ** 3.75 3.85 3.22

* The sign indicates the ultrasonication is done for 2 minutes at 30 W.

** The sign indicates the ultrasonication is done for 2 minutes at 70 W.

*** Relative difference % = [((new value) - (reference value)) / (reference value)] * 100

**** The ultrasonication samples were more than 40 ml to make up for losses during material transfer.

The relative differences given in Table 21 show that, the nanofluids ultrasonicated for 2 minutes at 70
W are more stable than the nanofluids ultrasonicated for 2 minutes at 30 W. Therefore, the
ultrasonication to be applied on the nanofluids for the investigation is decided as 2 minutes at 70 W, in
order to ensure their stability. As a result, the samples of the temperature dependent measurements are
ultrasonicated for 2 minutes at 70 W, and used straightaway.

4.2.1.2. Viscosity of Nanofluids After Ultrasonication at Room Temperature and the Evaluation
on Sample Representability

In Section 4.2.1.1, the decision making on the ultrasonication time and power was provided. The
ultrasonication on the nanofluids was decided to be applied for 2 minutes at 70 W, since the most
stable viscosity results (with less relative difference between after ultrasonication and after one night
relaxation, see Table 21) were obtained with these ultrasonication conditions.

The viscosity of nanofluids is measured at room temperature, first. Since the possibilities of the
nanofluids being poly disperse and heterogeneous is significant, it is important to examine whether
there is a difference between the viscosities of the samples of different volumes. In order to ensure the
objectivity of the following measurements, the representability of the small volume samples of the
sample in main container, which is filled with nanofluid of 1 kg (1,1709 ml), should be evaluated. For
this purpose, whether the samples in the small containers (Figure 23b) represent the sample in the
main containers (Figure 23a) is examined. All samples other than ¢= 0.01 are examined, since the
differences are thought to be more significant for concentrated samples.
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(40 ml)

Figure 23. a) Nanofluids purchased from NanoAmor, b) Sample containers of Sine Wave Vibro
Viscometer SV-10. Adapted from [102]

The magnitudes of the viscosities of = 0.0633, 0.03, and 0.02 nanofluids are illustrated in Figure 24
and Figure 25 for d,= 10 nm and d,= 30 nm, respectively.
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H vol.fraction= 0.0633, dp=10 nm, mvol.fraction= 0.02, dp= 10 nm,

M vol.fraction= 0.03, dp= 10 nm,

V=40ml V=40 ml V=40 m!

mvol.fraction= 0.0633, dp=10 nm, B vol fraction= 0.03, dp= 10 nm, B vol.fraction= 0.02, dp= 10 nm,
V=10 ml (1) v=10ml (1) V=10 ml (1)

W vol.fraction= 0.0633, dp= 10nm, 1 vol fraction= 0.03, dp= 10 nm, ® vol.fraction= 0.02, dp= 10 nm,
V=10 ml (2) V=10 ml (2) V=10 ml (2)

M vol.fraction= 0.0633, dp= 10nm, H vol.fraction= 0.03, dp= 10 nm, M vol.fraction= 0.02, dp= 10 nm,
V=10ml (3) V=10 ml (3) V=10 ml (3)

M vol.fraction= 0.0633, dp= 10 nm,
V=10 ml (4)

M vol.fraction= 0.03, dp= 10 nm,
V=10 ml (4)

M vol.fraction= 0.02, dp= 10 nm,
V=10 ml (4)

Figure 24. The viscosities of 40 ml and 10 ml, ¢= 0.0633, 0.03, and 0.02; d,= 10 nm Al,O;-H,0

nanofluids at room temperature
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mvol.fraction= 0.0633, dp= 30 nm,
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MW vol.fraction= 0.0633, dp= 30 nm,

V=10 ml (1)
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V=10 ml (3)

mvol.fraction= 0.0633, dp= 30 nm,
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M vol.fraction= 0.03, dp= 30 nm,
V=40 ml

M vol.fraction= 0.03, dp= 30 nm,
V=10 ml (1)
vol.fraction= 0.03, dp= 30 nm,
V=10 ml (2)

M vol.fraction= 0.03, dp= 30 nm,
V=10 ml (3)

m vol.fraction= 0.03, dp= 30 nm,
V=10 ml (4)

Differentsample
volumes

M vol.fraction= 0.02, dp= 30 nm,
V=40 ml

m vol.fraction= 0.02, dp= 30 nm,
V=10 ml (1)
vol.fraction= 0.02, dp= 30 nm,
V=10 ml (2)

m vol.fraction= 0.02, dp= 30 nm,
V=10 ml (3)

M vol.fraction= 0.02, dp= 30 nm,
V=10 ml (4)

Figure 25. The viscosities of 40 ml and 10 ml, ¢= 0.0633 (a), 0.03 (b) and 0.02 (c); d,= 30 nm Al,O3—
H,O nanofluids at room temperature

In Table 22, the averages of the viscosities of the samples of 10 ml and the viscosities of the samples
of 40 ml are given with the relative differences between them.

Table 22. The representability evaluation of the samples of 10 ml on the samples of 40 ml

Sample Average* viscosity of the | Viscosity of the 40 ml Relative difference
10 ml sample sample (%) **

9= 0.0633, d,=30nm | 4.4525 4.1200 8.0704

9= 0.0633, d,=10nm | 2.7150 2.6900 0.9294

9= 0.03, d,= 30 nm 1.4450 1.5900 -9.1195

9= 0.03, d,= 10 nm 1.2775 1.3700 -6.7518

9= 0.02, d,= 30 nm 1.2700 1.3000 -2.3077

9= 0.02, d,= 10 nm 1.1100 1.0400 6.7308

* Average = [(P«sample(l) + Usample(2) T Hsample(3) T Hsample(4)) /4]
** Relative difference % = [((new value) - (reference value)) / (reference value)] * 100

As it is illustrated in Figure 24 and Figure 25 and provided in Table 22, the viscosities of the samples
of 10 ml are different from the samples of 40 ml, for the ¢= 0.02, 0.03 and 0.066, d,= 10 and 30 nm
nanofluids considered. From this point forth, it is decided to measure the viscosities of each of the 10
ml of 40 ml nanofluids prepared for each condition (this approach will be called as four repetitions for
each case, herein), and use their averages when presenting the data with graphics, to be able to obtain
more objective results.

The averages of the four measurements taken for T= 20, 30, 40, and 50°C, ¢= 0.01, 0.02, and 0.03,
and d,= 10 and 30 nm samples are presented in Table 23. Raw data of the entire experiment is
provided in Appendix F. For completeness, Table 18 presents all data used for the graphs appearing in
the next three sections, which are specifically about the effects of temperature, nanoparticle
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volumetric fraction, and nanoparticle diameter, respectively. Therefore, their discussion is not given
here.

Table 23. Experimental results for the viscosity (mPa.s) of Al,03—H,O nanofluids

dp (nm)

T (°C) o 10 30
20 0.01 1.1650 1.1475
20 0.02 1.1500 1.5425
20 0.03 1.6200 1.7850
30 0.01 0.8800 0.9700
30 0.02 0.9800 1.2250
30 0.03 1.2900 1.3900
40 0.01 0.6800 0.8050
40 0.02 0.7500 0.9800
40 0.03 1.0000 1.1900
50 0.01 0.5725 0.6425
50 0.02 0.5975 0.7150
50 0.03 0.8900 1.0025

4.2.2. Viscosity of Al,Os—H,O Nanofluids: Temperature Dependence

In this Section, the temperature dependent nanofluid viscosity is presented. In the experiments, water
is used as the reference fluid for calibration of the viscometer. Since calibration of the equipment is
very important to ensure the validity of the measurements, the measured viscosity values of water, and
the reference viscosity values of water (which are the calibration values of the viscometer) is
presented in Figure 26, to see whether the viscometer measures the viscosity of water as close as
possible to the reference viscosity values of water.

water, reference

¢ water, measured

0.6 -

0.4 -

Viscosity (mPa.s)

0 T T T T 1
10 20 30 40 50 60
T(°C)

Figure 26. The viscosity of water: reference and measured values.
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As it is seen in Figure 26, the reference viscosity values of water are very consistent with the
measurement of the viscometer, therefore the validity of the following viscosity measurements is
ensured. From this point of view, calibration of the viscometer is done before and after every
nanofluid measurement.

After the calibration of the viscometer is done, and the validity of the viscosity measurements is
ensured, the viscosity of nanofluids is investigated for varying temperatures. The temperature
dependent nanofluid viscosity is illustrated in Figure 27.
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Figure 27. Nanofluid viscosity for varying temperature. Each marker represents the average of the
four measurements. The grey dashed lines are the fitted exponential curves.

The experimental results of nanofluid viscosity presented in Figure 27 show that, the viscosity of
nanofluids significantly decrease with increasing temperature. When the decrements in viscosities
with increasing temperatures are fitted to representative curves, it is seen that exponential
relationships between the nanofluid viscosity and temperature explain all the cases very well.
Therefore, it can be concluded that, the viscosity of nanofluids decreases exponentially with
increasing temperature.

The relative viscosity variation with temperature is illustrated in Figure 28.
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Figure 28. Relative viscosity for varying temperature. Each marker represents the average of the four
measurements.

As it is seen in Figure 28, the variation of relative viscosity with temperature does not follow a
classical trend, therefore for the current case, it is independent of temperature. In addition, as it was
mentioned in Section 2.3.4, explaining the temperature dependence of relative viscosity may not be as
simple as the temperature dependence of the nanofluid viscosity, since both the nanofluid and base
fluid viscosities depend strongly on temperature.

4.2.3. Viscosity of Al,Os—H,O Nanofluids: Nanoparticle Volumetric Fraction Dependence

In this Section, the nanoparticle volumetric fraction dependent nanofluid viscosity is presented. The
nanofluid viscosity for varying nanoparticle volumetric fraction is illustrated in Figure 29.
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Figure 29. Nanofluid viscosity for varying nanoparticle volumetric fraction. Each marker represents
the average of the four measurements.

The experimental results presented in Figure 29 show that, the viscosity of nanofluids increases with
increasing nanoparticle volumetric fraction. It is an expected result, since the viscosity of suspensions
(also the conventional ones) is expected to increase with increasing solid content. But, the viscosities
of the present nanofluids are within moderate levels, can be considered as acceptable, and can be
compensated, if needed. Since, the stability of the nanofluids of the present investigation are found to
be very high, unusual increases in nanofluid viscosity due to the phenomena such as the increased
nanoparticle aggregation and/or sedimentation are not expected, and not observed.

The experimental results illustrated in Figure 29 lead to a further discussion on the amount of the

viscosity increment obtained. The relative viscosity values are presented in Figure 30 for varying
nanoparticle volumetric fraction.

67



4
* ® T=20C, dp= 10 nm
13 . © T=20C, dp= 30 nm
~ Q ) ® T=30C, dp=10 nm
ﬁf 1.5 A @ T=30C, dp= 30 nm
3 ® T=40C, dp= 10 nm
L 2 ® T=40C, dp=30 nm
( ] ® T=50C, dp=10 nm
. @ T=50C, dp=30nm
o
1+ T T T |
0.01 0.015 0.02 0.025 0.03
@

Figure 30. Relative viscosity for varying nanoparticle volumetric fraction. Each marker represents the
average of the four measurements.

As it is seen in the Figure 30, the relative viscosity increases with increasing nanoparticle volumetric
fraction and greater than 1 for each case considered, meaning the viscosity of examined nanofluids are
higher than the viscosity of base fluid (water). The maximum viscosity increment obtained is about
1.83 times of the viscosity of water (for T= 40°C and d,= 30 nm), which can be considered as not very
critical in terms of pressure drop considerations, unless the application is very sensitive to the
increment of viscosity.

4.2.4. Viscosity of Al,Os—H,O Nanofluids: Nanoparticle Diameter Dependence

In this Section, the nanoparticle diameter dependent nanofluid viscosity is presented. The nanofluid
viscosity for varying nanoparticle diameter is illustrated in Figure 31.
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Figure 31. Nanofluid viscosity for varying nanoparticle diameter. Each marker represents the average
of the four measurements.

The nanofluid viscosity literature on the nanoparticle diameter dependence is very inconsistent.
However, the experimental results presented in Figure 31 shows that, the viscosity of nanofluids
slightly increases with increasing nanoparticle diameter.
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Figure 32. Relative viscosity for varying nanoparticle diameter. Each marker represents the average
of the four measurements.
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The relative viscosity data are presented in Figure 32 for varying nanoparticle diameter. As it is seen
in the Figure, the relative viscosity generally increases with increasing nanoparticle diameter (only the
relative viscosity of T= 20°C and ¢= 0.01 nanofluid does not show any increment with d,), and greater
than 1 for each case considered, meaning the viscosity of examined nanofluids are higher than the
viscosity of base fluid (water).

The relative viscosity increment (in general) with increasing nanoparticle diameter may be attributed
to the termination of the existing similarity of nanofluid with the base fluid (no solid content within).
As the nanofluid contains larger-sized particles, the nanofluid differs more from the base fluid, and the
increment obtained in viscosity gets higher.

4.2.5. Improvements Attempted on the Experimental Process

The efficiency evaluation of the equipments used in experiments is out of the scope of the present
investigation. However, brainstorming on the improvements that can be done on the experimental
process is considered as necessary. Since the experiments are highly dependent on the temperature,
temperature related losses are very significant during the experiments.

The experiments are done at 20°C, 30°C, 40°C and 50°C, most of which are significantly higher than
the room temperature in winter conditions, when the experiments were performed. Thus, stabilizing
the temperature of the sample, and limiting the heat losses to the environment is a difficult task. In
addition, instabilities of temperature can result in instabilities in the results. In order to stabilize the
temperature as much as possible, the following are done.

- The water jacket (see Figure 23) placed in the measurement unit is insulated using black foam
insulation, and a rubber/silicon flexible pipe is used to connect the water bath and water jacket around
the sample container (see Figure 33).

Figure 33. Insulated water jacket of the measurement unit

- The samples are stored at the examination temperature, as much as possible. For this purpose, the
samples in glass bottles are submerged in large containers filled with hot water, whose temperature is
near the examination temperature (see Figure 34).
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Figure 34. Nanofluid samples placed in hot water filled containers. a) nanofluid sample in a dark
coloured glass bottle, b) nanofluid sample of 40 ml in sample container

- The evaporation of the sample is very significant, especially at around 40°C and 50°C (see Figure 35
for the sample stored in a sample cup, which was previously closed with a paper folio). Therefore, all
nanofluids used in experiments are stored in dark colored closed bottles (as in Figure 12 and 34(a)).

Figure 35. Evaporated nanofluids: stored in room condition for two weeks

The brainstorming done for the improvements attempted on the experimental study is considered as
important, since developing an understanding of the experimental setup and experimental procedure
helps conduct the experiments with minimum expense on both cost and time, in addition to its help on
commenting on the results.

4.3. Statistical Evaluation on the Al,0s-H,0O Nanofluid Viscosity and Relative Viscosity

The detailed information and the calculation procedure of the statistical analysis done on the
experimental data were given in Section 3.3. To mention briefly, the experiments were designed with
Taguchi Method, and the Lg standard orthogonal array was selected for the arrangement of
experiments. The algorithm given in Section 3.3.2 was followed and the ANOVA results are showing
the effects of the temperature, nanoparticle volumetric fraction, and nanoparticle diameter on
nanofluid viscosity.
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As it can be recalled from Section 3.3.2.1, ANOVA results show the effects of the factors (i.e. A:
temperature, B: nanoparticle volumetric fraction and C: nanoparticle diameter) on the quality
characteristic (i.e. nanofluid viscosity, and relative viscosity). The comparison of the magnitude
(importance) of these parameters’ effects on the quality characteristic is also possible.

From this point of view, it is decided to compare whether the minimum and maximum values of the
factors (i.e. 20°C and 50°C for temperature (A), 0.01 and 0.03 for nanoparticle volumetric fraction (B),
and 10 nm and 30 nm for nanoparticle diameter (C)) make any difference on the nanofluid viscosity
and relative viscosity, first. The reason of this decision is to enhance the resolution and applicability
of the experimental results. The results of the analysis on the nanofluid viscosity are presented in
Section 4.3.1, whereas the results of the analysis on the relative viscosity are presented in Section
4.3.2.

In consequence of the statistical analyses presented in Section 4.3.1 and Section 4.3.2, new
correlations for the nanofluid viscosity and relative viscosity are suggested in Section 4.3.3 and
Section 4.3.4, respectively.

4.3.1. Statistical Evaluation of the Nanofluid Viscosity: Analysis Results

The ANOVA results showing the effects of temperature (A), nanoparticle volumetric fraction (B),
nanoparticle diameter (C), and their two and three factor interactions on the nanofluid viscosity, at a
significance level of a= 0.05, are given in Table 24. The data entering to the program for ANOVA is
provided in Table 38 in Appendix E.

Table 24. ANOVA results for the nanofluid viscosity

Source of variation SS ds MS F Ftabie Significant effect ? o
A 3.40605 1 3.40605 | 533.237 | 4.26 YES 5%
B 1.56645 1 1.56645 | 245.237 | 4.26 YES
C 0.05445 1 0.05445 | 8.524 | 4.26 YES
AB 0.08611 1 0.08611 | 13.481 | 4.26 YES
AC 0.00061 1 0.00061 | 0.096 | 4.26 NO
BC 0.02531 1 0.02531 | 3.963 | 4.26 NO
ABC 0.00980 1 0.00980 | 1.534 | 4.26 NO
Error 0.15330 | 24 | 0.00639
Total 5.30209 | 31 | 3.40605

As a reminder, in Table 24, SS is the sum of squares of the regarding terms (see Section 3.3.3 for the
calculation procedure), d; is the degree of freedom of the regarding factor (which is 1 less than its
number of levels), MS is the mean square of the regarding terms and defined as the ratio of SS to d.
For a particular factor (here, let the factor be A), F is the ratio of the MS of factor A to the MS of the
error (i.e. FA=MSA/MSE). Frable: which is defined as

@ oceor e in Table 20 of Section 3.3.3, is a standard value taken from the F table [101]. For the

case in Table 19, the d; of all the factors and interactions is 4.26, which is the value corresponds to a=
0.05, d; =1 and de:24. For the cases when F > Fyy the effect of the factor is significant.
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As it was mentioned in Section 3.3.2.3 that, the mean effects graphics of the factors are used to
determine the optimum conditions of the regarding factors, if there is a “best scenario” defined. Since
the determination of the optimum values of the factors are out of the scope of the present
investigation, the main effects graphics are provided in Figure 36 to visualize the general trend.
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Figure 36. Main effects graphics corresponding the effects of A, B, C, AB, AC and BC on the
nanofluid viscosity. The factors on the figures are: A: temperature, B: nanoparticle volumetric fraction,
C: nanoparticle diameter, AB: two factor interaction of A and B, AC: two factor interaction of A and C,

BC: two factor interaction of B and C

The decision on the significance of the effect of a factor is based on the comparison of the F value of
the factor with Fype. As can be recalled from Section 3.3.3, if F > Fyy.e, the effect of the factor is
significant at that significance level («).

From the results presented in Table 24, the following can be concluded:

- The main effects of A (temperature), B (nanoparticle volumetric fraction), and C (nanoparticle
diameter) on the nanofluid viscosity are significant. The importance of the main effects of the factors
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on the nanofluid viscosity can be described from high to low sequence as: A > B > C (because the F
values of the regarding factors are: Fa>Fg>Fc).

- The effect of AB interaction is significant on the nanofluid viscosity. Meaning, the effect of the A
(temperature) on nanofluid viscosity for varying B (nanoparticle volumetric fraction) does not follow
the same trend for all B (hanoparticle volumetric fractions) considered, or vice versa. As the
temperature increases, the interaction of the molecules, thus, particles (due to their similar size range
at the nanometer scale) increases; and as the nanoparticle volumetric fraction increases, the
nanoparticle aggregation tendency also increases, which both can explain the physical mechanisms
behind the significance of the AB interaction.

In addition to the aforementioned results from the ANOVA, the contributions (%) of the effects of A,
B, C, AB, AC, BC, and ABC on the nanofluid viscosity can be obtained calculating SS' (the pure sum
of squares: the sum of squares of a factor that is purified from the error) first, using Equation (58) and
Equation (59) in Section 3.3.3. The SS' values and contributions (%) of A, B, C, AB, AC, BC and ABC
to the nanofluid viscosity are provided in Table 25.

Table 25. SS' values and contributions (%) of A, B, C, AB, AC, BC and ABC to the nanofluid viscosity

Source of variation SS' Contribution %
A 3.39966 64.1
B 1.56006 29.4
AB 0.07973 15
C 0.04806 0.9
AC -0.00577 0.1
BC 0.01893 0.4
ABC 0.00341 0.1
Error 3.7
Total

As it is seen in Table 25, the factor A (temperature) has the highest contribution to the nanofluid
viscosity and, B (nanoparticle volumetric fraction), AB (two factor interaction of temperature and
nanoparticle volumetric fraction) and C (nanoparticle diameter) follow it. Negative and/or small
contribution values imply that the corresponding term(s) may be disregarded from the calculation of

Hng-

4.3.2. Statistical Evaluation of the Relative Viscosity: Analysis Results

The ANOVA results showing the effects of temperature (A), nanoparticle volumetric fraction (B),
nanoparticle diameter (C) and their two and three factor interactions on the relative viscosity, at a
significance level of a= 0.05, are given in Table 26. The data entering to the program for ANOVA is
provided in Table 39 in Appendix E.
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Table 26. ANOVA results for the relative viscosity

Source of variation SS ds MS F Finie | Significanteffect? | «
A 0.00228 | 1 | 0.00228 | 0.20600 4.26 NO 5%
B 2.70123 | 1 | 2.70123 | 244.25346 | 4.26 YES
C 0.11487 | 1 | 0.11487 | 10.38717 | 4.26 YES
AB 0.00970 | 1 | 0.00970 | 0.87754 4.26 NO
AC 0.01699 | 1 | 0.01699 | 1.53598 4.26 NO
BC 0.03374 | 1 | 0.03374 | 3.05096 4.26 NO
ABC 0.00554 | 1 | 0.00554 | 0.50062 4.26 NO
Error 0.26542 | 24 | 0.01106
Total 3.14977 | 31

Brief information regarding the parameters and their calculations (referring to Section 3.3.3) was
provided right after Table 24, therefore will not be repeated here.

As it was mentioned in Section 3.3.2.3 as well as in the Section 4.3.1 that, the mean effects graphics
of the factors are used to determine the optimum conditions of the regarding factors, if there is a “best
scenario” defined. Since the determination of the optimum values of the factors are out of the scope of
the present investigation, the main effects graphics factors are provided in Figure 37 to visualize the
general trend.
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Effect of AC interaction Effect of BC interaction
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Figure 37. Main effects graphics corresponding the effects of A, B, C, AB, AC and BC on the relative
viscosity. The factors on the figure are: A: temperature, B: nanoparticle volumetric fraction, C:
nanoparticle diameter, AB: two factor interaction of A and B, AC: two factor interaction of A and C,
BC: two factor interaction of B and C

The effect of a factor is considered as significant if F > Fye at that significance level (o).
From the results presented in Table 26, the following can be concluded:

- The main effects of B and C on the relative viscosity are significant. The importance of the main
effects of the factors on the relative viscosity can be described from high to low sequence as: B > C
(because the F values of the regarding factors are: Fg>F¢).

- The effect of two-factor and three-factor interactions are not significant on the relative viscosity.

In addition to the aforementioned results from the ANOVA, the contributions of the effects of A, B, C,
AB, AC, BC, and ABC on the relative viscosity is obtained calculating SS' (the pure sum of squares:
the sum of squares of a factor that is purified from the error) first, using Equation (58) and Equation
(59) in Section 3.3.3. The SS' values and contributions (%) of A, B, C, AB, AC, BC and ABC to the
relative viscosity are provided in Table 27.

Table 27. SS' values and contributions (%) of A, B, C, AB, AC, BC and ABC to the relative viscosity

Source of variation Ss' Contribution %
A -0.00878 -0.3
B 2.69017 85.4
AB -0.00135 0
C 0.10381 3.3
AC 0.00593 0.2
BC 0.02268 0.7
ABC -0.00552 -0.2
Error 10.9
Total

As it is seen in Table 27, the factor B (nanoparticle volumetric fraction) has the highest contribution to
the nanofluid relative viscosity and, C (nanoparticle diameter) and BC (two factor interaction of
nanoparticle volumetric fraction and nanoparticle diameter) follow it. As it was mentioned in Section
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4.3.1., negative and/or small contribution values imply that the corresponding term(s) may be
disregarded from the calculation of y,..

4.3.3. New Correlation for Nanofluid Viscosity

The results of ANOVA (see Table 24) showed the effects of the factors on nanofluid viscosity. If one
defines the viscosity of nanofluids based on the statistical analysis, the right approach is to define it by
means of the parameters that have significant effect on nanofluid viscosity. As it can be recalled from
Table 24, the effects of A, B, C, and AB are significant, whereas AC, BC, and ABC are insignificant on
nanofluid viscosity at «=0.05. From this point of view, the correlation to be presented for the
nanofluid viscosity based on the present experimental investigation will be dependent on A, B, C and
AB.

Based on the present experimental investigation, the resulting nanofluid viscosity correlation is
expressed below as Equation (60) in terms of the factors’ names (i.e. A, B, C, and AB). These types of
equations are called as “coded” equations, and while using the coded equations, one should substitute
the levels (1 and 2) of the terms (e.g. factors: A, B, C; and their interactions: AB, AC, BC, and ABC)
into the coded equation, rather than substituting the actual values of the factors (i.e. to calculate the
nanofluid viscosity for T=20°C, ¢= 0.01 and d,= 10, one should substitute 1, 1, and 1, respectively for
A, Band C in Equation (60)).

(tns) = 0.8275 — 0.34134 + 0.7538B + 0.0825C — 0.2075AB (60)
coded

As a post-processing step, the “uncoded” equation is developed for the calculation of the nanofluid
viscosity directly by substituting the actual values of the factors. For the development of the uncoded
equation, the coefficients of the Equation (60) should be converted appropriately. The conversion is
provided with Equation (61) for factor A, and the conversion for the other factors should be done in
the same way (see [91] for details).

A _ Aactual - [(Ahigh + Alow)/z] (61)
coded (Ahigh - Alow)/2

In Equation (61), Acoged and Aacuar denote the coefficient of A in the coded and uncoded equation,
respectively; whereas Ayign and Ay, are the values of the factor A, which correspond to its high and
low levels (i.e. T= 20 and 50°C). Calculating the actual values of the coefficients of the factors using
Equation (61) for the each term in Equation (60); the Equation (60), which is coded, can be converted
to its uncoded version. The uncoded nanofluid viscosity correlation is presented below as Equation
(62).

(“nf )

As a reminder, in Equation (62), T, ¢, and d, are the temperature (°C), nanoparticle volumetric
fraction, and nanoparticle diameter (nm), respectively. Equation (62) can be used for different values
of T, ¢, and d, provided they are within the intervals, i.e. for T: 20-50 °C, ¢: 0.01-0.03, and d,: 10-30
nm.

= 1.0973 — 0.0148T + 34.2292¢ + 0.0041d,, — 0.3458T ¢ (62)

uncoded

The estimations of the Equation (62) for the nanofluid viscosity for the each level of the factors A, B,
and C are provided in Table 28 with the collected experimental data (in mPa.s) and the calculated
relative differences between them.
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Table 28. The estimations of nanofluid viscosity with Equation (62) with the measured values and
relative differences (%)

A (°C) 1200 [1(0) [1(0) [1(0) [2(0) [2(0) [2(50) [2(50)
B 1(0.01) [1(0.01) [2(0.03) |2(0.03) |1(0.01) | 1(0.01) |2(0.03) |2(0.03)
C (nm) 1(10) |2 (30) 1(10) [2@0) [1(10) [2(@B0) [1(10) |2(30)
MUnf

estimate | 1.115 1.198 1.661 1.744 0.566 0.649 0.905 0.988
(mPa.s)

Hn

m:aasured 1.165 1.148 1.620 1.785 0.573 0.643 0.890 1.003
(mPa.s)

%

difference™ -4.292 4.355 2.531 -2.297 -1.222 0.933 1.685 -1.496

* Relative difference % = [((new value) - (reference value)) / (reference value)] * 100

In Figure 38, the estimations obtained from Equation (62) and the experimental nanofluid viscosity
data are compared, in order to see the representability of Equation (62) on the experimental data of
present investigation.
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Figure 38. The comparison of the estimations of Equation (62) with the measured nanofluid viscosity

When interpreting the results illustrated in Figure 38, it should be noted that, if the number of values
on the y = x line (or close to y = x line) is high, the measured values and the estimated values (using
Equation (62)) are in a good agreement. As it is seen in Figure 38, the measured nanofluid viscosity
and the estimated nanofluid viscosity values are in a very good agreement, which also can be
explained in terms of the linear fit that represents the measured data (y = 0.9935x+0.007, R? = 0.9931)
being very close to the y = x reference line. Therefore, the validity of Equation (62) for the

experimental data of the present investigation is very high.
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4.3.4. New Correlation for Relative Viscosity

The results of ANOVA (see Table 26) showed the effects of the factors on relative viscosity. As it was
emphasized in Section 4.3.3, the resulting correlation should be dependent on the parameters, which
have significant effect on relative viscosity. As can be recalled from Table 26, the effects of B and C
are significant, whereas A, AB, AC, BC, and ABC are insignificant on relative viscosity at 0=0.05.
From this point of view, the correlation to be presented for the relative viscosity based on the present
experimental investigation will be dependent on B and C.

Based on the present experimental investigation, the resulting relative viscosity correlation in its
coded form is expressed below as Equation (63) in terms of the factors’ names (i.e. A, B, and C). Even
though the factor A appeared to be insignificant based on the results of ANOVA (see Table 26), in
order to make comparison obtained relative viscosity with estimated relative viscosity and compliance
with operating conditions being used in experimental setup in terms of T, ¢ , and dj, the factor A is
included in Equation (63). As a reminder, Equation (63) can be used by substituting the levels (1 and
2) of the factors (A, B and C), since it is in coded form.

() codea = 0.3949 — 0.01694 + 0.5811B + 0.1198C (63)

Equation (63) can be converted its’ uncoded form using Equation (61). Explanations on the
conversion of the coded equations to uncoded equations were provided in Section 4.3.3., therefore will
not be repeated here.

The uncoded correlation for the relative viscosity nanofluids, in which the actual values of the factors
can be substituted directly, is expressed below as Equation (64).

(i) uncodea = 0.739716 — 0.000563T + 29.054¢ + 0.006d,, (64)

As a reminder, in Equation (64), ¢, and d, are the nanoparticle volumetric fraction, and nanoparticle
diameter (in nm), respectively. Equation (64) can be used for the estimation of the relative viscosity
for different values of ¢, and d, provided they are within the intervals, i.e. for ¢: 0.01-0.03, and d,:
10-30 nm.

The estimations of the Equation (64) for the relative viscosity for the each level of the factors A, B,
and C are provided in Table 29, with the collected experimental data and the calculated relative
differences between them.

Table 29. The estimations of relative viscosity with Equation (64) with the values obtained from the
experiments and the relative differences (%)

A (°C) 1 (20) 1 (20) 1 (20) 1 (20) 2 (50) 2 (50) 2 (50) 2 (50)

B 1(0.01) | 1(0.01) 2 (0.03) 2 (0.03) 1(0.01) 1(0.01) 2 (0.03) 2
(0.03)

C (nm) 1 (10) 2 (30) 1(10) 2 (30) 1 (10) 2 (30) 1 (10) 2 (30)

Mr

estimate 1.079 1.199 1.660 1.780 1.062 1.182 1.643 1.763

Hr 1.165 1.148 1.620 1.785 1.041 1.168 1.618 1.823

obtained

%

difference* -7.382 4.443 2.469 -0.28 2.017 1.199 1.545 -3.291

* Relative difference % = [((new value) - (reference value)) / (reference value)] * 100

In Figure 39, the estimations of Equation (64) and the relative viscosity data obtained from the
experiments are compared, in order to see the representability of the Equation (64) on the relative
viscosity data of present investigation.
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Figure 39. The comparison of the estimations of Equation (64) with the obtained relative viscosity

Interpretation of the Figure 39 was explained under Figure 38 in Section 4.3.3, therefore will not be
repeated here. Figure 39 shows that, the obtained relative viscosity and the estimated relative viscosity
values (using Equation (64)) are in a very good agreement. The linear fit that represents the obtained
data (y = 0.9771x+0.0325, R?= 0.9771) is very close to the y= x reference line. Therefore, the validity
of Equation (64) for the experimental data of the present investigation is very high.

4.4, Conclusions

In this Section, the conclusions arising from the experimental study and statistical evaluation are
presented.

Regarding the Al,O3;—H,0 nanofluid viscosity, the following were observed:

- The nanofluid viscosity decreases exponentially with increasing temperature.

- The nanofluid viscosity slightly increases with increasing nanoparticle volumetric fraction.
- The nanofluid viscosity increases with increasing nanoparticle diameter.

Regarding the relative viscosity of Al,0s—H,O nanofluids, the following were observed:

- The relative viscosity variation with increasing temperature does not follow a classical trend, since
the viscosity of base fluid is also highly dependent on temperature.

- The relative viscosity increased with increasing nanoparticle volumetric fraction.
- The nanofluid viscosity generally increases with increasing nanoparticle diameter.

Regarding the statistical analysis performed on the Al,0s;-H,O nanofluid viscosity and relative
viscosity data, the following can be concluded:

- The effects of temperature, nanoparticle volumetric fraction, nanoparticle diameter, and the
interaction of temperature and nanoparticle volumetric fraction are significant on nanofluid viscosity
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at «=0.05 (for a confidence interval of 95%). The physical mechanisms explaining the significance of
the interaction was explained in Section 4.3.1.

- When the resolution of the confidence interval for the nanofluid viscosity is lowered to 94%, i.e. by
taking «=0.06, the effect of the interaction of nanoparticle volumetric fraction and nanoparticle
diameter is significant on nanofluid viscosity, as well. Here, the physical mechanism beyond this
interaction may be due to the increased nanoparticle aggregation with increasing nanoparticle
volumetric fraction and/or increased nanoparticle diameter.

- The effects of nanoparticle volumetric fraction and nanoparticle diameter are significant on relative
viscosity a=0.05.

- When the resolution of the confidence interval for the nanofluid viscosity is lowered to 90%, (i.e. by
taking «=0.10), the effect of the interaction of nanoparticle volumetric fraction and nanoparticle
diameter is significant on relative viscosity, as well. The interpretation of the significance of the
interaction effect of nanoparticle volumetric fraction and nanoparticle diameter on relative viscosity
was done for nanofluid viscosity at a=0.06 case above, therefore not repeated here.

Additionally, two new correlations were proposed for the Al,O;—H,O nanofluid viscosity (see
Equation (62)) and relative viscosity (see Equation (64)).
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CHAPTER 5

DISCUSSION

In this Chapter, the findings of the present experimental investigation are discussed in terms of the
comparisons with the findings of the relevant studies in literature. The comparison is considered as
very important, since it strengthens pointing out the inconsistencies in literature. In addition to the
comparisons, some important points of the present investigation regarding the material and method
are emphasized. Finally, some conclusions are drawn.

5.1. Introduction

The inconsistencies in nanofluid viscosity literature are abundant. The reasons for the inconsistencies
are still not fully attributed to certain factors and/or mechanisms; therefore developing an epistemic
understanding on the results is of great importance. For this purpose, discussion of the results is
critical, since it may lead researchers to point out the possible reasons for the regarding
inconsistencies.

In this Chapter, the data of the present investigation are compared with the data of the relevant studies
selected from literature. The comparisons are done on the data collected at ambient (room)
temperature (mostly) in Section 5.2.1, at varying temperatures in Section 5.2.2 for ¢= 0.01, 0.02 and
0.03 nanofluids, and with Einstein Model [24] as a Classical Model in Section 5.2.3. The nanofluid
viscosity data of both the present investigation and selected studies from literature are illustrated with
graphs, as well. Some of the factors that are possibly responsible for the inconsistencies between the
findings of the studies are suggested.

In addition to the aforementioned, some important points of the present investigation are emphasized
in Section 5.3.

5.2. Comparison of the Experimental Data of the Present Study with Literature

In the present investigation, the experimental data collected for the viscosity of Al,Oz—H,O nanofluids
are compared with the relevant studies in literature. The studies to be used for the comparisons are
selected from the literature survey given in Section 2.2.2 in Chapter 2 (see Table 5). Only the studies
concerned with the viscosity of Al,0s;—H,O nanofluids are considered, in order to enhance the
sensitivity of the comparisons, since the effect of the nanoparticle material on nanofluid viscosity is
shown as significant in the benchmark study presented in Section 2.3 in Chapter 2, and the effect of
base fluid can be considered as significant as well, since it is the biggest component of a nanofluid.

The Section 5.2.1 is concerned with the comparison for the ambient temperature (mostly), whereas the
Section 5.2.2 is concerned with the comparison for varying temperatures. In the graphs presented, the
labels, which have the phrase “experimental data” in their names with black markers, are the data
collected in the present experimental investigation.
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5.2.1. Comparison for the Ambient (Room) Temperature

The experimental data of the present investigation for the Al,03—H,O nanofluids of d,= 10 nm and
dp= 30 nm are compared with the relevant studies in literature, for ambient temperature condition
(mostly), in Figure 40. Only the data of Wang et al. [38] is not known to be collected at ambient
temperature, since there is no information given regarding the temperature of the measurements.

4
A .
@ experimental data, dp= 10 nm, T= 20C
1 “ M experimental data, dp= 30 nm, T= 20C
A Turgut, 2010 [97], dp= 25 nm, T= 20C
O Pastoriza-Gallego et al., 2009 [60], S1,
A dp= 43 (+- 23) nm, T= 20C
& Pastoriza-Gallego et al., 2009 [60], S3,
—_
el dp=8 (+ - 3) nm, T= 20C
©
a. @ Lee et al,, 2008 [51], dp= 30 (+ - 5) nm,
é h o T=21C
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o A © Chandrasekar et al., 2010 [65], dp= 43
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X Cx Nguyen et al., 2007 [46], dp= 36 nm, T=
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Figure 40. Comparison of Al,0s—H,0O nanofluid viscosity data at ambient temperature, mostly. The
markers represent the averages of the four measurements taken at the same condition for the present
investigation, and the data presented in literature.

The comparison between the Al,Os—H,O nanofluid viscosity data between the present investigation
and the selected data from literature (for a relevant interval of nanoparticle volumetric fraction to the
present experimental investigation, i.e. = 0 to 0.04) is provided in Figure 40. Since it is more
convenient for the illustration, the vertical axis is set as logarithmic.

As it is seen in Figure 40, the inconsistencies between the whole data are abundant. While the data
presented in some of the studies are quite close to the data of the present investigation, there is no
exact agreement between the data. The results arising from the comparison given in Figure 40 are
specified below.

- The closest agreements observed are between the data of the present investigation (d,= 10 nm) and
the data of Chandrasekar et al. [65] (d,= 43nm); the data of the present investigation (d,= 30 nm) and
the data of Pastoriza-Gallego et al. [60] (S3, d, = 8+3 nm). Although the examined nanofluids in the
corresponding studies differ in terms of the nanoparticle diameter, the viscosity values are quite close.
The inconsistencies on the nanoparticle sizes certainly deserve attention.
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- The data of Turgut [97] is higher; the data of Pastoriza-Gallego et al. [60] (S1, d, = 43 + 23 nm) and
Wang et al. [38] are close (for = 0.01 and 0.02) to the experimental data of the present investigation
(dp=10 nm); and the data of Nguyen et al. [46] are lower than the experimental data (d,= 10 nm and
dp= 30 nm) of the present investigation.

- The disagreement between the results gets more pronounced as the nanoparticle volumetric fraction
increases. As the nanoparticle volumetric fraction increases, the nanofluid gets more concentrated,
thus the classical theories presented for relatively dilute suspensions (for Classical Models, see Table
5 in Chapter 2; for discussion and comparison with the experimental data, see Section 5.2.3) become
insufficient on estimating the nanofluid viscosity. From the perspective of classical theories, El¢ioglu
et al. [18] showed that, the underestimation of some of the Classical Models are more pronounced for
increasing nanoparticle volumetric fraction, for which the aggregation tendency of the nanoparticles
increases, therefore the classical theories assuming non-interacting particles (i.e. Einstein Model [24])
mostly give erroneous results.

The inconsistencies in literature are more abundant than the data presented only for Al,0;—H,0O
nanofluids presented in Figure 40. The inconsistencies, which lead wide range of experimental results,
are possibly due to uncontrolled parameters, such as nanofluid stability, (related to nanoparticle
aggregation, use of surfactants, etc.). For example, the data of Lee et al. [51], which were collected at
low nanoparticle volumetric fractions (¢= 0.0001-0.003), are significantly higher than the data
collected in the present investigation, although they belong to dp,= 30 + 5 nm Al,03;—H,0 nanofluids
(But, Lee et al. [51] reported that, most of the nanoparticles’ sizes were smaller than 30 nm, and there
were a few aggregates.).

The possible reasons that can be regarded as responsible for these inconsistencies are not exactly
specified in literature. In addition to the aforementioned, required information on the interpretation of
the results are also mostly missing.

5.2.2. Comparison for Varying Temperature

The experimental data of the present investigation for the Al,03—H,O nanofluids of d,= 10 nm and
dp= 30 nm are compared with the relevant studies in literature, for varying temperature condition, in
Figure 41. Since it is more convenient for the illustration, the comparisons are given separately for ¢p=
0.01, 0.02 and 0.03 nanofluids in Figure 41 (for = 0.01 nanofluids, see the graph presented below;
for ¢=0.02 and 0.03 nanofluids, see the following graphs presented in the next page).
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Figure 41. Comparison of Al,0s—H,O nanofluid viscosity data for varying temperature. From top to
bottom, the graphs belong to the nanofluids of = 0.01, 0.02, and 0.03. The markers represent the
average of the four measurements taken at the same condition for the present investigation, and the
data presented in literature.

In Figure 41, the experimental data (for = 0.01, 0.02, and 0.03) of the present investigation are
compared with the data of the relevant studies in literature, for varying temperatures, for a relevant
interval of temperature. As it is seen in Figure 41, some of the data presented for ¢p= 0.01, 0.02, and
0.03 nanofluids are pretty close to the data collected from literature. Nevertheless, there is no exact
agreement between the data. The results arising from the comparison given in Figure 41 are specified
below.

- For all the nanofluids of = 0.01, 0.02 and 0.03 considered, the data of Turgut [97] is significantly
greater than the data of the present investigation.

- Regarding the ¢= 0.01 Al,03;—H,0 nanofluid viscosity data, it is observed that, the data of Nguyen et
al. [46] are quite close to the data of the present investigation for the d,= 10 nm and 30 nm nanofluids,
whereas the data of Pastoriza-Gallego et al. [60] for S1 (dy=43 + 23 nm) and S3 (d,= 8 + 3 nm) are in
a relatively good agreement with the data of the present investigation for the nanofluids of d,= 10 nm
and 30 nm, respectively.

- Regarding the ¢= 0.02 Al,05—H,0O nanofluid viscosity data for d,= 10 nm, it is observed that the
data of Pastoriza-Gallego et al., [60] for S1 (d,= 43 + 23 nm) are in an agreement with the
experimental data for d,= 10 nm nanofluids of the present investigation. The data of Pastoriza-Gallego
et al. [60] for S2 (dp= 8 + 3 nm) are in an agreement with the experimental data for d,= 30 nm
nanofluids of the present investigation.

- Regarding the ¢= 0.03 Al,05—H,0O nanofluid viscosity data for d,= 10 nm, it is observed that the

data of Pastoriza-Gallego et al. [60] for S2 (d,= 8+ 3 nm) are quite close to the data of the present
experimental investigation.
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- It should be noted that, the most significant agreement is observed for = 0.01 nanofluids, for which
the unforeseen behavior is less compared to ¢= 0.02 and ¢= 0.03 nanofluids. This issue can be
interpreted to the tendency of the nanoparticles to interact as the nanoparticle volume fraction
increases. Therefore, the disagreements for the more concentrated nanofluids are relatively acceptable
compared to the dilute nanofluids.

5.2.3. Comparison Between the Experimental Data and Classical Models

The experimental data of the present investigation for the Al,03—H,O nanofluids of d,= 10 nm and
dp= 30 nm are compared with Einstein Model [24] as one of the Classical Models, for varying
temperature condition, in Figure 42. Only the predictions of Einstein Model are compared with the
data of the present investigation, since the predictions of some Classical Models are shown to be very
close to each other (see Table 4).

= e = Einstein Model [24], vol.fraction= 0.01
e e Finstein Model [24], vol.fraction= 0.02
Einstein Model [34], vol.fraction= 0.03
experimental data, dp= 10 nm, vol.fraction= 0.01
experimental data, dp= 30 nm, vol.fraction= 0.01
experimental data, dp= 10 nm, vol.fraction= 0.02
experimental data, dp= 30 nm, vol.fraction= 0.02
experimental data, dp= 10 nm, vol.fraction= 0.03
experimental data, dp= 30 nm, vol.fraction= 0.03
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Figure 42. Comparison between the experimental data of the present investigation and the predictions
of Einstein Model [24] for varying temperature

In general, the experimental data of the present investigation is higher than the predictions of Einstein
Model [24], as it is seen in Figure 42. However, only the experimental data of d,= 10 nm and ¢= 0.01
Al,03-H,0 nanofluids is significantly close to the predictions of Einstein Model [24], and this trend is
attributed to the relatively dilute condition of the regarding nanofluid.

It is a widely known fact that, the Einstein Model defines the relative viscosity of suspensions in terms
of a linear relationship with particle volumetric fraction, and the predictions of Einstein Model are
more valid for dilute suspensions of hard spheres. Therefore, it can be said that, the Einstein Model is
relatively successful on predicting the viscosity of the nanofluids of d,= 10 nm and ¢= 0.01 of the

88



present investigation, whereas it underpredicts the nanofluid viscosity for a wide margin of d, and ¢
considered.

5.2.4. Suggestions on the Factors/Mechanisms that are Possibly Responsible for the
Inconsistencies in Literature

In literature, the inconsistencies between the findings of the studies are attributed to some mechanisms
and/or factors, but they are mostly roughly mentioned. The regarding mechanisms can be given as the
nanofluid stability (nanoparticle aggregates within nanofluids, or stabilized nanofluids: both influence
the viscosity), nanofluid production methods, equipments used for measurements, etc.

Other than the factors/mechanisms mentioned above, it can be concluded from the comparison
provided in Section 5.2.1 that, the production method of nanofluids is a very significant factor, and
has considerable effect on the experimental results. Effect of the nanofluid production method can be
discussed based on the comparison presented in Section 5.2.1. Although the same type of equipments
used for the experiments, the experimental data presented by Turgut [97] for Al,O;—H,O nanofluids
(dp= 25 nm) are considerably higher than the experimental data of the present experimental
investigation (for both d,= 10 nm and 30 nm). More clearly, the nanofluids were produced by a two-
step method in Turgut’s study [97], whereas for the present investigation, the samples are supplied
from a commercial source as nanofluids, and used as received. In addition, the nanofluids examined in
the present investigation involve Acetic acid as surfactant, whereas the nanofluids of Turgut [97],
which were examined for viscosity, did not involve any surfactant. Therefore, it can be concluded
that, the difference in the nanofluid production method, results in a difference in the nanofluid
viscosities, which were measured for the same conditions and with the same type of equipment.

In addition to the effect of nanofluid production method, some other parameters also have significant
effects on the experimental results. During the experimental study conducted for the present
investigation, it was seen that, the calibration of the equipment is of great importance, as well.
Although calibration before and after every experiment elongates the experiment period, it minimizes
the error coming from the equipment. While this can be eliminated by calculating the mean error and
applying the error correction to the whole data to some extent, the magnitude of the error may be
different for different experiment conditions (e.g. for different temperatures, etc). Therefore, intensive
calibration is needed in order to ensure the validity of the results, and different calibration frequencies
may result with different results.

5.3. Emphasis on the Important Points of the Present Investigation

In this Section, some important points of the present investigation are provided, which are mainly on
the material selection, method selection and what is gained using the statistical methodology, which is
novel for the field nanofluid viscosity.

5.3.1. Emphasis on Material Selection

The material to be investigated was selected as Al,Os;—H,O nanofluids, for the present investigation.
The main reason for this selection was the high possibility of the Al,Os—H,O nanofluids to be
integrated in the industry, due to its relatively accessible cost. In addition, a considerable portion of
nanofluid literature is concerned with the evaluation of the Al,05—H,O nanofluids.

However, there is a long way to produce the nanofluids very precisely for the applications, since the

size and shape control of the nanoparticles within the base fluid are still difficult tasks, which directly
affect the stability of the nanofluids.
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5.3.2. Emphasis on Method Selection

The method employed to construct the experimental study was selected as DOE. This is a novel
approach for the field nanofluid viscosity; therefore it is of great importance. When examining
physical phenomena experimentally, using statistical approaches is very useful in understanding and
interpreting the results.

The research on nanofluids is mainly based on the enhanced heat transfer performance of nanofluids,
but the inconsistencies between the findings of the studies are abundant. Therefore, developing an
epistemic understanding on the thermophysical properties of nanofluids is critical. This can be done
with systematic studies combining the experimental and theoretical research. For this purpose, the
present investigation is concerned with experimental investigation of the viscosity of Al,0;—H,0O
nanofluids with statistical evaluation. However the experimental studies are bounded by the
experimental facilities and material supplying opportunities, careful experimentation and statistical
evaluation is a serious need.

5.3.3. Emphasis on Statistical Methodology: What is Gained?

By employing Taguchi Method, the desired conditions for the processes can be determined. If there is
a best scenario, the required conditions (optimum conditions of the factors) to be established in order
to achieve that scenario can be determined by drawing the main effects graphics of the regarding
factors. After the determination of the optimum levels of the factors’, whether the optimum conditions
are giving the desired scenario can be evaluated with confirmation experiments. However, the
optimization of the parameters is out of the scope of the present study.

The present investigation is concerned with the observation of a physical property (viscosity) of a
material (i.e. nanofluid). The inconsistencies in experimental nanofluid viscosity literature are
abundant, and the exact reasons that are responsible for these inconsistencies are not known, although
some factors were presented in literature as suggestions. Therefore, pointing out these inconsistencies
is a critical and a required task, which can be done using statistics, very effectively.

In this study, the effects of the factors (temperature, nanoparticle volumetric faction and nanoparticle
diameter) and their two and three factor interactions on the quality characteristic (nanofluid viscosity,
and the relative viscosity) are examined using DOE. It was a known fact that, the viscosity of
nanofluids are strongly dependent on temperature and nanoparticle fraction, but the studies concerned
with the nanoparticle diameter dependent nanofluid viscosity are less in number. As a result of the
statistical analysis (ANOVA) performed, it was seen that, the effect of the nanoparticle diameter on
nanofluid viscosity is less significant on the nanofluid viscosity compared to the temperature and
nanoparticle volumetric fraction, but still significant. Therefore, this study points out to the
requirement of the designation of nanoparticle diameter as a factor, which has considerable effect on
nanofluid viscosity, and thus should be taken into account. Another important conclusion arising from
the statistical analysis is that, the interaction effect of temperature and nanoparticle volumetric fraction
is significant on nanofluid viscosity as well. This fact emphasizes that, the effect of the temperature on
nanofluid viscosity for varying nanoparticle volumetric fractions does not follow the same trend for all
nanoparticle volumetric fractions considered, or vice versa.

The effects of the aforementioned factors on the relative viscosity of nanofluids are also evaluated,
since the relative viscosity defines the enhancement of viscosity obtained with nanofluids, compared
to the base fluid. The viscosity enhancement obtained with nanofluids is a critical concern, which can
seriously limit the potential applications of nanofluids. Regarding the effects of the factors
(temperature, nanoparticle volumetric fraction, and nanoparticle diameter), and their two and three
factor interactions on relative viscosity; it was found that, the effect of nanoparticle volumetric
fraction and nanoparticle diameter are significant, whereas the effect of temperature is insignificant on
the viscosity enhancement obtained with nanofluids. The effect of temperature on both the base fluids
and nanofluids are very dominant and do not follow a classical trend, therefore the discussion is not
straightforward. For example, even the viscosity of water varies exponentially with temperature [77].
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Summarizing, the nanoparticle diameter dependence of nanofluid viscosity and relative viscosity
should certainly be studied; and statistical evaluation of the experimental data gives very useful
information, which can be used for the interpretation of the results.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

In this Chapter, a brief summary of the work performed is given, and the conclusions drawn from the
present investigation are presented. Finally, some future work suggestions are given.

6.1. Summary

As it was presented in the previous Chapters, the current study was concerned with the experimental
and theoretical investigations on the Al,0;—H,0 nanofluid viscosity, in a systematic way. Before the
experimental investigation, the literature was reviewed carefully, in order to develop an understanding
regarding the field nanofluid viscosity. A comprehensive literature survey and a benchmark study on
the nanofluid viscosity and relative viscosity were performed in Chapter 2. With the light of the
literature review given in Chapter 2; it was concluded that, the effects of the nanoparticle volumetric
fraction, temperature and nanoparticle diameter are significant on nanofluid viscosity. Therefore these
parameters were selected as factors for the present experimental investigation. In Chapter 3, the
material and method (statistical methodology employed to construct the experiments) were presented,
in detail. Chapter 4 was concerned with the experimental investigation and the statistical evaluation on
the viscosity and relative viscosity of Al,0s—H,0O nanofluids. In Chapter 5, the results of the present
experimental investigation were discussed, and emphasis on the important points of the material and
method selection, as well as what is gained using the statistical methodology were presented.

This Chapter, as the final Chapter of this thesis, is concerned with the conclusions drawn from the
experimental study and the statistical analysis.

6.2. Conclusions

The following conclusions can be made, regarding the experimental study:

- The Al,0s-H,O nanofluid viscosity is found to decrease exponentially with increasing
temperature; increase with increasing nanoparticle volumetric fraction; and increase with
increasing nanoparticle diameter.

- The relative viscosity of Al,O;—H,O nanofluids varied with increasing temperature without
following a classical trend (independent of temperature), increased with increasing nanoparticle
volumetric fraction, and generally increased with increasing nanoparticle diameter.

Regarding the statistical analysis, the following can be concluded:

- The effects of temperature, nanoparticle volumetric fraction, nanoparticle diameter and the
interaction effect of temperature and nanoparticle volumetric fraction are significant on nanofluid
viscosity at a= 0.05 (for a confidence interval of 95 %). For a slightly lower confidence interval
(94 %) of the nanofluid viscosity, i.e. at «=0.06, the effect of the interaction of nanoparticle
diameter and nanoparticle volumetric fraction is significant on nanofluid viscosity, as well.

- The effects of nanoparticle volumetric fraction and nanoparticle diameter are significant on
relative viscosity at =0.05. For a lower confidence interval (90 %) of the relative viscosity, i.e.
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a=0.10, the effect of the interaction of nanoparticle volumetric fraction and nanoparticle diameter
is significant on relative viscosity, as well.

- Based on the statistical analysis, Equations (60) as the nanofluid viscosity correlation and Equation
(64) as the relative viscosity correlation were presented. These new kinds of correlations (i.e. the
nanofluid viscosity correlation dependent on T, ¢, d;, and Ty, and the relative viscosity correlation
dependent on ¢ and d, ), have significantly different forms than the correlations and Classical
Models provided in Table 5 and Table 6 in Chapter 2. These correlations are novel, since they
emphasize the effects of some factors and/or interactions, based on the physical interpretation.

6.3. Future Work Suggestions
In this Section, some future work suggestions are provided.

- First of all, the experimental nanofluid viscosity research is strongly dependent on the material
production. The researchers who have the facilities to produce the nanofluids have an advantage. The
researchers, who do not have the opportunity to produce the nanofluids, as it is the case in the current
work, mostly purchase them from commercial sources. While commercial sources provide precisely
engineered materials; self production of the nanofluids would be more meaningful in terms of the
development of a fundamental understanding on the material properties. Therefore, efforts can be
made on precise production of nanofluids.

- As it is a known fact, the superior thermal conductivity of nanofluids to the commercial working
fluids is very important, whereas the enhanced viscosity of nanofluids can be a limiting feature for the
potential applications. Therefore, the performance evaluation of nanofluids can be done towards
optimization of the thermal conductivity and viscosity, with their simultaneous investigation.

- Statistical approaches should definitely be used when examining a physical phenomenon. Since the
random behaviors of nanoparticles are mainly responsible from the unforeseen behavior of nanofluids,
developing an understanding on the behavior of nanofluids in terms of statistics is of great
importance. DOE, which is employed in the present investigation, is not the only tool to be used.
Other approaches (e.g. response surface methodology) should be sought, as well.

-Nanotechnology is a multidisciplinary research field and it combines numerous fields such as the
pure sciences (e.g. physics, chemistry, etc.), engineering practices (e.g. mechanical, material,
biomedical, etc.) and medicine. In addition, for the modeling, statistics is an important tool. Therefore,
collaboration of the scientists from different fields is important, in order to understand and interpret
the results in the best way.
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APPENDIX A

COEFFICIENTS OF THE CORRELATIONS PROVIDED IN TABLE 6

Table 30. The values of the empirical constants (A, B, and C) of the correlation proposed by Chen et
al. [26, 43]. (Provided as Equation (21).)

¢ % (by weight) | A B C MaxD? (%) MinDP (%)
0.0 -3.2114 0.86973 -154.57 +0.62 -1.44
0.5 -3.1820 0.86285 -155.13 +0.31 -1.58
1.0 -3.3289 0.91603 -150.35 +1.38 -0.80
2.0 -3.5126 0.98375 -144.48 +0.75 -1.31
4.0 -3.2517 0.91226 -150.74 +0.38 -0.86
8.0 -3.7005 1.08082 -138.30 +0.26 -1.65

¥ Maximum discrepancies. ® Minimum discrepancies.

Table 31. The values of the empirical constants (a, b, and c)

Duangthongsuk and Wongwises [56]. (Provided as Equation (34).)

of the correlation proposed by

Temperature (°C) | a b c R?

15 1.0226 0.0477 -0.0112 0.9885
25 1.013 0.092 -0.015 0.9767
35 1.018 0.112 -0.0177 0.9937

Table 32. The values (at 25°C) of the empirical constants (A; and A,) of the correlation proposed by

Timofeeva et al. [58]. (Provided as Equation (35).)

Platelets Blades Cylinders Bricks
Ay 37.1 14.6 13.5 1.9
A, 612.6 123.3 904.4 471.4

Table 33. The values of the empirical constants (A and B) calculated by Kole and Dey [64].
Coefficients belong to the correlation proposed by Namburu et al. [41, 42]. (Provided as Equation

(20).)

® A B R
0.001 1.83442 -0.01345 0.9993
0.004 1.88642 -0.01244 0.9994
0.007 1.98529 -0.01226 0.9995
0.010 1.98752 -0.01128 0.9954
0.0151 2.1355 -0.00999 0.9974

Table 34. The values of the empirical constants (A,B, and C) calculated by Kole and Dey [64].
Coefficients belong to the correlation proposed by Chen et al. [26, 43]. (Provided as Equation (21).)

¢ (by volume) A B C Deviation (%)
0.005 -0.70784 0.70912 -171.04969 -1.398

0.010 -1.11379 1.23013 -104.97616 -0.0737

0.015 -4.94087 3.37827 -26.21399 -0.0565

0.020 -1.10774 1.43086 -87.08024 -0.0751

0.025 -1.61144 0.57409 -160.04291 0.6575
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Table 35. The values of the empirical constants (a and b) of the correlation proposed by Nabeel
Rashin and Hemalatha [75]. (Provided as Equation (41).)

Shear rate (s™) Temperature (K) a b
3.67 308 54 5111
313 32 7312
318 7 9868
323 10 8226
328 9 6527
7.34 308 46 2489
313 33 3419
318 17 4353
323 14 4745
328 15 4354
14.68 308 31 1887
313 23 2875
318 11 4090
323 14 3428
328 19 2370

Table 36. The values of the empirical constant (c) of the correlation proposed by Nabeel Rashin and
Hemalatha [75]. (Provided as Equation (42).)

Shear rate (s7) Concentration (¢ (%) by weight) | ¢ (Pas)
3.67 0 219
0.5 380
1.0 613
15 837
2 1359
2.5 1790
7.34 0 326
0.5 553
1.0 625
15 936
2 1042
2.5 1394
14.68 0 545
0.5 773
1.0 765
15 912
2 860
2.5 1179
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APPENDIX B

MATLAB CODE EMPLOYED TO CALCULATE THE REQUIRED AMOUNTS OF H,0O
FOR DILUTED SAMPLE PREPARATION & OTHER CHARACTERISTICS WITH
PROGRAM OUTPUTS

% This MATLAB Program calculates the required amounts of deionized
water to

% be added into the A1203-H20 nanofluids of 20wt% to dilute them to
3, 2 and 1 vol% (50mL each).

o°

NOMENCLATURE:

np, w and nf: nanoparticles, water and nanofluid, respectively.
phi: the fraction of nanoparticles in the nanofluid, i.e.

phi weight:

% weight percentage, phi vol: volumetric percentage of the
nanoparticles in the nanofluid.

% phi vol dilutionl, phi vol dilution2 and phi vol dilution3:
volumetric fractions of the diluted nanofluids.

% phi vol confirm: confirmation value of the volumetric fraction of
% nanoparticles estimated from the volumes of nanoparticles and
water.

o°

o°

% GIVEN (KNOWN) VALUES

density np = 3.7; % provided by NanoAmor.
density w = 1;

phi weight = 0.20;

volume nf = 50;

% CALCULATION ALGORITHM
phi vol = (phi weight*density w)/(density np + phi weight*density w

- phi weight*density np); % formula given in the Turgut et al.
publication.

Cl = phi vol;
V2 50;
C2 = 0.03;

o\

From phi weight = 0.20, How can phi vol = 0.30 be prepared?

% ConcentratedSampleVolume 1 * Cl = V2 * C2, Cl denotes the volume
fraction of the stock suspension, and C2 denotes the volume fraction
of the 50mL sample (3 vol%).

% Rearranging:

ConcentratedSamplevVolume 1 = V2 * C2 / Cl ;

C3 = 0.02;

% From phi weight = 0.20, How can phi vol = 0.20 be prepared?

% ConcentratedSampleVolume 2 * Cl = V2 * C3 , C3 denotes the volume
fraction of the 50mL sample (2 vol%).

% Rearranging:

ConcentratedSampleVolume 2 = V2 * C3 / Cl ;

C4 = 0.01;
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% From phi weight = 0.20, How can phi vol = 0.10 be prepared?

% ConcentratedSampleVolume 3 * Cl = V2 * C4 , C4 denotes the volume
fraction of the 50mL sample (1 vol%).

% Rearranging:

ConcentratedSampleVolume 3 = V2 * C4 / Cl ;

% The deionized water amounts to be added to
ConcentratedSampleVolume 1,

% ConcentratedSampleVolume 2 and ConcentratedSampleVolume 3 to form
3,2 and 1 vol% nanofluids (DIW 1, DIW 2 and DIW 3, respectively) can
be

% calcualted wiht the below equations:

DIW 1 = 50 - ConcentratedSampleVolume 1;
DIW 2 50 - ConcentratedSampleVolume 2;
DIW 3 = 50 - ConcentratedSampleVolume 3;

PROGRAM OUTPUTS

Table 37. Detailed results for the sample preparation characteristics

Name Value Min Max
Cl 0.0633 0.0633 0.0633
C2 0.0300 0.0300 0.0300
C3 0.0200 0.0200 0.0200
C4 0.0100 0.0100 0.0100
ConcentratedSampleVolume 1 23.700 23.700 23.700
ConcentratedSampleVolume 2 15.800 15.800 15.800
ConcentratedSampleVolume_3 7.900 7.900 7.900
DIW_1 26.300 26.300 26.300
DIW_2 34.200 34.200 34.200
DIW_3 42.100 42.100 42.100
V2 50 50 50
density np 3.700 3.700 3.700
density w 1 1 1
phi_vol 0.0633 0.0633 0.0633
phi_weight 0.2000 0.2000 0.2000
volume_nf 50 50 50
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APPENDIX C

CHARACTERIZATION OF THE NANOFLUID STABILITY WITH ZETA POTENTIAL
AND PARTICLE SIZE DISTRIBUTION MEASUREMENTS

1. Zeta Potential Results for ¢= 0.01, d,= 10 nm Alumina-Water Nanofluids of Present
Investigation

Zeta Potential Report IA
Malvern

Malver Instruments Ltd - ® Copyright 2008

Sample Details
Sample Name: 10280-04(10nm-%1) 1
SOP Name: mansettings.dat

General Notes:

File Name: 22Subat13.dts Dispersant Name: Water
Record Number: 77 Dispersant RI: 1,330
Date and Time: 03 Nisan 2013 Carsamba 12:... Viscosity (cP): 0,8872

Dispersant Dielectric Constant: 78,6

Temperature (°C): 25,0 Zeta Runs: 12
Count Rate (kcps): 201,3 Measurement Position (mm): 2,00
Cell Description: Clear disposable zeta cell Attenuator: 9
Results
Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): 49,2 Peak 1: 496 859 8,06
Zeta Deviation (mV): 12,3 Peak 2: 242 7.9 3,90
Conductivity (mS/cm): 0,950 Peak 3: 76,9 53 546

Result quality See result quality report

Zeta Potential Distribution
BOOOO0 T+ =+ ++ +0 e st s S a e ale i e ek i e SR s
400000 7=+ + +ovioie e warannnan Lot s vsaennssesv sailiana s s alli e i s cdaesaninas e sy 5
a8 T .
€ 300000 -+ v ee s et e serens e fob i
o
o :
B s s SR
2 ZODOOOI
100000 1 -+
0 - %
-200 -100 200
Zeta Potential (mV)
Record 77: 10280-04(10nm-%1) 1 ‘
Malvern Instruments Ltd DTS Ver 510 Fila name: 225ubat3
W malverm com Serial Numbar - MAL500109 Resord Number: 77

03 Nis 2013 13:3220
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2. Zeta Potential Results for ¢= 0.01, d,= 30 nm Alumina-Water Nanofluids of Present
Investigation

szgta Potential Report ,A
Malvern

Sample Details
Sample Name: 10280-03(30nm-%1) 1
SOP Name: mansettings.dat

General Notes:

File Name: 22Subat13.dts Dispersant Name: Water
Record Number: 82 Dispersant RI: 1,330
Date and Time: 03 Nisan 2013 Carsamba 12:... Viscosity (cP): 0,8854

Dispersant Dielectric Constant: 78,6

System
Temperature (°C): 24,9 Zeta Runs: 12
Count Rate (kcps): 510,8 Measurement Position (mm): 2,00
Cell Description: Clear disposable zeta cell Attenuator: 10
Resuits
Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): 48,0 Peak 1: 494 956 116
Zeta Deviation (mV): 14,8 Peak2: 118 24 3,92
Conductivity (mS/cm): 0,977 Peak 3: -12,3 09 3,34

Result quality See result quality report

Zeta Potential Distribution

Total Counts

-200 -100 0 100 200
Zeta Potential (mV)

Record 82: 10280-03(30nm-%1) 1

Malvern Insttumants Ltd DTS Ver 510 File name: 22Subat13
Www malvern com Serfal Number MALS00103 Record Number 82
03 Nis 2013 1324 37
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3. Particle Size Distribution Results for ¢= 0.01, d,= 10 nm Alumina-Water Nanofluids of
Present Investigation

Size Distribution Report by Volume
vz.no istribution Report by Volu ’A
Malvern

Malvern Instruments Lid - © Copyright 2008

Sample Details
Sample Name: 10281-01(10nm-%1) 1

SOP Name: mansettings.dat

General Notes:
File Name: 22Subat13.dts Dispersant Name: Water
Record Number: 69 Dispersant Rl: 1,330
Material RI: 1,76 Viscosity (cP): 0,8896
Material Absorbtion: 0,10 Measurement Date and Time: 03 Nisan 2013 Cargamba ...
System
Temperature (°C): 24,9 Duration Used (s): 60
Count Rate (kcps): 3433 Measurement Position (mm): 4,65
Cell Description: Disposable sizing cuvette Attenuator: 8
Results
Diam. (nm) % Volume  Width (nm)
Z-Average (d.nm): 36,79 Peak 1: 19,79 100,0 11,40
Pdl: 0,233 Peak2: 0,000 0,0 0,000
Intercept: 0,943 Peak3: 0,000 0,0 0,000

Result quality Good

Size Distribution by Volume

£ 10;
€ 8-
3
S 6+
4+
24+
0 v - vt R L :
0.1 1 10 100 1000 10000
Size (d.nm)
Record 69: 10281-01(10nm-%1) 1
Malvern Instruments Lid DTS Ver. 510 Fie name: 225ubat3
Www v com Serial Number | MALS00109 Recoed Number: 69

03 Nis 2013 132654
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iloze Statistics Report by Volume IA
Malvern

Malvern Instruments Ltd - © Copyright 2008

Sample Details
Sample Name: 10281-01(10nm-%1) 1
File Name: 22Subat13.dts
SOP Name: mansettings.dat
Measurement Date and Time: 03 Nisan 2013 Garsamba 11:25:59

Z-Average (nm): 36,7932 Derived Count Rate (kcps): 7500,7667837...

Standard Deviation (nm): 0 Standard Deviation (kc... 0
%Std Deviation: 0 %Std Deviation: 0
Variance: 0 Variance: 0
Size | Mean } StdDev || Size | Mean | StdDev|| —Size ‘ Mean | StdDev| | Size | Mean | StdDev
_ dnm_|Voume % Voume % | dnm | Voume % Votme %| | dnm | Voume % Voume % | dnm |Votme % Voume %
0,4000 | 0,0| 5615 00 || 7882 03 1106 00
| 04632 | 00| 6,503 00 | o128 01 1281 00
| 05365 | 0,0| 7,531 07 | 1057 01/ 1484 00
| 08213 | 00| 8721 36 | | 1224 00 1718 0,0
07195 | 00 10,10 85 141,8 0,0 1990 00
0,8332 | 00 11,70 125 142 | 00 2305 0,0
0,9649 | 00 13,54 14,0 1901 | 00 2669 00
1,17 0,0| 15,69 134 202 00 3091 00
1,294 | 0,0 18,17 "7 255,0 0,0 3580 00
1499 | 00| 21,04 96 253 | 00 445 | 00
1,736 00 236 76 3420 00 4801 00
2010 | 00 || 2821 58 |31 | 0,0 5560 0,0
2,328 00 || 3267 43 487 | 0,0 8439 00
269% | 00 || a784 30 531,2 0,0 7456 00
3122 | 00 || 4382 | 21 || 6151 0,0 8635 00
3,615 00| 50,75 14 || 7124 0,0 1,000e4 00
4187 | 00 58,77 08 | | 8250 0,0
| ; 0,0

4849 | 00| 68,06 05 9554

Statistics Graph (1 measurements)

| 10000
| Size (d.nm)
|
I B TR S
B Mean with +/-1 Standard Deviation error bar
Malvern Instruments Ltd DTS Ver. 5.10 File name: 22Subat13
‘www.malvern.com Serial Number : MAL500109 Record Number: 69

N3 Nis 20113 132909
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Size Distribution Report by Intensity

v2.0

Malvern Instruments Ltd - © Copyright 2008

Sample Details

y/ N
Malvern

Sample Name: 10281-01(10nm-%1) 1
SOP Name: mansettings.dat
General Notes:
File Name: 22Subat13.dts Dispersant Name: Water
Record Number: 69 Dispersant Rl: 1,330
Material RI: 1,76 Viscosity (cP): 0,8896
Material Absorbtion: 0,10 Measurement Date and Time: 03 Nisan 2013 Gargamba 1...
System
Temperature (°C): 24,9 Duration Used (s): 60
Count Rate (kcps): 343,3 Measurement Position (mm): 4,65
Cell Description: Disposable sizing cuvette Attenuator: 8
Results
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 36,79 Peak1: 49,84 100,0 28,31
Pdl: 0,233 Peak2: 0,000 0,0 0,000
Intercept: 0,943 Peak3: 0,000 0,0 0,000
Result quality Good
Size Distribution by Intensity
i 10 ...............................................................................
|
i L
8 ............................................................................... }
\
S MeS ST e |
> |
% B e e e e e s B e e T s e
Dl S e o e NGB i s s R T |
1
0+—
0.1 1 1000 10000

Size (d.nm)

[—— Record 69: 10281-01(10nm-%1) 1

Malvern Instruments Ltd
www.malvem.com

DTS Ver. 5.10
Serial Number : MAL500109
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4. Particle Size Distribution Results for ¢= 0.01, d,= 30 nm Alumina-Water Nanofluids of

Present Investigation

Size Distribution Report by Volume

v2.0

Malvern Instruments Ltd - © Copyright 2008

Sample Details

Sample Name:
SOP Name:

General Notes:

10281-02(30nm-%1) 1

mansettings.dat

V' N
Malvern

File Name: 22Subat13.dts Dispersant Name: Water
Record Number: 87 Dispersant Rl: 1,330
Material RI: 1,76 Viscosity (cP): 0,8862
Material Absorbtion: 0,10 Measurement Date and Time: 03 Nisan 2013 Carsamba ...
System
Temperature (°C): 25,1 Duration Used (s): 60
Count Rate (kcps): 410,1 Measurement Position (mm): 4,65
Cell Description: Disposable sizing cuvette Attenuator: 9
Results
Diam. (nm) % Volume  Width (nm)
Z-Average (d.nm): 29,04 Peak1: 1148 99,9 1.577
Pdl: 0,401 Peak 2: 4773 0,1 961,6
Intercept: 0,940 Peak3: 0,000 0,0 0,000
Result quality Good
Size Distribution by Volume
PO e R o R L
eSS e e e I b SRR e e R TR
T N e I e
g+
S gt
g |
e e s TR R e e e
> !
e e e S e e e
ik S oy s e e e e e A\ S B e R R A R e e e R
0 2
0.1 1 10 100 1000 10000
Size (d.nm)

Malvern Instruments Ltd
www.malvern.com

DTS Ver. 5.10
Serial Number : MAL500109
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Size Statistics Report by Volume

v2.0

Malvem Instruments Ltd - © Copyright 2008

Sample Details
Sample Name:
File Name:
SOP Name:
Measurement Date and Time:

Z-Average (nm):

y/ N
Malvern

10281-02(30nm-%1) 1
22Subat13.dts

mansettings.dat

03 Nisan 2013 Carsamba 12:49:48

Derived Count Rate (kcps): 4264,6419165...

29,04033
Standard Deviation (nm): 0 Standard Deviation (kc... 0
%Std Deviation: 0 %$td Deviation: 0
Variance: 0 Variance: 0
Size | Mean |StdDev|| Size | Men  StdDev| | Size | Mean |StdDev | Size | Mean | StdDev |
dnm_|Voume % Voume % = dnm | Voume % Voume % | dmm | Voume % Voume %| ‘ d.nm ‘Vobme Voume %|
0,4000 00 5615 15 78,82 01 (116 | 09 ;
0,4632 00| 6503 | 110 91,28 0,0 1281 00| ;
0,5365 00 7531 | 130 || 1057 0,0 | 1484 0,0 ‘
06213 00 8721 | 134 [ | 1224 0,0 1718 00|
0,7195 00 1010 | 123 | 1418 00 | 1990 00|
0,8332 00 1,70 104 | 1642 0,0 2305 00|
0,9649 00 || 1354 82 | 1901 0,0 | 2669 00|
1,17 0,0 15,69 6,1 | 2202 00 | 3091 00|
1,294 | 00 18,17 44 | 2550 00 3580 00|
149 | 00 21,04 30 | 2953 00 4145 00|
1,736 00 2436 21 | 3420 00 4801 00|
2010 | 00 | 22 14| | 38,1 00 15560 00|
2,328 00 3267 09| | 4587 0,0 6439 00|
26% | 00 | a784 06| | 5312 00 77 B
312 00 | #4382 04| lels1 | 00 8635 00|
| asts 01 | 5075 02| |24 | 00 10004 00|
| 4187 09 | 5877 02| | 850 | 00 w ‘ ;
| 4B | 38 | e806 | o1  [[ms4 | 00 N ‘
| Statistics Graph (1 measurements)
‘
| |
e
o
E
3
o
>

Size (d.nm)

B Mean with +/-1 Standard Deviation error bar|

Malvern Instruments Ltd DTS Ver. 5.10 File name: 22Subat13
www.malvern.com Serial Number : MAL500109 Record Number: 87
03 Nis 2013 13:28:00
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Size Distribution Report by Intensit
o Y y y A
Malvern

Malvern Instruments Ltd - © Copyright 2008

Sample Details
Sample Name: 10281-02(30nm-%1) 1

SOP Name: mansettings.dat

General Notes:

File Name: 22Subat13.dts Dispersant Name: Water
Record Number: 87 Dispersant RI: 1,330
Material RI: 1,76 Viscosity (cP): 0,8862
Material Absorbtion: 0,10 Measurement Date and Time: 03 Nisan 2013 Garsamba 1...
System
Temperature (°C): 25,1 Duration Used (s): 60
Count Rate (kcps): 410,1 Measurement Position (mm): 4,65
Cell Description: Disposable sizing cuvette Attenuator: 9
Results
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 29,04 Peak1: 49,91 98,7 40,49
Pdl: 0,401 Peak 2: 4430 1,3 909,4
Intercept: 0,940 Peak 3: 0,000 0,0 0,000
Result quality Good

Size Distribution by Intensity

Intensity (%)

0.1 1 10 100 1000 10000
Size (d.nm)

—— Record 87: 10281-02(300m-%1) 1|

Malvern Instruments Ltd DTS Ver. 5.10 File name: 22Subat13
www.malvern.com Serial Number : MAL500109 Record Number: 87
03 Nis 2013 13:28:16
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APPENDIX D

CHARACTERIZATION OF THE NANOFLUID PARTICLE SIZE DISTRIBUTION:
DYNAMIC LIGHT SCATTERING (DLS) RESULTS
1. DLS Results for ¢=0.01, d,= 10 nm Alumina-Water Nanofluids of Present Investigation

Solution with PROB1 = 0.5 Baseline = 1 374565

0.2
0.6
0.4

0.2

o T T T T T T T T T T T T 1

1E4 o.oool o001 o.M 0.1 1 10 100 1E2 164 1ES 166 1E7
Radius [nm] {Unweighted lag.)

Peak 1, from 8.116E-002 [nm] to 8.116E-002 [nm]
Weight of Peak [%] : 0.52349
Mean Peak Position : 8.116E-002 [nm]
Relative Peak Width : + 6.585E-010
Peak 2, from 3.423E-001 [nm] to 4.350E-001 [nm]
Weight of Peak [%] : 0.11653
Mean Peak Position : 3.653E-001 [nm]
Relative Peak Width : £ 1.067E-001
Peak 3, from 2.332E+000 [nm] to 2.964E+000 [nm]
Weight of Peak [%] : 1.46715
Mean Peak Position : 2.809E+000 [nm]
Relative Peak Width : £ 9.986E-002
Peak 4, from 7.736E+000 [nm] to 4.147E+001 [nm]
Weight of Peak [%] : 92.71538
Mean Peak Position : 1.902E+001 [nm]
Relative Peak Width : £ 4.049E-001
Peak 5, from 1.749E+002 [nm] to 3.591E+002 [nm]

Weight of Peak [%] : 5.17746
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Mean Peak Position : 2.442E+002 [nm]
Relative Peak Width : = 2.098E-001

2. DLS Results for ¢= 0.01, d,= 30 nm Alumina-Water Nanofluids of Present Investigation

12 _ Solution with PROB1 = 0.5 Baseline = 0
1
0.
0.6
o4
0.z
1} I T T T T T T T T T T T
1E45 o.0001 0.001 o.o1 o.1 1 10 100 1E3 154 1E5 1E6

Fadiu=z [nm] (Unweighted log.d

Peak 1, from 8.128E-002 [nm] to 1.033E-001 [nm]
Weight of Peak [%] : 0.60616
Mean Peak Position : 8.727E-002 [nm]
Relative Peak Width : + 1.095E-001
Peak 2, from 2.697E-001 [nm] to 2.697E-001 [nm]
Weight of Peak [%] : 0.04491
Mean Peak Position : 2.697E-001 [nm]
Relative Peak Width : + 0.000E+000
Peak 3, from 2.968E+000 [nm] to 1.751E+002 [nm]
Weight of Peak [%] : 99.34893
Mean Peak Position : 1.930E+001 [nm]

Relative Peak Width : + 8.744E-001
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DATA ENTERING PROCEDURE FOR ANOVA

APPENDIX E

1. Data Entering for ANOVA on Alumina-Water Nanofluid Viscosity

Table 40 represents the way employed to enter the data at performing ANOVA, for Al,05-H,0
nanofluid viscosity.

Table 38. The data entering for ANOVA: the locations of the factors and observations employed for
the present investigation on nanofluid viscosity

Observations

Experiment | A B AB Cc AC BC | ABC 1 2 3 4
1 1 1 1 1 1 1 1 124 | 1.24 | 1.09 | 1.09
2 1 1 1 2 2 2 2 1.06 | 1.05 | 1.24 | 1.24
3 1 2 2 1 1 2 2 165 | 1.65 | 1.58 | 1.60
4 1 2 2 2 2 1 1 189 | 1.89 | 168 | 1.68
5 2 1 2 1 2 1 2 0.66 | 0.66 | 0.48 | 0.49
6 2 1 2 2 1 2 1 069 | 068 | 0.60 | 0.60
7 2 2 1 1 2 2 1 093 | 093 | 0.85 | 0.85
8 2 2 1 2 1 1 2 097 | 097 | 1.03 | 1.04
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2. Data Entering for ANOVA on Alumina-Water Relative Viscosity

Table 41 represents the way employed to enter the data at performing ANOVA, for Al,05-H,0

relative viscosity.

Table 39. The data entering for ANOVA: the locations of the factors and observations employed for

the present investigation on relative viscosity

Observations

Experiment | A B AB Cc AC BC | ABC 1 2 3 4
1 1 1 1 1 1 1 1 124 | 124 | 1.09 | 109
2 1 1 1 2 2 2 2 1.06 | 1.05 | 1.24 | 1.24
3 1 2 2 1 1 2 2 165 | 165 | 1.58 | 1.60
4 1 2 2 2 2 1 1 189 | 1.89 | 1.68 | 1.68
5 2 1 2 1 2 1 2 1.20 | 1.20 | 0.87 | 0.89
6 2 1 2 2 1 2 1 125 | 124 | 1.09 | 1.09
7 2 2 1 1 2 2 1 169 | 1.69 | 155 | 155
8 2 2 1 2 1 1 2 176 | 1.76 | 1.87 | 1.89
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Al;05-H,0 NANOFLUID VISCOSITY RAW DATA

APPENDIX F

(The data presented in the cells are in mPa.s)

Table 40. Experimental Al,O;-H,0 nanofluid viscosity raw data

dp (nm)
T CC) " 10 30
20 0.01 1.24 1.24 1.09 1.09 1.06 105 | 1.24 | 1.24
20 0.02 1.16 1.17 1.13 1.14 1.58 157 | 1.52 1.5
20 0.03 1.65 1.65 1.58 1.6 1.89 1.89 | 1.68 | 1.68
30 0.01 0.8 0.96 0.93 1.01
30 0.02 0.95 1.01 1.23 1.22
30 0.03 1.38 1.2 1.51 1.27
40 0.01 0.6 0.76 0.81 0.8
40 0.02 0.75 0.75 0.97 0.99
40 0.03 1.06 0.94 1.18 1.2
50 0.01 0.66 0.66 0.48 0.49 0.69 0.68 0.6 0.6
50 0.02 0.59 0.61 0.59 0.6 0.6 0.62 | 0.82 | 0.82
50 0.03 0.85 0.85 0.93 0.93 0.97 097 | 1.03 | 1.04
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