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ABSTRACT 

 

Heat transfer fluids have inherently low thermal conductivity that greatly limits the heat exchange 

efficiency. While the effectiveness of extending surfaces and redesigning heat exchange equipment 

to increase the heat transfer rate has reached a limit, many researchers made an attempt to improve 

the thermal transport properties of the fluids by adding more thermally conductive solids into 

liquids. Liquid dispersions of nanoparticles, which have been termed “nanofluids”, exhibit 

substantially higher thermal conductivities than those of the corresponding base fluids. 

 

Various aspects of nanofluids including synthesis, potential applications, experimental and 

analytical studies on the thermal conductivity, viscosity and density, particle size analysis have 

been carried out. For nanofluids, nanoparticles of Alumina (Al2O3) and the base fluids, such as, 

distilled water, ethylene glycol, and a mixture of distilled water & ethylene glycol are used. The 

volume fractions of nanoparticles used are 0.1%, 0.25%, 0.50% and 1.0%. Thermal conductivity is 

measured by ‘KD2 pro thermal property analyzer’. Viscosity and density are measured by 

Ubbelohde viscometer and pycnometer, respectively. Particle size analysis of nanofluids is 

characterized by using Brookhaven particle size analyzer.  

 

Results show that thermal conductivity increases with nanoparticles concentration as well as with 

the temperature. Whereas, viscosity and density decreases with temperature and increases with 

nanoparticles concentration. The particle size analysis shows that agglomeration increases with 

diluting the sample. It means, towards higher concentration, agglomeration decreases. In the 

following table, the percentage increase in density, viscosity and thermal conductivity and variation 

in mean diameter for different volume fraction is given. 

Sr. No. 
Alumina and distilled water 

based nanofluids 

Alumina and ethylene glycol 

based nanofluids 

Alumina and distilled water 

(75%) and ethylene glycol 

(25%) based nanofluids 

0.1% 0.25% 0.50% 1.0% 0.1% 0.25% 0.50% 1.0% 0.1% 0.25% 0.50% 1.0% 
Percentage 

increase in 

density 
0.9 1.52 2.47 4.0 0.75 1.47 2.94 5.6 0.76 1.62 2.53 4.04 

Percentage 

increase in 

viscosity 
4.09 

 

18 27.9 60 7.89 17.04 26.30 40.30 4.96 8.78 13.21 21.33 

Percentage 

increase in 

thermal 

conductivity 

0.65 2.1 3.27 5.0 0.40 1.19 3.47 6.72 0.42 0.82 2.02 3.76 

Increase in 

mean 

diameter, nm 
146 160 136 106 144 141 131 100 889 641 442 468 

 

More theoretical and experimental studies are needed to understand the thermophysical properties 

and heat transfer characteristics of nanofluids and identify new applications of these fields. 
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Chapter – 1 

Introduction 

 

1.1 Introduction 

The main objective of this introductory chapter is to sketch out a big picture of the small world of 

nanofluids through a brief review of some historically major milestones such as development and 

concept of nanofluids, the production and performance of nanofluids, applications and benefits of 

nanofluids. Ultrahigh performance cooling is one of the most vital needs of the many industrial 

technologies. However, inherently low thermal conductivity is a primary limitation in developing 

energy efficient heat transfer fluids that are required for ultrahigh performance cooling. Nanofluids 

are being developed to achieve ultrahigh performance cooling and have the potential to be next 

generation coolants, thus representing a very significant and far reaching cooling technology for 

cross-cutting applications. 

 

1.2 Why nanofluids 

With ever increasing thermal loads due to smaller features of microelectronic devices and higher 

power outputs, thermal management of such devices to maintain their desired performance and 

durability is one of the most important technical issues in many high-technology industries such as 

microelectronics, transportations and manufacturing. 

 

The conventional methods of increasing the cooling rate are to use extended heat transfer surfaces 

for exchanging heat with a heat transfer fluid. However, this approach requires an undesirable 

increase in the size of the thermal management systems. In addition, the inherently poor thermo 

physical properties of conventional heat transfer fluids such as water, ethylene glycol and engine oil 

greatly limit the cooling performance. Thus, conventional methods for increasing heat dissipation 

are not suitable to meet the demand of these high technology industries. So, there is need to 

develop advanced cooling techniques and innovative heat transfer fluids with better heat transfer 

performance than those presently available [1].  

 

1.3 Development and concept of nanofluids 

It is well known that at room temperature, metallic solids possess an order-of-magnitude higher 

thermal conductivity than fluids. The thermal conductivity of various materials is given by Table 

1.1. The thermal conductivity of copper at room temperature is about 700 times greater than that of 

water and about 3000 times greater than that of engine oil. Therefore, the thermal conductivities of 

fluids containing suspended solid metallic or non-metallic (metallic oxide) particles would be 

expected to be significantly higher than those of conventional heat transfer fluids. The main 

problems of using such suspensions are the rapid setting of particles, clogging of flow channels and 
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increased pressure drop in the fluid. In contrast, nanoparticles due to their high surface to volume 

ratio can remain in suspension and thereby reduce erosion and clogging. 

 

Table 1.1: Thermal conductivity of various materials [2] (At 300K) 

 

Sr. No. Item description Material Thermal conductivity, W/(m-k) 
1. 

Metallic solids 
Silver 

Copper 
Aluminum 

429 
401 
237 

2. 

Non metallic solids 

Diamond 
Carbon nanotubes 

Silicon 
Alumina (Al2O3) 

3300 
3000 
148 
40 

3. Metallic liquids Sodium at 644 K 72.3 
4. 

Non metallic liquids 
Water 

Ethylene glycol 
Engine oil 

0.613 
0.253 
0.145 

 

 

Nanomaterials have unique mechanical, optical, electrical, magnetic and thermal properties. 

Nanofluids are engineered by suspending nanoparticles with average size below 100 nm in 

traditional heat transfer fluids such as water, oil and ethylene glycol. A very small amount of guest 

nanoparticles when dispersed uniformly and suspended stably in host fluids can provide dramatic 

improvements in the thermal properties of the host fluids. 

 

Nanofluids (nanoparticles fluid suspension) is the term coined by Stephen U. S. Choi (1995)  to 

describe this new class of nanotechnology based heat transfer fluids that exhibit thermal  properties 

superior to those of their host fluids. Nanofluid technology, a new interdisciplinary field of great 

importance where nanoscience, nanotechnology and thermal engineering meet. The   goal of 

Nanofluids is to achieve the highest possible thermal properties at the small possible concentration 

(preferably less than 1% by volume) by uniform dispersion and stable suspension of nanoparticles 

(preferably less than 10 nm) in host fluids [2]. The brief introduction of Prof. S.U.S. Choi has given 

in Annexure – 1. 

 

1.4 Why nanofluids is better than microfluids 

The basic concept of dispersing solids in fluids to enhance thermal conductivity is not new; it can 

be traced back to Maxwell [2]. Solid particles are added because they conduct heat much better 

than do liquids. The major problem with the use of large particles is the rapid settling of these 

particles in fluids. Other problems are abrasion and clogging. These problems are highly 

undesirable for many practical cooling applications. Nanofluids have pioneered in overcoming 

these problems by stably suspending in fluids nanometer-sized particles instead of millimetre- or 

micrometer-sized particles.  
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Compared with microparticles, nanoparticles stay suspended much longer and possess a much high 

surface area [2]. The surface/volume ratio of nanoparticles is 1000 times larger than that of 

microparticles. The high surface area of nanoparticles enhances the heat conduction of nanofluids 

since heat transfer occurs on the surface of the particle. The number of atoms present on the surface 

of nanoparticles, as opposed to the interior, is very large. Therefore, these unique properties of 

nanoparticles can be exploited to develop nanofluids with an unprecedented combination of the two 

features most highly desired for heat transfer systems: extreme stability and ultrahigh thermal 

conductivity.  

 

Furthermore, because nanoparticles are so small, they may reduce erosion and clogging 

dramatically. Other benefits include decreased demand for pumping power, reduced inventory of 

heat transfer fluid, and significant energy saving. Stable suspension of small quantities of tiny 

particles makes conventional heat transfer fluids cool faster and thermal management systems 

smaller and lighter. The comparisons of microparticles and nanoparticles is given by Table 1.2 and 

shown by Fig. 1.1. 

 

Table 1.2: Comparisons of microparticles and nanoparticles [2] (* at the same volume fraction)  

 

Sr. No. Characteristics Microparticles Nanoparticles 

1.  Stability Settle 
Stable (remain in suspension almost 

indefinitely) 

2.  Surface/volume ratio 1 
1000 times larger than that of 

microparticles 

3.  Conductivity
*
 Low High 

4.  Clog on micro channel Yes No 

5.  Erosion Yes No 

6.  Pumping power Large Small 

7.  Nanoscale phenomenon No Yes 

 

 

1.5 Nanoparticles and base fluids 

Modern fabrication technology provides great opportunity to process materials actively at 

nanometer scales. Nanostructured or Nanophase materials are made of nanometer-sized substances 

engineered on the atomic or molecular scale. All physical mechanisms have a critical length scale 

below which the physical properties of materials are changed. Therefore, particles smaller than 100 

nm exhibits properties different from those of conventional solids. The thermal, mechanical, 

optical, magnetic and electrical properties of nanophase materials are superior to those of 

conventional materials with coarse grain structures [4]. The material for nanoparticles and base 

fluids is given by Table 1.3. 
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Fig. 1.1: Why nanoparticles are better than microparticles [3] 

 

Table 1.3: Material for nanoparticles and base fluids 

 

Sr. No. Nanoparticles Base fluids 

1. Oxide ceramics – Al2O3, CuO Water 

2. Carbide ceramics – SiC, TiC Ethylene or Tri-ethylene glycol 

3. Nitride ceramics – AlN, SiN Oil and other lubricants 

4. Metals – Cu, Ag, Au Bio-fluids 

5. Semiconductors – TiO2 , SiC Polymer solutions 

6. Non-metals – Graphite, Carbon nanotubes Other coolants 

7. Layered – Al + Al2O3, Cu + C Other common fluids 

 

1.6  Thermophysical properties enhancement by nanofluids    

During the past decade, a series of pioneering experiments have discovered that nanofluids, when 

prepared properly, exhibit a number of novel thermal transport phenomena. For example, Eastman 

et al. [5] found that copper nanofluids show a 40% increase in the thermal conductivity of ethylene 

glycol at a very low concentration (0.3% by volume) of copper nanoparticles coated with 

thioglycolic acid. Choi et al. [6], Hong et al. [7], and Murshed et al. [8] discovered that nanofluids 

containing extremely elongated multiwalled nanotubes or even spherical nanoparticles have a non-

linear relationship between thermal conductivity and concentration. Das et al. [9] discovered 

probably one of the most fantastic features of nanofluids—the thermal conductivity of nanofluids is 

strongly temperature-dependent, that is, the thermal conductivity enhancement of Al2O3 or CuO 

nanofluids is two to four times that of the base fluid over a small temperature range between 20 °C 

and 50 °C. Chon et al. [10] and Chopkar et al. [11] found that nanofluids have strongly size-

dependent thermal conductivity. 
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Ding et al. [12] showed that nanofluids made with carbon nanotubes have a more than two-fold 

increase in laminar convection heat transfer coefficient, and Xuan and Li [13] showed that water-

based nanofluids containing 2 volume % of copper nanoparticles have a nearly 40% increase in 

turbulent convection heat transfer coefficient compared to base fluids. 

 

Kang et al. [14] measured the viscosities of UDD (ultradispersed diamond)/ethylene glycol, 

silver/water, and silica/ water nanofluids and found the viscosity increment of 50%, 30% and 20% 

for UDD/EG, silver/water and silica/water nanofluids at volume concentrations of 1%, 2% and 3%, 

respectively. Murshed et al. [15] measured relative viscosity data for TiO2 and Al2O3/water-based 

nanofluids, and reported a maximum increase of 80% at 4% and 5% particle volume fraction, 

respectively. Similar increments in viscosity were reported earlier by Masuda et al. [16] and Wang 

et al. [17].  Xie et al. [18]  ran experiments for nanoparticles dispersed in organic fluids like EG and 

showed that the increase for the viscosity of Al2O3/EG nanofluids is smaller than those of water 

based suspensions, indicating the important effect of the base fluid on nanofluid viscosity. 

 

1.7  Benefits of nanofluids 

When the nanoparticles are properly dispersed, nanofluids can offer numerous benefits [19, 20] 

besides the anomalously high effective thermal conductivity. These benefits include: 

 

a) Improved heat transfer and stability 

Because heat transfer takes place at the surface of the particles, it is desirable to use particles with 

larger surface area. The relatively larger surface areas of nanoparticles compared to microparticles, 

provide significantly improved heat transfer capabilities. Because the nanoparticles are small, 

gravity becomes less important and thus chances of sedimentation are also less, making nanofluids 

more stable. 

 

b) Microchannel cooling without clogging 

Nanofluids will not only be a better medium for heat transfer in general, but they will also be ideal 

for Microchannel applications where high heat loads are encountered.  

 

c) Reduction in pumping power 

To increase the heat transfer of conventional fluids by a factor of two, the pumping power must 

usually be increased by a factor of 10. It was shown that by multiplying the thermal conductivity by 

a factor of three, the heat transfer in the same apparatus was doubled [21]. Thus, very large savings 

in pumping power can be achieved if a large thermal conductivity increase can be achieved with a 

small volume fraction of nanoparticles. 
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d) Miniaturized systems 

Nanofluid technology will support the current industrial trend toward component and system 

miniaturization by enabling the design of smaller and lighter heat exchanger systems. Miniaturized 

systems will reduce the inventory of heat transfer fluid and will result in cost savings. 

 

1.8 Applications of nanofluids 

Nanofluids can be used to improve heat transfer and energy efficiency in thermal systems. Much of 

the work in the field of nanofluids is being done in national laboratories and academia [22]. 

 

a) Transportation 

The addition of nanoparticles to the standard engine coolant has the potential to improve 

automotive and heavy-duty engine cooling rates. Such improvement can be used to remove engine 

heat with a reduced-size coolant system. Smaller coolant systems result in smaller and lighter 

radiators, which in turn benefit almost every aspect of car and truck performance and lead to 

increased fuel economy. Alternatively, improved cooling rates for automotive engines can be used 

to remove more heat from higher horsepower engines with the same size of coolant system. 

 

b) Electronics cooling 

The power density of integrated circuits and microprocessors has increased dramatically in recent 

years. Future processors for high-performance computers and servers have been projected to 

dissipate higher power, in the range of 100-300 W/cm
2
. Whether these values actually become 

reality is not as significant as the projection that the general trend to higher power density 

electronics will continue. Existing air cooling techniques for removing this heat are already 

reaching their limits, and liquid cooling technologies are being, and have been, developed for 

replacing them. Single-phase fluids, two-phase fluids, and nanofluids are candidate replacements 

for air. All have increased heat transfer capabilities over air systems. 

 

c) Defence  

A number of military devices and systems require high-heat-flux cooling to the level of tens of 

MW/m
2
. At this level, cooling with conventional fluids is challenging. Examples of military 

applications include cooling of power electronics and directed-energy weapons. Directed-energy 

weapons involve high heat fluxes (> 500 – 1000 W/cm
2
), and providing adequate cooling of them 

and the associated power electronics is a critical need. Nanofluids have the potential to provide the 

required cooling in such applications as well as in other military systems, including military 

vehicles, submarines, and high-power laser diodes. 
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d) Biomedical 

Nanofluids and nanoparticles have many applications in the biomedical industry. For example, to 

circumvent some side effects of traditional cancer treatment methods, iron-based nanoparticles 

could be used as delivery vehicles for drugs or radiation without damaging nearby healthy tissue.  

Nanofluids could also be used for safer surgery by producing effective cooling around the surgical 

region and thereby enhancing the patient’s chance of survival and reducing the risk of organ 

damage. 

 

1.9 Conclusion 

It is expected that the Nanofluids will be the next generation of heat transfer fluids due to their 

unique thermal properties. At Present, research work on the concept, its thermo-physical properties, 

heat transfer enhancement, mechanism, and application of the nanofluids is still in its infancy.  

 

The scope of the work: 

1. To find thermal conductivity of distilled water, ethylene glycol and distilled water and ethylene 

glycol based nanofluids having alumina nanoparticles for different volume fractions and at 

different temperatures. 

2. To find viscosity and density for the same as above. 

3. To analyze the particle size distribution. 
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Chapter – 2 

Literature review 

 

2.1 Introduction    

Various studies on nanofluids were carried out by many researchers in the past. This chapter reviews 

the previous published literatures, which lays foundation and basis for further work. This helps to give a 

better understanding about the topic and also acts as a guideline for this thesis. In this chapter, 

experimental and theoretical efforts on synthesis process, theoretical models and experimental 

measurements of Thermophysical properties and convection heat transfer and detailed proposed 

theories for explaining the experimental results will be reviewed and discussed.  

 

2.2 About nanofluids 

One of the most significant scientific challenges in the industrial area is cooling, which applies to 

many diverse productions, including microelectronics, transportation and manufacturing. The 

conventional method for increasing heat dissipation is to increase the area available for exchanging 

heat to use a better heat conductive fluid. However, this approach involves an undesirable increase 

in the size of a thermal management system; therefore, there is an urgent need for new and novel 

coolants with improved performance. The innovative concept of ‘nanofluids’ – heat transfer fluids 

consisting of suspension of nanoparticles – has been proposed as a prospect for these challenges 

[1]. 

 

Choi and Eastman [2] introduced the novel concept of nanofluids by applying the unique properties 

of nanofluids at the annual Mechanical Engineering meeting of American Society at 1995. 

Goldstein et al. [3] added the condition that the particles must be in colloidal suspension. Choi and 

his colleagues have carried out experiments on heat transport in systems with CuO nanoparticles in 

water and Al2O3 particles in ethylene glycol and water. They found that the particles improve the 

heat transport by as much as 20%, and they interpreted their result in terms of an improved thermal 

conductivity k/k0 which they named the effective thermal conductivity [3]. 

 

About a decade ago, some researchers reported the heat transfer and flow characteristics of the 

different nanofluids namely: Trisaksri and Wongwises [4], Beck [5], Wang and Mujumdar [6], 

Duangthongsuk and Wongwises [7], Godson et al. [8], Li et al. [9] and Wen et al. [10], Leong et al. 

[11]. However, prior to use nanofluids for heat transfer, significant knowledge about their 

thermophysical properties is required, especially their thermal conductivity and viscosity. Many 

researchers have measured the thermophysical properties of nanofluids while many others used 

well-known predictive correlations. Their works have been both experimental and theoretical [12]. 
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2.3  Preparation of nanofluids 

This includes methods of nanoparticles manufacture and dispersion of nanoparticles in liquids. 

Modern fabrication technology provides great opportunity to process materials actively at 

nanometer scales. Nanostructured or Nanophase materials are made of nanometer-sized substances 

engineered on the atomic or molecular scale. 

 

2.3.1  Methods of nanoparticles manufacture  

Fabrication of nanoparticles can be classified into two broad categories: physical processes and 

chemical processes [13, 14 &15]. Typical physical methods include inert-gas condensation (IGC), 

developed by [14], mechanical grinding and milling. Chemical methods include chemical vapor 

deposition (CVD), chemical precipitation, micro emulsions, thermal sprays and spray pyrolysis. A 

sonochemical method has been developed to make suspensions of iron nanoparticles stabilized by 

oleic acid [16]. Recently, Chopkar et al. [17] produced alloyed nanoparticles Al70Cu30 using ball 

milling. These nanosized materials are most commonly produced in the form of powders. 

 

2.3.2 Dispersion of nanoparticles in liquids  

Stable suspensions of nanoparticles in conventional heat transfer fluids are produced by two 

methods: the two-step technique and single-step technique. The two-step method first makes 

nanoparticles using one of the methods discussed in section 2.3.1 and then disperses them into base 

fluids. The single-step method simultaneously makes and then disperses nanoparticles directly into 

base fluids. In either case, a well-mixed and uniformly dispersed nanofluid is needed for successful 

production of enhanced properties.  

 

The single-step direct evaporation approach was developed by Akoh et al. [18] and is called the 

VEROS (Vacuum Evaporation onto a Running Oil Substrate) technique. The original idea of this 

method was to produce nanoparticles, but it is difficult to subsequently separate the particles from 

the fluids to produce dry nanoparticles. A modified VEROS process was proposed by Wagener et 

al. [19]. They employed high pressure magnetron sputtering for the preparation of suspensions with 

metal nanoparticles such as Ag and Fe. Eastman et al. [20] developed a modified VEROS 

technique, in which Cu vapor is directly condensed into nanoparticles by contact with a flowing 

low-vapor-pressure liquid (EG).  

 

Zhu et al. [21] presented a novel one-step chemical method for preparing copper nanofluids by 

reducing CuSO4.5H2O with NaH2PO2.H2O in ethylene glycol under microwave irradiation. Results 

showed that the addition of NaH2PO2.H2O and the addition of microwave irradiation are two 

significant factors which affect radiation rate and properties of Cu nanofluids. A vacuum-SANSS 

(submerged arc nanoparticles synthesis system) method has been employed by Lo et al. [22] to 
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prepare Cu-based nanofluids with different dielectric liquids such as de-ionized water, with 30%, 

50%, 70% volume solutions of ethylene glycol and pure ethylene glycol. An advantage of the one 

step technique is that nanoparticle agglomeration is minimized, while the disadvantage is that only 

low vapor pressure fluids are compatible with such a process. 

 

The two-step method is extensively used in the synthesis of nanofluids considering the available 

commercial nanopowders supplied by several companies. Generally, ultrasonic equipment is used 

to intensively disperse the particles and reduce the agglomeration of particles. For example, 

Eastman et al. [20], Lee et al. [23], and Wang et al. [15] used this method to produce Al2O3 

nanofluids. Also, Murshed et al. [25] prepared TiO2 suspension in water using the two-step method. 

Other nanoparticles reported in literature are gold (Au), silver (Ag), silica and carbon nanotubes. As 

compared to the single-step method, the two-step technique works well for oxide nanoparticles, 

while it is less successful with metallic particles. The first-ever nanofluids with carbon nanotubes, 

nanotubes in synthetic oil, were produced by a two-step method by Choi et al. [26]. 

 

Xuan and Li [27] choose salt and oleic acid as the dispersant to enhance the stability of transformer 

oil-Cu and water-Cu nanofluids, respectively. Oleic acid and cetyltrimethylammonium bromide 

(CTAB) surfactants were used by Murshed et al. [25] to ensure better stability and proper 

dispersion of TiO2- water nanofluids. Sodium dodecyl sulfate (SDS) was used by Hwang et al. [28] 

during the preparation of water-based multi-walled carbon nanotubes (MWCNT) nanofluids since 

the fibers are entangled in the aqueous suspension.  

 

Li et al. [29] prepared Cu/water nanofluids with nanoparticle sizes typically of 1-100 nm using the 

two-step method. Results showed that zeta potential and absorbency are important bases for 

selecting conditions for dispersing particles. Furthermore, the observed sediment photographs and 

particle size distribution showed better dispersion behaviour in the suspension with the addition of 

dispersant. The effect of pH on the stability of the copper suspension was critical. 

 

Hwang et al. [30] prepared various nanofluids (nanoparticle: MWCNT, CuO, and SiO2; base fluid: 

DIW, EG and oil) and examined their stability using UV-vis spectral analysis. They claimed that 

the stability of nanofluid is strongly affected by the characteristics of the suspended particle and 

base fluids such as the particle morphology, the chemical structure of the particles and base fluid. 

Furthermore, addition of surfactant can improve the stability of the suspensions. 

 

In general, methods such as change of pH value, addition of dispersant and ultrasonic vibration aim 

at changing the surface properties of suspended particles and suppressing formation of particle 

clusters to obtain stable suspensions.  
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2.4 Theoretical investigations 

In this section we will discuss mechanisms of nanofluids and various models for thermophysical 

properties like thermal conductivity, viscosity, density, specific heat and convective heat transfer. 

 

2.4.1 Mechanisms of nanofluids 

From the experimental results of many researches, it is known that the thermal conductivity of 

nanofluids depends on many factors including the volume fraction, the size, the shape, clustering of 

the nanoparticles, and the temperature. However, the influences of the above factors are not clear at 

present. To seek the mechanism responsible for the so-called anomalous increase in thermal 

conductivity, many theories have been proposed. 

 

The large enhancement of thermal conductivity in nanofluids cannot be interpreted with the 

traditional theories, such as Maxwell model [31], Hamilton and Crosser model [32], which 

explained the thermal conductivity enhancement of usual suspensions containing large particles 

(micro- or mini-size) quite well. Keblinski [33] and Eastman [34] proposed a comprehensive 

explanation of four possible factors to understand the mechanism of heat conduction in nanofluids. 

They were the Brownian motion of particles, liquid nanolayering at liquid/particle interface, the 

nature of heat transport in the nanoparticle, and the effects of nanoparticle clustering. 

 

Wang et al. [24] argued that the thermal conductivities of nanofluids should be dependent on the 

microscopic motion (Brownian motion and inter-particle forces) and particle structure. Xuan and Li 

[35] also discussed four possible reasons for the improved effective thermal conductivity of 

nanofluids: the increased surface area due to suspended nanoparticles, the increased thermal 

conductivity of the fluid, the interaction and collision among particles, the intensified mixing 

fluctuation and turbulence of the fluid, and the dispersion of nanoparticles. 

 

Many researchers used the concept of liquid/solid interfacial layer to explain the anomalous 

improvement of the thermal conductivity of nanofluids. Yu and Choi [36] & Yu and Choi [37] 

suggested models, based on conventional theory, which consider a liquid molecular layer around 

the nanoparticles. However, a study of Xue et al. [38] using molecular dynamics simulation showed 

that simple monatomic liquids had no effect on the heat transfer characteristics both normal and 

parallel to the surface. This means that thermal transport in a layered liquid may not be adequate to 

explain the increased the thermal conductivity of suspensions of nanoparticles.  

 

Khaled and Vafai [39] investigated the effect of thermal dispersion on heat transfer enhancement of 

nanofluids. These results showed that the presence of dispersive elements in the core region did not 

affect the heat transfer rate. Koo and Kleinstreuer [40] discussed the effects of Brownian, thermo-
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phoretic, and osmo-phoretic motions on the effective thermal conductivities. They found that the 

role of Brownian motion is much more important than the thermo-phoretic and osmo-phoretic 

motions. 

  

Tillman and Hill [41] attempted to find a more systematic procedure to determine the nanolayer 

thickness and the thermal conductivity profile within the nanolayer. Three basic heat conduction 

regions were used to derive the expression for the nanolayer thickness. Evans et al. [42] suggested 

that the contribution of Brownian motion to the thermal conductivity of the nanofluid is very small 

and cannot be responsible for the extraordinary thermal transport properties of nanofluids. 

 

2.4.2 Models for effective thermal conductivity of nanofluids 

There are no theoretical formulas currently available to predict the thermal conductivity of 

nanofluids satisfactorily. However, there exist several semi-empirical correlations for calculating 

the apparent conductivity of two-phase mixtures. 

 

For particle-fluid mixtures, numerous theoretical studies have been conducted dating back to the 

classical work of Maxwell [31]. The effective thermal conductivity,      , is given by 

                                                                                                                                                            
 

Where       the thermal conductivity of the particle is    is the thermal conductivity of the base 

fluid and    is the particle volume fraction in the suspension. 

 

Bruggeman [43] proposed a model to analyze the interactions among randomly distributed 

particles. For a binary mixture of homogeneous spherical inclusions, the Bruggeman model gives 

                                                                                                                                               
 

Hamilton and Crosser [32] proposed a model for liquid-solid mixtures of non-spherical particles. 

They introduced a shape factor, n, to account for the effect of the shape of the particles. The 

thermal conductivity, in which the ratio of conductivity of the solid and fluid phases is larger than 

100               can be expressed as follows:                                                                                                                                             
 

Where n is the empirical shape factor given by         , and   is the particle sphericity, defined 

as the ratio of the surface area of a sphere with volume equal to that of the particle, to the surface 
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area of the particle. Comparison between equation (2.3) and equation (2.1) reveals that Maxwell’s 

model is a special case of Hamilton and Crosser’s model for sphericity equal to one. 

 

Yu and Choi [36] proposed a modified Maxwell model to account for the effect of the nanolayer by 

replacing the thermal conductivity of solid particles    in equation (2.1) with the modified thermal 

conductivity of particles,    , which is based on the so-called effective medium theory given by 

Schwartz et al. [44]:                                                                                                                                                       
 

Where               is the ratio of nano-layer thermal conductivity to particle thermal 

conductivity and        is the ratio of the nano-layer thickness to the original particle radius. 

Hence, the Maxwell equation (2.1) can be re-cast as follows: 

                                                                                                                                                       
 

Yu and Choi [37] proposed a modified Hamilton-Crosser model to include the particle-liquid 

interfacial layer for non-spherical particles. The effective thermal conductivity was expressed as 

                                                                                                                                                        
 

Where A is defined by                                        

 

And                                       

 

Where,        is the equivalent volume concentration of complex ellipsoids, which is an imaged 

structure of elliptical particles          with surrounding nano layers. 

 

Xue and Xu [45] obtained an equation for the effective thermal conductivity according to 

Bruggeman`s model [43]. Their model takes into account the effect of interfacial shells by 

replacing the thermal conductivity of nanoparticles with the assumed thermal conductivity of the 

so-called “complex nanoparticles”, which included the interfacial shells between the nanoparticles 

and the base fluids. 
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Where   is the volume ratio of spherical nanoparticle and complex nanoparticle, and    and     are 

the thermal conductivity of the nanoparticle and interfacial shell, respectively. 

 

Xie et al. [46] considered the interfacial nanolayer with linear thermal conductivity distribution and 

proposed an effective thermal conductivity model to account for the effects of nano-layer thickness, 

nanoparticle size, volume fraction, and thermal conductivities of fluid, nanoparticles, and nano-

layer. Their formula is                                                                                                                                                 
 

With                                                 

 

Where                                                                                                                                                                   
 

And           is the thickness ratio of nano-layer and nanoparticle.    is the modified total 

volume fraction of the original nanoparticle and nano-layer,            . 

 

Xuan et al. [47] considered the random motion of suspended nanoparticles (Brownian motion) 

based on the Maxwell model and proposed a modified formula for the effective thermal 

conductivity as follows: 

                                                                                                                                     
 

Where the Boltzmann constant is                           is the apparent radius of clusters and depends on the fractal dimensions of the cluster structure. 

 

Wang et al. [48], who developed a fractal model based on the multi-component Maxwell model by 

substituting the effective thermal conductivity of the particle clusters,        , and the radius 

distribution function,       as follows: 

                                                                                                                                                        
 

Kumar et al. [49] proposed a comprehensive model to account for the large enhancement of thermal 

conductivity in nanofluids and its strong temperature dependence, which was deduced from the 

Stokes-Einstein formula. The thermal conductivity enhancement taking account of the Brownian 

motion of particles can be expressed as: 
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Where   is a constant,   is the dynamic viscosity of the base fluid, and    is the diameter of the 

particles. However, the validity of the model has got to be established; it may not be suitable for 

high concentrations of particles. 

 

Bhattacharya et al. [50] developed a technique to compute the effective thermal conductivity of a 

nanofluid using Brownian motion simulation. They combined the liquid conductivity and particle 

conductivity as follows:                                                                                                                                             
 

Where    is replaced by the effective contribution of the particles towards the overall thermal 

conductivity of the system,                                                                                                                                     
 

Koo and Kleinstreuer [51, 52] developed a new model for nanofluids, which includes the effects of 

particle size, particle volume fraction and temperature dependence as well as properties of the base 

fluid and the particle subject to Brownian motion. The resulting formula is: 

                                                                                                                     
 

Note that the first part of equation (13) is obtained directly from the Maxwell model while the 

second part accounts for Brownian motion, which causes the temperature dependence of the 

effective thermal conductivity. The function          can be assumed to vary continuously with the 

particle volume fraction,                                                                                                           
 

While,   is related to particle motion. 

 

2.4.3 Models for effective viscosity of nanofluids 

Different models of viscosity have been used by researchers to model the effective viscosity of 

nanofluid as a function of volume fraction. Einstein [53] was the first to calculate the effective 

viscosity of a suspension of spherical solids using the phenomenological hydrodynamic equations. 

He derived the following equation:                                                                                                                                                     
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Experimental data for the effective viscosity of nanofluids are limited to certain nanofluids. The 

ranges of the parameters (the particle volume concentration, temperature, etc.) are also limited. 

Still, the experimental data show the trend that the effective viscosities of nanofluids are higher 

than the existing theoretical predictions. In an attempt to rectify this situation, researchers proposed 

equations applied to specific applications, e.g., Al2O3 in water by Maiga et al. [63], Al2O3 in 

ethylene glycol by Maiga et al. [64], TiO2 in water by Tseng and Lin [62], and CuO in water with 

temperature change by Kulkarni et al. [66]. The problem with these equations is that they do not 

reduce to the Einstein equation at very low particle volume concentrations and, hence, lack a sound 

physical basis. Brinkmen [55] presented a viscosity correlation that extended Einstein’s equation to 

concentrated suspension. The effect of Brownian Motion on the effective viscosity in a suspension 

of rigid spherical particles was studied by Batchelor [59]. Lundgren [58]   proposed equation for 

effective viscosity in the form of a Taylor series in     Some of these equations are included in 

Table 2.1. 

 

Table 2.1: Models for effective viscosity 

 

Sr. No. Investigator Equation 

1. Einstein [53]                  

2. Satio [54]                                                

3. Brinkman [55]                                              

4. Simha [56]                                           

5. Krieger [57] 

                                                                            

6. Lundgren [58]                                            

7. Batchelor [59]                         

8. 
Tseng and Lin 

[60] 
                         

9. Maiga et al. [61]                         

10. Maiga et al. [62]                           

11. 
Koo and 

Kleinstreuer [63] 

                                                                           
Where the particle motion related parameter                                                                         

12. 
Kulkarni et al. 

[64] 
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2.4.4 Analytical models for physical properties of nanofluids 

Physical properties include density, specific heat and thermal expansion coefficient. Their models 

are given below: 

 

2.4.4.1 Density 

The density of nanofluid is based on the physical principle of the mixture rule. As such it can be 

represented as [65]:                                                                                                                                        
 

Where   and   refer to the fluid and nanoparticle respectively and                   is the volume fraction of the nanoparticles. 

 

2.4.4.2 Specific heat of nanofluids 

The specific heat of nanofluid can be determined by assuming thermal equilibrium between the 

nanoparticles and the base fluid phase as follows [65]: 

                                                                                                                                                                                                                                                                                                                         
 

Where      is the density of the nanoparticle,    is the density of the base fluid,       is the density 

of the nanofluid, and    and    are the heat capacities of the nanoparticle and the base fluid, 

respectively. However, some authors prefer to use a simpler expression given as: 

                                                                                                                                                 
 

2.4.4.3 Thermal expansion coefficient of nanofluids 

The thermal expansion coefficient of nanofluids can be estimated utilizing the volume fraction of 

the nanoparticles on a weight basis as follows [66]: 

                                                                                                                                    
 

Where     and    are the thermal expansion coefficient of the base fluid and the nanoparticle, 

respectively. A simpler model for the thermal expansion coefficient of the nanofluid is suggested 

as:                                                                                                                                            
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2.4.5 Models for convective heat transfer 

Since the heat transfer performance is a better indicator than the effective thermal conductivity for 

nanofluids used as coolants in transportation and other industries, the modelling of nanofluid heat 

transfer coefficients is gaining attention from researchers. However, it is still at an early stage, and 

the theoretical models for nanofluid heat transfer coefficients are quite limited. All the equations 

are modified from traditional equations such as the Dittus-Boelter equation (Dittus and Boelter, 

[67]) or the Gnielinski equation (Gnielinski, [68]) with empirical parameters added. Therefore, 

these equations are only valid for certain nanofluids over small parameter ranges. More 

experimental and theoretical studies are needed before general models can be developed and 

verified. Various models of heat transfer coefficients are given in Table 2.2. 

 

Table 2.2: Models for effective heat transfer coefficient 

 

Sr. 

No. 
Investigator Nanofluids Correlation 

1. Pak and Cho, 

[69] 

Al2O3-water,          

TiO2-water, turbulent 
                     

2. 

Das et al., [70] 
Al2O3-water,            

pool boiling 

                

Where, ‘c’ and ‘m’ are particle volume 

concentration dependent parameters. 

3. 
Xuan and Li, 

[71] 

CuO-water,      

turbulent 

                                                     

4. 

Yang et al., 

[72] 

Graphite-in 

transmission fluid, 

graphite-synthetic oil 

mixture,laminar 

                                    
Where, ‘c’ and ‘m’ are nanofluid and 

temperature dependent empirical parameters. 

5. 

Buongiorno 

[73] 
Turbulent 

                                                     

where the dimensionless thickness of the laminar 

sub layer      is an empirical parameter. 

 

2.5 Experiments cited in literature 

In this section, various experimental set-ups for the measurement of thermal conductivity, viscosity 

and convective heat transfer, used by many researchers are discussed. 

 

2.5.1 Thermal conductivity 

There are two types of methods of measuring thermal conductivity of liquids: steady-state methods 

and transient methods. The disadvantages of steady-state methods are that  

 Heat lost cannot be quantified and may give considerable inaccuracy, and  

 Natural convection may set in,  

 This gives higher apparent values of conductivity. 
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Therefore, to measure thermal conductivity accurately it is best to use transient methods. 

Transient hot-wire method used by [74, 75, 76, 77 & 78] to measure the thermal conductivity of 

nanofluids is shown in Fig. 2.1. 

 

 

 
 

Fig. 2.1: Transient hot-wire 

 

 

Temperature oscillation method used by [79] to measure the thermal conductivity of nanofluids is 

shown in Fig. 2.2.  

 
 

Fig. 2.2: Temperature oscillation 

 

 

The Decagon devices KD2 Pro Thermal property analyzer used by [80] to measure thermal 

conductivity of water based nanofluids. As the determination of temperature-dependent values of 

thermal conductivity of nanofluids, they placed fluid specimen inside a heated, insulated enclosure, 

as shown in Fig. 2.3. 
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Fig. 2.3: KD2 Pro Thermal property analyzer for temperature dependent measurement 

 

2.5.2 Viscosity 

The set-up used by [81] for the viscosity measurements of the copper oxide nanoparticles 

suspended in an ethylene glycol–water mixture is shown by Fig. 2.4. It consists of an LVDV-II+ 

Brookfield programmable viscometer and Julabo temperature-controlled bath with a computer to 

control temperature. 

 

 
 

Fig. 2.4: Experimental setup for viscosity measurement of nanofluids. 

 

2.5.3 Convective heat transfer coefficient 

The experimental investigation of convective heat transfer coefficient of Al2O3 nanofluids at the 

entrance region under laminar flow conditions is done by [82]. The experimental set up used by 

them is shown in Fig. 2.5.  
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Fig. 2.5: Experimental System for convective heat transfer coefficient of Al2O3 nanofluids 

 

 

The work on the heat transfer characteristics of  -Al2O3/water and TiO2/water nanofluids in a shell 

and tube heat exchanger under turbulent flow condition is done by [83]. The flow loop of 

constructed system used by them is shown by Fig. 2.6. 

 

 

 
 

Fig. 2.6: Experimental setup for heat transfer characteristics of   -Al2O3/water and TiO2/water 

nanofluids 

 

 

The formulation of nanofluids for natural convective heat transfer applications is done by [84]. The 

experimental system used by them, is shown schematically in Fig. 2.7. 
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Fig. 2.7: Experimental setup for natural convective heat transfer 

 

 

2.6 Experimental investigation 

In this section, the experimental results for thermal conductivity, viscosity and other physical 

properties done by many researchers are discussed. 

 

2.6.1 Measurement of thermal conductivity 

Several experimental studies were conducted in the literature to measure the thermal conductivity 

of nanofluids using different techniques such as transient hot wire, steady-state parallel plates, and 

temperature oscillation. Among these the Transient hot-wire method has been used most 

extensively. A comparison of the experimental thermal conductivity enhancements of Al2O3 

nanofluids cited in the literature [65] is given by Table 2.3. Al2O3 and CuO are the most common 

nanoparticles used in the literature. 

 

A general correlation for the effective thermal conductivity of Al2O3–water and CuO–water 

nanofluids at ambient temperature accounting for various volume fractions and nanoparticles 

diameters is obtained by the [65] using the available experimental data in the literature. This model 

can be expressed as:  

                                                                                                                 
 

Where    is the thermal conductivity of water. 

 

 

Thermal conductivity measurements at different temperatures are essential because the 

measurements at ambient temperature are not adequate for estimating the heat transfer 

characteristics. 
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Table 2.3: Comparison of the experimental thermal conductivity enhancements of Al2O3 

nanofluids cited in the literature [65] 

 

Sr. 

No. 

Base 

fluid 

Dp (nm)    (%) % Thermal conductivity 

enhancement 

Method 

1. Water 38.4 4 
9.4% (21 °C) ,            

24.3% (51 °C) 
Temperature oscillation 

2. Water 131 4 24.0% (51 °C) 
Steady-state parallel 

plates 

3. Water 13 4.4 33% Transient hot wire 

4. Water 38.4 4.3 11% Transient hot wire 

5. EG 38.4 5 19% Transient hot wire 

6. Water 28 5.5 16% 
Steady-state parallel 

plates 

7. EG 28 5 24.5% 
Steady-state parallel 

plates 

8. Water 11 1 14.8% (70 °C) Transient hot wire 

9. Water 47 1 10.2% (70 °C) Transient hot wire 

10. Water 150 1 4.8% (60 °C) Transient hot wire 

11. Water 47 4 28.8% (70 °C) Transient hot wire 

12. Water 36 6 28.2% 
Steady-state parallel 

plates 

13. Water 47 6 26.1% 
Steady-state parallel 

plates 

14. Water 20 5 15% Transient hot wire 

15. Water 11 5 8% Transient hot wire 

16. Water 20 5 7% Transient hot wire 

17. Water 40 5 10% Transient hot wire 

 

 

A general correlation is developed for Al2O3 water nanofluid by the [65] using the available 

experimental data at various temperatures, nanoparticle’s diameter, and volume fraction. The 

developed correlation is expressed in terms of nanoparticle’s diameter, volume fraction, dynamic 

viscosity of water, effective dynamic viscosity of the nanofluid, and temperature as follows: 

                                                                                                                                                                                                                               
                                                        
 

Where the dynamic viscosity (Pa-sec) of water at different temperatures can be expressed as: 
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2.6.1.1 Effect of Volume fraction and particle size 

In the past few years, many experimental investigations on the thermal conductivity of nanofluids 

have been reported. The effective thermal conductivities of nanofluids containing different 

concentrations, materials and sizes of nanoparticles dispersed in different base fluids have been 

experimentally investigated. The published results on the thermal conductivity of nanofluids at 

room temperature are summarized in Table 2.4. 

 

Table 2.4:  Summary of volume fraction/particle size dependent thermal conductivity of nanofluids. 

 

Sr. 

No. 
Researchers 

Nanofluids [Particle 

(Size in nm) / base fluid] 
Observations 

1. Eastman et al. [20] 
Al2O3/CuO/Cu 

(33/36/18) / Water, HE-200 oil 

60% improvement for 5 vol% 

CuO particles in water 

2. Lee et al. [23] 
Al2O3/CuO, (24.4/18.6/23.6) / 

Water,  EG 

20% improvement for 4 vol% 

CuO/EG mixture 

3. Wang et al. [24] 
Al2O3/CuO 

(28/23) / Water, EG,PO,EO 

12% improvement for 3 vol% 

Al2O3/water nanofluids 

4. Das et al. [85] 
Al2O3/CuO 

(38.4/28.6) / Water 

2-4 fold increase over range of 

21°C to 52 °C 

5. Xie et al. [86] 
Al2O3 

(12.2 – 30.2) / Water, EG, PO 
pH value, SSA, crystalline phase 

6. Li and Peterson [87] 
Al2O3/CuO 

(36/29) / Water 

enhancement with volume 

fraction and temperature 

7. Xuan and Li [35] 
Cu 

(100) / Water, Oil 

successful suspension of 

relatively big metallic 

nanoparticles 

8. Eastman et al. [88] 
Cu 

(     / EG 

40% increase for 0.3 vol% Cu-

based nanofluids 

9. Hong et al. [89] 
Fe 

(10) /  EG 

18% increase for 0.55 vol% 

Fe/EG nanofluids. 

10. Patel et al. [90] 
Au, Ag 

(4, 15/70) / Water, Toluene 

Size, temperature and chemical 

characteristics 

11. Murshed et al.  [25] 
TiO2 

(                DW 

33% and 30% increase at 5 vol% 

for          and       
respectively. 

12. Xie et al. [91,92] 
SiC          ) / Water, EG 

15.8% increase at 4.2 vol% for        SiC-H2O and 22.9% at 4 

vol% for        SiC-H2O 

13. Choi et al. [26] 
MWNTs 

(            Oil 
exceed 250% at 1.0 vol% 

14. Biercuk et al. [93] 
SWNTs 

(      ) / Epoxy 
125% at 1.0 wt% 

15. Xie et al. [94] 

TCNTs 

(             DW, EG, 

DE 

19.6%, 12.7% and 7.0% increase 

at 1.0 vol% for TCNT/DE, EG 

and DW respectively 

16. Choi et al. [95] 
SWNTs 

(             Epoxy 
300% at 3 wt% SWNT loading. 

17. 
Assael et al.   [96,97 & 

98] 

MWNTs, DWNTs 

(             Water 

34% increase for 0.6 vol% 

suspension. 

18. Liu et al. [99] 
CNTs               EG, EO 

12.4% for EG at 1 vol%, 30% for 

EO at 2 vol% 
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2.6.1.2 Effect of fluid temperature 

Fluid temperature may play an important role in enhancing the effective thermal conductivity of 

nanofluids. Despite the fact that nanofluids may be used under various temperatures, very few 

studies were performed to investigate the temperature effect on the effective thermal conductivity 

of nanofluids. A summary of the published results on temperature-dependent thermal conductivity 

of various nanofluids is provided in Table 2.5. 

 

Table 2.5: Summary of temperature-dependent thermal conductivity of nanofluids 

 

Sr. 

No. 
Researchers 

Nanofluids [particle 

(size in nm) / base fluid] 
Observation 

1. Das et al. [100] 
Al2O3 (38.4) / water 

CuO (28.6) / water 

for 4 vol%: 16% at 36°C & 25% at 51°C 

for 1 vol%: 22% at 36°C & 30% at 51°C 

2. Patel et al. [101] Au (10-20) / water 
for 0.00026 vol%: 5-21% at temp range 

of 30-60°C 

3. 
Chon and kihm 

[102] 

Al2O3 (47) / water 

Al2O3 (150) / water 

6% at 31°C & 11% at 51°C 

3% at 31°C & 8.5% at 51°C [for 1 vol%] 

4. 
Li and Peterson 

[103] 

Al2O3 (36) / water 

 

for 2 vol%: 7% at 27.5°C and 23% at 

36°C 

5. 
Yang and Han 

[104] 

Bi2Te3 (20*70) / FC 72 / 

oil 

For Bi2Te3 / FC 72 at 0.8 vol%: 8% at 

10°C and 7% at 40°C 

6. 
Venerus et al. 

[105] 

Au(22) / water , Al2O3 (30) 

/ petroleum oil 

No enhancement but slight decrease with 

the temperature in the range of 25-75°C 

7. 
Murshed et al. 

[106] 

Al2O3 (80) / EG 

Al2O3 (80) / DIW 

Al2O3 (150) / DIW 

Al2O3 (80) / EO 

1 vol%: 11.4% at 60°C 

1 vol%: 12.1% at 60°C 

1 vol%: 10.3% at 60°C 

3 vol%: 37.0% at 60°C 

 

2.6.2 Measurement of viscosity 

Most published studies have focused on the heat transfer behavior and stability of nanofluids in the 

past 10years. In fact, viscosity is one of the key properties of nanofluids. It is believed that viscosity 

is as critical as thermal conductivity in engineering systems because the nanofluid was expected to 

show an increase in thermal conductivity without an increase in pressure drop, which in turn is 

related to fluid viscosity. Among the few studies about viscosity of nanofluids, the problems 

concerned by investigators are mainly focused on the factors influencing the viscosity of 

nanofluids. These factors include concentration and size of nanoparticles, temperature of nanofluids 

and shear rate etc.  

 

Prasher et al. [107] investigated the viscosity of alumina-based nanofluids. The experimental results 

showed that the relative viscosity of alumina-based nanofluids was not a strong function of 

temperature and nanoparticle diameter, but is a strong function of nanoparticle volume fraction. Li 

et al. [108] measured the viscosity of water with CuO nanoparticle suspensions using a capillary 

viscometer. Results showed that the apparent viscosity of nanofluids decreased with increasing 
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temperature and increased somewhat with increasing concentration of the nanoparticles, the effect 

of concentration was not as obvious as the effect of temperature. However, as they pointed out, the 

capillary tube diameter may influence the apparent viscosity for higher nanoparticle mass fractions, 

especially at lower temperatures.  

 

Chen et al. [109] investigated ethylene glycol based titania nanofluids and found that the nanofluids 

showed Newtonian behavior over a shear rate range of 0.5–10
4
 s
−1

 at 293 – 333 K. The shear 

viscosity of the nanofluids depends strongly on temperature and the particle's concentration. Guo 

[110] measured the viscosity of copper oxide dispersed in ethylene glycol and water mixture and 

got the similar results. Nguyen et al. [111] investigated experimentally the influence of both the 

particle size and the temperature on dynamic viscosities of water-based nanofluids, namely Al2O3–

water and CuO–water mixtures. 

 

Wang et al. [112] also measured the relative viscosity of Al2O3-water and Al2O3-ethylene glycol 

nanofluids. Results showed a similar trend of increase of relative viscosity with increasing solid 

volume fraction for the two nanofluids. That means that the desirable heat transfer increase may be 

offset by the undesirable increase in pressure drop. Das et al. [113] also measured the viscosity of 

Al2O3-water nanofluids against shear rate. Their results showed an increase of viscosity with 

increased particle concentrations. There is a strong possibility that nanofluids may be non-

Newtonian, even viscoelastic in some cases. Further experimental studies are needed to define the 

viscosity models of nanofluids so they can be used in simulation studies. 

 

The viscosity of CNT-water nanofluids as a function of shear rate was measured by Ding et al. 

[114] recently. They observed that the viscosity of nanofluids increased with increasing CNT 

concentration and decreasing temperature. Also, the shear thinning behavior was found by the 

authors. That means the nanofluids can provide better fluid flow performance due to the higher 

shear rate at the wall, which results in low viscosity there. 

 

2.6.3 Measurement of density 

Vajjha et al. [115] measured the density of three different nanofluids containing aluminium oxide, 

antimony-tin oxide and zinc oxide nanoparticles in a base fluid of 60:40 EG/W, using the Anton 

Paar digital density meter. These measurements were compared with the theoretical equation given 

by Pak and Cho.                                                                                                                                                 
 

The density of nanofluid increases with an increase in the volumetric concentration of the particles 

as their densities are higher than that of the base fluid. The density of nanofluid decreases very 
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modestly with temperature mostly due to the effect on the fluid. To compare the increase in 

densities, we calculate using equation (2.24) the values for CuO, Al2O3 and SiO2 nanofluids. By the 

addition of 2% volume of nanoparticles at 323 K, the densities of CuO, Al2O3 and SiO2 nanofluids 

increases by 10.14, 4.73, 2.15 % respectively in comparison to the base fluid. This is due to the 

higher densities of nanoparticles (CuO = 6500 kg/m
3
, Al2O3 = 6500 kg/m

3
, SiO2 = 2200 kg/m

3
) 

compared to the base fluid. 

 

2.6.4 Measurement of specific heat 

Vajjha and Das [116] carried out measurements of specific heat of three different nanofluids 

(Al2O3, SiO2 and ZnO) to develop appropriate correlations. From their experimental data, they 

developed a general correlation given by equation (2.25), where the values of A, B and C are given 

in Table 2.6.  

                                                                                                                                                 
 
 
 

Table 2.6: Curve-fit coefficients for specific heat of different nanofluids. 

 

Sr. No. Nanofluid A B C 

1. Al2O3 0.24327 0.5179 0.4250 

2. SiO2 0.48294 1.1937 0.8021 

3. ZnO 0.12569 0.9855 0.299 

 

As the temperature of nanofluid increases, the effective specific heat also increases very modestly 

indicating that nanofluid possess slightly better thermal capacity at higher temperature. 

 

2.6.5 Measurement of thermal diffusivity 

While the determination and prediction of the effective thermal conductivity of nanofluids have 

attracted much attention in recent years, very little work has been performed on the thermal 

diffusivity of nanofluids, which is especially important in convective heat transfer applications. 

Xuan and Roetzel [117] discussed the effective thermal diffusivity tensor for flowing fluids under 

both laminar and turbulent flow conditions. However, neither experimental nor theoretical result for 

the effective thermal diffusivity of nanofluids was provided in their paper. Wang et al. [118] 

measured the thermal conductivity and specific heat of some nanofluids and thereby calculated 

their effective thermal diffusivity. Their calculated results were also found to fluctuate severely 

with volume fraction.  

 

Murshed et al. [119] studied the effective thermal diffusivity of several types of nanofluids at 

different volume percentages (1–5%) of titanium dioxide (TiO2), aluminium oxide (Al2O3) and 

aluminium (Al) nanoparticles in ethylene glycol and engine oil. The thermal diffusivities of these 
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nanofluids measured directly by a novel transient double hot-wire technique were found to increase 

substantially with increased volume fraction of nanoparticles in base fluids. For example, for 

maximum 5% volumetric loading of TiO2 nanoparticles of 15 nm and 10*40 nm in ethylene glycol, 

the maximum increase was observed to be 25% and 29%, respectively. Nanofluids with aluminium 

nanoparticles in ethylene glycol and engine oil showed substantial enhancement of thermal 

diffusivity i.e. maximum 49% and 36%, respectively compared to their base fluids.  

 

2.6.6 Measurement of surface tension 

Studies on surface tension of nanofluids are limited in the literature [120–124]. Golubovic et al. 

[120] showed experimentally that the surface tension of Al2O3–water nanofluid does not change for 

concentrations of nanoparticles considered in their work (0 – 0.01 g/l) and the surface tension is 

approximately equal to surface tension of pure water at T = 24 °C. Xue et al. [121] showed 

insignificant effect of carbon nanotube nanofluid on surface tension compared with pure water. 

Similarly, Kim et al. [122] found that the surface tension of Al2O3–water nanofluids (0.1% volume 

fraction) differed negligibly from those of pure water.  

 

The effect of temperature on the surface tension of nanofluids was studied by Murshed et al. [123]. 

Their experimental results showed that nanofluids having TiO2 nanoparticles of 15 nm diameter in 

deionized water exhibit substantially lower surface tension than those of the base fluid (i.e. 

deionized water). Similarly, Zhu et al. [124] showed that the surface tension of nanofluids was 

highly dependent on the temperature. One can note from the above that as expected temperature 

plays a significant role on the surface tension of nanofluids. 

 

2.6.7 Measurement of convective heat transfer 

The past decade has seen many research activities in the experimental heat transfer characteristics 

of various nanofluids. As there is a considerable enhancement of thermal conductivity, it is 

expected that the convective heat transfer in nanofluids will also be enhanced. A brief summary of 

experiments on convective heat transfer of nanofluids is given in Table 2.7. 

 

2.7 Application of nanofluids 

Experimentally and theoretically nanofluids have been shown to possess improved heat transport 

properties and higher energy efficiency in a variety of thermal exchange systems for different 

industrial applications, such as transportation, electronic cooling, military, nuclear energy, 

aerospace etc. Nanofluid research could lead to a major impact in developing next generation 

coolants for numerous engineering and medical applications. The above applications are stated and 

briefly discussed. 
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Table 2.7: Summary of experiments on convective heat transfer of nanofluids. 

 

Sr.  

No. 
Investigator Geometry Nanofluids Findings 

 Forced convective heat transfer: 

1. 
Lee and Choi 

[125] 
Parallel channels Unspecified 

Reduction in thermal 

resistance by a factor of 2 

2. 
Xuan and Li 

[126] 

Tube (D = 10, 

L = 800 mm) 
Cu/water 

Turbulent, large enhancement 

of heat transfer coefficient                      
  2   1 .     2      3.         

3. 
Wen and Ding 

[127] 

Tube (D = 4.5,      

L = 970 mm) 

Al2O3/water 

(27-56 nm) 

Laminar, enhancement 

increases with Reynolds No. 

& particle concentration 

4. 
Chien et al. 

[128] 

Disk-shaped heat 

pipe  (D = 9, 

H = 2 mm) 

Au/water 

(17 nm) 

Significant reduction of 

thermal resistance 

5. Tsai et al.[129] 

Heat pipe 

(D = 6,               

L = 170 mm) 

Au/water 

(2-35, 15-75 

nm) 

High potential to take place 

conventional fluids in heat 

pipe applications 

6. Ding et al. [130] 

Tube 

(D = 4.5,             

L = 970 mm) 

CNT/water 

Significant enhancement of 

convective heat transfer, 

which depends on the flow 

condition, CNT concentration 

& pH level. 

7. 
Pak and Cho 

[69] 
Tube 

Al2O3 

(13 nm), 

TiO2 

(27 nm)/water 

h with   = 0.03 vol% was 

12% lower than that of pure 

water for a given average fluid 

velocity. 

8. Yang et al.  [72] 
Tube (D = 4.57, 

L = 457 mm) 

Graphite 

Nanofluid 

The enhancement of h is 

lower than the increase of the 

effective thermal conductivity. 

9. Heris et al. [131] 

Annular tube (Din 

=11 mm, Dout = 

32 mm, L = 1 m) 

Al2O3 (20 nm), 

CuO (50-60 

nm) /water 

Enhancement of h with   and 

Pe. Al2O3 showed more 

enhancement than CuO 

 Natural convective heat transfer: 

1. Putra et al. [132] 
Horizontal 

Cylinder 

CuO (87.3nm), 

Al2O3(11.2nm) 

/water 

A systematic and significant 

deterioration in natural 

convection heat transfer 

2. 
Wen and Ding 

[133] 

Two horizontal 

discs  (H = 10, 

D = 240 mm) 

TiO2/water 

(30-40 nm) 

Deterioration increases with 

particle concentrations 

 

2.7.1 Heat transportation 

The mixture of ethylene glycol and water is almost a universally used vehicle coolant due to its 

lowered freezing point as well as its elevated boiling point. The thermal conductivity of ethylene 

glycol is relatively low compared to that of water, while the engine oils are much worse heat 

transfer fluids than ethylene glycol in thermal transport performance. The addition of nanoparticles 
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and nanotubes to these coolants and lubricants to form nanofluids can increase their thermal 

conductivity, and give the potential to improve the heat exchange rates and fuel efficiency. The 

above improvements can be used to reduce the size of the cooling systems or remove the heat from 

the vehicle engine exhaust in the same cooling system.  

 

Tzeng et al. [135] have conducted research to study the effects of nanofluids in the cooling of 

automatic transmission. They dispersed CuO & Al2O3 nanoparticles and antifoam agents in the 

transmission fluid, and then, the transmission fluid was used in real time four wheel automatic 

transmissions. The results show that CuO nanofluids have the lowest temperature distribution at 

both high and low rotating speed and accordingly the best heat transfer effect. 

 

2.7.2 Electronics cooling 

The power dissipation of IC (Integrated Circuits) and microelectronic components has dramatically 

increased due to their size reduction. Better thermal management and cooling fluids with improved 

thermal transport properties are needed for safe operation. Nanofluids have been considered as 

working fluids in heat pipes for electronic cooling application.  

 

Tsai et al. [136] were probably the first to show experimentally that the thermal performance of the 

heat pipe can be enhanced when nanofluids are used. Gold nanoparticles with a particle size of 

17nm dispersed in water were used as a working fluid in a disk shaped miniature heat pipe. The 

result shows that the thermal resistance of the disk shaped miniature heat pipe is reduced by nearly 

40% when nanofluids are used instead of de-ionized (DI) water.  

 

Kang et al. [137] measured the temperature distribution and thermal resistance of a conventional 

grooved circular heat pipe with water based nanofluids containing 1 to 50 ppm of 35nm silver 

nanoparticles. The result shows that at the same charge volume, the thermal resistance of the heat 

pipe with nanofluids is reduced by 10% to 80% compared with that of DI water at an input power 

of 30 to 60 W. The results are compared with those of Wei et.al [138]. They show that the 

maximum reduction in the thermal resistance of the heat pipe is 50% for 10nm silver nanoparticles 

and 80% for 35nm silver nanoparticles.  

 

Chein and Huang [134] numerically tested the performance of nanofluids as coolants in silicon 

micro channels. The nanofluids they used were water suspensions of Cu nanoparticles at various 

particle loadings. They found that the performance of the micro channel heat sink was greatly 

improved due to the increased thermal conductivity and thermal dispersion effects, as well as that 

the presence of the nanoparticles in water did not cause much pressure drop due to the small 

volume fraction of the solid particles.  
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Ma et al. [139] were the first to develop an ultrahigh performance chip cooling device called the 

nanofluid oscillating heat pipe. The conventional heat pipe with an oscillating motion generated by 

the variable frequency shaker dramatically increased the heat removal rate in capillary tubes. 

However, the use of the mechanically driven shaker limits these applications to chip cooling in 

practice. 

 

2.7.3 Military applications 

Military hardware both mechanical and electrical devices dissipates a large amount of heat and 

consequently requires high heat flux cooling fluids having sufficient cooling capacity. Nanofluids 

have the capability to provide the required cooling capacity in such applications, as well as in other 

military applications, including submarines and high power laser. 

 

2.7.4 Medical application 

Nanofluids are now being developed for medical applications, including cancer therapy. Iron based 

nanoparticles can be used as delivery vehicle for drugs or radiation without damaging the 

neighbouring healthy tissues by guiding the particles up the blood stream to the tumor locations 

with magnets. Nanofluids could be used to produce higher temperatures around tumors, to kill 

cancerous cells without affecting the nearby healthy cells [140]. Nanofluids could also be used for 

safer surgery by cooling around the surgical region, thereby enhancing the patient’s health and 

reducing the risk of organ damage. 

 

2.8 Conclusions 

This chapter presents an overview of the recent developments in the study on heat transfer using 

nanofluids. Many important, complex and interesting phenomena involving nanofluids have been 

reported in literature. Researchers investigate have given much attention on the thermal 

conductivity rather than heat transfer characteristics. The use of nanofluids in a wide range of 

applications appears promising, but the development of the field faces several challenges: 1). The 

lack of agreement between experimental results from different groups; 2). The often poor 

performance of suspension; and 3). Lack of theoretical understanding of the mechanisms. Further 

theoretical and experimental research investigations are needed to understand the heat transfer 

characteristics of nanofluids and identify new and unique applications of these fields.  
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Gaps identified from the literature survey 

Very few have found thermal conductivity of fluid mixture and compare their values at different 

temperatures. Limited work has been reported on the density of nanofluids at different 

temperatures. No work has been reported in Viscosity measurement by Ubbelohde viscometer at 

different temperatures.  

 

Therefore, the aim of present work is to study the: 

1. The thermal conductivity of distilled water (DW), ethylene glycol (EG) and fluid mixture 

distilled water and ethylene glycol based nanofluids and its variation with temperature. 

2. The density and viscosity of distilled water (DW), ethylene glycol (EG) and fluid mixture 

distilled water and ethylene glycol based nanofluids and its variation with temperature. 

3. The particle size distribution of various concentrations of nanofluids. 
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Chapter – 3 

Experimentation and methodology 

 

3.1 Introduction 

The present work aims to prepare nanofluids with alumina (Al2O3) nanoparticles with distilled 

water and ethylene glycol as base fluid for improving the heat transfer characteristics of the fluid. 

These analyses are performed by measuring the thermo physical properties like thermal 

conductivity, viscosity and density at different temperatures for different volume concentrations of 

nanofluids. 

 

In this chapter, the method adopted for preparation of nanofluids and various set up with their 

actual photographs and the methodology adopted for the measurement of thermal conductivity, 

viscosity and density of nanofluids at different temperatures is discussed. Firstly, for the synthesis 

of nanofluids, ultra sonicator is used. To measure the thermal conductivity, KD2 pro thermal 

property analyzer is used, for viscosity Ubbelohde viscometer is used and for density Pycnometer is 

used. These instruments, their working principle and their use are discussed in detail. 

 

3.2 Synthesis of nanofluids 

The present work aims at to prepare nanofluids with alumina (Al2O3) nanoparticles and distilled 

water and ethylene glycol as base fluids. Work is to be done on 4 different volume fractions i.e. 

0.1%, 0.25%, 0.50% and 1.0%. First, material required and then the methodology for the 

preparation of nanofluids is discussed.  

 

3.2.1 Materials required for preparing nanofluids 

 Al2O3 nanoparticles ( particle size –  40-50 nm) 

 Ethylene Glycol 

 Distilled water 

 

3.2.1.1 Background of alumina (Al2O3) 

Aluminium oxide (Al2O3) commonly referred to as alumina, white crystalline powder that is found 

as balls or lumps of various mesh sizes, possesses strong ionic interatomic bonding giving rise to its 

desirable material characteristics. Alumina is most cost effective and one of the most versatile of 

refractory ceramic oxides. The raw materials from which this high performance technical grade 

ceramic is made are readily available and reasonably priced, resulting in good value for the cost in 

fabricated alumina shapes. With an excellent combination of properties and an attractive price, it is 

no surprise that fine grain technical grade alumina has a very wide range of applications like gas 

laser tubes, wear pads, seal rings, high temperature and high voltage electrical insulators etc. The 

thermophysical properties [1] for different purity grades of alumina are given in Table 3.1. 
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Table 3.1: Thermophysical properties for different purity grades of alumina 

 

Sr. 

No. 
Property

*
 

Alumina grade 

86 % 94 % 97.5 % 99.5 % 99.9% 

1. Density, (gm/cm
3
) 3.5 3.7 3.78 3.89 3.9 

2. Thermal conductivity, (W/m-K) 15 20 24 26 28-35 

3. Thermal expansion coefficient, (10
-6  

1/K) 7 7.6 8.1 8.3 8 

4. Specific heat, (J/kg K) 920 900 872 850 830 
*
 All properties are at room temperature unless otherwise noted. 

 

3.2.1.2 Ethylene glycol 

Ethylene glycol is a clear, colourless, odourless liquid with a sweet taste. Its chemical formula is 

C2H4 (OH)2. It is hygroscopic and completely miscible with many polar solvents such as water, 

alcohols, glycol ethers, and acetone. Its solubility is low however, in nonpolar solvents, such as 

benzene, toluene, dichloroethane, and chloroform. 

 

Ethylene glycol water mixtures are the most common antifreeze fluid for standard heating and 

cooling applications. They are common in heat-transfer applications where the temperature in the 

heat transfer fluid can be below 0 °C. Glycol water solutions are also commonly used in heating 

applications that temporarily may not be operated in surroundings with freezing conditions - such 

as cars and machines with water cooled engines [2]. 

 

3.2.2 Methodology for the preparation of nanofluids 

Aluminium oxide (Al2O3) nanoparticles are purchased from M/s. Alpha Aesar, A Jhonson Matthey 

Chemicals India Pvt. Ltd., Hyderabad. The size of nanoparticles is 40-45 nm as it was mentioned 

by the company. Nanofluids are prepared by two step process. The work is done on 4 different 

volume fractions i.e. 0.1%, 0.25%, 0.50% and 1.0%. So, for each volume fraction, the exact amount 

of Al2O3 nanoparticles is to be calculated, to disperse in the base fluids i.e. ethylene glycol and 

distilled water. For thermal conductivity, density and viscosity measurement, at least 50 ml 

nanofluids sample for each volume fraction is needed. The method adopted for calculating the mass 

of nanoparticles is given in annexure – II. 

 

The samples, 12 in nos., are made as per the following composition. 

 By taking distilled water as base fluid and 0.1%, 0.25%, 0.50% and 1.0% volume fraction, 4 

samples are made, (Fig. 3.1). 

 By taking ethylene glycol as base fluid and 0.1%, 0.25%, 0.50% and 1.0% volume fraction, 4 

samples are made, (Fig. 3.2). 

 By taking ethylene glycol (25%) + distilled water (75%) as base fluid and 0.1%, 0.25%, 

0.50% and 1.0% volume fraction, 4 samples are made, (Fig. 3.3) 
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Fig. 3.1: Alumina and distilled water based nanofluids; (0.1%, 0.25%, 0.50% and 1.0%) 

 

 
 

Fig. 3.2: Alumina and ethylene glycol based nanofluids; (0.1%, 0.25%, 0.50% and 1.0%) 

 

 
 

Fig. 3.3:  Alumina and distilled water (75%) and ethylene glycol (25%) based nanofluids;      

(0.1%, 0.25%, 0.50% and 1.0%) 
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First of all, weigh the exact amount of alumina nanoparticles as per volume fraction calculated 

above with the help of digital weighing balance machine. Then, take 50 ml distilled water in a 

conical flask, and pour the calculated amount of alumina nanoparticles in the flask very gently, 

avoiding the sticking of nanoparticles on the flask wall. Then placed this conical flask on the 

magnetic stirrer and stir it at average speed for at least half an hour for proper mixing.  

 

To make the nanoparticles more stable and remain more dispersed in ethylene glycol, ultra 

sonicator is used. Now pour the nanofluid sample in fluken tube, and put this fluken tube in the 

Ultra sonicator. Then Sonication is done for 4-5 hours before testing any thermo physical property 

of the nanofluids. Repeat the same procedure for each volume fraction and for ethylene glycol as 

base fluid and distilled water (75%) and ethylene glycol (25%) as base fluid.  By doing so, 

nanoparticles become more evenly dispersed in base Fluid. The description of Ultra sonicator is 

given below.  

 

3.2.3 Ultra sonicator 

Sonication is the act of applying sound (usually ultrasound) energy to agitate particles in a sample, 

for various purposes. In the laboratory, it is usually applied using an ultrasonic bath known as a 

sonicator. Sonication can be used to speed dissolution, by breaking intermolecular interactions. 

Sonication is commonly used in nanotechnology for evenly dispersing nanoparticles in liquids.  

 

 

Fig. 3.4(a): Front View of Ultra Sonicator bath 

 

Fig. 3.4(b): Top view of Ultra Sonicator bath 

 

The front view & top view of Ultra sonicator bath are shown, respectively, in Fig. 3.4(a) and Fig. 

3.4(b). In Fig. 3.4(b), it can be clearly seen that nanofluids samples are held in clamps on stands. 

 

3.3 Thermal conductivity measurement 

In this section, thermal conductivity by 2 different methods will be discussed. One is guarded plate 

method and another is by using KD2 pro thermal properties analyzer.  
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3.3.1 Guarded plate method          

The apparatus of thermal conductivity measurement of liquids by guarded plate method is shown in 

Fig. 3.5. This is supplied by Mass International, 93 Preet Nagar, Jagadhri Road, Ambala Cantt, 

133001. 

 

 
 

Fig. 3.5: Actual picture of thermal conductivity of liquid measuring apparatus 

 

 
Fig. 3.6: Line diagram for the “Guarded hot plate” method 

 

Specification: 

1. Hot plate 

             Material = Copper,                Diameter = 170 mm 

2. Cold plate 

            Material = Aluminium,          Diameter = 170 mm 

3. Heater = Nichrome heater 250 Watt 



-46- 

 

A heater heats hot plate and voltage to the heater is varied with the help of variac to conduct the 

experiment on different voltages as well as different heat inputs. Temperatures are measured by 

RTD PT-100 sensors attached at three different places on the hot plate as well as on the cold plate. 

These sensor readings are used as Th and Tc at steady state condition. Heat is supplied by an electric 

heater for which, we have to record the voltmeter reading (V) and ammeter reading (A) after 

attaining the steady state condition. The temperature of the cold surface (of cold plate) is 

maintained by circulating cold water @ 60 lph. The gap between hot plate and cold plate forms the 

liquid cell, in which liquid sample is filled. 

 

Formulae: -                                                                                                                                                             
                                                                                                                                                             
 

Note: All the above data is taken from “Thermal conductivity of liquid (guarded plate method)” ; 

Instruction Manual, supplied by Mass International, 93 Preet Nagar, Jagadhri Road, Ambala Cantt, 

133001 [3]. 

 

Problem incurred 

While calibrating the above apparatus with distilled water, its thermal conductivity is found to be in 

the range of 0.9-0.94 W/m-k; which is not accurate. Because thermal conductivity of distilled water 

at room temperature is 0.613 W/m-k. So, it is decided that the above apparatus is not suitable for 

the thermal conductivity measurement of nanofluids. Therefore, we use KD2 pro thermal properties 

analyzer for thermal conductivity measurement of nanofluids.  

 

Firstly, a detailed description is given for KD2 pro and then it’s working at different temperature is 

discussed. 

 

3.3.2 KD2 pro thermal properties analyzer 

KD2 pro is supplied by Decagon Devices, Inc. 2365 NE Hopkins Ct. Pullman, WA 99163 USA. 

The KD2 Pro is a battery-operated, menu-driven and handheld device used to measure thermal 

properties. It consists of a handheld controller and sensors that can be inserted into the medium you 

wish to measure. The single- needle sensors measure thermal conductivity and resistivity; while the 

dual-needle sensor also measures volumetric specific heat capacity and diffusivity. The KD2 Pro 

has been designed for ease of use and maximum functionality. 

 

 

 



-47- 

 

Specifications: 

Operating environment: 

Controller: 0 to 50 °C 

Sensors: 50 to +150 °C 

Power: 4 AA cells 

Battery Life: At least 500 readings in constant use or 3 years with no use (battery drain in sleep  

mode < 50 uA) 

Case Size: 15.5 cm x 9.5 cm x 3.5 cm 

Display: 3 cm x 6 cm, 128 x 64 pixel graphics LCD 

Keypad: 6 key, sealed membrane 

Data Storage: 4095 measurements in flash memory (both raw and processed data are stored for 

download) 

Interface: 9-pin serial 

Read Modes: Manual and auto read 

 

 
 

Fig. 3.7: KD2 pro thermal properties analyzer with sensors 

 

 
 

Fig. 3.8 KS-1 sensor needle 
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Sensors: The specifications of all the 3 sensors are given below. 

 

1. 60 mm (small) single-needle (KS-1): 

Size: 1.3 mm diameter x 60 mm long 

Range: 0.02 to 2.00 W/(m· K) (thermal conductivity) 

50 to 5000 °C·cm/W (thermal resistivity) 

Accuracy (conductivity): ± 5% from 0.2 - 2 W/(m· K) ±0.01 W/(m· K) from 0.02 - 0.2 W/(m· K) 

Cable length: 0.8  

 

2. 100 mm (large) single-needle (TR-1): 

Size: 2.4 mm diameter x 100 mm long 

Range: 0.10 to 4.00 W/(m· K) (thermal conductivity) 

25 to 1000 °C·cm/W (thermal resistivity) 

Accuracy (conductivity): ±10% from 0.2 - 4 W/(m· K) ±0.02 W/(m· K) from 0.1 - 0.2 W/(m· K) 

Cable length: 0.8 m 

 

3. 30 mm dual-needle (SH-1): 

Size: 1.3 mm diameter x 30 mm long, 6 mm spacing 

Range: 0.02 to 2.00 W /(m· K) (thermal conductivity) 

            50 to 5000 °C·cm/W (thermal resistivity) 

            0.1 to 1 mm
2
/s (diffusivity) 

            0.5 to 4 mJ/(m
3
K) (volumetric specific heat) 

Accuracy: (Conductivity) ± 10% from 0.2 - 2 W/(m· K) ±0.01 W/(m· K) from 0.02 - 0.2 W/(m· K)  

(Diffusivity) ±10% at conductivities above 0.1 W/(m· K) 

                 (Volumetric Specific Heat) ±10% at conductivities above 0.1 W/ (m· K) 

Cable length: 0.8 m 

 

3.3.2.1 Key points for KS-1 sensor 

As in present work, only KS-1 sensor is used. So, some key points for the same can be discussed 

as: 

 

The KD2 pro KS-1 sensor (Fig. 3.8) is specially designed to add a very small amount of heat to the 

sample during measurement and thereby minimize problems with free convection. In high viscosity 

liquids (e.g. oils, glycerine), free convection is generally not an issue. However, in low viscosity 

liquids like water or aqueous solutions, there are several important steps that will aid in accurate 

measurements. 
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 When dealing with low viscosity liquid samples, the duration of the read time should be 

minimized to minimize the amount of heat added to the sample. 

 The default read time for the KS-1 sensor is 1 minute. If you are measuring in low viscosity 

liquids, use this read time. 

 In liquid samples, the KS-1 sensor needle should be oriented vertically during the measurement 

to help prevent free convection. 

 Never use the KS-1 sensor in high power mode in liquids. The sensor must be configured in 

low power mode to prevent free convection. 

 

Note: All the above data and Fig. 3.7 is taken from KD2 pro thermal properties analyzer, 

Operator’s Manual (Version 10), supplied by Decagon Devices, Inc., WA 99163 USA [4]. 

 

3.3.2.2 Principle of measurement 

KD2 Pro has 5% accuracy over the 5 
◦
C to 40 

◦
C temperature range. It consists of a handheld 

microcontroller and sensor needles. The KD2’s sensor needle contains both a heating element and a 

thermistor. The controller module contains a battery, a 16-bit microcontroller/AD converter, and 

power control circuitry. The thermal conductivity measurement assumes several things like: (i) the 

long heat source can be treated as an infinitely long heat source; (ii) the medium is both 

homogeneous and isotropic, and at uniform initial temperature. Although these assumptions are not 

true in the strict sense, they are adequate for accurate thermal properties measurements [5]. 

 

The KS-1 sensor needle can be used for measuring thermal conductivity of fluids in the range of 

0.2–2 W/mk with accuracy of ±5%. Each measurement cycle consists of 90 s. During the first 30 s, 

the instrument will equilibrate which is then followed by heating and cooling of sensor needle for 

30 s each. At the end of the reading, the controller computes the thermal conductivity using the 

change in temperature (∆T)–time data from 

                                                                                                                                                                        
 

Where   is constant heat rate applied to an infinitely long and small ‘‘line” source,     and     are 

the changes in the temperature at times    and    respectively. 

 

NOTE: Experimental results from researchers have shown that the KD2-Pro’ KS-1 sensor can 

make accurate measurements in water and aqueous solutions up to about 50 °C. Above this 

temperature, the viscosity of the water becomes too low and free convection begins to affect the 

measurement. 
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3.3.2.3 Thermal conductivity measurement of nanofluids at different temperatures 

Thermal conductivity of nanofluids measured by KD2 pro thermal properties analyzer at room 

temperature is shown in Fig. 3.9.  

 

 
 

Fig. 3.9: KD2 Pro with nanofluid sample at room temperature 

 

 
 

Fig. 3.10: Water bath used for heating the nanofluid sample 

 

And for different temperature, a water bath (Fig. 3.10) is used. Firstly, the whole process is done 

for base fluids i.e. ethylene glycol, distilled water and distilled water (75%) and ethylene glycol 

(25%), then this process is repeated for all 12 samples of nanofluids. It is found that in the 

laboratory environment water starts boiling above 90°C. Therefore, keep the temperature of water 

in the water bath below it. First of all, put the sample in fluken tube, then placed it in the stand. 

Then with the help of cello tape, put the KD2’s KS-1 sensor needle in the upper part of fluken tube. 

Then placed this whole arrangement in the water bath as shown in Fig. 3.11. And then wait for 

steady state, After this note the readings at different temperatures, starting from the higher first (say 

60 °C), and as the temperature downs with the time, take another readings at lower temperatures up 
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to room temperature (say at 30 °C). Same experiment is repeated for the different volume fractions 

and different base fluids of nanofluids i.e. all the 12 samples at different temperatures. The readings 

are taken from 30 °C to 60 °C. Because above 60 °C, KD2 pro gives large errors. 

 

 
 

Fig. 3.11: KD2 Pro with nanofluid sample in the water bath for measurement at different 

temperature 

 

3.3.2.4 Liquid sample temperature control 

There are several things that should be avoided when measuring thermal properties of heated or 

cooled samples. 

 Do not heat the sample from the bottom (e.g. on a hot plate). The temperature gradient from the 

heating will cause free convection. 

 Do not make measurements in a conventional refrigerator or freezer. Conventional cooling 

devices have very large cyclical temperature cycles which can cause excessive sample 

temperature drift and poor measurements. Vibrations from the compressor will also cause 

forced convection in the sample. 

 Do not measure the thermal properties of the sample while it is in a circulating water bath. The 

vibrations from the water bath pump and from the circulating water will cause forced 

convection in the sample. 

 

 According to several researchers who use the KD2 Pro with liquid samples, the best method for 

controlling temperature of liquid samples is as follows.  

1. Heat or cool the sample (with sensor inserted) in a water bath. 

2. Once the sample temperature has equilibrated to the desired water bath temperature, turn the 

water bath off. 

3. Allow enough time for the water bath to become absolutely still, and make the measurement. 
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3.4 Viscosity measurement 

For the measurement of viscosity of nanofluids, Ubbelohde viscometer as shown in Fig. 3.12 is 

used. As this apparatus is cheap and easily available, but still no one had find viscosity through this 

viscometer. A detailed description and use of Ubbelohde viscometer is explained below as: 

 

3.4.1 Ubbelohde viscometer 

An Ubbelohde type viscometer or suspended-level viscometer is a measuring instrument which 

uses a capillary based method of measuring viscosity. The advantage of this instrument is that the 

values obtained are independent of the total volume. The device was invented by the German 

chemist Leo Ubbelohde (1877-1964). 

 

The Ubbelohde viscometer is closely related to the Ostwald viscometer. Both are u-shaped pieces 

of glassware with a reservoir on one side and a measuring bulb with a capillary on the other. A 

liquid is introduced into the reservoir then sucked through the capillary and measuring bulb. The 

liquid is allowed to travel back through the measuring bulb and the time it takes for the liquid to 

pass through two calibrated marks is a measure for viscosity. The Ubbelohde device has a third arm 

extending from the end of the capillary and open to the atmosphere. In this way the pressure head 

only depends on a fixed height and no longer on the total volume of liquid. The Ubbelohde 

viscometers are used for the measurement of viscosity of newtonian liquids that are sufficiently 

transparent to enable the meniscus of the liquid to be observed during measurement.  

 

The viscosity of the test liquid is determined by measuring the time it takes for the sample, whose 

volume is defined by two ring-shaped marks to flow laminarly through a capillary under the 

influence of gravity. Hence, the friction within the liquid with high viscosity needs more time to 

pass the distance between the two measuring marks within the capillary tube. In accurate 

measurements these time is mostly measured by stopwatches. 

 

The time taken for a liquid to flow between two marks is a function both of dynamic viscosity and 

density. The relationship between dynamic viscosity and density is called kinematic viscosity and is 

defined as 
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1. Ventilation tube 

2. Capillary tube 

3. Filling tube 

4. Lower reservoir 

5. Suspended level tube 

6. Capillary 

7. Timing bulb 

8. Upper reservoir 

 

       M1 and M2 – measuring marks 

           M – filling marks 

           h – mean driving head  

 

Fig. 3.12: Ubbelohde viscometer 

  

The Ubbelohde Viscometer therefore, measure kinematic viscosity. The viscosity of nanofluid 

sample can be compared with the one whose viscosity is known (eg. Water) and the viscosity 

calculated in this way. 

 

Thus, the viscosity of the nanofluid may be calculated from 

                                                                                                                                                                
 

Where                                                   = Dynamic Viscosity (Pa-sec) 

                                                              = Density                     (kg/m
3
)                                             

                                                            t = time                              (sec.)      

subscripts    and   represents nanofluid and water respectively. 

 
3.4.1.1  Viscosity measurement by Ubbelohde viscometer at different temperature 

Before doing any measurement, first of all Ubbelohde viscometer is to be filled with potassium 

dichromate solution for at least 12 hours. As potassium dichromate solution is good cleaning agent. 

So, it removes any kind of dust particles in the viscometer. Then, it is cleaned with distilled water, 

and then it is to be dried in Oven at above 120 °C for at least 4-5 hours. So, that no water particles 

left in the capillary of the Ubbelohde viscometer. Now, it is ready to use. 

 

Measurement of viscosity of nanofluid sample by Ubbelohde viscometer at room temperature is 

shown in Fig. 3.13. But for different temperature, we use hot plate as shown in Fig. 3.14.  
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Firstly, the whole process is done for base fluids i.e. ethylene glycol, distilled water and distilled 

water and (75%) and ethylene glycol (25%), then the process is repeated for all 12 samples of 

nanofluids.  

 

First of all, water is filled in a glass beaker and make it insulated with aluminium foil. So that heat 

transfer from the environment can be minimized. Then place this beaker on the hot plate. This will 

work as a hot water bath for the viscometer. Please ensure that the beaker should be fully filled with 

water. Place a thermometer inside this beaker with the help of a clamp and stand. Then with the 

help of another stand put the Ubbelohde viscometer in the beaker and then with the help of a flask, 

pour the nanofluid sample in the reservoir or filling tube.  

 

Now, with the help of a suction pump, suck this nanofluid sample through the capillary tube. And 

when it comes down, then note down the time with the help of stopwatch very precisely between 

two ring-shaped calibrated marks. Repeat this for different temperature and different volume 

fraction of nanofluids. The whole arrangement is shown in Fig. 3.15. The readings are taken from 

30 °C to 90 °C. 

 

 

 
 

Fig. 3.13: Ubbelohde Viscometer with nanofluid sample 
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Fig. 3.14: Hot Plate 

 

 
 

Fig. 3.15: Ubbelohde viscometer with nanofluid sample on the Hot Plate. 

 

  

Fig. 3.16 (a): Pycnometer                              Fig. 3.16 (b): Actual picture of pycnometer 
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3.5 Density measurement 

For the measurement of density of nanofluids, pycnometer as shown in Fig. 3.16 (a) & Fig. 3.16 (b) 

is used. A detailed description and use of pycnometer is explained below as: 

 

3.5.1  Pycnometer 

Pycnometer is also known as specific gravity bottle or relative density bottle. Density determination 

by pycnometer is a very precise method. It uses a working liquid with well-known density, such as 

water. We will use distilled water, for which temperature dependent values of density is known. 

The pycnometer is a glass flask with a close-fitting ground glass stopper with a capillary hole 

through it. This fine hole releases a spare liquid after closing a top-filled pycnometer and allows for 

obtaining a given volume of measured and/or working liquid with a high accuracy. The actual 

picture of pycnometer is shown in Fig. 3.16 (b). 

 

First of all, weigh the empty pycnometer with digital weighing balance machine. Then, fill the 

pycnometer with distilled water. The volume of distilled water that is filling the pycnometer and the 

stopper is                                                                                                                                                                    
 

Where      is experimentally determined weight of water (empty pycnometer weight subtracted). 

 

We repeat the procedure for the liquid with unknown density    and determine its weight    

(measured weight minus weight of empty pycnometer). Volume V obtained in this measurement is 

the same as the volume of water determined from equation 3.5. It follows alternated equation 

                                                                                                                                                                        
 

Combining equations (3.5) and (3.6) 

                                                                                                                                                                       
 

This yields a relation that provides the density of measured liquid 

                                                                                                                                                               
 

3.5.1.1  Density measurement of nanofluid by pycnometer at different temperature 

Before doing any measurement, first of all, pycnometer is to be filled with potassium dichromate 

solution for at least 12 hours. As potassium dichromate solution is good cleaning agent. So, it 

removes any kind of dust particles in the pycnometer. Then, it is cleaned with distilled water, and 
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then it is to be dried in Oven at above 120 °C for at least 4-5 hours. So, that no water particles left 

in it. Now, it is ready to use. 

 

Now, First of all, weigh the empty pycnometer with the digital weighing balance machine. Then 

pour the exactly 5 ml sample of nanofluid in the pycnometer by micro pipette. Then weigh the 

pycnometer again. Now this will give the weight of 5 ml sample of nanofluid sample by subtracting 

the empty pycnometer weight from the total weight. Fig. 3.17 shows digital weighing balance 

machine with nanofluid sample. So, density of this 5 ml sample can be found by the following 

equation:                                                                                                                           

                                                                       

 
 

Fig. 3.17: Digital weighing balance machine with pycnometer filled with nanofluid sample 

 

The above procedure is for density measurement by pycnometer at room temperature. But for 

different temperature, we use hot plate as shown in Fig. 3.14. Firstly, the whole process is done for 

base fluids i.e. ethylene glycol, distilled water and distilled water (75%) and ethylene glycol (25%), 

then the process is repeated for all 12 samples of nanofluids. The readings are taken from 30 °C to 

90 °C. 

 

Now for different temperature density measurement, we take a beaker, and filled the water in it up 

to the height a little less than the height of pycnometer. Put this beaker on the hot plate. This will 

work as a hot water bath for pycnometer. Also with the help of a clamp and stand, put a 

thermometer in the beaker for different temperature measurement. Now very gently put the 

pycnometer filled with nanofluid inside the beaker. And then slowly increase the temperature of hot 

plate. This whole arrangement is shown in Fig. 3.18. Now repeat it, at every temperature and then 

weigh the pycnometer on digital weighing balance machine. And the density of nanofluid sample 

can be found out by equation 3.9.   
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Fig. 3.18: Pycnometer with nanofluid sample in hot water bath.     

 

3.6 Particle size analysis by Brookhaven particle size analyzer 

Particle size analysis is done by Brookhaven particle size analyzer as shown in Fig. 3.19. It works 

on the principle of dynamic light scattering.  A detailed description of the instrument is given as: 

                

 
 

Fig. 3.19:  Brookhaven particle size analyzer 

 

3.6.1  Features at a glance 

 Rapid and accurate particle size distributions 

 Multimodal & unimodal size distribution software 
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 Range < 1 nm to 6 µm 

 Easy to use Windows™ software 

 Customizable reports, SPC charts 

 Ideal for fast, routine sizing applications in research or quality control 

 High power 35 mW diode laser 

 Dynamic light scattering at 90° and 15° 

 Compact bench top unit 

 Optional zeta potential modules available 

 Molecular weight determination 

 

Specifications: 

 

Size Range < 1 nm to 6 µm depending on refractive index, concentration & scattering 

angle 

Precision ± 1% typically 

Sample Type Most colloidal-sized materials, suspended in any clear liquid 

Sample Volume 1 to 3 mL 

Temperature 

Control 
5  °C to 110 °C, ± 0.1 °C, active control. No external circulator required 

Laser 35 mW, solid state, standard 

Scattering Angles 15° & 90° 

Data Presentation Average & width, lognormal fit, and multimodal size distribution standard 

Computer External PC; now Windows 7 compatible 

Power 

Requirements 
100/115/220/240 VAC, 50/60 Hz, 150 Watts 

Dimensions 42.7 x 48.1 x 23.3 cm (HWD) 

Weight 15 kg 

Environmental 

Characteristics 

Temperature 10 °C to 75 °C 

Humidity 0% to 95%, non-condensing  

 

Note: All the above data is taken from [6]. 

 

3.6.2 Principles of operation 

Dynamic light scattering (also known as photon correlation spectroscopy or quasi-elastic light 

scattering) is a technique in physics that can be used to determine the size distribution profile of 

small particles in suspension or polymers in solution. When light hits small particles, the light 

scatters in all directions (Rayleigh scattering) as long as the particles are small compared to the 

wavelength (below 250 nm). If the light source is a laser, and thus is monochromatic and coherent, 
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then one observes a time-dependent fluctuation in the scattering intensity. This fluctuation is due to 

the fact that the small molecules in solutions are undergoing Brownian motion, and so the distance 

between the scatterers in the solution is constantly changing with time.  This random motion is 

modelled by the Stokes-Einstein equation. Below the equation is given in the form most often used 

for particle size analysis. The Stokes-Einstein relation that connects diffusion coefficient measured 

by dynamic light scattering to particle size is given by equation 3.10. The calculations are handled 

by instrument software. 

                                                                                                                                             
 

Where,  

    is the hydrodynamic diameter (this is the goal: particle size!)  

    is the translational diffusion coefficient (this is find by dynamic light scattering)  

    is Boltzmann’s constant (this is known)  

 T is thermodynamic temperature (this is to be controlled)  

 η is dynamic viscosity (this is known)  

Dilute suspensions, on the order of 0.0001 to 1.0% v/v are prepared, using suitable wetting and/or 

dispersing agents. A small ultrasonicator is sometimes useful in breaking up loosely-held 

agglomerates. Two or three ml of suspension is required to make the measurements. Disposable, 

acrylic square cells are used for aqueous and simple alcohol suspensions. Disposable, glass round 

cells with reusable Teflon stoppers are used for aggressive solvent suspensions. Just a few minutes 

are required for the sample and cell to equilibrate with the actively controlled temperature 

environment inside the instrument. 

 

3.6.3 Procedure  

In present work, particle size analysis is done on all 12 samples of nanofluids, mentioned 

previously; the 3 ml sample is put in the square cell, and then put this square cell in the instrument. 

But, the results were not accurate, as the samples were more concentrated. So, this is limitation of 

the instrument. Then the samples are diluted by adding base fluids.  By hit and trial, change the 

concentrations of samples 3-4 times and it is to be seen that if samples are made diluted by 5 times, 

then the results are more acceptable. Therefore, all the samples are diluted by 5 times. Take 0.5 ml 

of nanofluid sample and add 2.5 ml of base fluid. Then, the sonication is done for 5-7 minutes and 

the measurement has been carried out. 
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As 2.5 ml of base fluid is added in each concentration i.e. 0.15, 0.25%, 0.50% and 1.0%. So, all the 

concentrations’ change accordingly, but there is linear variations in all concentrations. Therefore, 

the comparison of particle size in all samples of nanofluids can be easily done. The detailed results 

are discussed in the section 4.5 of the next chapter.   

 

3.6.4 Applications 

Many everyday industrial processes and products involve dispersions. The dispersed phase is often 

in a state of fine subdivision. The technology to produce these dispersions, to ensure that they 

perform according to specifications and to solve problems which may arise in production or use, 

requires knowledge of the particle size. This instrument can handle virtually any type of submicron 

sample suspended in, or dissolved in, a liquid. Some examples are: 

 Polymer latexes 

 Pharmaceutical preparations 

 Oil/Water and Water/Oil emulsions 

 Paints and pigments 

 Inks and toners 

 Cosmetic formulation 

 

3.7 Conclusion 

In this chapter, various instruments like KD2 pro thermal property analyzer, Ubbelohde viscometer, 

pycnometer and Brookhaven particle size analyzer have been discussed. Their principle of 

measurement and working at different temperature are discussed in detail. Also, hot plate and water 

bath, used for maintaining higher temperature are given. Now, in the next chapter, all the results by 

the measurement on these instruments are discussed thoroughly. 
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Chapter – 4 

Results and Discussion 

 

4.1  Introduction 

The thermo-physical properties of nanofluids are evaluated by performing number of experiments 

by using KD2 pro thermal properties analyzer, Ubbelohde viscometer and pycnometer for thermal 

conductivity, viscosity and density, respectively, as mentioned in previous chapter. In this chapter, 

all the results are discussed from these experiments. 

 

4.2  Density measurement 

Density has been measured using pycnometer at a temperature range from 30 °C to 90 °C for all 12 

samples, as mentioned in 3
rd

 chapter.  

 

4.2.1 Distilled water based nanofluids 

The value of weight and density of 5 ml sample of distilled water, 0.1%, 0.25%, 0.50% and 1.0% 

volume fraction of alumina (Al2O3) and distilled water (DW) based nanofluids are respectively 

given in Table 4.1 & Table 4.2.  

 

 Table 4.1: Weight of distilled water and alumina and distilled water based nanofluids (gm.) 

 

Sr. No. Temperature (°C) DW 0.1% 0.25% 0.50% 1.0% 

1. 30 4.975 5.019 5.052 5.101 5.191 

2. 40 4.962 5.010 5.044 5.096 5.186 

3. 50 4.945 5.003 5.039 5.083 5.180 

4. 60 4.921 4.992 5.032 5.069 5.172 

5. 70 4.891 4.980 5.008 5.051 5.168 

6. 80 4.868 4.960 4.975 5.018 5.161 

7. 90 4.837 4.931 4.943 4.992 5.128 

 

Table 4.2: Density of distilled water and alumina and distilled water based nanofluids (kg/m
3
) 

 

Sr. No. Temperature (°C) DW 0.1% 0.25% 0.50% 1.0% 

1. 30 995.0 1003.8 1010.4 1020.2 1038.2 

2. 40 992.4 1002.0 1008.8 1019.2 1037.2 

3. 50 989.0 1000.6 1007.8 1016.6 1036.0 

4. 60 984.2 998.4 1006.4 1013.8 1034.4 

5. 70 978.2 996.0 1001.6 1010.2 1033.6 

6. 80 973.6 992.0 995.0 1003.6 1032.2 

7. 90 967.4 986.2 988.6 998.4 1025.6 

 

The variation of density with temperature is shown by Fig. 4.1. And the generalized polynomial 

equation of density with temperature for distilled water and alumina and distilled water based 

nanofluids is given by equation 4.1 to equation 4.5. 
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Fig 4.1: Variation of density with temperature  
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It can be seen from the Fig 4.1, that at 30 °C, with the increase in the concentration of nanoparticles 

from 0.1% to 1.0%, density of alumina and distilled water based nanofluids increases from 0.9% to 

4.0% (i.e. 0.9% for 0.1% concentration, 1.52% for 0.25% concentration, 2.47% for 0.50% 

concentration and 4.0% for 1.0% concentration) compared to base fluid i.e. distilled water.  

 

And with the increase in temperature, density of alumina and distilled water based nanofluids 

decreases. From 30 °C to 90 °C, density decreases by 1.75% for 0.1% concentration, 2.75% for 

0.25% concentration, 2.13% for 0.50% concentration and 1.21% for 1.0% concentration. 
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4.2.2 Ethylene glycol based nanofluids 

The value of weight and density of 5 ml sample of ethylene glycol, 0.1%, 0.25%, 0.50% and 1.0% 

volume fraction of alumina (Al2O3) and ethylene glycol (EG) based nanofluids are respectively 

given in Table 4.3 & Table 4.4. 

  

Table 4.3: Weight of ethylene glycol and alumina and ethylene glycol based nanofluids (gm.) 

 

Sr. No. Temperature (°C) EG 0.1% 0.25% 0.50% 1.0% 

1. 30 5.549 5.591 5.632 5.717 5.878 

2. 40 5.512 5.585 5.617 5.711 5.862 

3. 50 5.482 5.575 5.602 5.701 5.847 

4. 60 5.441 5.567 5.590 5.689 5.835 

5. 70 5.417 5.548 5.581 5.678 5.822 

6. 80 5.377 5.531 5.568 5.662 5.810 

7. 90 5.337 5.507 5.550 5.647 5.792 

 

Table 4.4: Density of ethylene glycol and alumina and ethylene glycol based nanofluids (kg/m
3
) 

 

Sr. No. Temperature (°C) EG 0.1% 0.25% 0.50% 1.0% 

1. 30 1109.8 1118.2 1126.4 1143.4 1175.6 

2. 40 1102.4 1117.0 1123.4 1142.2 1172.4 

3. 50 1096.4 1115.0 1120.4 1140.2 1169.4 

4. 60 1088.2 1113.4 1118.0 1137.8 1167.0 

5. 70 1083.4 1109.6 1116.2 1135.6 1164.4 

6. 80 1075.4 1106.2 1113.6 1132.4 1162.0 

7. 90 1067.4 1101.4 1110.0 1129.4 1158.4 

 

The variation of density with temperature is shown by Fig. 4.2. And the generalized polynomial 

equation of density with temperature for ethylene glycol and alumina and ethylene glycol based 

nanofluids is given by equation 4.6 to equation 4.10. 
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Fig 4.2: Variation of density with temperature 
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It can be seen from the Fig 4.2, that at 30 °C, with the increase in the concentration of nanoparticles 

from 0.1% to 1.0%, density of alumina and ethylene glycol based nanofluids increases from 0.75% 

to 5.6% (i.e. 0.75% for 0.1% concentration, 1.47% for 0.25% concentration, 2.94% for 0.50% 

concentration and 5.6% for 1.0% concentration) compared to base fluid i.e. ethylene glycol. 

 

And with the increase in temperature, density of alumina and ethylene glycol based nanofluids 

decreases. From 30 °C to 90 °C, density decreases by 1.5% for 0.1% concentration, 1.45% for 

0.25% concentration, 1.22% for 0.50% concentration and 1.46% for 1.0% concentration. 

 

4.2.3 Distilled water and ethylene glycol based nanofluids 

The value of weight and density of 5 ml sample of distilled water (75%) and ethylene glycol (25%), 

0.1%, 0.25%, 0.50% and 1.0% volume fraction of alumina and distilled water (75%) and ethylene 

glycol (25%) based nanofluids are respectively given in Table 4.5 & Table 4.6. 

 

The variation of density with temperature is shown by Fig. 4.3. And the generalized polynomial 

equation of density with temperature for distilled water (75%) and ethylene glycol (25%) and 

alumina and distilled water (75%) and ethylene glycol (25%) based nanofluids is given by equation 

4.11 to equation 4.15. 

 

Table 4.5: Weight of distilled water (75%) and ethylene glycol (25%) and alumina and distilled 

water (75%) and ethylene glycol (25%) based nanofluids (gm.)  

 

Sr. No. Temperature (°C) DW (75%) + EG (25%) 0.1% 0.25% 0.50% 1.0% 

1. 30 5.171 5.211 5.256 5.305 5.389 

2. 40 5.127 5.201 5.249 5.300 5.380 

3. 50 5.108 5.193 5.241 5.291 5.365 

4. 60 5.084 5.184 5.231 5.279 5.349 

5. 70 5.047 5.173 5.219 5.264 5.337 

6. 80 5.011 5.159 5.204 5.252 5.327 

7. 90 4.979 5.138 5.187 5.239 5.308 
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Table 4.6: Density of distilled water (75%) and ethylene glycol (25%) and alumina and 

distilled water (75%) and ethylene glycol (25%) based nanofluids (kg/m
3
) 

 

Sr. No. Temperature (°C) DW (75%) + EG (25%) 0.1% 0.25% 0.50% 1.0% 

1. 30 1034.2 1042.2 1051.2 1061 1077.8 

2. 40 1025.4 1040.2 1049.8 1060.0 1076.0 

3. 50 1021.6 1038.6 1048.2 1058.2 1073.0 

4. 60 1016.8 1036.8 1046.2 1055.8 1069.8 

5. 70 1009.4 1034.6 1043.8 1052.8 1067.4 

6. 80 1002.2 1031.8 1040.8 1050.4 1065.4 

7. 90 995.8 1027.6 1037.4 1047.8 1061.6 
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Fig 4.3: Variation of density with temperature  
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It can be seen from the Fig 4.3,  that at 30 °C, with the increase in the concentration of 

nanoparticles from 0.1% to 1.0%, density of alumina and distilled water (75%) and ethylene glycol 



-67- 

 

(25%) based nanofluids increases from 0.76% to 4.04% (i.e. 0.76% for 0.1% concentration, 1.62% 

for 0.25% concentration, 2.53% for 0.50% concentration and 4.04% for 1.0% concentration) 

compared to base fluid i.e. distilled water (75%) and ethylene glycol (25%). 

 

And with the increase in temperature, density of alumina and distilled water (75%) and ethylene 

glycol (25%) based nanofluids decreases. From 30 °C to 90 °C, density decreases by 1.4% for 0.1% 

concentration, 1.31% for 0.25% concentration, 1.24% for 0.50% concentration and 1.50% for 1.0% 

concentration. 

 

4.3 Viscosity measurement 

Viscosity has been measured using Ubbelohde viscometer at different temperature range from      

30 °C to 90 °C for all 12 samples. In the Ubbelohde viscometer, the viscosity of any sample can be 

compared with the one whose viscosity is known (eg. distilled water) and then the viscosity of that 

sample is find out. In the present work, only the viscosity of distilled water at different temperature 

is taken as standard and not measured. While all other viscosities are experimentally measured, by 

taking distilled water as standard reference fluid by using the following: 

                                                                                                                                                                    
Where   = Dynamic Viscosity (Pa-sec) or (cP)   = Density                      (Kg/m

3
) 

t = time                            (sec.) 

subscripts    and    represents nanofluid and base fluid respectively. 

 

Also in Ubbelohde viscometer, while measuring the time taken by using stopwatch, 3-4 readings 

are taken for high accuracy and then the average of all these readings is taken. Therefore, the 

average time is taken.  

 

4.3.1 Distilled water based nanofluids 

The average time taken to cover the distance between two ring-shaped calibrated marks for the 

distilled water, and 0.1%, 0.25%, 0.50% and 1.0% volume fraction of alumina and distilled water 

based nanofluids is given by Table 4.7. And the viscosities for the same are given by Table 4.8. 

 

The values of viscosity of distilled water at different temperatures are taken as standard for 

calculating the viscosities of all other samples (i.e. 0.1%, 0.25%, 0.50% and 1.0% volume fraction 

of alumina and distilled water based nanofluids). In equation 4.16,       values are taken from 

standard data available, while     and all      values are taken from Table 4.2 for their respective 

temperatures. While all     and     values at different temperatures are taken from Table 4.7. 



-68- 

 

Table 4.7: Average time taken to cover the distance between two calibrated marks (sec.) 

 

Sr. No. Temperature (°C) DW 0.1% 0.25% 0.50% 1.0% 

1. 30 116 120 141 157 178 

2. 40 106 111 125 137 151 

3. 50 92 97 107 118 133 

4. 60 84 89 101 111 120 

5. 70 74 77 85 92 103 

6. 80 69 72 78 87 94 

7. 90 64 68 71 76 84 

 

Table 4.8: Viscosities of distilled water and alumina and distilled water based nanofluids (cP) 

 

Sr. No. Temperature (°C) DW* 0.1% 0.25% 0.50% 1.0% 

1. 30 0.798 0.832 0.984 1.107 1.277 

2. 40 0.653 0.690 0.782 0.866 0.972 

3. 50 0.547 0.583 0.648 0.721 0.828 

4. 60 0.467 0.502 0.574 0.637 0.701 

5. 70 0.404 0.428 0.475 0.518 0.595 

6. 80 0.355 0.377 0.410 0.461 0.513 

7. 90 0.315 0.341 0.357 0.386 0.438 

 

* taken from http://www.EngineeringToolBox.com/Water-Dynamic and kinematic Viscosity/ 

 

The variation of viscosity with temperature is shown by Fig. 4.4. And the generalized polynomial 

equation of viscosity with temperature for distilled water and alumina and distilled water based 

nanofluids is given by equation 4.17 to equation 4.21. 
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Fig 4.4: Variation of viscosity with temperature  
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It can be seen from the Fig 4.4, that at 30 °C, with the increase in the concentration of nanoparticles 

from 0.1% to 1.0%, viscosity of alumina and distilled water based nanofluids increases from 4.09% 

to 60% (i.e. 4.09% for 0.1% concentration, 18% for 0.25% concentration, 27.9% for 0.50% 

concentration and 60% for 1.0% concentration) compared to base fluid i.e. distilled water. 

 

And with the increase in temperature, viscosity of alumina and distilled water based nanofluids 

decreases. From 30 °C to 90 °C, viscosity decreases by 59% for 0.1% concentration, 63.7% for 

0.25% concentration, 65% for 0.50% concentration and 65.7% for 1.0% concentration. 

 

4.3.2 Ethylene Glycol based nanofluids 

The Average time taken to cover the distance between two ring-shaped calibrated marks for the 

distilled water, and 0.1%, 0.25%, 0.50% and 1.0% volume fraction of alumina and ethylene glycol 

based nanofluids is shown by Table 4.9. And the viscosities for the same are given by Table 4.10. 

 

Table 4.9:   Average time taken to cover the distance between two calibrated marks (sec.) 

 

Sr. No. Temperature (°C) EG 0.1% 0.25% 0.50% 1.0% 

1. 30 1874 1998 2202 2442 2932 

2. 40 1526 1629 1865 2138 2539 

3. 50 1152 1278 1512 1778 2112 

4. 60 949 1099 1329 1579 1992 

5. 70 752 838 1038 1436 1666 

6. 80 648 732 920 1242 1432 

7. 90 534 662 835 1054 1303 

 

The values of viscosity of ethylene glycol at different temperatures are calculated by taking 

distilled water as standard reference fluid. While for calculating the viscosities of all other samples 

(0.1%, 0.25%, 0.50% and 1.0% volume fraction of alumina and ethylene glycol based nanofluids), 

the Ethylene glycol is taken as standard reference fluid, as it is the base fluid. And then the 

comparison of base fluid and nanofluids viscosity can be easily done.  
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In equation 4.16,       values are calculated first, and then all      values are calculated. All      

and       values are taken from the Table 4.4 for their respective temperatures. While all     and     values at different temperatures are taken from Table 4.9. 

 

Table 4.10: Viscosities of ethylene glycol and alumina and ethylene glycol based nanofluids (cP) 

 

Sr. No. Temperature (°C) EG 0.1% 0.25% 0.50% 1.0% 

1. 30 14.379 15.612 17.333 19.512 24.087 

2. 40 10.443 11.295 13.006 15.159 18.479 

3. 50 7.593 8.566 10.183 12.187 14.848 

4. 60 5.833 6.911 8.392 10.148 13.131 

5. 70 4.547 5.190 6.466 9.101 10.826 

6. 80 3.682 4.278 5.413 7.432 8.793 

7. 90 2.899 3.709 4.716 6.056 7.681 

 

 

The variation of viscosity with temperature is shown by Fig. 4.5. And the generalized polynomial 

equation of viscosity with temperature for ethylene glycol and alumina and ethylene glycol based 

nanofluids is given by equation 4.22 to equation 4.26. 
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It can be seen from the Fig 4.5, that at 30 °C, with the increase in the concentration of nanoparticles 

from 0.1% to 1.0%, viscosity of alumina and ethylene glycol based nanofluids increases from 

7.89% to 40.30% (i.e. 7.89% for 0.1% concentration, 17.04% for 0.25% concentration, 26.30% for 

0.50% concentration and 40.30% for 1.0% concentration) compared to base fluid i.e. ethylene 

glycol. 

 

And with the increase in temperature, viscosity of alumina and ethylene glycol based nanofluids 

decreases. From 30 °C to 90 °C, viscosity decreases by 76.24% for 0.1% concentration, 72.79% for 

0.25% concentration, 68.96% for 0.50% concentration and 68.10% for 1.0% concentration. 
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Fig 4.5: Variation of viscosity with temperature  

 

4.3.3  Distilled water and ethylene glycol based nanofluids 

The Average time taken to cover the distance between two ring-shaped calibrated marks for the 

distilled water (75%) and ethylene glycol (25%) and 0.1%, 0.25%, 0.50% and 1.0% volume 

fraction of alumina and distilled water (75%) and ethylene glycol (25%) based nanofluids is given 

by Table 4.11. And the viscosities for the same are given by Table 4.12. 

 

Table 4.11: Average time taken to cover the distance between two calibrated marks (sec.) 

 

Sr. No. Temperature (°C) DW (75%) + EG (25%) 0.1% 0.25% 0.50% 1.0% 

1. 30 228 238 246 256 277 

2. 40 201 212 229 242 255 

3. 50 165 169 186 206 236 

4. 60 150 157 169 185 208 

5. 70 128 137 158 176 190 

6. 80 118 125 138 157 177 

7. 90 104 109 119 135 161 

 

The values of viscosity of distilled water (75%) and ethylene glycol (25%) at different temperatures 

are calculated by taking distilled water as standard reference fluid. While for calculating the 

viscosities of all other samples (0.1%, 0.25%, 0.50% and 1.0% volume fraction of alumina and 

distilled water (75%) and ethylene glycol (25%) based nanofluids), the distilled water (75%) and 

ethylene glycol (25%) is taken as standard reference fluid, as it is the base fluid. And then the 

comparison of base fluid and nanofluids viscosity can be easily done.  
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In equation 4.16,       values are calculated first, and then all      values are calculated. All      

and       values are taken from the Table 4.6 for their respective temperatures. While all     and     values at different temperatures are taken from Table 4.11. 

 

Table 4.12: Viscosities of distilled water (75%) and ethylene glycol (25%) and alumina and 

distilled water (75%) and ethylene glycol (25%) based nanofluids (cP) 

 

Sr. No. Temperature (°C) DW (75%) + EG (25%) 0.1% 0.25% 0.50% 1.0% 

1. 30 1.630 1.715 1.787 1.878 2.072 

2. 40 1.279 1.368 1.492 1.592 1.703 

3. 50 1.013 1.055 1.172 1.310 1.522 

4. 60 0.862 0.920 0.999 1.104 1.258 

5. 70 0.721 0.791 0.920 1.034 1.132 

6. 80 0.625 0.682 0.759 0.872 0.997 

7. 90 0.526 0.569 0.627 0.718 0.868 

 

The variation of viscosity with temperature is shown by Fig. 4.6. And the generalized polynomial 

equation of viscosity with temperature for distilled water (75%) and ethylene glycol (25%) and 

alumina and distilled water (75%) and ethylene glycol (25%) nanofluids is given by equation 4.27 

to equation 4.31. 
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Fig 4.6: Variation of viscosity with temperature 
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It can be seen from the Fig 4.6,  that at 30 °C, with the increase in the concentration of 

nanoparticles from 0.1% to 1.0%, viscosity of alumina and distilled water (75%) and ethylene 

glycol (25%) based nanofluids increases from 4.96% to 21.33% (i.e. 4.96% for 0.1% concentration, 

8.78% for 0.25% concentration, 13.21% for 0.50% concentration and 21.33% for 1.0% 

concentration) compared to base fluid i.e. distilled water (75%) and ethylene glycol (25%). 

 

And with the increase in temperature, viscosity of alumina and distilled water (75%) and ethylene 

glycol (25%) based nanofluids decreases. From 30 °C to 90 °C, viscosity decreases by 66.82% for 

0.1% concentration, 64.91% for 0.25% concentration, 61.77% for 0.50% concentration and 58.10% 

for 1.0% concentration. 

 

4.4 Thermal conductivity measurement 

Thermal conductivity of nanofluids can be measured by using KD2 pro thermal property analyzer. 

And KD2’s KS-1 sensor needle is used in present work. The thermal conductivity is measured in 

the range 25 °C (i.e. room temperature) to 60 °C for base fluids i.e. distilled water, ethylene glycol, 

distilled water (75%) and ethylene glycol (25%) and for all 12 samples of nanofluids.  

 

Table 4.13: Thermal conductivity of distilled water 

 

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 24.32 0.609 

2. 28.24 0.619 

3. 31.20 0.624 

4. 35.19 0.630 

5. 37.99 0.632 

6. 40.52 0.633 

7. 45.66 0.637 

8. 49.12 0.642 

9. 53.91 0.648 

10. 57.11 0.653 

 

4.4.1 Distilled water based nanofluids 

The thermal conductivity of distilled water, 0.1%, 0.25%, 0.50% and 1.0% volume fractions of 

alumina and distilled water based nanofluids at different temperatures are given by Table 4.13 to 



-74- 

 

Table 4.17. The variation of thermal conductivity with temperature is shown by Fig. 4.7. And the 

generalized polynomial equation of thermal conductivity with temperature for distilled water and 

alumina and distilled water based nanofluids is respectively given by equation 4.32 to equation 

4.36. 

 

Table 4.14: Thermal conductivity of 0.1 % alumina and distilled water based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 25.16 0.613 

2. 27.12 0.621 

3. 32.18 0.627 

4. 36.59 0.634 

5. 39.50 0.635 

6. 42.56 0.640 

7. 46.21 0.645 

8. 50.92 0.651 

9. 53.16 0.654 

10. 58.02 0.659 

 

Table 4.15: Thermal conductivity of 0.25 % alumina and distilled water based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 24.18 0.622 

2. 27.56 0.632 

3. 30.29 0.637 

4. 34.56 0.643 

5. 37.57 0.653 

6. 39.87 0.663 

7. 44.21 0.676 

8. 47.56 0.685 

9. 50.29 0.697 

10. 55.67 0.703 

 

Table 4.16: Thermal conductivity of 0.50 % alumina and distilled water based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 26.12 0.629 

2. 30.46 0.635 

3. 34.48 0.652 

4. 36.24 0.663 

5. 39.56 0.679 

6. 42.18 0.686 

7. 45.69 0.693 

8. 49.27 0.699 

9. 53.49 0.707 

10. 57.21 0.712 
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Table 4.17: Thermal conductivity of 1.0% alumina and distilled water based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 25.51 0.641 

2. 29.46 0.650 

3. 32.03 0.657 

4. 35.05 0.670 

5. 38.67 0.683 

6. 43.79 0.699 

7. 46.89 0.705 

8. 49.17 0.711 

9. 54.49 0.718 

10. 56.21 0.722 
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Fig 4.7: Variation of thermal conductivity with temperature  
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It can be seen from the Fig 4.7, that at ambient temperature, with the increase in the concentration 

of nanoparticles from 0.1% to 1.0%, thermal conductivity of alumina and distilled water based 

nanofluids increases from 0.65% to 5.0% (i.e. 0.65% for 0.1% concentration, 2.1% for 0.25% 

concentration, 3.27% for 0.50% concentration and 5.0% for 1.0% concentration) compared to base 

fluid i.e. distilled water. 

 

And with the increase in temperature, thermal conductivity of alumina and distilled water based 

nanofluids increases. From 25 °C to 60 °C, thermal conductivity increases by 6.27% for 0.1% 

concentration, 10.76% for 0.25% concentration, 11.03% for 0.50% concentration and 10.72% for 

1.0% concentration. 

 

4.4.2 Ethylene glycol based nanofluids 

The thermal conductivity of ethylene glycol, 0.1%, 0.25%, 0.50% and 1.0% volume fractions of 

alumina and ethylene glycol based nanofluids at different temperatures are given by Table 4.18 to 

Table 4.22.  

 

Table 4.18: Thermal conductivity of ethylene glycol 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 24.96 0.250 

2. 29.21 0.252 

3. 34.69 0.255 

4. 37.12 0.256 

5. 40.02 0.257 

6. 44.12 0.260 

7. 47.22 0.261 

8. 51.12 0.262 

9. 53.21 0.263 

10. 57.27 0.265 

 

Table 4.19: Thermal conductivity of 0.1% alumina and ethylene glycol based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 25.67 0.251 

2. 28.27 0.252 

3. 32.17 0.255 

4. 36.93 0.256 

5. 41.09 0.259 

6. 45.19 0.262 

7. 48.29 0.264 

8. 51.67 0.264 

9. 54.27 0.265 

10. 58.29 0.267 
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Table 4.20: Thermal conductivity of 0.25% alumina and ethylene glycol based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 26.72 0.253 

2. 31.27 0.256 

3. 35.16 0.261 

4. 38.72 0.263 

5. 41.63 0.265 

6. 45.73 0.267 

7. 49.63 0.269 

8. 52.14 0.273 

9. 55.24 0.274 

10. 57.19 0.278 

 

Table 4.21: Thermal conductivity of 0.50% alumina and ethylene glycol based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 25.94 0.259 

2. 28.27 0.262 

3. 32.88 0.266 

4. 36.54 0.271 

5. 39.05 0.277 

6. 43.15 0.279 

7. 48.21 0.285 

8. 52.21 0.287 

9. 55.41 0.288 

10. 58.49 0.290 

 

Table 4.22: Thermal conductivity of 1.0% alumina and ethylene glycol based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 24.69 0.268 

2. 27.56 0.273 

3. 30.16 0.276 

4. 35.67 0.283 

5. 39.62 0.286 

6. 43.72 0.287 

7. 47.16 0.290 

8. 49.26 0.293 

9. 53.36 0.295 

10. 57.49 0.299 

 

 

The variation of thermal conductivity with temperature is shown by Fig. 4.8. And the generalized 

polynomial equation of thermal conductivity with temperature for ethylene glycol and alumina and 

ethylene glycol based nanofluids is respectively given by equation 4.37 to equation 4.41. 
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Fig 4.8: Variation of thermal conductivity with temperature  

 

It can be seen from the Fig 4.8, that at ambient temperature, with the increase in the concentration 

of nanoparticles from 0.1% to 1.0%, thermal conductivity of alumina and ethylene glycol based 

nanofluids increases from 0.40% to 6.71% (i.e. 0.40% for 0.1% concentration, 1.19% for 0.25% 

concentration, 3.47% for 0.50% concentration and 6.72% for 1.0% concentration) compared to base 

fluid i.e. ethylene glycol. 

 

And with the increase in temperature, thermal conductivity of alumina and ethylene glycol based 

nanofluids increases. From 25 °C to 60 °C, thermal conductivity increases by 6.0% for 0.1% 

concentration, 9.0% for 0.25% concentration, 10.69% for 0.50% concentration and 10.36% for 

1.0% concentration. 

 

4.4.3  Distilled water and ethylene glycol based nanofluids 

The thermal conductivity of distilled water (75%) and ethylene glycol (25%), 0.1%, 0.25%, 0.50% 

and 1.0% volume fractions of alumina and distilled water (75%) and ethylene glycol (25%) based 
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nanofluids at different temperatures is given by Table 4.23 to Table 4.27. The variation of thermal 

conductivity with temperature is shown by Fig. 4.9. And the generalized polynomial equation of 

thermal conductivity with temperature for distilled water (75%) and ethylene glycol (25%) and 

alumina and distilled water (75%) and ethylene glycol (25%) based nanofluids is respectively given 

by equation 4.42 to equation 4.46. 

 

Table 4.23: Thermal conductivity of distilled water (75%) and ethylene glycol (25%)                                  

  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 25.69 0.485 

2. 28.10 0.487 

3. 31.16 0.490 

4. 35.19 0.491 

5. 38.62 0.492 

6. 42.01 0.495 

7. 45.11 0.496 

8. 49.21 0.498 

9. 55.14 0.500 

10. 59.24 0.501 

 

Table 4.24: Thermal conductivity of 0.1% alumina and distilled water (75%) and ethylene glycol 

(25%) based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 25.64 0.487 

2. 29.18 0.489 

3. 32.05 0.492 

4. 34.06 0.494 

5. 37.16 0.497 

6. 41.18 0.501 

7. 46.17 0.505 

8. 50.18 0.511 

9. 56.28 0.521 

10. 59.11 0.525 

 

Table 4.25:  Thermal conductivity of 0.25% alumina and distilled water (75%) and ethylene glycol 

(25%) based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 25.11 0.489 

2. 29.13 0.493 

3. 33.06 0.497 

4. 36.62 0.502 

5. 38.19 0.509 

6. 42.69 0.514 

7. 46.18 0.520 

8. 51.27 0.529 

9. 56.16 0.535 

10. 58.26 0.537 
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Table 4.26:  Thermal conductivity of 0.50% alumina and distilled water (75%) and ethylene 

glycol   (25%) based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 25.29 0.495 

2. 28.16 0.499 

3. 31.78 0.505 

4. 35.86 0.512 

5. 39.68 0.519 

6. 43.17 0.527 

7. 47.19 0.534 

8. 51.21 0.542 

9. 55.17 0.556 

10. 57.11 0.562 

 

Table 4.27: Thermal conductivity of 1.0% alumina and distilled water (75%) and ethylene glycol 

(25%) based nanofluid 

                                  

Sr. No. Temperature (°C) Thermal conductivity (W/m-K) 

1. 25.13 0.504 

2. 28.24 0.510 

3. 33.29 0.514 

4. 37.19 0.524 

5. 40.29 0.531 

6. 44.13 0.539 

7. 48.23 0.548 

8. 52.11 0.559 

9. 57.21 0.566 

10. 58.27 0.572 
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Fig 4.9: Variation of thermal conductivity with temperature  
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It can be seen from the Fig 4.9, that at ambient temperature, with the increase in the concentration 

of nanoparticles from 0.1% to 1.0%, thermal conductivity of alumina and distilled water (75%) and 

ethylene glycol (25%) based nanofluids increases from 0.42% to 3.76% (i.e. 0.42% for 0.1% 

concentration, 0.82% for 0.25% concentration, 2.02% for 0.50% concentration and 3.76% for 1.0% 

concentration) compared to base fluid i.e. alumina and distilled water (75%) and ethylene glycol 

(25%). 

 

And with the increase in temperature, thermal conductivity of alumina and distilled water (75%) 

and ethylene glycol (25%) based nanofluids increases. From 25 °C to 60 °C, thermal conductivity 

increases by 7.24% for 0.1% concentration, 8.94% for 0.25% concentration, 11.92% for 0.50% 

concentration and 11.88% for 1.0% concentration. 

 

Important Note: 

Fig. 4.7 to Fig. 4.9 demonstrates that the experimental values of thermal conductivity of different 

nanofluids increases significantly with the fluid temperature. This is because the high fluid 

temperature intensifies the Brownian motion of nanoparticles and also decreases the viscosity of 

base fluid. With an intensified Brownian motion, the contribution of microconvection in heat 

transport increases which results in increased enhancement of the thermal conductivity of 

nanofluids. 

 

4.5 Particle Size Analysis 

The determination of the agglomerate size distribution is of primary importance for proper 

interpretation of the thermal transport data. Dynamic light scattering (DLS) is a powerful and well-

established technique that can be used to determine the size distribution of small particles in 

solution. This is done by analyzing temporal correlation of the intensity scattered by thermal 

fluctuations of the particles in solution i.e. Brownian motion. 
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The study is on 2 parameters, one is scattering intensity also called volume distribution and other is 

particle size. Means how much percentage of nanoparticles lies in which range. Therefore, The 

graphs between scattering intensity (%age) or volume distribution and particle size are made. 

 

Another graph is between concentration and particle size of nanofluids sample. Means, with the 

concentration, how the particle size is getting affected. So, first of all the mean diameter of all the 

concentrations i.e. 0.1%, 0.25%, 0.50% and 1.0% is found from the first graph and then the graph 

between concentrations and particle size has been made. 

 

For plotting this graph between concentration and particle size, the mean diameter value of each 

concentration is required. Therefore, by taking lognormal as a function and doing non linear curve 

fitting, the mean diameter value can be found out for that particular concentration.  

 

Table 4.28: Particle size with scattering intensity for 0.1% alumina and distilled water based 

nanofluids 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 68.9 26 

2. 78.9 44 

3. 86.5 58 

4. 93.0 70 

5. 99.1 80 

6. 104.8 87 

7. 110.4 93 

8. 116.0 97 

9. 121.7 99 

10. 127.6 100 

11. 133.8 99 

12. 140.3 97 

13. 147.4 93 

14. 155.3 87 

15. 164.3 80 

16. 174.9 70 

17. 188.1 58 

18. 206.3 44 

19. 236.4 26 

 

4.5.1 Distilled water based nanofluids 

As discussed previously, all the samples are diluted by 5 times. And 3 ml sample of nanofluid is 

required. Therefore, 0.5 ml sample of alumina and distilled water based nanofluid sample is taken 

in the square cell and 2.5 ml of distilled water is added in it. The variation of particle size with 

scattering intensity for 0.1%, 0.25%, 0.50% and 1.0% volume fractions of alumina and distilled 

water based nanofluids are given by Table 4.28 to Table 4.31. And the graph between particle size 

and scattering intensity for all volume fractions is shown by Fig. 4.10.  
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The mean diameter of all volume fractions of alumina and distilled water based nanofluids is given 

by Table 4.32. And the graph between concentration and mean diameter is shown by Fig. 4.11. 

 

Table 4.29: Particle size with scattering intensity for 0.25% alumina and distilled water based 

nanofluids 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 80.2  26 

2.   91.1  44 

3.   99.3  58 

4.  106.2  70 

5.  112.7  80 

6.  118.7  87 

7.  124.7  93 

8.  130.6  97 

9.  136.5  99 

10.  142.6 100 

11.  149.1  99 

12.  155.8  97 

13.  163.2  93 

14.  171.3  87 

15.  180.6  80 

16.  191.5  70 

17.  204.9  58 

18.  223.3  44 

19.  253.6  26 

 

Table 4.30: Particle size with scattering intensity for 0.50% alumina and distilled water based 

nanofluids 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 59.9 26 

2. 69.4 44 

3. 76.7 58 

4. 82.9 70 

5. 88.8 80 

6. 94.3 87 

7. 99.8 93 

8. 105.3 97 

9. 110.8 99 

10. 116.6 100 

11. 122.7 99 

12. 129.2 97 

13. 136.3 93 

14. 144.1 87 

15. 153.2 80 

16. 163.9 70 

17. 177.3 58 

18. 195.9 44 

19. 226.9 26 
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Table 4.31: Particle size with scattering intensity for 1.0% alumina and distilled water based 

nanofluids 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 33.7 26 

2. 40.8 44 

3. 46.5 58 

4. 51.5 70 

5. 56.3 80 

6. 61.0 87 

7. 65.6 93 

8. 70.4 97 

9. 75.3 99 

10. 80.5 100 

11. 86.0 99 

12. 92.0 97 

13. 98.7 93 

14. 106.2 87 

15. 115.0 80 

16. 125.7 70 

17. 139.3 58 

18. 158.7 44 

19. 192.3 26 
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Fig. 4.10:  Variation of particle size with scattering intensity 

   

Table 4.32: Mean diameter of alumina and distilled water based nanofluids 

Sr. No. Volume fraction Mean diameter (nm) 

1. 0.1% 146.46 

2. 0.25% 160.79 

3. 0.5% 136.86 

4. 1.0% 106.02 
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Fig. 4.11:  Variation of mean diameter with concentration 

 

4.5.2 Ethylene glycol based nanofluids 

Here also 0.5 ml sample of alumina and ethylene glycol based nanofluid sample is taken in the square 

cell and 2.5 ml of ethylene glycol is added in it. The variation of Particle size with scattering intensity 

for 0.1%, 0.25%, 0.50% and 1.0% volume fractions of alumina and ethylene glycol based nanofluids 

are given by Table 4.33 to Table 4.36. And the graph between Particle size and scattering intensity for 

all volume fractions is shown by Fig. 4.12.  

 
Table 4.33: Particle size with scattering intensity for 0.1% alumina and ethylene glycol based 

nanofluid 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 74.9 26 

2. 84.6 44 

3. 91.8 58 

4. 97.9 70 

5. 103.6 80 

6. 108.9 87 

7. 114.1 93 

8. 119.2 97 

9. 124.3 99 

10. 129.7 100 

11. 135.2 99 

12. 141.1 97 

13. 147.4 93 

14. 154.4 87 

15. 162.3 80 

16. 171.7 70 

17. 183.2 58 

18. 198.8 44 

19. 224.4 26 
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Table 4.34: Particle size with scattering intensity for 0.25% alumina and ethylene glycol based 

nanofluid 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 64.0 26 

2. 73.7 44 

3. 81.2 58 

4. 87.6 70 

5. 93.6 80 

6. 99.3 87 

7. 104.8 93 

8. 110.4 97 

9. 116.0 99 

10. 121.9 100 

11. 128.1 99 

12. 134.6 97 

13. 141.7 93 

14. 149.7 87 

15. 158.7 80 

16. 169.5 70 

17. 182.9 58 

18. 201.4 44 

19. 232.2 26 

   

Table 4.35: Particle size with scattering intensity for 0.50% alumina and ethylene glycol based 

nanofluid 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 56.0 26 

2. 65.1 44 

3. 72.1 58 

4. 78.2 70 

5. 83.8 80 

6. 89.2 87 

7. 94.5 93 

8. 99.8 97 

9. 105.2 99 

10. 110.8 100 

11. 116.7 99 

12. 123.0 97 

13. 130.0 93 

14. 137.7 87 

15. 146.5 80 

16. 157.1 70 

17. 170.2 58 

18. 188.5 44 

19. 219.1 26 

 

 



-87- 

 

Table 4.36: Particle size with scattering intensity for 1.0% alumina and ethylene glycol based 

nanofluid 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 32.8 26 

2. 39.6 44 

3. 45.0 58 

4. 49.8 70 

5. 54.3 80 

6. 58.7 87 

7. 63.1 93 

8. 67.5 97 

9. 72.1 99 

10. 77.0 100 

11. 82.2 99 

12. 87.8 97 

13. 94.0 93 

14. 101.0 87 

15. 109.2 80 

16. 119.1 70 

17. 131.7 58 

18. 149.7 44 

19. 180.6 26 
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Fig. 4.12: Variation of particle size with scattering intensity 
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The mean diameter of all volume fractions of alumina and ethylene glycol based nanofluids is 

given by Table 4.37. And the graph between concentration and mean diameter is shown by Fig. 

4.13. 

 

Table 4.37: Mean diameter of alumina and ethylene glycol based nanofluids 

 

Sr. No. Volume fraction Mean diameter (nm) 

1. 0.1% 144.58 

2. 0.25% 141.71 

3. 0.5% 131.10 

4. 1.0% 100.14 
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Fig. 4.13:  Variation of mean diameter with concentration 

 

4.5.3 Distilled water and ethylene glycol based nanofluids 

Here also 0.5 ml sample of alumina and distilled water (75%) and ethylene glycol (25%) based 

nanofluid sample is taken in the square cell and 0.5 ml ethylene glycol with 2.0 ml of distilled 

water is added in it. The variation of particle size with scattering intensity for 0.1%, 0.25%, 0.50% 

and 1.0% volume fractions of alumina and distilled water (75%) and ethylene glycol (25%) based 

nanofluids are given by Table 4.38 to Table 4.41. And the graph between particle size and 

scattering intensity for all volume fractions is shown by Fig. 4.14. The mean diameter of all volume 

fractions of alumina and distilled water (75%) and ethylene glycol (25%) based nanofluids is given 

by Table 4.42. And the graph between concentration and mean diameter is shown by Fig. 4.15. 
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Table 4.38: Particle size with scattering intensity for 0.1% alumina and distilled water (75%) 

and ethylene glycol (25%) based nanofluids 

 

Sr. No. Particle Size (nm) Scattering Intensity (%age) 

1. 510.4 26 

2. 566.7 44 

3. 608.3 58 

4. 643.3 70 

5. 675.2 80 

6. 705.0 87 

7. 733.8 93 

8. 762.2 97 

9. 790.6 99 

10. 819.9 100 

11. 850.2 99 

12. 881.8 97 

13. 916.0 93 

14. 953.4 87 

15. 995.5 80 

16. 1044.9 70 

17. 1105.0 58 

18. 1186.1 44 

19. 1316.8 26 

 

 

Table 4.39: Particle size with scattering intensity for 0.25% alumina and distilled water (75%) and 

ethylene glycol (25%) based nanofluids 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 339.0 26 

2. 381.5 44 

3. 413.3 58 

4. 440.2 70 

5. 464.9 80 

6. 488.1 87 

7. 510.6 93 

8. 533.0 97 

9. 555.5 99 

10. 578.7 100 

11. 602.9 99 

12. 628.3 97 

13. 655.8 93 

14. 686.2 87 

15. 720.4 80 

16. 760.9 70 

17. 810.4 58 

18. 877.8 44 

19. 987.8 26 
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Table 4.40: Particle size with scattering intensity for 0.50% alumina and distilled water (75%) and   

ethylene glycol (25%) based nanofluids 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 189.5 26 

2. 220.2 44 

3. 243.9 58 

4. 264.3 70 

5. 283.3 80 

6. 301.4 87 

7. 319.3 93 

8. 337.2 97 

9. 355.5 99 

10. 374.5 100 

11. 394.6 99 

12. 415.9 97 

13. 439.2 93 

14. 465.2 87 

15. 495.1 80 

16. 530.7 70 

17. 575.1 58 

18. 636.8 44 

19. 740.1 26 

 

 

Table 4.41: Particle size with scattering intensity for 1.0% alumina and distilled water (75%) and 

ethylene glycol (25%) based nanofluids 

 

Sr. No. Particle size (nm) Scattering intensity (%age) 

1. 211.7 26 

2. 244.0 44 

3. 268.6 58 

4. 289.8 70 

5. 309.5 80 

6. 328.2 87 

7. 346.5 93 

8. 364.9 97 

9. 383.5 99 

10. 402.8 100 

11. 423.2 99 

12. 444.7 97 

13. 468.3 93 

14. 494.5 87 

15. 524.3 80 

16. 559.9 70 

17. 604.1 58 

18. 665.1 44 

19. 766.6 26 
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Fig. 4.14: Variation of particle size with scattering intensity 

 

Table 4.42: Mean diameter of alumina and distilled water (75%) and ethylene glycol (25%) based 

nanofluids 

 

Sr. No. Volume fraction Mean diameter (nm) 

1. 0.1% 889.33 

2. 0.25% 641.78 

3. 0.5% 442.99 

4. 1.0% 468.01 
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Fig. 4.15:  Variation of mean diameter with concentration 
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Important Note: 

The lower concentration (or when the dilution is more), particle agglomeration is more as shown in 

Fig. 4.11, Fig. 4.13 and Fig. 4.15. Therefore, a number of particles will acts as a giant particle 

having a large mean diameter. And cluster will form in the nanoparticle fluid suspension i.e. 

nanofluid, which results in larger particle size. Similarly, in higher concentration, particle 

agglomeration is less. Therefore, for higher concentration i.e. 1.0%, mean diameter is less than for 

lower concentration i.e. 0.1%. This is because, in lower concentration, dilution is more than higher 

concentration.  

 

It can be seen from Fig. 4.11, for distilled water based nanofluids, this trend is not followed from 

0.1% to 0.25%. But, from 0.25% to 1.0%, this trend is clearly followed, i.e. for 1.0% concentration; 

mean diameter is less than from 0.25% concentration.  

 

It is observed from Fig. 4.13, for ethylene glycol based nanofluids, this trend is very nicely 

followed from 0.1% to 1.0%. Mean diameter falls sharply, as concentration increases. 

 

It is found from Fig. 4.15, for distilled water (75%) and ethylene glycol (25%) based nanofluids 

based nanofluids, this trend is followed from 0.1% to 0.50%. But, at higher concentration of fluid 

mixture i.e. 1.0%, mean diameter get stabilized. Means, there is no remarkable change in the mean 

diameter. Also, in the fluid mixture distilled water (75%) and ethylene glycol (25%) based 

nanofluids, mean diameter value is very high than distilled water and ethylene glycol based 

nanofluids. It means that particle agglomeration is high in fluid mixture than pure fluid. Also, it 

may be because of dust in the sample. 

 

4.6 Conclusion 

This chapter discussed all the results coming from density, viscosity and thermal conductivity 

measurements. Results vary with the concentration as well as with the temperature. Density and 

viscosity increases with the nanoparticles concentration but they decreases with the temperature. 

Thermal conductivity increases with nanoparticles concentration as well as with the temperature. 

Particle size analysis shows that particle agglomeration is more in lower concentration.  
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Chapter – 5  

Conclusions 

 

This chapter explain the conclusions drawn from the work carried out are as follows: 

 

1. Nanofluids, as a kind of new engineering materials consisting of nanometer sized particles 

and the base fluids, have attracted great attention of investigators for its superior thermal 

properties and many potential applications. 

 

2. Nanofluids are prepared by two-step process i.e. dispersing the nanoparticles into base fluids. 

An ultra sonicator is also used to minimize particle agglomeration to get a uniform dispersion 

and stable suspension. Nanoparticles used are alumina (Al2O3) and the base fluids used are 

distilled water, ethylene glycol and a fluid mixture of distilled water and ethylene glycol. The 

volume fractions used are 0.1%, 0.25%. 0.50% and 1.0%.  

 

3. Density is measured by pycnometer (specific gravity bottle). A hot plate is used for different 

temperatures. Results show that density increases with nanoparticles concentration and 

decreases with temperature. From   0.1 % to 1.0% volume fractions, density increases from 

0.9% to 4.0%, 0.75% to 5.6% and 0.76% to 4.04% for alumina and distilled water, alumina 

and ethylene glycol and alumina and distilled water (75%) and ethylene glycol (25%) based 

nanofluids, respectively. There is 1% to 2% decreases in density from 30 °C to 90 °C. 

 

4. Viscosity is measured by Ubbelohde viscometer. A hot plate is used for different 

temperatures. Results show that viscosity increases with nanoparticles concentration and 

decreases with temperature. From   0.1 % to 1.0% volume fractions, viscosity increases from 

4.09% to 60%, 7.89% to 40.30% and 4.96% to 21.33% for alumina and distilled water, 

alumina and ethylene glycol and Alumina and distilled water (75%) and ethylene glycol 

(25%) based nanofluids respectively. There is a 58% to 76% decrease in viscosity from 30 °C 

to 90 °C. 

 

5. Thermal conductivity is measured by KD2 pro thermal property analyzer. A water bath is 

used for different temperatures. Results show that thermal conductivity increases with 

nanoparticles concentration as well as with temperature. From 0.1 % to 1.0% volume 

fractions, thermal conductivity increases from 0.65% to 5.0%, 0.40% to 6.72% and 0.42% to 

3.76% for alumina and distilled water, alumina and ethylene glycol and alumina and distilled 

water (75%) and ethylene glycol (25%) based nanofluids respectively. There is 6% to 12% 

increase in thermal conductivity from 25 °C to 60 °C. 



-94- 

 

6. Particle size analysis is done by Brookhaven particle size analyzer. Results show that, 

towards lower concentration, particle agglomeration is more. It means for higher 

concentration i.e. 1.0%, mean diameter is lower than for lower concentration i.e. 0.1%. This 

is because, in lower concentration, dilution is more. Therefore, a number of particles will acts 

as a giant particle having a large mean diameter. And cluster will form, resulting in large 

particle size. The variation of mean diameter (nm) with different volume fraction of alumina 

nanoparticles i.e. 0.1%, 0.25%, 0.50% and 1.0% is given in the following table: 

 

Sr. 

No. 

Volume fraction of 

alumina 

nanoparticles, % 

Distilled water 

based nanofluids, 

nm 

Ethylene glycol 

based nanofluids, 

nm 

Distilled water (75%) and 

ethylene glycol (25%) 

based nanofluids, nm 

1. 0.1 146.46  144.58  889.33  

2. 0.25 160.79  141.71  641.78  

3. 0.50 136.86  131.10  442.99  

4. 1.0 106.02  100.14  468.01  
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Future scope of work 

 

1. Few studies have been reported on surface tension of nanofluids with different volume 

fraction of nanoparticles and with different base fluids. So, work can also be done in this area. 

 

2. Large increases in the critical heat flux of boiling heat transfer have been reported within the 

past years, and this phenomenon deserves thorough study.  

 

3. Carbon nanotubes (CNT) have very high thermal conductivity around 3000 W/m-K. 

Therefore, even at very low concentrations of CNT, better results can be obtained. A very few 

study have been reported on thermophysical properties and convective heat transfer of carbon 

nanotubes and distilled water, carbon nanotubes and ethylene glycol based nanofluids having 

different volume fraction ranging from 0.01% to 1.0%. So, work should be done in this area. 
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Annexure – I  

 

Professor Stephen U. S. Choi 

 

 
 

 

 

Stephen U. S. Choi is a professor in the Department of Mechanical and Industrial Engineering at 

the University of Illinois at Chicago. He currently works as a Visiting Fellow at the Korea Institute 

of Energy Research. He joined Argonne National Laboratory in 1983 and has conducted research 

primarily in advanced fluids. His work on advanced fluids culminated in the invention of 

nanofluids. From 1993 to 2006, he led Argonne's nanofluids team as the principal investigator/team 

leader to develop stable nanofluids with high thermal conductivities. Prior to Argonne, he was a 

staff scientist at Lawrence Berkeley Laboratory. He received his doctorate in mechanical 

engineering from the University of California, Berkeley. Recently, Dr. Choi received the University 

of Chicago Distinguished Performance Award for pioneering scientific achievements and 

outstanding leadership in nanofluids research. He has published more than 100 technical papers. 

His current major research interests cover all aspects of nanofluids, including production, 

characterization, experiments in transport properties and single- and two-phase heat transfer, 

modelling, and theory. 
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Annexure-II 

SAMPLE CALCULATIONS 

 

 

 

Mass of nanoparticles for different concentrations: 

 

For 50 ml of sample,                    
                                                                                                                                        
 

                                                                                                                                        
 

(At room temperature,                          ) 

 

So, from equation (3.2), for different volume fractions,            can be found out as: 

 

 

For 0.1% volume fraction,                                               

 

For 0.25% volume fraction,                                                 

 

For 0.50% volume fraction,                                                

 

For 1.0% volume fraction,                                              

 

 

 

 


