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Abstract 

 

Fluids with higher thermal conductivities are necessary for cooling applications 

especially in micro-electronic devices. The low thermal conductivity of conventional heat 

transfer fluids remains a limitation in improving the performance of micro-electronic 

cooling systems. Metallic and metal oxide particles possess significantly higher thermal 

conductivity than those of the conventional heat transfer fluids. Hence it is speculated 

that the addition of such highly conductive particles may enhance the thermal 

conductivity of heat transfer fluids. Advancement in the development of Nano science 

and Nanotechnology in the last decade have attracted the heat transfer engineers to utilize 

nano sized particles for this purpose because of their stability against sedimentation and, 

as a result, reduction in potential for clogging a flow circulating system. Recent 

experimental reports of anomalous enhancements in thermal conductivity above the 

predictions of classical Maxwell theory with low volume fraction of metallic and metallic 

oxide nano-particles have drawn much focus among the heat transfer researchers. This 

has led to numerous experimental and numerical investigations on the thermal 

conductivity of nanofluids suspensions. 

 

Despite numerous efforts, it still remains unclear whether the thermal conductivity 

enhancement in nanofluids is anomalous or within the predictions of classical theories. 

Non reproducibility and lack of agreement among the nanofluids community is due to the 

lack of proper materials synthesis and characterization techniques and inability to form 

suspensions with long term stability.  



To understand the real potential of nanofluids, systematic investigation of the thermal 

conductivity enhancement is carried out with spherical, one-dimensional and two 

dimensional carbon allotropes is carried out in this present research. Single-walled carbon 

nanohorns, single-walled carbon nanotubes and exfoliated graphite nanoplatelets were 

used as the nano inclusions. Stable nanofluids suspensions were created using sodium 

deoxycholate as the surfactant in water and ethylene glycol. The nanofluid suspensions 

were thoroughly characterized using transmission electron microscopy, optical 

absorbance spectroscopy, dynamic light scattering, photoluminescence spectroscopy and 

atomic force microscopy.  

 

Thermal conductivity measurements were carried out using a custom built transient hot-

wire technique for different temperature and loadings of nano inclusions. Thermal 

conductivity enhancement results were analyzed based on effective medium theory 

considering the role of interfacial thermal resistance into account. The experimental 

results reveal that the aspect ratio of the nano inclusion plays a significant role in the 

thermal conductivity improvement owing to its high specific surface area and ability to 

form high heat transport pathways. 

 

Experimental results show that two-dimensional inclusions lead to higher thermal 

conductivity improvement followed by one-dimensional and spherical inclusions. It was 

also found that the thermal conductivity enhancement in ethylene glycol is higher than 

the case of water irrespective of the nature of nano inclusion. Dynamic light scattering 

studies, optical absorbance and atomic force microscopy clearly reveals the nature of 



agglomeration is different in the case of ethylene glycol compared to the case of water. 

This leads to the conclusion that the particle agglomeration has a profound effect in the 

thermal conductivity enhancement of nanofluid suspensions. The experimental results are 

in reasonable agreement with the predictions of effective medium approach which leads 

to the conclusion that the thermal conductivity enhancement in nanofluids is ‘not 

anomalous’ and the classical heat conduction approach holds for well characterized and 

stable suspensions.   

 

In the last part of this work, fine tuning the thermal conductivity enhancement via 

temperature regulation is demonstrated for a phase change alkane by successively 

melting and freezing the alkane with different nano inclusions. Solidification of n-

Octadecane resulted in higher thermal conductivity enhancement in the solid state 

compared to the liquid state irrespective of the dimensionality of the nano inclusion. In 

the solidified state carbon nanotubes outperformed graphite nanoplatelets and carbon 

nanohorns due to their ability to form percolating networks at low loading. It is 

hypothesized that this phase-dependent enhancement is due to the formation of a quasi-

two-dimensional percolating structure, which is formed by the nanotubes during the 

phase transition. The present experimental results will stimulate further theoretical 

research on developing models to explain such behaviour, and will contribute to the 

development of high conductivity thermal energy storage materials for buildings and in 

solar power plants.  
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Chapter 1 

 

Introduction 

 

1.1 Electronics Cooling 

 

Cooling has become one of the major challenges in the generation of micro/nanotechnology. 

In a broad spectrum of fields such as micro and nano electronics, automobiles and 

manufacturing, the performance of the systems are greatly hindered by the absence of 

efficient cooling methods. Micro and nano electronic devices unavoidably produce heat, 

which need to be minimized to prevent the failure of the device. The necessity to reduce the 

chip size and increase the speed and performance of such electronic devices has lead to the 

development of high density multi-chip packaging which has lead to high heat dissipation 

requirements.  

 

The International Technology Roadmap for Semiconductor (ITRS), 2012 report [1] projects 

the performance of the processors to increase from 6.82 GHz in 2012 to 16.18 GHz in 2026. 

The ITRS projection for the performance of single-chip microprocessor is shown in Figure 

1.1. Increasing the processor performance often results in the dissipation of higher power 

density which in turn demands a proper cooling system. However, the lack of a sufficient 

cooling system remains a concern to meet the projected trajectory of ITRS. It is apparent 
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from these predictions that meet the roadmap set by ITRS, more efficient cooling solutions 

are required.  

 

Figure 1.1: ITRS prediction of the performance of single chip microprocessors [1]. 

 
 

The most widely used cooling method adapted to this date for electronics cooling has been 

forced air convection, but this method has a serious limitation due to its inability to meet with 

the increasing level of heat flux due to the necessary increase in size of the metal fin-array 

heat sinks [2]. An alternative to this approach is the utilization of single phase micro-fluidic 

heat sinks [3]. However, this technology also has significant limitation owing to the thermal 
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properties of the cooling fluid.  Conventional heat transfer fluids exhibit poor heat transfer 

performance due to their inherent low thermal conductivities.  

 

1.2 Concept of Nanofluids 

 

Fluids with inclusions of higher thermal conductivity particles are being considered as an 

option to improve the thermal properties of such fluids with a minimal increase in viscosity. 

Many research activities have been carried out in the past to improve the thermal properties 

of these fluids by seeding a small quantity of highly thermally conductive macro/micro sized 

particles in it [4]. However, this has not been very successful because of settling of the solid 

particles due to their large size [4]. Recent developments in the field of nanoscience have led 

to the development of a new class of fluids termed “nanofluids” [5]. Over the past decade, 

nanofluids—colloidal dispersions prepared by uniformly dispersing nanostructures such as 

nanoparticles, nanotubes and nanosheets in conventional heat transfer fluids—have gained 

attraction worldwide because of their superior thermal performance [6-8].  

 

1.3 Enhanced Thermal Conductivity of Nanofluids with Spherical Inclusions 

 

Many research groups experimentally reported a substantial increase in the thermal 

conductivity [7] and the convective heat transfer coefficient [6] of such fluids. The first 

measurements of the thermal conductivity enhancement with ultrafine particles in fluid were 

reported by Masuda et al [9]. They reported thermal conductivity enhancements of SiO2, 

TiO2, and Al2O3 in water at various particle volume fractions. Later, Argonne National 
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Research Laboratory reported an ‘anomalous’ enhancement in the thermal conductivity up to 

40 % at 0.3 vol  % of dispersed copper and copper oxide nanoparticles in ethylene-glycol and 

termed such fluids as “nanofluids” [10]. Patel et al. [11] showed that ultra-low inclusion of 

0.026 vol % of silver nanoparticles in water and toluene, resulted in a thermal conductivity 

enhancement of 5-21 % [8]. The reported enhancements in thermal conductivity were 

considered to be “anomalous” and cannot be predicted by Maxwell’s theory [12]. 

 

Nanofluids consisting of spherical particles have used various metals and metallic oxides. 

These predominantly include copper, copper oxide, aluminum, aluminum oxide, zinc oxide, 

titanium dioxide, gold, silver etc [6-8]. Studies on thermal conductivity enhancement of 

nanofluids for varying particle volume fraction show conflicting results. Very high 

improvement in the thermal conductivity was reported with the inclusion of spherical 

particles by few researchers [10, 11, 13-15] while many research groups failed to observe 

such anomalous improvement [16-20].  

 

Most importantly the dependence of thermal conductivity enhancement as a function of 

temperature reported by Das et al. [21] sparked much interest on the mechanism surrounding 

the thermal conductivity enhancement in nanofluids. Many reports show an increase in 

thermal conductivity with increase in temperature of the base fluid [22-25] while a least/no 

significant effect was shown by few groups [26-28]. There also exist few reports which 

report a reduction in thermal conductivity as a function of temperature [29, 30].The effect of 

temperature on the thermal conductivity enhancement and the mechanism surrounding the 

contradictory results still remains unclear and highly controversial.  
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There are also conflicting reports on the effect of nanoparticle size on thermal conductivity 

enhancement of nanofluids. Few reports show an enhancement with decrease in particle size 

because of the increase in specific surface area as the size of the nanoparticle decreases [13, 

15, 24] whereas few reports show a contradictory behaviour [22]. Many reports show an 

increase in thermal conductivity enhancement with decrease in base fluid conductivity while 

a recent study show the thermal conductivity of base fluid has least effect on the thermal 

conductivity enhancement [20]. Similarly, the role of thermal conductivity of nano material 

also remains unclear. Significant reports show that higher the thermal conductivity of the 

nanomaterial greater is the thermal conductivity enhancement while other reports show that 

the thermal conductivity of nano particles is not necessarily a primary factor for it. Thermal 

conductivity enhancement studies in alumina based nanofluids with particle shapes of 

platelets, blades, cylinders and bricks showed that the enhancement follows the sequence as 

platelets<bricks<cylinders indicating the role of particle shape in the thermal conductivity 

enhancement [31]. A recent benchmark study carried out by 33 research groups found no 

such anomalous improvement happens with spherical nanoparticles but high improvement 

for the inclusion of cylindrical structures [32]. Their results show that the particle 

shape/aspect ratio is an important factor to increase the thermal conductivity of fluids.  The 

influence on thermal conductivity increment caused by seeding the above-mentioned 

spherical particles in different base fluids has been well summarized by several researchers 

[7, 8, 33-35]. 
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1.4 Thermal Conductivity of Carbon Nanotubes 

 

Among nano suspensions, those seeded with cylindrical structures namely carbon nanotubes 

have gained interest recently. The discovery of carbon nanotubes (CNTs) by Iijima in 1991 

[36] spawned a tremendous amount of research, largely due to its remarkable mechanical, 

thermal and electrical properties. Experimental and numerical studies have reported very 

high thermal conductivity for CNTs. Hence, it is natural to expect that the suspensions 

consisting of CNTs would result in higher thermal conductivity increase compared to other 

nanoparticles.  

 

The structure of CNT is shown in Figure 1.2. A carbon nanotube consists of an atomic layer 

of carbon atom which is rolled into the form of a tubular structure. The axis of the CNT can 

form along many different directions (i.e. chiral vectors (n,m)) in the carbon layer, yielding 

CNTs with different chiralities and diameters. Multi-walled carbon nanotubes (MWCNTs) 

include several concentric tubes that can have varying chiralities and diameters. Single 

walled carbon nanotubes usually have armchair (n,n) or zigzag (n,0) and other chiralities 

(n,m). Armchair (n,n) nanotubes are always metallic, while zigzag (n,0) and other (n,m) 

chiralities are semiconducting [37]. Heat conduction in CNTs is always dominated by the 

phonons rather than electrons even in the metallic nanotubes. The phonon conduction in 

CNTs is influenced by several factors such as the number of phonon active modes, boundary 

scattering, the diameter and length of the nanotubes, structural defects and also on the 

presence of impurities [38].   
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Figure 1.2: Structure of CNT (Image Source: Wikipedia) 

 

1.4.1 Experimental Measurements of Thermal Conductivity of CNTs 

 

Table 1.1 summarizes the reported values of thermal conductivity of SWCNTs and 

MWCNTs based on experimental methods. Hone et al. [15] estimated a room temperature 

thermal conductivity of 1750-5800 Wm-1K-1 for single-walled CNTs (SWCNT) based on the 

thermal conductivity measurements of SWCNT mats of tangled nanotube bundles. Kim et al. 

[40] reported a thermal conductivity value of over 3000 Wm-1K-1 for an individual suspended 

MWCNT of 2.5 µm long and 14 nm diameter. They made use of an external heat source and 

passively generated a temperature difference by placing a heat source at one end of the 

nanotube. The heat generated by one resistor was detected using sensors at the other end. Yu 

et al. [41] measured a thermal conductivity of greater than 8000 Wm-1K-1 for SWCNTs of 

diameter 1 nm using the similar measurement technique. Pettes and Shi [42] recently found 

that the thermal conductivity of CNTs decreased with the number of walls but this is also 

correlated to the defect concentration of CNTs with increasing number of walls. The authors 
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also made use of the measurement method reported by kim et al. [40] but applied a sinusoidal 

heating pulse in their measurements. 

 

Table 1.1: Summary of experimental thermal conductivity values reported for 

SWCNTs and MWCNTs 

Reference CNT diameter 

(nm) 

CNT Length 

(µm) 

Thermal 

Conductivity 

(Wm-1K-1) 

Kim et al. [40] 14 2.5 3000 

Yu et al. [41] 1-3 2.6 1800-8000 

Pettes and Shi [42] 1.5-12 2-4 600 - 40 

Fujii et al. [43] 9.8,16.1,28.2 3.7,1.9,3.6 2800,1800,500 

Choi et al. [44,45] 20,42,46 1-1.4 300,650,830 

Wang et al. [46,47] 1.9 0.5,4.9,6.9 2600,3160,3210 

Pop et al. [48] 1.7 2.6 3500 

Li et al [49] 1.8 41 2749 

 

Fujii et al. using a T-type sensor experimentally measured a room temperature thermal 

conductivity of 2069 Wm-1K-1 for an individual multi-walled nanotube (MWCNT) of 9.8 nm 

diameter [43]. Choi et al. [44] used the 2 pad 3ɷ technique and reported a lower thermal 

conductivity value of 300 Wm-1K-1 for an MWCNT of diameter 20 nm and length 1.4 µm at 

room temperature. Choi et al. [45] previously reported a thermal conductivity in the range of 

650 - 830 W m-1 K-1 for MWCNTs of diameter 46 nm and 42 nm respectively using a 4 pad 
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3ɷ technique. Wang et al. [46, 47] reported a thermal conductivity value of 4500 Wm-1K-1 

for a SWCNT of 1.7 nm diameter and 6.9 µm in length using 3 ɷ technique. Besides, they 

also showed that thermal conductivity of the nanotube is length dependent [46]. 

 

 

Figure 1.3: Diameter dependent thermal conductivity of CNTs 
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Pop et al. [48] measured the room temperature thermal conductivity to be around 3500  

Wm-1K-1 for individual SWCNT of 1.7 nm diameter. They also reported that the thermal 

conductivity decreases to 1200 Wm-1K-1 when the temperature increases to 800 K. Pop et al. 

[48] made use of self-heating technique to measure the thermal conductivity of suspended 

nanotube. In this technique, heat is generated by applying a voltage across the CNT which 

results in an electrical heating of the CNT. In this case the temperature distribution is 

deduced from the resulting electrical resistance change. Li et al. [49] reported a novel 

measurement technique using self-heating of CNTs and made the temperature measurements 

using Raman spectroscopy. They reported a thermal conductivity 1810 Wm-1K-1 and 1400 

Wm-1K-1 for SWCNT of diameter 1.8 nm and MWCNT of diameter 8.2 nm respectively. A 

summary of the thermal conductivity of CNTs as a function of CNT diameter is shown in 

Figure 1.3. 

 

1.4.2 Molecular Dynamics Simulations of Thermal Conductivity of CNTs 

 

Another approach to compute the thermal conductivity of CNTs is using molecular dynamics 

(MD) simulations. MD simulations calculate the thermal transport based on the interaction 

potentials between the carbon atoms. In general, there are three ways to compute the thermal 

transport in CNTs using atomistic simulations. They are equilibrium molecular dynamics 

(EMD), Non-Equilibrium Molecular Dynamics (NEMD) and Homogeneous Non-

Equilibrium Molecular Dynamics (HNEMD) respectively. EMD simulations use the Green – 

Kubo formula derived based on the linear response theory [50]. NEMD simulations use the 

Fourier’s conduction law to obtain the thermal conductivity by applying either a fixed 
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temperature gradient or heat flux to the system. HNEMD simulations apply an external field 

to mimic the system without actually imposing a temperature gradient or the heat flux to the 

system [51]. Table 1.2 summarizes the results of thermal conductivity of CNTs obtained 

from many of the molecular dynamics simulations in the literature. 

 

Most of the thermal conductivity of CNTs based on MD simulations reported in the literature 

was performed with the chiral vector (10, 10). Based on HNEMD simulations, Berber et al. 

[52] obtained a thermal conductivity of 6600 Wm-1K-1 for an isolated SWCNT. The results of 

their simulation showed that the thermal conductivity increases with increasing temperature 

and reaches a maximum at 100 K. Above this temperature the thermal conductivity decreases 

to 6600 Wm-1K-1 at room temperature. Periodic boundary conditions along the axis of the 

nanotube are utilized to approximate nanotubes of infinite length in their calculations. 

Similar behaviour was reported by Osman et al. [53] with the thermal conductivity peak at 

400 K. However they reported lower room temperature thermal conductivity of 1700 Wm-1K-

1. Padgett and Brenner [54] and Moreland et al. [55] found much lower thermal conductivity 

values compared to previous results, reporting only 160 Wm-1K-1 and 215 Wm-1K-1 

respectively at room temperature at 300 K. Moreland et al. [55] found that the thermal 

conductivity of the CNT is length dependent. They reported that the thermal conductivity at 

300 K increases from 215 Wm-1K-1 to 831 Wm-1K-1 when the length of the CNT increased 

from 50 nm to 1000 nm.  

 

Maruyama [56] for a finite length of CNT also reported this length–dependence of thermal 

conductivity for SWCNTs up to 400 nm. However, length convergence was not found in 
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either of these studies. Che et al.[57] reported a length-convergent thermal conductivity of 

2980 Wm-1K-1 for a 40 nm long SWCNT at 300 K. Lukes and Zhong [51] also reported a 

length dependent thermal conductivity of up to 375 Wm-1K-1, also for a 40 nm long SWCNT. 

Mingo and Broido [58] solved the linearized Boltzmann-Peierls phonon transport equation to 

predict the thermal conductivity values of SWCNTs. They reported that ballistic transport 

occurs for short SWCNTs, thus length-convergence was not achieved. However, the thermal 

transport becomes diffusive as the length increases, and they report a length-convergent 

thermal conductivity value of 9500 Wm-1K-1 for a 100 nm long (10, 0) CNT at 316 K.  

 

Table 1.2: Summary of Molecular dynamics results of thermal conductivity of SWCNTs  

Reference CNT Chirality CNT Length 

(nm) 

Thermal 

Conductivity 

(Wm-1K-1) 

Berber et al. [52] (10, 10) 2.5 6600 

Osman et al. [53] (10, 10) 30 1700 

Padgett and Brenner 

[54] 

(10, 10) 20-300 160 

Moreland [55] (10, 10) 50-1000 215 

Maruyama [56] (10, 10) 250-400 250-400 

Che at al. [57] (10, 10) 40 2980 

Lukes and Zhong 

[51] 

(10, 10) 40 375 
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The thermal conductivity values obtained by numerical methods span a wide range, and in 

most cases are lower than the experimentally obtained values. One major reason for this 

discrepancy is the choice of CNT area which influences the calculated thermal conductivity 

value. Berber et al. [52] calculated the area based on the assumption that tubes have an inter-

wall separation of about 3.4 Å in nanotube bundles. Maruyama [56] used a ring of van der 

Waals thickness of 3.4 Å, while Che et al. [57] used a ring of 1 Å thickness for the cross-

sectional area. The rest of the simulations calculated the area as a circle with circumference 

defined by the centers of the atoms around the nanotube [51, 53-55]. Variations in the length 

of CNT, boundary conditions, simulation methods (EMD, NEMD, and HNEMD), and 

interatomic potentials also contribute to the range of simulated values.  

 

Berber et al. [52] and Lukes and Zhong [51] utilized periodic boundary conditions along the 

axis of the nanotube to approximate nanotubes of infinite length. Lukes and Zhong [51] 

reported that with periodic boundary conditions, increasing the simulated length of the 

SWCNT increased the predicted thermal conductivity. They suggested that longer nanotubes 

have more vibrational modes which provide new pathways for heat transfer. The phonon 

mean free path in SWNCTs is of the order of few microns [37]. For CNTs of length shorter 

than the phonon mean free path, phonon scattering from free boundaries will be important. 

Hence Lukes and Zhong [51] argued that CNTs modeled with periodic boundary conditions 

have no free boundary which artificially eliminates boundary scattering. This allows the 

possibility of phonon–phonon interactions as the only scattering mechanism which is the 

reason for high thermal conductivity values obtained by this boundary condition.  
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For a finite-length CNT in which the phonons are scattered at the tube ends, it is more 

physically meaningful to use free boundary conditions in the simulations to obtain accurate 

thermal conductivity values. However, in all these MD simulations, the simulated CNT 

length is shorter than the expected phonon mean free path and the conduction is not 

completely diffusive. The thermal conductivity may saturate if the simulation is extended to 

further longer lengths of CNTs.  The simulations discussed above were usually performed 

using isolated (5, 5) or (10, 10) SWCNTs [51-58]. Since the structural details of the 

SWCNTs used for experiments were not clearly stated, it is quite difficult to directly 

compare the thermal conductivity values obtained from simulations. It can be concluded that 

there still exist a significant uncertainty in the thermal conductivity of CNTs, especially for 

the case of SWCNTs. 

 

1.5. Review of Thermal Conductivity Enhancement in CNT Based Nanofluids 

 

From the experimental and simulation results on the thermal conductivity of CNTs, it is 

natural to expect that nanofluids seeded with carbon nanotubes would outperform nanofluids 

seeded with spherical particles due to their high thermal conductivity and large aspect ratio. 

In the past decade, several groups have made use of CNTs for making nanofluids and have 

reported thermal conductivity values of such fluids. The first experimental results on CNT-

based nanofluids were reported by Choi et al. [59] They reported an enhancement of 160 % 

for MWCNTs dispersed in poly alpha olefin oil (PAO), and termed the enhancement 

’anomalous’. The reported results were much higher than theoretical predictions, and also 

found a non-linear relationship with respect to the nanotube loading. The magnitude of 
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enhancement they reported was also very high, and much greater than the earlier reports for 

fluids seeded with nanoparticles. However, the authors of this work failed to describe in 

detail the sample preparation procedure for their experiments.  

 

Following the work by Choi et al. [59] Xie et al. [60] measured the thermal conductivity 

enhancements of water, ethylene glycol and decene seeded with MWCNTs. They 

functionalized the CNTs by acid treatment to make the suspensions stable. Their 

experimental results indicate that the thermal conductivity enhancement increased with 

respect to the CNT volume concentration but decreased with increase in the thermal 

conductivity of the base fluid.  

 

Assael et al. [61] prepared stable MWCNT dispersions in water consisting of 0.1 wt % SDS 

as the surfactant. They reported a maximum thermal conductivity enhancement of 38 % with 

0.6 vol % MWCNT at room temperature. Assael et al. [62] also performed similar 

measurements with MWCNTs in water dispersed using CTAB and nanosphere AQ as the 

surfactants. They found an enhancement of 34 % at 0.6 vol % loading for CTAB dispersed 

MWCNTs. Hwang et al. [63] reported an 11.3 % increase in thermal conductivity of 

MWCNTs in water at 1 vol % loading. Choi et al. [64] reported a 19.4 % increase in thermal 

conductivity of water consisting of 1.14 wt % of SWCNTs. Liu et al. [65] measured the 

thermal conductivity of MWCNTs in ethylene glycol (EG) and synthetic oil. The increase of 

thermal conductivity was 12.4 % for ethylene glycol/MWCNT suspensions at 1 vol % while 

a 30 % increase was seen for synthetic oil/MWCNT suspensions at 2 vol %. Yang et al. [66] 

reported an enhancement of up to 300 % for PAO consisting of only 0.35 vol % of CNTs. 
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Nanda et al. [67] reported an enhancement of 36 % at for SWCNT/EG nanofluids at 1 vol %. 

Cherkasova et al. [68] reported a thermal conductivity enhancement of 7 % at 0.1 vol  % for 

SDBS functionalized MWCNTs. 

 

Wen and Ding [69] reported the temperature-dependent thermal conductivity enhancement of 

SDBS-dispersed MWCNTs in water. They report an approximately linear dependence of 

thermal conductivity enhancement for temperatures below 303 K. The dependence levels-off, 

however, when the temperature becomes higher than 303 K. Ding et al. [70] also reported the 

temperature-dependent enhancement of MWCNTs dispersed using Gum Arabic. Nasiri et al. 

[71] systematically studied the temperature-dependent enhancement of SDS-encapsulated 

and chemically functionalized SWCNTs, DWCNTs and MWCNTs in water. They reported a 

linear increase in thermal conductivity with increase in temperature for SDS-encapsulated 

dispersions. On the other hand, level-off behaviour at temperatures above 313 K was found 

for dispersions consisting of chemically functionalized CNTs. Their experiments showed that 

suspensions consisting of SWCNTs had the highest enhancement of approximately 40 % at a 

loading of 0.25 wt %. From their experiments, they also showed chemically functionalized 

CNTs performed marginally better compared to SDS-encapsulated CNTs. A summary of the 

existing experimental results for CNT nanofluids are also tabulated in Table 1.3. 
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Table 1.3: Summary of thermal conductivity enhancement of CNT nanofluids 

 

Type of 

CNT 

Base 

Fluid 

Preparation 

Technique 

Observations Reference 

MWCNT PAO No information Non-linear enhancement. 

250 % at 1 vol % loading 

Choi et al. 

[59] 

MWCNT Water, 

EG, 

decene 

Chemical 

Functionalization 

20 %, 12 % and 8 % at 1 

vol % loading for Water, 

EG, Decene respectively 

Xie et al. 

[60] 

MWCNT Water SDS 38 % increase at 0.6 vol % 

loading 

Assael et 

al. [61] 

MWCNT Water CTAB 34 % increase at 0.6 vol % 

loading 

Assael et 

al. [62] 

MWCNT Water SDS  11.4 % at 1 vol % loading Hwang et 

al. [63] 

SWCNT Water No information 19.4 % at 1.14 wt % 

loading 

Choi et al. 

[64] 

MWCNT EG, 

Synthetic 

oil 

N-

hydroxysuccinimide  

12.4 % increase at 1 vol % 

for EG. 30 % increase at 2 

vol % for synthetic oil 

Liu et al. 

[65] 

MWCNT PAO Polyisobutene 

succinimide 

300 % at 0.35 vol % 

loading 

Yang et al. 

[66] 
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SWCNT EG Chemical 

Functionalization 

36 % at 1 vol % loading Nanda et 

al. [67] 

MWCNT water SDBS 7 % increase at 0.1 vol % Cherkasov

a et al. [68]

MWCNT Water SDBS Upto 50 % increase.  Wen and 

Ding [69] 

MWCNT Water Gum Arabic Non-linear increase at 

temperature above 300 K. 

Ding et al. 

[70] 

SWCNT, 

DWCNT, 

MWCNT 

Water SDS Non-linear increase with 

respect to temperature. 

 

Nasiri et 

al. [71] 

 

1.6 Mechanism of heat conduction in nanofluids 

 

The reported thermal conductivity enhancements sparked interests among researchers to 

understand the mechanism behind the nanofluids. Keblinski et al. [72] and Eastman et al. 

[73] proposed four possible heat conduction mechanisms. They are: Brownian motion of the 

nanoparticles, molecular level layering of the liquid at the liquid/solid interface, nature of 

heat transport (diffusive or ballistic), and the influence of nanoparticle aggregation. 

Analytical calculations by Keblinski et al. [74] showed that the contribution of Brownian 

motion to heat transport is insignificant because the contribution due to thermal diffusion is 

much higher than the Brownian motion. Tsai et al. [75] performed systematic experiments on 

fluids with different viscosities seeded with Fe3O4 particles. From their experiments, they 
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showed that Brownian motion could play an important factor in the thermal conductivity 

enhancement. In addition to Brownian motion, liquid layering, nature of heat transport, and 

clustering of particles, Lee et al. [76] showed that the particle charge state influences the 

thermal conductivity enhancement.  

 

Recently Gao et al. [77] performed thermal measurements and structural analysis of phase 

reversible materials. From their investigations they showed that particle aggregation is the 

major reason for thermal conductivity improvement. Biercuk et al. [78] also suggested the 

formation of three dimensional percolating networks as the primary reason for the 

conductivity enhancement from their investigation on CNT composites. Wen and Ding [69] 

argued that the formation of ordered nano layer was not possible, especially in the case of 

surfactant-encapsulated CNTs. Due to the large diameter of CNTs they also ruled out the 

possibility of Brownian motion playing a significant role in heat conduction. However, the 

authors were not able to explain the conductivity enhancement at higher temperatures.  

 

To summarize, all studies performed so far have reported a thermal conductivity 

enhancement with respect to the CNT loading. Temperature-dependent enhancement has also 

been reported in some cases. Attempts to interpret these contradictory thermal conductivity 

enhancements with CNT inclusions in the light of existing classical theoretical models 

showed anomalous under-estimate of measured conductivities. Classical models such as 

Maxwell [12], Hamilton-Crosser [79], Hashin-Shtrikman [80] did not take the aspect ratio of 

CNTs into account and often restricted to spherical particles. The data from different groups 

vary to a great extent, making it impossible to obtain a trend line directly from the available 
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data for CNT nanofluids. In general, most of the reports on CNT based nanofluids shows 

anomalous enhancement beyond the predictions of effective medium theory. The possible 

reasons for this discrepancy is that the lack of proper characterization techniques and 

knowledge on the thermal conductivity of the CNT itself. In addition, sample preparation 

techniques, aspect ratio of the CNTs after sonication, and purity level of the material used 

have not been explained in detail by many groups. Moreover there are no general 

mechanisms available to explain the superior thermal performance of nanofluids. Especially 

for nanofluids seeded with CNTs, the mechanism is far more difficult to understand due to 

the surface chemistry involved and the complex structure of the percolating network. The 

above discussion indicates other factors such as surface functionalization, aspect ratio, purity 

level, and straightness factor would significantly impact the thermal conductivity of CNT 

nanofluids.  

 

1.7 Objective of Present Work 

 

The objective of present work is an experimental investigation of the thermal conductivity of 

aqueous and non-aqueous fluids with different carbon nano additives to better understand the 

potential of nanofluids. The goals of the proposed work are as follows: 

 

1) To measure the thermal conductivity increase of carbon based nanofluids in water and 

ethylene glycol using transient hot wire technique with well characterized single 

walled carbon nanotubes. SWCNT based nanofluids in water and ethylene glycol 

were prepared using sodium deoxycholate as the surfactant for this purpose. SWCNT 
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were characterized using transmission electron microscopy, resonance Raman 

spectroscopy, atomic force microscopy, optical absorption spectroscopy, dynamic 

light scattering and photoluminescence excitation spectroscopy.  

 

2) To understand the role of temperature in the thermal conductivity enhancement and 

the associated mechanism behind the nanofluids. For this purpose experiments were 

carried out with fluids of different viscosities. Further to understand the role of 

Brownian motion, freezing experiments are carried out using a phase change material.  

 
 

3) The role of carbon nano filler dimensionality in enhancing the thermal conductivity is 

investigated systematically. Single walled carbon horns and exfoliated graphite 

nanoplatelets are used for this purpose. 

 

4) The experimental results of thermal conductivity enhancement with different carbon 

allotropes were modeled using classical theories. The possible mechanism behind the 

thermal conductivity enhancement, the role of nano filler shape and thermal boundary 

resistance is discussed. 

 

5) Experimental prediction of viscosity of nanofluids with different carbon allotropes to 

probe the feasibility of nanofluids for engineering applications.   
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1.8 Organization of the Thesis 

 

This thesis aims at investigating the thermal conductivity enhancement in aqueous and non-

aqueous suspensions with carbon nanofillers of different dimensionality though the material 

of most interest is single walled carbon nanotubes. The thesis is organized as organized as 

follows.  

 

Chapter 1 introduces the concept of nanofluids and gives a review of literature on thermal 

conductivity of single walled carbon nanotubes and thermal conduction in nanofluids.  

Chapter 2 explains the synthesis of carbon nanotubes and material characterization 

techniques, thermal, electrical and viscosity measurement methods and theoretical models 

used in this research for analyzing the experimental results.  

Chapter 3 reports the thermal conductivity and viscosity measurement results with single 

walled carbon nanotube suspensions. The experimental results are analyzed with the 

theoretical models and the possibility of utilizing SWCNT based nanofluids is discussed in 

this chapter.  

Chapter 4 reports the results on thermal conductivity enhancement with single walled carbon 

nanohorns and exfoliated graphite filler materials.  

Chapter 5 presents the unusual thermal conductivity improvement results in the solid and 

liquid state of phase change alkanes.  

Chapter 6 summarizes the thesis and discussions for future research. 
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Chapter 2 

 

Materials, Experimental Methods and Models 

 

2.1 Synthesis of Single-Walled Carbon Nanotubes from Alcohol 

 

Single walled carbon nanotube (SWCNTs) synthesis was synthesized by the alcohol catalytic 

chemical vapour deposition (ACCVD) technique. This technique employs cobalt and iron bi-

metallic catalysts supported on a zeolite particle (HSZ-390HUA). It utilizes ethanol vapour 

as the carbon feedstock, and the reaction temperature was maintained at 800°C. Amorphous 

carbon impurities and metal particle impurities were dramatically suppressed at the reaction 

temperature of 800°C. The etching effect caused by the decomposed hydroxyl (-OH) radical, 

which removes carbon atoms with dangling bonds during the CVD process was reported as 

the reason for the high purity of the SWCNTs [81]. After CVD synthesis zeolite particles 

were removed by dissolving in sodium hydride solution. 

 

2.2 Transmission Electron Microscopy (TEM) Raman Spectroscopy and 

Thermogravimetric Analysis (TGA) Characterization 

 

The SWCNTs were analyzed using transmission electron microscopy (JEOL, JEM-2000EX) 

and resonance Raman spectroscopy. For TEM imaging, the samples were prepared by 

sonicating in ethanol for 30 minutes, after which 10 µl of the solution was dropped on a TEM 

microgrid and allowed to evaporate. A typical TEM image of the SWCNTs synthesized from 
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ethanol feedstock is shown in Figure 2.1.  The TEM image clearly shows that the SWCNTs 

were devoid of both amorphous carbon and metal nanoparticle impurities. 

 

  

Figure 2.1: TEM image of SWCNTs synthesized from ethanol feedstock. Image captured at 

an acceleration voltage of 120 kV. 

 

Raman spectra of the SWCNTs were acquired using a micro-Raman apparatus with a 50 cm 

single monochromator and a CCD detector (Chromex 501is with Andor DV401-F1). An 

argon ion laser with a wavelength of 488 nm (2.54 eV) and a Helium–Neon laser with a 

wavelength of 633 nm (1.96 eV) were used to obtain the spectra. Raman scattering is an 

inelastic scattering of light which is used to investigate the vibrational and rotational 
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frequencies of atoms. In Raman scattering, an electron is excited from the valence band to 

the conduction band by absorbing a photon. Then the excited electron is scattered by emitting 

(or absorbing) phonons, and gradually reaches the valence band by emitting a photon. During 

this process, the interaction between phonon and electron results in the energy of the laser 

photons being shifted. This shift in photon energy corresponds to the vibrational frequencies 

of the material. A typical spectrum obtained from the SWCNT sample is shown in Figure 

2.2. Two dominant features noticed in RRS are the radial breathing mode (RBM) at low 

frequencies and the tangential multi-feature (G-band) at higher frequencies.  

 

Figure 2.2: Resonance Raman spectra of ACCVD SWCNTs. The G-band, D-band and the 

radial breathing mode (RBM) peaks are shown. An expanded view of the RBM signals with 

an added diameter scale is shown in the inset. 
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RBM peaks seen in the low-frequency region (100–400 cm-1) are unique to SWCNTs and are 

not observed in other carbon allotropes [82]. An interesting feature of the RBM is that the 

RBM frequency (ωRBM) is proportional to the inverse of the nanotube diameter, following the 

equation ωRBM = A/dt + B, where dt (nm) is the diameter of the nanotube, and A (cm-1 nm) 

and B (cm-1) are empirical constants. For the present case, values of 217.8 and 15.7 are used 

for A and B respectively [83]. The expanded RBM signal along with the diameter scale is 

shown in the inset of Figure 2.2. From the inset it can be seen that the sample contains 

SWCNTs with diameters ranging from 0.8-1.6 nm [81]. 

 

The G-band observed at 1592 cm-1 is a characteristic feature of sp2-bonded graphitic carbon 

and corresponds to in-plane vibrations of the carbon atoms. In addition to the G-band and 

RBM, a third feature found near 1350 cm-1 (the D-band) arises from defects in the tube walls 

or from amorphous carbon impurities. The relative intensity of the G-band with respect to the 

D-band (IG/ID) is representative of the crystallinity of the SWCNTs. In the as grown sample, 

a large IG/ID indicates good crystallinity of the SWCNTs.  

 

Thermo Gravimetric Analysis (TGA) is a commonly used technique to determine a 

material’s thermal stability and the fraction of volatile components by continuously 

monitoring the weight change of the material when it is heated. The SWCNTs are placed in a 

platinum cup that is supported on a mass balance located outside the furnace chamber. The 

balance is zeroed, and the SWCNTs are gradually heated at a heating rate of 0.5 °C. The 

TGA curve plots the TGA signal, converted to percent weight change on the Y-axis against 

the reference material temperature on the X-axis. Thermo gravimetric analysis of the 
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SWCNTs shown in Figure 2.3 reveals that the SWCNTs uniformly burnt at a temperature of 

600 °C. Since amorphous carbon decomposes at around 300 °C - 500 °C, which is lower than 

the decomposition temperature of SWCNTs, the TGA result proved absence of amorphous 

carbon impurities. The TEM investigation, the Raman spectra, and the TGA analysis showed 

the absence of structural defects or impurities such as metals or amorphous carbons in the 

ACCVD grown SWCNTs. 

 

Figure 2.3: Thermogravimetric analysis of SWCNTs. Measurement was performed at a 

heating rate of 0.5 °C/min. 
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2.3 Nanofluid Preparation and Characterization 

 

2.3.1 Preparation of SWCNT-Based Nanofluids 

 

An important prerequisite for a nanofluid is the preparation of a stable and homogenous 

suspension. Single-step and two-step synthesis techniques have been commonly adopted to 

prepare nanofluid dispersions. The single-step technique was often used to prepare 

nanofluids seeded with metallic/metal oxide spherical nanoparticles. However, for the case of 

CNTs, single-step synthesis techniques have not yet been achieved. CNT nanofluids are 

usually prepared by two-step methods. In the first step, CNTs (SWCNTs/MWCNTs) are 

synthesized by arc discharge, laser ablation, and chemical vapour deposition. In the second 

step, stable and homogenous suspensions are prepared by dispersing the ‘as grown’ CNTs in 

the required base fluid. 

 

The van der Waals force of attraction between carbon nanotubes makes ‘as grown’ CNTs 

extremely difficult to disperse in polar/non-polar fluids. Furthermore, the forces between 

CNTs are heavily influenced by both chirality and curvature of the surface. According to 

theory, the sidewall in a CNT consists of strained double-bonds, resulting in sp2/sp3 orbital 

hybridization. The strained double bonds would have partial single bond character resulting 

in a partially unsaturated bond. This phenomenon would explain the high force of attraction 

between the outer walls of CNTs. Thus the force of attraction can be more pronounced in 

SWCNTs than for MWCNTs. Henceforth, to create stable CNT dispersions two popular 

techniques prevail in the open literature. The first technique is to attach a hydrophilic 
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functional group onto the sidewalls by chemical functionalization. The other method is to 

encapsulate the CNTs using anionic/cationic surfactants. 

 

Xie et al. [60] first employed a nitric acid/sulfuric acid mixture in the ratio of 1:3 to 

chemically functionalize CNTs. A known quantity of pristine CNTs were treated with the 

acid mixture, boiled, and refluxed for a short time period. After the reaction, the samples 

were collected and diluted using distilled water until a pH of 7 was obtained. The CNTs were 

further dried to eliminate the water content. Following the work of Xie et al. [60] , more 

recently Chen et al. [84] have employed mechanochemical reactions to chemically 

functionalize CNTs. However instead of an acid mixture they made use of an alkaline 

medium for the nanofluid preparation. They mixed CNTs with potassium hydroxide and ball-

milled the mixture.  

 

Chemical functionalization of CNTs heavily damages the structure of the CNTs and reduces 

the thermal properties of the CNTs. Therefore acid treatment may not be a suitable method to 

prepare CNT dispersions. Thinner nanotubes are susceptible to more structural damage than 

large-diameter nanotubes due to the greater strain induced on the bonds in thinner tubes. The 

mechanochemical reaction method has been found to limit the aspect ratio distribution. On 

the other hand, when the ball milling time is long, it was reported that the tubes were heavily 

damaged, which lead to the formation of a large amount of amorphous carbon [85]. The 

presence of amorphous carbon may modify the thermal properties of the dispersion. Hence, 

chemical functionalization and mechanochemical reactions may not be a proper method to 

make efficient, high-quality CNT dispersions. 
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Apart from chemical functionalization, the other commonly adopted method by many 

researchers is to encapsulate the CNTs using anionic/cationic surfactants. Jiang et al. [86] 

prepared stable CNT suspensions using an anionic surfactant, namely sodium dodecyl sulfate 

(SDS). They reported that SDS, which consists of a single, straight hydrophobic segment and 

a terminal hydrophilic segment, tends to modify the interface of the CNTs with the 

surrounding base fluid thereby creating stable suspensions. Assael et al. [61], Zhang et 

al.[87], Garg et al. [88] and Nasiri et al. [71] also used SDS to prepare nanofluid dispersions. 

Ding et al. [70] used Gum Arabic (GA) to disperse CNTs in water. Wen and Ding [69] used 

Sodium dodecylbenzene sulphonate (SDBS) to prepare nanofluid dispersions, and reported 

that the quality of the dispersions was very good compared to SDS and GA. However, they 

also demonstrated that the surfactant failed when heated to higher temperature, and the 

suspensions became no longer stable. Cherkasova et al. [68] also used SDBS to prepare CNT 

nanofluids, but did not report any measurements at different temperatures. Assael et al. [62] 

dispersed double walled nanotubes (DWCNTs) and MWCNTs using Nanosphere AQ and 

hexadecyltrimethylammonium bromide (CTAB), a cationic surfactant. They studied different 

parameters like surfactant type, surfactant loading, and sonication time. Based on their 

studies they concluded CTAB is a suitable surfactant to disperse DWCNTs and MWCNTs. 

They suggested that the cationic surfactant interacts well with the outer walls of the 

DWCNTs and MWCNTs, thereby creating a stable dispersion [62].  

 

The highly hydrophobic nature of SWCNTs makes it very difficult to disperse them. An 

important prerequisite for a nanofluid is the preparation of a stable and homogenous 

dispersion. In this research work, a surfactant was used to prepare the nanofluid dispersion. 
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Sodium deoxycholate (DOC), a bile salt, commonly used for Density Gradient 

Ultracentrifugation experiments was used as the surfactant in the present study [89-91]. The 

chemical structure of DOC is shown in Figure 2.4. DOC possesses a rigid structure 

consisting of a cholesterol group with dissimilar sides [92]. It consists of a steroid skeleton 

with a carboxylic acid side chain at one end and two hydroxyl groups on its steroid 

backbone. The two polar hydroxyl groups on the α-face and the methyl group on the β-face 

facilitate strong adsorption of DOC onto the surface of SWCNTs [90]. 

 

 

Figure 2.4: Chemical structure of sodium deoxycholate (C24H39NaO4) 

 

Stable nanofluid dispersions were prepared by adding necessary loading of SWCNTs using 

DOC as the surfactant. For this purpose the SWCNT density was considered to be 1.6 g/cm3 

(assuming a SWCNT diameter of 1 nm and Van der Waals spacing of 0.342 nm). DOC 

loading of 0.75 wt % was employed. The dispersions were subjected to bath sonication for 6 

hours followed by tip sonication using an ultrasonic processor (Hielscher GmbH, UP-400S 

with H3/Micro Tip 3) for 2 hours at a power flux level of 320 W (80 % amplification). Same 

sonication conditions are adopted for samples of different concentrations tested. Furthermore, 
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it was also assumed that 5 % of the mass is lost during the tip sonication and the losses are 

taken into account during the sample preparation. The pH of the SWCNT/water nanofluids 

was measured to be 7.  

 

2.3.2 Nanofluid Characterization 

 

DOC-encapsulated SWCNTs were further characterized using TEM (Hitachi H-9500) to see 

how the nanotubes are dispersed by the surfactant. TEM samples were prepared by 

performing dialysis for 24 hours to remove excess surfactant. Figure 2.5 shows the TEM 

image of DOC dispersed SWCNT.  

 

Figure 2.5: TEM visualization of surfactant-encapsulated SWCNTs. Image captured at an 

acceleration voltage of 200 kV. 

 

Anionic surfactants like SDS form ellipsoidal or spherical micelles on the CNT surface. 

Unlike SDS, DOC having one hydrophilic side and one hydrophobic side wraps around the 

DOC wraps around the nanotube 
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SWCNT instead of forming spherical or ellipsoidal micelles [90]. The hydrophobic α-face 

contacts intimately with the side walls of the nanotube, while the hydrophilic β-face 

interfaces with water. The strong interaction between the hydrophobic side of DOC and the 

SWCNT sidewalls causes the surfactant to wrap around the SWCNT with a preferred 

orientation [89, 90]. TEM image shown in Figure 2.5 support the mechanism of DOC 

wrapping reported in the literature [89-91] based on Density Gradient Ultracentrifugation 

experiments.  

 

2.3.3 Dynamic Light Scattering 

 

Dynamic Light Scattering (DLS) is a popular technique to measure the size distribution of 

the nano inclusions in a solution. When a laser beam is illuminated through a liquid medium 

with suspended nano inclusions, the beam scatters off those inclusions in all directions 

(Rayleigh scattering), resulting in a scattering-angle-dependent intensity pattern. Especially 

when the nano inclusions are experiencing Brownian motion, the intensity pattern fluctuates 

randomly. Constructive and destructive interference occurs as the illuminated light is 

scattered by the presence of nano materials. As a result, the photon detector measures an 

average intensity pattern which fluctuates as a function of time. The time required for these 

fluctuations to decay back to the average intensity depends on the Brownian motion of the 

particles and the size of the particles. Smaller sized particles experience more rapid Brownian 

movement which results in faster decaying fluctuations than larger sized particles. Analysis 

of the intensity fluctuations allows for the determination of diffusion coefficient of the 
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particles in the liquid from which the particle size distribution can be calculated using the 

Stokes-Einstein equation.  

 

In a DLS experiment, to quantify the intensity decay time, an auto-correlation function is 

used to measure the intensity at a time t, and with the intensity at a later time t + τ, yielding 

the correlation as a function of τ. For the case of mono-disperse, non-interacting spherical 

particles, the correlation is given by, 

                                   BAG  )2exp()(                                                               (2.1) 

Where A and B are instrument constants, = Dq2 is the intensity decay rate where D is the 

diffusion coefficient which can be determined from Stokes – Einstein equation and q is the 

scattering vector. The diffusion coefficient is written as follows [92]: 
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                                                                (2.2) 

Where kb is the Boltzmann constant, T is the temperature of the fluid,   is the fluid viscosity 

and d is the diameter of the particle. The scattering vector q is given by 
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Where n is the refractive index of the fluid, λ is the wavelength of the light and   is the 

angle at which the scattered light is measured. The size distribution of nano inclusions in this 

work is determined by using a Zetasizer-Nano (Malvern Instruments). It uses a He-Ne laser 

(4 mW, λ= 633 nm) and avalanche photodiode detector. Figure 2.6 and 2.7 shows the size 

distribution of SWCNTs in water and ethylene glycol respectively. 
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Figure 2.6: Size distribution of SWCNTs in water 

 

Figure 2.7: Size distribution of SWCNTs in Ethylene Glycol 
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Figure 2.6 shows the cluster size distribution of SWCNTs in water. Incidentally it shows a 

double peak and a broad peak width. It indicates a wider size distribution of the SWCNTs. 

Figure 2.7 shows a different behaviour were only single peaks is present and the peak width 

is narrow. It can be concluded based on the spectra the dispersion of SWCNTs are well 

dispersed in aqueous medium compared to the case of ethylene glycol. 

  

2.3.4 Optical Absorption and Photoluminescence Characterization 

 

DOC-dispersed SWCNTs were further characterized using optical absorption spectroscopy 

(OAS) and photoluminescence spectroscopy (PLE). The nanofluid dispersions were diluted 

to perform the measurements. In optical absorption spectroscopy, the wavelength of the 

incident light is scanned through spectral range from the ultraviolet regions to visible and 

near infrared (UV-vis-NIR) spectral regions. Figure 2.8 shows a typical absorption spectrum 

obtained from SWCNTs dispersed in water and ethylene glycol using DOC. The absorbance 

spectrum of water/SWCNT nanofluids shown in Figure 2.8 consists of sharp peaks, which 

are characteristic of isolated nanotubes. The absorption peaks correspond to the first and 

second optical transitions (E11 and E22) in semiconducting nanotubes and the first optical 

level of metallic nanotubes [93]. In the case of EG/SWCNT suspensions show a broad 

absorption peak in the near infra-red region and visible region. Moreover, the peaks are 

shifted in the near-infra red region which indicates that the SWCNTs are aggregated in EG 

based nanofluids. This observation is in consistent with DLS results were a larger cluster size 

distribution is noticed.  
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Figure 2.8: UV-Vis-NIR absorbance spectrum of SWCNTs dispersed in water and EG using 

DOC as the surfactant. 

 

 

When a semiconductor is electronically excited to a higher energy state by chemical, optical, 

or electrical energy, it gradually reaches the ground state by photon emission. This process is 

called as luminescence. If the semiconductor is excited by absorbing photons or other 

electromagnetic radiation, this form of luminescence is called fluorescence or 

photoluminescence (PL). PLE mapping is a very powerful approach for the determination of 

the chirality distribution in a bulk SWNT sample and also to evaluate the quality the 
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dispersion of SWCNTs. Figure 2.9 shows a PLE map of the dispersed SWCNTs with and 

without centrifugation. Figure 2.9(a) shows a PLE map of the suspension taken at a 

concentration of 0.005 vol %. The clear signals from various semiconducting SWCNTs 

demonstrate that a dispersion of well-isolated SWCNTs can be obtained even without 

centrifugation [94]. A PLE map of the same sample after ultracentrifugation is shown in 

Figure 2.9(b). The signal is much more intense due to the removal of bundles, but no changes 

in spectral positions are evident after ultracentrifugation. This indicates that DOC is an 

effective surfactant for dispersing relatively high concentrations of SWCNTs, which can then 

be characterized using common spectroscopic techniques. 

 

   

Figure 2.9: Photoluminescence excitation map of SWCNT/water nanofluid. Figure 2.9 (a) 

corresponds to the PLE map taken at 0.005 vol %. Figure 2.9(b) corresponds to the PLE map 

taken post centrifugation. Improved signal intensity due to the elimination of bundles is 

clearly evident in Figure 2.9(b).  
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Figure 2.10: (a) AFM image of surfactant-encapsulated SWCNTs post sonication  

(SWCNT loading – 0.005 vol %). (b): Size wise length distribution of the SWCNTs. 
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at 333K for 30 minutes to evaporate the water. Figure 2.10(a) shows a typical AFM image of 

the DOC-wrapped SWCNTs. Figure 2.10(b) shows the SWCNTs length distribution 

predominantly ranging from 100 nm to 600 nm post sonication.  

 

2.4 Measurement Methods 

 

2.4.1 Thermal Conductivity Measurement  

 

The prevailing techniques for measuring the thermal conductivity of nanofluids are the 

transient hot wire method [15,20,22-25], steady-state parallel plate method [42], temperature 

oscillation method [21] and the 3-ω method [64]. Some research groups make use of non-

intrusive optical measurement techniques such as forced Rayleigh scattering [95] and infra-

red microscopy [96] for thermal measurements. Non-intrusive techniques eliminate the 

uncertainty issues associated with steady state and transient hot wire methods due to the 

diffusion and aggregation of the nanomaterials and the occurrence of natural convection 

during long measurement times. However, optical measurements are very expensive and 

least popular among the nanofluid research community. Besides, a recent round robin study 

carried out by 33 research groups concluded that the effect of measurement technique does 

not have a significant impact in the anomalous thermal conductivity results prevailing in the 

literature [32]. Hence in this research the most favored measurement method namely the 

transient hot wire method (THW) is adopted for experiments. In this chapter, the 

mathematical principles of measurement method will be explained in detail followed by the 

apparatus design and calibration results. 
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2.4.2 Description of the Transient Hot-Wire Method  

 

In the THW technique a hot wire is placed inside the fluid test cell, which acts as both the 

heater and an electrical resistance thermometer. This technique is based on the measurement 

of the temporal response of the temperature of a hot wire when it is subjected to an electrical 

step input. A platinum (Pt) hot wire (diameter 25.4 µm) with an electrically insulating isonel 

coating (coating thickness 2.0 µm) was employed in this research. The hot wire acts as both 

the heater and an electrical resistance thermometer. During the experiments, the hot wire is 

immersed in the test fluid and a step input is passed through it. The temperature rise of the 

hot wire is determined from the change in resistance of the hot wire, which is measured as a 

function of time using a Wheatstone-bridge circuit. 

 

The relation between thermal conductivity k and measured temperature T can be summarized 

as follows [97]. Assuming a thin, infinite line heat source with constant heat output in an 

infinite medium, the energy equation can be written as 
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The analytical solution is of the form 
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Here, α is the thermal diffusivity and γ=0.5772 is Euler’s constant. If the temperature of the 

hot wire at times t1 and t2 are T1 and T2 respectively, then by eliminating the higher order 

terms in Eq. (2.4), the thermal conductivity of the fluid can be approximated by:  
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Nagasaka and Nagashima [98] further improved the analytical solution for an electrically 

insulated wire to measure the thermal conductivity of surrounding fluid. The solution takes 

the form as follows: 
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In equation (6) A, B and C are constants determined by the geometry of the wire, thermal 

diffusivity of the fluid, insulation coating, material of the hot wire and the thermal 

conductivity of the insulation layer. When the 1/t term in the equation (2.6) is small, the 

constant term A shifts the T term without changing the slope of the equation (2.6). Thus, 

the thermal conductivity of the fluid can be calculated using the simplified expression as 

shown in equation (2.7). It need to be noted that the equation (2.7) is identical to that (2.5) in 

the absence of electrical insulation coating.   
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During measurement, the hot wire is heated by a constant DC power supply. The temperature 

rise of the hot wire is determined from the change in resistance of the hot wire, which can be 

measured in time using a Wheatstone-bridge circuit. For a known electric power supply and 

slope of the curve ln(t) versus T, the thermal conductivity k is calculated using equation 

(2.10).  

 

Low cost and easy implementation are considered to be the advantages of this method. 

However, assumptions like infinite length of the wire and the ambient acting like a reservoir 

may introduce some errors. A modified version of this method, namely the short transient hot 

wire (SHW), has been developed by Zhang et al. [87]. This measurement procedure is similar 

to that of THW. However, a significant difference is that this method is based on the 

numerical solution of a two dimensional transient heat conduction equation with the 

boundary conditions as those used in the actual measurement. This method can be used for 

test cells of smaller volume and alleviates the uncertainties caused by the boundary effects.  

 

Error associated with the finite length of the wire is calculated using the expression 

prescribed by Healy et al [99]. The expression is written in the form as follows: 
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Where  is the error associated with the finite length of the wire. The error  is calculated 

using the expression as follows: 
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In equation (2.9), the subscript w denotes the properties of the hot wire. For the present 

system of the hot wire diameter (2r) 25.4 µm and length (L) 40 mm, the error is calculated to 

be of the magnitude 10-5. 

 

Similarly for sufficiently long wire the effect of axial conduction can be ignored. The applied 

power ( RLvq 2 ) where the length of the wire and applied voltage is constant but the 

resistance R of the wire depends on the temperature which in turn is a function of time. 

However, for a limited increase in temperature this can be assumed constant. Other errors 

associated with the assumptions on finite thermal conductivity and heat capacity of the wire 

can be safely ignored due to the high thermal conductivity of the hot wire used.  

 

2.4.3 Experimental Setup 

 

The schematic of the transient hot wire system is shown in Figure 2.11. The experimental 

setup consists of a platinum (Pt) hot wire (diameter 25.4 µm) of length 40 mm with an 

electrically insulating isonel coating (coating thickness 2.0 µm). The hot wire is soldered to 

electrically insulated lead wires to keep the wire straight and also to connect it to the 

electrical system. The test cell is made of copper of length 65 mm and inner diameter 15 mm.  

The test cell is immersed in a thermostatic bath to precisely control the temperature of the 

fluids in which the experiments were performed.  

 



69 

 

 

Figure 2.11: Schematic representation of the Transient Hot Wire (THW) setup 

 

The soldered hot wire is connected to the Wheatstone bridge which has two high precision 

fixed resistors and one variable resistor. Two arms of the bridge were considered as the fixed 

resistors and the rest two arms were assigned for the variable resistor and transient hot wire. 

A constant voltage supply is supplied to the system for a period of 5 seconds. This electrical 

impulse will disrupt the bridge balance and cause a change in resistance of the hot wire due 

to the change in temperature. The change in resistance of the wire during this period is 

acquired using a GL 220 Graphtec data logger at a sampling interval of 20 ms. Figure 2.12 

shows the raw data profile of the wire resistance change when a constant voltage supply is 

provided to disrupt the bridge balance.  
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Figure 2.12: Resistance change of the THW when a constant voltage supply is provided. 

 

Figure 2.13: Temperature raise as a function of time 
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Since the temperature coefficient of the platinum wire is known, the temperature profile of 

the hot wire is acquired from the resistance change which can be seen in Figure 2.13. From 

the known heat supply per unit length of wire and the temperature change of the wire, the 

thermal conductivity of the fluid can be calculated using equation (2.10) as mentioned 

previously.  

 

2.4.4 Calibration of the THW Setup and Uncertainty Analysis 

 

To validate the THW setup, the thermal conductivity of pure deionized water and ethylene 

glycol were measured at different temperatures. When using equation (2.10) to calculate the 

thermal conductivity, it is necessary to know the starting time and the ending time to 

compute the slope. Healy et al. [99] also suggested the initial time to be between 10 ms < t < 

100 ms. However, the ending time depends on the system design and varies between every 

setup.  For the present setup, we found that beyond 2s natural convection effect sets in. For 

the thermal conductivity calculations, the data recorded between 0.2 and 2 s after the step 

input was used for fitting. Choosing the data in this range eliminates effects associated with 

the thermal capacitance of the hot wire and the influence of natural convection. Figure 2.13 

shows a sample raw data profile obtained from the experiment. Figure 2.14 shows the ln t 

versus the temperature rise plot. The linear region in Figure 2.14 is fitted using a least 

squares fit to compute the slope.  



72 

 

 

Figure 2.14: Logarithm of time Vs Temperature Rise  

     

A comparison of the measured and reference thermal conductivity data is shown in Figure 

2.15. The upper line corresponds to the thermal conductivity of water according to the 

ASTM-D2717 standard [100]. The lower line corresponds to the thermal conductivity of EG 

reported by Di Guilio & Teja [101]. A detailed uncertainty analysis of the THW setup was 

carried out and the experimental uncertainty was found to be ± 3 %.  
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Figure 2.15: Comparison of thermal conductivity values measured in this work with the 

reference literature. Open and filled circles correspond to the measured thermal conductivity 

of water (top) and EG (bottom), respectively. Solid lines correspond to the literature data. 
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the measured electrical resistance. The reciprocal of electrical conductance gives the 

electrical conductivity of the nanofluids. 

                                                                                                                        (2.13) 

 

2.4.6 Viscosity Measurements 

 

Various methods exist for the determination of viscosity of fluids. In this work two methods 

are adopted to measure the viscosity of nanofluids. For water based nanofluids capillary 

viscometer is used. For ethylene glycol based nanofluids experiments are carried out with 

capillary viscometer as well as cone-plate viscometer. A capillary viscometer has several 

designs, but most common is the U-shaped or Ostwald viscometer. In this work, a Cannon-

Fenske routine Ostwald viscometer is used. Cannon-Fenske capillary viscometer is a U-

shaped piece of glass tubing having two glass bulbs on one arm, separated by a calibrated 

length of capillary tubing. Another bulb is low on the other arm, to which the fluid to be 

measured is loaded. The fluid and the capillary viscometer are then suspended in a vertical 

stand and a constant temperature water bath and allowed to come to thermal equilibrium. 

Once thermal equilibrium is reached, the fluid is drawn up into the upper bulb and is allowed 

to flow from the upper bulb to the lower through the capillary tube. The efflux time, or time 

it takes to traverse the length of the capillary, is measured using a stop watch. Each capillary 

viscometer has a coefficient of calibration provided by the supplier. Multiplying the efflux 

time and the coefficient of calibration gives the calculation of the kinematic viscosity of the 

fluid. The measurement method follows the standards ASTM D 446 and ISO 3105 [102]. 

L
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To check the rheological behaviour of ethylene glycol based fluids, a cone-plate viscometer 

is also used in this work. A cone and plate viscometer consists of a stationary flat plate and 

an inverted cone whose apex just in contact with the plate. The fluid is placed in the narrow 

gap between the flat plate and the cone. The measurements are performed with a cone and 

plate geometry (Toki Sangyo TPE 100) with a cone diameter of 50 mm and a cone angle of 

1°. The cone is rotated at a specified speed (i.e. angular velocity) and the torque required to 

turn the cone is measured. The measured torque is converted to a shear stress. Viscosity is 

calculated from the shear stress shear rate relation. The measurement method follows the 

standards ASTM D 7395.  

 

2.5 Thermal conductivity models and the Role of Thermal Boundary Resistance 

From the experimental results it is evident that the conductivity enhancement depends on 

multiple parameters including the thermal conductivities of the base fluid and the 

dimensionality of the material used the volume fraction, surface charge state, preparation 

method and the temperature. Presently, there is no reliable analytical model to accurately 

predict the thermal conductivity of nanofluids, and there are no models that incorporate all 

these factors. The experimental results in the following chapters will be analyzed based on 

some reasonable theoretical models prevailing in the literature. The models will be discussed 

in this section.  

 

For heterogeneous mixtures, numerous theoretical models have been performed in the past, 

dating back to the seminal work by Maxwell [9]. The Maxwell model has been used to 
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predict the effective thermal or electrical conductivity of solid-liquid mixtures consisting of 

mono disperse, ignoring the mutual interaction effects, low-volume-fraction mixtures of 

relatively large-sized spherical particles, and has been the basis for many analytical models 

developed for nanofluids in the past decade. In this model, the effective thermal conductivity 

is given by 
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Where keff is the effective thermal conductivity of the nanofluid, kp is the thermal 

conductivity of the inclusion, kb is the thermal conductivity of the base fluid, and ϕ is the 

volume fraction. 

 

Figure 2.16: Thermal conductivity enhancement as a function of ratio of nanoparticle 

thermal conductivity to base fluid conductivity from Maxwell’s model. 
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Figure 2.16 shows the predictions of Maxwell’s model for varying volume fraction. It can be 

seen from the figure that the thermal conductivity enhancement saturates when the ratio of 

nanoparticle thermal conductivity to the base fluid thermal conductivity reaches above 70. 

This means that just utilizing a higher conductivity spherical particle does not necessarily 

increase the base fluid conductivity. The predictions of this model contradict the existing 

experimental reports on nanofluids thermal conductivity which is discussed in the previous 

chapter of the thesis. 

 

Figure 2.17: Thermal conductivity enhancement as a function of ratio of nanoparticle 

thermal conductivity to base fluid conductivity from Hamilton – Crosser model for 

cylindrical inclusions. 
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Hamilton and Crosser [79] extended the Maxwell’s model to non-spherical particles. They 

introduced a shape factor to account for the particle shape and obtained the following model. 
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Where n is the shape factor. They proposed a value of  n=3 for spherical particles and for 

n=6 cylindrical particles.  

 

Figure 2.17 shows the predictions of Hamilton-Crosser model for varying volume fraction 

specifically for cylindrical inclusions. This model shows that the presence of cylindrical 

inclusions enhances the thermal conductivity by a factor of 2 compared to the case of 

spherical inclusions. However, even in this model the thermal conductivity enhancement 

saturates when the ratio of nanoparticle thermal conductivity to the base fluid thermal 

conductivity reaches above 70. This shows that mere presence of higher conductivity 

cylindrical particle does not increase the base fluid conductivity significantly without 

increasing the volume fraction of the material.  

Nan et al. [103] proposed a simple model to calculate the effective thermal conductivity of 

CNT-based composites by generalizing Maxwell’s formula. Their model is written as 

follows: 
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In equation (2.18), 
11
pk

and 
33
pk

are the thermal conductivities along the transverse and 

longitudinal axes of the CNT. Taking into account the thermal boundary resistance between 

the CNT and the surrounding host matrix, this model was further modified as follows: 
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Here L and d are the nanotube length and diameter respectively, ak is the Kapitza, radius 

which is defined as the product of thermal boundary resistance (TBR) and the thermal 

conductivity of the base fluid (ak = TBR × Kb).  

 

Figure 2.18: Thermal conductivity enhancement as a function of aspect ratio without taking 

thermal boundary resistance by EMT model. 
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Figure 2.18 shows the predictions of effective medium model as a function of aspect ratio of 

the material and for varying contrast ratio of the nanotube to the base fluid conductivity. It 

can be seen from this figure that when the ratio of CNT thermal conductivity to base fluid 

conductivity is 100 or less, increasing the aspect ratio of the CNT does not increase the 

thermal conductivity of the base fluid. However, when the ratio of CNT thermal conductivity 

to base fluid conductivity is more than 100, effective thermal conductivity enhancement 

increases as the aspect ratio increases.     

 

In figure 2.18, the role of thermal boundary resistance between the nanomaterial and the 

surrounding base fluid is not considered for calculations. However, Thermal boundary 

resistance (TBR) also known as Kapitza resistance exists at solid-solid and solid-liquid 

interfaces [104]. This effect is considered to play a significant role at the interface between 

the nanomaterial and the surrounding liquid matrix. The thermal boundary resistance 

represents a barrier to the heat flow associated with the acoustic mismatch in the phonon 

spectra of the heat carriers and possible weak contact at the interface. Limited experimental 

and numerical results exist for the boundary resistance between SWCNT and the surrounding 

interface for CNT based suspensions [105—108]. Huxtable et al. [105] measured interfacial 

thermal resistance of SDS encapsulated carbon nanotubes in water to be around 8.3 × 10-8 

m2KW-1.Similar results were reported by Kang et al. [106] for semi-conducting and metallic 

SWCNTs in water encapsulated using SDS, SDBS and Sodium Cholate (SC) surfactants. 

Molecular dynamics simulation results of SWCNTs surrounded by octane medium (3.4 × 10-

8 m2 K W-1) report similar order of magnitude and show the interface resistance depends on 

the length of the CNTs [107]. For sufficiently longer CNTs Carlborg et al. [108] showed the 
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interface conductance to be in the similar order of magnitude for SWCNTs (1.6-2.4 MW m-2 

K-1) surrounded by argon matrix and independent of length. Schmidt et al. [109] measured 

the interfacial thermal conductance of CTAB encapsulated gold nanoparticles in water and 

reported a higher interface conductance in the range of 150 – 450 MW m-2 K-1. Recently Park 

et al. [110] measured the thermal conductance of the gold nanorod/fluid interfaces of 

methanol, ethanol, toluene, and hexane. Their experimental results falls within a narrow 

range: 36 ± 4 MW m-2 K-1 for methanol, 32 ± 6 MW m-2 K-1for ethanol, 30 ± 5 MW m-2 K-

1for toluene, and 25 ± 4 MW m-2 K-1 for hexane. 

 

 

Figure 2.19: Thermal conductivity enhancement as a function of thermal boundary 

resistance for varying aspect ratio of 1 vol % CNTs. 
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Figure 2.19 shows the effect of thermal boundary resistance in the effective thermal 

conductivity enhancement of the 1 vol % CNT based nanofluids. It can be clearly seen that 

despite the higher thermal conductivity of CNTs, the enhancement is largely limited by the 

thermal interface resistance. Figure 2.20 shows the thermal conductivity enhancement for 

varying volume fraction for varying contrast ratio of the nanotube to the base fluid 

conductivity. This figure shows that when the role of TBR is taken into account, it is 

sufficient to have a thermal conductivity contrast ratio of 1000 above which mere increase in 

the thermal conductivity of CNT does not improve the thermal conductivity of the fluid. 

Figure 2.19 and figure 2.20 clearly show that to achieve high thermal conductivity 

enhancement it is necessary to have high aspect ratio and low thermal boundary resistance. 

 

Figure 2.20: Thermal conductivity enhancement as a function of ratio of CNT thermal 

conductivity to base fluid conductivity from EMT model considering the effect of thermal 

boundary resistance. 
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Yamada – Ota model [111] reported an empirical model by assuming a random orientation of 

the particles having a shape of parallelepiped neglecting the inter-particle interactions and 

aggregation effects.  
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                                 (2.19) 

 

Figure 2.21: Thermal conductivity enhancement as a function of ratio of CNT thermal 

conductivity to base fluid conductivity from Yamada-Ota model considering the effect of 

thermal boundary resistance. 

 

Zheng and Hong [112] further improvised this model by incorporating the TBR in the 
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                                                                           (2.20) 

where  and  . The notations in equation (2.20) are same as in 

equation (2.18). Note that the TBR incorporated in the original Yamada–Ota model follows 

the same manner as reported by Nan et al [103].  The predictions of Yamada-Ota model 

including the effect of TBR is shown in figure 2.21. It can be seen that the behaviour of EMT 

model and the Yamada – Ota model are almost similar. However, the effective thermal 

conductivity enhancement predicted by the Yamada – Ota model is marginally higher than 

the EMT model predictions. 

 

2.6 Viscosity Models 

The inclusion of a nanomaterial not only increases the thermal conductivity of the material 

but also increases the viscosity of the base fluid. For the development of nanofluids for 

practical applications accurate knowledge of the viscosity is also required. The first 

contribution to the theory of viscosity of suspensions of spheres was developed by Einstein 

[113].He considered a dilute suspension of rigid spherical particles where the movement of 

one spherical particle does not influence the other. For such a system he proposed a simple 

equation which can be written as follows: 
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Here,  eff  is the effective viscosity of the fluid and  f  is the viscosity of the base fluid. 

For concentrated suspensions of spheres when particle interaction becomes important, 

Mooney [114] proposed a simple model as follows 
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In this equation 0  is an empirical constant which ranges between 0.74 and 0.52. These 

values correspond to the values of   for closest packing and cubic packing respectively. 

For concentrated suspensions of non-spherical particles, the often used equation is the 

Krieger-Dougherty equation [115]. This equation takes the form 
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                                                   (2.23) 

In this equation A and max  are the fitting parameters which depends on the shape and 

concentration of the inclusions.  

It needs to be noted that the models proposed here are based on the assumption that the fluid 

is Newtonian and valid only at higher shear rates. However, a non-Newtonian behaviour is 

reported in the literature for nanofluids especially for CNT based nanofluids [70, 116-118]. 

This means that the viscosity depends on the velocity gradient and may be different in a shear 
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rate than it is in gravity driven flow. Therefore, the above proposed models need to be used 

with some caution.   

2.7 Conclusions 

 

In this chapter, synthesis of single walled carbon nanotubes, preparation of nanofluids and 

several characterization techniques are described. Transmission electron microscopy, Raman 

spectroscopy and thermogravimetric analysis demonstrate the high quality of SWCNTs 

synthesized. Dynamic light scattering measurements reveal that the cluster size distribution is 

wider in water based nanofluids while in the case of EG based nanofluids the cluster size 

distribution is narrow and the size of the clusters are larger than that of water. This is further 

confirmed by the broad and red shifted absorption peaks of ethylene glycol based nanofluids. 

The superior quality of water based suspensions was confirmed by the presence sharper 

peaks in the optical absorption spectroscopy and photoluminescence signals. The 

mathematical principles of THW setup and experimental setup are explained in detail.  From 

the calibration measurements of pure fluids it is concluded that the transient hot wire 

technique is a reliable method for the measurement of thermal conductivity of liquids. In this 

chapter the electrical conductivity setup and viscosity measurement methods is described in 

detail. Theoretical models to analyze the experimental data are explained along with its 

merits and demerits. 
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Chapter 3 
 
Enhanced Thermal Transport in Ethylene Glycol and Water with Single 

Walled Carbon nanotube Inclusions 

 

3.1 Introduction 

In this chapter, the effective thermal conductivity of SWCNT suspensions dispersed using 

sodium deoxycholate surfactant in ethylene glycol (EG) and water is presented. Thermal 

conductivity measurements were performed using the transient hot wire technique which is 

explained in detail in the previous chapter. Besides, the effective electrical conductivity is 

measured for water based nanofluids to understand the role of percolation thresholds. The 

influence of SWCNT loading and temperature on the thermal conductivity enhancement is 

also investigated in this chapter. The effective viscosity of SWCNT suspensions is also 

measured using glass capillary viscometer and cone-plate viscometer. The favorability of 

CNT based nanofluids is discussed based on the thermal conductivity and viscosity 

measurements.  

 

3.2 Experiments Results of Thermal and Electrical Conductivity Measurements  

 

Thermal conductivities of the SWCNT-dispersed EG samples were measured for different 

SWCNT loadings ranging from 0.1 to 0.3 wt % using the THW setup. Figure 3.1 shows the 

thermal conductivities versus different SWCNT loadings measured at room temperature. The 

thermal conductivity increased with increasing SWCNT loading in a slightly nonlinear 
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fashion. At a loading of 0.1 wt % no significant improvement in effective conductivity was 

obtained (only 2.7 %). This minor increase lies very well within the experimental uncertainty 

limits and cannot be considered as conductivity enhancement. However, on further 

increasing the nanotube loading, a significant improvement in the effective conductivity was 

measured. A maximum enhancement of 14.8 % at a loading of 0.3 wt % was found in this 

study. 

 

Figure 3.1: Thermal conductivity enhancement of ethylene glycol as a function of SWCNT 

Loading. 
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Liu et al. [65] reported enhancements of 12.7 % and 12.4 % respectively at 1 vol % loading. 

Ruan and Jacobi [119] recently reported an enhancement of 9.3 % at a volume fraction of 

0.24 % for EG/MWCNT nanofluids. Nanda et al. reported an enhancement of 36 % at for 

SWCNT/EG nanofluids at 1 vol % [67]. Eastman et al. [10] reported an enhancement of 40 

% at 0.3 vol % for Copper/EG based nanofluids. In this work, such a high enhancement was 

not observed. This difference could be attributed to the aspect ratio of the material used, 

purity level, and treatment method adopted to prepare the nanofluid dispersion. 

Thermal conductivity of the SWCNT/water nanofluid samples was measured using the THW 

setup for different SWCNT loadings ranging from 0.1 to 0.3 vol %. Figure 3.2 shows the 

effective thermal conductivity versus different SWCNT loadings measured at room 

temperature. Thermal conductivity increased with increasing SWCNT loading in a linear 

fashion.  

 

Figure 3.2: Thermal conductivity enhancement of water as a function of SWCNT Loading. 
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Electrical conductivity of the SWCNT/water nanofluid samples are plotted in Figure 3.3. The 

Electrical conductivity increased sharply at very low SWCNT loading and then gradually 

saturated as the SWCNT loading increased, thus exhibiting clear percolation behaviour. 

Experimental data were fitted using a two-parameter equation as per classical 

percolation theory [120]. Fitting the data using a power law equation shows a very low 

percolation threshold of vol % (0.025 wt %). The present results are comparable 

to the electrical percolation threshold of 0.024 wt % and 0.03 wt % reported for 

SWCNT/Poly (ethylene terephthalate) [121] and SWCNT/Poly (ethylene oxide) composites 

[122]. 

 

Figure 3.3: Electrical conductivity of SWCNT/water nanofluids. A two-parameter fit as per 

classical percolation theory [120] yields a low percolation threshold of 0.0152 vol %.  
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Figure 3.2 shows the effective thermal conductivity of water increases linearly with SWCNT 

loading which is clearly contradictory to the electrical conductivity results. Electrical 

conductivity of the fluids showed a percolating behaviour while no obvious sign of 

percolation was noticed for thermal conductivity. Persistent heat conduction by water and 

low thermal conductivity contrast ratio (compared to electrical conductivity contrast ratio) 

between water/SWCNT does not result in a sharp increase in thermal conductivity at the 

percolation threshold [123].  

 

 

Figure 3.4: Thermal conductivity increase as a function of SWCNT loading in Water and 

Ethylene Glycol. 
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In Figure 3.4, effective thermal conductivity enhancement for SWCNT/ethylene glycol (EG) 

and SWCNT/Water based nanofluids were compared. SWCNT/EG nanofluids showed a 

higher thermal conductivity enhancement compared to that of the SWCNT/water nanofluids. 

Moreover, the SWCNT/EG effective thermal conductivity shows a non-linear increase with 

respect to SWCNT loading, whereas a linear increase is found in the case of the water based 

nanofluids.  

 

The number of contact points between the SWCNTs increase as a function of the square of 

the SWCNT loading, therefore one might associate the non-linear increase observed in 

SWCNT/EG nanofluids to the non-linear increase in the heat transport path [123]. DLS 

measurements for water and EG based nanofluids show that the aggregate size distribution is 

narrow in the case of EG compared to the case of water. Besides, broader and red-shifted 

peaks are clearly noticed in the case of EG based nanofluids whereas in the case of water 

sharp and distinct features of the peaks are clearly noticed. Furthermore, photoluminescence 

signals from the water suspensions clearly demonstrate the degree of isolation is more 

pronounced in the case of water whereas in the case of EG SWCNTs always exist in the form 

of aggregates. This is more likely due to the compatibility of DOC to stabilize the SWCNTs 

efficiently in water while in the other case it is less/incompatible. The stability of 

SWCNT/EG nanofluids was extremely poor compared to the case of SWCNT/water based 

nanofluids, as the SWCNTs soon settled and formed larger aggregates. The non-linear 

tendency observed in this work was possibly due to the existence of larger aggregates and 

larger heat transport paths created by this aggregates.  
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Efficient isolation of SWCNTs in water (compared to EG) may minimize the number of 

contact points thereby diminishing the heat transport path because resulting in a linear 

increase in effective thermal conductivity. Since the electrical conductivity measurements 

reveal a very low percolation threshold, it can be concluded that the SWCNTs forms a 

percolating network, which leads to better energy transport thereby increasing the effective 

conductivity of the fluid. The thermal conductivity increase observed in the present 

experiments supports the mechanism of particle clustering in increasing the thermal 

conductivity of the fluid.  

 

3.3 Temperature Dependence 

 

The effective thermal conductivity increase of the SWCNT/water nanofluid was also found 

to be temperature dependent. Figure 3.5 shows the effective thermal conductivity values for 

three volume concentrations at different temperatures. Figure 3.5 shows an additional 3-5 % 

increase in effective thermal conductivity with increasing temperature. A maximum 

conductivity increase of 16 % is obtained at a temperature of 333 K and a SWCNT loading 

of 0.3 vol %.  

 

Gharagozloo et al. [96] reported that nano particles tend to aggregate as time progresses, and 

correlated the temperature dependent increase observed to the increase in the size of the 

aggregates as a significant amount of time is often spent to heat the fluid during 

measurements. In order to examine this mechanism we performed a hysteresis measurement, 

which is shown in Figure 3.6.  
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Figure 3.5: Thermal conductivity increase as a function of fluid temperature in water 

 

From Figure 3.6, it is evident that the fluid effective thermal conductivity enhancement 

remains the same with respect to temperature irrespective of whether the fluid is heated or 

cooled (no hysteresis). This clearly rules out the possibility of “time-dependent 

aggregation” [96] as a probable mechanism for the temperature-dependent thermal 

conductivity increase.  
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Figure 3.6: Comparison of thermal conductivity improvement during the heating and cooling 

process in water (SWCNT loading: 0.3 vol. %. The effective conductivity enhancement 

remains the same with respect to temperature irrespective of whether the fluid is heated or 

cooled. 

 

Figure 3.7 shows a comparison of temperature-dependent thermal conductivity behaviour 

between the SWCNT/water and the SWCNT/EG based nanofluids. This Figure shows that 

the SWCNT/EG nanofluids did not exhibit temperature dependent enhancement, while a 

different trend is observed in the case of SWCNT/water nanofluid.  
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The difference in temperature dependent thermal conductivity variation could possibly 

indicate the critical role of Brownian motion in the fluid. Brownian motion depends on the 

fluid temperature and viscosity. Gupta and Kumar [124] suggested that the Brownian motion 

can enhance the thermal conductivity at higher temperatures up to 6 %. Computational 

modeling of SWCNTs in water using random movement of Brownian thermal walkers, 

Duong et al. [125] reported that temperature-based increase in thermal conductivity of water 

due to the enhanced diffusion of heat walkers.  

 

Figure 3.7: Temperature dependent thermal conductivity in SWCNT/water and SWCNT/EG 

nanofluids. Open circles correspond to base fluid measurements and open triangles 

correspond to SWCNT nanofluids. 
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Tsyboulski et al. [126] experimentally found the translational diffusion coefficient of 

SWCNTs (DSWCNT) in water range from 0.3 to 6 µm2/s, which is much lower than the 

diffusion coefficient of water (DW = 0.413 mm2/s). However, the SWCNTs also exhibit 

rotational diffusion (Dr) which can be estimated using Broersma theory as follows [127]: 

                                                
                                                 (3.1) 

In equation (3.1), L and d denote the length and diameter of the nanotube, respectively. kB is 

the Boltzmann constant, T is the fluid temperature,  is the fluid viscosity and  is the end 

correction coefficient (usually  is assumed to be 0.8).  

 

Figure 3.8: Rotational diffusion co-efficient of water based nanofluid as a function of 

SWCNT length. 
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Equation (3.1) shows the rotational diffusion is inversely proportional to the cube length of 

the SWCNTs which is shown in Figure 3.8. A simple calculation assuming a SWCNT length 

of 250 nm and diameter of 1 nm gives a rotational diffusion of approximately 1000 s-1. As 

the temperature is increased, the viscosity of the fluid reduces  which further improves the 

rotational diffusion of SWCNTs. Yunker et al.[128] showed that short aspect ratio ellipsoids 

predominantly undergo rotational diffusion while large aspect ratio particles exhibited both 

mixed rotational and translational diffusion.  

 

As previously discussed, the length distribution of SWCNTs in the present study is from 100 

to 600 nm. It is thus possible to conclude that the high rotational diffusion induced by the 

presence of shorter SWCNTs lead to the temperature dependent increase in thermal 

conductivity. Since viscosity of EG is much higher ( ̴ 35 times) than that of water, the 

influence of rotational diffusion is less pronounced in the SWCNT/EG nanofluid, thus does 

not cause any improvement in conductivity at higher temperature.  

 

Xie et al. [60] reported a thermal conductivity increase of only 7 % with 1 vol % MWCNT 

suspensions. Assael et al. [61] reported an increase between 20 % and 40 % at 0.6 vol % of 

MWCNT loading at room temperature. Ding et al. [69, 70] reported a strong temperature 

dependent increase for aqueous suspensions consisting of MWCNTs. An increase of up to 80 

% was reported at a MWCNT loading of 1 wt % and at a temperature of 303 K. Nasiri et al. 

[71] recently reported the temperature dependent thermal conductivity increase of aqueous 

suspensions consisting of SWCNTs dispersed using SDS as the surfactant. An increase of up 

to 35 % at a temperature of 323 K and a nanotube loading of 0.25 wt % was reported in their 
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work. Similar temperature-dependent enhancement has also been reported by Glory et al. 

[129] for a water-based nanofluid. The present experimental thermal conductivity increase is 

marginally lower than the previous reports. Proper characterization and systematic 

experiments, like the present case, need to be performed to minimize the discrepancy among 

experimental results from different research groups.  

 

 

  

 

 

 

 

 

 

 
Figure 3.9: (a) Thermal conductivity enhancement of ethylene glycol compared with  

H-C model. (b) Thermal conductivity enhancement of water compared with H-C model. 

 

Figure 3.9 (a & b) shows the comparison of experimental results against the predictions of 

Hamilton-Crosser model. In both the cases, H-C model predicts constant thermal 

conductivity improvement irrespective of the base fluid thermal conductivity. Experimental 

results of EG show a six fold improvement in thermal conductivity when compared to the H-

C predictions while water showed a fourfold enhancement. 
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Experimental results were compared further compared with the effective medium theory 

(EMT) [103] and the Yamada–Ota model [111,112]. For the present model calculations, a 

fluid thermal conductivity of 0.252 W m-1 K-1 for EG and 0.598 W m-1 K-1 for water SWCNT 

thermal conductivity of 1750 Wm-1K-1, aspect ratio of 350, and thermal boundary resistance 

(TBR) of 10-8 m2 K W-1  [105,106] were used. 

 

 

Figure 3.10: Comparison of experimental results of EG/SWCNT nanofluid with EMT model 

and Yamada-Ota model. 
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Figure 3.10 and 3.11 shows the comparison of the model calculations with the present 

experimental results at room temperature for ethylene glycol and water respectively. EMT 

theory predicts lesser enhancement, while the modified Yamada–Ota model predicts an 

enhancement that is marginally less than the experimental results for both the cases. 

Nevertheless, it can be understood from both models that the TBR plays a detrimental role in 

reducing the effective conductivity of the nanofluid, despite the high thermal conductivity of 

SWCNTs.  

 

Figure 3.11: Comparison of experimental results of water with EMT model and Yamada-Ota 

model. 
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By considering TBR as an unknown parameter in the EMT model and using the measured 

thermal conductivity increase, the interfacial resistance was estimated to be 4.2 ×10-9 m2 K 

W-1  for ethylene glycol and    2.8 ×10-9 m2 K W-1 for water. Similar calculation for Yamada-

Ota model yields a TBR of 8.9 ×10-9 m2 K W-1 for ethylene glycol and 6.8 ×10-9 m2 K W-1 for 

water respectively. This corresponds to a thermal boundary conductance (inverse of TBR) in 

the range of  250-350 MWm-2 K-1 (EMT fit) and 100 - 145 MW m-2 K-1 (Yamada–Ota fit) 

respectively. It is important to note that the estimated TBR value is one order of magnitude 

lower than the previous experimental report by Huxtable et al. [105] for SDS-encapsulated 

SWCNTs. Cherkasova and Shan [68] reported TBR of similar order of magnitude for SDBS-

encapsulated MWCNTs in water. It need to be noted that such a low TBR obtained from the 

EMT fit is clearly striking and contradicts the existing experimental and simulation results. 

The principal reason for this low TBR was that the EMT model does not take into account 

the effective length (percolated networks) and aggregation effects in the model.  
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Figure 3.12: AFM visualization of 0.05 vol % SWCNTs. The presence of smaller aggregates 

and percolated networks to form a long heat transport path is clearly seen. 

 

To clarify the effective length distribution, AFM measurements at a higher concentration of 

0.05 vol % SWCNT nanofluid to visualize the percolation behaviour and to calculate the 

effective length of SWCNTs in the actual suspension which is shown in Figure 3.12. Figure 

3.12 clearly shows the presence of small aggregates and connected networks having a 

percolation path of few micrometers. In Figure 2.9, AFM image taken at very low 

concentration of 0.005 vol %, the SWCNTs seem to be highly isolated while in Figure 3.12 

such a feature is difficult to notice. Since Figure 3.12 corresponds to a concentration much 

higher than the percolation threshold of 0.0152 vol % (based on electrical conductivity 

measurements), it is possible to conclude the SWCNTs are in connected networks, although 

1 µm 
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the exact heat transport length is difficult to measure with our current experimental tools. 

When the thermal boundary resistance (TBR) is evaluated from models by using the mean 

aspect ratio as 350 (length 350 nm, diameter 1 nm) obtained from the measured thermal 

conductivity enhancement, results in an extremely low value of TBR. The low TBR resulting 

from this fitting is physically unreasonable and contradictory to the experimental results 

reported in reference [105, 106]. To obtain a TBR which is consistent with the existing 

literature evidence, by assuming an effective percolation length as of 1.5 - 2.5 µm (aspect 

ratio 1500 - 2500) and by fitting the experimental data again gives a realistic TBR of (2.1 – 

2.8) ×10-8 m2 K W-1 and (4.9 – 8.6) ×10-8 m2 K W-1 for EMT and Yamada–Ota models, 

respectively. The present values are in good agreement with the existing experimental results.    

 

It is evident from the present experimental results that the large TBR remains a hindrance in 

increasing the thermal conductivity of the fluid despite the high conductivity of SWCNTs. 

Based on MD simulations, Xu and Buehler [130] reported that the thermal boundary 

conductance for bare SWCNT-SWCNT junctions varies from 0.1 to 1 GWm-2 K-1, and 

infiltration of a polymer matrix will further improve the conductance by a maximum of 40 %. 

Their simulations give an indication that by proper manipulation of TBR much higher 

thermal conductivity increase can be obtained in nanofluids as well as in nano composites. 

Besides, the authors also report that coating the CNT surface with metal layers like Au, Ni or 

Cu can further minimize TBR. This way of metal coating also has additional benefit that the 

metal layers also contribute to thermal conduction via electron transport. Both the methods 

are experimentally feasible techniques. However we believe functionalization with materials 

like polyethylene glycol (PEG) will be the right direction to minimize TBR as metal coating 
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will further increase the viscosity of the fluid. Such a way of PEG functionalized SWCNTs 

also have many medical applications [131]. 

 

3.4 Viscosity of Nanofluids and Nanofluids Favourability 

Figure 3.13 shows the comparison of viscosities of SWCNT/water nanofluids measured 

using a Cannon Fenske viscometer measured at a constant shear rate. Figure 3.13 shows that 

the viscosity of the nanofluids increased with increasing SWCNT concentration. The 

viscosity of the nanofluid decreased as the temperature increased, thus exhibiting similar 

behaviour of the base fluid.  

 

Figure 3.13: Viscosity of SWCNT/water nanofluids 

300 310 320 330
0.4

0.6

0.8

1

1.2

Temperature (K)

V
is

co
si

ty
 (

cS
t)

0.1 vol %

0.2 vol %

0.3 vol %

Water



106 

 

Functional dependence of the viscosity on the temperature of fluid is given by Arrhenius 

equation as follows [132] 

                                                      RTEae                                                           (3.2) 

In equation 3.2,   is the fluid viscosity at infinite temperature, Ea is the activation energy to 

the fluid flow, R is the Universal gas constant and T is the temperature in Kelvin. The 

activation energy and infinite-temperature viscosity are parameters that reflect the fluid 

behavior. These parameters can be extracted from experimental measurements through the 

logarithmic form of the Arrhenius equation. Figure 3.14 shows the logarithmic plot of 

viscosity as a function of inverse of the temperature for SWCNT/water nanofluids. Table 3.1 

shows the activation energy of water and water/SWCNT based nanofluids obtained from the 

Arrhenius plot shown in figure 3.14. 

 

Figure 3.14: Arrhenius Plot of viscosity of SWCNT/water nanofluids. 
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Table 3.1: Activation Energy of SWCNT/water nanofluids from viscosity measurements 

Fluid Activation Energy (KJ/mol) 

Water 15.37 

0.1 vol % 13.1 

0.2 vol % 12.61 

0.3 vol % 11.59 

 

It appears that the addition of SWCNTs to the water tend to decrease the activation energy of 

the fluid. For nanofluids suspensions, physical interpretation of the activation energy (Ea) has 

not been developed yet. In general, the activation energy is the energy barrier, which must be 

overcome, in order for the fluid layers to move past each other. A large Ea indicates that it is 

more difficult for the fluid layers to move past each other. In fluids the activation energy 

reflects attraction forces between molecules of the fluid [31].
  

By analogy in nanofluids Ea 

values may still reflect attraction forces between molecules of base fluid but their interactions 

are modified due to the presence of nanoparticles. It need to be noted that similar decrease in 

the activation energy of water and EG based nanofluids has been reported in the literature 

with different shapes of aluminum oxide nanoparticles [31]. 
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Figure 3.15: Effective viscosity of water and EG based nanofluids with SWCNT inclusions. 

 

Figure 3.15 shows the effective improvement in the viscosity of water and EG based 

nanofluids. It can be seen from figure 3.15 that the introduction of surfactant gradually 

increases the viscosity of the base fluid. Moreover, the enhancement in viscosity is much 

more pronounced than the thermal conductivity improvement for both the fluids.  
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Figure 3.16: Shear Rate dependent viscosity of EG/SWCNT based nanofluids. 

 

Figure 3.16 shows the variation of viscosity with shear rate for EG based nanofluids at room 

temperature. The viscosity did appreciably vary for shear rates below 100 s-1 indicating a 

clear non -newtonian behavior. However, for shear rates above 100 s-1 no appreciable change 

is noticed. This gives an impression that at low shear rates the fluid behaves non-Newtonian, 

however at appreciable higher shear rates a Newtonian behaviour is noticed. Current 

experimental results are in consistent with the previously reported non-Newtonian shear 

thinning behaviour at appreciably lower shear rates [70, 116-118]. The lower viscosity values 
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obtained from the glass capillary viscometer is due to its normal operating shear rate of 

higher than 100 s-1 [102]. 

 

The effectiveness of such nanofluids depends on the nature of fluid flow in a flow circulating 

system. Lower viscosity implies lower pumping power that is advantageous for the industrial 

application. A quantitative expression derived by Prasher et al. [133] for fully developed 

laminar flow suggests that the use of nanofluid will be beneficial if the increase in the 

viscosity is less than four times of the increase in in the thermal conductivity. In the present 

case, the increase in viscosity was approximately three times higher than the thermal 

conductivity enhancement measured at room temperature. This strong increase in viscosity 

will have adverse effects in practical applications of such nanofluids. This clearly shows that 

despite the higher thermal conductivity enhancement efficiencies of such nanofluids will be 

low due to the higher pumping power required. Hence, to obtain efficient coolant the 

viscosity need to be reduced by developing better preparation techniques. Reducing the 

thermal interface resistance of the SWCNTs with proper functionalization and utilization of 

higher aspect ratio materials will help to improve the thermal conductivity of such fluids. 

 

3.5 Conclusions 

 

In this chapter, the effective thermal conductivity of ethylene glycol and water is presented. 

Electrical conductivity measurements revealed a sharp increase in electrical conductivity near 

the percolating threshold, while no such behaviour was noticed for thermal conductivity. 

Effective thermal conductivity of the nanofluids increases with increasing nanotube loading. 
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Effective thermal conductivity of the water based nanofluids showed an additional 3–5% 

increase in conductivity with increasing temperature. Temperature based thermal 

conductivity enhancement observed in water is attributed to the role of rotational diffusion 

effects due to the shorter length of nanotubes rather than time dependent aggregation. EG 

based nanofluids showed a marginal non-linear tendency which is possibly due to the higher 

degree of agglomeration in such fluids. The difference in degree of agglomeration is clearly 

evidenced based on the optical absorption, dynamic light scattering and photoluminescence 

measurements. The experimental results were compared with some existing literature results 

for MWCNT suspensions. Viscosity of the SWCNT nanofluids increased with increasing 

SWCNT concentration and showed a threefold increase compared to the thermal 

conductivity enhancement. Especially EG based nanofluids show a non-Newtonian 

behaviour at lower shear rates. The experimental results were compared with Nan’s effective 

medium theory and the Yamada–Ota model, the latter of which performed better than 

effective medium theory and was in good agreement with the experimental data. The critical 

role of thermal boundary resistance which limits the effective thermal conductivity 

improvement was discussed, and possible ways to minimize the thermal boundary resistance 

was recommended as a scope for future research.  
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Chapter 4 
 
Effect of Carbon Nano Additive Dimensionality in the Thermal 

Conductivity Enhancement of Nanofluids 

 
 
4.1 Introduction 
 
In the present chapter systematic investigation of the thermal conductivity enhancement of 

water, and ethylene glycol in the presence of spherical and two-dimensional carbon nano 

inclusions is presented. Single-walled carbon nanohorns and exfoliated graphite nanoplatelets 

were used as the nano inclusions. Thermal conductivity measurements were carried out using 

a transient hot-wire technique for different temperature and loadings of nano inclusions. It 

was found that two-dimensional inclusions lead to higher thermal conductivity improvement 

followed by one-dimensional and spherical inclusions. The potential mechanism behind the 

thermal conductivity enhancement and the critical yet detrimental role of thermal boundary 

resistance in limiting the heat conduction is discussed, and the experimental results are 

compared with classical heat conduction models and other results in the literature. 

 

4.2. Materials and Methods 

 

Single walled carbon nanohorns (SWCNH) and exfoliated graphite nanoplatelets (GnP) were 

used as the nano inclusions in this work. Figure 4.1 shows the SEM visualization of SWCNH 

and GnP. SWCNH used in this study typically have diameter in the range 1-3 nm and length 

of 20-50 nm. Due to the less dense nature of SWCNHs, the material is dispersed in the base 
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fluids without using any additional surfactant. GnP used in this study typically have a length 

of upto 25 µm and diameter of 4-10 nm. Figure 4.2 shows the TEM visualization of SWCNH 

and GnP. 

 

 

 

 

 

 

 

 

Figure 4.1: Scanning electron microscopy visualization of (a) Single Walled Carbon 

Nanohorns (SWCNH) (b) Exfoliated Graphite Nanoplatelets (GnP) 

 

 

 

 

 

 

 

 

Figure 4.2: Transmission electron microscopy visualization of (a) Single Walled Carbon 

Nanohorns (SWCNH) (b) Exfoliated Graphite Nanoplatelets (xGnP) 
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To disperse the GnP in water and EG, sodium deoxycholate (DOC) is used as the surfactant. 

The nanofluids were subjected to bath sonication for 90 minutes followed by a tip sonication 

for a period of 30 minutes with a power level of 200 W. AFM visualization of the exfoliated 

platelets post sonication is shown in Figure 4.3. From Figure 4.3 it can be noticed that the 

length of the flakes is in the range of few µm long and the thickness distribution lies in the 

range 4-10 nm.  

 

 

 

 

 

 

 

 

 

 

Figure 4.3: AFM visualization of xGnP. The graphite flake thickness distribution lies in the 

range of 4-10 nm predominantly. 
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Figure 4.4: Size distribution of SWCNH in water 

 

Figure 4.4 and 4.5 shows the size distribution of SWCNH in water and ethylene glycol 

respectively. It can be seenfrom figure 4.4 that the in the case of water the size distribution is 

rather broad and 100 nm - 1 µm with a maximum peak around 400 nm. This shows that the 

SWCNH is dispersed in water better compared to the case of ethylene glycol. Figure 4.5 

shows the size distribution in ethylene glycol is rather compact with a narrow size 

distribution with a maximum peak around 800 nm. This observation is in consistent with the 
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size distribution of SWCNTs in different base fluids where ethyleen glycol always 

demosntrated a tencdency to exist in the form of aggregates compared to the case of water. 

 

 

Figure 4.5: Size distribution of SWCNH in EG 

 

4.3 Enhanced Thermal Conductivity with SWCNH and GnP 

 

Thermal conductivity measurements were carried out using the transient hot wire technique 

for different loadings of nano inclusions in water and ethylene glycol. Figure 4.6 shows the 

thermal conductivity enhancement of water with SWCNH inclusions along with the 
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predictions of Maxwell’s model. The thermal conductivity increases linearly with increasing 

SWCNH loading for the weight fraction ranging from 0.5 wt % - 2 wt %. Figure 4.6 shows 

that the experimental results are in consistent with the predictions of Maxwell’s model. It is 

possible to conclude that for well dispersed nano inclusions the predictions of classical 

models is still valid.  

 

Figure 4.6: Enhanced thermal conductivity of Water as a function of SWCNH Loading and 

comparison with theoretical models. Predictions of Maxwell’s model are in good agreement 

with the experimental results. 

 

Figure 4.7 shows the thermal conductivity enhancement of SWCNH based nanofluids in 
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seen in the case of ethylene glycol compared to the case of water. This observation is in 

contradiction to the Maxwell’s theory [12] where the theory predicts a constant enhancement 

irrespective of the base fluid conductivity when the additive materials’ conductivity is much 

higher than the base fluid conductivity. Interestingly, the enhancement noticed is twice the 

predictions of Maxwell’s model which is consistent with previous report of CuO suspensions 

in Ethylene glycol [134] and nano-diamond suspensions in mineral oil [28]. 

 

Figure 4.7: Enhanced thermal conductivity of EG as a function of SWCNH Loading and 

comparison with theoretical models. The experimental results are approximately a factor 2 

higher than the predictions of Maxwell’s model. Similar results are obtained for 

SWCNH/Octadecane (OD) suspensions. For Nano-diamond/Ethylene Glycol suspensions the 

enhancement is marginally higher than Maxwell model’s prediction. The experimental 

results are fitted using EMT model assuming the aggregates to acts as rods of aspect ratio 10. 

EMT model predictions with and without the presence of TBR is also shown. 
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The deviation from the predictions of Maxwell model is possibly due to the level of 

aggregation noticed in ethylene glycol as noticed from the DLS results. The experimental 

results are fitted using EMT model [103] assuming the aggregates to form rods of aspect 

ratio 10 and taking the interfacial resistance into account. The interfacial resistance used in 

the calculations is of the order 10-8 m2K W-1. From figure 4.6 and 4.7 and based on the DLS 

results it is possible to conclude that for sufficiently well dispersed samples, thermal 

conductivity enhancement is rather limited and is in consistent with the predictions of 

classical models. When the suspensions tend to form aggregates a deviation from the 

classical models predictions may be more pronounced. The contradictory thermal 

conductivity enhancements reported in the literature for different nanofluid suspensions may 

possibly due to the different level of aggregation and the lack of proper characterization 

methods to evaluate the size distribution of the nanomaterials in different fluids. The present 

experimental results show a marginal deviation from the Maxwell model’s predictions. 

However, the percentage of enhancement is still less enough than the case of SWCNT based 

nanofluids.  
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Figure 4.8: Enhanced thermal conductivity of water/GnP nanofluids and comparison with 

EMT prediction. 

 

Figure 4.9: Enhanced thermal conductivity of EG/GnP nanofluids and comparison with 

EMT prediction. 
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Figure 4.8 and figure 4.9 shows the thermal conductivity enhancement of water and ethylene 

glycol with GnP inclusions along with the predictions of EMT model [103] assuming the 

GnP fakes as oblate spheroids and taking the interface resistance into account. Unlike the 

case of SWCNH, the thermal conductivity enhancement increases linearly upto a certain 

loading and remains saturated beyond a certain loading.  A maximum enhancement of 17 % 

is noticed for water at 0.2 vol % and 43 % for EG at 0.5 vol %. Beyond the respective 

loadings increasing the loading of GnP does not increase the thermal conductivity of the base 

fluid.  

 

The present experimental results are contradictory to the predictions of EMT model where 

the thermal conductivity increases with increasing nanomaterials loading. EMT model fail to 

explain the saturation behaviour observed in GnP based nanofluids. The present results are 

also contradictory to the recent results of Baby et al. [135] where the authors show 

‘anomalous’ enhancement at very low concentration of graphene loading and also that of 

Zheng et al. [136] where the authors show a non-linear enhancement upto 1 vol % (2.2 wt %) 

in ethylene glycol and PAO based nanofluids.  Besides, they also reported that the thermal 

conductivity increases linearly till the electrical percolation threshold beyond that it takes a 

“kink” but continue to increase with a different slope [136]. The electrical percolation 

threshold for graphite suspensions lie in the range of 0.1 vol % - 0.3 vol %. The present 

experimental results are partially consistent with the previous observation. However, instead 

of a change in the slope as reported in the previous case, the present experiments show level-

off behaviour. Such level-off behaviour was previously reported for MWCNT suspensions in 

water by Ding et al. [70] at room temperature. Level-off behaviour may be attributed to the 
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mutual interaction between the graphite platelets leading to a large interfacial thermal 

resistance thereby limiting the heat flow path with increasing loading of the nanoplatelets. 

Besides, amorphous carbon impurities and defects in the graphite suspensions may also 

contribute to the increase in thermal resistance. This scenario is not noticed in the case of 

spherical inclusions because of its inability to form stronger percolated networks at the 

material loadings considered in this present study.  

 

In previous experiments with SWCNT suspensions in water and ethylene glycol, a small 

temperature dependent enhancement is noticed in the case of water but not in ethylene 

glycol. Here, the thermal conductivity enhancement is also evaluated as a function of 

temperature for fixed nanomaterial loading. Figure 4.10 shows the thermal conductivity 

enhancement as a function of temperature in water based nanofluids for different nano 

inclusions. For the case of SWCNH and GnP nano-inclusion no temperature dependent 

thermal conductivity enhancement is noticed. This rule out the possibility of Brownian 

motion and micro-convection as the possible mechanisms for heat transfer enhancement in 

nanofluids. As previously discussed, the small temperature based enhancement noticed in the 

case of SWCNT inclusions may possibility attributed to the rotational motion of shorter 

nanotubes and also the reduction in thermal boundary resistance at increasing temperature.  
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Figure 4.10: Effect of fluid temperature on the thermal conductivity enhancement in carbon 

based nanofluids. 

 

4.4 Conclusions 
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agreement with the predictions of Maxwell’s model.  However, in the case of SWCNH 
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inclusions in ethylene glycol, the effective enhancement is twice the predictions of 

Maxwell’s model due to the formation of aggregates. Exfoliated graphite based nanofluids 

show a level-off behaviour which is contradictory to the predictions of effective medium 

model where the model predicts a linear enhancement with the material loading while the 

experimental results tend to saturate beyond a threshold loading. Further both the nano 

inclusions do not show any temperature dependent enhancement as previously noticed in the 

case of SWCNT suspensions. The experimental results also rule out the possibility of 

Brownian motion and Brownian assisted micro-convection as the possible heat conduction 

mechanisms in nanofluids and support the mechanism of particle aggregation. Based on the 

systematic comparisons it can be concluded that the spherical particles have low impact in 

thermal conductivity enhancement while SWCNTs and GnP can contribute significantly. 

Inability to disperse large amount of SWCNTs remains a concern while higher loading of 

GnP does not contribute due to large thermal resistance at higher loading.  
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Chapter 5 
 
 

Enhanced Thermal Conduction Characteristics of Phase Change 

Composites with Single Walled Carbon Nanotube Inclusions 

 
5.1 Introduction 

In this chapter strikingly large contrasts in the thermal conductivity enhancement of phase 

change alkane in liquid and solid state with single walled carbon nanotube (SWCNT) 

inclusions. With a small SWCNT loading of 0.25 wt% a strikingly high 250% enhancement 

is achieved in the solid state and a nominal enhancement of 10% is achieved in the liquid 

state. The thermal conductivity contrast between solid and liquid state was found to increase 

with increasing SWCNT loading. The thermal conductivity contrast was more pronounced in 

the presence of SWCNTs compared to the presence of exfoliated graphite nanoplatelets 

reported in the literature. 

 

5.2 Thermal Conductivity in Phase Change Materials 

 

There has been considerable interest to increase the thermal conductivity of organic phase 

change materials using different nano inclusions. Recently, Zheng et al. [137] reported a 

contrasting thermal conductivity enhancement between solid and liquid states by a factor of 

3.2 in n-hexadecane with 1 vol% loading of graphite inclusion during the first-order phase 

transition process. Such a contrasting enhancement for the same loading of nano inclusion is 

clearly surprising, and this observation was similar to previous ‘anomalous’ thermal 
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conductivity enhancements that were reported in the literature for nanofluid suspensions [10, 

11, 135]. A recent review on thermal conductivity enhancement in carbon nanotube (CNT) 

based polymer composites shows that the significant thermal conductivity enhancement can 

be achieved with single walled carbon nanotubes despite the high thermal interface resistance 

between the nanotubes and the polymer matrix [138]. The magnitude of enhancement varies 

on many factors such as the type of CNT used, functionalization, purity, degree of alignment 

etc [138]. Especially single walled carbon nanotubes based phase change nanocomposites 

with its unique optical absorption properties along with improved thermal conductivity and 

light harvesting effects makes it a suitable candidate for novel solar thermal energy storage 

materials as demonstrated recently using artificially synthesized polymer/SWCNT phase 

change composite [139].  

 

In this work using an organic phase change material that a contrasting thermal conductivity 

enhancement occurs in the solid and liquid phase when single-walled carbon nanotube 

dispersed using sodium deoxycholate is used as nano inclusions. A strikingly high contrast 

ratio of nearly 3 is achieved at an ultra-low loading of 0.25 wt%. The present experimental 

results show an anomalous enhancement beyond the predictions of effective medium theory 

in the solid state. The present work introduce an efficient way to manipulate the thermal 

conductivity of nano composites using one-dimensional nanomaterial inclusion by 

effectively controlling the heat transport path simply via temperature regulation. Such a 

phase change material with enhanced thermal conductivity makes it a promising candidate 

for thermal energy storage applications.  
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5.3 Materials and Methods 

 

The exfoliated graphite nanoplatelets (GnP) used in this study was purchased from XG 

Sciences, USA [Grade-M, 6-10 nm thickness]. The SWCNTs used in this study were 

synthesized by the alcohol catalytic chemical vapour deposition (ACCVD) technique using 

cobalt and iron bi-metallic catalysts supported on zeolite particles (HSZ-390HUA). From 

AFM measurements for DOC dispersed SWCNTs we found that the length distribution lies 

in the range of 100 nm – 700 nm after sonication. 

 

The synthesized SWCNTs and GnP were dispersed in n-Octadecane (n-C18H38) [99.5% 

purity purchased from Sigma Aldrich] whose freezing point is close to 300K, using 0.75 wt% 

of the surfactant sodium deoxycholate (DOC), to create stable dispersions based on our 

previous studies. The dispersions were subjected to sonication using an ultrasonic processor 

(Hielscher GmbH, UP-400S with H3/Micro Tip 3) for two hours at a power flux level of 320 

W/cm2 (80% amplification). Based on the Atomic Force Microscopy visualization (AFM) of 

the SWCNTs after sonication, we found that for DOC dispersed SWCNTs, the length 

distribution lies in the range of 100 nm – 700 nm after sonication.  

 

Thermal conductivity measurements were carried out using the transient hot wire technique 

which is described elsewhere. The suitability of transient hot wire technique for liquids with 

nano suspensions has been questioned significantly because of the ‘Brownian motion’ of the 

nanoparticles. However, a recent benchmark study on nanofluids performed using different 

measurement methods clearly demonstrated the suitability of this technique for nanofluids 
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[32]. Additionally, the transient hot wire method has the benefit of being applicable to both 

fluids and solids, and is quite frequently utilized for the phase change thermal conductivity 

measurements of nano suspensions [140]. Hence, in this work we have used the transient hot 

wire method owing to its versatility in the thermal conductivity measurements of wide 

temperature range.  

 

5.4 Results and Discussion 

 

The thermal conductivity measurement results of the n-Octadecane (n-C18H38) with different 

loadings of GnP inclusions showed that the thermal conductivity contrast increased with 

higher GnP loading as shown in figure 5.1. A contrast ratio of approximately 2.1 was 

achieved at a GnP loading of 0.45 wt%. The present experimental enhancement with GnP 

were consistent than the results with graphite suspensions reported by Zheng et al.[137] 
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Figure 5.1: Comparison of the GnP (graphene nanoplatelets) dissolved into OD (n-

octadecane) with different loadings and the graphite dispersed into n-hexadecane reported by 

Zheng et al. [137] Sharp increase in thermal conductivity is noticed during freezing with two 

dimensional graphite nanoplatelets as inclusions.  

 

The thermal conductivity measurement results of the n-Octadecane (n-C18H38) with loadings 

of SWCNT inclusions and temperature as parameters showed that the thermal conductivity 

contrast increased with higher SWCNT loading, as shown in figure 5.2(a) and 5.2(b). The 

present experimental values of the pristine n-Octadecane (n-C18H38) thermal conductivity 

were consistent with the literature values [141]. With the inclusion of SWCNTs, a limited 
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improvement in thermal conductivity of 10% was noticed in liquid state while a larger 

improvement of 250% in the solid state was noticed with increasing SWCNT loading. The 

present thermal conductivity enhancement obtained in the solid state with very low loading 

of SWCNT is markedly superior to the results of titanium dioxide nanoparticles [142], 

graphene additives [143] and exfoliated graphite platelets [144]. This clearly indicates the 

suitability of SWCNTs as the appropriate nano filler material to enhance the thermal 

conductivity of organic phase change materials. Besides in this study maximum thermal 

conductivity contrast ratio of 2.92 was reached at much lower SWCNT loading of 0.25 wt% (̴ 

0.15 vol%). The present results are also superior compared with the graphite inclusion in n-

hexadecane in which a contrast ratio of 3.2 is achieved at a much higher loading of 1 vol% 

[137].  

 

In the present study, measurements are limited to low SWCNT loadings because of the 

difficulty in achieving good stability at higher loading of SWCNT with the current surfactant 

assisted dispersion method. Dispersing SWCNTs of large aspect ratio without the aid of 

sonication techniques or chemical functionalization methods is difficult. The former method 

reduces the length of the SWCNTs while the latter introduces structural defects in the 

SWCNTs thereby reducing the inherent thermal conductivity and also acts as defect sites to 

scatter phonons. However, with improved dispersion techniques and/or synthesizing 

SWCNTs of high purity and long aspect ratio there is a potential for achieving higher thermal 

conductivity contrast and higher thermal conductivity enhancement in phase change 

materials with nano inclusions of SWCNTs.  
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Figure 5. 2: (a) Thermal conductivity of n-Octadecane as a function of temperature for 

varying SWCNT loadings. A sharp increase in thermal conductivity in the solid state is seen. 

(b) Contrast ratio (solid state thermal conductivity to liquid state thermal conductivity) as a 

function of SWCNT loading. Maximum contrast ratio of 2.92 is achieved at a SWCNT 

loading of 0.25 wt%. (c) Thermal conductivity enhancement as a function of temperature for 

different SWCNT loading. 
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Higher thermal conductivity enhancement observed in the solid state possibly indicates the 

formation of continuous networking structure during the phase transition process. We 

hypothesize during freezing, when the crystals begin to nucleate forming needle like 

structures the SWCNTs are gradually pushed to the grain boundaries thereby leading to form 

a continuous quasi-2D network of bundles which in turn recovers its original form when 

melted back. No significant thermal conductivity improvement was noticed in the liquid state 

due to the absence of such continuous structures as the heat conduction is heavily limited by 

high interface resistance between the SWCNT and the surrounding fluid and contact 

resistance between SWCNTs. A recent simulation study shows that the heat transport in 

SWCNT materials strongly depends on the length of the nanotubes and their structural 

arrangement in the material [145]. Mesoscopic simulation studies of thermal conductivity of 

3D SWCNT networks, quasi-2D films and self-organized networks of CNTs show strong 

quadratic length dependence and an order of magnitude increase in thermal conductivity due 

to efficient heat transport pathways caused by the CNT bundles [145]. The present thermal 

conductivity enhancement observed in this work can be comparable to the existing 

simulation results where the formation of strong network structures in the solid phase when 

the SWCNTs are pushed to the grain boundaries might have lead to this higher thermal 

conductivity enhancement.     

 

Another possible mechanism is that alkane molecule surrounding the nanotubes when frozen 

to solid state exhibit a tendency to form lamellar layers along nanotube axis and exhibit two-

dimensional structural ordering in planes perpendicular to the nanotube axis which is similar 

to the crystalline polymers [146]. Hence it may be possible that the two dimensional 
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structural ordering of SWCNTs and SWCNT induced molecular alignment during phase 

transition can lead to the high thermal conductivity enhancement of the nano composite in 

frozen state [146, 147].  

    

Figure 5.3: Recycling behaviour of thermal conductivity during successive phase transition 

cycles at SWCNT loading of 0.25 wt%. Arrows indicate the sequence of cycles. 

 

The process remained reversible for the subsequent cycles as shown in figure 5.3. When the 

nano composite was reheated back to the same liquid state, the original 3D networks of the 

dispersions might recover or molecular disordering occurs which disrupts the crystalline 

structure of the alkane. Hence, the liquid state thermal conductivity enhancement remains 

lower than the solid state thermal conductivity.  
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Such reversibility and high thermal conductivity contrast is noticed irrespective of whether 

the inclusion is SWCNTs, or GnPs. The present experimental results show that much higher 

thermal conductivity contrast and high conductivity enhancement was achieved with lower 

loading of SWCNTs as compared to the GnP. This may possibly due to the ability of the 

SWCNTs to induce the formation of stronger crystalline networks than GnPs [146, 148]. 

Besides, the superior performance of SWCNTs over GnPs may possibly due to the tendency 

of alkane chain to get adsorbed on to the CNT surface and align themselves parallel to the 

axis of the CNT, while the alkane chains show multiple orientations on the GnP surface 

[149].  

 

The effective thermal conductivity of the composites is also estimated using classical 

theoretical models. Assuming the SWCNTs as randomly oriented rigid ellipsoidal structures 

and taking into account the effect of thermal boundary resistance (TBR), the effective 

thermal conductivity enhancement is calculated using Maxwell-Garnett type effective 

medium theory (EMT) as reported by Nan et al. [103] and a modified Yamada – Ota 

empirical model as reported in Zheng and Hong [111,112]. For the present model 

calculations, we made use of the fluid state thermal conductivity of 0.143 W m-1 K-1,11 solid 

state thermal conductivity of 0.193 W m-1 K-1 [141], SWCNT thermal conductivity of 1000 

Wm-1K-1, and SWCNT aspect ratio (L/d) of 500 based on our atomic force microscopy 

(AFM) measurements. The thermal boundary resistance (TBR) was taken of the order of 10-8 

m2 K W-1 and assumed to be constant over the range of temperature tested. In these models 

the SWCNTs were assumed as rigid rods and the influence of the waviness of the SWCNTs 

was neglected. 
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Figure 5.4: (a) Thermal conductivity enhancement in liquid state as a function of SWCNT 

loading. Modified Yamada-Ota model predict the present experimental results with a TBR of 

2.5 x 10-8 m2 K W-1. EMT model prediction for the same TBR in the liquid state is marginally 

lesser compared to modified Yamada-Ota model. (b) Thermal conductivity enhancement in 

solid state as a function of SWCNT loading. The theoretical models fail to predict the 

enhancement in solid state as the influence of aggregation during first order phase transition 

is not included in the models. The experimental results were fitted with a power law equation 

of form b
wA  where A and b were fitting constants and w is the SWCNT weight fraction. 

The fit parameters were 12.6 and 1.53 for A and b respectively.  

 

Figure 5.4(a) and 4(b) show the effective thermal conductivity enhancement in liquid state 

and solid state along with the predictions of theoretical models. In the liquid state, the 
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thermal conductivity enhancement was in a linear fashion with respect to the SWCNT 

loading as shown in figure 3(a). The modified Yamada-Ota model can predict the 

experimental results with a TBR of 2.5 × 10-8 m2 K W-1 (Thermal boundary conductance of 

40 MW/m2K) while the EMT model predicted a marginally lower enhancement with the 

same TBR. Limited experimental and numerical results exist for the boundary resistance 

between SWCNT and the surrounding interface. The extracted thermal boundary resistance 

based on our model calculations (2.5 × 10-8 m2 K W-1) is comparable with the existing 

experimental results for surfactant encapsulated SWCNT interfaces in water (8 × 10-8 m2KW-

1)[105, 106]  and simulation results of SWCNTs surrounded by octane medium (3.4 × 10-8 m2 

K W-1) [107].  

 

However, both theoretical models fail to explain the high thermal conductivity enhancement 

noticed in the solid state. Besides, the enhancement in the solid state remains non-linear with 

respect to SWCNT loading while in the liquid state a linear enhancement is noticed. Failure 

of the classical models to explain the enhancement in solid state may due to the assumption 

that the thermal boundary resistance is assumed to be constant and the role of aggregation is 

not taken into account in the calculations. It may be possible that the thermal boundary 

resistance in the liquid phase and crystalline phase is different as noticed in the recent 

simulations [148]. Further experiments to probe the thermal boundary resistance using time 

domain thermoreflectance measurements will facilitate better understanding of the interface 

effects and help in improving theoretical models.  
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Figure 5.5: (a) Differential Scanning Calorimetry plot of melting cycle in n-octadecane and 

n-octadecane/SWCNT nano composite. (b) Differential Scanning Calorimetry plot of 

freezing cycle in n-octadecane and n-octadecane/SWCNT nano composite. Note that the 

peaks are shifted by 3.5 ºC for calibration correction of the DSC. 

 

The phase change enthalpy is a critical factor which determines the thermal energy storage 

capacity of the PCMs. Figure 5.5 (a) and (b) shows that with the addition of 0.25 wt % 

SWCNT, the melting and freezing enthalpy of n-octadecane decreases. It is generally 

anticipated that the addition of nanoparticles will decrease the freezing and melting 

temperature of the materials. However, in this case a minor increase in the melting and 

freezing point is noticed. Since, the calorimetry technique used in the present experiments is 

not sufficiently accurate at low temperatures this future is difficult to explain. However, the 

decrease is approximately 30% in the case of 0.25 wt % SWCNT loading. Since some of the 

PCM volume is replaced by the presence of SWCNT which does not undergo phase 

transition a reduction in phase change enthalpy is anticipated. However, this reduction in 
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enthalpy limits the energy storage capability of the PCMs. Hence, further loading of SWCNT 

need to limited. The present results show a much higher reduction in phase change enthalpy 

compared to the case of 4 wt% graphene inclusions in 1-octadecanol where a 14 % decrease 

is reported [143].  

 

5.5 Conclusions 

In summary, contrasting thermal conductivity enhancement in phase change alkane with one-

dimensional SWCNT nano inclusions and two-dimensional exfoliated GnP nano inclusions is 

reported. SWCNTs were far more effective at enhancing the solid/liquid thermal conductivity 

contrast than any other material reported to date. The potential mechanism behind the 

‘anomalous’ thermal conduction enhancement is discussed based on the existing numerical 

and simulation results. The experimental results are also analyzed in the light of effective 

medium and Yamada-Ota models. Classical theoretical models fail to explain the contrasting 

thermal conductivity improvements. Recent molecular dynamics simulations show that the 

thermal boundary resistance in the liquid phase and crystalline phase is different which may 

cause this anomaly. However, experimental data of thermal interface resistance in different 

phases is still lacking. Further experiments to probe the thermal boundary resistance using 

time domain thermoreflectance measurements in the solid and liquid phase will facilitate 

better understanding of the interface effects and help in improving theoretical models. 

Further research need to focus on the development of theoretical models to explain such 

contrasting behaviour.  
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Chapter 6 
 
Conclusions and Scope for Future Research 
 

There are much anticipation on ‘anomalous’ enhancement in nanofluids thermal conductivity 

in the recent decade. However, the potential of nanofluids and the magnitude of thermal 

conductivity enhancements remains unclear due to lack of sufficient knowledge in dispersion 

methods and characterization techniques. To understand the real potential of nanofluids, 

systematic investigation of the thermal conductivity enhancement is carried out with well 

characterized single walled nanohorns, single walled carbon nanotubes and exfoliated 

graphite based nanofluids.  

SWCNH based aqueous nanofluids shows enhancement in good agreement with the 

predictions of Maxwell’s model while in the case of non-aqueous nanofluids a deviation 

from the Maxwell’s model occurs possibly due to the aggregate formation. The thermal 

conductivity enhancement in non-aqueous nanofluids was found to be twice the predictions 

of Maxwell’s model. 

SWCNT based nanofluids shows higher enhancement than the case of spherical inclusions 

owing to its high aspect ratio. Experimental results are in reasonable agreement with the 

predictions of effective medium theory providing a low but still reasonable magnitude of the 

interfacial resistance is used in calculations. The present experiments reveal that thermal 

conductivity enhancement in well dispersed nanofluids are modest and can be reasonably 

predicted with classical theoretical models. 

Contrasting thermal conductivity enhancement in phase change alkane is found with nano 

inclusions. SWCNT inclusions show an ‘anomalous’ improvement in the solid state at a very 
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low loading while the enhancement in liquid state is minimal. Mechanism behind this phase 

dependent enhancement is still unclear and the classical models cannot explain this 

behaviour. Such a phase change material with enhanced thermal conductivity makes it a 

promising candidate for thermal energy storage applications. 

 

Perspectives for Future Research 

 

The present results clearly demonstrate the inefficiency of spherical inclusions as the 

potential material for nanofluid applications. Despite, SWCNT suspensions show a higher 

viscosity enhancement compared to the thermal conductivity enhancement, there does still 

exist a possibility to utilize this material by carefully manipulating the interface resistance. 

Further research should focus on manipulating the thermal boundary resistance by 

functionalizing nano-materials with appropriate covalent bonding or decorating with a metal 

nanoparticle to minimize the resistance between the nano inclusion and the surrounding 

medium. Experiments need to be performed to probe the thermal boundary resistance in the 

solid crystalline phase and liquid phase of alkanes to understand the unusual thermal 

conduction noticed in phase change materials. This will facilitate better understanding of the 

interface effects and help in improving theoretical models. Effective medium theory needs to 

be improved to take into account by considering the interaction between CNTs in different 

fluids, defect level, and poly-dispersive nature of material aspect ratio, the role of percolation 

and contact resistances between the nano inclusions. 
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Appendix  

A. Signal Analysis of the Transient Hot Wire Setup 

 

 

Figure A.1 : Scheamtic of the THW setup 

The condition for the balance of Wheatstone bridge is 
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In equation A.1, R1 and R3 are fixed resistors and R2 is the adjustable resistor and Rw is the 

resistance of the hot wire. When the bridge balance is disturbed bya supplying a constant 

voltage (Vin), the output voltage Vout can be calculated using the Kirchoff’s law which is as 

follows. 
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Here Rwt is the resistance of the hot wire at every time step. Simplifying equation A.2, Rwt can 

be calculated s follows: 
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Voltage drop across the hot wire (VRw) is given by the eqation (A.5) as follows: 
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Heat flux per unit length (q) at any instant of time is then calculated from the Rwt, VRw and 

length of the hot wire (Lw). This is shown in equation (A.6). 
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The temperature change of the hot wire is calculated from the change in resistance of the hot 

wire Rwt and the temperature coefficient of resistance of the platinum hot wire (α) which is 

shown in equation (A.7).  
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Finally, thermal conductivity of the fluid is then calculated as follows (A.8) 
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B. Uncertainty Analysis of the Transient Hot Wire Setup 

The thermal conductivity of the fluid from the transient hot wire setup is calculated as shown 

below: 
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Rearranging the equation in terms of the measured resistancechange as a function of time 

gives 
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The uncertainties in the measured quantities can be written as follows: 
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It need to be noted here that the uncertaintiy in the heat flux per unit length depends on 

multiple quantities such as change in voltage drop across the hot wire, change in wire 

resistance and inaccuracy in the hot wire length.Hence, the uncertainity due to heat flux per 

unit length can be further calculated as follows: 
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Furthermore, the uncertainty in wire voltage is further dependent on the voltage input and the 

resistance of the hot wire and another resistance which is in serires with it. So, the 

uncertainty in voltage supply to the wire can be further written as follows: 
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The uncertainty in total resistance change of the hot wire for a period of time can be further 

written as follows: 
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The temperature co-efficient of resistance as a function of temperature is measured as 

0.00384 Ω/ᵒC which is very close to the literature value of 0.00393 Ω/ᵒC which gives an 

uncertainty of 2.29 %. The uncertainty from least square fitting error is negligible and lies in 

the range of 0.1 %. The over-all uncertainity of the transient hot wire setup is tabulated 

below: 
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C. Background Correction of Optical Absorbance from Ethylene Glycol 

Based Nanofluids 

 

Figure C1: Optical absorbance spectra of EG/SWCNT based nanofluid. 

 

The optical absorbance measurements was perofrmed by considering pure water as the 

background. However, ethylene glycol has strong absorption in the near-infra red region. 

Hence, to obtain the absorption spectra of EG/SWCNT nanofluid, two measurements were 

performed. First, the optical spectra of annofluid is measured followed by the absoprtion 

spectra of pure ethylene glycol. The red line in figure shows the absorption spectra of 

nanofluid after subtracting the effects of pure fluid. The broad peak in the infra red regin and 

smaller peakd in the visible region shows the presence of SWCNTs. 
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D.Dynamic Light Scattering, Optical Absorption and Photoluminescene 

Spectra of SWCNT/Water Nanofluids of Varying Concentrations 

 

Figure D1: DLS and corresponding OAS results of 0.001 wt % , 0.0025 wt % 

and 0.005 wt % SWCNT/water nanofluid suspensions. 

 

 

Figure D2: PL spectroscopic results of 0.001 wt % SWCNT/water nanofluid 

suspensions. 
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Figure D3: PL spectroscopic results of 0.0025 wt % SWCNT/water nanofluid 

suspensions. 

 

Figure D4: PL spectroscopic results of 0.005 wt % SWCNT/water nanofluid suspensions. 

 

From figure D1 – D4, the optical absorbance and PL spectra clearly reveals efficeint isolation 

obtained by the DOC surfactant. However , the DLS results show two distinct features and 
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the smaller peak increase with increasing SWCNT concentration. Since the DLS 

measurements assume the rods as equivalent spheres, it is possible to assume that the smaller 

intensity peaks origniate from the individual SWCNTs. While the dominant peak can be 

attributed to the presence of smaller bundles.   
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E. Electrical Conductivity Measurement using Linear Sweep Voltage 

Supply 

 

Electrical conductivity measurements reported in the chapter 3 was performed by connecting 

the sample to a digital multi-meter. The experimental results were further confirmed for pure 

fluid and nanofluid suspensions by performing additional measurements using a applied 

voltage and measuring the change in current for the samples (linear sweep method).  

 

Figure E1: I-V curve of pure water 
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Figure E2: I-V curve of 0.25 wt % SWCNT/water nanofluid. 

 

The experimental electrical conductivity of pure water and 0.25 wt % SWCNT obtained from 

this method is 5.93 µS cm-1  and 69  µS cm-1 . This meaasurement is in consistent with the 

previous results obtained using simple digital multimeter. 
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F. Shear Rate Data of Cannon Fenske Viscometer 
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G. Influence of Sonication Time on the Thermal Conductivity 

Enhancement 

 
Figure G 1: Influence of sonication conditions on the thermal conductivity enhancement of 

EG/GnP nanofluids. 

 

Figure G 1 shows that the effective thermal conductivity enhancement decreases with 

increasing sonication time. This is due to the reduction in size of the flakes as the sonication 

time is increased. To achieve higher enhancement larger flakes are required. However, very 

low sonication conditions are ineffieicent to maintain the stability of the suspensions. Hence, 

it is desirable to develop better dispersions methods to obtain maximm thermal conductivity 

enhancement.   
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H Viscosity Measurements of SWCNH and GnP based Nanofluids 

 

 

Figure H1: Viscosity enhancement of water/SWCNH based nanofluids along with 

theoretical predictions.  

 

The viscosity measurements of SWCNH and GnP based nanofluids is shown in figure H1-

H5. In all cases, EG based nanofluids show a non-Newtonian shear thinning behaviour. 

Similarly the increase in viscosity is much more pronounced compared to the enhancement 

of thermal conductivity as seen in chapter 4 of the thesis. Comparison of the viscosity 

enhancement with the Einstein model show that it under-estimates the viscosity 

enhancement. Mooney’s model predicts reasonable enhancement for water based nanofluids 

while it fails for the EG suspensions. 
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Figure H2: Viscosity enhancement of EG/SWCNH based nanofluids along with theoretical 

predictions.  

 

Figure H3: Shear Rate dependent viscosity of EG/SWCNH based nanofluids 
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Figure H4: Viscosity enhancement of Water and EG/GnP based nanofluids along with 

theoretical predictions.  

 

Figure H5: Shear Rate dependent viscosity of EG/SWCNH based nanofluids 
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I. One Dimensional Steady State Measurements of Phase Change 

Nanocomposites 

 

The thermal conductivity of phase change nano composites with carbon nanotube inclusions 

were also measured using a one-dimensional steady state measurement method. The 

schematic representation of the meaasurement setup is shown in figure I  1.   

 

 
Figure I 1: Schematic Represntation of the 1D - Steady State Heat Conduction Experimental 

Setup. 

 

The experimental setup consists of a heater which is surrounded by a ceramic thermal 

insulator. Below the heater, a heat flux sensor is placed which is connected to the data 

acquistion system. Below th heat flux sensor, a copper plate is placed and the temperature of 
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the copper plate is measured using a k-type thermcouples. The entire assembly is mounted on 

a bakelite mould. The bakelite mould is connected to a movable stand. The sample to be 

tested is placed on a thermoelectric cooler which is maintained at a tempearute of 273 K. A 

uniform DC power supply is given to the heater to introduce a temperature graident. The 

tempearaute of the copper plate and the corresponding heat flux is monitored using the data 

acquistion system. The experiment is allowed to run for a period of 30 minutes to ensure that 

the steady state condtion is reached. From the measured temperature conditions, heat flux per 

unit area (q) results and the length of the sample (L), the thermal conductivity of the sample 

is calculated using the Fourier’s law as follows: 

                                                        
T

qL
k


                                                                         (I. 1) 

 

Figure I 2: Raw data of the temperature profile of the sample 
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A typical temperature profile and the corresponding heat flux results are shown in figure I 2. 

From the measurements sample of diamter 10 mm and length 15 mm, 20 mm and 25 mm is 

used. From the measured tempearture of the sample and the heat flux signal, the thermal 

conductivity of the sample is directly calculated using the expression (I 1). The thermal 

conductivity of pristine n-octadecane and 0.25 wt % n-octadecane/ SWCNT composite is 

estimated as 0.172 ± 0.025 Wm-1 K-1 and 0.351 ± 0.013 Wm-1 K-1.  
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J. Contrasting Thermal Conductivity in Phase Change Alkanes with 

SWCNH inclusions 

 

 

Figure J 1: Thermal Conductivity enhancement in n-octadecane for 

solid and liquid state. 

 

The thermal conductivity increases with increasing SWCNH loading in both the 

liquid and solid state. The enahncement in solid state is quite higher the liquid 

state. However, the magnitue of enhancemetn in solid state is not much higher 

compared to the case of SWCNT and GnP inclusions. 
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