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The exponential advancements in the field of electronics and power generation have resulted in increased
pressure on the thermal management of these systems where the desire for enhanced heat transfer is
prevalent. A technique for enhancing heat transfer that has gained sufficient attention over the past two
decades is to suspend nano-sized metallic particles in a base fluid in order to enhance its thermophysical
properties. Fluids produced in such a manner are commonly termed nanofluids. Due to the promising heat
transfer capabilities of nanofluids, many industrial applications are beginning to implement these fluids in their
thermal practices. One of the potential applications where nanofluids may be used which has received a great
deal of research attention is jet-impingement heat transfer. Concerning the existing publications on nanofluid
jet impingement, most works within the steady state regime are limited to the cooling of Al,Os-water
nanofluids, while transient studies do not account for cooling without the effects of boiling phenomena and for
surfaces other than steel.

In this study, six particle volume fractions of TiO,-water ranging between 0.025 and 1% were prepared and
characterised for appropriate cooling tests. The study was conducted within both the steady and transient
state with the main objective of evaluating the thermal performance of the selected nanofluid and to determine
the optimum particle concentration for jet-impingement cooling applications. Therefore, an experimental rig
was designed and manufactured where a copper target surface of 42 mm was impinged upon by a 1.65 mm
orifice nozzle at a non-dimensional nozzle-to-target height of 4. The results indicated that the use of nanofluids
in impingement applications produced adverse effects, depending on the particle fraction considered.

With respect to the steady-state cooling tests, the copper surface was subjected to a constant heat flux of 145
watt and cooled by the different fluids at Reynolds numbers ranging between approximately 10 000 and
30 000. A maximum enhancement of 14.75% was observed in the measured Nusselt numbers, which occurred
at a particle volume concentration of 0.05%. When increasing the volume fraction above 0.1%, unfavourable
effects were observed for the heat transfer of the system in comparison with the base case tests of DI-water.
Such trends were characterised by the trade-off between the enhancement in thermal conductivity and
viscosity, both of which were increased with an increase in particle concentration. As for the effect of Reynolds
number on the resulting thermal performance, a directly proportional relation was shown and could be
described by the forced convection effect. The transient impingement tests showed that particle concentrations
less than 0.1% produced an enhancement in cooling efficiency, while those of higher volume fractions showed
negative effects. According to these tests the maximum enhancement was also obtained at a volume fraction
of 0.05% and produced an average cooling efficiency enhancement of 16%.

The results of the investigation clearly showed that the use of TiO,-water nanofluids in jet-impingement cooling
applications produced thermal enhancement depending on the selected particle concentration.
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A Area m?
Cp Specific heat J/kg-K
C Concentration mol/m3
Dord Diameter mm
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e Electronic charge of particles C
EB Energy balance
h Heat transfer coefficient W/m? - K
H Nozzle height mm
[ Current A
k Thermal conductivity W/m-K
Kg Boltzmann constant J/K
L Length m
m Mass kg
m Mass flow rate kg/s
n Wall normal unit vector
p Pressure Pa
q Heat flux W/m?
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R Resistance Q
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Dimensionless parameters

Pr
Re
Nu
Sc
Sh

R/D
z/D

pjet/D
Ag

Greek letters

Prandtl number
Reynolds number
Nusselt number
Schmidt number
Sherwood number
Recovery factor

Impingement cooling/heating
effectiveness

Mach number
Turbulence intensity

Relative nozzle area

Nozzle height to nozzle diameter

ratio

Radial position to nozzle diameter

ratio

Axial position to nozzle diameter

ratio

Jet pitch to nozzle diameter ratio

Free area

Diffusion coefficient
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Thermal expansion coefficient

Nanolayer thickness

Non-dimensionalised temperature

Intrinsic viscosity
Dynamic viscosity
Density

Thickness
Kinematic viscosity
Volume fraction

Weight concentration

Xi

m?/s
1/K

nm

kg/m-s
kg/m3

m? /s
%
%
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bf

nf

eff
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electric
fluid
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F
h
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max
mass

nl

np

TC

weight
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Adiabatic wall
Bulk fluid
Base fluid
Nanofluid
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Convective
Equivalent
Exit
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pc Proportional constant
0 Initial
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DI Deionised

EG Ethylene glycol

HTF Heat transfer fluid

IHC Inverse heat conduction
MWCNT Multi-walled carbon nanotube
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TNT Titania nanotube

uv Ultraviolet

VIS Visible
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1. Introduction

1.1. Background

Rapid growth within the fields of science and technology as a whole has resulted in tremendous advancements
over the past few years. Leading these advancements are advancements in the field of electronics and power
generation where heat transfer forms an integral part [1]. In association with these developments, the desire
for systems and components to be miniaturised while maintaining or enhancing their overall performance and
storage capacity has grown prevalent. Consequently, increased pressure has been placed on the thermal
management in these systems and devices, and the demand for enhanced and effective heat transfer is now
greater than ever.

The enhancement of heat transfer may be procured through several different means or mechanisms. Some
common examples are fluid injection or suction, manipulation of surface size, shape and roughness, the
vibration of the heated surface, applying an electrical or magnetic field to the heated surface and increasing
the overall temperature gradient in the system. Additionally, some research studies have shifted their focus
from modifying the heated surface to rather enhancing the thermal properties of the working fluid. An
example of improving the properties of the heat transfer medium dates back to the work of Maxwell [2].
According to Maxwell’s theory, the thermal properties of a fluid can be enhanced by scattering solid particles
of micro-scaled size in the base fluid. Unfortunately, the use of these particles results in blockages, corrosion
and many other unfavourable occurrences.

Due to the advancements of modern-day technology, it is now possible to produce particles of a smaller, nano-
scaled size. When these “nanoparticles” are dispersed in a base fluid, the resulting mixture is termed a
“nanofluid” and offers many new and exciting possibilities for enhanced heat transfer and thermal
performance. Nanofluids have a larger relative surface area, better stability of suspension, reduced erosion
within channels and are small enough to behave like fluid molecules and hence eliminate the problem of
clogging within small passageways. In addition, these fluids offer a greater heat transfer enhancement than
that of the fluids containing micro-sized particles, as proposed by Maxwell. Subsequently, nanofluids have
gained substantial research interest and have been considered in a large number of research works where
their thermophysical behaviour, as well as potential application in real-life systems, has been considered.

The use of nanofluids has received considerable interest in the field of jet impingement. Impingement cooling
is an effective way to generate high cooling rates and therefore remove large heat fluxes. Compared with
conventional convective heat transfer, the heat transfer coefficient of jet impingement heat transfer is several
times or even magnitudes larger and is thus used in many different fields and industrial practices [3].

According to literature, the thermal properties of the working fluid will greatly affect the heat transfer features
of jet-impingement cooling [4]. Conventionally, impingement systems use fluids of low thermal conductivity,
such as water or mixtures of water and ethylene glycol (EG), which ultimately limit the system’s performance.
By introducing nanoparticles into these “base fluids”, not only is it possible to modify the thermophysical
properties of the working fluid, but it is also possible to enhance the overall heat transfer performance of the
impingement cooling process.
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1.2. Nanofluid jet impingement

Impinging jets are an established technique used for providing high heat transfer coefficients between the
impinging fluid and the target surface. Among the many possible surface-related modifications, it has been
found that it is necessary to improve the thermophysical properties of the heat transfer fluid (HTF) in order to
enhance the heat transfer performance of jet-impingement cooling.

Nanofluids are an innovative category of fluid produced by suspending nanoparticles within a base fluid in an
attempt to create a homogeneous colloid. Due to their enhanced thermal properties, nanofluids may become
a promising working fluid of augmenting heat transfer in jet-impingement cooling systems [4]. Over the past
two decades, extensive experimental and numerical research has been done on jet impingement heat transfer
using nanofluids. In these studies, numerous variables were investigated. However, the main objective was
predicting the thermal behaviour and overall suitability of nanofluids in the impingement cooling processes.

Upon comparing the many experimental works already recorded on nanofluid jet impingement, it should be
noted that there is a lack of data relating to steady-state jet impingement of varying volume fractions of TiO»-
water nanofluids. Furthermore, with respect to the transient cooling of nanofluid jets, all published works
appear to only focus on the steel industry and hence do not present transient data for target surfaces of
varying material compositions. Additionally, these transient studies are also limited to cooling with the
consideration of boiling effects and do not account for pure convective impingement cooling.

1.3. Problem statement

Despite the substantial number of works focused on jet-impingement cooling by means of nanofluids, there
is a significant lack of experimental data for the steady-state impingement of fluids other than Al,Os-water.
Furthermore, the current library of transient impingement studies are also restricted to only steel surfaces
where the effects of boiling phenomena are accounted for. Consequently, there is sufficient research potential
for the jet impingement cooling of a non-steel target surface using a non-aluminium nanofluid within both
steady and transient state.

1.4. Aim

The purpose of this study was to experimentally investigate the heat transfer characteristics and overall
cooling efficiency of varying volume concentrations of TiO,-water nanofluids for the free-surface jet-
impingement cooling of a copper target surface. During the study, both steady- and transient state cooling
tests were considered.

1.5. Objectives
The primary objectives of this investigation were as follows:

e to prepare and characterise different volume concentrations of TiO,-water nanofluids that are of
suitable stability for the appropriate jet-impingement cooling tests;

e to obtain the average steady-state heat transfer coefficients and non-dimensional Nusselt
numbers for the different particle volume fractions of TiO,-water at different Reynolds numbers;

e to formulate a reliable correlation capable of predicting the average steady-state Nusselt number
as a function of both TiO,-water volume fraction and Reynolds number;
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e to obtain the non-dimensionalised transient cooling curves of the copper target surface for the
different particle concentrations of TiO,-water nanofluids;

e to investigate the influence of Reynolds number on the overall heat transfer performance of
steady state jet-impingement cooling;

e to investigate the effect of nanoparticle concentration on the overall heat transfer performance
of both steady- and transient state jet-impingement cooling by means of TiO,-water nanofluids;

e to identify the optimum particle concentration for both steady- and transient state jet
impingement cooling by means of TiO2-water nanofluids.

These objectives were met by means of an experimental rig that was designed and manufactured to obtain
the required data and information. The experimental system is defined in further detail in Chapter 3.

1.6. Scope of work

The study investigated the overall heat transfer characteristics and cooling performance of TiO,-water
nanofluids in the application of jet-impingement cooling. During the experimental tests, six different volume
fractions of nanofluid, namely 0.025, 0.05, 0.01, 0.25, 0.5 and 1%, were considered and compared with a
working fluid of pure deionised (DI) water. In addition to investigating the effect of nanoparticle concentration,
the influence of Reynolds number on the performance of jet-impingement cooling was also accounted for. For
such an exploration, the Reynolds number was varied within the range of 10 000 to 30 000.

A single nozzle diameter and non-dimensional nozzle-to-target surface distance was considered throughout
the investigation and thus remained fixed at 1.65 mm and 4 respectively. During the steady-state runs, a
constant heat flux was applied to the target surface through an electrical power input of 145 watt. The
transient cooling analysis of the copper target surface was initiated once the surface had been heated to a
temperature of 105 °C, at which point the heater power was switched off.

The preparation of the different TiO,-water nanofluid volume concentrations was conducted using a single-
step preparation technique. During this process, a concentrated form of the respective nanofluid was diluted
with a calculated volume of water and then subjected to sonication to break down particle agglomeration and
ensure the production of a homogeneous colloid. For volume fractions of < 0.1 %, a surfactant of sodium
dodecyl sulphate (SDS) was used to enhance fluid stability. This surfactant was mixed into the appropriate
fluid samples using a magnetic stirrer. Once a fluid was prepared, it was subjected to viscosity measurements
as well as visual stability and constant viscosity versus time stability tests.

Additionally, and as stated in Section 1.5, the scope of the study also involved the design and construction of
an experimental rig used for conducting the required investigations.

1.7. Overview of dissertation

The following chapter contains the literature review, in which the fundamental theory of nanofluid design,
preparation and characterisation are presented. In addition, the study focuses on the physics and
experimental techniques of jet impingement heat transfer. In conjunction with this information, the study also
serves as a summary of the various experimental works reporting on jet impingement by means of nanofluid
for both steady-state and transient applications.
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The constructed experimental set-up, as well as the experimental procedure and data reduction technique, is
discussed in Chapter 3. Furthermore, this chapter also presents the overall uncertainties of the relevant
variables and parameters, as determined by the uncertainty analysis presented in Appendix B.

In Chapter 4, the preparation technique, as well as the overall characterisation and stability analysis of the
various nanofluid mixtures, is provided. Additionally, this chapter also pays attention to the verification of the
particle morphology of the TiO,-nanofluids, as specified by the manufacturer.

Including the validation study of the experimental model, Chapter 5 also presents the experimentally
determined heat transfer data for the jet impingement tests for both the steady and transient cases. Following
the steady-state test data, the chapter also defines the proposed correlation derived for the prediction of the
Nusselt number for free-surface jet impingement through TiO,-water nanofluid.

The final chapter, Chapter 6, serves as a conclusion of the previous chapters and therefore provides a summary
of the investigation and its outcomes. Additionally, the chapter also presents the suggested recommendations
for future works and investigations.

Regarding the appendices included in this dissertation, Appendix A is dedicated to the calibration process of
the different thermocouples used in the investigation and therefore focuses on the overall process conducted,
as well as the resulting calibration factors and calibration tests completed. Appendix B contains the uncertainty
analysis for the different variables and parameters used in the data reduction process, as discussed earlier.
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2. Literature review

2.1. Introduction

This chapter deals with the fundamental theory of nanofluid design, preparation, stability and thermophysical
properties. In addition to the theory of nanofluids, the chapter also highlights the physics of jet impingement
heat transfer and summarises major experimental works, both steady and transient, which reported on jet
impingement heat transfer using nanofluids.

2.2. Design of nanofluids

A nanofluid may be defined as a suspension of nanoparticles in a base fluid, where the particles have been
dispersed in such a way that a homogeneous colloid is obtained [5]. Concerning the general design and
composition of nanofluids, the following components are worth defining:

Nanoparticles: Based on the above description of nanofluids, nanoparticles are the solid particles that are
suspended or blended in the base fluid in order to produce the new compound termed a “nanofluid”. In terms
of particle classification, Krajnik et al. [6] define the following particle groups:

e metallic nanoparticles such as Cu, Al, Fe and Ag;

e non-metallic nanoparticles such as Al,0; CuO and ZnO;

e organic nanoparticles such as natural fibres of nano-scaled size. Nanofluids consisting of such particles
are referred to as “bio-" or “green” nanofluids.

A schematic representation of a typical nanoparticle is presented in Figure 2.1.

~— Tail group

~— Hydrocarbon chain

+— Active head group
Figure 2.1. Schematic representation of a typical nanoparticle adapted from Das et al. [7]

Figure 2.1 indicates that a typical nanofluid consists of two main structures; a core, either ceramic or metallic,
and a thin shell, which is often molecular and divided into three portions, namely a tail group, a hydrocarbon
chain and an active head group [7].

In general, most nanofluids are prepared with nanoparticles occupying less than 1% of the overall volume of
the fluid mixture. Furthermore, it should be noted that more than one nanoparticle may be used to prepare a
nanofluid. Fluids consisting of multiple nanoparticles are termed “hybrid nanofluids”.



A
&

". UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

Base fluid: This is the fluid in which the nanoparticles are suspended or the fluid in which the thermophysical
properties are to be enhanced. Some of the fluids that are typically used as base fluids in nanofluid preparation
are presented in Table 2.1.

Table 2.1. Common base fluids used in nanofluid preparation

Class of fluid Examples

Water Distilled or deionised
Vegetable oils Coconut or canola oil
Organic liquids Butanol or ethylene glycol

Polymeric solutions -

Additives: Due to stability requirements and other external factors, most nanofluids require the addition of
additives such as surfactants, corrosion inhibitors, anti-wear additives, disinfectants and fungicides. Of the
various additives used in nanofluids, the most important are those used for improving the stability of the
nanofluid (surfactants). These additives are discussed in further detail in Section 2.4.2.

Scale: Some effects of nanofluids depend on the size of the particles suspended in the base fluid. These
effects are often termed the “volume effects”.

The above factors and parameters are all of great importance when manufacturing or preparing nanofluids
because they directly influence the resulting thermophysical and chemical properties of the synthesised fluid.
The possible methods typically used to prepare nanofluids are discussed in detail in Section 2.3.

2.3. Preparation of nanofluids

How a nanofluid is prepared contributes significantly to the enhancement of the thermophysical properties of
its base fluid, as well as the stability of the prepared nanofluid as a whole. Typically, there are two major
methods in nanofluid preparation:

e the single-step method,;
e the two-step method.

Of these methods, it is the two-step method that is more commonly used for nanofluid preparation; however,
both the single-step and two-step methods are discussed in detail below.

2.3.1. Single-step method
The single-step preparation method is a physical or chemical process, where the synthesis and dispersion of
nanoparticles occur simultaneously avoiding processes such as drying, storing and mixing of the nanoparticles
in the base fluid [1]. Common examples of these preparation methods are physical and chemical vapour
condensation, wet grinding with ball mills, chemical reduction and chemical precipitation [8].

Since particle synthesis and dispersion occur simultaneously, greater uniformity of particles is obtained, as
well as reduced particle aggregation. Therefore, the overall nanofluid stability is much better than that
obtained through a two-step preparation method. As for feasibility and practicality, the single-step method is
not cost-effective and thus not suitable for commercial-scale production. Furthermore, this particular method
of preparation is also limited to base fluids with low vapour pressure, according to Ghodsinezhad et al. [8].
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2.3.2. Two-step method
During the two-step preparation method, synthesis and dispersion of nanoparticles do not occur
simultaneously, but rather through two distinct procedures. During the initial step, dry nanoparticles are
synthesised using physical or chemical procedures and then dispersed homogeneously within the base fluid
during the second step. Typical devices utilised for adequate nanoparticle dispersion include ultrasonic mixers
and homogenisers [5].

Concerning feasibility, this method of preparation may be used for mass production and therefore enables the
production of nanofluids in both an affordable and economical manner. Due to these factors, the two-step
preparation method is the most common way of formulating nanofluids and is discussed in the works of many
researchers.

It should be noted that although the two-step method allows for the affordable production of nanofluids, it is
highly susceptible to the agglomeration of the nanoparticles due to the strong intermolecular forces that exist
as a direct result of the large particle surface area in comparison with particle volume. Therefore, making a
homogeneous dispersion by employing the two-step method remains a challenge.

Irrespective of the preparation method chosen, there is still much room for further research on the
preparation of different nanofluids (different particles, different base fluids, etc.). The need for such research
is heavily emphasised in the work of Sharifpur and Meyer [5], where the need to understand nanofluid
preparation and the resulting nanofluid stability is discussed.

Section 2.4 further elaborates on the topic of nanofluid stability and the corresponding technology and
methods associated with this topic of interest.

2.4. Nanofluid stability

Agglomeration is the term used when the particles suspended in a nanofluid begin to stick together or form
clusters as a direct result of the Van der Waal’s and cohesive forces that exist between these particles. When
this occurs, the thermophysical properties of the nanofluid are altered by means of the diminishing of the
Brownian motion of the particles, the amplification of the frictional resistance and the increase in pressure
drop across the fluid [1].

Due to inconsistencies resulting from the altered thermophysical properties of the nanofluid, steady
performance is no longer possible and the nanofluid as a whole is deemed unstable. Therefore, preparing a
stable and durable nanofluid remains a prerequisite in terms of optimising its thermal properties [9].

2.4.1. Indication of stability
The stability of a nanofluid may be deemed a function of various parameters such as nanoparticle type, particle
volume fraction, particle shape and size, type and concentration of surfactant, temperature and method of
preparation [10].

As for investigating the stability of these fluids, a variety of techniques exist for ranking nanofluid stability.
Some of the more commonly used techniques reported on in literature are identified and discussed as follows:

e Sediment photograph capturing: One of the simplest forms of deducing a nanofluid’s stability is by

means of visual inspection or sediment photograph capturing. This technique involves photographing
samples of the nanofluid at fixed time intervals (hours, days, weeks, etc.) to allow for the visual
observation of sediment formation and deposition of the suspended nanoparticles.
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For samples of nanofluids with generally high stability, test times may be reduced by using a
centrifuge. During the test, the sample is centrifuged at a known RPM and the time taken for
sedimentation to begin is measured [11]. One example of this type of stability measurement is
reported by Yu et al. [12].

e Zeta potential test: According to Ghodsinezhad et al. [8], nanoparticles have two distinct layers of ions

that travel with them as they diffuse throughout the solution. Therefore, zeta potential refers to the
electrical potential across the boundary of this double layer and is used to predict the colloidal stability
of the fluid. The greater the absolute value of zeta potential, the greater the nanofluid stability.
Table 2.2, adapted from Ghadimi et al. [9], serves as an indication of the relationship between zeta
potential and nanofluid stability.

Table 2.2. Relationship between the stability of nanofluids and zeta potential

Zeta potential (mV) Nanofluid stability

0 Very little or no stability

15 Little stability with settling

30 Moderate stability with sedimentation
45 Good stability with possible settling
60 Excellent stability, a little settling

Although a zeta potential test allows for a quantitative description of a suspension’s stability, it is
restricted when analysing fluids with high viscosities and/or low particle concentrations.

e UV-VIS spectrophotometry: Another technique for quantitatively studying the stability of nanofluids

is ultraviolet visible (UV-VIS) spectrophotometry. This method entails that light in the UV and visible
region is used in conjunction with a spectrophotometer to measure the difference in intensities of the
incident and emergent light passing through the sample [11].

Despite this technique applying to a wider range of fluids, more so than the zeta potential method, it
is not suitable for solutions containing CNTs or those of very high particle concentrations because high
concentrations result in darker solutions and thus make it difficult to reliably measure incident and
emergent light intensities.

e Tracking of a measurable nanofluid parameter: Another form of indicating nanofluid stability or

continuity is to track a measurable parameter of the fluid, such as thermal conductivity or viscosity,
over a set time interval to show that no deviation occurred (showing continuity in the property as
opposed to time).

Despite the various techniques, no single technique is capable of determining the stability of a nanofluid alone.
Therefore, as highlighted by Sharifpur and Meyer [5], the different techniques must be used in conjunction
with one another for the best possible indication of a fluid’s stability.

2.4.2. Methods to enhance stability
Despite the difficulties associated with overcoming the strong intermolecular forces that exist in nanofluids
and result in the development of agglomeration and sedimentation, some techniques may be used to reduce
such occurrences and hence enhance overall fluid stability. These techniques may be broadly categorised as
either chemical or physical treatment methods. The more commonly used techniques are discussed in detail
in the following sections.
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2.4.2.1. Chemical treatments
As highlighted by Ghadimi et al. [9], chemical treatment methods aim to change the surface properties of the
suspended nanoparticles and to suppress the formation of particle clusters with the purpose of attaining
stable suspensions. Of the various methods available, common reported on techniques include surfactant
addition and pH adjustment.

Surfactant addition:

Surfactants or “dispersants” are complex chemical compounds that are both an easy and economical way to
enhance the stability of a nanofluid. These compounds can affect the surface characteristics of a mixture and
therefore are capable of lowering the interfacial tension between the base fluid and the suspended
nanoparticles. The outcome of these effects is improved nanoparticle dispersibility (increased suspension time
of nanoparticles in the base fluid) [12].

When a surfactant is used in a nanofluid, it is termed a dispersant. Dispersants generally consist of a
hydrophobic tail portion (usually a long-chain hydrocarbon) and a hydrophilic polar head group. Depending
on the desired application, dispersants may be used to convert nanoparticles from hydrophilic to hydrophobic
and vice versa.

When classifying surfactants, the composition of the head is used. Based on this classification method, the
following four possible classes of surfactants are available for use:

e non-ionic surfactants;

e anionic surfactants;

e cationic surfactants;

e ampbhoteric surfactants.

Table 2.3 presents these classes of surfactants, the composition of the head and some common examples of
each surfactant class.

Table 2.3. Composition of surfactant head for different surfactant classes as well as examples of the classes

Surfactant class Composition of surfactant head Examples

Non-ionic No charge group on surfactant head Polyethylene oxide, alcohols and other polar groups

Anionic Negatively charged head groups Long-chain fatty acids, sulfosuccinates, alkyl sulphates,
phosphates and sulfonates

Cationic Positively charged head groups Protonated long-chain amines and long-chain quaternary
ammonium compounds

Amphoteric Zwitterionic head groups, where charge Betaines and certain lecithins

depends on the pH of the surfactant

Despite their low cost and easy application, it should be noted that surfactants pose the risk of limiting the
nanofluid’s thermal conductivity by increasing the thermal resistance that exists between the nanoparticles
and base fluid [12]. Furthermore, depending on exposed conditions, surfactant interactions with nanoparticles
may deteriorate with time. Therefore, care and consideration should be taken when selecting a suitable
surfactant [11].

pH adjustment:

The pH value at which a particular molecule carries no net electric charge or where hydration forces are
negligible is termed the isoelectric point (IEP). When a nanofluid’s pH value approaches or is equal to the IEP,
zeta potential and the repulsive forces between the nanoparticles and the base fluid are zero and hence the
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fluid becomes unstable [13]. To enhance the stability of nanofluids, one must ensure that the hydration forces
between the nanoparticles are high [14].

The pH adjustment of nanofluids is conducted by means of acid treatment, which increases the hydrophilic
properties of the nanoparticles [15]. Based on this increase, more hydroxyl groups are formed, leading to an
increase in zeta potential and a more stable fluid [11].

The effects of pH on nanofluid stability have been observed by various researchers such as [16-18], where pH
values for CNT/deionised (DI) water, Al,Os-water and Cu-water were found to be 10, 8.9 and 9.5 respectively.
However, it should be noted that a stable nanofluid should have a pH value of approximately 7 due to the
simple fact that an extremely low- or high-value pH may damage the heat transfer surface in which the fluid
is to be used by means of corrosion (particularly at high-temperature ranges) [14].

2.4.2.2. Physical treatments
As stated before, the two-step preparation method is highly susceptible to particle agglomeration as a direct
result of the strong intermolecular forces that exist between the different particles. Therefore, nanofluids
prepared in this way require adequate treatment to ensure stable solutions.

In addition to making use of chemical treatments such as surfactant addition and pH adjustment, many
researchers report using state-of-the-art equipment to physically break down the aggregation of particles
using ultrasonic, magnetic and shear force [8, 9, 11]. Common examples of physical treatments include
ultrasonic baths, homogenisers, magnetic stirrers and shear stirrers, where treatment varies based on the type
and concentration of particles, the base fluid and whether or not other treatment techniques were used prior
to the physical treatment.

In addition to the effects of various nanofluid components on the required treatment time to produce stable
solutions, Ghodsinezhad et al. [8] report that treatment time, particularly for ultrasonication, also affects the
thermophysical properties of the nanofluid.

2.4.3. Previous works reporting on stability
The following table was formulated on the review papers of [9, 13] and serves as an indicator of the various
works where nanofluid stability has been reported. Regarding these works, it should be noted that Table 2.4
only contains a selected number of entries and that the works should be consulted for further examples.

Table 2.4 illustrates the appropriate works in terms of the researcher, the type of base fluid and nanoparticles
considered, the stability process(es) used and lastly, the overall reported stability of the resulting fluid.

Table 2.4. Summary of previous works reporting on nanofluid stability processes and reported stability

Researcher Base fluid Nanoparticle Stability process(es) Reported stability
Oh et al. [19] Distilled water Al,O3 Ultrasonic cleaner for 15 hours  Sedimentation occurred
minutes after preparation
Oh et al. [19] EG Al,O3 Ultrasonic cleaner for 15 hours  Sedimentation occurred
minutes after preparation
Chiesa et al. [20] Mineral oil Al,O3 Ultrasonication (duration not For several days
specified)
Chiesa and Das [20] Isoparaffinic Al,O3 Ultrasonication (duration not For several days
polyalphaolefin specified)
Wang et al. [21] Distilled water Al,O3 Ultrasonication for 15 minutes, N/A
pH control and surfactant
addition of SDBS
Witharana et al. [22] EG Al,O3 Ultrasonication (duration not More than 2 months
specified)

10
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Witharana et al. [22] Propylene glycol  Al,O3 Ultrasonication (duration not More than 2 months
(PG) specified)
Witharana et al. [22] EG Zn0 Ultrasonication (duration not More than 2 months
specified)
Das et al. [23] Distilled water Al,O3 Ultrasonication for 11 hours More than 12 hours of stability
Witharana et al. [22] Propylene glycol ZnO Ultrasonication (unknown More than 2 months
duration)
Chung et al. [24] Ammonium Zn0 Ultrasonic horn for 1 hour Over 10 000 hours
poly
Das et al. [23] Distilled water CuO Ultrasonication for 11 hours More than 12 hours of stability
Hwang et al. [25] Distilled water CuO N/A Stable
Hwang et al. [25] EG CuO N/A Stable
Song et al. [26] Pure water Stainless steel  SDS used as a surfactant 10 days
Song et al. [26] Pure water Stainless steel  CTAB used as a surfactant 10 days
Bandyopadhyaya et al. Pure water SWNTs GA used as a surfactant Over a few months
[27]
Islam et al. [28] Pure water SWNTs SDBS used as a surfactant in 3 months
addition to ultrasonic bath for
16-24 hours
Wu et al. [29] Pure water SWNTs Humic acid used as a More than 10 days
surfactant
Xie et al. [30] Decene TCNTs Oleylamine used as a 2 months
surfactant
Chen et al. [31] EG TNT Ultrasonic bath for 48 hours Over 2 months
Yu et al. [32] Pure water MWNTs SDBS used as a surfactant in 90 days
addition to ultrasonic horn for
varying times
Wusiman et al. [33] Distilled water MW(CNTSs SDS and SDBS used as a Long-term stability
surfactant in addition to
ultrasonic mixing for 20
minutes
Kim et al. [34] Pure water CNTs SDBS used as a surfactant More than 1 day
Kim et al. [34] Pure water CNTs CTAB used as a surfactant More than 1 day
Yu et al. [35] Kerosene Fes04 Oleic acid used as surfactant Reduced particle size and good

followed by ultrasonic horn for
30 minutes

stability

Through analysis of Table 2.4, it is evident that a significant degree of research has been done on producing
stable nanofluids. In addition, the table also illustrates the wide variety of stability techniques that may be
used in conjunction with one another and should thus be considered carefully when preparing all nanofluids
in the current investigation.

2.5. Thermophysical properties of nanofluids

Despite the tremendous interest and research that has been conducted on nanofluids over the past 20 years,
no complete and comprehensive theory has accurately predicted the thermophysical behaviour of nanofluids.
Consequently, various models and relations have been formulated by researchers in an attempt to numerically
model these fluids properties.

In this section, conventionally reported thermophysical properties, namely density, specific heat, thermal
expansion coefficient, thermal conductivity and viscosity, as well as the multiple models developed for each,
are discussed and compared.

11
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2.5.1. Density
Cheremisinoff [36] and Pak and Cho [37] both used the principles of the mixing theory to formulate a
theoretical model used for predicting the density of solid-liquid mixtures. The model is as follows:

pnr = (1= @)pps + 9Py (2.1)

where the volume concentration of the nanoparticles was approximated employing the following relation:

0= Q- pps (2.2)
Q- Pbf + pnp(l - Q))

Many authors used the model to predict the density of different nanofluids; however, the experimental
measurements of these densities were shown to be much lower than those predicted by the model. Possible
deviations in these quantities may be because the effects of the nanolayer, existing between the nanoparticles
and base fluid, have not been taken into consideration.

Sharifpur et al. [38] proposed a new model for approximating the density of a nanofluid, where the nanolayer
and its effects on the nanofluid density were considered. In their model, shown by equation 2.3, the mass and
volume of the nanoparticles and base fluid, as well as the nanolayer thickness and nanoparticle radius were
all used in the approximation of the fluid density.

Myp + My (2.3)
3
V;lp(rnp + 5nl)
3

Tp

Pnf =
Vpr +

where the nanolayer thickness, &,,;, was expressed by the following relation:

8p = —0.000283372, + 0.04757;,, — 0.1417 (2.4)

Furthermore, based on the proposition of equation 2.3, a similar correlation was formulated for calculating
the volume fraction of nanoparticles in a base fluid. This revised model was characterised as follows:

3
Vap (Tnp + 5nl)
3

Tp

V
9= =
nf
be+

2.5.2. Specific heat
Similar to their proposed correlation for approximating nanofluid density, Pak and Cho [37] also used mixing
theory to approximate the specific heat of nanofluids. This proposed model or correlation was a volume
fraction relation between the thermophysical properties of the base fluid and nanoparticles and was rendered
as follows:

Cppp = 1- (p)cpbf + PCp,,, (2.6)
An alternative expression for nanofluid specific heat is proposed in the work of Balla et al. [39], where thermal
equilibrium between the suspended nanoparticles and surrounding base fluid was assumed. The model was

formulated as follows:
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ropnppnp + (1 - @)Cpbfpbf (2.7)
Cpnf =

pnf

O’Hanley et al. [40] compared both models discussed above with experimental data obtained for the specific
heats of different types of nanofluids. They investigated water-based nanofluids with particle concentrations
ranging from 5 wt.% to 50 wt.%. Upon analysing the data, it was found that the predictions of the simple
volume fraction model (equation 2.6) deviated significantly from the experimental data, whereas the
predictions of the thermal equilibrium model (equation 2.7) were in excellent agreement with the test results.
Based on these results, they recommended using the thermal equilibrium model for approximating the specific
heat of nanofluids.

2.5.3. Thermal expansion coefficient
Regarding the principles of the mixing theory, the thermal expansion coefficient is another thermophysical
property of nanofluids, typically approximated by such means.

Ghodsinezhad et al. [8] note that the volumetric thermal expansion coefficient is typically larger for base fluids
than for solid nanoparticles and that this trait is directly proportional to temperature. The typical expression
used to predict the property as defined by Pak and Cho [37] is as follows:

ﬂnf = (pﬂnp +(1- (P)ﬁbf (2.8)

Contrary to the above model, Ho et al. [41] offer an alternative expression that, similar to Balla et al. [39],
assumes thermal equilibrium between the base fluid and the suspended nanoparticles. The resulting model
was expressed as follows:

_ (pﬁnppnp + (1 - ¢).Bbfpbf (2-9)
an -

pnf

In the work of Ho et al. [41], the volumetric expansion coefficient of Al,Os particles in a base fluid of water was
experimentally measured and compared with the predicted quantities of equations 2.8 and 2.9. Based on their
observations, it was noted that equation 2.9, the thermal equilibrium model, produced a more accurate and
reliable correlation between the experimental and theoretical data.

2.5.4. Thermal conductivity
The desired enhancement of the thermal properties of nanofluids is often discussed in terms of the
enhancement within the base fluid’s thermal conductivity. As a result, thermal conductivity is a key concept
when analysing heat transfer in nanofluids and is deemed an important transport property in terms of the
practical application of these fluids [42].

According to Aybar et al. [43], the enhancement of thermal conductivity is a result of four major mechanisms,
namely Brownian motion of the nanoparticles, the nanolayer, clustering of the nanoparticles and the nature
of heat transport in the nanoparticles. Each of these mechanisms are discussed in the following section.

2.5.4.1. Brownian motion
For general cases, where particle size is large, the effect of Brownian motion is neglected. However, when
particles approach the nanoscale, Brownian motion and its effects on the surrounding fluid involve heat
transfer and thus cannot be ignored.
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Aybar et al. [43] state that the Brownian motion of nanoparticles may contribute to the enhancement of a
fluid’s thermal conductivity by means of the movement of the nanoparticles and the micro-convection of fluid
around each individual particle. Of these different methods, theoretical analysis has shown the former to be
negligible and the latter to produce minor effects [44, 45].

Das et al. [7] emphasise the importance of nanoparticle interaction between nanoparticles and liquid
molecules in developing a model to predict nanofluid behaviour. Therefore, several models have been
formulated to predict thermal conductivity, taking into account the effects of particle Brownian motion. Some
of the models are presented in Table 2.5.

Table 2.5. Nanofluid thermal conductivity models accounting for effects of Brownian motion

Researcher Model Remarks
Xuan et al. [46] knp+2kp—2¢(kpr—knp) | PrnoPCpy, ’KBT> The model takes into account the
3TUT:

g = ko ( knp+2kpp+@(kpp—knp) 2kpf Brownian motion, aggregation structure
of nanoparticle clusters and includes the
fluid temperature in its approximation.
Not capable of predicting a linear
increase of conductivity with
temperature.

Jang et al. [47 dp The model contains four modes of ener

¢ o Feng = kepr (1= (p"’ff) + BKnp@err + chﬁkbeeénp(peff transport: collisions of base flugiZil

where B is a constant for the Kapitza resistance per unit area, Molecules,  thermal  diffusion in

B, is a proportional constant and Reg,, is calculated as follows: ~ nanoparticle fluids, collisions between
Re, — % nanoparticles and thermal interaction of
I . dynamic nanoparticles with the base

fluid molecules.
Note: L,, is the liquid mean path

Evans et al. [44] Knf = ks (1 +3¢ V_‘l) Considers a homogeneous situation

y+2 where all volumes of the fluids diffuse
together with the nanoparticles.
Assumes particles are well dispersed in
the base fluid.
The model shows that the ratio of the
thermal conductivity contribution caused
by Brownian motion with respect to the
thermal conductivity of the base fluid is
proportional to the thermal diffusivity of
the nanoparticle and the base fluid.

where y is the ratio between the particle radius and the
equivalent matrix thickness.

2.5.4.2. Nanolayer
Nanolayer is the expression or term used to define the solid-like, liquid layers at the interface of the base fluid
and nanoparticles in a nanofluid. Although very little is known about the thermal properties of this particular
layer, it is believed that it acts as a thermal bridge between a solid nanoparticle and a base fluid and thus is
critical to enhancing thermal conductivity [48].

Table 2.6 summaries a few of the different models developed that relate nanofluid conductivity to the “solid-
like” nanolayer.

Table 2.6. Nanofluid thermal conductivity models accounting for effects of nanolayer

Researcher Model Remarks
Yu and Choi [48] A renovated Maxwell model to take
k into account the effects of the
Sl 3 bf
knp+2kbf—(knp—kbf)(1+@) ® nanolayer.
Assumes that the nanolayer around
each particle may be combined with

s 3
knp+2kbf+2(knp—kbf)(1+%) )

knf =
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the particle to form an equivalent

particle.

Limited to suspensions with spherical

particles.
Yu et al. [49] Desf'we<32,-=abc kpj=kbs ) Extension of the Hamilton-Crosser
oy = |14 3 R0 1 +(Desp 1)k koo model suspensions of nanospherical

kpi—k - -

1—<pe(lzj=abc’”—”f> particles to include the effect of the

T gy (Pesy 1) nanolayer

The model is capable of predicting the
thermal conductivity of nanofluids
containing CNTs in a base fluid of oil.

where the empirical shape factor, Desg, is defined as:
Desf = 31/)_1’0

and ky;, the equivalent thermal conductivities along the
axes of the complex ellipsoid where j=a, b, and c.
Furthermore, the equivalent volume concentration for
complex ellipsoids is defined as follows:

Pe = V@

where V. is the volumetric ratio.
3<ptb(%) Models the effect of interfacial
Knp = kpp | 1+ 1-gb(PLEZT) nanolayers and the mutual interaction

3P . . . .
’ of nearest neighbouring inclusions on

where b is a dipole factor defined as follows: the effective thermal conductivity of
[k(rnp""snl)_kbf] nanofluids.
b= [ (rp+0n1)+2kny] The model accounts for the effects of

volume fraction, particle radius and
Py, P; and P are the dipole moments of sphere, sphere nanoshell thickness.
longitudinal field and sphere transverse field respectively

Zhou et al. [50]

and ¢, is the total volume fraction of the coated particles
and is expresses as follows:

3
o =<po(1 +%)

Tnp

2.5.4.3. Nanoparticle clustering
Initial sections of the current literature review focus on the potential preparation methods of nanofluids, as
well as the various parameters influencing their stability and continuity. In terms of the two-step method, it is
stated that nanoparticles are produced separately and then dispersed in the base fluid. Therefore, to ensure
a homogeneous solution and minimise the potential for particle agglomeration, many different treatment
techniques, discussed in Section 2.4.2, are used. The relationship of thermal conductivity and particle
clustering in nanofluids is reported in several publications.

Wang et al. [51] state that nanoparticle clusters act like local percolation (filter) structures and therefore
contribute positively to the enhancement of effective thermal conductivity. Similarly, Prasher et al. [52] report
on the enhancement of thermal conductivity under the presence of particle clusters; however, they justify this
statement through the use of the effective medium theory and the explanation of aggregation kinetics.

Contrary to the previous works, Karthikeyan et al. [53] observed the opposite effects on thermal conductivity
when particle clustering was present. They explain that nanoclusters are more likely to settle in the base fluid
as a result of their larger mass. Due to the resulting particle gradient in the fluid, large regions of “particle-
free” zones, which have high thermal resistance, are formed and therefore result in reduced thermal
conductivity of the fluid.

Other notable works relating to nanoparticle clustering and thermal conductivity enhancement include those
of [54-56].
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2.5.4.4. Hybrid models and other effects
In addition to the different mechanisms responsible for the enhancement of thermal conductivity, Aybar et al.
[43] identify important factors to take into consideration when accurately modelling the thermal conductivity
of nanofluids. These factors include the following:

e temperature;

e pH;

e dispersion;

e size and shape of nanoparticles;
e nanoparticle settling time.

Although there is still no single model that takes into account all these parameters, some investigators have
made progress in proposing models that consider some of these effects. Such models are generally deemed
“hybrid models”. Table 2.7 summarises a selected number of the models identified in the review of Aybar et
al. [43].

Table 2.7. Examples of hybrid models for predicting nanofluid thermal conductivity

Researcher Model Remarks
Avsec [57] Knp+(2=1)kpp=(2=1) 0o s (kpr—knp) A combined model based on
kyr =k p (w 3) f (w ) fF\bf~Fnp % (1 iC tReOCOP‘rSCO) Ao X |
f I p+(——1)kbf+<ﬂ (K p—kenp) f statistical Nano mechanics, which
n, w e n,

accounts for the influence of both
Brownian motion and the formation

where Cs¢, Ocpand s¢oare constants and the effective particle volume,
of the nanolayer.

@efy, is defined as follows:

3
Peff = <P(1 +ﬁ)

Tnp
Corcione [58] 04 5066066 (T \° (knp\ "% Empirical  relation, based on
lenp = kor[1+44Req, Pro=on, (a) (k_bf) experimental data of literature, with
a 1.86% standard deviation of error.
where the Reynolds number, Rednp, is expressed as: Model accounts for influence of
R _ 2purKpT particle volume fraction,
np TG pdnp temperature  and nanoparticle
diameter.
Kumar et al. [59] kor =k (1 + A PTpp ) Hybrid model to account for
nf = et " k(1= @) np enhancement based on the
stationary particle model and moving
where the average particle velocity, &, is defined as follows: particle model.
= |[2KET Modelled by drawing a parallel to the
Upp = 3 S
Tpdip kinetic theory of gas and accounts for

the dependence of thermal
conductivity on particle size, volume
fraction and temperature.

2.5.4.5. Traditional models
As may be perceived from these mechanisms and their associated models used for predicting thermal
conductivity, a significant degree of research has been conducted in an attempt to accurately model this
particular thermophysical characteristic. However, regardless of the diverse models available, there is still no
single and complete model accounting for all possible mechanisms and factors that influence the
enhancement of thermal conductivity. Therefore, many experimental investigators prefer to make use of
traditional models when validating and correlating their results [60].
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Table 2.8 provides a summary of the more common, traditional models that are often reported by various
nanofluidic specialists and researchers.

Table 2.8. Traditional models used for predicting nanofluid thermal conductivity

Researcher

Model

Remarks

Maxwell [2]

knp
3| —-1
<kbf )w

knp Knp
—L42)-(E-1
(kbf ) <kbf )rp

knf =kbf 1+

Used for statistically homogeneous
and volume fraction suspensions,
where nanoparticles are non-
interacting uniform-sized spherical
particles  that are randomly
distributed in the base fluid.

Hamilton et
al. [61]

knp+(5esf—1)kbf+(5esf—1)(knp—"bf)<ﬂ]

s = kbf[ Knp+(Eesf=1)kn =@ (knp=kpy)

Adaption of [2] where shape factor,
Eesf, is introduced.

Eesr = 3/1, where ) is the
nanoparticle sphericity, which is
defined as the surface area of a
sphere, which has the same volume
as a single nanoparticle to the
surface area of the nanoparticle.
E,sy is equivalent to 3 and 6 for
spherical and cylindrical particles
respectively.

Wasp et al.
[62]

Knp+2kpr—2¢(kpf—knp)
knp+2kbf+(p(kbf_knp)

knf = kbf [

An alternate expression or special
case for [61] where particle sphericity
is equal to 1.

Bruggeman
[63]

k
kns = = [B¢ = Dknp + (2 = 30)kys]| + 2L VA

T4 4

where:

Reported to be the most accurate
model for predicting the thermal
conductivity of suspensions with

o \2 ) spherical particles, Suresh et al. [42]
A= [(34; —1)2 (—”) +(2—39)? +2(2 + 99 — 9?) (—p)]
kps kpg

When comparing the quantities obtained through the traditional models with those of experimental values, it
is reported that these models tend to underpredict the true thermal conductivity of nanofluids. Because these
models were formulated before the age of nanofluids, they do not account for all parameters influencing
thermal conductivity enhancement and therefore such an underprediction is expected [42].

2.5.5. Viscosity

The viscosity of a fluid is an indicator of its ability to resist flow and is scientifically defined as the ratio of the
fluid’s shear stress to shear rate. According to Meyer et al. [10], the viscosity of a fluid is of paramount
importance when considering the industrial application and thermal efficiency of nanofluids, because the
advantageous enhancement of thermal conductivity, achieved by nanoparticle addition, may be undermined
by the accompanying increase in fluid viscosity. This increase is especially applicable to applications that
involve flow, because pumping power requirements and flow properties, such as the Reynolds numbers, heat
transfer coefficients and pressure drops, are heavily dependent on fluid viscosity.

According to reviews by Meyer et al. [10] and Kumar et al. [64], approximating the viscosity of nanofluids may
be done by a number of different formulas classified as either classical theoretical models, models based on
these classical models, new theoretical models and empirical models. Based on their research and reviews,
these models are discussed in the following sections.
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2.5.5.1. Classical theoretical models

According to Ottermann [65], these models were developed prior to the invention of nanofluids and thus are

restricted in their applications to the modern field of nanotechnology and nanofluids as a whole. Table 2.9

summarises the classical models discussed by [10, 64].

Table 2.9. Summary of classical theoretical models for predicting nanofluid viscosity

Researcher Model

Remarks

Einstein [66] Ung = Upr(1+ 2.5¢)

Linear model established for fluids containing
spherical particles with low volume fractions of
©»<2%

Assumed that no interaction between particles
occurs.

Krieger et al. [67]

g = o [1 ) ]—77<Pmax

Pmax

A semi-empirical model for shear viscosity,
which is based on randomly mono-dispersed
particles of hard spherical shape. Valid for
virtually the whole spectrum of nanoparticles.
Pmax IS the maximum concentration at which
flow can occur (value of 0.605 for high shear
rate) and the intrinsic viscosity, 7, is typically
2.5 for spherical particles.

Nielsen [68] fng = fpp (1 — (p)eﬁ

Power-law model developed for predicting the
viscosity of fluids containing a volume fraction
greater than 2%.

Batchelor [69] Png = tpr(1 4+ 2.5¢ + 6.2¢2)

Modification of Einstein’s viscosity equation by
introducing the effects of Brownian motion
(particle interaction).

Model developed by considering isotropic
suspensions  of  rigid and  spherical
nanoparticles.

Model approaches that of Einstein for very low
particle volume concentrations.

2.5.5.2. Models based on classical theoretical models

The models presented in Table 2.10, although deemed classical models were developed based on or modified

from the previous models in Table 2.9.

Table 2.10. Summary of models developed from classical theoretical models for predicting nanofluid viscosity

Researcher Model

Remarks

Brinkman [70] tng = Upr(1 — @)725

An extension of Einstein’s model. Suitable for a
volume fraction of ¢ < 4%.

Lundgren [71] Inf = Hpf (1 +2.5¢ +§902 +f(§03))

Taylor series expansion of ¢ and is referred to
as the reduction of Einstein’s model.

Taylor [72] W 42y
My = o |1+ 250 o

where p' is the viscosity of the liquid droplet.

An extension of Einstein’s model for liquid
containing drops of another liquid in
suspension.

Assumed that liquid drops are spherical.
Surface tension must be high to retain
sphericity and thus this model is only valid for
such a condition.

Mooney [73]

Uns = Upf XP (12;5;;)

Based on similar logic to Einstein’s model and is
similarly limited to spherical particles.
Semi-empirical model as the interaction data,
v, was left to be found via empirical means (v
represents the crowding factor and will be
different for particle suspensions consisting of
two different diameters).
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Frankel et al. [74]

Developed using the asymptotic technique to
describe the viscosity of the suspension within
the concentrated limit where maximum
volume fraction is obtainable.

Model assumes uniform solid spheres and is a
complement of Einstein’s model from the
diluted to the concentrated regime.

Graham [75]

1
2
e\
S (24— )| 14 =
dnp\“" dnp dnp

where hg is the minimum separation distance between
two spheres

Similar to both Einstein and [74] when the
lower and upper solid volume fraction limit
tends to zero and infinity respectively.

Based on spherical particles with constant
diameter and equidistance apart from one
another.

Assumed zero inertial, Brownian motion, Van
der Waals and electroviscous forces.

2.5.5.3.

New theoretical models

Despite the significant number of classical models available, the majority of researchers have had little success

when using the models to accurately predict the viscosity of a nanofluid. A simple explanation for this result

may be that the classical models were developed before the development of nanofluid technology. Therefore,

most classical models have been formulated around particle concentration and hence many critical

parameters affecting nanofluid viscosity have been neglected. Such parameters include nanolayer, capping
layer, temperature, particle shape, volume concentration, interparticle spacing and pH [5, 10]. Some of the
more significant modern or “new theoretical” models are presented in Table 2.11.

Table 2.11. Summary of new and significant theoretical models

Researcher

Model

Remarks

Haisheng et al. [76]

g = #bf( _ z_:1)—[71](0171

where

3-D

Pa =@ (?) , Where D is the fractal index and r, and
p

1, are the radii of the agglomerates and primary particles

respectively.

Similar to [67] and taking into consideration the
effects of particle agglomeration on fluid
viscosity (agglomeration results in larger
particles forming).

Model acknowledges that particle size affects
the composition of the fluid and hence its
thermophysical properties.

Masoumi et al. [77]

PnpVB d%p

Hnf = Upr + 726.6

Model based on Brownian motion and takes
into account the five parameters of volumetric

fraction, temperature, particle diameter,
particle density and the base fluid’s physical
properties.

Shows acceptable agreement with

experimental data for models with nanofluids
with single and two-base fluids.

Masoud Hosseini et
al. [78]

by = oy exp [+ (2) + o) +v (2)

where the empirical constants, @, w and y, are obtained
via experimental means.

Dimensionless model taking into account the
viscosity of the base fluid, the hydrodynamic
volume fraction of nanoparticles (@), the
diameter of nanoparticles (dy;), the thickness
of the capping layer (r) and temperature.

2.5.5.4.

Empirical models

The final classification of models used in predicting nanofluid viscosity is that of empirical models. Graf [79]

recommends that experimental results should be presented in such a manner to allow for easy and effective

comparison with the various theoretical models. Equation 2.10 illustrates the suggested exponential model in

which experimental results are to be expressed and which is valid for particle volume concentrations of up to

35%.
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tnr = upr(1+ [mle + M1%0* + 010> + [n*le* + ) (2.10)

In addition to representing experimental results in a general form, Graf [79] also states that the intrinsic
viscosity may be obtained experimentally because there is difficulty in approximating its value for a power of
3 and above by means of theoretical procedures.

Based on Avsec [57], the above expression was further modified to take into account the nanolayer interaction
effect. The resulting model or “Renewed Ward model”, as referred to by Ghadimi et al. [9], was expressed as
follows:

tng = tpr(1+ [M@err + [77]2€0§ff + [773]§03ff + [Uﬂ‘ﬂgff +-0) (2.11)

where the effective volume concentration, referred to in Table 2.7, was expressed as follows:

Sl 3 (2.12)
Pefr =@ | 1+—
Tap

where 6y, and 13, are the nanolayer thickness and particle radius respectively.

To date, many empirical models have been developed for specific nanofluids under certain experimental
conditions. However, despite all these correlations available for predicting the viscosity of nanofluids,
Sharifpur et al. [5] emphasise the fact that no single hybrid model has yet been developed which takes into
consideration all the different parameters influencing nanofluid viscosity. As a result, the existing correlations
or models are still limited in their accuracy and require further research and development in order to produce
a model that is both accurate, reliable and capable of predicting the viscosity of a nanofluid in real-life
industrial applications (a model that will accurately operate outside experimental conditions).
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2.6. Jet impingement heat transfer

Impinging jets are liquid or gaseous flows that are directed towards a surface or rigid wall [80]. When a fluid
impinges onto a surface, the resulting boundary layer is reduced in thickness and therefore offers little
resistance to heat and/or mass transfer rates [81]. The result of this behaviour is enhanced degrees of heat
transfer when compared with wall-parallel flows.

Due to the “impressive” heat transfer capabilities and associated advantages, various industrial applications
have begun to adopt jet impingement into their heating and cooling operations. Some common examples of
areas where this technology is used are the textile and paper industry, gas turbine cooling processes and, as
expected, electronic component cooling due to the substantial compactness of the technology [80].

The following section focuses on exploring the various types and configurations available, as well as the
different parameters involved in the physics and behaviour of jet impingement heat transfer. Furthermore, a
brief overview is given of the conventional procedures associated with experimental jet impingement for both
steady- and transient state investigations. Lastly, relevant experimental works reporting on nanofluid jet
impingement both within the steady- and transient state are summarised and included in appropriate tables.

2.6.1. Jet classification and geometry

To specify the characteristics of jet impingement, single jets are generally differentiated by the medium in
which they exude, the level of confinement allocated to their dischargement path and their nozzle shape or
geometry. A jet that exudes into a medium of equivalent density is termed a submerged jet, whereas a jet of
alternative composition to that of the ambient, is classified as a free-surface jet. Depending on the presence
of confinement structures directly obstructing the radial spread of the jet, jets may further be categorised as
confined or unconfined jets. With respect to the available nozzle shapes often used in jet impingement
applications, jets are generally distinguished as being circular or planar slot jets.

2.6.1.1. Submerged and free-surface jets

Submerged jets, as previously stated, are those where a fluid jet is expelled into a region containing the same
fluid at rest. In submerged configurations, velocity gradients within the jet create shearing at the edges which,
in turn, transfer momentum outwards. Such an interaction between the jet and stagnant fluid results in the
development of a potential core near the jet centre line [82], which, according to Webb et al. [83], is defined
as the region where the jet velocity remains largely unaffected by the spreading of the jet due to entrainment.
In terms of the stagnation or impingement region, the axial velocity of the jet strongly decelerates, while the
velocity in the wall tangential direction increases. This region, recognised for its high normal and shear
stresses, plays an important role in influencing the local transport properties [80]. As for the region following
deflection or impingement, submerged jets tend to continuously decelerate, while their jet thickness and
resulting boundary layer increase. Due to this behaviour, the convective heat transfer in the flow direction of
the wall jet typically decreases [80].

Contrary to the above jet classification, free-surface jets tend to display different characteristics. Free-surface
jets undergo relaxation once exiting the jet nozzle as a direct result of the lack of shearing between the fluid
jet and the low-density ambient medium or fluid [80]. As a result of this occurrence, entrainment of the
surrounding fluid may also be seen as negligible and thus the potential core may be ignored [82]. Additionally,
an increased mass flow of the descending jet is also neglected, and the velocity profile develops into a constant
velocity. After impingement, the corresponding boundary layer of the free-surface jet at the wall originates
from the jet centre and continuously increases in the direction of the flow until its thickness matches that of
the jet height [80].
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Figure 2.2 graphically illustrates the contrasting flow regions originating from submerged and free-surface jets.
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Figure 2.2. Distinct flow regions of an impinging jet field for submerged and free-surface jets adapted from Bieber et al.

[80]

2.6.1.2. Confined and unconfined jets

An impinging jet is under confined conditions if the radial spread is confined within a narrow channel, usually
between the impingement surface and the orifice plate [84]. In this particular configuration, the fluid exiting
the jet is limited in its expansion, once impinging upon the target surface, and in some cases may get
recirculated. As a result, the fluid becomes entrained back into the impinging jet [82]. Despite the reported
lower heat transfer coefficients associated with this jet configuration, many industrial applications, especially
those in electronic cooling, often require the jet to be confined by a solid boundary at the level of the nozzle
exit [85].

Based on this description, it is clear that an unconfined jet is one where no constraints are instilled above the
impinging surface and hence the jet fluid is free to expand once deflecting upon the target surface. As a result
of this expansion freedom, no recirculation or entrainment of the jet occurs.

When considering the suitability of the available confinement options, both have their own merits and
difficulties in terms of heat transfer application. According to Choo et al. [86], confined jets offer the advantage
of a more compact design, while unconfined jets prove simpler in design and thus are easier to fabricate. The
same paper also reports that the thermal performance of the two confinement options is similar when under
fixed pumping power; however, confined jets perform 20 to 30% lower when exposed to a fixed flow rate
condition.

Zuckerman et al. [87] report that confined jets produce lower average Nusselt numbers when compared with
unconfined jets of the same experimental set-up. Behnia et al. [85] report that confined jets also tend to have
decreased average heat transfer rates; however, they emphasise that there are no noticeable effects on the
stagnation heat transfer coefficient. Contrary to the previous statement, Glynn et al. [84], report on the
decrease of heat transfer coefficients due to confinement of impinging jets and associate such a decrease with
the recirculation of fluid heated by the target surface.
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2.6.1.3. Nozzle geometry
In their review of jet impingement heat transfer and physics, Zuckerman and Lior [87] refer to the strong
influence of nozzle geometry on the resulting turbulence effects, and ultimately on the heat and mass transfer
of the system.

Possibly the most common form of geometry used in jet impingement set-ups is the circular jet, which is
obtained by means of a straight, circular tube with a circular nozzle exit [88]. Assuming that the nozzle is pipe-
shaped, the exit velocity of the fluid will match a parabolic profile, which is common for general pipe flow. As
a result, the dimensionless heat transfer profile along the impinging wall will be represented by high values
within the zone of impingement [80].

Slot or “planar jets” are defined as long, thin jets with a two-dimensional velocity profile [89]. The general
trends associated with these jets are mostly very similar to those of circular jets, except for significant
guantitative differences [90]. According to Chen et al. [91], slot jets provide higher cooling effectiveness, better
controllability, uniformity and thus may be viewed as superior to circular jets. Additionally, slot jets are capable
of providing efficient cooling for applications with decreasing component dimensions but continuously
increasing heat fluxes (such as compact electronic packages). Although it may be argued that slot jets possess
many benefits over circular jets, Zuckerman and Lior [87] do, however, report on the many structural
disadvantages that are characteristic of such a jet geometry.

2.6.1.4. Alternative configurations
Conventional jet impingement heat transfer applications use a single jet of chosen configuration and
geometry, discussed above, to cool or heat a target surface that is traditionally a flat plate. However, “creative
designers”, as they are referred to by Zuckerman and Lior [87], tried to modify these traditional designs in an
attempt to obtain higher heat transfer coefficients. These modified designs aim to improve the heat transfer
performance of the system at an acceptable pressure drop and energy consumption and are constrained by
strength, space and cost considerations.

Some of the possible variations and modifications of traditional jet impingement designs, presented in the
review by Zuckerman and Lior [87], are discussed in the following sections:

Induced swirl flow:

In addition to deviating from the use of common nozzle geometries, discussed previously, some investigators
modified their nozzles to structure swirl into the flow before allowing it to make contact with the impingement
surface. As a result of the introduced swirl, flow speeds were rapidly increased while maintaining the nozzle
mass flow rate [92].

According to Hee et al. [93], flow swirl may assist in producing more uniform Nusselt number distributions
along the target surface; however, it comes at the cost of lower peak values. Additionally, these benefits are
only obtained at low nozzle-to-target surface distances. Nozaki et al. [94] state that jet swirl may result in
decreased stagnation zone heat transfer due to the formation of recirculatory regions directly under the
swirling jet.

Jet impingement angle:

A common variation in jet design is to impinge the fluid at a particular angle rather than normal to the target
surface. This angle of impingement may be required due to some unique feature of the hardware design or
may be motivated by the need to reduce particular jet losses or interactions [87]. According to Tawfek [95],
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the jet inclination is reported to generate elliptical isoclines of the Nusselt number and therefore distorts the
overall heat transfer contours across the impingement surface. They note that Nusselt numbers tend to
decrease as the impingement incidence angle becomes smaller than 90°.

Pulsed or unsteady jets:

Most of the investigations relating to jet impingement heat transfer were conducted under steady-state
conditions, i.e. where flow characteristics and boundary conditions were fixed with time. However, despite
the prevalence of such investigations, some researchers have modified their investigations to account for
unsteady flow and boundary conditions. For example, in the work of Goppert et al. [96], a pulsed jet was used
in conjunction with a flat target plate to investigate the influence of an unstable jet on the overall heat transfer
of the system. They concluded that the tendency for the jet to mix with the surrounding fluid was increased
and thus resulted in a loss of energy and speed at which the jet could reach the target surface. The Nusselt
numbers across the plate were also found to decrease by up to 50% in comparison with a jet under steady-
state conditions.

Jet arrays:

The use of multiple jet nozzles over an impingement surface has been found to offer improvements in the
efficiency and uniformity of transfer properties for slot and circular jet nozzles. However, when more than one
nozzle is used in an impingement set-up, a new phenomenon, known as jet interaction, must be considered.
In jet arrays, adjacent jets interact with one another and result in new flow regions, termed fountain regions.
Depending on jet-to-jet spacings, jet-to-target surface distances and the level of confinement on the system,
jet arrays may either produce beneficial or detrimental effects.

Table 2.12 summarises the various jet height and spacing effects on jet array impingement.

Table 2.12. Summary of jet height and spacing effects on jet array impingement adapted from Zuckerman and Lior [87]

H/D Effect on jet array impingement
<0.25 Highly constrained flow may have strong cross flow and additional back pressure.
Additional flow acceleration expected to shift peak Nusselt number laterally by 0.5-1.5D.
0.25-1.0 Fountain flow may greatly affect heat transfer in confined array.
1-2 Mild fountain effects may occur. The flow will be influenced by the confinement wall.
2-8 Shear layers may interact with one another. Important to maintain sufficient jet pressure.
The best performance of jet arrays tends to lie in this range.
8-12 Minimal confinement effects. Need to ensure that neighbouring jets remain separate.
>12 The confinement wall does not influence flow. Nozzle type and jet spacing are dominant

in the flow field. Nusselt number is affected by energy losses of the jet approaching the
wall. Need to ensure that neighbouring jets remain separate.

Alternative target surface geometry and configuration:

In addition to adapting the jet type, angle and geometry, as well as the number of impinging jets used in the
system, modifications to the impingement and target surface may also be made. Therefore, despite the works
reporting impingement upon flat target surfaces, many works exist where surface geometry has been varied
or modified to enhance heat transfer performance.

For example, in the research of Gau et al. [97], surface curvature effects were studied, where concave and
convex targets were cooled by employing jet impingement. Similarly, Fleischer et al. [98] studied curvature
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effects on jet-impingement cooling; however, they used a cylindrical target. Gau et al. [99] experimentally
studied the impingement of rib-roughened walls in an attempt to obtain larger degrees of heat transfer.

2.6.2. Non-dimensional parameters
The non-dimensional parameters that are typically associated with jet impingement heat transfer are defined
and discussed in the following sections.

2.6.2.1. Reynolds number
The Reynolds number, named after Osborne Reynolds, is an important non-dimensional parameter that is
used to differentiate whether or not a fluid flowing past a body or in a duct is steady or transient. As
emphasised by Everts [100], it serves as the ratio of the inertia (pU?/D) to viscous (uU/D?) forces and is
portrayed as follows:

_pU-L. UL (2.13)
u v

Re

where the characteristic length, L., may either be replaced by the nozzle diameter (D) for circular jets or the
hydraulic diameter, Dy, for other geometries.

In classifying jet flow, the following ranges of Reynolds numbers are considered:

e dissipated laminar flow if Re<300;

e fully developed laminar flow if 300<Re<1 000;
e transitional flow if 1 000<Re<3 000;

o fully developed turbulent flow if Re>3 000.

2.6.2.2. Prandtl number
According to Cengel et al. [101], in convective heat transfer, the dimensionless Prandtl number is used to
express the relative magnitudes of momentum and heat diffusion in the velocity and thermal boundary layers.
Named after the German physicist Ludwig Prandtl, the parameter is defined as follows:

Pr = E (214)
a

2.6.2.3. Schmidt number
Similar to the Prandtl number, the Schmidt number is the corresponding quantity when considering mass
convection and is expressed as follows:

v
s (2.15)
DAB

As indicated by the above expression, the Schmidt number is therefore the relative magnitude of molecular
momentum and mass diffusion in the velocity and concentration boundary layers respectively [101].

2.6.2.4. Nusselt number
The Nusselt number is a dimensionless heat transfer coefficient that represents the ratio of convective heat
transfer to that of conduction [100]. Depending on the flow regime, the Nusselt number can be represented
by various correlations or functions consisting of other non-dimensional parameters; however, a more general
expression is as follows:
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hCOTl‘I]LC (216)

Nu = X

where the convective heat transfer coefficient, h.y,y,, is defined as:

_k [%T] (2.17)

T~ T

hCOTlU -

and k0T /n provides the temperature gradient component normal to the wall.

2.6.2.5. Sherwood number
The corresponding quantity in mass convection is the dimensionless Sherwood number. Named after Thomas
Sherwood, this is the non-dimensional property used to indicate the effectiveness of mass convection and is,
essentially, the ratio of convective mass transfer to the rate of diffusive mass transport [101]. The parameter
is defined as follows:

Sh = hmasch (2-18)
DAB

where the mass transfer coefficient, hy, s, is defined as follows:

 ~Das [g_g] (2.19)

hinass = C]——CW

and dC /n provides the mass concentration gradient component normal to the wall.

2.6.2.6. Recovery factor and impingement cooling or heating effectiveness
In addition to the above parameters, Zuckerman and Lior [87] and Carlomagno and laniro [89] refer to the
non-dimensional recovery factor which describes the amount of kinetic energy transferred into and retained
in thermal form as the jet slows down. It is expressed as follows:

R — L-T, T._Tj (2.20)
7T, -T, U2,

where T, is termed the “recovery temperature”, which, under the special condition of the jet temperature
being equal to that of the ambient, can further be termed the adiabatic wall temperature.

In the case of impingement jets that are not isothermal with the surrounding environment, another important
parameter is the impingement cooling or heating effectiveness, defined as follows:

where Ty, represents the adiabatic wall temperature, which is different from T;. as a result of the effects due
to jet mixing with the ambient. For perfect cooling or heating performance, the effectiveness, Ef, should have
a value of 1 (T,,, would be equal to the fluid stagnation temperature at the nozzle exit), while a value of 0
indicates that the temperature change between jet and ambient does not affect the fluid temperature at the
wall [89].
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2.6.2.7. Other non-dimensional parameters
According to Zuckerman and Lior [87], the non-dimensional parameters selected to describe impinging jet
heat transfer include the fluid properties discussed in Sections 2.6.2.1 to 2.6.2.6, as well as those presented in
Table 2.13.

Table 2.13. Additional non-dimensional parameters selected to describe impinging jet heat transfer

Non-dimensional parameter Description
H/D Nozzle height to nozzle diameter ratio
R/D Radial position from the centre of the jet
z/D Vertical position measured from the impingement surface
1 Turbulence intensity (usually evaluated at the jet nozzle)
M, Mach number based on nozzle exit, averaged, velocity
f Relative nozzle area (total nozzle exit area divided by the total target area)
Pjet/D Jet centre-to-centre spacing (pitch) to diameter ratio (valid for multiple jets)
Ay Free area (1 minus the relative nozzle area)

2.6.3. Jet impingement research
The improvement and prediction of jet impingement behaviour may be conducted using either experimental
or numerical investigations. Because this study focuses primarily on the experimental impingement of TiO,-
water nanofluids, the numerical works will be neglected.

Therefore, Section 2.6.3. focuses on the experimental techniques and investigations of jet impingement heat
transfer problems. Subsequently, the following section defines the general experimental procedures used in
the experimental modelling of jet impingement heat transfer, as well as summarises the multiple works where
nanofluid is reported as the heat transfer fluid.

2.6.3.1. General experimental techniques

Typically, the experimental investigations of jet impingement heat transfer focus on the measurement of flow
field characteristics and the heat transfer coefficients of the impinging target surface. In these studies, single
or multiple jets with pre-determined nozzle geometry, angle and degree of confinement are positioned above
a solid target. A pump or blower then proceeds to force the heat transfer fluid out of the jet nozzle and onto
the solid surface, where calibrated instrumentation collects information about the fluid and target surface
properties [87]. With this data recorded, it is possible to conduct the appropriate calculations and post-
processing techniques that are needed to deduce theoretical observations and relations on the experimental
results.

To minimise energy losses, which would influence the applicable measurements and hence result in an
increased level of uncertainty, the back of the target surface is generally insulated with an appropriate material
of the researcher’s choice. Through these precautionary steps, the energy, generated by the surface, travels
in a single-dimensional pathway, normal to the surface and with uniform heat flux.

The surface heat transfer coefficient is evaluated as follows:

q (2.21)

=T -

where T; and Ty are the surface and far-field temperature values respectively and the surface heat flux is
found by one of the following methods:
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o When the target surface is insulated by means of an adiabatic material so that heat losses to the
external environment are negligible, then the total electric power may be calculated as the input
power. Subsequently, the heat flux may be approximated as follows:

. PR VI (2.22)
1= =72

e Alternatively, many research studies use Fourier’s law of one-dimensional heat conduction to define
the surface heat flux, illustrated as follows:

i=—k (Z_Z) (2.23)

. . drT . .
where k is the thermal conductivity of the target surface and - is the temperature gradient across the surface.

In obtaining temperature measurements required for the temperature gradient, temperature sensors are
generally placed in discrete locations or for the entire target surface, through non-contact optical devices (i.e.
infrared radiometers and thermally sensitive paints). However, in most cases, thermocouples are the
preferred mechanism of taking temperature measurements and thus it is of great importance to make sure
that they are embedded in or bonded carefully to the target surface [87].

With respect to monitoring fluid flow and pressure within the jet impingement system, volumetric or mass
flow meters and pressure transducers are utilised at predetermined positions.

As reported previously, the Nusselt number is the dimensionless parameter that indicates the ratio of
convective to conductive heat transfer and is found using equation 2.16. However, in an attempt to illustrate
the dependency of this quantity on other dimensionless parameters, many researchers prefer to present their
experimental results by means of an empirical correlation, which is typically expressed as follows:

Nu = CRe"Pr™f (g) (2.24)

where C, n and m are constants, determined by the experimental investigation and f (%) is an empirically

determined function of nozzle height to target surface.

Note: Additional dimensionless parameters may be added to the expression in equation 2.24 to account for
other effects of interests, such as jet pitch, pressure losses, surface geometry and curvature, and impingement
angle.

In some experimental works, investigators focused on analysing the transient cooling behaviour of impinging
jets. In these works, the target surface was not subject to a constant heat flux, but rather was heated to a
predetermined temperature and then rapidly cooled down. Industrial applications of transient cooling are
typically associated with quenching techniques, such as those used in the steel industry and generally involve
additional physics such as boiling phenomena.

The rate of heat transfer, g, of the test specimen under transient condition is generally assumed to be
proportional to the temperature gradient and is expressed as follows:

. V\dT (2.25)
=% \a)a
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With the surface heat flux known, the surface heat transfer coefficient may be approximated as indicated by
equation 2.21. Alternatively, Nayak et al. [102] offer the following expression to determine the heat transfer
coefficient:

:p-Cp-T-CR (2.26)

h
Ts - Tc

where T represents the target’s thickness and CR, the maximum cooling rate, is defined as follows:

T, -T; (2.27)
t, =t

CR =

In addition to these calculations, some works used inverse heat conduction (IHC) analysis, which used the
cooling curves generated from the transient temperature data of the target surface to produce the
appropriate heat transfer coefficients. The IHC model is based on the minimisation method, developed by
Beck et al. [103], and consists of two sub-models. For the first model, a one-dimensional estimation is used to
predict the heat transfer coefficient, while the second is used to directly compute the two-dimensional
temperature distribution of the target surface. At each time step, one of the required boundary conditions
may be inversely estimated by the first sub-model to minimise the least squares errors between the computed
and measured temperature values [104]. Fortunately, due to technological advancements and software
development, IHC solvers such as INTEMP have been developed to perform the necessary computations
required to find these surface temperatures and heat fluxes [105].

2.6.3.2. Previous works reporting on jet impingement by means of nanofluids
Tables 2.14 and 2.15 originate from previous experimental works that report on steady-state and transient jet
impingement, where nanofluids have been considered as the heat transfer fluid. Therefore, these tables
summarise the jet configurations, considered target surfaces and heating information, as well as the type, size,
concentration and flow regime of the nanofluid used in the investigation. Furthermore, the tables also identify
whether or not additional heat transfer physics, namely that of boiling phenomena, have been considered in
the appropriate works.
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Table 2.14. Steady-state works reporting on nanofluid jet impingement

Researcher Type of jet and Target surface Base fluid  Nanoparticle Particle Particle Flow regime Boiling Remark(s)
nozzle geometry size [nm] concentrati inclusion
on
Gherasim et al. Free surface and Flat aluminium surface Water Al,O3 47 0-6 vol.% Fully No Nusselt number increases with Re
[106] confined. heated by seven 200W developed and particle concentration, while
Single circular cartridge heating laminar decreases with disk to nozzle
nozzle. elements. spacing.
Jaberi et al. Free surface and Flat aluminium disk Water Al,O3 15 0.0198 - Fully No Convective heat transfer increases
[107] confined. heated by 1 000W 0.0757 wt.% developed up to a certain particle
Single circular heating wire. turbulent concentration, after which an
nozzle increase in concentration gives
adverse results.
Li et al. [108] Submerged and Copper heated by a Water Cu 25 1.5-3vol.% Transitionalto  No Nanofluids exhibit a remarkable
confined. ceramic package 100 fully increase in heat transfer rates.
Single circular resistance heater. developed
nozzle. turbulent
Liu et al. [109] Free surface and Copper block heated by  Water CuO 50 0.1-2 wt.% Fully Yes Critical heat flux increases by 25%
unconfined. a ribbon electric heater. developed for nanofluids.
Single circular turbulent
nozzle.
Lv et al. [81] Free surface and Copper surface heated Water Sio; N/A 1-3 vol.% Fully No Convective heat transfer increases
unconfined. by a heating disk. developed with an increase in volume fraction
Single circular jet. turbulent and Re number. Heat transfer
coefficient is highest when jet
impinges vertically (90° to target
surface).
Naphon et al. Free surface and Mini-rectangular fin Dl-water TiO, 21 0.4 vol.% N/A No Higher cooling rates are observed
[110] confined. heat sink for cooling of for the use of nanofluids in
Single circular jet. a computer processing comparison with pure water.
unit.
Nguyen et al. Submerged and Flat aluminium surface Dl-water Al,O3 36 0-6 vol.% Fully No Adverse effects on heat transfer
[111] confined. heated by two 100W developed behaviour are observed when using
Single circular heaters. turbulent nanofluids.
nozzle.
Nguyen et al. Submerged and Flat aluminium surface Dl-water Al,03 36 0-5 vol% Transitionalto No Nanofluid produces a clear erosion
[112] confined. heated by two 100W fully effect on the target surface.
Single circular heaters. developed
nozzle. turbulent
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Sun et al. [113] Free surface and Flat copper surface Dl-water Cu N/A 0.1-0.5wt.% Transitionalto No Convective heat transfer coefficient
unconfined. heated by two 50W fully increases with mass fraction and
Single circular and ceramic heating cores. developed appears higher for the circular
square nozzle. turbulent nozzle than for the square nozzle.

Sun et al. [3] Free surface and Copper heated by four Dl-water Ag-MWCNTSs N/A 0.01-0.05 Fully No Heat transfer performance increases
unconfined. 50W ceramic heaters. wt.% developed with the mass fraction of
Single circular Multiple target surface turbulent nanoparticles and appears better
nozzle with/without  structures considered. under swirling conditions.
swirling effects.

Teamah et al. Free surface and Stainless steel plate Dl-water Al,O3 36 0-10 vol.% Fully No Heat transfer increases as the Re

[114] confined. heated by saturated developed number increases at constant
Single circular jet. steam generated by turbulent particle concentration.

three electric heaters of
6kW capacity.

Tie et al. [4] Multiple free Copper block heated by  Water Cu 26 0.17-0.68 Fully No Depending on combinations used,
surface and six cartridge heaters. vol.% developed nanofluids may result in either
confined jets with turbulent positive or adverse effects on heat
circular nozzles. transfer rates.

Wongcharee et  Free surface and Stainless steel plate Water TiO, 30-50 0-2.5 vol.% Fully No Under similar operating conditions,

al. [115] unconfined. heated by an electric developed swirling jets produce superior heat
Single circular heater. turbulent transfer to conventional jets.
nozzle with/without Heat transfer performance increases
swirling effects. with mass fraction of nanoparticles.

Yousefi et al. Free surface and V-shaped Inconel plate Water Al,O3 15 0.02-0.15 Fully No Convective heat transfer increases

[116] unconfined. heated by a maximum vol.% developed up to a certain particle
Single-slot jet. power supply of 720W. laminar concentration, after which a further

increase produces negative effects.

Zeitoun et al. Free surface and Both copper and Water Al,O3 10 0-10 wt.% Transitionalto  No Nusselt number increases up to

[117] confined. aluminium plates fully 100% for higher concentrations at
Single circular jet. heated with a heat flux developed the same Re number.

within the range of 60- turbulent
100kW/m?2.

Zhou et al. Multiple submerged  Copper surfaces, with Water Ag 4.8 0.02-0.12 Dissipated to No Heat transfer coefficient of the

[118] and confined and without pin fins, wt. % fully target surface with pin fins is greater
circular jets. heated by four heating developed than for the surface without pin fins.

rods with a power laminar flow Both cases show enhanced cooling

rating of 8OW.

with the use of nanofluids.
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Table 2.15. Transient state works reporting on nanofluid jet impingement

Researcher Type of jet and nozzle Target surface Base fluid  Nanoparticle Particle Particle Flow regime Boiling Remark(s)
geometry size [nm] concentration phenomena
Mitra et al. Multiple free surface Steel heated to Water TiO2 20-70 0.01 Wt.% Fully developed  Yes Heat transfer performance increases
[119] and unconfined 4930 °C MWCNT 0.1 Wt.% laminar marginally by using nanofluids.
circular nozzles (tube
bank).
Modak et al. Free surface and Stainless steel Water Al,O3 <100 0-0.6 vol.% Fully developed  Yes Nanofluids exhibit a remarkable
[120] unconfined. heated to turbulent increase in heat transfer rates and
Single circular nozzle. 500 °C result in quicker cooling time.
Nayak et al. 2 Free surface and Steel heated to DI-water Al,O3 20 0-0.07 Wt.% N/A Yes Depending on the combinations
[102] unconfined circular 700 °C TiO; used, nanofluids may result in either
nozzles. positive or adverse effects on heat
transfer behaviour.
Sarkar et al. Free surface and Stainless steel DI-water Cu-Al LDH 57.69 0-200 PPM Fully developed  Yes Convective heat transfer increases
[121] unconfined. plate heated to turbulent up to a certain particle
Single circular nozzle. 1050 °C concentration, after which an
increase in concentration gives
adverse results.
Singh et al. Free surface and Steel plate Water TiO; 50 0.1-1 wt.% Fully developed  Yes Nanofluids exhibit a remarkable
[122] unconfined. heated to SiO; 70 laminar increase in heat transfer rates and
Single circular nozzle 1100 °C. Al,O3 20 result in quicker cooling time.
Tiara et al. Free surface and Stainless steel Dl-water Cu-Al LDH N/A 120 PPM N/A Yes Heat transfer coefficient showed an
[105] unconfined. heated to increasing trend with a decrease in
Single circular nozzle. 900 °C surface temperature for all
concentrations.
Deposition of nanoparticles occurs
on target surface.
Tiara et al. Free surface and Stainless steel Water Al,O3 14 0-20 PPM N/A Yes Heat transfer coefficient showed an
[123] unconfined. heated to increasing trend with a decrease in
Single circular nozzle. 900 °C surface temperature for all

concentrations.
Deposition of nanoparticles occurs
on target surface.
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An initial analysis of Tables 2.14 and 2.15 indicates that a substantial number of researchers shifted their focus
towards the use of nanofluids for jet-impingement cooling applications. Of the many works considered, it is
shown that conventional impingement configurations are single free-surface confined set-ups, which use a
circular-shaped nozzle to cool a flat target surface. As for nanofluid selection, although several particle types
were considered, investigations appear to favour Al,Os; particles and remain restricted to water-based fluids,
regardless of the flow conditions considered.

Regarding the nature of the different types of impingement cooling, it is shown that almost all steady-state
works, with exception of [109], were conducted for pure convective heat transfer, while the entire range of
transient works includes the effects of boiling phenomena. Additionally, it is also indicated that all transient
state investigations were conducted for flat target surfaces of stainless steel and hence are limited in their
focus and application.

Despite the fact that the consensus of Tables 2.14 and 2.15 is that nanofluids enhance the thermal
performance of jet-impingement cooling, it should be noted that some works do report on adverse effects
when exceeding a particular particle concentration. Examples of works where adverse effects were noted are
[4, 102, 107, 111, 121]. Additionally, it may also be concluded that the degree of heat transfer enhancement
is directly proportional to the Reynolds number of the system (a higher Reynolds number results in higher jet
impingement heat transfer).

Based on the nature and general trends of the presented works, there is sufficient research potential in
investigating both the steady- and transient state cooling of a non-steel target surface using varying volume
concentrations of none-Al,0s-water nanofluids. Therefore, this study investigates the cooling of a heated
copper target surface using TiO,-water nanofluids for both steady- and transient state conditions.

2.7. Summary and conclusions

A nanofluid is a homogeneous solution where nanoparticles are suspended in a base fluid by means of a single-
step or two-step approach in an attempt to enhance its thermal properties. Depending on the preparation
method chosen, fluid stability may vary and can be tested and improved upon by many different techniques.

In terms of effectively modelling nanofluids and their appropriate thermophysical properties, it was shown
that no single model has been developed which accounts for all parameters that source the respective
behaviour of the fluid. Therefore, despite the wide range of traditional, modified and empirical correlations
available, further development of a more accurate and reliable model capable of operating in non-
experimental environments is required. Justification of a hybrid model is prevalent among the prediction of
nanofluid thermal conductivity and viscosity respectively.

The classification of jet impingement configurations was shown to vary depending on the relationship of
impingement and ambient fluid, the level of confinement instilled upon the set-up and the selected nozzle
geometry. Furthermore, additional classification was found to depend on the number of jets, target surface
geometry, impingement angle and other conditions utilised in the desired application. The most important
dimensionless parameters and relations pertaining to jet impingement were defined and discussed in this
chapter.

Upon analysis of general experimental procedures, alternative methods to approximate the surface heat flux
and heat transfer coefficient of jet impingement studies were discussed, with substantial importance being
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placed on the nature of the flow and boundary conditions. The review of experimental works indicated that
most investigators considered steady-state conditions, while only a few accounted for transient cooling.
Furthermore, with respect to these transient works, no investigator deviated from stainless steel without the
influence of boiling phenomena. With respect to the noted trends, the present study investigates the cooling
of a heated copper target surface by means of TiO,-water nanofluids for both steady- and transient state
cooling applications.
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3. Experimental description

3.1. Introduction

The purpose of this chapter is to define the configuration of the experimental set-up, which was used to
conduct the appropriate jet-impingement cooling tests utilising both pure water and varying volume fractions
of TiO,-water nanofluid. In addition to the basic make-up of the test rig, each of the main components is
further defined to provide details of their instrumentation and overall purpose. Lastly, the data reduction
techniques, experimental procedure and resulting experimental uncertainties are also included in this chapter.

3.2. Experimental set-up

Figure 3.1 schematically represents the experimental set-up used in the study. As indicated in the figure, the
free-surface single-jet impingement system accommodated fluid delivery by means of a multi-tank and pump
system. Fluid flow within this particular system may be classified as either open or closed depending on the
configuration of the return valve that connected the main reservoir and drainage tank.

In addition to the fluid delivery system defined above, the set-up also consisted of a heated target surface or
test section, a data acquisition system and, lastly, safety devices and mechanisms that were implemented to
prevent nanofluid exposure. The nature of the systems is discussed in further detail below.

Jet
Nozzle
Data acquisition
system
Heated target Thermocouel‘e.?m
surface with
initial shielding %o
Collection Signal :
Tank cable /
Drainage ; B ol
Vave b ! Flow Shielding
| i Meter
Return |
Valve L
Fluid delivery
Bypass Drai valve
rainage
Main Valve Vilve
Reservoir —{Iﬁ—‘
Drainage ‘
Valve /
Do———— -
L—— O] |
Pump

Figure 3.1. Schematic representation of experimental set-up used for jet-impingement cooling tests
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3.2.1. Fluid delivery system
As shown in Figure 3.1, the applicable fluid circuit consisted of a reservoir tank, a centrifugal pump (BADU
45/16 Spa pump, supplied by Speck Pumps), an ultrasonic flow meter (Type 8081, supplied by Biirkert), an
orifice jet nozzle (1.65 mm diameter Lechler nozzle, supplied by Industrial Nozzles and Systems) and a
customised drainage tank (manufactured by Kare Sheet Metal Products).

The initial reservoir or tank, with a maximum capacity of 10 litres, was employed to store the 6 litres of fluid
used for the jet cooling tests. A K-type thermal couple (1.5mm RS Pro Type K thermocouples supplied by RS
components) was placed in the reservoir to monitor the fluid temperature and hence ensure that all tests
commenced at approximately the same initial fluid temperature. In addition to the tank thermocouple,
another thermocouple was also placed in the jet to observe the impinging fluid temperature. For the
experimental investigation, the jet nozzle was positioned 6.6 mm or H/D= 4, above the heated target surface.

For the investigation, a wide range of Reynolds numbers were considered by means of adjusting the flow rate
of the fluid exiting the orifice jet nozzle. These flow rates were monitored by the ultrasonic flow meter and
were controlled through a solid-state relay system that was connected to the centrifugal pump. Additionally,
a bypass or return line was also available, should the flow rate require further adjustment beyond the extent
offered by the pump control system.

Once exiting the jet nozzle, the HTF was impinged upon the heated target surface and collected in the
customised drainage tank, at which point it could either be stored, drained for collection or allowed to return
to the main fluid reservoir. The functionality was controlled through two ball valves. In addition to the main
drainage valve located at the base of the drainage tank, an additional two valves were positioned at the base
of the main fluid reservoir and along the fluid delivery line to assist in draining of all residual nanofluid. The
use of the additional drainage valves was also beneficial in terms of flushing the system with water to ensure
that no nanofluid deposition occurred, especially within the flow meter.

3.2.2. Test section
The test section or heated target surface consisted of a round copper bar with an initial diameter of 62.45 mm
and a total length of 100.01 mm. The bar was tapered at the one end to produce a reduced diameter of 42
mm that would allow for a larger total surface heat flux.

To facilitate the heating of the specimen, six cartridge heaters of 220 V and 100 W power capacity (Marathon
Heaters INC, USA) were placed in holes drilled into the base of the cylinder. Similar to the pump, these heaters
were also connected to a solid-state relay system to allow for the control of the electrical power input. The
total electrical power input was observed through the use of a type 2053-amp meter (Yokogawa, Japan) and
a type 2052-voltmeter (Yokogawa, Japan), which were connected in series and parallel to the heaters
respectively.

The tapered side of the test specimen included five holes of 1.5 mm diameter, which were drilled at various
axial levels from the surface of the bar. Each of these holes was approximately 15 mm deep and was
manufactured to house five K-type thermocouples (1.5mm RS Pro Type K thermocouples supplied by RS
components), which would track the temperature data of the specimen during the experimental runs. To
reduce any electrical interference, the thermocouples had an insulated hot junction. To prevent any air gaps
which could potentially result in disturbances or fluctuations in the thermocouple readings, each of the holes
was filled with a thermal paste (silicone heat transfer compound supplied by Unick Chemical Corp.) with a
thermal conductivity rating of 0.628 W/m-K. In order to reduce thermal losses, the copper bar was insulated
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by means of a polytetrafluoroethylene (PTFE) casing. The PTFE housing, with the copper bar, was positioned
on a customised stand, which sat above the manufactured collection tray.

In addition to monitoring the electrical heat input and heat transfer through the copper specimen, five T-type
thermocouples were also positioned around the edge of the copper surface to capture the thermal data of
the HTF after impingement upon the target surface. By means of the thermal readings and those of the jet
inlet temperature, it was possible to approximate and monitor the total fluid heat transfer as well.

Figure 3.2 schematically depicts the overall geometry of the copper test specimen, the locations of the six
cartridge heaters inserted into its base and the axial locations of the five internal K-type thermocouples.
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Figure 3.2. Schematic representation of (a) copper test specimen, (b) the axial locations of the five internal thermocouples and
(c) positioning of the six cartridge heaters within the base of the copper specimen
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3.2.3. Data acquisition system
All thermal and current output data generated by the thermocouples and ultrasonic flow meter respectively
was recorded using an SCXI-1303 data logger (National Instruments, USA). The data logger had a 32-channel
input capacity and was connected to a computer where a LabView program was used to sample data at a
predetermined frequency. Once an experimental run was completed, the appropriate data files were saved
to the computer, at which point they might undergo post-processing.

For the purpose of the investigation, all post-processing activities were conducted using spreadsheets
generated on Microsoft Excel and coded scripts that were created within Python. Before using these tools to
apply the data reduction technique discussed in section 3.3, the raw recorded data was firstly adjusted
according to the appropriate calibrations factors (discussed in Appendix A).

3.2.4. Safety system
In addition to the different applications and properties of nanofluids, Krajnik et al. [6] emphasise the
importance of understanding the potential health and safety risks associated with the use of these fluids. They
report that nanoparticles are the main occupational health and safety risk (OHS) associated with nanofluids
and thus a comprehensive understanding of different particles and their resulting toxicology is required.

According to Sajid et al. [124], nanoparticle toxicology depends on a number of factors, namely size, nature,
reactivity, mobility, stability, surface chemistry and charge, the occurrence of agglomeration, and lastly, the
storage medium and time. Mechanisms of potential exposure to nanoparticles such as dermal penetration,
respiratory intake via inhalation and digestive intake by means of ingestion are discussed. For the purpose of
this study, only the former two mechanisms of exposure were considered applicable and therefore had to be
prevented for the health and safety of the investigator and laboratory staff.

To prevent exposure to the nanofluid and nanoparticles used in the experimental tests, different safety
structures were included on the test rig. As indicated in Figure 3.1, these structures are classified as initial
shielding and secondary shielding components. The initial shielding refers to the barrier that surrounds the
test specimen and therefore prevents splashing of the fluid once impingement has occurred. The initial
shielding consisted of a Perspex cylinder attached to a platform and a Perspex lid that fitted around the jet
nozzle to reduce fluid evaporation. The secondary shielding included the external polycarbonate housing that
surrounded the entire test rig, as well as the drip tray in which the set-up sat. By means of this secondary
shielding, any leaks or rogue expansion of nanofluid, following impingement upon the target surface, was
contained. Lastly, the rig was also equipped with an emergency shower system should thorough cleansing of
the system be required. This system was connected to a nearby water supply, positioned behind the test rig.

Although safety systems or structures were included in the design and manufacturing of the test set-up, it was
still of the utmost importance to ensure that the correct caution and protective personal equipment (PPE) was
used throughout the various cooling tests. The PPE included chemical-resistant gloves, safety goggles, a
respiratory mask and a certified dust or laboratory coat.

Figure 3.3 provides a photographic representation of the experimental rig and the various components and
systems discussed above.
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Figure 3.3. Photographic representation of (a) overall jet impingement experimental set-up, (b) close-up of jet and target surface
and (c) close-up of main tank and drainage valves

3.3. Data reduction

The bulk fluid temperature was determined by taking the average of the inlet jet temperature and the mean
exit temperature of the fluid, once it had impinged upon the target surface. This temperature value was the
temperature for which all HTF properties were calculated and was defined as follows:

;b T, (3.1)
)
The mean exit fluid temperature, shown above, was determined as follows:

= Te,l + Te,Z + Te,3 + Te,4 + Te,S (3.2)
T, = s

The properties of pure water were determined using the thermophysical correlations for liquid water as
proposed by Popiel et al. [125]. The thermophysical properties of the different nanofluid volume fractions
were approximated by means of a number of equations and measurements, which are discussed in the
following chapter.

The mass flow rate of fluid during the different cooling tests was approximated through the following
expression:
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where V is the volume flow rate, determined from the current output of the ultrasonic flow meter, and pis
the appropriate fluid density at the bulk fluid temperature.

To determine the exit fluid velocity, the volume flow rate (V) and jet cross-sectional area (A;) were utilised as
follows:
(3.4)

_—
A;

Using the expression defined in Section 2.6.2, the Reynolds number within the system was calculated as
follows:

_pU-D (3.5)
u

Re

where all fluid properties were determined at the bulk fluid temperature.

Based on the readings of the amp and voltmeter respectively, the total electrical power input into the heated
specimen at a particular power setting was determined as follows:

Qelectric =V-I (3.6)

With the input electrical power known, as well as the arrangement of the different thermocouples in the
system, the heat flux of the copper specimen was determined in various ways. One such method, assuming
that no heat loss occurred between the specimen and the surroundings, was to divide the electrical input
power by the area of the target surface. This approximation is presented as follows:

I Qelectric (3‘7)

Another method, used in [81, 118] and [126], was to assume one-dimensional heat transfer and then to use
Fourier’s law of heat conduction to determine the heat flux through the copper cylinder. The heat flux across
any two thermocouple levels of the copper specimen was determined as follows:

o= AT (3.8)
q c Ax

where k. is the thermal conductivity of the copper target surface and AT and Ax are the temperature and
spacing differences between the respective thermocouple levels. Because several thermocouples were placed

at different levels in the specimen, a weighted heat flux was calculated as follows:

i1 (Dx - 4iit1 (3.9)
?=1Axi,i+1

QWeight =

As for the final approach to calculating the heat flux, equation 3.10 was also used as follows:

ey (Ty = T,) (3.10)
=
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where ¢, is the specific heat of the fluid at the bulk fluid temperature, T; is the inlet jet temperature, T, is the
average exit temperature of the fluid and A; is the surface area of the target surface.

For the purpose of the investigation, the approach described by equations 3.8 and 3.9 was used, while the
other techniques were used for energy balance purposes and to validate the physics of the experimental
model. This validation will be elaborated on in Chapter 5.

With the heat flux of the copper specimen known, the surface temperature of the specimen, based on any of
its five internal thermocouples, was approximated as follows:

éIweightAxs,i (3.11)

Ts,i = TTC,i - k
c

where Ty ; is the temperature reading of the applicable thermocouple and Axg; is the distance between the
surface and the position of the appropriate thermocouple.

The average surface temperature was found by averaging the five surface temperature values as follows:

= Ts1+Tsp+Ts3+Tss+Tss (3.12)
Ts = c

With the heat flux, surface temperature and jet temperature available, the average surface heat transfer
coefficient was determined as follows:

q (3.13)

h =
T, — T

The average Nusselt number was approximated using the following expression:

Ny — h_& (3.14)
k

where D; is the jet nozzle diameter and k is the thermal conductivity of the HTF at the bulk fluid temperature.

As indicated earlier, the arrangement and nature of the different thermocouples used in the test rig allowed
the monitoring of heat transfer within both the copper specimen and the HTF. The heat transfer quantities
were determined as follows:

Qc = c?weight " Ag (3.15)

Qfluid =Mm-cy- (T — T]) (3.16)

Because the total electrical power supplied to the target surface was also known, the following energy balance
was employed:

Qelectric ~ Qc i Qfluid (3-17)
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Based on equation 3.17, the heat transfer rate of the copper specimen was compared with that of the electrical
power input and HTF by employing the following energy balances:

EB = Q‘ele?ctric - Qc % 100 (3-18)
Qelectric
)e — Qi (3.19)
gp = | Yuial 09
c

The many steady-state impingement tests indicated that the average energy balance between the electrical
input power and the copper specimen was approximately 12.63%, while that of the specimen and HTF was
6.92%.

With respect to the transient cooling analysis of the different HTFs, the cooling curves of surface temperature
versus time were generated and analysed. In order to eliminate the effects of jet inlet temperature on the
analysis, the transient surface temperature of the specimen, with respect to time, was non-dimensionalised
as follows:

Ts —T; (3.20)

3.4. Experimental procedure

The experimental investigation aimed to analyse both the steady-state and transient cooling of a heated
copper cylinder by means of DI-water and varying volume fractions of TiO,-water nanofluids. With respect to
the particle concentrations considered, nanofluid mixtures of 0.025, 0.05, 0.1, 0.25, 0.5 and 1% were prepared
and tested. Due to the varying nature of the different impingement tests conducted, the experimental
procedure is defined separately for both the steady-state and transient cooling tests in the next section.

3.4.1. Steady-state jet impingement tests
Once the appropriate HTF had been introduced into the main fluid reservoir, the power dial controlling the six
cartridge heaters was adjusted to produce the desired electrical power input based on the readings of the
amp and voltmeter respectively. For the purpose of the investigation, the power input was approximately 145
W and was generated at a setting of 35% on the solid-state relay control. To monitor the heating process, the
five internal thermocouple readings were observed via the LabView program on the computer. This process
generally took five minutes to heat the copper specimen from ambient temperature to 50 °C.

While heating the target surface, the power dial controlling the centrifugal pump was adjusted to produce the
required volume flow rate for the respective impingement test. Based on the initial calibration of the test rig,
the power settings ranged between 45 and 100% on the solid-state relay and were capable of producing
Reynolds numbers in the range of 10 000 to 30 000.

Once the specimen reached the desired temperature of 50 °C, the circuit breaker for the pump was switched
on and the impingement cooling process was initiated. As these tests were to be done for a constant surface
heat flux, the power supply to the heaters remained undisturbed for the duration of the runs. Based on the
initial calibration tests, initiated at a temperature of 50 °C, steady-state conditions were achieved within the
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first minute of cooling. Regarding the recording and post-processing of the data, the cooling data was recorded
immediately after the pump was turned on for a duration of three minutes. To obtain the time-averaged
steady-state data, only the final minute of each cooling run was considered.

Upon completion of each experimental run, the return valve between the drainage tank and the main fluid
reservoir was opened. Once the HTF had returned to the reservoir, it was allowed to cool down to a
temperature of 21 to 23 °C. The thermocouple positioned within the main reservoir was used to monitor this
temperature value to ensure that each test was initiated at approximately the same fluid temperature. Each
fluid test was repeated at least three times to ensure repeatability and reliability of data.

3.4.2. Transient state jet impingement tests
In addition to the steady-state impingement runs, the investigation also sought to compare the overall
efficiency of the various TiO,-water nanofluids for transient cooling. These tests were conducted through
heating the copper specimen to a predetermined temperature, turning off the heaters and initiating the
impingement cooling process. A temperature value of 105 °C was selected for the initial specimen
temperature to obtain transient cooling data where the effects of boiling phenomena were ignored; a case
that has not been considered in the cited works pertaining to transient impingement by means of nanofluids.

Regarding the pump settings used in the investigation, the time-sensitive nature of the transient surface
temperature would not allow for the time required for the stabilisation of flow rates at lower pump power
settings and thus only the maximum power setting of 100% was considered. Once initiating the cooling
process, the thermal data of the five internal thermocouples was recorded until reaching a temperature value
of below 40 °C. This particular temperature value was chosen based on the fact that cooling appeared rapid
until approximately 35 °C, at which point the time to reach a constant temperature was greater than the
amount of fluid available to the system.

Once obtaining the appropriate surface temperature data with respect to time, the data was non-
dimensionalised through the use of equation 3.20 in an attempt to eliminate the effects of the inlet jet
temperature. Similar to the steady-state tests, upon completion of each run, the fluid was returned to the
main reservoir where it was allowed to cool before conducting the next experimental run. Each test was
repeated in an attempt to improve the reliability of the data.

3.4.3. Post-testing procedure

Once both the steady-state and transient tests had all been completed for a given HTF (either water or a
particular volume fraction of TiO,-water nanofluid), the fluid was pumped from the main fluid reservoir to the
drainage tank, at which point it was drained. To ensure that the maximum amount of fluid was collected from
the system, the additional two drainage valves, discussed in Section 3.2.1, were also used. Once ensuring that
the system had been drained sufficiently, distilled water was pumped throughout the system in order to
ensure that no particle deposition occurred and to remove any contaminants that could potentially inhibit the
flow through the relatively small diameter of the orifice jet nozzle. This process was repeated several times to
ensure that the system was cleaned thoroughly before testing with a new fluid.

In addition to cleaning the fluid delivery system between the different fluid tests, the copper target surface
was also cleaned of all residual nanoparticles and impurities that could potentially inhibit the heat transfer of
the surface.
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3.5. Uncertainties
All uncertainties were approximated within the 95% confidence level utilising the procedure defined by Moffat
[127] and Dunn [128]. The full uncertainty analysis pertaining to this investigation is presented in Appendix B.

Tables 3.1 to 3.4 depict the associated uncertainties approximated for the various instrumentation, fluid
properties and experimental parameters calculated during the current investigation.

Table 3.1. Range and associated uncertainty of measuring instruments

Instrument Range Uncertainty
Thermocouple <150 °C 0.12°C
Flow meter 0-50 L/min +0.01% of full range and 2% of
measured value
Amp meter 0-25A 2% of nominal value
Voltmeter 0-300V 1.7% of nominal value
Vernier Caliper 0-150 mm 0.02 mm

Table 3.2. Uncertainties associated with calculated fluid properties

Property Water 0.025 Vol. % 0.05 Vol. % 0.1 Vol. % 0.25 Vol. % 0.5 Vol. % 1Vol. %
p [kg/m?3] 0.003% 0.003% 0.003% 0.003% 0.003% 0.003% 0.003%
¢, U/kg K] 0.04% 0.044% 0.044% 0.044% 0.043% 0.043% 0.042%
kW/m-K] 2% 2% 2% 2.01% 2.03% 2.05% 2.12%
ulkg/m-sl] 1% 1% 1% 1% 1% 1% 1%

Table 3.3. Uncertainties associated with calculated parameters at varying particle volume concentrations

Uncertainty at particle volume fraction

Parameter 0% 0.025% 0.05% 0.1% 0.25% 0.5% 1%
q 0.15% 0.15% 0.15-0.16%  0.15% 0.14-0.15%  0.14-0.15%  0.14-0.15%
h 1.75-355%  1.37-3.17%  1.38-3.33%  1.69-3.26%  1.58-2.9%  1.26-2.99%  1.28-2.92%
Nu 2.66-4.08%  2.43-3.75%  2.43-3.88%  2.63-3.83%  2.57-3.54% 2.41-3.63% 2.47-3.61%

3.6. Summary and conclusions
The experimental set-up, data reduction methodology as well as the experimental procedure and resulting
uncertainty analysis were all discussed in this chapter.

The constructed test rig consisted of a heated copper cylinder of 42 mm diameter, which was cooled by means
of a 1.65 mm orifice jet nozzle, located four nozzle lengths above the target surface. During the investigation,
jet-impingement cooling under steady-state and transient conditions were considered, where varying volume
fractions of TiO,-water nanofluid were compared.

With respect to the steady-state tests, the heated target surface was subject to a constant heat flux and cooled
at varying Reynolds numbers ranging between 10 000 and 30 000. Thermal data for both the fluid and test
specimen was recorded by means of strategically placed thermocouples inside the copper specimen, along
the edge of the impingement surface and within the jet itself. The volumetric flow rates of the varying HTF
were recorded through a current output signal that was produced by the ultrasonic flow meter.

As for the transient investigation, the transient cooling curves of the copper surface temperature against time
were obtained and compared. These tests ignored the phenomenon of boiling and were limited to the
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maximum pumping power due to the time-sensitive nature of the transient surface temperature. To eliminate
the unwanted effects of the inlet jet temperature, the surface temperature data was non-dimensionalised
before analysis.

Upon completion of the appropriate uncertainty analysis, it was observed that the uncertainty in the
approximated surface heat flux remained constant at 0.15%. Regarding the uncertainties of the other
calculated parameters, it was shown that the uncertainty of the HTC remained between 1.26 and 3.55%, while
the maximum uncertainty of the calculated Nusselt number remained below 4%. The magnitude of these
uncertainty values appeared to be directly proportional to the flow rate or Reynolds number of the respective
fluid tests. Additional uncertainty data for the appropriate instrumentation and calculated fluid properties was
also included in the uncertainty analysis.

45



y

o

ﬂ UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

@, VUNIBESITHI YA PRETORIA
A2 4

4. Nanofluid preparation, characterisation and stability analysis

4.1. Introduction

This chapter presents the preparation, characterisation and resulting stability of the different volume fractions
of TiO,-water nanofluids that were prepared during the experimental study. Therefore, the various
thermophysical properties obtained through experimental measurements as well as by means of existing
models are presented and discussed. With respect to the reported stability of the prepared samples, the
different tests conducted as well as their appropriate results are also included and discussed. Lastly, the
particle morphology of the TiO, nanoparticles is also included and discussed in this chapter.

4.2. Preparation

Concentrated TiO,-water nanofluid (15 wt. %), prepared through a single-step method, was procured from US
Research Nanomaterials Inc (USA), where the average particle size was specified to be 5 to 30 nm. For the
purpose of the investigation, six different particle volume fractions, namely 0.025, 0.05, 0.1, 0.25, 0.5 and 1%,
were prepared by means of diluting the concentrated mixture with deionised water. As the study’s focus was
to investigate the thermal performance of the selected nanofluid in jet impingement applications, the particle
volume fraction was modified until heat transfer was no longer enhanced. Consequently, and as will be
discussed in section 5, it was not necessary to test fluids at a higher or lower particle concentration.

To determine the initial volume concentration of the supplied TiO,-water dispersion, the following expression
relating weight to volume fraction was used in conjunction with the material properties presented in Table
4.1:

0= (Z)'pbf (4.2)
@ pps + Pnp(1 — 0)

Table 4.1. Thermophysical properties of TiO, nanoparticles and DiI-water at an average temperature of 25 °C

Property Base fluid (DI-water) TiO; nanoparticles
p (kg/m*) 997.1 4250
c, J/kg - K) 4180 686
k(W/m-K) 0.607 8.954
u(kg/m-s) 8.91x 107* -

Substituting the appropriate quantities into equation 4.1, produced an initial volume concentration of
approximately 4%.

As a large volume of nanofluid was required for the jet cooling tests, namely 6 litres, the dilution process
occurred in multiple batches of 250 ml. The volume of DI-water to be added, AV, in order to attain a particular
volume fraction, ¢,, was determined as follows:

AV =V, -V =V, (R -1y (4.2)
P2
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In order to break down particle agglomeration and ensure the preparation of a stable and homogeneous
nanofluid, a Q700 ultrasonicator (QSonica, USA) was used. The sonicator was set to an amplitude of 70% for a
duration of 30 minutes with a pulsating duration of 5 seconds on and 2 seconds off. In an attempt to prevent
evaporation and ensure that the nanoparticles were not burnt, the glass beaker containing the nanofluid was
placed in a thermal bath with a temperature setting of 15 °C. Once a batch of fluid had undergone sonication,
it was added to a 10-litre container that would be used to transport all the fluid to the main reservoir of the
set-up. Before testing of a prepared nanofluid could begin, samples were collected and characterised in terms
of their stability and thermophysical properties (this is expanded on in Sections 4.3 and 4.4).

Upon initial analysis of the visual appearance of the different fluid samples, it was observed that particle
sedimentation had begun to occur relatively soon after sonication for volume fractions below 0.5%. Based on
this phenomenon, it was concluded that the fluid mixtures were not sufficiently stable and hence would not
be suitable for the impingement tests. Therefore, it was deemed necessary to make use of a surfactant in
order to improve the stability of these lower volume fraction mixtures before continuing with the dilution
process and overall experimental investigation.

Using an AS 220.R2 analytical balance (RADWAG, Poland), with built-in accuracy of +0.005 g, sodium dodecyl
sulphate (SDS), procured from Sigma-Aldrich (USA), was measured to produce a dispersion factor of 0.8. Once
adding the SDS to a batch of fluid, it was subjected to magnetic stirring for a duration of 15 minutes. This
process was conducted using a hotplate stirrer (Lasec, South Africa) with a heat and stir speed setting of 0 and
6 respectively. Following the addition and magnetic stirring of the surfactant into the appropriate batch of
nanofluid, the sonication and fluid preparation process was continued.

Figure 4.1 portrays the initial visual stability of the prepared TiO,-water nanofluid at a volume fraction of 0.25%
with and without the addition of SDS.

Figure 4.1. Initial appearance of prepared TiO,-water nanofluid samples at 0.25% volume fraction with (left) and without (right)
the addition of SDS

Figure 4.1 indicates that the prepared sample containing SDS appears to be much more uniform in appearance
than that of the sample that is free of any surfactant. Regarding the occurrence of sedimentation, the sample
without surfactant shows a heavy presence of particle sedimentation on the bottom of its specimen container,
while the other sample shows no sign of sedimentation. Ultimately, it can be concluded that the use of SDS
resulted in enhanced stability among lower particle volume concentrations of TiO,-water nanofluid and hence
should be used in the preparation of TiO,-water nanofluid mixtures below a volume fraction of 0.5%.
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4.3. Thermophysical properties

4.3.1. Viscosity
The viscosity of the different nanofluid samples was measured using an SV-10 Sine Wave Vibro-viscometer
(A&D, Japan) with an accuracy of 1% over its full range. Before initiating nanofluid measurements, the
viscometer was calibrated according to the method outlined by the manufacturer in the associated user
manual. The calibration process used DI-water and was conducted for a temperature range of 15 to 45 °C,
whereby viscosity readings were taken at intervals of 5 °C.

Following the completion of the calibration process, each of the six nanofluid samples was subjected to a
similar process and the measured viscosity values at each temperature interval were plotted against that of
the DI-water. Figure 4.1 depicts the resulting viscosity values of the samples in comparison with those of the
initial DI-water measurements.
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Figure 4.2. Viscosity of TiO,-water as a function of temperature for varying particle volume fractions

Upon analysing the graph, it is clear that the magnitude of the measured nanofluid viscosity is proportional to
its volume fraction. Similar to the case with the base fluid, the measured viscosity of the different samples
deteriorated as temperature increased. This trend in viscosity is in line with the observations recorded by
many different research groups, some of which are discussed in the review paper of Meyer et al. [10].

For comparison purposes, the experimental viscosity data was compared with the theoretical predictions
obtained by means of the Brinkman model and those proposed by Wang et al. [129]. These models are
expressed by equation 4.3 and 4.4 respectively as follows:

tns = Upr(1 — @)™ %5 (4.3)

tnfs = Upr(1 +7.3¢ + 123¢?) (4.4)

48



A
&

". UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

Making use of these models, the following figure was generated for the considered particle volume fraction
range at a constant temperature of 25 °C:

0.00097
¢ Experimental

0.00096 4 "~ Brinkman model
—— Wang et al.

0.00095 A

0.00094 +

0.00093 A

0.00092 A

Viscosity [kg/m - 5]

0.00091 4

0.00090 A

0.00089 ~

0.0 0.2 0.4 0.6 0.8 1.0
@ [%]

Figure 4.3. Experimental and predicted viscosity values for TiO-water nanofluid at varying particle volume fractions and a
constant temperature of 25 °C

According to figure 4.3, the Brinkman model was not suitable for predicting the viscosity data of the prepared
volume fraction range of TiO,-water nanofluid. The reason is that Brinkman’s model is merely an adjustment
of Einstein’s model for a larger particle fraction range and hence does not account for all parameters
influencing nanofluid viscosity. Therefore, this particular model underpredicted the fluid viscosity
substantially.

The viscosity model proposed by Wang et al. [129] closely approximated the viscosity data for volume fractions
less than 0.2%; however, it deviated as the fraction increased. When approximating the relative error between
the data and model, it was found that the maximum deviation was less than 2%, which indicated that the
experimental data was suitable for defining the viscosity of the appropriate nanofluid samples.

4.3.2. Thermal conductivity
As highlighted in Section 2.5.4, there are a wide range of models for predicting the thermal conductivity of a
nanofluid. Unfortunately, no two models are the same nor do they take into account all of the different
parameters that may influence the thermal conductivity of the fluid. As a result, most models are still limited
in their accuracy and their suitability for real-life industrial applications.

Therefore, the experimental model of He et al. [130], which was specifically formulated for predicting the
thermal conductivity of TiO,-water nanofluids, was used for the approximation of the thermal conductivity of
the different nanofluids in this study. Their proposed correlation is presented as follows:

knp = kpr(125.62¢% + 4.82¢ + 1) (4.5)

By means of equation 4.5, the following plots were generated for varying particle concentrations of TiO,-water
at varying temperature values:
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Figure 4.4. Approximated thermal conductivity of TiO,-water as a function of temperature for varying particle volume fractions

Based on the above data, it is clear that the thermal conductivity of TiO,-water is directly related to the fluid
temperature and the particle fraction of TiO, nanoparticles suspended within the base fluid. Both parameters
showed a direct correlation to the magnitude of the fluid’s thermal conductivity and corresponded to the
reported observations of the many researchers that have investigated the thermal conductivity behaviour of
different nanofluids.

4.3.3. Other properties
Concerning the approximation of density for the different volume fractions of TiO,-water, the mixing theory
used by both Cheremisinoff [36] and Pak and Cho [37] was used. This expression is defined as follows:

Pnr = (1 = @)pps + @pnp (4.6)

In predicting the specific heat of the different fluids, equation 2.7, which used the mixing theory and the
assumption of thermal equilibrium between the particles and base fluid, was redefined as follows:

(Pcpnppnp | (1 (p)cpbfpbf (4.7)
c =
Pnf

pnf

Figures 4.4 and 4.5 visually illustrate the resulting density and specific heat values for the varying particle
concentrations of TiO,-water nanofluids in relation to temperature, obtained through the use of equation 4.6
and 4.7 respectively.
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Figure 4.5. Approximated density of TiO,-water as a function of temperature for varying particle volume fractions
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Figure 4.6. Approximated specific heat of TiO,-water as a function of temperature for varying particle volume fractions

As depicted in Figure 4.6, the density of the prepared nanofluids was directly proportional to the particle
volume fraction and inversely proportional to the overall fluid temperature. With respect to the predicted
values for specific heat, an inverse relationship existed for the particle volume fraction, while no real trends
were shown for the considered temperature range.
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4.4. Stability

With the intent of analysing nanofluid stability, two 50 ml specimen containers were collected for each of the
prepared nanofluid samples. The containers were labelled with the relevant TiO, volume concentration and
were subjected to a visual and constant viscosity versus time stability check. Both tests and the results are
discussed in the following sections.

4.4.1. Visual stability

When analysing the visual stability of the different samples, the clear specimen containers housing the
appropriate nanofluids were positioned in front of a backdrop and photographed at varying time intervals. A
black background was used for contrasting purposes and to assist in the overall quality of the visual inspection.
Once an initial photograph was captured, further pictures were taken at hourly intervals to monitor
sedimentation levels within the different samples. For the stability requirements of this investigation,
photographs were taken every hour for a period of four hours. This particular time was much greater than
that spent on each experimental run and hence was deemed a suitable value to validate the initial fluid
stability.

Figure 4.7 portrays the captured images of the six different samples at time=0 and time=4 hours. As depicted
in the figure, no particle sedimentation occurred, and the visual appearance of the multiple samples remained
unchanged over the full four-hour time period. Therefore, it was concluded that the prepared fluid samples
were visually stable.

- 0 Wats=To —)r ~—
. ———— = 2~ I P r— ==
| T0-Water, 1% vol. Ster, 0 U T0:Water, 0.025% vok

(b)

Ti0>Water, 0.025% ok

i1 ot |
L'OPWater, 1% vol. Tio-Water, 0.5% vol. |

Figure 4.7. Visual stability analysis at (a) time=0 and (b) time=4 hours
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4.4.2. Constant viscosity over time
In addition to visual appearance, the thermophysical properties of each fluid sample also had to demonstrate
continuity before being deemed suitably stable.

Therefore, each fluid sample was subjected to a viscosity measurement at a constant temperature value for a
predetermined period of time. Again, a period of four hours was used to quantify the fluid stability, while the
fluid temperature was maintained at a temperature of 25 °C. Using the SV-10 Sine Wave Vibro-viscometer
(A&D, Japan), viscosity measurements were taken every 15 minutes for the full four-hour period.

Figure 4.8 depicts the resulting measurements of the respective fluid samples at each recorded time interval.
This figure indicates that the measured viscosity values remained constant with respect to time for the full
duration of the considered period. As a result of the continuity in the thermophysical measurement, each fluid
sample was regarded as stable and hence could be used in the appropriate jet-impingement cooling tests.
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Figure 4.8. Viscosity of TiO,-water as a function of time for varying particle volume fractions at T=25 °C

4.5. Nanoparticle size

Based on the information provided by US Research Nanomaterials Inc (USA), the average particle size of the
TiO, nanoparticles was specified to be within the range of 5 to 30 nm. In order to corroborate this information,
a transmission electron microscopy (TEM) analysis of one of the nanofluid samples was conducted. Although
this particular technique involves, unfavourably, drying out the sample, it is a common practice reported on
in literature and is deemed a suitable method to better understand the morphology of a nanofluid [8].

Figures 4.9 (a) and (b) present the results of the TEM analysis for the coarse- and fine-scale of 200 and 50 nm
respectively.
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Figure 4.9. TEM analysis results (a) 200nm scale and (b) 50nm scale

The above figures indicate that the average size of TiO, nanoparticles fell approximately within the range of 5
to 30nm. Therefore, the figures confirm the information provided by the manufacturer.

However, for a more improved approximation of the TiO, nanoparticle size, it is recommended that a Zetasizer
be used in conjunction with the TEM analysis. The use of such a tool would also enable one to determine the
average particle size as a function of sonication time or even sonication energy input [131].

4.6. Summary and conclusions

This chapter described the preparation, thermophysical characterisation and overall stability analysis of the
prepared TiO,-water nanofluids. As mentioned earlier, only the viscosity of the resulting fluid samples was
physically measured, while already existing models were used to approximate density, specific heat and
thermal conductivity. To evaluate the stability of the multiple samples, a visual and constant viscosity versus
time inspection was conducted.

When considering the viscosity measurements obtained via an SV-10 Sine Wave Vibro-viscometer, it was clear
that the viscosity of the prepared nanofluid was directly related to the particle volume concentration and
inversely related to its overall temperature. This trend was found to coincide with those already reported on
in other related nanofluid studies.

With respect to the approximation of thermal conductivity, the model of He et al. [130], which was specifically
formulated for predicting the thermal conductivity of TiO,-water nanofluids, was used. Based on the nature
of this particular model, it was concluded that the fluid’s thermal conductivity would be impacted by the
particle concentration and overall fluid temperature. However, unlike viscosity, the thermal conductivity
would be directly proportional to temperature. Yet again, such behaviour was found to be consistent with that
of published works.

Based on the overall duration of the respective cooling tests, it was determined that a minimum stability
period of four hours would be suitable to deem a prepared fluid sample “stable”. Using the visual and constant
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viscosity versus time checks, all nanofluid samples were found to be of suitable stability for the experimental
investigation.

Lastly, in an attempt to understand the particle morphology and verify the average nanoparticle size specified
by the manufacturer, a TEM analysis was also conducted. Based on the results of the analysis, the information
provided by the manufacturer was found to be valid.
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5. Results

5.1. Introduction

This chapter describes the validation and the conducted energy balance of the current experimental model.
In addition to the validation, the resulting heat transfer data for the various jet impingement tests using the
TiO,-water particle concentrations is also presented and discussed. With reference to the steady-state
impingement tests, a correlation fitted to the experimental data is also portrayed and evaluated in this section
of the study.

5.2. Validation of the experimental model

Before conducting any jet-impingement cooling tests, using the prepared volume fractions of nanofluid, initial
experimental calibration and validation were done using DI-water. The process was conducted to ensure that
the physical system behaved as expected and that the heat transfer data obtained through the respective
impingement tests was both valid and could be used with confidence. In order to prove that the jet-
impingement cooling tests provided valid results, the average steady-state Nusselt numbers obtained for the
Dl-water tests were compared with already existing correlations for free-surface water jet impingement.

Yaohua et al. [132] conducted numerical and experimental investigations to characterise the conjugate heat
transfer coefficient on a copper target surface impinged on normally by a free-surface circular jet. Regarding
the considered parameters, nozzle diameter was varied between 0.9 and 2.0 mm and Reynolds numbers were
within the range of 8 000 to 25 000. The diameter of the copper target surface was reported to be 10 mm.

The correlation fitted to the experimental data for the Nusselt numbers of their appropriate water tests is as
follows:

2d\? 2d\?[/ D \*/? (5.1)
— 0.4p,0.5 _ 1/3p,05
Nu = 0.7212 ( D ) Pr“*Re"> + 0.89 ( D ) [<2d) 1] Pr+/°Re

Based on the considered conditions reported above, the above expression regressed as follows:

Nu = 0.9454Pr1/3Re043 (5.2)

Figure 5.1 shows the comparison of the matched curves of equations 5.1 and 5.2 with the experimental values
of the DI-water tests.

Figure 5.1 indicates that equation 5.2 overpredicted the Nusselt number substantially showing an absolute
error ranging between 35 and 85%. With respect to equation 5.1, the predicted Nusselt numbers showed a
good agreement with the experimental data at higher Reynolds numbers but deviated as the Reynolds number
was decreased below 20 000. When calculating the absolute error between the curve of equation 5.1 and the
measured data, it was found to be within the range of 0.5 to 25%.
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Figure 5.1. Comparison between the experimental and calculated Nusselt numbers for steady-state DI-water jet impingement

In comparing the accuracy of the two correlations with that of the measured data, it should be noted that
equation 5.2 was simplified for a particular experimental condition and hence did not take into account the
ratio of the nozzle and surface diameter used in this study. As a result, the expected error associated with the
correlation would be large. Regarding the error for equation 5.1, although the previously mentioned diameter
ratio was considered, the model did not account for other parameters such as nozzle-to-target surface
distance that could influence the resulting Nusselt number and thus was also limited in its accuracy.

Regardless of the error between the experimental data and the theoretical correlations, similar trends were
indicated with an increase in Reynolds number. Furthermore, despite the slight error at Reynolds numbers <
20 000, the experimental data was closely approximated by equation 5.1 and thus could be deemed valid.

In conjunction with the validation study described above, the experimental system was also validated through
an energy balance between the heated target surface, the HTF (water) and the electrical power input. This
particular validation, based on equations 3.18 and 3.19, served as an indicator of the physics of the
experimental model and was conducted to ensure that all energy losses were as low as possible to prevent
any adverse effects on the measured data.

Table 5.1 presents the average energy balance between the copper specimen and the HTF, as well as that
between the copper specimen and the electrical power input for the considered Reynolds numbers of the
respective water impingement tests.

Table 5.1. Average energy balances for steady-state water jet impingement tests

Tested Reynolds number 11486 16 449 22 075 26 318 28 503
Average energy balance between copper 2.18% 3.51% 3.09% 3.21% 2.31%
specimen and water

Average energy balance between electrical 2.27% 3.28% 2.67% 2.35% 5.26%

power input and copper specimen
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As shown in Table 5.1, the average energy balance between the heat transfer of the copper specimen and the
impingement fluid (water) was less than 4% across the entire range of tested Reynolds numbers, while that of
the specimen and electrical power input was within the range of 2.27% to 5.26%. Based on these energy
balances, it could be concluded that the system was valid in its operation and that the effects of energy losses

on the experimental data would be negligible.

5.3. Steady-state jet impingement of TiO2-water nanofluids

5.3.1. Average convective heat transfer coefficients
Figure 5.2 plots the average HTC against the different Reynolds numbers for the varying volume particle
concentrations of TiO,-water. The figure indicates that the resulting convective HTC for the different fluid tests
was directly proportional to the Reynolds number and increased in a near-linear manner. This behaviour is
commonly observed in jet impingement studies and is described as a direct consequence of an increasing
convection effect under higher fluid flow rates.
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Figure 5.2. Average HTC values for varying volume fractions of TiO,-water at varying Reynolds numbers

In terms of the effect of nanoparticle concentration on the average steady state HTC, it was found that the
use of nanofluids produced adverse effects. As seen in Figure 5.2, the use of TiO,-water within the volume
fraction range of 0.25 to 1% produced an unfavourable effect on the HTC when compared with using DI-water.
As for the particle volume fractions of 0.1 and 0.05%, it was found that the average HTC was enhanced by an
average of approximately 10 and 14% respectively. However, when decreasing the particle volume
concentration to 0.025%, the average HTC was again less favourable than for DI-water. As a result, the
optimum volume fraction of TiO, particles was found to be 0.05%.

In an attempt to explain these observations, the works of Tie et al. [4], Jaberi et al. [107] were used. In both
works, the authors report on the adverse effects encountered in jet-impingement cooling when using different
particle concentrations of nanofluid. According to their works, the convective HTC is directly dependent on
the fluid thermal conductivity and inversely on the boundary layer thickness. Although the thermal
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conductivity of nanofluids increases with particle concentration, the viscosity of the fluid also increases, which,
in turn, causes an increase in the boundary layer thickness. Therefore, at higher particle concentrations, the
effect of the increase in viscosity on the HTC may overcome the effect of the increase in the thermal
conductivity and thus decrease the contribution of the thermal conductivity to the overall HTC. Tie et al. [4]
explain that the enhancement in fluid thermal conductivity exceeds the enhancement of the HTC during such
an occurrence.

Based on the above explanation, it could be concluded that the thermal conductivity enhancement achieved
at a volume fraction of 0.05 and 0.1% produced a positive effect on the HTC. Increasing the volume fraction
beyond this range resulted in the thermal conductivity enhancement exceeding the enhancement in HTC (the
increase in fluid viscosity and boundary layer thickness outweighed the increase in fluid thermal conductivity).
In explaining the performance of the 0.025% volume concentration, it could be deduced that the enhancement
offered in thermal conductivity was simply not large enough to offer any improvement in the heat transfer of
the jet cooling process.

5.3.2. Average Nusselt numbers
The overall heat transfer performance of the various nanofluid concentrations is presented in non-
dimensional form in Figure 5.3.
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Figure 5.3. Average Nusselt number values or varying volume fractions of TiO,-water at varying Reynolds numbers

Similar to the data of the HTC, Figure 5.3 illustrates adverse effects on the Nusselt number when using varying
particle concentrations of TiO,-water nanofluid. The overall enhancement showed that a volume fraction of
0.05% produced a maximum average enhancement of 14.75%, while a volume fraction of 1% produced the
most adverse effect on the Nusselt number by reducing the value by an average of 13.05%.

With respect to the general trends observed in the data, it can be noted that the Nusselt number of all fluid
concentrations increased with an increase in Reynolds number due to the forced convection effect, but only
volume fractions of 0.05 and 0.1% were capable of producing an overall enhancement in comparison with the
impingement of DI-water. As stated earlier, this behaviour may be associated with the trade-off between
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thermal conductivity enhancement and the increase in fluid viscosity and boundary layer thickness due to an
increase in particle volume concentration.

5.3.3. Correlation of the results
Based on the experimental measurements of the varying particle volume fractions of TiO,-water nanofluid, a
correlation was formulated using regression software to predict the Nusselt number as a function of the fluid
volume fraction and Reynolds number. The correlation is presented as follows:

Ny = {0.1263 *Re%70590235 < 0.1% (5.3)
0.0669 - Re®%7¢p~ 01 ¢ >0.1%

where R? is 0.98%.

Figure 5.4 portrays the fitted lines of equation 5.3 to the experimentally measured Nusselt numbers of each
particle volume fraction of TiO,-water.
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Figure 5.4. Comparison between the calculated and experimental Nusselt numbers for varying volume fractions of TiO,-water: (a)
0.025 Vol. %, (b) 0.05 Vol. %, (c) 0.1 Vol. %, (d) 0.25 Vol. %, (e) 0.5 Vol. % and (f) 1 vol. %

As shown by the sub-plots, the proposed correlation showed a good agreement with the experimentally
measured data and predicted the Nusselt numbers for a particular volume fraction at the various Reynolds
numbers very closely. To quantitatively compare the predicted data of equation 5.3 and that measured
experimentally, Figure 5.5 was generated below.
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Figure 5.5. Comparison between the calculated and the experimental Nusselt numbers
Figure 5.5 shows that equation 5.3 predicted the experimentally measured Nusselt number within an error
range of less than 10%. Therefore, it is proved that the proposed correlation is capable of accurately predicting

the non-dimensional HTC of TiO,-water nanofluid for free-surface single jet impingement with a circular jet
nozzle.
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5.4. Transient jet impingement of TiO2-water nanofluids

As highlighted in Chapter 3, the time-sensitive nature of the transient cooling impingement tests did not
provide ample time for flow rate stabilisation and as a result, only the maximum pump flow rate could be
considered. Subsequently, the cooling curves of the different nanofluid concentrations were compared at the
same volume flow rate of approximately 2 L/min.

To eliminate the influence of the jet inlet temperature on the cooling curves, the surface temperature data as
opposed to time data was non-dimensionalised according to the method outlined in Section 3.4.2. Figure 5.6
illustrates the resulting transient curves for the varying volume fractions of TiO,-water.

(a)

0%
0.025%
0.05%
0.1%
0.25%
- 0.5%

- 1%

Time [s]

(b)

1.2

— 0%
—— 0.025%
—— 0.05%
0.1%
TR g g __ —— 0.25%
L -.-.__.__.____h.______.q__‘_I M 059/0
= - . o

0.8 1 -m- 1%

1.0+

<

L J
L J
qb

0.4

0.2 T T T T
20 21 22 23 24 25

Time [s]

Figure 5.6. Non-dimensionalised cooling curves for varying particle volume fractions of TiO,-water with respect to time: (a) overall
cooling curve and (b) zoomed-in portion for time=20 to time=25 seconds
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Figure 5.6 indicates that the transient behaviour of the TiO,-water nanofluids exhibited similar behaviour to
that of the steady-state cooling tests. As was the case in Section 5.3, the higher particle volume fraction range
of 0.25 to 1% produced adverse effects on the cooling efficiency when compared with DI-water at a similar
volume flow rate. Concerning particle fractions < 0.1%, the opposite effect was observed, and cooling
efficiency was improved.

By means of transient cooling with volume fractions of 0.025, 0.05 and 0.1%, the non-dimensional cooling
efficiency was observed to improve by approximately 6, 16 and 8% respectively. Consequently, it was
concluded that the maximum enhancement was obtained when using a 0.05% volume fraction of TiO,-water.

When comparing the data above with that of similar transient works, presented in Table 2.15 of the literature
review, it was found that cooling efficiency generally increased in relation to the nanoparticle concentration
in the base fluid. In addition to the increased particle concentration resulting in the enhancement of the fluid’s
thermal conductivity, Barewar et al. [133] provide the following reasons for the enhancement in cooling
efficiency:

e Anincreased particle concentration results in increased particle deposition along the target surface,
which forms a thin layer and improves the surface wettability (this assists in enhancing the heat
transfer rate).

e Higher particle concentrations result in an increased surface area and heat capacity of the nanofluid.

e By increasing the concentration of nanoparticles, there is an increase in the random motion of the
particles, which increases turbulence intensity and thus improves the contribution of convective heat
transfer (Brownian motion effect).

However, Figure 5.6 indicates that the transient data of the current study did not show the reported trends.
A plausible explanation could be that the thermal conductivity enhancement obtained through an increased
particle concentration was overcome by the increase in fluid viscosity, thus inhibiting the heat transfer
coefficient of the cooling process. In addition, despite an increased particle concentration resulting in particle
deposition assisting in heat transfer between the fluid and target surface, Sarkar et al. [121] warn that a very
large particle concentration may result in too large a degree of deposition along the target surface and thus
may act as a hindrance to heat transfer between the coolant and the test specimen. Because TiO; had a much
lower thermal conductivity than the copper target surface, the deposition layer could have caused the
observed trends at volume fractions greater than 0.1%.

Furthermore, the transient tests were not conducted for identical Reynolds numbers, but rather for volume
flow rates. Subsequently, the deviation in tested Reynolds numbers could cause the observed trends in Figure
5.6.

5.5. Summary and conclusions
This chapter defined the initial validation of the experimental model and presented and discussed the resulting
data for both the steady-state and transient jet-impingement cooling tests.

The experimental data for DI-water was used to validate the experimental model by means of comparison
with the theoretical correlations proposed by Yaohua et al. [132]. Based on the resulting data, it was found
that similar trends were shown when using the appropriate correlations and that a good agreement between
the experimental data and predicted values existed. Therefore, the results were deemed valid. Through an
energy balance for each tested Reynolds number, the energy losses in the system were also shown to be low
and hence negligible to the overall experimental data.
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The data resulting from the steady-state tests showed that the use of TiO,-water nanofluid in jet-impingement
cooling produced adverse effects on the overall heat transfer performance. Within the experimental
parameters considered, a maximum Nusselt number enhancement of 14.75% was obtained at a particle
concentration of 0.05%. At particle concentrations greater than 0.1%, the heat transfer capabilities of
impingement cooling were reduced when compared with the capabilities of the tested Dl-water. This
behaviour was justified by the trade-off between thermal conductivity and viscosity of the nanofluid, which
both increased in direct proportion to the particle volume fraction. With reference to the effect of Reynolds
number on the resulting heating transfer performance, it was observed that both the HTC and Nusselt number
increased with an increase in Reynolds number. This behaviour was found to coincide with other works and
was a direct result of the forced convection effect.

To predict the resulting Nusselt numbers of free-surface circular jet-impingement cooling by means of TiO»-
water nanofluid, a power correlation was fitted to the appropriate experimental data. The correlation was a
function of volume fraction and Reynolds number and was found to be capable of predicting the experimental
data within an error range of less than 10%.

Concerning the transient tests conducted for various nanofluid mixtures, it was found that only volume
fractions < 0.1% produced improvement in the cooling efficiency. Of the three volume fractions of 0.025, 0.05
and 0.1%, a maximum enhancement of 16% was observed for the 0.05% volume mixture. The trends depicted
in these tests appeared to be unusual when compared with previous transient studies; however, they could
be explained through increased particle deposition along the target surface and the over-enhancement of fluid
viscosity in relation to the thermal conductivity of nanofluids at higher particle concentrations.
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6. Conclusions and recommendations

6.1. Conclusions

The study experimentally investigated the potential heat transfer enhancement of free-surface jet
impingement by means of varying volume fractions of TiO,-water for both steady-state and transient cooling
applications.

Before commencing the pertinent investigation, a comprehensive literature review on the nature of nanofluids
and jet impingement heat transfer was conducted. Based on this study, the structure and thermophysical
behaviour of nanofluids were examined with particular focus on the preparation, modelling and stability
techniques associated with such fluids. Regarding jet impingement, the general physics and experimental
techniques of the heat transfer mechanism were defined. Additionally, the study also summarised the many
reported publications relating to jet impingement through the use of nanofluids in both the steady and
transient state.

Upon completion of the literature review, an experimental rig was designed and manufactured to conduct the
appropriate jet-impingement cooling tests. The system consisted of a free-surface circular jet nozzle, which
was positioned above a copper cylinder target surface with a PTFE insulation housing. The target surface was
to be heated using cartridge heaters and cooled by water and nanofluid of varying particle concentrations,
using a centrifugal pump. Based on the summarised works of the literature review, a nanofluid of TiO,-water
was selected.

Before commencing the respective jet impingement tests, the six volume fractions of TiO,-water ranging
between 0.025 and 1% were prepared and characterised in terms of their thermophysical properties, stability
and particle morphology. The preparation technique used was a single-step dilution process in conjunction
with sonication to break down particle agglomeration. For lower particle fractions, a surfactant of SDS was
used to improve stability and was mixed into the appropriate samples by a magnetic stirrer. The
thermophysical properties for density, specific heat and thermal conductivity were all approximated using
theoretical models, while the properties of viscosity were determined by physical measurements. In terms of
the stability of the different samples, all samples were visually stable and had continuity in their
thermophysical properties with respect to time. Through the use of TEM analysis, the particle morphology
specified by the manufacturer was also proved to be valid.

Prior to testing the prepared nanofluid samples, base case tests of water were done for validation and
comparative purposes. Through the use of existing correlations and an energy balance of heat transfer in the
system, the experimental model was concluded to be valid and thus the data obtained through testing could
be used with confidence.

The steady-state jet impingement tests were conducted at a constant heat flux where an electrical power
input of 145 watt was applied across the cartridge heaters. During the multiple runs with different nanofluid
volume fractions, flow rates were adjusted to produce Reynolds numbers within the range of approximately
10 000 to 30 000. Analysis of the resulting steady state heat transfer data (HTC and Nusselt numbers) showed
that the use of TiO,-water nanofluids produced adverse effects on the overall heat transfer performance of
the system. Within the experimental parameters considered, a maximum Nusselt number enhancement of
14.75% was obtained at a particle concentration of 0.05%. At particle concentrations greater than 0.1%, the
heat transfer capabilities of impingement cooling were reduced when compared with the base tests for DI-
water capabilities. This behaviour was justified by the trade-off between thermal conductivity and viscosity of
the nanofluid, which both increased in direct proportion to the particle volume fraction. The impact of the
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fluid Reynolds number on the resulting heat transfer performance was shown to possess a direct correlation
in the sense that both the HTC and Nusselt number increased with an increase in Reynolds number. This trend
was shown to coincide with other published works and was a direct result of the forced convection effect.

Using appropriate regression software, a power correlation was determined for predicting the resulting
Nusselt numbers of the steady-state impingement tests. The resulting correlation which accounted for volume
fraction and Reynolds number was shown to be capable of approximating the experimental Nusselt numbers
for a free-surface circular jet impinging upon a target surface by means of TiO,-water. The resulting accuracy
of the correlation was shown to have an error range of less than 10%.

In an attempt to investigate the effects of particle concentration on the transient cooling of the jet system,
cooling curves with respect to time were recorded for an initial surface temperature of approximately 105 °C.
Due to the time-sensitive nature of the tests, sufficient time for fluid flow stabilisation was not available and
tests were completed at a maximum pumping power. To eliminate the effects of inlet jet temperature, these
curves were non-dimensionalised and plotted on the same axes for comparative purposes. Of the volume
fractions considered, it was found that only £ 0.1% produced improvement in cooling efficiency, while those
of higher concentrations showed unfavourable results when compared with DI-water. Of the three particle
fractions, 0.025, 0.05 and 0.1%, a maximum enhancement of 16% was observed for the 0.05% volume mixture.
Despite the general trend in transient data appearing unusual when compared with previous studies, this
behaviour could be explained by means of increased particle deposition along the target surface and the over
enhancement of fluid viscosity in relation to the thermal conductivity of nanofluids at higher particle
concentrations.

The reported findings of the concluded experimental tests showed that the use of TiO,-water nanofluids in jet
impingement applications could result in an enhancement of heat transfer performance depending on the
particle concentration considered. For this particular study an optimum particle concentration of 0.05% was
observed for both steady- and transient state jet-impingement cooling.

6.2. Recommendations

Recommendations based on this study are distinctively classified into recommendations for expanding on the
completed work and for improving or modifying the current experimental system and its functioning. Each
type of recommendation is explained in the following sections.

6.2.1. Recommendations for future works
The current study was conducted for jet-impingement cooling at a non-dimensionalised nozzle-to-target
surface height of 4 and an impingement angle normal to the target surface. Therefore, it is recommended that
the effects of nozzle height and impingement angle are considered for future works, especially with regard to
the impingement cooling of nanofluids.

In addition to modifying the angle and nozzle height, it is also recommended that the geometry of the jet
nozzle be varied. As highlighted in Section 2.6.1 of the literature review, slot jets provide higher cooling
effectiveness, better controllability, uniformity and thus may be viewed as superior to circular jets. Therefore,
it would be worth comparing the performance of nanofluid impingement on the current set-up for both a
circular and a slot-shaped jet nozzle.

In more recently published works, some investigators such as Sun et al. [3] have shifted their focus to the jet
impingement of nanofluids with induced swirl effects. By introducing swirl, flow speeds are rapidly increased
while maintaining the nozzle mass flow rate and thus swirl is believed to improve jet impingement heat
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transfer. Therefore, a possible suggestion for future works could be to investigate nanofluid jet impingement
with induced swirl effects.

As the focus of the current study was on jet impingement by means of TiO,-water nanofluid with varying
particle concentrations, it is highly recommended that more tests are done with other nanofluid types and
volume fractions. In addition to these tests, it may also be worth investigating the impingement behaviour of
hybrid nanofluids (fluids consisting of more than one nanoparticle type) in comparison with single-particle
colloids.

Regarding the nature of the tests conducted in this experimental investigation, it is suggested that the
transient cooling tests be given more focus and that the pressurised air system, accommodated by the test
rig, be used to propel the appropriate fluids. The time-sensitive nature of the tests did not allow for flow rate
stabilisation at lower pump settings and thus the tests had to be done at a fixed volume flow rate. By using
pressurised air, the transient cooling effects may be better tested as the fluid flow would be controlled by a
constant pressure of 8 bar rather than that of the centrifugal pump (pressurised air may provide more
consistent flow rates for the varying volume fractions of nanofluid).

Lastly, it is recommended that a numerical study also be conducted in addition to the experimental
investigation for comparison purposes and extended research opportunities. Validating the results obtained
numerically to that of the recorded experimental data will allow for the capturing of physical phenomena that
are either not possible or difficult to measure by means of the current experimental model. Examples of such
phenomena include, but are not limited to, nanoparticle size, surface size and geometry, fluid flow rates and
flow patterns (out of the range offered by the pump) and turbulence intensities.

6.2.2. Recommendations relating to the experimental system
Regarding the improvement of the current experimental system, the following recommendations are made:

e Modify the location and accessibility of the cartridge heaters: The six cartridge heaters were located

within the base of the copper specimen, which, in turn, was surrounded by a PTFE housing. Should a
heater burn out and require replacement, the entire heated targeted surface will have to be
disconnected and removed from the system. Such a process is not only time-consuming, but also
involves the removal of other components such as the five internal thermocouples.

e Procure a pump with built variable speed control drive: Despite the solid-state relay system connected

to the centrifugal pump, it is recommended to procure a pump that has a built-in control drive for
easy and consistent control of the experimental fluid flow rates. Through improving fluid flow control,
it will be possible to obtain an increased number of data points at specific fluid flow rates.
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Appendix A: Thermocouple calibration

A.1. Introduction

A thermocouple is an electrical device or sensor that may be utilised to measure temperature. Thermocouples
are composed of two dissimilar electrical conductors that form a junction at varying temperatures. Depending
on the nature of the thermocouple junction, the channel of the data logger in which it is connected, as well as
several other factors, no two thermocouples will produce the same temperature measurement. As a result,
thermocouples should undergo calibration in order to guarantee accuracy of their readings.

The following section describes the process conducted to ensure the successful calibration of the 12 different
thermocouples used in the study, as well as the resulting calibration factors for each thermocouple and the
random measurements taken to ensure successful calibration.

A.2. Thermocouple calibration

To successfully calibrate the different thermocouples used in the investigation, a thermal bath (Polyscience
PD20R-30-A12E, USA) with temperature stability of £0.005 °C was used. During the calibration process, the
temperature of the bath was varied from 15 °C to 80 °C, at intervals of 2.5 °C, and the temperature readings
of the different thermocouples were compared with those of an internal PT-100 probe. This internal PT-100
probe had an accuracy of 0.1 °C.

In terms of the measurement process, 600 measuring points with a frequency of 2kHz were used. Once all
measurements were taken, the resulting averaged data for each thermocouple was plotted against the
readings generated by the internal PT-100 probe. Using linear regression, the following expression was valid
in terms of obtaining the calibrated thermocouple temperature reading:

Tuncar — € (A.1)

A~

Teaqr =
where m and c are the regression constants and T,,; and Ty,.q are the calibrated and uncalibrated

thermocouple temperature readings respectively.

Note: The appropriate regression constants were obtained through the use of the built-in regression function
of Microsoft Excel for a confidence level of 95%.

Table A.1 displays the appropriate regression constants for each of the thermocouples when calibrated against
the PT-100 probe.

Table A.1. Thermocouple calibration factors

Thermocouple number m c
1 0.98181 0.9254
2 0.98062 1.1080
3 0.99412 0.5374
4 0.99317 0.6041
5 0.99410 0.4141
6 0.99441 0.2562
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7 0.99296 0.6635
8 0.97849 1.1080
9 0.97704 1.0757
10 0.97822 1.1076
11 0.97731 1.1744
12 0.97731 0.97856

To ensure that the calibration of the different thermocouples was successful, four random temperature

values, namely 34.25, 48.4, 63.8 and 76.1 °C were chosen. Figure A.1 graphically compares the calibrated and

uncalibrated readings of the different thermocouples for each of the selected temperature values.
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Figure A.1. Calibrated and uncalibrated thermocouple readings for (a) 34.25 °C, (b) 48.4 °C, (c) 63.8 °Cand (d) 76.1 °C

The above plots clearly indicate that the calibration process was a success. Based on the data in Figure A.1, it

was found that the average standard deviation in thermocouples was approximately 0.029 °C.

Furthermore, upon completing the applicable uncertainty analysis, discussed in further detail in Appendix B,

it was found that the maximum thermocouple uncertainty was 0.119 °C.
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A.3. Conclusion

The previous section discussed the calibration process for the twelve different thermal couples used in the
experimental investigation (7 K-type and 5 T-type thermocouples). As stated above, calibration produced a
maximum thermocouple uncertainty of 0.119 °C and was conducted by means of a thermal bath with internal
probe accuracy of £0.1 °C and thermal stability of £0.005 °C.

Once successful calibration was confirmed, the different thermocouples were positioned in their appropriate
locations in the test rig. No thermocouple was soldered to the set-up, but they were rather fixed by alternative
means. The thermocouples positioned within the heated target surface or copper cylinder were coated in a
suitable thermal paste to eliminate any air gaps that could potentially hinder their thermal readings.

A.4. Nomenclature

A

¢ y-intercept
m Slope
T Temperature °CorK
A.4.1. Subscripts
cal Calibrated value
uncal Uncalibrated value
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Appendix B: Uncertainty analysis

B.1. Introduction

During the investigation, multiple parameters applicable to the study were measured and calculated.
Therefore, it was of paramount importance to define the level of uncertainty associated with these
parameters. The following section defines the uncertainty analysis conducted as well as resulting uncertainties
for the various parameters of interest. Additionally, this section also discusses some initial theory relating to
the uncertainty analysis with particular focus on the types of errors.

B.2. Theory of the uncertainty analysis

To accurately estimate the size of errors in the measurement process, it is first important to have some
understanding of the classification and cause of such errors. According to Beckwith et al. [134], there are two
basic types of errors, namely bias or systematic error and precision or random error. The bias or systematic
error refers to deviations that are not due to chance alone, but rather associated with equipment calibration
error and other related imperfections. Usually, bias errors will be specified by the manufacturer of the
appropriate instrument or piece of equipment being used. The precision or random error, also referred to as
“variability”, is a direct result of fluctuations or noise that arises during the measurement process.

As highlighted by Everts [100], the magnitudes of the bias and precision errors correspond to the 95%
probability that the actual error will not be more than the estimated figure. The uncertainty in a single
measurement, defined by Dunn [128], was calculated as follows:

B.1
bx; = ’bi2+pi2 (81

where x; is a single observation and §x; is the standard deviation multiplied by the appropriate t-variable.

For the case of R, which is a function of multiple variables, it was calculated from a group of equations as
indicated by the following expression:

R = R(xq,%2,X3, .., Xp) (B.2)

The uncertainty of R, provided that the uncertainties of x; were known, was determined as follows:

OR (B.3)
R = —&5x:
é 5 i(?xl

The sensitivity coefficient, SR, indicates the effect that x; has on the overall uncertainty of R.

To calculate the uncertainty of a parameter, R, with several independent variables, the root square method
was used. The root square method was expressed as follows:

2 OR\2 2 2 (B.4)

SR = (aR)a +(R)5 +(6R)5 + +(6R)5
—J[\ox, X1 0x, X2 0x3 X3 - 0x,, n
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According to Dunn [128], regression analysis is a tool that is used to determine the relationship between two
or more variables. Despite the multiple forms of regression analysis, they all aim to examine the influence of
one or more independent variables on a dependent variable.

In general, the x-variable is known and is, therefore, termed the independent variable, while the y-variable,
obtained through measurements, is the dependent variable. As a result, the uncertainty arose from the y-
variable and was determined as follows:

1 (- 02 (8.5)
(Sy = itSyx N-I_M-I_S—
xx

where t is the appropriate t-variable, N is the number of measuring points and M is the number of
observations.

The sum of the difference between the x and X (mean x value), S,.,, was defined as follows:

N (B.6)
Sxx = Z(xi - f)z
i=1
The approximation of Sy, is as follows:
(B.7)
o = B0 = ya)?
rE N-2

where y.; was determined using the following expression:

Yei =Mx + ¢ (B.8)

Parameters 71 and ¢ were calculated using equations B.9 and B.10 respectively.

- (B.9)
SXX
&=y —mx (B.10)

With respect to equation B.9, Sy,, was determined as follows:
N (B.11)
Sey= ) (=D~ 7)
i=1

To determine the uncertainty within the x-variable, the uncertainty in the y-variable was divided by the slope
of the regression line as follows:

5_y (B.12)
m

B-2
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This method of linear regression analysis was used in determining the uncertainty of the different
thermocouples after completing the calibration process discussed in Appendix A.

B.3. Instrumentation

Regarding the uncertainty of the instrumental measurements, the bias as specified by the manufacturer was
used. The precision of the readings was determined from the standard deviation of 600 measuring points,
which was then multiplied by the appropriate t-variable to fall within the 95% confidence region. With both
the bias and precision errors known, the total uncertainty of each instrument was approximated using
equation B.1.

B.3.1. Thermocouples

To successfully calibrate the different thermocouples, a thermal bath (Polyscience PD20R-30-A12E, USA) with
temperature stability of £0.005 °C and an internal PT-100 probe with an accuracy of 0.1 °C was utilised. During
the calibration process, the readings of 27 observation points of 600 measurements were taken between 15
°C and 80 °C.

The readings of each thermocouple were then plotted against that of the internal PT-100 probe, where linear
regression was used to obtain the appropriate calibration factors of each probe. Using equations B.5 to B.12,
the precision of each thermocouple was approximated. The bias factor was taken to be that of the PT-100
probe (0.1 °C). Through the use of equation B.1, the uncertainty values of the different thermocouples were
found to be between 0.11 °C and 0.12 °C.

B.3.2. Flow meter
The volumetric flow rate of the fluid within the test rig was measured by means of an ultrasonic flow meter
(Type 8081, supplied Biirkert) with an accuracy of 0.01% of the full scale and 2% of the measured value.

B.3.3. Amp and voltmeter

To determine the total electric power applied to the heaters in the target section, the power-law relation of
current and voltage was utilised. To measure the current and voltage across the heaters, both an amp meter
(Type 2053, supplied by Yokogawa) and voltmeter (Type 2052, supplied by Yokogawa) were connected in
series and parallel respectively. The accuracies of these meters, with respect to the tested ranges, were 0.05
Aand5V.

B.3.4. Diameter and length
All length- and diameter-related measurements of the test specimen were taken using a 150 mm Vernier
Caliper with an accuracy of 0.02 mm (Tricle Brand, China).

B.4. Fluid properties

Because water and varying volume fractions of TiO,-water nanofluid were used in the experimental study,
both fluids required an uncertainty analysis in terms of their associated thermophysical properties. Therefore,
the following subsection discusses the relative uncertainties of the calculated thermophysical properties of
water and the TiO2-nanofluids.

B.4.1. Water properties
All water properties used in the experimental investigation were derived from the simple formulations
proposed by Popiel and Wojtkowiak [125]. Table B.1 exhibits the appropriate uncertainties of these equations.
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Table B.1. Uncertainties of calculated thermophysical properties of water

Thermophysical property Uncertainty
Density [kg/m?] 0.003%
Specific heat [J/kg - K] 0.04%
Thermal conductivity [W/m - K ] 2%
Dynamic viscosity [kg/m - s] 1%

B.4.2. TiO,-water properties

The thermophysical properties of the different volume concentrations of TiO,-water nanofluid were calculated
using several different equations and measurements. As a result, each property and its corresponding
uncertainty, based on the formula used, is discussed independently in the following sections.

B.4.2.1. Density
The density of the nanofluid was approximated using the mixing theory, expressed as follows:

Py = (L= @)pps + PPnp (B.13.1)

Therefore, the uncertainty of the density of the fluid is expressed as follows:

dp 2 dp 2
_ nf nf
Pnr = [(apbf . 5be> ¥ <0Pnp . Spn,,> ]

N[ =

(B.13.2)

N[ =

8pnr = [((1=0) - 6pps)" + (0 6pup)’|

The density of the TiO, nanoparticles was specified to be 4250 kg/m?3 and therefore it could be assumed that
no uncertainty was associated with this quantity. Therefore, equation B.13.2 was simplified as follows:

Spnr =1 — @) b6ppf

B.4.2.2. Specific heat
Equation B.14.1 was used to determine the appropriate specific heat of each of the different volume fractions

of nanofluid as follows:

q)cpnppnp + (1 - q’)cpbfpbf (B.14.1)

C. =
pnf

pnf
The resulting uncertainty of this approximated quantity was found as follows:

dc 2 dc 2 dc dc 2
U _Pns, _Pnr, _Pnf,
6cpnf = (8 6cpnp) + <apnp 6pnp) + (c’) 6cpbf) + (apbf 6pbf>

C C
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(B.14.2)

2 2 2
_ PPnp . (pcpnp . (1 - (p)pbf .
6Cpnf = <pnf 6cpnp> +< Por pnp | + P SCpbf

2

(1 - §D)Cpbf

+t{————— 6pbf
pnf

((pcpnppnp + (1 - (p)cpbfpbf)

+| — 6p
P%f "

As mentioned previously, the thermophysical properties of the TiO, nanoparticles were given and therefore
had been assumed to possess no uncertainty. Based on this assumption, the above expression was simplified
as follows:

2
(1 — )pyy )2 A-9)cy,,
sc, =|[———L 6s¢ +|——2L-s
Pnf < Pnf Pof Pnf Pos

(¢Cpnppnp + (1 - QD)Cpbfpbf)

+| — 6p
przlf "

B.4.2.3. Thermal conductivity
The empirical model of He et al. [130], specifically developed for predicting the thermal conductivity of TiO»-
water nanofluids, was used as follows:

kng = kpg (125.62¢% + 4.82¢ + 1) (B.15.1)
The associated uncertainty of the quantities, found by these means, was expressed as follows:

e 2
-]

Skpp = (125.620% + 4.82¢ + 1) - Sky; (B.15.2)

1/2

B.4.2.4. Viscosity
The viscosity of the different nanofluid samples was measured using an SV-10 Sine Wave Vibro-viscometer
(A&D, Japan) with an accuracy of 1% over its full range (0.3 to 10 000 mPa - s).
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B.5. Calculated parameters
B.5.1. Temperature

B.5.1.1. Inlet jet temperature
To monitor the inlet temperature of the fluid before being expelled by the nozzle, a single thermocouple was
positioned within the jet and was secured through the use of a compression fitting. The associated uncertainty
for the inlet jet temperature was therefore found to be 0.113 °C.

B.5.1.2. Surface temperature
As stated in Chapter 3, six thermocouples were positioned in the heated test section at varying axial distances
from the target surface. Using Fourier’s law of heat conduction, it was possible to approximate the
temperature at the surface using any of the thermocouples. By taking an average of the five surface
temperatures, obtained using the different thermocouples, a representative surface temperature was
obtained. Therefore, the average surface temperature was defined as follows:

= Ts,l + Ts,z + Ts,3 + Ts,4 + Ts,s (B.16.1)
T, =
5
where the surface temperature, based on a particular internal thermocouple, was calculated using equation

B.16.2:

QWeightAxs,i (B.16.2)

Ts; = TTC,i - K
Cc

Therefore, the uncertainty of each surface temperature was approximated as follows:

o1, = |(2Lsi . 7. 2 b (s s 2 (s g 2
s,i — aTTC,i TC,i aéIweight CIweight ans,i xs,i
n (aTs,i Sk )2 v
ok, O
5 Ax‘. ) 2 Qweiaht 2 (B.16.3)
5Ts,i = (STTC,i) + <_k_Sl ' 6QWeight> + <_&' 6Axs,i)
c c

. A 211/2
. x .
+ <QWelgh2t Sk 5kc> ]
ke

It was assumed that the thermal conductivity of the copper specimen was without any associated error and is

represented as follows:
2 ) 2-1/2

2 Axg i . Qweighnt
5Ts,i = |:(6TTC,L') + (_ kSl ' 6QWeight> + <_k— ) 6Axs,i) ]
Cc

Cc

The resulting error in the averaged surface temperature was then calculated as follows:
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(B.16.4)

N| =

_ ST.\> (8T \> [8Tgs\> [8T.u\> (6Tss\°
5T. = ( s,1> ( s,Z) ( s,3) ( 5,4) ( 5,5)
$ [ 5 + 5 + 5 + 5 + 5

B.5.1.3. Jet exit temperature
Similar to the approximation of the surface temperature of the heated target surface, the exit jet temperature

was also determined by taking an average reading of the appropriate thermocouples at the location.
The average exit temperature and the uncertainty of quantity were determined by means of equation B.17.1
and B.17.2 respectively as follows:

= Te,l + Te,z + Te,3 + Te,4 + Te,5 (B.17.1)
T, = S

1
1 (.17.2)

_ [(8Ten\®  (0Te2\?  (6Tes\? | (6Tea\’ | (8Tes\’
5Te_[(5)+(5)+(5)+(5)+(5)

B.5.1.4. Bulk fluid temperature
With the jet inlet and exit fluid temperature values and their respective uncertainties known, the bulk fluid
temperature and its associated uncertainty were determined as follows:
(T; + Te) (B.18.1)
=T

1 (B.18.2)

B.5.2. Mass flow rate
Based on the flow rate readings obtained from the ultrasonic flow meter, the mass flow rate of fluid within

the system was determined as follows:

m=pV (B.19.1)

Therefore, the associated uncertainty in the mass flow rate was dependent on the uncertainty of the fluid
density and that of the flow meter. The uncertainty was determined as follows:

1 B.19.2
si=[(V-8p)" +(p- V)| (8192

The total degree of uncertainty in the mass flow rate was then determined as follows:
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|3y

1
5 (B.19.3)

B.5.3. Fluid velocity

With the volume flow rate and cross-sectional area of the jet nozzle known, the fluid velocity and the
uncertainty of the parameter were approximated as follows:

14 (B.20.1)
U=—
4;
1
SU = (U 5V)2+ U 54 T
“|\e 04;
. 1 (B.20.2)
SU = ! 5V2+ 4 A T
~\4 A2 J

Based on the assumption that the diameter of the jet nozzle provided by the manufacturer was correct, there

was no uncertainty in the cross-sectional area of the nozzle. Therefore, Equation B.20.2 was simplified as
follows:

1 .
6U =—-6V

A;

Combining equation B.20.1 and B.20.2 produced the following relation for determining the total uncertainty
in the jet fluid velocity:

sU 8V (B.20.3)

B.5.4 Reynolds number
The Reynolds number and the uncertainty of the parameter were determined as follows:

_p-U-D; (B.21.1)
7}

Re

1
2

(aRe 5 )2+<6Re 6U)2+ ORe 5D 2+(6Re 5 )2
ap P U ap, ° o OH
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) ) ) 1 (B.21.2)

U-D; . D: ‘U -U-D: 2
6Re=[< ’-5p) +(p ’-6U) +(p—-5D,-) +(—p—2’-6u)]
I H H I

Again, based on the assumption that the jet nozzle diameter was exactly as specified by the manufacturer, the
uncertainty of the parameter was 0%. Therefore, equation B.21.2 is written as follows:

N| =

2 2

U-D:; p-D; p-U-D; 2
SRe = ( -5) +( ’-5U> +(——’-5)]
[ w P 1 p? K

The total degree of uncertainty in the Reynolds number was finally found as follows:

&) ) (-]

1
1 (B.21.3)

B.5.5. Heated target surface area
The surface area of the target surface and its corresponding uncertainty were determined by means of
equations B.22.1 and B.22.2 respectively as follows:

/s

D (B.22.2)

Through the use of equations B.22.1 and B.22.2, the following expression was obtained for the total
uncertainty in the approximated target surface area:

§A; | 5D (B.22.3)
As 7 D;

B.5.6. Heater power input (electrical power input)

As specified in Section B.3.3, the total electrical power supplied to the heaters was determined by means of
the following relation:

Qelec =V-I (B.23.1)
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Because the uncertainties in the current and voltage readings were known, the uncertainty in the calculated
electrical power was found as follows:

2 . 2
8Qetec = [(ag‘;e" 5v> + <a%el’“ 51) ]

8Qetec = [U-6V)* + (V- 51)2]% (B.23.2)

Combining equations B.23.1 and B.23.2 produced the following expression for the overall uncertainty of the
electrical input power:

) 5 . (B.23.3)
P _[(07)" (2

B.5.7. Heat flux
The heat flux between any two thermocouple levels within the copper specimen was approximated by means
of Fourier’s heat conduction law as follows:

AT (B.24.1)

qz_kc'ﬂ

Therefore, the associated uncertainty with the calculated heat flux at a particular level in the copper specimen
was determined as follows:

0= [(2Lot,) + (2 o) + (22 sar)
= |\Gx, % a0x ") T \aar

(B.24.2)

N =

0= [(~20sx,) + (52 ax) + (2 sar)
T= |\Tax % Axz O Ax

Assuming that the thermal conductivity of the copper specimen was without any associated error, it was
expressed as follows:

1
2

50 = |55 5ax) + (£ gar)
T= |\axz o2 Ax

The total heat flux of the copper target surface was determined by taking a weighted average of the different
heat fluxes located at the five varying axial levels. The weighted average and associated uncertainty are
presented by equations B.24.3 and B.24.4 respectively as follows:

Lo A 8. 8 10, (8.24.3)

B-10



A
doh

". UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

1 B.24.4
so (4 - 6q12)2 s (6 - 6q23)2 s (86('134)2 N (10 - 8(‘145)2 ’ R
Qweight = [\"7g 28 28 28
The total uncertainty of the weighted heat flux was approximated as follows:
8qweight _ [( 48412 )2 s ( 6 8423 )2 (B.24.5)
Qweight 4412 + 6423 + 834 + 10q,s 4412 + 6423 + 8434 + 10q,s
1
N ( 8534 )2 N ( 10 8445 )2]2
4q12 + 6423 + 8434 + 10q,s 4q12 + 6423 + 8434 + 10,5
B.5.8. Heat transfer coefficient
The heat transfer coefficient of the experimental runs was determined as follows:
ho 4 (B.25.1)
T, —T;
Based on the correlation, the total uncertainty of the parameter was determined as follows:
, , - (B.25.2)
Sh = (aha ) +(ah6T) (s )|
~ [\9¢°1 ar,°'s aT; Y
1
5 2 272
1 —q q
=1 (T - 1)) (T - T))
1
> (B.25.3)

B.5.9. Nusselt number
With the heat transfer coefficient and thermal conductivity of the HTF known, the Nusselt number was

calculated using the relation presented by equation B.26.1 as follows:

_ hD; (B.26.1)

N
ST

Therefore, the following expression was used to determine the uncertainty of the Nusselt number:
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1
SNu = (aNu 8h)2+ AL, 2+(8Nu 8k)2 2
“= \an ap;, 7 ok

% (B.26.2)
ONu =

b 8h2+h8D2+ h-Db; 8k2
(ren) +(zom) +(-

Equation B.26.2 was further simplified based on the assumption that the provided nozzle diameter, as stated
by the manufacturer, was 100% correct. The resulting expression is as follows:

b 6h2 h-Db; 6k2
(f ) A

Combining equations B.26.1 and B.26.2 produced the following equation that was used to approximate the

N[ =

ONu =

total uncertainty in the calculated Nusselt number:

1 (B.26.3)
e[l (2]

B.6. Results

By means of the information and relations described in Sections B.3 to B.5, the various levels of uncertainties
relating to the current experimental investigation were determined. Therefore, Sections B.6.1 to B.6.3 present
the appropriate instrumental, fluid property and calculated parameter uncertainties.

B.6.1. Instruments
Table B.2 depicts the associated uncertainties of the various instrumentation used during the experimental
investigation.

Table B.2. Instrumental measurement uncertainties

Instrument Range Uncertainty
Thermocouple <150 °C 0.12°C
Flow meter 0-50 L/min +0.01% of full range and 2% of
measured value
Amp meter 0-25A 2% of nominal value
Voltmeter 0-300V 1.7% of nominal value
Vernier Caliper 0-150 mm 0.02 mm

B.6.2. Fluid properties
The calculated uncertainties of the various HTFs used in the experimental runs are presented in Table B.3.
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Table B.3. Fluid property uncertainties

Property Water 0.025 Vol. % 0.05 Vol. % 0.1Vol. % 0.25 Vol. % 0.5 Vol. % 1Vol. %
p [kg/m3] 0.003% 0.003% 0.003% 0.003% 0.003% 0.003% 0.003%
Cp [J/kg-K] 0.04% 0.044% 0.044% 0.044% 0.043% 0.043% 0.042%
kW/m-K] 2% 2% 2% 2.01% 2.03% 2.05% 2.12%
pulkg/m-sl 1% 1% 1% 1% 1% 1% 1%

B.6.3. Calculated parameters
By means of equations B.16.1 to B.23.2, the following uncertainties were calculated for the parameters that
were fixed during the different experimental runs:

e 6T,=0.047°C
e &T,=0.046°C
e 6T, =0.061°C

sm

e —=2%
m

° 6_U=2%
U
5As

=0.095%

S
R
o Re_524%
Re
o Olclec 5 g5y
Qelec
Concerning the other calculated parameters pertaining to the experimental investigation, Table B.4 presents

the appropriate uncertainties for all volume fractions of TiO,-water nanofluids.

Table B.4. Uncertainties of calculated parameters for varying volume fractions of TiO,-water nanofluid

Uncertainty at particle volume fraction

Parameter 0% 0.025% 0.05% 0.1% 0.25% 0.5% 1%
q 0.15% 0.15% 0.15-0.16%  0.15% 0.14-0.15%  0.14-0.15%  0.14-0.15%
h 1.75-3.55%  1.37-3.17%  1.38-3.33%  1.69-3.26%  1.58-2.9%  1.26-2.99%  1.28-2.92%
Nu 266-4.08%  2.43-3.75%  2.433.88%  2.63-3.83%  2.57-3.54% 2.41-3.63%  2.47-3.61%

B.7. Conclusion

This section presented the uncertainty analysis used during the experimental investigation as well as the
resulting instrumental, fluid thermophysical property and calculated parameter uncertainties. Additionally, it
also defined the linear regression analysis that was used for approximating the uncertainties of the various
thermocouples used in the investigation.
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B.8.1. Subscripts
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B.8.2. Greek letters
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Area

Bias

Specific heat

Best-fit intercept
Diameter

Heat transfer coefficient
Current

Thermal conductivity
Measuring points
Best-fit slope

Mass flow rate
Number of data points
Nusselt number
Precision

Heat input

Heat flux

Result

Reynolds number

Sum of the squares of x

Sum of the squares of x and y

Standard error of best fit
Sum of the squares of y
Temperature

t-variable

Velocity

Voltage

Volume flow rate
x-axis variable

Mean x-variable

y-axis variable

Mean y-variable

Bulk fluid

Base fluid
Calculated value
Exit

Electrical

Index

Jet

Nanofluid
Nanoparticle
Surface

Uncertainty
Density
Dynamic viscosity
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Particle volume fraction
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