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ABSTRACT 

 

 

 

EXPERIMENTAL INVESTIGATION OF THERMAL AND 

RHEOLOGICAL BEHAVIOR OF HEXAGONAL BORON NITRIDE 

NANOFLUIDS 

 

 

 

In this study, thermal and rheological behavior of nanofluids prepared with 

hexagonal boron nitride (hBN) nanoparticles is the main interest.  hBN is a ceramic 

material with high thermal conductivity and superior chemical stability that makes it a 

suitable candidate for nanofluid synthesis.  Additionally, it has an orthotropic thermal 

conductivity which encourages study on their behavior within nanofluids.  The studies that 

focus on hBN nanofluids are mostly limited to hBN-oil dielectric nanofluids.  However, 

using hBN with other base fluids has also significant potential applications.  This study 

focuses on stability, rheological and thermal behavior of hBN-water and hBN-ethylene 

glycol (EG) nanofluids that have not been investigated in detail.  Thermal and rheological 

behaviors of nanofluids prepared either with pH control or surfactant addition have been 

investigated, and reported for different volume concentrations.  All prepared nanofluids 

exhibit Newtonian behavior.  Due to particle loading to the base fluid, viscosity increase 

has been observed within nanofluids as expected.  Surfactant addition clearly results in 

higher viscosity increase and lower thermal conductivity enhancement within nanofluids 

comparing to ones prepared with pH control.  Thermal enhancement for hBN nanofluids is 

found to be better than the one for Al2O3 nanofluids.   
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ÖZET 

 

 

 

HEKZAGONAL BOR NİTRÜR NANOAKIŞKANLARININ ISIL 

VE REOLOJİK ÖZELLİKLERİNİN DENEYSEL OLARAK 

ARAŞTIRILMASI 

 

 

 

Bu çalışmada, hekzagonal bor nitrür (hBN) nanoparçacıkları ile hazırlanmış olan 

nanoakışkanların ısıl ve reolojik özellikleri araştırılmıştır.  hBN seramik bir malzeme olup, 

üstün kimyasal kararlılığı ve yüksek ısıl iletim katsayısı ile nanoakışkan hazırlamak için en 

iyi seçeneklerden biridir.  hBN nanoparçacıkları kullanılarak yapılmış olan nanoakışkan 

çalışmaları genellikle hBN-yağ bazlı nanoakışkanlar olarak sınırlanmış olup, diğer baz 

sıvılar kullanılarak yapılacak olan çalışmaların potansiyel getirileri olduğu görülmektedir.  

Bu sebeple, bu çalışmada detaylı bir şekilde incelenmemiş olan hBN-su, hBN-etilen glikol 

(EG) ve hBN-su-etilen glikol gibi nanoakışkanlar hazırlanmış olup, bu nanoakışkanların 

çeşitli parçacık hacim derişimlerinde ısıl ve reolojik özellikleri araştırılmıştır.  ‘ adımlı 

yöntem kullanılarak hazırlanmış olan bütün nanoakışkanlar Newtonyen özellik 

göstermektedir.  Parçacık eklenmesinden kaynaklı, nanoakışkanların viskozitesinde baz 

sıvıya oranla bir artış beklenmektedir, ve bu çalışmada da bu artış gözlenmiştir.  pH 

kontrolü yapılarak hazırlanmış olan nanoakışkanlara kıyasla, yüzey aktif madde 

kullanılması, viskozitede daha yüksek ve ısıl iletkenlikte daha düşük bir artışa sebep 

olmuştur.  Ayrıca Al2O3 nanoakışkanlarına kıyasla, hBN nanoakışkanlarında daha yüksek 

bir ısıl iletkenlik artışı gözlenmiştir.  
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1.  INTRODUCTION 

 

 

1.1.   Problem Overview 

 

 

In many engineering applications, improved heat transfer is critical either to improve 

system efficiency or for safe/reliable operation of systems.  There have been numerous 

research efforts on heat transfer enhancement in wide range of applications, from energy 

systems to vehicles or opto/electronic thermal management.  One of the main topics is to 

improve heat transfer through the use of engineered materials such as heat transfer fluids.  

By introducing small particles to a base fluid, improved thermal properties can be obtained 

with respect to base fluid.  In order to prevent clogging within the channels and stability 

issues within these engineered heat transfer fluids, these small particles are chosen to be 

nanometer sized particles.  These nanoparticle based colloidal suspensions are named as 

“nanofluids” (Choi, 1995).  Since their introduction, nanofluids are often regarded as next 

generation heat transfer fluids, and their use has become a popular topic of debate that has 

aroused the attention of heat transfer research community. 

 

 

The main problems in the implementation of nanofluids into the engineering systems 

are the stability issues and viscosity increase that often surpasses thermal enhancement.  

The first and the most important problem considered in regards to the use of nanofluids is 

their stability in the long term use.  The preparation recipe of nanofluids should be 

carefully predetermined because nanoparticles tend to agglomerate due to their high 

surface energy, and these agglomerates lead to sedimentation, which indicates unstable 

colloidal suspensions.  Second drawback in the nanofluid use is the increase in overall 

viscosity that might surpass the improvement obtained in thermal enhancement.  In the 

engineering applications, increased viscosity leads to higher pumping power or slower 

flow.  Since slower flow deteriorates the heat transfer performance, preparation of a 

nanofluid with lower viscosity, higher thermal enhancement and better stability is the main 

challenges in the commercialization of nanofluids.   
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1.2.   Literature Survey 

 

 

Nanofluids are colloidal suspensions that are prepared by introducing solid 

nanoparticles of approximately less than 100 nm size into a base fluid.  There have been 

extensive research efforts to explore thermal properties and convection heat transfer 

behavior of nanofluids, since the term “nanofluid” was introduced by Choi (1995).  The 

nanofluids have been declared as “next generation heat transfer fluids”, as even for very 

low particle concentrations a dramatic enhancement in thermal conductivity is observed.  

As a result, they are considered to be utilized in many thermal applications such as energy 

systems or thermal management applications.  As the mechanism behind the dramatic 

thermal enhancement is not clear, and due to concerns about their stability, 

commercialization of nanofluids is still a popular topic of debate. 

 

 

In order to prepare nanofluids, the first challenge that the researchers confront is to 

maintain stability of nanoparticles within the fluid for a long time period.  The settling 

velocity of a particle within a base fluid can be explained by Stokes formula (Ghadimi et 

al., 2011). 

 

 

 2

p bf

bf

2R
v g( )

9
 


   (1.1) 

 

 

In Equation 1.1, v  is the settling velocity of particles within the fluid; R , radius of 

spherical particles; bf , dynamic viscosity of the base fluid; p  and bf , density of 

particles and base fluid; and g , the gravitational acceleration.  From this formula it can be 

asserted that the stability of particles within the fluid can be enabled by the balance of 

gravitational, buoyancy and viscous forces.  According to Equation 1.1, the following 

measures can be taken in order to reduce settling velocity and to improve stability of 

particles within the base fluid: reducing particle size, increasing base fluid’s dynamic 
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viscosity, and minimizing the difference between density of particles and the base fluid 

p bf( )  .  In the case of nanometer sized particles, settling velocity can even be zeroed 

with the effect of Brownian motion that is defined as the random motion of particles 

suspended into a fluid.  However, the decrease in the particle size causes the increase in the 

surface attraction forces between nanoparticles, and consequently it encourages 

nanoparticles to agglomerate and settle down.  In order to provide stability within the 

nanofluid, the agglomeration of nanoparticles must be prevented. 

 

 

1.2.1.  Nanofluid Preparation and Stability Improvement Methods 

 

 

There are two nanofluid preparation methods; one step method and two step 

method.  In the one step method, manufacturing of nanoparticles and preparation of 

nanofluid are carried out as a single process.  Physical vapor deposition (PVD), and 

vacuum evaporation onto a running oil substrate (VEROS) are used in this method to 

prepare nanoparticles and nanofluids instantly.  The advantage of this method is that the 

agglomeration and stability problems are minimized due to the concurrent preparation of 

nanoparticles and nanofluid.  However, this method is harder to implement for industrial 

production as it is harder to implement it for mass production.  Considering the potential 

industrial applications, one step method is not preferred to prepare nanofluids in this study.  

 

 

The most common method of nanofluid preparation in the literature is the two step 

method which allows easier implementation and mass production in industrial processes 

(Ghadimi et al., 2011).  In this method, dry nanoparticles are introduced into the base fluid 

in low volume fractions.  However, the high surface energy of nanoparticles results in 

agglomeration and clustering, and that is easily distinguishable within the nanofluid.  

Because of that, stability becomes an important problem.  In order to prevent this problem, 

additional techniques must be implemented as stability improvement methods such as 

ultrasonication, pH control, and surfactant addition.  
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1.2.1.1.   Ultrasonication.  When piezoelectric materials such as quartz and sodium 

potassium tartarate are exposed to strain, electric current is produced.  On the contrary, if 

electric current is applied to these materials, they will expand or contract.  By using 

piezoelectric characteristic of these materials, equipments which are vibrating at ultrasonic 

frequencies can be designed.   

 

 

When an ultrasonically vibrating probe is placed into a fluid, low pressure is 

generated around the ultrasonic probe and the fluid begin to move.  If the frequency of 

ultrasonicationis increased sufficiently enough, this movement stops and fluid molecules 

begin to vibrate which leads to formation of vacuum bubbles and microscobic shock waves 

within the fluid.  These shock waves fade within microseconds, but it releases sufficient 

amount of energy to reduce the size of nanoparticle agglomerates within the fluid (Perez et 

al., 2004). 

 

 

In two step method, ultrasonication is a technique that is widely used to provide 

homogeneous colloidal dispersions.  If the dispersion is not mixed for a sufficient time to 

reduce the nanoparticle agglomerate size, instability within the nanofluid is unavoidable.  

On the other hand, if the dispersion is vibrated too long, fragmentized nanoparticles can re-

agglomerate due to the effect of high surface energy.  Thus, an optimal sonication time 

needs to be determined to provide optimal agglomeration size and as a result stability 

within the nanofluid for every nanoparticle, base fluid type, and particle volume 

concentration (Ghadimi et al., 2011). 

 

 

1.2.1.2.   pH Control.  The stability of nanofluids is related to their electrokinetic 

properties.  It is possible to prepare more stable nanofluids by increasing the surface 

electric charge density of nanoparticles (Chou et al., 2005; Wang et al., 2009; Wei et al., 

2009; Zhu et al., 2009).  The isoelectric point (IEP) is the pH that overall electric charge of 

ions within a fluid is zero which means its zeta potential is zero.  If the zeta potential of the 

fluid is not high enough, or attraction forces will overcome the repulsive forces between 
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nanoparticles and they will agglomerate.  On the contrary, repulsive forces between 

nanoparticles will be dominant with increasing zeta potential.  Thus, it can be inferred from 

these statements that the stability of the nanofluid increases when the nanofluid’s electric 

charges diverges from IEP (Chou et al., 2005; Huang et al., 2009; Lee et al., 2006; Wei et 

al., 2009).  Therefore, pH control is another method to increase stability of nanoparticles 

within the nanofluids.   

 

 

Zeta potential can be increased by changing the pH in order to provide stability 

(Chou et al., 2005; Lee et al., 2006; Wang et al., 2009; Wei et al., 2009; Witharana et al., 

2012; Yang et al., 2010; Zhu et al., 2009; Zhu et al., 2010).  Optimal pH values should be 

determined for different base fluid-nanoparticle suspensions, depending on the 

electrokinetic properties.  In this study, pH control is one of techniques that are employed 

to accommodate stable colloidal dispersions.  

 

 

1.2.1.3.   Surfactant Addition.  Surfactant addition is one of the most common techniques to 

mitigate agglomeration of nanoparticles.  It is possible to change hydrophobic behavior of 

nanoparticles and nanotubes into hydrophilic by using surfactant additives, and with the 

effect of nanoparticles’ electrokinetic zeta potential, repulsive forces can be increased 

within liquid medium (Huang et al., 2009; Hwang et al., 2007).  The amount of surfactant 

added to suspension is important.  Stability can be obtained with the right amount of 

surfactant that encourages repulsive forces to become dominant against van der Waals 

forces which is the indication of attraction forces between nanoparticles.  However, surplus 

surfactant can lead to a decrease in thermal properties of nanofluids (Ghadimi et al., 2011).  

 

 

There are numerious type of surfactant used in the nanofluid literature.  Sodium 

dodecyl sulfate (SDS), sodium dodecyl benzene sulfonate (SDBS), salt and oleic acid, 

cetyltrimethylammonium bromide (CTAB), dodecyl trimethylammonium bromide 

(DTAB), sodium octanade (SOCT), hekzadecyl trimethylammoniumbromide (HCTAB), 

and polyvinyl pyrrolidone (PVP) are the most common surfactants used in nanofluids (Wu 

http://en.wikipedia.org/wiki/Polyvinylpyrrolidone
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et al., 2009).  Gum Arabic (GA) is another surfactant that has an organic structure and is 

generally used for carbon nanotubes (CNT).  In the literature, there are several studies 

where GA is used to stabilize CNTs (Amrollahi et al., 2009; Lee et al., 2010; Rashmi et al., 

2010; Walwekar et al., 2012).  Moreover, in the study of Pang et al. (2013) GA with the 

addition of salt (NaCl) is used to stabilize Al2O3 nanofluids.   

 

 

Since surfactant addition affects interactions between fluid and solid molecules, it 

may lead to a decrease in the thermal properties.  In this study, GA and SDS are used as 

surfactants for hBN nanofluids.   

 

 

These additional techniques, ultrasonication, pH control, and surfactant addition, are 

necessary to prevent rapid agglomeration and sedimentation of nanoparticles, to obtain 

stability within the nanofluid.  Just one of these methods or a combination of them can be 

used during the preparation of nanofluids in order to acquire stable dispersions.  In Table 

1.1, stability improvement methods that are used in some of the studies within the 

literature are summarized.  In the experimental study of Patel et al. (2005), 11 nm sized 

alumina nanoparticles with 0.8% volume fraction were stabilized within water as a base 

fluid by sonicating the suspension for 6 hours.  Das et al. (2003) reported that after 

sonicating Al2O3 and CuO nanofluids for 12 hours, no sedimentation was observed within 

12 hours for 1, 2, 3, 4% volume concentrations and after 12 hours, minor sedimentation 

was observed in 3 and 4% volume concentrations.  Due to the nature of nanoparticles or 

preparation method, only using sonication may not be sufficient to enable stability within 

the nanofluid.  Thus, a combination of treatments might be required.  Huang et al. (2009) 

used ultrasonication, pH control and surfactant additives all at once to obtain stable 

Al2O3/Cu-water suspensions.  In this study, the effective particle size within the nanofluid 

was successively reduced and stability of nanofluids was improved by using SDBS 

dispersant and optimizing the pH.  In the study of Chen et al. (2009), no 

dispersant/surfactant was used during the preparation in order to avoid complications in the 

results of thermal conductivity experiments.  TiO2 nanoparticles and titanate nanotubes 

(TNT) were dispersed into both EG and de-ionized (DI) water base fluids and they were  
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Table 1.1.  Summary of the stability improvement methods that are used in nanofluid 

studies. 

Study Nanofluid Sonication pH Control Additives 

Das et al. (2003) Al2O3 /CuO-water × − − 

Patel et al. (2005) Al2O3-water × − − 

Huang et al. (2009) Al2O3 / Cu – water × × SDBS 

Chen et al. (2009) TiO2 / TNT - water / EG × × − 

Nasiri et al. (2011) CNTs - water × − SDS 

Zhi et al. (2011) 
BN nanotubes and 

nanospheres - water 
× × PDDA 

Fedele et al. (2011) CNTs / TiO2 - water × − SDS 

Pang et al. (2013) Al2O3 - water × × GA 

 

 

found to be stable for at least 1 month by using sonication, magnetic stirring and pH 

control during the preparation process.   

 

 

1.2.2.  Stability Inspection Methods 

 

 

Stability is the key feature in the nanofluid preparation procedure; therefore it is 

important to determine stability.  In order to determine the level of stability, different 

methods are used.  There are seven different methods used to inspect stability of nanofluids 

in the literature.   

 

 

1.2.2.1.  UV – Vis Spectrophotometer.  Ultraviolet–visible spectroscopy (UV-Vis) refers to 

absorption or reflectance spectroscopy in the ultraviolet-visible wavelengths.  UV-Vis 

measurements have been used to quantitatively characterize colloidal stability of the 

dispersions.  
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A UV-Vis spectrophotometer exploits the fact that the light intensity attenuates by 

absorption and scattering as light passes through a fluid.  In this method, at first the 

maximum absorbtance of the dispersed nanoparticles at very dilute suspension should be 

found by scanning.  The next step is to obtain a linear relation between volume 

concentration of the suspension and absorbtance. By preparing a standard to fit the linear 

relation between volume concentration and absorbtance for at least three different 

concentrations (0.01-0.03%), relative stability analysis can be employed for the nanofluids 

prepared with desired volume concentration in time.  This method is the application of 

Beer-Lambert law and is used to determine the stability level of the nanoparticle 

suspensions in several studies (Hwang et al., 2007; Kim et al., 2007; Lee et al., 2009).  

One of the most striking features of this method is its applicability for all base fluids, 

whereas for other stability analysis methods such as zeta potential measurements have 

restrictions for the viscosity of the host fluid.   

 

 

1.2.2.2.   Zeta Potential Test.  Measuring zeta potential of the synthesized nanofluid is one 

of the most used methods in stability inspection.  The increase in the zeta potential 

indicates an increase in the repulsive forces between nanoparticles within the nanofluid as 

stated before (Chou et al., 2005; Lee et al., 2006; Wang et al., 2009; Wei et al., 2009; 

Witharana et al., 2012; Yang et al., 2010; Zhu et al., 2009; Zhu et al., 2010).  Thus, high 

zeta potential values discourage the formation of agglomerates, and eventually, lead to 

good stability.  Incipient stability can be obtained at ±10 - ±30 mV zeta potential values, 

whereas the zeta potential values between ±30 - ±40 mV implies moderate stability, ±40 - 

±60 mV good stability, and the zeta potential values more than ±60 mV points out 

excellent stability.  One of the drawbacks of this method is that it cannot be employed for 

the suspensions with high viscosity.  

 

 

Zeta potential measurements are performed by using a probe to create electric field 

within a vessel.  This electric field enables nanoparticles to accelerate between two sides 

and by using laser-doppler anemometry, the velocity of these particles is determined.  As a 

result, zeta potential value of nanoparticles within the liquid media can be calculated by 
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relating the velocity of nanoparticles and electrical conductance of the liquid medium to 

zeta potential.  Dilution of the prepared nanofluids should be employed as it is used in the 

several other nanofluid studies such as the study of Lai (2010) and Wu et al. (2009).  

 

 

1.2.2.3.  DLS Method.  This method is used to investigate polymer molecules and colloidal 

particles within the suspensions, therefore it can be employed for nanofluids as well.  In 

this method, the intensity of the scattered light is related to the effective particle size.  

Since the method relies on the single scattering approximation the tested nanofluid should 

be diluted if necessary.  DLS method is one of the most used methods, employed to acquire 

the level of agglomeration by measuring the mean aggregate size (Colla et al., 2012; 

Fedele et al., 2011; Wang et al., 2009) within the suspension.  While smaller mean 

aggregate size refers to improved dispersions, larger mean aggregate size indicates 

existence of significant agglomerates.  

 

 

1.2.2.4.   TEM (Transmission Electron Microscopy) and SEM (Scanning Electron 

Microscopy).  TEM is a microscopy technique that uses electron beams which is 

transmitted through an ultra-thin sample.  Interaction of electron beams with the sample is 

used to form an image, and by magnifying or focusing onto an imaging device, or 

detecting by a sensor, TEM image can be obtained.  In SEM, similar to TEM, test sample 

is exposed to an electron beam which generally follows a rectangular scan pattern that is 

called raster scan pattern to capture an image.  The information provided from the scattered 

electrons is about sample’s topography and composition.  The main difference between 

TEM and SEM is that TEM uses transmitted electrons whereas SEM uses scattered 

electrons.  Furthermore, SEM provides information only about sample’s morphology while 

TEM can show many characteristics of the sample such as morphology, crystallization, 

stress or even magnetic domains. 

 

 

Agglomeration size and shape of nanoparticles within the nanofluid which might 

enable the abnormal heat transfer capability of nanofluids are important factors to explain 
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thermal enhancement mechanisms within the nanofluid, (Li et al., 2011; Taha-Tijerina et 

al., 2012).  TEM and SEM imaging can be used, since it is useful to observe the 

nanoparticles’ colloidal structure within the nanofluids.  However, as imaging of particles 

within a nanofluid sample is not possible, images of dried nanoparticles are captured.  

Images taken for dried nanofluid samples can be helpful to designate particle size and 

shape (Fedele et al., 2011; Hong et al., 2012; Wang et al., 2009; Witharana et al., 2012; 

Xuan et al., 2000). 

 

 

1.2.2.5.   Qualitative Imaging.  A primary method to observe sedimentation qualitatively 

within nanofluids is imaging (Wang et al., 2009; Wei et al., 2009; Zhu et al., 2009; 

Witharana et al., 2012).  After preparation, a volume of the suspension will put aside to 

capture its images at a defined time period.  As local volume concentration of particles 

affect the colour of suspension, comparing these photos of nano suspensions, 

sedimentation of suspension can be clearly observed.  Qualitative imaging is one of the 

most common methods because of its easy implementation.  However, it is a qualitative 

method so it gives no quantitative information about the stability level of the nanoparticle 

suspensions.   

 

 

1.2.2.6.   Sedimentation Balance Method.  The stability of the nanoparticle suspension can 

also be measured by using another method called sedimentation balance. In this method, a 

balance is placed into the newly prepared nanofluid to measure the amount of 

sedimentation, and in time, amount of sedimentation is determined.  By calculating the 

amount of sedimentation, rate of sedimentation in time and volume fraction of the 

supernatant nanofluid can be determined.  This method is used in the study of Zhu et al. 

(2007) in order to determine the stability level of suspensions of graphite nanoparticles.  

 

 

1.2.2.7.  Stability Detection By Measuring Thermal Conductivity.  Another method to 

determine the colloidal stability level of nanoparticle suspensions is to relate thermal 

conductivity and the sedimentation level of nanofluids.  A wide range of volume 
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concentrated nanofluids should be tested to obtain the sedimentation level – thermal 

conductivity relation.  This method has found a few uses in the nanofluid literature in 

which 3- method is employed to measure thermal conductivity (Oh et al., 2008; Wang 

and Sen, 2009). 

 

 

1.2.3.  Thermal Conductivity Enhancement of Nanofluids 

 

 

In the solvent media, nanoparticles have an abnormal effect on thermophysical 

properties.  The property that has aroused the attention of nanofluid research community 

the most is thermal conductivity.  Currently there is no agreed theory for predicting the 

anomalous behavior of thermal conductivity of nanofluids.  According to experimental 

results of many researchers, it is clear that the thermal conductivity of nanofluids depends 

on several physical parameters such as thermal conductivities of the base fluid and 

nanoparticles, volume fraction of particle loading, surface area of the nanoparticles within 

the nanofluid, the shape of nanoparticles, and the temperature.   

 

 

Numerous theoretical studies have been conducted to predict the thermal 

conductivity of particle-fluid mixtures.  According to Maxwell’s effective medium theory 

(Maxwell, 1881), dispersion of spherical solid particles within the liquid media is expected 

to have an effective thermal conductivity of, 

 

 

 
p bf p bfnf

bf p bf p bf
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
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  
 (1.2) 

 

 

where nfk  is the effective thermal conductivity of nanofluids, bfk  is the thermal 

conductivity of base fluid, pk  is the thermal conductivity of particle, and   is the volume 

concentration of particles within the liquid media.   
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Another study about conductivity of solid-fluid mixtures containing spherical 

particles was proposed by Bruggeman (1935).  According to Bruggeman’s model effective 

thermal conductivity of the solid-fluid mixture can be predicted as,  
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 (1.3) 

 

 

Bruggeman’s model has no limitations for the particle concentration within the fluid.  For 

low volume concentrations it gives almost the same results as the Maxwell model.  

However, for higher volume concentrations Bruggeman’s model matches well with the 

experimental data where Maxwell model fails (Choi, 1995).   

 

 

Hamilton and Crosser (1962) proposed another model for solid-fluid mixture with non-

spherical particles.  In this model a shape factor, n, is introduced, and the thermal 

conductivity ratio of solid fluid mixtures where the ratio of thermal conductivity of solid 

and fluid phases larger than 100 (
p bfk k 100 ) is given as, 

 

 

 
p bf bf pnf

bf p bf bf p

k (n 1)k (n 1)(k k )k

k k (n 1)k (k k )





    

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 (1.4) 

 

 

By comparing Equation 1.2 and 1.4, the one can see that Maxwell’s model is a special case 

of Hamilton and Crosser’s model in which the sphericity equals to 1 ( n 1 ). 

 

 

These classical models are the derivations of continuum formulations, assuming 

diffusive heat transport in both solid and liquid phases, and they relate solid-fluid mixtures’ 

thermal conductivity to thermal conductivity of solid and liquid phases, volume fraction, 
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and shape of solid particles.  They all fail to predict large enhancement of thermal 

conductivity of nanofluids by neglecting several other mechanisms.  Some of the 

researchers stated that the thermal conductivity enhancement is beyond the predictions of 

Equation 1.2 and the dependence on particle volume concentration is nonlinear (Chopkar 

et al., 2006; Eastman et al., 2001; Hong et al., 2005; Li et al., 2000; Kang et al., 2006; 

Shaikh et al., 2007).  It is also observed that the particle size and shape (Chen et al., 2008; 

Chon et al., 2005; Chopkar et al., 2006; Hong et al., 2006; Kim et al., 2007; Li et al., 

2007; Murshed et al., 2005; Shima et al., 2009; Xie et al., 2002), and the temperature of 

the nanofluid (Chon et al., 2005; Das et al., 2003; Li et al., 2006; Wen et al., 2004) have a 

significant effect on the enhancement.   

 

 

There are several hypotheses that explains these deviations from predictions by 

effective medium theories.  Brownian motion of nanoparticles within fluid that creates 

microconvection effect, causes an increase in energy transfer (Jang et al., 2004; Prasher et 

al., 2005).  According to another explanation the form of the agglomerations of 

nanoparticles within the nanofluid creates paths for energy transport due to percolation 

(Eapen et al., 2007; Keblinski et al., 2002; Prasher et al., 2006).  The order of the base 

fluid molecules around nanoparticles induces the effect of nanoparticle loading and by 

increasing the effective volume concentration, base fluid molecules and nanoparticles form 

a highly-ordered high thermal conductivity layer that is referred as nanolayer (Eapen et al., 

2007a; Eapen et al., 2007b; Keblinski et al., 2002).  On the other hand, in a benchmark 

study of Buongiorno et al. (2009) conducted with different kinds of nanofluids, it was 

asserted that the thermal conductivity data taken from several types of nanofluids is 

perfectly correspondent with the classic effective medium theory.  Besides, it was denoted 

that the thermal conductivity enhancement increased with the particle loading, particle 

aspect ratio, and decreasing base fluid thermal conductivity.   

 

 

Furthermore, there are some experimental correlations and models for thermal 

conductivity of nanofluids which are commonly used in the nanofluid literature.  In the 

study of Chon et al. (2005), an experimental correlation for Al2O3-water nanofluids as a 
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function of nanoparticle size is proposed by using the measured thermal conductivity data.  

The correlation is represented as,  
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where bfd  is molecular diameter of base fluid, 
pd  is diameter of nanoparticles, Pr is 

Prandtl number, and Re is Reynolds number.  Yu and Choi (2003) derived a renovated 

Hamilton - Crosser model which can be expressed as,  
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In the study of Mintsa et al. (2009), an experimental correlation for thermal conductivity of 

Al2O3-water nanofluids as a function of particle volume concentration is obtained as, 

 

 

 
nf

bf

k
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Thermal conductivity enhancement data taken from the several studies in the literature for 

40-50 nm sized Al2O3 nanofluids is presented in Figure 1.1a and 1.1b.  According to Figure 

1.1a, for lower volume concentrations (0-5%) the predictions of models correspond well 

with the given experimental data whereas only the model proposed by Chon et al. (2005) 

matches adequately with the experimental data for higher volume concentrations as it can 

be clearly seen from Figure 1.1b. 
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(a) 

 

(b) 

 

Figure 1.1.  Thermal conductivity ratio of water based nanofluids containing Al2O3 

particles of 40-50 nm changing with the volume concentration in the literature, for volume 

concentrations of 0-10% (a) and 0-5% (b). 
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1.2.4.  Thermal Conductivity Measurement Methods 

 

 

Thermal conductivity can be measured by a number of different methods.  

Depending on the thermal properties and the medium temperature, each method can be 

applied for a limited range of materials.  Thermal conductivity measurement methods can 

be classified as; steady state and transient methods.  

 

 

1.2.4.1.   Steady State Methods.  In the steady state methods, thermal conductivity 

measurement is performed when the measured temperature of the material does not change 

with time (steady state condition).  Thermal conductivity of the medium is calculated by 

the measured temperature difference and the applied heat flux through the surface.  Time 

independency makes this method relatively easier.  However, it is not easy to satisfy the 

requirements of the method in practical test setups which can be described as a 

disadvantage.  Steady state methods can be classified as, horizontal flat plate method, 

vertical coaxial cylinder method, steady state hot wire method, concentric cylinders 

method, and absolute and relative methods. 

 

 

1.2.4.2.   Transient Methods.  Temperature variation along time at an arbitrary point is 

measured to estimate thermal conductivity.  In steady state methods the system and the 

signal must reach a steady state, whereas in transient methods this signal can vary in time.  

Since there is no need to wait until system reaches steady state, the measurement time is 

shorter.  However, the analysis of data is more complicated than for steady state methods.  

Transient thermal conductivity measurement methods can be classified as, continuous line 

source (transient hot wire - THW) method, transient plane source method, laser flash 

method, and 3- method. 

 

 

In this study, thermal conductivity measurements are carried out by Decagon 

KD2Pro thermal conductivity sensor which uses transient hot wire (THW) method.  
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Thermal conductivity measurement with transient hot wire method is explained in detail in 

the next chapter.   

 

 

1.2.5.  Rheological Behavior of Nanofluids 

 

 

It is well known that the addition of nanoparticles into a fluid can substantially 

change its rheological properties.  The fact that nanofluids are considered as an alternative 

for present heat transfer fluids makes their rheological behavior more crucial.  It is obvious 

that besides thermal conductivity, viscosity is an important factor on overall heat transfer 

performance of a heat transfer fluid.  With altered viscosity, a heat transfer fluid might 

demand more pumping power, which may surpass the benefit from enhanced thermal 

conductivity of the nanofluid.   

 

 

Einstein (1905) was the first to formulate effective viscosity of solid-fluid mixture 

containing spherical particles by using hydrodynamic equations.  According to Einstein’s 

theory, the effective viscosity of solid-fluid mixture is linearly dependent only on 

volumetric particle concentration, and it can be defined as,  

 

 

 
nf bf(1 2.5 )     (1.8) 

 

 

where nf  is the viscosity of the solid-liquid mixture, and bf  is the viscosity of base 

fluid.  Similar to Einstein’s formula, Lundgren (1972) is proposed another model as, 
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Furthermore, Batchelor (1977) introduces a similar model as well as it is presented in 

Equation 1.10. 

 

 

 2
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A different model is proposed by Brinkman (1947) which gives similar results as well, 

represents effective viscosity as the power of the volume concentration. 
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These effective medium models are derived for 0-2% particle volume concentrations.  All 

these models are given similar results for low volume concentrations (0-10%). 

 

 

There have been several studies on the rheological behavior of nanofluids (Buongiorno et 

al., 2009; Chen et al., 2009; Venerus et al., 2010; Prasher et al., 2006).  According to Chen 

et al. (2009), nanofluids prepared by dispersing TiO2 nanoparticles into EG were found to 

exhibit Newtonian behavior, whereas water - TiO2, water - TNT, and EG - TNT nanofluids 

show non-Newtonian behavior.  Dependency of viscosity on particle loading was found to 

be stronger than the one predicted by Einstein or Batchelor’s model for all nanofluids.  A 

benchmark study that is conducted by Venerus et al. (2010) reports identical behavior; 

viscosity of nanofluids with both spherical and rod-shaped particles suspended into water 

and polyalpha olefin oil (PAO), showed a stronger dependency on volume concentration 

than the one predicted by dilute suspension theory.  In this study, five of the seven 

nanofluids tested showed Newtonian behavior as other two showed shear thickening 

behavior.  Furthermore, in the study of Prasher et al. (2006), alumina particles with three 

different sizes (27, 40, 50 nm) were introduced into propylene glycol (PG) and the 
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viscosity measurements of these nanofluids for three different volume concentration (0.5, 

2, 3%) all showed Newtonian behavior.  The particle loading dependency of viscosity was 

again found to be much higher than the one predicted by Einstein - Batchelor theory.  

These three rheological studies indicate that strong dependency on particle loading is due 

to the microstructural form of the nanoparticles (agglomerations) within the nanofluids.  A 

brief summary of rheological studies about nanofluids is given in Table 1.2.  Although, 

there are exceptions, it can be interpreted that the rheological behavior of nanofluids, 

whether they are Newtonian or non-Newtonian, mostly depends on the base fluid and the 

amount of particle loading.  In Figure 1.2a and b, viscosity increase data with the increase 

in volume concentration of Al2O3 nanofluids is presented.  Data series taken from 

experimental studies are compared with Einstein’s formula, Lundgren and Batchelor’s 

formula, and the polynomial fit proposed by Maiga et al. (2004) for 0-10% and 0-5% 

volume concentrations respectively.  As it can be clearly observed from Figure 1.2a, 

Einstein’s, and Lundgren and Batchelor’s formula generally underestimate experimental 

data whereas the polynomial fit of Maiga et al. (2004) corresponds well with the given ex-  

 

 

Table 1.2.  A brief summary of rheological studies about nanofluids in the literature. 

Study Nanofluid Behavior 

Chen et al. (2009) 

TiO2 - EG Newtonian 

TiO2 - water non-Newtonian 

TNT - EG non-Newtonian 

TiO2 - water non-Newtonian 

Venerus et al. 

(2010) 

Al2O3-water (rod) Newtonian 

Al2O3-PAO+surf. (sphere) Newtonian 

Al2O3-PAO+surf. (sphere) 1% vol. Newtonian 

Al2O3-PAO+surf. (rod) 1% vol. Newtonian 

Al2O3-PAO+surf. (rod) 3% vol. non-Newtonian 

SiO2-water+stab. (sphere) 32% vol. non-Newtonian 

Mn1/2Zn1/2Fe2O3-water+stab. (sphere) 

0.17% vol. 
Newtonian 

Prasher et al. (2006) Al2O3 - PG Newtonian 

Sleiti et al. (2011) hBN-PAO Newtonian 

Tijerina et al. (2012) hBN fillers - MO Newtonian 
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perimental data series.  From Figure 1.2b, it can be stated that experimental data series 

scatter around Maiga et al. (2004) other than data taken from the study of Liu and Yu 

(2011) which is in a perfect agreement with Einstein’s, and Lundgren and Batchelor’s 

formula.   

 

 

1.2.6.  Viscosity Measurement Methods 

 

 

A viscometer is an instrument used to measure viscosity of a fluid.  In the viscosity 

measurement devices, either fluid remains stable and an object moves or the object 

remains stable and the fluid passes through it.  Relative motion of the fluid and the surface 

creates a drag which is the measure of viscosity.  The Reynolds number within the fluid 

flow should be sufficiently low for there to be laminar flow.  Viscometers can be classified 

as, falling piston viscometer, oscillating piston viscometer, vibrational viscometers, and 

rotational viscometers. 

 

 

In this study a rotational viscometer, Brookfield DV-III Ultra cone-plate rheometer, 

is utilized to investigate rheological behaviors of nanofluids.  By changing the applied 

torque and as a result shear rate within a limited range, rheological behaviors of nanofluids 

are determined.  The measurement methodology of a cone-plate rheometer is explained in 

detail in the second chapter of this study.  

 

 

1.2.7.  Boron Nitride 

 

 

Boron nitride is a ceramic material which is structured similarly to carbon lattice, 

thus exists in several crystalline forms.  hBN is the most stable and the softest of all forms.  

Therefore, it is used as an additive to lubricants and cosmetic products.  Its high thermal 

conductivity and superior chemical stability make it a candidate material for nanofluids.   
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(a) 

 

(b) 

 

Figure 1.2.  Viscosity ratio of water based nanofluids containing Al2O3 particles of 40-50 

nm sized changing with the volume concentration in the literature, for 0-10% (a) and 0-5% 

(b). 
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There are a few studies about nanofluids of hBN nanofillers and nanoparticles in the 

literature (Li et al., 2011; Sleiti et al., 2011; Taha-Tijerina et al., 2012; Zhi et al., 2011).   

 

 

In the experimental study of Taha-Tijerina et al. (2012), two dimensional hBN nano-

fillers were introduced into a carrier fluid, mineral oil (MO), and thermal conductivity 

experiments were conducted.  It was seen that at higher concentrations, the increase in 

thermal conductivity was not following Maxwell’s theory.  This behavior is attributed to 

percolation mechanism within the nanofluid.  Moreover, strong dependency of thermal 

conductivity on temperature was ascribed to the increase in Brownian motion, thus reveals 

that the mechanism behind this thermal enhancement is not only percolation but also 

Brownian motion dependent.  Li et al. (2011), reported that the thermal conductivity 

enhancement in 140 nm sized boron nitride (BN) – EG nanofluids is higher than the one 

prepared with 70 nm BN particles.  This behavior was assigned to the difference in specific 

surface area and aspect ratio of different sized BN particles.  However, the latent structures 

of these BN materials are not specified.  If the BN particles with 140 nm and 70 nm have 

latent structures of cubic and hexagonal respectively, nanofluids synthesized with 140 nm 

cubic BN will be expected to have a higher thermal enhancement than the one with 

hexagonal BN, due to the difference in their thermal conductivity.  Also, at very low 

particle volume concentrations (0.025%) the enhancement in thermal conductivity was 

found to be much higher than the ones with higher particle volume concentrations.  This 

abnormal increment in thermal enhancement was explained by heat transferred along the 

aggregated nanoparticles within the nanofluid (percolation mechanism).  According to the 

study of Zhi et al. (2011), nanofluids containing boron nitride nanotubes (BNNTs) and 

boron nitride nanospheres (BNNSs) dispersed in water are found to be highly conductive.  

Nanofluids are stabilized by using polydiallyldimethylammonium chloride (PDDA) as a 

surfactant.  In this study nanofluids containing both BNNTs and BNNSs are proposed as a 

remarkable alternative to more common ones containing Al2O3, SiC, or CuO due to their 

high thermal conductivity enhancement and their relatively lower viscosity.   
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A rheological study of hBN-polyalpha olein oil nanofluids was carried out by Sleiti 

(2011).  In this study, nanofluids with 70 nm sized hBN particles with particle volume 

concentration from 0.6% up to 1% was tested in the shear rate range of 100-12000 s
-1

 and 

all tested nanofluids are found to exhibit Newtonian behavior at various temperature values 

(-20
o
C to 10

o
C).  Another study by Taha-Tijerina et al. (2012) reported Newtonian 

behavior for hBN-MO nanofluids using two dimensional nano-flakes instead of 

nanoparticles.  Other studies investigating hBN nanofluids do not include any study in 

regards to rheological behavior.  Furthermore, in the study of Zhi et al. (2011), nanofluids 

are prepared by BNNTs and BNNSs and water.  They found that the viscosity and thermal 

conductivity of nanofluids containing BNNTs is higher than the one with BNNSs.  Since 

the increase in the viscosity is an undesired effect of nanoparticle addition to the fluid, 

nanofluids containing both BNNTs and BNNSs are prepared in order to solve the viscosity 

problem.   

 

 

1.3.   Convective Heat Transfer Behavior of Nanofluids 

 

 

As nanofluids are proposed as next generation heat transfer fluids, their convective 

heat transfer behaviors are also important.  Since their possible applications involve their 

convective heat transfer properties, there have been numerous studies about the convective 

heat transfer behavior of nanofluids. 

 

 

In the study of Wen and Ding (2004), Al2O3 nanoparticles with a size range of 27-56 

nm are suspended into DI water and Nusselt number along the entrance region of a tube 

under laminar flow conditions, for different Reynolds numbers is presented.  It is asserted 

that in the entrance region, heat transfer enhancement is remarkably higher than the one for 

base fluid and it decreases along the tube.  For 1.6% particle volume concentratio of Al2O3-

water nanofluids ~41% and ~47% thermal enhancement is obtained at Reynolds number of 

1050 and 1600 respectively.  Ding et al. (2006) conducted an experiment for CNT 

suspended nanofluids and a remarkable thermal enhancement is observed for 0.5% weight 
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concentration that is 3.5 times greater compared to the base fluid.  However, in the study of 

Jung et al. (2009), convective heat transfer experiments within microchannels were 

conducted and Al2O3 nanoparticles suspended both in DI water and DI water-ethylene 

glycol mixture show no abnormal heat transfer enhancement for 1.8% volume 

concentration.  These contradictions and abnormal behaviors are reported annually, since 

nanofluids subject is a popular topic of debate.   

 

 

1.4.   Objective 

 

 

Considering the literature, there is no prior study that presented preparation of water 

based nanofluids with hBN nanoparticles.  Moreover, there is no study presenting the 

rheological behavior and thermal conductivity of water based nanofluids with hBN 

nanoparticles.  Therefore, the objective of this study is to prepare stable dispersions by 

using hBN nanoparticles, and DI water and EG as a base fluid.  In order to acquire 

stability, treatments such as ultrasonication, pH control and surfactant additives are used.  

The stability level of prepared dispersions is determined by measuring zeta potential and 

sequential imaging.  The existence of agglomerates within the samples is observed by 

measuring particle size using DLS technique.  Also, ESEM and STEM images are used to 

control agglomeration level within nanofluids.  Prior to preparation of hBN nanofluids, 

two-step preparation method together with use of characterization techniques are validated 

by preparing and characterizing Al2O3 nanofluids that is well documented in the literature.  

Once stable hBN nanofluids are prepared, their rheological behavior and thermal 

properties are investigated experimentally.  Furthermore, a convective heat transfer setup is 

constructed to measure heat transfer coefficient of nanofluids.  The setup is calibrated with 

experiments using water and the validity of its results is tested by comparing the results 

with the one obtained from Shah correlation.  
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2.  METHODOLOGY 

 

 

2.1.   Experimental Procedure  

 

 

2.1.1.   Nanofluid Preparation  

 

 

70 nm sized hBN nanoparticles with 99.5% purity and 15 nm sized -Al2O3 

nanoparticles that have been purchased from MK Impex Corp., Canada are used in the 

sample preparation procedure.  -Al2O3 water nanofluids are prepared to validate 

preparation process and hBN nanoparticles are mixed with both DI-water and EG.  In the 

preparation procedure, desired amount of nanoparticles are first weighed on precision 

balance (Kern PFB) with 10 mg accuracy.  pH adjustment is a widely adopted method to 

achieve electro kinetic stability of the suspensions.  In the pH study, the base fluid’s pH is 

adjusted by adding hydrochloric acid (HCl) for decreasing the pH, or potassium hydroxide 

(KOH) for increasing the pH.  The pH is then measured using a pH meter (Hanna HI-

98107) with 0.1 accuracy.  After adjusting the desired pH of the base fluid, nanoparticles 

are slowly added to the base fluid while the suspension is mixed by using mechanical 

homogenizer.  The suspension is stirred for 30 minutes with 2015 rpm with the mechanical 

homogenizer in order to ensure that all the nanoparticles within the base fluid are wetted.  

Following this procedure, stirred suspension is immediately taken to the sonicator 

(Hielscher UP400S) for 1 to 6 hours depending on the nanofluid type.  The sonication 

process is performed within a temperature controlled bath to prevent boiling of the base 

fluid.  Hexagonal BN nanofluids with 0.5 to 3% volume concentration are prepared by 

using either DI-water or EG or both. 

 

 

In the preparation of hBN nanofluids with surfactant addition, the same weighing 

procedure for nanoparticles and base fluid is applied.  Also, the desired amount of 
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surfactant is weighed on the precision balance.  After this procedure, the surfactant is 

added to the base fluid while it is mixed by with mechanical homogenizer at 2015 rpm, for 

10-15 minutes.  During this mixing procedure, formation of foam layers observed and 

surfactant cannot be dissolved within the base fluid.  Samples are kept at the room 

temperature until the foam at the surface of the sample deflates, then sonication procedure 

is started.  In order to obtain a transparent solution, the surfactant-base fluid suspension is 

then sonicated 60% amplitude for 15-30 minutes until the surfactant is dissolved.  After 

obtaining a surfactant-base fluid solution, the same procedure for nanoparticle addition and 

sonication is employed as in the pH study.  hBN nanofluids with GA and SDS addition at 

volume concentrations of 1, 2, and 3% are prepared and they are characterized as 

explained in the next section.  

 

 

2.1.2.   Characterization  

 

 

In order to determine the agglomeration and stability of nanofluids both particle size 

and zeta potential measurements are taken by using particle size and zeta potential 

analyzer, Brookhaven 90 Plus.  For these measurements, nanofluids are diluted to ~0.001% 

volume concentration and then ~2 ml samples are poured into rectangular prisms shaped 

polystyrene vessels.  All measurements are taken at 25
o
C.   

 

 

Furthermore, in order to inspect agglomeration of nanoparticles within the nanofluids 

visually, methods such as ESEM and STEM imaging are used.  ESEM measurements are 

taken only for dry nanoparticles to determine the nanoparticle agglomerations and compare 

the particle size with the one that is reported by manufacturer, before it is introduced to the 

base fluid.  STEM imaging is used for characterization of shape and size of nanoparticles 

within the nanofluids.  This method has a drawback compared to the particle size 

measurement by using DLS method.  Nanoparticles cannot be monitored within the 

liquids, and it is possible to observe them, only after drying.  However, shapes of 
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nanoparticles can be visualized by STEM images which are reported to be very crucial in 

the determination of rheological behavior of nanofluids (Ding et al., 2010). 

 

 

Thermal conductivity of hBN and Al2O3 nanofluids is assessed by transient hot wire 

method using a Decagon KD2Pro thermal conductivity analyzer.  The thermal conductivity 

analyzer employed for this study uses a needle which is inserted into the suspension.  A 

heat pulse is applied to the needle and the temperature change is monitored from the needle 

probe.  The behavior of temperature change is dependent on the nature of the medium 

where the needle probe is inserted.  During the measurements, it is intended to measure 

temperature change assuming that heat transfer is only due to conduction.  In the thermal 

conductivity measurements of fluids with low viscosity, buoyancy driven currents within 

the fluid can be observed if the needle’s temperature is different than the fluid’s 

temperature.  This can lead to natural convection driven heat transport introducing error to 

the measurements.   

 

 

In order to provide stable environmental conditions, all windows and doors are 

closed and the prepared nanofluid samples are placed in a water bath.  The temperature of 

the water bath is controlled by using a circulating chiller.  Orientation of the probe is 

crucial in order to take accurate measurements.  Probe of the device should be fully placed 

into the test sample in vertical orientation.  The test setup for the thermal conductivity can 

be seen in Figure 2.1.   

 

 

In order to investigate the rheological behavior of nanofluids, a cone-plate rheometer 

(Brookfield DV-III Ultra) is used.  Standard plates with 1
o
 and 3

o
 cone angle are employed 

to measure viscosity and shear stress, with respect to shear strain rate that the nanofluids 

are exposed to.  Plate with 1
o
 cone angle is used for water based nanofluids, whereas the 

viscosity of EG based nanofluids is investigated by using the 3
o
 cone plate.  Temperature is 

controlled during all rheological measurements.  The accuracy of the measurement changes  
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Figure 2.1.  KD2 Pro thermal conductivity analyzer and the test setup. 

 

 

with the shear rate and the viscosity range of the cone plate for the shear rate.  Since the 

torque measurement accuracy is 1% of full scale range, for example, if the viscosity range 

is up to 10 mPa∙s for the applied shear rate and the cone plate used during the experiment, 

the uncertainty of the measurement is ±0.1 mPa∙s.  For spindle with 1
o
 cone angle, at 75 s

-1
 

shear rate, the viscosity range is specified as up to 300 mPa.s, so the accuracy of 

measurement at this shear rate is ±3 mPa.s. 

 

 

2.2.   Transient Hot Wire Method  

 

 

In transient hot wire method, a very thin, infinitely long line source dissipates heat in 

an infinite and incompressible medium and the temperature increase in the medium can be 

observed along time assuming that the heat source has an infinite thermal conductivity and 

zero heat capacity, and all generated heat is transferred to the medium by conduction alone 

(Simham, 2008).  One dimensional heat conduction equation in cylindrical coordinates: 
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where considering that oT T T    in Equation 2.1 where the temperature of the medium 

is a function of time t and the radial coordinate r, and f  is the thermal diffusivity of the 

fluid.  Considering that oT T T    where oT  is the initial temperature of the medium, 

and T  is the transient temperature change in the medium.  If the boundary conditions are 

applied to Equation 2.1 (Simham, 2008): 
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where fk  is the thermal conductivity of the liquid medium and q '  is the heat per length of 

the wire.  As it is stated in Equation 2.2, temperature gradient at r 0  is constant, in other 

words the system is at thermal equilibrium before heater is turned on.  Furthermore, 

temperature difference at the infinity is equal to zero while the system is heating up as it is 

given in Equation 2.3.  The solution of this problem is presented in Carslaw and Jaeger 

(1959) as: 
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Equation 2.4 represents the temperature change within medium from initial temperature oT  

at an arbitrary distance r, after a particular time t.  The left part of Equation 2.4, represents 

temperature change in time due to heating.  The series expansion of the exponential 

integration at the left hand side is given as, 
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where 0.5772   is the Euler’s constant.  

 

 

After several mathematical steps, for very large intervals of time, Equation 2.5 can be 

derived into,  
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Thus, at an arbitrary radial distance r, temperature difference at two different time can be 

written as,  
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Equation 2.7 shows that the temperature difference in a specific time interval is 

independent from radial effects.  Therefore, if the temperature change in the medium and 
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logarithmic time scale is plotted, the slope of the obtained line can be described as thermal 

conductivity of the medium: 

 

 

 
f

q d ln(t)
k

4 d T



 (2.8)  

 

 

The advantage of this method is the elimination of the effect of radial distance, thus 

the linear dependency between temperature increase and the logarithmic time change can 

be accomplished. 

 

 

2.3.   Viscosity Measurements 

 

 

In this study, Brookfield DV-III Ultra cone/plate rheometer, which is a rotational 

viscometer, is used.  The rheological data is analyzed by using Brookfield 

RheocalcSoftware32. 

 

 

Cone-plate is probably the most used geometry in rheological investigation.  A 

schematic of cone plate geometry is given in Figure 2.2.  Assuming the flow between conic 

spindle and the plate is steady, laminar, and isothermal with negligible gravity and end 

effects; one can describe equations of motion in spherical coordinates ( r ' ,  ,  ) as in 

Equation 2.9, 2.10 and 2.11, respectively.  While writing these equations, it is used that the 

velocity in the radial and vertical directions are zero ( r ' zv v 0  ), and cone angle, 0 , is 

lower than 0.1 rad ( 0 0.1rad.  ).  The flow is only in   direction dependent on the 

directions of r  and  ,  v v r ',  .  
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Figure 2.2.  Cone and plate rheometer (Bird, 1987). 
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In Equation 2.9, 2.10, and 2.11; r ,  , and   are the spherical coordinates;   represents 

stress tensor in   and   coordinates; and v  is the velocity of fluid in   direction.  Since 

the velocity at the tip of the spindle is equal to zero, and the velocity along the conic 

surface of the spindle is approximately equal to the velocity at the spindle, 
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  v / 2 0    (2.12)  

 

 

    0 0v / 2 rsin / 2 r           (2.13)  

 

 

boundary conditions can be written as in Eqns 2.12 and 2.13.    is the rotational velocity 

of the spindle.  One can re-write Equation 2.11 by considering these boundary conditions 

as, 
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The shear stress is a constant value dependent only on  , since the conic angle is a 

sufficiently small value.  One can write the applied torque to the rheometer as; 
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In Equation 2.15, M is the applied torque to the spindle.  By combining Equation 2.14 and 

2.15, shear stress can be written as, 
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From the Equation 2.16, it can be asserted that shear stress at    is independent of the 

flow characteristics, dependent only on r and M.  Furthermore, it can be asserted that the 

shear rate is homogeneous and constant throughout the sample as it is given in Equation 

2.17.  
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 (2.17)  

 

 

In Equation 2.15,   is shear stress, h(r) is the vertical distance between conic spindle 

surface and plate.  Since 0 0.1rad  , shear stress can be written in a simple form, 

dependent only on rotational velocity and conic angle as in Equation 2.15.  Thus, in cone 

plate rheometers, rotational velocity, conic angle and applied torque are known values, 

shear stress and shear rate can easily be measured according to the theory presented below.   

 

 

Rheometers operate as a sensitive torquemeter that collects data in a specific range of 

rotational velocity (0.01-250 rpm).  The sample is placed between the spindle, the moving 

part at the very end of the rheometer, conic part and the plate.  The resistivity of the sample 

against the rotation of the spindle is sensed by a very sensitive spring system and as a 

result torque measurement is accomplished. 

 

 

The resistance measured by conic spindle and the frictional stress on the surface of 

the sample are proportional.  Therefore, the viscosity data can be obtained according to this 

proportion by using software of the rheometer.  Furthermore, the viscosity of the fluid can 

be obtained analytically by using geometric dimensions of the conic spindle, and the 

values of the torque and rotational velocity measured by the rheometer. 
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The stable plate in which the sample is planted can be disassembled and 

reassembled.  The amount of the sample varies depending on the conic spindle used for the 

viscosity measurement (0.5-2 ml).  There is no need for the calibration during the 

replacement of rheometer plate.  In the viscosity measurement, the spindle models CPE 40 

is used for low viscosity measurements and CPE 41 for higher ones. 

 

 

The gap between the spindle and the rheometer is the most important parameter 

during the measurement.  The conic spindle should be fully interacted with the surface of 

the fluid, not be located underneath the surface.  This gap can be calibrated by the “auto-

zero” function of the rheometer. 

 

 

2.4.   Convective Heat Transfer Setup 

 

 

2.4.1.  Experimental Setup  

 

 

The purpose of the convective heat transfer setup is to experimentally investigate the 

enhancement of heat transfer due to internal forced convection of a nanofluid subject to 

constant heat flux at boundaries. 

 

 

The schematic of convection test setup is presented in Figure 2.4.  Basically, fluid 

runs in a loop where it is first heated and then cooled continuously.  Before it enters the test 

section, the fluid first passes through the flowmeter, which is used to measure the 

volumetric flow rate of the fluid.  A turbine flowmeter is used that has a digital output 

signal which is processed using an Arduino card.  In the inlet and outlet of the test section; 

two pressure transducers are placed to measure the pressure drop along the test section 

which output an analog signal, between 0.1 V and 5.1 V.  They need a power input to operate 

and they can be supplied with a voltage between 12V and 28V.  Input signal does not affect the 
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output signal, but calibration of these equipments is employed at 20 V.  The inlet pressure 

transducer (Setra 206) has a measurement range of 0-50 psig; whereas the exit pressure 

transducer (Setra 206) has a measurement range of 0-25 psig. The accuracy of pressure 

transducers are ±0.13% of the measured value.  The accuracy of the flowmeter is ±1% of 

the measured value.   

 

 

The heat section is constructed with 1.5 m long aluminum tube with 4 mm inner and 6 

mm outer diameter and it comprised of two parts.  The first 0.5 m the fluid flows with no heat-

up so that the flow develops.  Heating unit is comprised of a bare nichrome wire resistance, 

firmly wrapped around the taped pipe to obtain uniform heat flux around the pipe.  Electric 

isolation tapes are used in between the pipe and heater wire to prevent any current leaking 

from heater wire to the fluid.  Furthermore, in order to minimize the heat loss, heating unit is 

 

 

 

 

Figure 2.3.  Schematic of convection test setup. 
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Figure 2.4.  Pressure transducer connected to the test setup. 

 

 

isolated.  In this experimental setup, heat transfer coefficient of a fluid can be identified by 

variation of mean temperatures variation along heating section, and surface temperature 

distribution along the pipe.  T-type thermocouples with special measurement accuracy (±0.5oC) 

are used to measure surface temperatures along the pipe.  Mean temperatures are measured at 

the inlet of the pipe and local mean temperatures are estimated based on inlet temperatures and 

applied heat flux.  Data acquisition system, Agilent 34970A, is employed to monitor 

temperature data.   

 

 

There are seventeen T-type thermocouples used within the test setup.  Fifteen of them 

are used on the surface of the pipe and two of them are used to measure inlet and outlet 

temperature of the heating section.  In this study, thermocouple attachment poses a great 

challenge because, the heater resistance wire is too close to the attached thermocouples and 

during the experiments, thermocouple detachment from the surface occurs due to excessive 

local heat-up.  Furthermore, as the thermocouples and the heater are too close to each other, 

abnormally high temperature measurements might be taken.  After several experiments with 

Kapton tape, epoxy, and Cerastil in order to ensure firm attachment to the surface of the pipe, 

the best temperature results are achieved with super glue.  Attachment materials other than 

super glue are not effective because it takes several hours for them to dry and in this time 

period, thermocouple beads start to detach from the surface.   
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After the heating unit fluid arrives at the cooling unit that is used to sustain steady 

state operation of the system.  The cooling unit is comprised of a counter flow concentric 

tube heat exchanger.  The heated fluid passing through the inner tube is cooled by cold 

water flowing outside.  A reservoir and a centrifugal pump are placed where the loop 

finishes.  There are two valves used in the test setup; one of them is just after the pump in 

order to control the flow rate, the other one is located at the bypass line which can be used 

to arrange flow rate as well.   

 

 

Except for the heating and cooling unit, the remaining part of the loop is constructed with 

silicone pipes because of their easy implementation and transparency.  Bubbles in the loop can 

be observed from outside, to ensure degassing.  Silicone is selected because of its high 

temperature resistance up to 300oC.  In order to connect silicone pipes to heating and 

cooling section and attached equipments, brass connectors are used.  Brass is chosen 

because of its resistivity to corrosion. 

 

 

Table 2.1.  Position of T-type thermocouples. 

Thermocouples x[m] 

1 0 

2 0.05 

3 0.1 

4 0.15 

5 0.25 

6 0.35 

7 0.43 

8 0.5 

9 0.65 

10 0.75 

11 0.8 

12 0.85 

13 0.9 

14 0.95 

15 1 
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There are two valves in the setup, one is located just after the pump to control flow 

rate, the other one is at the by-pass line to degas the fluid and control flow rate as well.  

Reservoir is placed just before the pump in order to charge the system, and avoid the pump 

from running dry.  Furthermore, it is effective for degassing the flow as well.   

 

 

The system must be charged with the reservoir, as running dry will damage the pump.  In 

order to utilize gravity for charging, the pump is clamped 20 cm lower than the reservoir.  

When it is turned on, in order to eliminate the bubbles within the test setup, bypass line is 

opened.  When the degassing of the system is achieved, the sound of pump noise reduces.  

 

 

 

 

Figure 2.5.  The pump and the reservoir. 

 

 

2.4.2.  Theory 

 

 

The convective heat transfer coefficient of the fluid is calculated through the 

temperature measurements on the heated aluminum pipe.  The local heat transfer 

coefficient is calculated along the pipe throughout the thermal entry region until it 

converges to the fully developed value. 
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Nusselt number is a non-dimensional value that compares the convective heat 

transfer capability to the conductive heat transfer capability. Local Nusselt number is 

defined as: 

 

 

 
x

x

f

h D
Nu

k
  (2.18)  

 

 

where xh  is local heat transfer coefficient, k is the thermal conductivity, and D is the inner 

diameter of the pipe.  For fully developed laminar flows subjected to a constant surface 

heat flux, the Nusselt number is theoretically 4.36.  Local heat transfer coefficient along a 

pipe heated with constant heat flux can be defined as, 
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In Equation 2.19, q ''  is the surface heat flux, 
s,xT  is the local surface temperature along the 

pipe, and 
m,xT  is the local mean temperature along the pipe.  By introducing, 

m,xT  as, 
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to the Equation 2.19, xh  can be re-written as,  
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(2.21) 

 

 

where 
m,iT  is the inlet mean temperature, P is the perimeter of the pipe, x is the position 

along the pipe, m  is mass flow rate of the fluid, and 
pc  is the heat capacity of the fluid.  

According to Equation 2.21, one can calculate local heat transfer coefficients along a pipe 

heated with a constant heat flux, if the mass flow rate, inlet mean temperature and surface 

temperature distribution along the pipe are known.  In the convection heat transfer setup, 

the local heat transfer coefficient of a fluid will be estimated based on these measured 

quantities.  Furthermore, the Nusselt number as a function of axial distance is calculated 

from the measured temperature and flow rate values. 
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(2.22) 

 

 

as the perimeter of the pipe, P D . 

 

 

The measured values of surface temperature are compared with the values calculated 

from Shah correlation in order to calibrate test setup with DI water.  Shah correlation for 

laminar flows is given as in Equation 2.23.  
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where xNu  is the local Nusselt number, Re is the Reynolds number, Pr is the Prandtl 

number, and l is the length of the pipe.   

 

 

2.4.3.  Uncertainty Analysis 

 

 

Single sample uncertainty analysis is used in order to understand the validity of the 

collected data from convection test setup.  The measurement uncertainty of xNu  is, 
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 (2.24) 

where iS  represents uncertainty for the measurement of i.  Although, the heat unit is 

insulated; the system is still prone to heat loss.  The heat flux applied to the system can be 

defined as, 
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   (2.25) 

and the uncertainty for the heat flux can be defined as, 
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 (2.26) 

 

 

where m,oT  is the outlet mean temperature.  Also, since the measured value is volume flow 

rate other than mass flow rate, the uncertainty of mass flow rate can be calculated 

accordingly, 
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fm V  (2.28) 

 

 

Equation 2.27 is the definition of uncertainty of mass flow rate and Equation 2.28 is the 

definition of mass flow rate.  In these equations fV  is the volume flow rate and   is the 

density of the fluid.  By inserting Equation 2.26 and 2.27 into 2.24, and knowing that the 

measurement uncertainty for T-type thermocouples is 0.5 K, TS 0.5K , and for 

volumetric flow rate, 1% of the measured value, 
fV fS V 100 , the measurement 

uncertainty of local heat transfer coefficient can be calculated.  
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3.  RESULTS AND DISCUSSION 

 

 

 

The objective of this study is to identify required parameters to prepare stable hBN 

nanofluids and characterize their thermal and rheological properties.  Besides, a 

construction of convective heat transfer setup to investigate local heat transfer coefficient 

of nanofluids is another purpose of this study.  Therefore, Al2O3 and hBN nanofluids are 

prepared by changing parameters such as sonication time, pH level, surfactant type and 

volume concentration, and particle volume concentration to achieve stable dispersions.  

The effects of these parameters on stability evaluated in terms of zeta potential, particle 

size of nanoparticles, and qualitative imaging for the nanofluids are presented.   

 

 

A validation study for Al2O3-water nanofluids of 0.5, 0.75, and 1% volume 

concentration is executed first.  Following the validation study, hBN-water/EG nanofluids 

are investigated.  ESEM images for hBN and Al2O3 nanoparticles are taken to determine 

the agglomeration level before mixing.  In addition, images of hBN-EG with 0.5% volume 

concentration and Al2O3-water nanofluids are taken to investigate agglomeration of 

nanofluids qualitatively.  Examination of rheological behavior of hBN-water, hBN-EG, 

hBN-water-EG and Al2O3-water nanofluids is performed under controlled thermal 

conditions by changing shear rate in a suitable range for each of the nanofluid.  Following 

this procedure, thermal conductivity of these nanofluids is investigated and thermal 

conductivity enhancements of these nanofluids are determined accordingly. 

 

 

Construction of a convective heat transfer setup is employed to investigate local heat 

transfer coefficient of nanofluids.  The setup is calibrated with DI water and an uncertainty 

analysis is executed to determine measurement error.   
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3.1. ESEM and STEM Images 

 

 

Particle sizes of hBN and Al2O3 particles are reported as 70 and 15 nm by the 

manufacturer.  As it can be seen from Figure 3.1 and 3.2 both Al2O3 and hBN nanoparticles 

are agglomerated prior to mixing because of transportation and storage conditions.  

Especially, hBN nanoparticles are severely agglomerated; almost 500 nm sized particles 

can be observed in Figure 3.2.  Sonication is applied after mixing with base fluid as it is an 

effective solution to resolve this problem.  

 

 

Hexagonal BN-EG and Al2O3-water nanofluids are prepared by sonicating both 

suspensions for 3 hours.  By using STEM method, images of nanoparticles within 

nanofluids can be visually investigated.  In this method, droplets from examined fluids are 

introduced to test grids and they are left to dry completely.  Images taken for Al2O3-water 

and hBN-EG nanofluids with 0.5% particle volume concentration are presented in Figure 

3.3a-c.  As it can be seen from Figure 3a, up to 246 nm sized aggregates within for Al2O3- 

 

 

 

 

Figure 3.1.  ESEM images of dry -Al2O3 nanoparticles. 
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Figure 3.2.  ESEM images of dry hBN nanoparticles. 

 

 

water nanofluids with 0.5% particle volume concentration can be observed.  However, for 

hBN-EG, STEM imaging could not be performed.  In the process of grid drying, EG 

crystallizes and dries, as a result hBN nanoparticles stick to these crystals.  As a solution to 

this problem, dried grids can be visualized by using ESEM.  EG crystals can be observed 

in Figure 3.3b.  Figure 3.3c shows that the agglomerations of dry hBN nanoparticles 

observed in Figure 3.2 are eliminated in EG.   

 

 

3.2.   Al2O3- Water Nanofluids 

 

 

3.2.1.   Preparation and Stability of Al2O3- Water Nanofluids 

 

 

Before starting preparation of hBN nanofluids, a comparison with 1 hour sonicated Al2O3-

water nanofluids at pH 7 and the data taken from the study of Lai (2010) is presented.  In  
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(a) 

 

(b) 

 

(c) 

 

Figure 3.3.  STEM images Al2O3-water(a) and hBN-EG nanofluids(b,c) with 0.5% volume 

concentration. 
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this study zeta potential of these samples are measured along 60 minutes, as shown in 

Figure 3.4.  This particular preparation method for Al2O3-water nanofluid replicates the 

literature (Lai, 2010).  As it is presented in Figure 3.4, measured values for particle volume 

concentrations of 0.5 and 0.75% are in a good agreement with data from literature (Lai, 

2010).  Zeta potential measurements for Al2O3-water nanofluid with 0.5% particle volume 

concentration indicates that the suspension is stable with a zeta potential value of 

approximately 45 mV for 1 hour sonication which means good stability.  Whereas, zeta 

potential of the nanofluid sample with 1% particle volume concentration decreases to 

approximately 30 mV which indicates incipient stability.  Therefore, Al2O3-water nanofluid 

prepared as 1% particle volume concentration need to be sonicated more than 1 hour to 

prevent agglomeration and sedimentation within the nanofluids.   

 

 

 

 

Figure 3.4.  Comparison of zeta potential for Al2O3-water nanofluids synthesized in this 

study and literature (Lai, 2010). 
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3.2.2.   Rheological Behavior of Al2O3-Water Nanofluids 

 

 

After characterization of Al2O3-water nanofluids, a rheological study to investigate 

the behavior of them under variable shear rate is performed.  For all three volume 

concentrations, test fluids are sonicated for 3 hours and the pH is adjusted to 4.5.  Zeta 

potential values are varied between 50 to 55 mV which implies that the dispersions remain 

stable during the measurements.  According to Figure 3.5, Al2O3-water suspensions display 

Newtonian behavior as it is reported in several other studies (Buongiorno et al., 2009; 

Prasher et al., 2006). 

 

 

Variation of viscosity with respect to the particle volume fraction for Al2O3-water 

nanofluids is shown at Figure 3.6 along with the similar experimental studies (Das et al., 

2003, Utomo et al., 2012; Wang et al., 1999) and Einstein’s prediction.  The viscosity 

increment is increasing with the increase in the particle loading as it is expected.  

Einstein’s equation is valid for the nanofluids of particle volume concentration less than 2 

 

 

 

 

Figure 3.5.  Viscosity measurements of Al2O3-water nanofluids at variable shear rate for 

different volume concentrations at the temperature of 24
o
C. 
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Figure 3.6.  Comparison of the viscosity change of the measured data with respect to the 

base fluid for Al2O3-water nanofluids of different volume concentrations with the 

literature. 

 

 

% (Einstein, 1905).  The increase observed in the present data exceeds the predictions by 

Einstein’s equation (1905) and experimental data taken from Utomo et al. (2012), whereas 

it is similar to the studies of Das et al. (2003) and Wang et al. (1999). 

 

 

3.2.3.   Thermal Conductivity Measurements for Al2O3-Water Nanofluids 

 

 

Thermal conductivity of the Al2O3-water nanofluid samples that are prepared as 

explained in the previous section are presented in Figure 3.7 in comparison with Al2O3-

water studies in the literature (Chandrasekar et al., 2010; Li et al., 2007; Mallick et al., 

2013; Teng et al., 2010) along with Maxwell model.  The measured thermal conductivity 

enhancements for Al2O3-water nanofluids for 1 and 2% volumetric particle concentration  
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are higher than the ones for other experimental studies.  The cause of this result might be 

adjusted pH of 4.5 of Al2O3-water samples during the preparation in order to obtain 

stability.  It should be noted that in other studies (Chandrasekar et al., 2010; Li et al., 2007; 

Mallick et al., 2013; Teng et al., 2010) pH control is not employed for Al2O3-water 

nanofluids. 

 

 

3.3.   pH Study with hBN-Water Nanofluids 

 

 

3.3.1.  Preparation and Stability of pH Adjusted hBN-Water Nanofluids 

 

 

After validating the two-step nanofluid preparation method, hBN nanofluids are 

investigated.  As it is indicated before, in zeta potential and effective aggregate size 

measurements, nanofluids are diluted to 0.001% hBN by volume.  The dilution is executed  

 

 

 

 

Figure 3.7.  Thermal conductivity ratio vs. volume concentration for Al2O3-water 

nanofluids of present study and other studies along with the Maxwell model. 
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by using DI water at pH 7.  Calculated pH of diluted, 5 different 20 ml samples are 

presented in Table 3.1 along with the measured initial pH of the base fluid of nanofluids 

with 0.5% hBN by volume before dilution.  Zeta potential measurements for hBN-water 

samples with different pH are shown in Figure 3.8.  As it can be seen, by changing the pH 

electrokinetic repulsive forces can be tuned to provide stable dispersions.  According to 

Figure 3.8, the most stable dispersion is Sample 4 with a zeta potential value of 48.4 mV.  

Since base fluid of Sample 4 has pH of 12, Sample 1 with a zeta potential value of 43.87 

mV is chosen for further investigation in this study.  Sedimentation is observed within 30 

minutes after sonication for Sample 5, which manifests itself with a zeta potential value of 

15 mV.   

 

 

In the preparation of hBN - water nanofluids, optimal values for both pH and 

sonication time should be identified.  The optimal sonication time can be obtained 

according to Figure 3.9.  Figure 3.9 indicates that the highest zeta potential value is 

achieved for 3-hour sonication time, whereas the lowest particle size is obtained with 12-

hours sonication time.  Although the second highest zeta potential value can be reached 

after 12 hours of sonication, due to the significant time increase, the optimal sonication 

time for hBN-water nanofluid preparation is considered as 3 hours.   

 

 

Table 3.1.  pH of prepared samples before and after dilution. 

Samples   [%] Sonic. Time [hr] pH (base fluid) pH (diluted nanofluid) 

1 0.5 3 9 7.07 

2 0.5 3 10 7.48 

3 0.5 3 11 8.32 

4 0.5 3 12 9.3 

5 0.5 3 13 10.3 
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Figure 3.8.  Zeta potential measurements for different hBN-water nanofluid samples. 

 

 

 

 

Figure 3.9.  Change in zeta potential and particle size of 0.5% hBN-water nanofluids with 

different sonication time. 
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Optimized pH and sonication time change with the changing volume concentration.  

Therefore, similar optimization studies are executed for the other volume concentrations 

(0.75, 1%).  In this study, for 0.5, 0.75, 1% hBN by volume concentrations, optimized 

sonication time changes with the change in volume concentration whereas the optimized 

pH for these samples are almost the same, with base fluid pH of either 9 or 12.  Preparation 

procedure for hBN-water nanofluids is summarized for different volume concentrations in 

Table 3.2.   

 

 

3.3.2.  Viscosity Measurements of pH Adjusted hBN-Water Nanofluids 

 

 

Volume concentration, sonication time, and base fluid pH, measured zeta potential, 

aggragate size, and viscosity values are summarized in Table 3.3.  According to zeta 

potential values just after sonication, the pH adjusted hBN-water samples are stable.  

Aggregate size of these samples are up to ~7 times of the particle size value (70 nm) 

reported by the manufacturer.  Viscosity measurements are performed for the three particle  

 

 

Table 3.2.  Preparation parameters for pH study of hBN-water nanofluids. 

 % Sonication Time [hr] pH 

0.5 3 9 

0.75 5 9 

1 6 12 

 

 

Table 3.3.  Summary of preparation procedure and measured zeta potential and viscosity 

data for different volume concentrations of hBN-water nanofluids in pH study. 

 % 
Sonication 

Time [hr] 

pH (base 

fluid) 

Zeta Potential 

[mV] 

Aggregate 

Size [nm] 

Viscosity 

[mPa.s] 

0.5 3 9 44 340 0.93 

0.75 5 9 39 392 0.96 

1 6 12 35 435 0.99 
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volume concentrations and measured values are presented accordingly.  During the 

experiments, the temperature is kept at 24
o
C.  As presented in Figure 3.10, nanofluids with 

0.5, 0.75, and 1% hBN by volume exhibit Newtonian behavior in the shear rate range of 

187.5-1000 sec
-1

.  Furthermore, viscosity ratio change with particle volume concentration 

is plotted as in Figure 3.11.  Einstein’s prediction (1905) clearly underestimates the 

measured data for all three volume concentrations.   

 

 

 

 

Figure 3.10.  Viscosity variation with shear rate of hBN-water nanofluids of various 

volume concentrations at the temperature of 24
o
C with the pH values presented in Table 

3.3. 

 

 

3.3.3.  Thermal Conductivity Measurements of pH Adjusted hBN-Water Nanofluids 

 

 

In order to observe the enhancement in thermal conductivity, hBN-water nanofluids with 

higher volume concentrations (1, 2, 3%) are prepared by adjusting their pH to 12 by using 

KOH.  They are all sonicated for 6 hours.  In Table 3.4, their preparation procedure is 

summarized.  After the preparation, their thermal conductivity is measured.  As presented 
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Figure 3.11.  Measured viscosity ratio variation of hBN-water nanofluids with volume 

concentration (at the shear rate of 562.5 s
-1

). 

 

 

in Figure 3.12, thermal conductivity of hBN-water nanofluids is higher than the ones 

measured for Al2O3-water nanofluids.  Whereas the thermal conductivity ratio (knf/kbf) for 

Al2O3-water nanofluids with 2% Al2O3 by volume is ~10%, hBN-water nanofluids at the 

same volume concentration has thermal conductivity enhancement ratio of ~20%.  

Furthermore, for hBN-water nanofluids 3% hBN by volume, 42% thermal conductivity 

enhancement can be obtained as shown in Figure 3.12.  This abnormal enhancement may 

be the result of both relatively higher thermal conductivity of hBN nanoparticles, and the 

effect of pH adjustment on hBN-water nanofluids.  
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Table 3.4.  Preparation procedure of hBN-water nanofluids in thermal conductivity 

measurement section of pH study. 

 [%] Sonication Time [hr] pH (base fluid) 

1 6 12 

2 6 12 

3 6 12 

 

 

 

 

Figure 3.12.  Comparison of thermal conductivity of pH adjusted Al2O3-water and hBN-

water nanofluids. 
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within prepared nanofluids.  In order to solve the stability problem surfactant addition is 

employed for hBN-water nanofluids.  GA and SDS are used in the experiments carried out 

with surfactants.   

 

 

In surfactant addition process, nanofluid preparation procedure is employed 

accordingly:  Desired amount of surfactant is added to the base fluid by using mechanical 

homogenizer.  After mechanical homogenizer, surfactant-base fluid suspension is sonicated 

until it becomes transparent.  In Figure 3.13, images of 3% GA by weight-water suspension 

(a) and homogeneous solution (b), before and after sonication are given accordingly.  

There is a significant difference in volume which can be clearly observed from the images.  

This difference is due to the density of foam before and after sonication.  During sonication 

particles within the foam is dispersed into water, and foam becomes less dense after 

sonication.  After the preparation of surfactant-base fluid solution, desired amount of hBN 

nanoparticles are weighed and suspended in the solution while it is mixing with 

mechanical homogenizer.  After this procedure hBN suspensions are sonicated long 

enough to obtain stability.  This preparation procedure is employed for both GA and SDS 

suspensions.   

 

 

  

                                                    (a)                                    (b) 

 

Figure 3.13.  3% weight concentrated GA-water suspension and homogeneous solution, 

before (a) and after (b) sonication. 
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3.4.1.  GA Addition to hBN Nanofluids  

 

 

GA is an organic compound which is mainly used in food industry as a stabilizer.  It 

has several other application areas such as printing, paint production, glue, cosmetics, and 

in viscosity control of fluids such as inks and textile products etc.  In this study, GA is used 

to stabilize water, EG, and 50% water-50% EG based hBN nanofluids.  

 

 

3.4.1.1.  Preparation and Stability of hBN Nanofluids with GA Addition.  The experimental 

procedure for surfactant addition is employed for hBN nanofluids as described in Table 

3.5.  After experimenting with several other GA concentrations, 5% GA by weight is found 

to give the most stable nanofluids.  Sequential imaging method is used to observe the 

stability duration of hBN nanofluids as presented in Table 3.6.  

 

 

Table 3.5.  Preparation method for different hBN nanofluids. 

Nanofluid 
Particle 

Size [nm] 
 % 

Sonication 

Time [hr] 
Surfactant 

Surfactant 

Concentration [%] 

hBN-water 
 

1 1 GA 5 

hBN-water 70 2 1.5 GA 5 

hBN-water 
 

3 2 GA 5 

hBN-water 
 

1 1 SDS 0.1 

hBN-water 70 2 1.5 SDS 0.1 

hBN-water 
 

3 1.5 SDS 0.1 

hBN-EG 
 

1 1 GA 5 

hBN-EG 70 2 1.5 GA 5 

hBN-EG 
 

3 2 GA 7.5 

hBN-water-

EG  
1 1 GA 5 

hBN-water-

EG 
70 2 1.5 GA 5 

hBN-water-

EG  
3 1.5 GA 5 
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A sequential image capturing study is employed for hBN-water nanofluids with 1% 

hBN by volume and 5% GA by weight.  The images are presented in Figure 3.14.  For this 

nanofluid particle and GA concentration, it is clearly seen that discoloration and layering 

begin after 12 days (Figure 3.14c).  After 15 days, sedimentation is completed and hBN 

nanoparticles are collected at the bottom of the tube for this sample.   

 

 

Table 3.6.  Stability duration for hBN nanofluids with 5% weight concentrated GA 

addition. 

Nanofluid GA Concentration [%] Stability Duration [day] 

1% hBN-water 5 9 

2% hBN-water 5 6 

3% hBN-water 5 3 

1% hBN-EG  5 1.5 

2% hBN-EG 5 16 

3% hBN-EG 5 6 

1% hBN-50%water/EG 5 20 

2% hBN-50%water/EG 5 17 

3% hBN-50%water/EG 5 7 

 

 

  

                                                     (a)               (b)             (c) 

Figure 3.14.  Sequential image capturing study for 1% volume concentrated hBN water 

nanofluids with the GA addition of 5% weight concentration, (a) 1 day, (b) 6 days, (c) 12 

days. 
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3.4.1.2.  Rheological Behavior of hBN Nanofluids with GA Addition.  In determining the 

weight concentration of GA required for the most stable hBN nanofluids, viscosities of the 

samples are measured.  In the viscosity investigation of 1% hBN-water nanofluids with the 

addition of GA at different weight concentrations, it is observed that the rheological 

behavior for all nanofluids is found to be Newtonian as it can be observed in Figure 3.15.  

However, the viscosity increases in these nanofluids are abnormally high; even for 2% GA 

weight concentration the viscosity increases to ~1.3 from ~0.89 mPas.  This viscosity 

increase can also be observed in Figure 3.16.  The viscosity values of DI water within same 

shear rate range is presented along with the nanofluid samples as well.  While the viscosity 

increase with respect to the base fluid for 2% GA weight concentration is ~52%, it 

becomes ~%108 for 4% GA weight concentration.  This data is the evidence that GA 

addition to the base fluid creates a viscosity increase that can surpass the thermal enhance- 

ment benefit acquired due to the nanoparticle addition.  Viscosity value for 5% GA by 

weight concentration cannot be obtained due to this viscosity increase.  The viscosity of 

1% hBN water samples with 5% GA by weight concentration exceeds the limits of the 

rheometer.  In order to overcome this viscosity increase problem with GA addition, SDS is 

considered as an alternative solution.   

 

 

 

 

Figure 3.15.  The viscosity of hBN nanofluids with 1% volume concentration for different 

%GA by weight changing within the shear rate range of 375-1425 s
-1
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Figure 3.16.  Viscosity ratio for hBN-water nanofluids with 1% volume concentration for 

different %GA by weight. 

 

 

3.4.1.3.  Thermal Conductivity Measurements of hBN Nanofluids with GA Addition.  After 

the preparation of hBN nanofluids with 5% GA by weight concentration, their thermal 

conductivities are measured as presented in Figure 3.17.  The best thermal enhancement 

for this data set can be obtained for hBN-50% water-EG nanofluids.  For GA added hBN-

water nanofluids, thermal enhancement is very poor compared to the one for pH adjusted 

hBN-water nanofluids.  Furthermore, the thermal conductivity ratio of hBN-water and 

hBN-EG nanofluids exhibit similar behavior according to the same plot.  GA addition with 

5% weight concentration to the hBN nanofluids creates abnormal increase in viscosity that 

limits thermal conductivity enhancement.  Since these nanofluids are considered as 

candidates of heat transfer fluid, nanofluids with higher thermal conductivity and lower 

viscosity should be obtained.  As a solution of this problem, an alternative surfactant must 

be sought.  
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Figure 3.17.  Thermal conductivity ratio vs. volume concentration of hBN nanofluids. 

 

 

3.4.2.  SDS Addition to hBN Nanofluids  

 

 

The same preparation procedure is applied for the hBN-water nanofluids with SDS 

addition as well.  The preparation method for these nanofluids is presented in Table 3.7.  

The weight concentration of SDS for hBN nanofluids to acquire stability is chosen to be 

0.1%.  A comparison of the molarities of hBN and SDS within 100 ml samples are 

presented in Table 3.8.  The critical micelle concentration for SDS is 8×10
-3

 mol/L.  

Although, SDS molarities are not enough to form micelles within nanofluids, more SDS 

addition is not desirable as it increases viscosity and limits thermal conductivity 

enhancement.  It is highly likely that SDS is forming a protective layer around the 

nanoparticles which reduces agglomeration.  Stability duration of prepared hBN nanofluids 

with %0.1 SDS by weight addition is presented for different hBN volume concentrations in 

Table 3.9. 
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Table 3.7.  Preparation method for hBN-water nanofluids with %SDS by weight addition. 

Nanofluid Particle Size [nm]  [%] Sonic. Time [hr] %SDS by wt. 

hBN-water 70 1 1 0.10% 

hBN-water 70 2 1 0.10% 

hBN-water 70 3 1.5 0.10% 

 

 

Table 3.8.  Molarities of hBN and SDS within hBN-water nanofluids 

 [%] SDS [mol/L] hBN [mol/L] 

1 3.55×10
-3

 0.922 

2 3.63×10
-3

 1.845 

3 3.71×10
-3

 2.767 

 

 

Table 3.9.  Stability duration for hBN nanofluids with %SDS by weight addition. 

Nanofluid  [%] Surfactant Surf. Conc. [%] Stability [day] 

hBN-water 1 SDS 0.1 6 

hBN-water+EG 2 SDS 0.1 5 

hBN-water+EG 3 SDS 0.1 3 

 

 

The main reason for choosing SDS instead of GA as a surfactant is the significant 

viscosity increase that limits the thermal enhancement.  As a result, the overall heat 

transfer performance of nanofluids could be negatively affected.  Thus, viscosity of hBN 

nanofluids with SDS addition is checked first.   

 

 

Viscosity measurements within the shear rate range of 375-1687.5 s
-1

 for different volume 

concentrations (1, 2, 3%) of hBN nanofluids with SDS addition is presented in Figure 3.18.  

It can be clearly seen that for 1% hBN-water nanofluids with SDS additives the viscosity is 

almost the same as the viscosity of water.  Viscosity increase with increasing particle 

volume concentration is milder than that is for GA addition for SDS added nanofluids.  

Viscosity of 1% hBN-water with the addition of 2% GA by weight is ~1.3 mPa.s, whereas 
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1% hBN-water with the addition of 0.1% SDS by weight has a viscosity value of ~0.9 

mPa.s.  It can be concluded that stable hBN-water nanofluids can be prepared by using 

smaller amounts of SDS that leads to relatively less increase in viscosity.  Furhermore, for 

hBN nanofluids with 0.1% SDS by weight, 1, 2, 3% particle volume concentrations are all 

exhibited Newtonian behavior within the shear rate range of 375-1687.5 s
-1

. 

 

 

In Figure 3.19, the viscosity of hBN-water nanofluids with SDS addition and pH 

control, and Al2O3-water nanofluids are compared for different volume concentrations.  It 

is clearly seen that hBN nanofluids have lower viscosity increase than the one for Al2O3-

water nanofluids with respect to the base fluid viscosity.  As it is expected, surfactant 

addition creates higher viscosity increase than the one without any surfactant if the 

viscosity ratio of hBN-water nanofluids with SDS addition and pH control are compared.  

It should be noted that addition of 0.1% SDS by weight to the base fluid leads to negligible 

difference in base fluid viscosity.  

 

 

 

 

Figure 3.18.  Viscosity of hBN-water nanofluids with %SDS by weight concentration and 

different hBN volume concentrations presented in Table 3.7 in the shear rate range of 375-

1687.5 s
-1
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Figure 3.19.  Comparison of viscosity change of hBN water nanofluids with SDS addition 

and pH control, and Al2O3-water nanofluids for different volume concentrations. 

 

 

In Figure 3.20, hBN nanofluid thermal conductivity ratio with respect to the base 

fluids for different volume concentrations are presented.  hBN-water nanofluids prepared 

with pH control have the highest thermal conductivity enhancement compared to other 

hBN nanofluids, but as it is reported before they are not stable for longer periods of time.   

 

 

On the other hand, hBN nanofluids with SDS addition are stable for longer periods 

and have a thermal conductivity enhancement of ~29% exceeding the enhancement 

observed with GA addition that is ~20% for 3% particle volume concentration.  It can be 

concluded that from this result SDS is a superior surfactant than GA for hBN-water 

nanofluids when stability, thermal and rheological performance are considered. 
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Figure 3.20.  Comparison of thermal conductivity ratio of hBN nanofluids prepared for this 

study. 

 

 

3.5.   Validation of Convective Heat transfer Test Setup with Water 

 

 

After the construction of convective heat transfer test setup it is calibrated with water.  In 

this experiment, heat flux applied to the tube is ~453 W and the Reynolds number is 1805.  

It can be seen from Figure 3.21 that the convection test setup produces similar results with 

the theoretical data calculated from Shah correlation.  An uncertainty analysis is performed 

as it is presented in previous chapter.  Measured local heat transfer coefficients and local 

Nu for water along the pipe are presented with the measurement error bars which is 

compared with the data obtained from Shah correlation as it can be observed in Figure 3.22 

and Figure 3.23 respectively.  Measured values are in the error range if they are compared 

with the theoretical values calculated from Shah correlation.   
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Figure 3.21.  Measured surface temperature values along the test tube comparing with the 

values calculated from Shah correlation. 

 

 

The measurement error in h
x
 and Nu

x
 is in the range of 30-40% of the measured 

value according to the uncertainty analysis.  Therefore, this high measurement uncertainty  

is needed to be minimized.  If the heat section has poor insulation the heat produced by the 

resistance cannot be fully transferred to water.  It should be calculated by using measured 

inlet and outlet temperature values, and flow rate as in the present study.  As a result, an 

error is introduced because of these measured values.  If the heat transferred to water is 

known, there is no need to calculate it and no error to be introduced.  In Figure 3.24, 

relative uncertainty in Nu
x
 is presented for the calculated and known q cases.  There is a 

big difference in uncertainty between two cases.  From this figure, it can be inferred that 

the uncertainty in measured Nu
x
 and h

x
 is mostly depends on the measurement uncertainty 

in q.  Therefore, better insulation is needed along the pipe to minimize measurement error 

in local heat transfer coefficient and Nusselt number. 
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Figure 3.22.  Local heat transfer coefficients measured and calculated from Shah 

correlation along the pipe with measurement error bars. 

 

 

 

 

Figure 3.23.  Local Nusselt numbers measured and calculated from Shah correlation along 

the pipe with measurement error bars. 
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Figure 3.24.  Comparison of % relative uncertainty in Nu for well insulated and poor 

insulated (present setup) heating section.  
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4.  CONCLUSION AND RECOMMENDATIONS FOR FUTURE 

WORK 

 

 

4.1.  Conclusion 

 

 

Nanofluids are proposed as next generation heat transfer fluids due to their superior 

thermal behaviors.  Since hexagonal BN has a superior chemical stability and thermal 

conductivity, preparation of stable hBN nanofluids and characterization of their thermal 

and rheological behaviors are the objectives of this study.  Furthermore, the construction of 

a convective heat transfer test setup to investigate enhancement in local heat transfer 

coefficient of nanofluids is executed and the test setup is validated by DI water.   

 

 

In order to provide stable dispersions, parameters such as sonication time, pH of the 

base fluid, surfactant type and concentration are examined for hBN nanofluids.  A 

validation study for 15 nm -Al2O3-water nanofluids is executed and the measured values 

are found to be in a good agreement with the literature (Lai, 2010).  In the pH study the 

preparation procedure is optimized by considering former agglomeration level of dry 

nanoparticles, and the stability and sedimentation status within dispersions after 

preparation.  The optimum sonication time is found to be as 3 hours and the optimum pH 

levels are determined as 12 for hBN-water nanofluids of 0.5% particle volume 

concentration.  Optimized pH and sonication time is changing with the change in particle 

volume concentration.  Therefore, similar optimization studies for other particle volume 

concentrations are employed and the optimum pH levels are determined either as 9 or 12 

for 0.75 and 1% volume concentrations respectively.  In this procedure no surfactant 

additive is used.  However, although their zeta potential indicate good level of stability just 

after the preparation, pH adjusted hBN nanofluids are not stable for long time periods.  

Therefore, surfactant addition method is employed to achieve more stable hBN nanofluids.  
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First, GA is used as a surfactant.  5% GA by weight is determined to be the ideal 

concentration for preparing stable hBN nanofluids.  In this study water, EG and 50% 

water-50% EG are used as base fluids.  For 50% water-50% EG based hBN nanofluids of 

1% particle volume concentration, stability duration time is up to 20 days using 5% GA by 

weight.  However, the viscosity increase of hBN-water nanofluids using 2, 3, 4% GA by 

weight is observed to be significant, that also suppresses the thermal conductivity 

enhancement.  Therefore, SDS is sought as an alternative solution.  Addition of 0.1% SDS 

by weight improves stability of hBN-water nanofluids while the increase in viscosity is 

relatively smaller than that for corresponding cases with GA addition.  Besides, thermal 

conductivity enhancement is remarkably higher than that is for GA addition.  Therefore, 

SDS can be considered as a better surfactant material for hBN-water nanofluids than GA, 

considering their thermal and rheological performance.   

 

 

All the tested nanofluids exhibit Newtonian behavior within the shear rate range of 

150-2000 s
-1

.  The lowest viscosity increase and the highest thermal conductivity 

enhancement can be obtained for pH adjusted hBN nanofluids.  However they are not 

stable for long time periods.  On the other hand, hBN nanofluids with SDS addition have 

better stability and have a thermal conductivity enhancement exceeding the one for GA 

addition.  Furthermore, hBN-water nanofluids with SDS addition have remarkably lower 

viscosity increase than the one for GA addition.   

 

 

Furthermore, a test setup to investigate convective heat transfer behavior of 

nanofluids is constructed and validated through experiments carried out with water.  A 

measurement uncertainty analysis is conducted and it is presented with the obtained local 

heat transfer coefficients by comparing them with the trend obtained from Shah 

correlation.  It can be concluded that the test setup produces acceptable data for water 

within the presented measurement uncertainty range.   
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4.2.  Recommendations for Future Work 

 

 

Following this study, convective heat transfer behavior of the presented hBN 

nanofluids should be carried out with the constructed test setup to investigate the 

enhancement in local heat transfer coefficient of nanofluids.  The insulation along the heat 

section of the test setup should be improved in order to minimize the measurement 

uncertainty.   

 

 

Different preparation recipes can be proposed to enable better stability for hBN 

nanofluids.  Further investigation with hBN nanofluids by using SDS or different type of 

surfactants might be carried out in this regard.  In this study, SDS was used with a weight 

concentration of 0.01%, different experiments can be conducted with more amount of SDS 

addition.  As it was observed with GA addition, surfactant addition introduces further 

viscosity increase to the nanofluids.  Different anionic surfactants can be proposed to 

minimize this effect.  The combination of pH control and surfactant addition might be 

preferred as an alternative solution to viscosity increase problem.  In the pH study with 

hBN-water nanofluids, pH between 7 and 9 for 0.001% diluted samples give higher zeta 

potential values.  Further investigation can be carried out within this pH range. 

 

 

In this study, experiments of viscosity and thermal conductivity measurements for 

hBN nanofluids were conducted with 1,2, and 3% hBN by volume.  Higher volume 

concentrations can be preferred in order to determine the overall heat transfer performance 

of hBN nanofluids as heat transfer fluids.  Moreover, temperature dependency of viscosity 

and thermal conductivity might be another focus in the investigation of nanofluids’ thermal 

properties. 
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APPENDIX A:  ZETA POTENTIAL EXPERIMENTS 

 

 

Table A.1.  Zeta potential measurement for hBN-water nanofluid at 0.5% volume 

concentration at pH 6 for 1 hour sonication and 0.001% dilution. 

Run  Mobility  Zeta Potential [mV] Rel. Residual 

1 -1.97 -25.24 0.0343 

2 -2.17 -27.8 0.0083 

3 -2.26 -28.92 0.0138 

4 -2.16 -27.61 0.0142 

5 -1.78 -22.76 0.0228 

6 -2.17 -27.83 0.0276 

7 -2.41 -30.85 0.009 

8 -2.43 -31.06 0.0114 

9 -2.18 -27.93 0.0159 

10 -1.98 -25.33 0.0179 

Mean  -2.15 -27.53 0.0175 

Std. Error 0.06 0.91 0.0027 

Combined -2.15 -27.56 0.0075 

 

 

Table A.2.  Zeta potential measurement for hBN-water nanofluid at 0.5% volume 

concentration at pH 6 for 1.5 hour sonication and 0.001% dilution. 

Run  Mobility  Zeta Potential [mV] Rel. Residual 

1 -2.01 -25.78 0.0268 

2 -2.2 -28.17 0.0152 

3 -1.95 -25 0.0254 

4 -1.81 -23.19 0.0213 

5 -1.27 -16.29 0.0282 

6 -0.97 -12.41 0.0401 

7 -1.02 -13.04 0.0384 

8 -1.26 -16.15 0.026 

9 -1.54 -19.67 0.029 

10 -2.35 -30.05 0.0106 

Mean  -1.64 -20.97 0.0261 

Combined -1.63 -20.84 0.0079 
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APPENDIX B: EFFECTIVE AGGREGATE SIZE MEASUREMENTS 

 

 

1.  hBN-water sample, 0.5% volume concentration, 2 hr sonication, pH 9 (Combined) 

Effective Diameter: 351.6 

Polydispersity: 0.205 

Baseline Index: 7.5/ 54.16% 

Elapsed Time = 00:08:00 

 

 

Table B.1.  Aggregate size measurement for hBN- water nanofluid with 0.5% hBN by 

volume at pH 9 (base fluid) and for 2 hour sonication. 

Run Eff. Diam. [nm] Half Width [nm] Polydispersity Baseline Index 

1 338.6 169.7 0.251 4.1/ 54.22% 

2 366.1 168.6 0.212 8.5/ 64.00% 

3 (inactive) 352.6 61.3 0.03 3.9/ 53.78% 

4 357.3 176.4 0.244 7.7/ 48.44% 

5 (inactive) 542.3 475.7 0.769 0.0/  3.56% 

6 371.2 173.5 0.218 8.4/ 41.33% 

7 357.3 167.3 0.219 9.7/ 72.12% 

8 345.2 161.3 0.218 6.4/ 53.78% 

9 345 102.4 0.088 3.2/ 60.89% 

10 328.7 152.9 0.216 4.4/ 38.50% 

Mean 351.2 159 0.208 6.6/ 54.16% 

Std.Error 5.1 8.5 0.018 0.8/  4.03 

Combined 351.6 159.3 0.205 7.5/ 54.16% 

 

 

2.  hBN-water sample, %0.5 volume concentration, 2 hr sonication, pH 11 

(Combined) 

Effective Diameter: 327.3 

Polydispersity: 0.166 

Baseline Index: 8.1/ 54.38% 

Elapsed Time = 00:08:00 
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Table B.2.  Aggregate size measurement for hBN- water nanofluid with 0.5% hBN by 

volume at pH 11 (base fluid) and for 2 hour sonication. 

Run Eff. Diam. [nm] Half Width [nm] Polydispersity Baseline Index 

1 (inactive) 329.3 143.3 0.189 1.0/ 57.78% 

2 320.6 139.3 0.189 5.0/ 65.49% 

3 317 110.8 0.122 5.3/ 58.22% 

4 322.9 161.2 0.249 8.5/ 60.89% 

5 335.7 118.1 0.124 8.9/ 58.67% 

6 339.6 162 0.228 7.8/ 58.41% 

7 320.3 134.5 0.176 5.6/ 45.33% 

8 (inactive) 306.6 93.4 0.093 0.5/ 28.00% 

9 329.6 133.4 0.164 7.4/ 62.67% 

10 337.5 60.2 0.032 6.3/ 25.33% 

Mean 327.9 127.4 0.16 6.8/ 54.38% 

Std.Error 3.1 11.5 0.024 0.5/ 4.65 

Combined 327.3 133.4 0.166 8.1/ 54.38% 
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APPENDIX C: STABILITY INSPECTION IMAGES 

 

 

 

1. EG - 1% vol. hBN - 5% wt SDS  

 

 

 

(a)                                          (b) 

 

Figure C.1.  hBN-EG nanofluid samples with 1% hBN by volume and 5% SDS by volume 

after 15 minutes (a), and 1 hour (b). 
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2. Water - 3% vol. hBN-5% wt GA  

 

 

 

                     (a)           (b)             (c)           (d)           (e) 

 

Figure C.2.  hBN-water nanofluid samples with 3% hBN by volume and 5% GA by weight 

after 1hr (a), 1 day (b), 1.5 day (c), 2 days (d), and 3 days (e). 
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3. Water - 1% vol. hBN-5% wt. GA 

 

 

                  

(a)               (b)               (c)              (d)               (e)              (f) 

 

Figure C.3.  hBN-water nanofluid sample with 1% hBN by volume and 5% GA by weight 

after 1 day (a), 6 days (b), 7 days (c), 9 days (d), and 10.5 days (e), and 11 days (f). 
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4. Water+EG - 2% vol. hBN-5% wt GA  

 

 

 

(a)                   (b)                   (c)                  (d) 

 

Figure C.4.  hBN 50%water-EG nanofluid sample with 2% hBN by volume and 5% GA by 

weight after 1 day (a), 6 days (b), 12 days (c), and 16 days (d). 
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