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ABSTRACT 

Thermal Conductivity of Single Wall Carbon Nanotube and Copper 
Coaxial Nanocomposite 

by 

Kasim Toprak 

Based on non-equilibrium molecular dynamics, a model is developed to 

study the thermal conductivity of Single Wall Carbon Nanotube (SWCNT) inside 

filled with Copper (Cu), forming a coaxial composite in the form of a nanowire. The 

Nose-Hoover thermostat is used to maintain the opposing ends of the SWCNT-Cu 

nanowire at uniform temperatures of 320 K and 280 K. Firstly, the length dependent 

thermal conductivities are examined in vacuum using the simulated axial 

temperature profiles and by applying the Nose-Hoover thermostat. The effective 

thermal conductivity of copper nanowire is estimated based on the electrical 

resistance analogy. The calculations showed that the thermal conductivity of a 

SWCNT-Cu nanowire is up to 24% higher than that of a corresponding pure SWCNT. 

Secondly, the identical SWCNT-Cu nanowire is placed in water instead of vacuum. 

The conduction along the radial direction of this coaxial nanocomposite surrounded 

with water is examined. Due to its simplicity and adaptability, a simple point-charge 

water model is implemented. Using the Nose-Hoover thermostat, the copper core is 

kept at a uniform temperature as a heat source, and a circular edge layer of water is 

kept at a lower temperature as a heat sink in order to impose a radial temperature 

distribution. The temperature jump due to interface resistance at the SWCNT-water 
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interface is found to be smaller than the temperature jump at the SWCNT-Cu 

interface.  
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Chapter 1  

Introduction 

There has been great improvements in microfabrication technology, 

microelectromechanical systems (MEMS), nanoelectromechanical systems (NEMS), 

quantum structures (nanotubes, nanowires, nanoparticles, etc.), optoelectronics, 

lasers, molecular/atomic level imaging techniques, and computer technology in the 

past three decades. As these developments evolve, the dimensions of materials and 

new devices are scaling down to the micro- and nano-meter range. At this scale, the 

heat transfer plays an important role particularly in the performance, reliability, life 

of most thermal systems, and physical properties of devices with small dimensions. 

The electrical and thermal performances, stability, and material durability become 

more dependent on their thermal conduction efficiency [1–4]. At high temperatures, 

mechanical and electrical capabilities of materials weaken and can lead to the 

malfunctioning of the systems. Solving this cooling problem has become one of the 

greatest challenges in the development of smaller devices. On the other hand, the 
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increasing energy demands have not only stimulated intense research on the design 

of advanced electrical energy systems, but also their thermal energy have required 

deep studies [5]. 

In light of recent innovations in science and technology, improvements to the 

current nano- and microscale materials are required to increase their thermal 

properties and make them a step closer to the potential applications. Design, 

optimization, and surrounding medium are necessary to obtain high thermal 

conductivity material. This study focuses on understanding how encapsulation of 

copper nanowire within the SWCNT influences the thermal performance.  

This chapter is organized by the following sections: Sec. 1.2 gives a 

comprehensive explanation of carbon nanotubes; Sec. 1.3 defines nanowire and its 

importance; Sec. 1.4 introduces the coaxial nano structures. 

1.1. Carbon Nanotubes 

Special interest in carbon nanotubes (CNTs) associates with their high 

mechanical, electrical, and thermal properties, i.e. thermal conductivity. CNTs have 

potential applications in the fields of materials science, optics, electronics, 

bioengineering, and medical therapy. CNT properties which are fundamentally 

important in controlling system performance even at short lengths [6,7]. Several 

unique properties of CNTs that make it particularly attractive are its high 

mechanical stiffness, high electrical and thermal conductivities, and high aspect 

ratio [8]. From these properties, both experimental measurements and theoretical 
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calculations have determined that SWCNTs have as high as a thermal conductivity of 

6000 W/mK in the axial direction at room temperature, while a single layer 

graphene sheet contains up to 5300 W/mK [9–15]. Some of the reasons that CNTs 

have a higher thermal conductivity than graphite and diamond are due to 

differences in the scattering processes. For instance, its cylindrical shape allows the 

nanotube to have significant effects on the phonon spectrum, which is the phonon 

mean free path due to one-dimensional structure [16,17]. Also, a carbon nanotube 

bundles in a different fluid medium will be a potential candidate to utilize them for 

the future applications [18,19]. 

In addition to the thermal conductivity along SWCNT, heat transfer from a 

nanotube to the surrounding material is quite important for the practical 

applications of CNTs as nanoparticles in nanofluids and CNT composites to improve 

thermal transport. Several researchers studied the heat transfer from a SWNT to 

various surrounding matrixes [20–25]. For nanofluids, the thermal conductance 

across the nanotube-fluid interface is of particular interest on heat flow. The heat 

transfer rate can be well expressed by employing the interfacial thermal resistance. 

It is also known as thermal boundary resistance (TBR), and it is a measure of an 

interface’s	  resistance	  to	  thermal	  flow.	  Huxtable	  et	  al.	  [20] predicted the TBR of the 

(5,5) SWCNT-octane interface 4x10-8 m2K/W and the SWCNT-sodium dodecyl 

sulfate interface 8.3x10-8 m2K/W. Maruyama et al. [22] estimated the TBR between 

a SWCNT and confined water molecules in the SWCNT was 12.2x10-8 m2K/W. Using 

the same model and the calculation methods but with lower SWCNT temperature, 

Maruyama et al. [24] repeated the calculations again and estimated the TBR to be 
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20x10-8 m2K/W. One of the recent TBR studies between SWCNT and water, Harish 

et al. [26], compared their experimental results with two models: the effective 

medium model (EMT) [27] and the Yamada-Ota model [28]. Zheng and Hong [29] 

modified the original Yamada-Ota model by incorporating the TBR. Their TBR 

results showed a TBR of 2.1x10-8 m2K/W and 4.9x10-8 m2K/W for EMT and Yamada-

Ota models, respectively. The results are in good agreement with their experimental 

results. 

Since the TBR limits thermal transport, it affects the effective thermal 

conductivity [23]. At the TBR of 8.3x10-8 m2K/W, the effective thermal conductivity 

of the SWCNT-water suspensions can be enhanced up to 167% at 2wt% of SWCNT. 

On the other hand, at the TBR of 0.064x10-8 m2K/W case, the effective thermal 

conductivity can be increased 11 times with same weight fraction in water [23]. 

Because The larger TBR limits to increase the effective thermal conductivity of the 

nanofluid despite the high thermal conductivity of SWCNTs, it is important to 

calculate the proper TBR [25]. 

After explaining the importance of CNT and TBR, it is crucial to understand 

the structural properties of the CNTs and graphene sheets. Structural properties 

may affect their physical properties. 

Carbon is the first chemical element from group 14 in the periodic table. It 

tends to form covalent chemical bonds in three different hybridization states: sp, 

sp2, and sp3. These hybrid orbitals are used in explaining the molecular geometry 

and atomic bonding properties. Carbon is capable of forming many allotropes 
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because of its valency. Graphite, diamond, amorphous carbon, fullerene, graphene, 

and CNT are some of the well-known allotropes of the carbon atom. As the allotropic 

form of carbon changes, the physical properties of carbon vary widely. For example, 

while diamond is transparent and hard, graphite is opaque, black, and soft.  

During the advances in science and technology, some of the carbon allotropes 

have become more popular because of their unique properties. Following the 

discovery of the buckyball (fullerenes, C60) by Kroto et al. [30], in 1985, novel nano 

scale carbon structures became prominent in most areas of science and engineering 

[31,32]. Since CNTs were discovered in 1991 by Iijima [33], they have received 

extensive attention from researchers.  CNT have become one of the important nano 

materials of the last two decades because of its good physical properties. CNTs are 

cylindrical nanostructures embodied a hexagonal lattice, and rolled into a seamless 

cylinder as showed in Fig. 1.1. CNTs have sp2 type of bond between individual 

neighboring carbon atoms in a single tube.  

There are two types of CNTs based on the number of wrapped graphene 

sheets: (1) SWCNT, which has a rolled graphene layer, (2) and a multi wall carbon 

nanotube (MWCNT), which contains two or more concentric rolled graphene layers. 

SWCNT was used in this study. 

The unrolled graphene sheet is displayed in Fig. 1.2, where T  is the tube axis, 

1a  and 2a  are the unit vectors of the graphene sheet, (0,0) denotes the origin of the 

rolling direction, and 4  is the chiral angle of the chiral vector. The rolling direction 
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of the graphene sheet is defined by the chiral vector ( hC ) which has two lattice 

constants, � �1 2,a a , and two indices, � �,ch chm n  , such that  

   Ch = ma1 + na2   (1.1) 

Using the bond distance, C Ca �  the lattice constants, 1a  and 2a  are given by  

   a1 = a2 = a = aC  C 3   (1.2) 

 

where the carbon-carbon bond distance is measured as 0.142 C Ca nm�   in the CNTs. 

 

Figure 1.1: SWCNT: a rolled single hexagonal graphene sheet 
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From the chiral indices, � �,ch chm n , the diameter of SWCNT and	  the	  SWCNT’s	  

properties can be obtained [34]. As seen in Fig. 1.2, depending on the rolling 

directions from point (0,0), a SWCNT’s	   structure	   varies. After rolling a graphene 

sheet on different directions, a SWCNT can be three different structures as shown in 

Fig. 1.3; armchair ( ch chm n ), chiral ( ch chm nz  and 0chn z ), and zigzag ( 0chn  ). The 

 

Figure 1.2: The unrolled hexagonal SWCNT showing unit vectors, chiral 
vectors, and tube axis 
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chirality vector not only defines the type of SWNTs, but also it affects the metallic 

properties of SWNTs. Depending on the chirality indices, a SWCNT has metallic or 

semiconducting properties. Metallic properties are present when ( ch chm n� ) is 

divisible by 3. However, if it is not, then a SWCNT has semiconducting properties. 

Additionally, while chiral and zigzag SWCNTs might have metallic or 

semiconducting properties, an armchair structure will always have metallic 

properties since ( ch chm n  ) and ( 0ch chm n�   ). 

 

Figure 1.3: Type of SWCNTs based on chirality 
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Researchers have used different type and shape of SWCNTs because of their 

excellent thermal performance. The next section will describe one of the other 

nanostructure materials, nanowire. 

1.2. Nanowire 

A nanowire can be described as an extremely thin solid nanostructure, with 

the diameter of the order of a nanometer (smaller than about 10 nm). Since a typical 

nanowire has an aspect ratio of 1000 or more, it is considered as a one-dimensional 

material. Furthermore, the surface to volume ratio in nanowires is larger than that 

in nanofilms and superlattice [35]. Depending on how it is developed, a nanowire 

can have different properties; metallic (Ni, Au, Cu, Pt), semiconducting (Si, InP, GaN), 

and insulating (SiO2, TiO2). Nanowires can be considered useful to future thermal 

and electrical devices since they are very small in size and have a simple structure.  

Nanowires are expected to exhibit significantly different electrical, magnetic, 

optical, and thermal properties from their bulk three-dimensional counterparts 

because of the behavior of electrons and phonons within the material, and their 

unique density of electronic state. Some areas where nanowires differ from their 

corresponding bulk materials are expanded surface area, higher density, enhanced 

binding energy, and diameter-dependent bandgap [36]. For example, while the bulk 

form of gold has a melting point of 1350 K, if its size is reduced to nano scale, the 

melting point will be 1000 K [37]. 
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Until now, nanowire studies have received less attention than other nano 

materials such as CNTs. However, in the past decade, studying nanowires has 

become more popular by scientists because nanowires are inexpensive and 

lightweight, have high-performance characteristics, and, have more flexible 

properties in the nanoscale range. Researchers have started using nanowires in a 

wide range of fields such as efficient energy harvesting to biological applications 

[38–40]. 

Although researchers are eager to work with nanowires, their lack of 

effective and efficient ways to fabricating high quality nanowires using traditional 

technology limited manufacturing. However, researchers have developed new 

methods that can help manufacturing the desired nanowires for low cost and large 

scale [41,42]. Among those nanowires, metallic and semiconductors are expected to 

play a major role in nanoelectronics, optoelectronics, sensorics, and various other 

fields.  For successful implementation in nanoscale, it is important to use simple and 

low cost one-dimensional metallic nanowires. In addition, one must consider several 

properties such as the dependence of electrical, chemical, and thermal properties as 

a function of size [43]. 

Among metals, copper is considered to be a potential alternative to precious 

metals such as Pt, Pd, and Au. Copper is widely applied to electronic devices due to 

its good ductility, lower electrical resistivity, higher thermal conductivity, and 

greater electromigration resistance than aluminum [44]. In addition to metal bulk 

copper properties, copper nanowires have received a special interest in 
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nanoelectronics, sensors, lithium ion batteries, and solar cell. This recognition is due 

to their high transparency, interesting optical properties, and high electrical and 

thermal conductivity [45]. Moreover, it is important to understand the thermal 

properties of copper nanowire from both fundamental and application points of 

view.  

However, traditional systems will be a major performance and reliability 

bottleneck when feature sizes become smaller than 45 nm. As nanowire diameter 

decreases, traditional copper materials in high-performance at very large scale 

integration systems, will suffer significantly from high resistivity due to surface 

roughness and grain boundary scattering because the mean free path of copper is on 

the same order as the wire dimensions. The increase in resistance will limit both 

performance and reliability. Thermal treatment of the pure single nanowires leads 

to their fragmentation or shape conservation into a linear array of metal because of 

phonon-boundary scattering [46]. This scattering limits the phonon mean free path 

of the nanowire, which makes properties of nanowires difficult to measure. Given 

the long-term scaling problems associated with traditional copper, radical 

alternatives are required [47]. Because of these problems, copper nanowires need 

to be investigated both experimentally and theoretically. 

As the nanoscale materials were discovered (e.g., fullerenes, graphene, 

carbon nanotubes and nanowires), experimental and theoretical scientists 

investigated their properties, including thermal transfer and application areas. 

However, since the current nano size materials are deficient to address new micro- 
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and nanoscale thermal needs, recent studies have started to improve existing high 

thermal conductivity materials and explore higher thermal conductivity materials to 

solve thermal transport problems.  [13]. In the next section, coaxial nanocomposites 

will be explained. 

1.3. Coaxial Nanocomposites 

Properties of the two most popular nano materials, CNTs and nanowires, 

were explained in sections 1.1 and 1.2 and studies showed that choosing one of 

these materials is a possible alternative for future micro and nanoscale applications. 

However, in addition to choosing appropriate material for the systems, a single 

material may not be enough [48]. Multiple thermally high conductive materials such 

as SWCNT and nanowire need to be combined to answer the thermal problems [49].  

Although a pure hollow CNT has exclusive properties, the hollow space of 

CNTs limits its properties. CNTs are capable of absorbing metal atoms or molecules 

by capillary action and act as nanoscale template for fabricating new nanomaterials. 

Hence, when introducing highly conductive foreign fillers such as metals or their 

compounds in order to enhance their mechanical behavior, or electrical, and 

thermal conductivities, those CNT based nanocomposite materials have received 

significant attention from materials scientists and technologists. A core-shell coaxial 

nanocomposite model is shown in Fig. 1.4. In this structure, shell stands for CNT and 

core is the filler material. Previous studies have shown that the CNTs have been 

filled not only with various gasses [1,50] and fluids [6,51–53], but also with various 
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solid materials [12,41,54–61] to produce interesting structures and investigate their 

improved properties. CNTs encapsulated with metal atoms create fascinating 

multifunctional nanocomposites and it is a way to increase properties of the one-

dimensional nanocables with various applications. They have potential applications 

in nanocables, sensors, interface materials, microchannels, nanothermometers, 

medical carrier, and storage technology. More importantly, when the metal atoms 

are inserted into CNTs, the outer CNT shell creates a natural barrier between the 

metal and surrounding environment, and helps to prevent oxidation and 

degradation, thus maintaining long-term stability of the cylindrical metal core. 

[57,60,62–64]. 

Among metal core fillers, copper is cost effective, shows high electrical and 

thermal properties, and it has a low binding energy towards carbon. It has effective 

use in electronics, catalysts, resins, and thermal applications [12]. Its encapsulation 

into CNTs would particularly lead to many interesting nanoscale applications. 

Therefore, CNT filled with copper nanowire (CuNW) is a desirable composite to 

 

Figure 1.4: A core-shell coaxial nano structure model 
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study and can broaden current nanoscale applications. Several research groups have 

successfully prepared CuNW filled CNT [12,41,54–57,60,64,65]. In addition to 

copper’s	   physical	   properties,	   the copper core in a CNT-CuNW nanocomposite will 

increase the contact area between the one-dimensional nanotube and the three 

dimensional electrode or heat collector and serves as a lateral heat spreader [66]. 

Moreover, since carbon-carbon bond in the CNT is one of the strongest, it will help 

the copper core conserve its cylindrical shape even at smaller diameters [63]. Filling 

CNT with copper nanowire will make CNT a step closer to the practical application 

for the on-chip interconnections and thermal management [67]. These coaxial CNT–

CuNWs have potential applications in heterogeneous catalysis, medical treatments, 

power and data storages, nanoscale sensors, and thermal devices due to their 

strength, flexibility, size, and increased thermal and electrical properties which are 

also the properties of both CNTs and nanowires [62]. 

Some experimental studies and theoretical calculations have been done on 

filling CNTs with copper atoms to investigate their advantages. The high purity CNT 

filled with copper nanowire coaxial nanocable was studied by Ding et al. [12] to 

investigate its fabrication and characterization properties using a simple arc 

discharge method. The study proved that CNT filled with copper can be produced, 

even though it is hard	   to	   keep	   copper’s stable form. Du et al. [54] placed copper 

nanowire in three different semiconducting zigzag carbon nanotubes to investigate 

its electrical properties using the projector-augmented wave (PAW) potentials and a 

plane-wave basis set. This was implemented in the Vienna Ab-initio Simulation 

Package (VASP) computer code. The results showed that the CuNW encapsulated in 
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CNT can be applicable for the ultra large-scale integration circuits and the strong 

metallic character of copper nanowire gives the combined systems a metallic 

character. Using the MD simulation, Kang et al. [55] investigated the oscillatory 

behaviors of double-walled CNT oscillator which consisted of CNTs encapsulating a 

copper nanowire. The simulation results showed that the mass-dependent 

frequency variation is found to be more important than the copper@carbon 

interaction-dependent frequency variation. One-dimensional copper@carbon 

coaxial nanowires was prepared via a simple continuous flow wet-chemistry 

method from electroplating wastewater by Zhao et al. [56]. The study found that 

this coaxial nanowire has good electrochemical properties and could be used as an 

electrochemical sensor for the detection of glucose molecules. It also showed that 

the model has high and reproducible sensitivity to glucose. In addition, it has good 

stability, high resistance against poisoning by chloride ion, and commonly 

interfering species. These findings make the copper@carbon coaxial nanowire 

potential candidate for the enzyme-free glucose sensors. Copper filled CNTs were 

structurally and chemically analyzed by Golberg et al. [57] inside a transmission 

electron microscope (TEM). It was observed that the model behaves like nanoscale 

rheostats with electrical resistance proportional to the copper filling ratio. The 

results indicated that the electrical resistance drops when the copper-filled CNTs 

was used. The induced torsional behavior of different chiral SWCNTs filled with 

copper atoms is studied using MD simulation method under axial tension and 

compression by Wang and Kong [59].  Results showed that because of van der Waals 

interaction between tube wall and the encapsulated metal copper atoms, the 
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induced torsional behavior of chiral filled SWCNT is reversed. Li et al. [60] studied 

the radial strengths of the empty CNTs and copper filled CNT to probe the structural 

effects and the number of Cu atom effect on the radial mechanical properties. It was 

predicted that radial mechanical properties of the model shows dependence of the 

tube diameter, chirality, and the number of copper atoms rather than the SWCNT 

length. Moreover, copper filled double wall CNT showed much lower stability than 

the copper filled SWCNT. Zhao et al. [41] successfully prepared  the CNT@Cu 

nanowire with outer diameters between 60 and 120 nm and lengths ranging from 5 

µm up to 20 µm using a hydro-thermal method. The electronic and thermal 

properties of the model with different diameters using four-point probe methods 

and Maxwell effective medium theory were also studied by Zhao et. al [41]. It was 

found that the electrical resistivity increases as the wire diameter decreases.  

Solid nanoscale materials are mostly used with some mediums to enhance 

their properties. This medium can be an epoxy or a fluid such as water or gas. In 

order to make SWCNT-CuNW a step closer to a potential candidate for future 

applications, it is essential to understand its behavior with surrounding fluid. 

However, there are not enough studies to understand its thermal properties with 

surrounding medium. Zhao et. al [41] predicted the effective thermal conductivity of 

copper@carbon in B4 thermal grease using the Maxwell effective medium theory. It 

was found that the thermal conductivity enhancement is 85.8% over primary grease 

(B4 thermal grease) for the 3-wt% CNT@CuNWs. To examine the behavior of 

SWCNT-CuNW with surrounding water, CNT interaction with water should be 

understood. Since CNT was first discovered, many studies have also been conducted 
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to understand the interactions between carbon atoms in the CNT and fluid atoms 

including water molecules [51,68–72]. CNT-fluid interaction information is 

necessary for device design and optimization. Among those CNT-water interaction 

studies, Walther et al. [68] examined the structural properties of water surrounding 

a (16,0) CNT using MD simulations. Thomas et al. [51] predicted the behavior of 

water molecules inside and outside of different diameter of armchair CNT using the 

MD simulations. It was shown that the behavior of the water molecules around CNT 

was invariant with tube diameter. However, the behavior of water molecules inside 

the CNT was related to tube diameter. Moreover, pure CNTs have been used in fluid 

mediums as nanoparticles and into fluid flow through ultra confined geometries for 

nanofluidic based sensors and devices. Since measurements [73] and calculations 

[51,68,74] have been done in clarifying CNT-water behaviors, filling CNT with 

CuNW needs to be investigated to understand how heat transferred between CuNW 

filled CNT and water. In nanofluids, since small amounts of CNT increases thermal 

conductivity of the base fluid, it is expected that not only nanofluidic applications 

but also other micro- and	  nanoscale	  applications’	  thermal and other characteristics 

would be improved using the new SWCNT-CuNW material compare to an unfilled 

CNT. 

As seen in the literature, there have been some studies that investigated 

SWCNT filled copper but their studies were limited to structural production and 

chemical characterizations. Moreover, no studies have investigated the thermal 

properties. Since the thermal properties of SWCNT filled copper are essential in 

applying future micro- and nano- scale electronic and thermal devices, it is crucial to 
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examine them. My study uses MD simulations to simulate the coaxial nanocomposite 

materials made of SWCNT filled with CuNW in a vacuum to obtain higher thermal 

conductivity than that of corresponding SWCNT, which has not been investigated. 

Secondly, the identical coaxial nanocomposite material was placed in water medium 

to examine its radial temperature distributions and interfacial thermal resistance. 

The subsequent chapters are organized as follows: Chapter 2 describes the 

computational approach including MD simulation and coding. Chapter 3 explains 

thermal conductivity of SWCNT-CuNW coaxial nanowire in vacuum with the 

computational details including all the potential functions. Chapter 4 defines 

thermal properties of SWCNT-CuNW coaxial nanowire in a water medium with all 

the calculation details. In the final section, chapter 5, all the results from chapter 3 

and 4 are provided and evaluated. 
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Chapter 2 

Computational Approach 

Both experimental and theoretical scientists have studied micro and 

nanoscale heat transfer. Even though experimental measurements are crucial in 

finding properties of materials, difficulties continue to limit measurement 

conditions and synthesizing nanoscale high quality materials. Also, small length and 

time scales related to atomic-level dynamics limit experiments in understanding 

identical and different face material interactions.  

Since experiments are not easy or reliable, theoretical studies have played an 

important role in scaling down to micro and nanometer ranges. Different theoretical 

studies such as computational simulations have been used to examine heat transfer 

in micro- and nanoscale [75,76]. Many of the heat transfer and energy conversion 

phenomena are governed by thermal conduction and phonon transport equations. 

In computational studies, there are various simulation methods that account for 

nanoscale scattering mechanics: Monte Carlo methods [77], Boltzmann transport 
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method (BTM) [78], and molecular dynamics (MD) simulation method [3,9]. These 

simulations can help elucidate micro and nanometer scale material properties for 

their applications. Particularly, the MD is a well-known and accurate atomistic 

computer simulations to conduct the nano scale thermal studies. This method is 

widely used to study both SWCNT and SWCNTs composites, including coaxial 

nanowires to explain nanoscale transport phenomena [1,35,41,51,79–81].  This 

chapter will discuss the mathematical procedure used. 

MD is a computer simulation that predicts behavior of each molecule by 

following its motion through time-based method using Newton’s	  law	  of	  motion.	  The 

MD simulation can give comprehensive information on the fluctuation or evolution 

of a system, given a set of initial conditions. Since it is an easy, fast, accurate, and a 

well-known way to predict nano-scale thermal properties of the molecules, 

scientists are implementing this method to investigate structure, dynamics, and 

thermodynamics of atomic systems (e.g., molecules, molecular complexes, polymers, 

liquids, and crystals). Using MD simulations, a variety of calculations can be done 

and are comparable with experimental measurements. As a result, this method can 

work as a bridge between microscopic time and length and the macroscopic 

counterparts [23,82–85].  

MD simulation is an effective way to predict thermal conductivity of CNT. 

Shelly et al. [9] used it previously utilizing GROMACS MD [86] simulation package to 

predict a (5,5) SWCNT in a vacuum medium for different length ranges. Results 

indicated good agreement with both experimental and theoretical calculations. MD 
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simulations have also been performed to relate interface thermal resistance of CNT-

substrate to their atomic structure [87]. In fact, it does not require any assumptions 

about phonon scattering rates at the complex interface or prior knowledge of 

thermal transport of the system from experiments.  

2.1. Molecular Dynamics Simulation Setup 

As discussed, MD simulation is a reliable computational method. In this 

section, a computational flow chart will be explained to show how a MD simulation 

code was created.  

Figure 2.1 shows the flow chart of the MD simulations. As previously stated, a 

MD simulation uses the Newtonian equations of motion and appropriate inter-

atomic and intra-atomic potentials, which can be either a pair-wise or many-body 

type to describe time development of atoms or molecules with certain initial 

conditions and boundary conditions. These calculations involve a long series of time 

steps. At each time step, for example, the new positions and velocities are 

determined from previous positions, velocities, and accelerations. The code needs to 

be repeated with a small time step in order to simulate an accurate real time 

interval. A MD simulation starts with evaluating the forces acting upon particles at 

their initial positions in order to calculate the accelerations corresponding to these 

forces. Using the accelerations, the velocities of the particles may be updated. The 

accelerations and velocities will then be incorporated to calculate new positions for 

the atoms over a short time step, thus moving each atom to a new position in 
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Figure 2.1: Molecular dynamics simulation flow chart 
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space. This extensively iterative process will equilibrate the system at the desirable 

conditions. The velocities of the atoms are related to temperature conditions where 

the simulation is performed [81,88–90]. After discussing general information about 

a MD simulation, each section in the flow chart will be explained now in detail. 

First, the program begins to identify all potential parameters, masses, and 

time constants that will be incorporated in further calculations. After the program 

receives all data, an adequate amount of memory in the processor or processors will 

be allocated based on the number of atoms in the system. This can be challenging 

because if the memory is not allocated evenly throughout each processor, the 

program will consume more memory, causing the program to work inefficiently and 

slowly. Next, the program reads all initial input files that have each	  atom’s	  positions 

in a three-dimensional system, and initializes all velocities and accelerations. 

After the program stores all data for the calculations, the main flow part will 

start. First, time t , will be updated for each time step dt , using the chosen short time 

step: 

 't t dt �   (2.1) 

 Using the Verlet integration method [91], the current acceleration a  , will be 

integrated over time dt , to update the velocities V , and positions r , respectively: 
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2
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For each atom i , using appropriate inter-molecular (for both bonded and 

nonbonded atoms) and intra-molecular potentials based on the position of each 

atom, forces, F , will be calculated. Different potentials are used for different atoms 

and structure. The potentials used in this study are explained in chapters 3 and 4. 

After applying potentials, the new acceleration of each atom is calculated using 

Newton’s	  law	  of	  motion: 

  Fi = miai   (2.3) 

where m is the mass of atom. Immediately after finding the new acceleration, the 

current velocity will be updated using the Verlet integration method: 

 
  
Vi(t + dt) = Vi t + 1

2
dt§

©̈
·
¹̧

+ 1
2

ai t + dt( )d t   (2.4) 

The thermostat is then applied to the system to keep the system under the 

required temperature [92,93]. In the system, temperature, T , is calculated using the 

equipartition theorem [94]: 

 
  

1
2

miVi
2

i=1

N

 = 3
2

NkBT   (2.5) 

where N  is the number of atom and Bk  is the Boltzmann constant. Following the 

calculation of the temperature, the thermostat is applied to the system and the 

current velocities are updated to keep the system under the required temperature. 

After finishing all the calculations for the current time step, the code analyzes 

all the data and checks whether it converges to the desired conditions. For this 

study, the temperature distribution of the system is compatible with the required 

temperature distribution. Once this criterion is achieved, the main flow part is 
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completed with the calculations at each time step, allowing for the code to obtain 

the temperature distribution and other results from the program.  

2.2. Message Passing Interface 

In previous studies, different programmable devices were used to perform a 

set of arithmetic or logical operations. As these sequences of operations became 

more complex, a better-developed device was needed. During this development, the 

word “computer”	  was	  used	  for the first time in 1613. Since the first digital computer 

was invented in 1940s, all scientific and technological areas have worked to make a 

faster computer containing precise calculations.  Before computers, scientists and 

engineers thought that the ability to carry out a few hundred arithmetic 

computations each second was almost indescribable. However, as technological 

advancements improved, so did the desire to for faster computation. During this 

revolution, computers became inexpensive. 

Even as computers became faster, one device is not enough to compute a 

large number of calculations in a timely manner. Speed was still an issue and had to 

be solved. As a result of extensive work from scientist, several methods were 

developed to accelerate computational time. The parallel computing method was 

the one solution for such problem. It is a method in which one or more computers 

containing multiple processors can work simultaneously to solve problem. One of 

the well-known parallel computing methods, Message Passing Interface (MPI), is 

currently the most widely used. It is a free, practical, portable, efficient, expressive, 
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and flexible method, which transfers data from one process to another and supports 

collective communication between processors. In other words, the MPI meant to 

provide communication between a set of processors as shown in Fig. 2.2. In this 

study, the data represents a group of atoms. MPI can be used by a wide range of 

users writing portable MPI in Fortran 77 or the C programming language [95–98]. 

As shown in Fig. 2.2, a group of atoms are distributed proportionally into the 

number	   processors.	   These	   processors	   then	   start	   the	   calculations	   for	   each	   atom’s	  

interactions. During the calculations, each processor can communicate with the 

other to obtain the other	   atoms’	   data.	   After	   each	   processor finishes its own 

calculations, the results are collected in one of the processors. 

In this study, C programming language was written with the MPI 

 

Figure 2.2: Message passing interface working diagram 
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functionality to predict thermal properties of the created coaxial nano model. The 

following chapters explain the physics of my SWCNT-CuNW.  
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Chapter 3 

Numerical Modeling of a SWCNT–Cu 
Coaxial Nanowire in a Vacuum to Determine 

the Thermal Conductivity 

In addition to pure hollow CNTs, CNTs filled with various materials have 

received a lot of attention because of their increased combined effective properties 

[54]. The outer CNT creates a barrier between the metal and surrounding 

environment and helps prevent oxidation and degradation, thus maintaining long-

term stability of the metal core. Among these metal cores, copper shows high 

electrical and thermal properties. Therefore, SWCNT filled with CuNW is a desirable 

composite to study and can broaden current nanoscale applications 

[41,55,64,79,99–102]. 

Both experimental [12,41,99,103,104] and theoretical [55,64,79,105,106] 

studies were successful on creating a CNT filled with copper coaxial nanocomposite 

but they have only synthesized structural and chemical characterizations; however, 
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Figure 3.1: SWCNT-CuNW lattice model 

a better understanding of their physical properties is needed [57]. Hence, it is 

necessary to unravel the thermal properties of SWCNT-CuNW. 

In this chapter, CuNW encapsulated within a SWCNT is modeled using MD 

simulation and the axial temperature distribution and the thermal conductivity of 

the material were calculated. The length dependent thermal conductivities are 

studied in a vacuum. 

3.1. Modeling and Calculations 

An MD simulation of an SWCNT-CuNW coaxial nanostructure is modeled in 

order to obtain the thermal conductivity as it varies with length. It is assumed the 

model consists of pure and well-ordered carbon and copper atoms. Figure 3.1 shows 

the detailed view of the SWCNT-CuNW model: TL  (2 nm) is the length of the heat 

sink and heat source sections and L  is the length between heat source (320 K) and 

heat sink (280 K). In this study, the model’s	   lengths, L , range from 9.957 nm to 

63.091 nm with a (7,7) SWCNT. The CNT is modeled as an armchair SWCNT 

structure and the dense CuNW is modeled using the hexagonal close packing (HCP) 
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method. Figure 3.2 shows the HCP model of the CuNW that fills the CNT. Figures 3.1 

and 3.2 were prepared by aid of VMD molecular visualization program [107]. 

Periodic boundary conditions (PBC) are applied in all directions in the calculations. 

At the position   0 z nm , all atoms are fixed to prevent CuNW dislocation in the 

CNT. The system is initiated at steady state temperature of 300 K.  

There are different interaction forces required between the copper-copper 

atoms, carbon-carbon atoms, and copper-carbon atoms. For copper-copper inter-

atomic interactions in the CuNW are calculated using the Sutton-Chen (SC) many 

body potential [108]. SC is a density based potential for metallic atoms and is 

defined as  
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where SCH  is the energy parameter, SCC  is a dimensionless parameter, SCa  is the 

lattice constant and SCm  and SCn  are positive integers ( SC SCm n�  ). The distance 

between atoms i  and j  is represented by ijr . The first part of the equation describes 

the interaction between atoms i  and j , and the second part represents the many 

 

Figure 3.2: Packing structure of nanowire 
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body cohesion term. 

For carbon-carbon atom interactions in the SWCNT, three atomic forces are 

used: the harmonic potential for bonded interactions, the Lennard-Jones (12-6) 

potential for long range interactions, and the harmonic angle potential for bending 

angles [68,109,110]. It is defined as 

    (3.2) 

where rk  and kT  are forcing constants, or  and oT  are reference bond length and 

reference angle, respectively, CCH  is the depth of the potential well, CCV  is the finite 

distance, and ijkT  is the angle between atoms i  , j  , and k . 

The inter-atomic interactions between copper and carbon atoms are also 

defined using the Lennard-Jones potential (12-6) [105] 
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The cutoff distances for the carbon-carbon and copper-copper interactions 

are 2.2V  and 2.2 SCa , respectively. For copper-carbon interactions, the cutoff 

distance of 1 nm is applied. The cutoff distances are implemented by the following 

equation  

 

  

Uij
LJ (rij ) = Uij (rij )  Uij (rcut ), rij < rcut

Uij
LJ (rij ) = 0, rij > rcut

   (3.4) 
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When the distance between the atoms is smaller than the cutoff distance, the 

potential energy on atom i  is calculated by subtracting the energy at cutoff distance 

from the energy at ijr  distance. If the distance between two atoms is bigger than the 

cutoff distance, the energy on atom i , is zero. Table 3.1 lists all the parameters for 

copper-copper, carbon-carbon, and carbon-copper interactions [68,105,108–110]. 

The force on atom i  relative to its surrounding atoms is derived using the above 

energy functions by  

 

  

Fi =  �Uij rij( ) = mi

d 2ri t( )
dt2

j=1
jzi

N

¦    (3.5) 

The	  atomic	  positions	  and	  velocities	  are	  calculated	  from	  Newton’s	  equation	  of	  

motion using the Verlet integration method to calculate the equation of motion with 

a 5×10-5 ps time step in the simulation. After achieving the coaxial nanostructure to 

kr = 392460 kJ/mol.nm2 εCuC = 2.487392 kJ/mol 

ro = 0.1421 nm σCuC = 0.30825 nm 

εCC = 0.3598 kJ/mol CSC = 39.432 

σCC = 0.34 nm aSC = 0.36153 nm 

kθ = 527 kJ/mol.rad2 mSC = 6 

θo = 1200 nSC = 9 

 εSC = 1.2382x10-2 eV 

Table 3.1: The input parameters for the potentials 
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a steady state temperature of 300 K, the Nose-Hoover (NH) thermostat is applied to 

the two ends as shown in Figure 3.1. The NH thermostat equations are 

    (3.6) 

where Q  is the mass parameter, g  is the number of independent momentum 

degrees of freedom, ]  is the NH thermostat heat bath parameter, dfN  is number of 

degrees of freedom, Bk  is	  Boltzmann’s	  constant,	  T  is the temperature, and 0T  is the 

instant temperature. The NH thermostats are used at the two ends of the 

nanostructure system 320 K and 280 K to generate a heat flux. This method allows 

the system to maintain the appointed temperature [9]. Using the heat bath 

parameter from the NH thermostat, the heat flux of the system is calculated using 

 
 
q =   

Ndf kBT
A

  (3.7) 

where, A  is the cross sectional area. Once the heat flux is obtained, the thermal 

conductivity	   of	   the	   system	   is	   calculated	   from	   Fourier’s	   law	   using	   the	   axial	  

temperature distribution of the system. 

 Using the thermal conductivity values of SWCNT and SWCNT-CuNW, the 

thermal conductivity of CuNW was estimated from the electrical analogy 

 
  

1
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  (3.8) 
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where R  is the thermal resistance and k  is the thermal conductivity. 

3.2. Results 

Thermal conductivity of SWCNT-CuNW nanostructure system was calculated 

using MD simulation method for length ranging from 9.957 nm to 63.091 nm with a 

(7,7) SWCNT. The MD simulation method was used to obtain the temperature 

 

 

Figure 3.3: The axial temperature profile of SWCNT-CuNW 
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profile through the SWCNT-CuNW axial direction and the thermostat heat bath 

parameters. Figure 3.3 shows the axial temperature distribution of the 

nanostructure for different lengths. There are temperature jumps at the interface of 

the both thermostat sections and the middle section. A thermal boundary resistance 

due to vibrational mismatching between the NH thermostat section and the middle 

section causes this temperature jump. 

Using the temperature profile of the calculated length and the heat bath 

parameters, the thermal conductivity of the SWCNT-CuNW model was calculated 

 

Figure 3.4: Thermal conductivity as a function of the length of SWCNT-
CuNW 
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from	   Fourier’s	   law.	   Figure	   3.4 shows the length dependence of SWCNT-CuNW 

thermal conductivity compared to that of a pure (7,7) SWCNT and a solid CuNW for 

lengths ranging from 9.957 nm to 63.091 nm. The thermal conductivity of a pure 

SWCNT is calculated using the same method as the SWCNT-CuNW model. A CuNW 

without shell layer of SWCNT could not be simulated because it does not conserve 

its cylindrical shape with that small diameter. Hence, thermal conductivity of a 

CuNW is estimated based on the electrical resistance analogy. The qualitative 

behavior is similar in these models. The results showed that the thermal 

conductivity increases for a pure SWCNT, a CuNW, and SWCNT-CuNW models as the 

length of the system increases. The thermal conductivity increase is not linear, the 

gradient of the line decreases as the length of the nanostructure increases. 

Therefore, up to a certain value, increasing the length of the composite material can 

significantly enhance its thermal properties. In addition, the thermal conductivity of 

the SWCNT-CuNW is up to 24% higher than that of a corresponding pure SWCNT. 

This means that the CuNW core provides more conduction within the nanotube and 

the contact area increases. 

In the next chapter, the calculation details of the identical SWCNT-CuNW 

placed in a water medium will explain to obtain the radial temperature gradient. 
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Chapter 4 

Numerical Modeling of a SWCNT–Cu 
Coaxial Nanowire in Water Medium 

In chapter 3, a pure, well-ordered (7,7) SWCNT filled with CuNW in a vacuum 

was simulated to predict the axial thermal conductivity changes with the length of 

coaxial nanowire. The results show an increase in the thermal conductivity of 

SWCNT when it filled with copper. In a vacuum, the thermal conductivity of this new 

material increases with the length and is up to 24% higher than that of the 

corresponding empty SWCNT. However, a common aspect of these applications is 

the interaction of the SWCNT-CuNW with the surrounding medium. Some studies 

have discussed the interactions between pure CNT and various fluids including 

human epidermal keratinocytes [51,68–72]. However, no study has been done on 

the interaction between SWCNT-CuNW and fluid medium. Since the interaction 

between SWCNT-CuNW and the surrounding medium can significantly affect the 

thermal properties of the new material, information about thermophysical 
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properties of such SWCNT-CuNW with fluid medium systems is necessary for device 

design and optimization. In this chapter, the interaction of SWCNT-CuNW with 

water is examined. 

4.1. Modeling and Calculations 

An MD simulation of SWCNT-CuNW coaxial nanocomposite structure in 

water medium was used to obtain the radial temperature distributions from 

SWCNT-CuNW. Figure 4.1 shows the coaxial model of SWCNT-CuNW, which consists 

of pure and well-ordered carbon and copper atoms with a 3.2 nm length in a cubic 

water medium. Two different sizes of water mediums are created: 

33.2 3.5 3.5  ( L W W)Totnm u uu u  and 33.2 4.5 4.5 nmu u . The core of copper nanowire 

with radius 0.33813 R nm  is held at temperature 320 HT K , and the outer edge 

of the water layer of volume 39.5146 V nm  is kept at temperature 280 LT K  to 

obtain a radial temperature gradient. HT  is applied to the copper with a radius, R  to 

eliminate the thermostat effect such as temperature jump. Figure 4.1 shows the side 

and top views of the modeled SWCNT-CuNW coaxial nanocomposite structure in 

water. In the figure, the brown color represents copper atoms and the turquoise 

color represents carbon atoms. Water molecules are represented with white and 

red colors, which are hydrogen and oxygen atoms, respectively. Also, the red centric 

circle and the purple outlining circle represent where HT  and LT  are applied, 

respectively. 
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Since each atom has its own distinctive properties, there are different inter-

molecular and intra-molecular interactions for each. These interactions can mainly 

be split into two groups: bonded and nonbonded. Since the SWCNT-CuNW coaxial 

 

Figure 4.1: Molecular model of SWCNT-CuNW in water 
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structure is the same model studied in chapter 3, the same potentials were used: SC 

potential for copper-copper interaction in copper nanowire [108] 
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harmonic potential (bonded carbon interactions), harmonic angle potential (carbon 

angle conservation), and Lennard-Jones potential (nonbonded carbon interactions) 

for carbon-carbon interactions in the SWCNT [68,109,110] 

   (4.2) 

and Lennard-Jones potential for carbon-copper nonbonded interaction [63,105] 
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In the chemical structure of water, two positively charged hydrogen atoms 

are covalently bonded to a single, negatively charged oxygen atom. This different 

charge causes a dipole moment on the molecule. Researchers in computational 

chemistry have proposed many different models for the structure of water based on 

the number of interactions, flexibility, and polarization effects [111–113]. These 

water models have a different number of interaction places, which increases the 

computational cost. This study is based on a modified version of the simple point-

charge (SPC) model because of its adaptability and simplicity. This model was 
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originally created by Berendsen et al. [114] but was later modified by Toukan and 

Rahman [115]. Toukan and Rahman made the O-H stretching anharmonic, and 

therefore, the modified SPC water model is the most accurate three-center model. 

Unlike other four-or-more interaction sites models, SPC has only three interaction 

sites, which makes its computational cost low without compromising performance 

[116]. The bonding angle of the two hydrogen atoms, H-O-H, is 0109.4669T   for the 

ideal tetrahedral shape. The intra-molecular H-O bond lengths are 0.1 nm  

[112,115,117]. Figure 4.2 shows the structure of a single water molecule with the H-

O distance and H-O-H angle. 

The SPC water model energy calculation, 2H OU , is of the form [115] 

 
  
UH2O = U inter +U intra   (4.4) 

where interU  is the inter-atomic potential and intraU  is the intra-atomic potential. The 

inter-atomic potential, interU , has two different inter-atomic interactions 

calculations: 
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where the first term is the Lennard-Jones potential, LJ
ijU , and the other is the 

Coulomb potential, C
ijU . The Lennard-Jones potential is the inter-molecular 

interactions between two oxygen atoms (O-O) of two water molecules and can be 

modeled 
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where LJA  and LJB  are Lennard-Jones parameters. The denominator, ijr , is the 

distance between atoms i  and j . The Coulomb potential, C
ijU , is an electrostatic 

potential that is applied between the oxygen and the hydrogen atoms in each water 

molecule.  The positive charges on the hydrogen atoms are balanced by a negative 

charge on the oxygen atom because oxygen is more electronegative than hydrogen. 

The Coulomb potential is defined as 

 
  
Uij

C = 1
4  CP

qCPi
qCPj

rij

  (4.7) 

where 
iCPq  and 

jCPq  are the electric charges and CPH  is the electrical permittivity of 

space.  

The intra-molecular interaction potential, intraU , in Eq. 4.4 will be explained. 

The modified harmonic intra-molecular potential by Toukan and Rahman [115] is 

 

Figure 4.2: A water molecule 
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used for the O-H stretching and the three body H-O-H bending for a water molecule. 

It is defined as 
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where OHD  is the Morse potential of the well depth for water,  U  is the width of the 

potential well, b , c , and d  are the potential constants, 
1OHr'  and 

2OHr' , are the 

amount of stretching between the O-H bond lengths, and HHr'  is the deviation from 

the equilibrium H-H distance. Because of the experimental observations of the 

stretch vibrational band, an anharmonic Morse potential was proposed. 

Since the inter-atomic potential, interU , and the modified intra-atomic 

potential, intraU , represent the H-H interactions, there are no other van der Waals 

inter- and intra- molecular interactions between the hydrogen atoms. The inter-

atomic interactions between copper-carbon, copper-oxygen, and carbon-oxygen 

atoms are defined using the Lennard-Jones potential (12-6) [105] 

 

  

Uij = 4 ij

 ij

rij

§

©
¨

·

¹
¸

12

 
 ij

rij

§

©
¨

·

¹
¸

6ª

¬

«
«

º

¼

»
»

 (4.9)  

where ijH  is the depth of the potential well and ijV  is the finite distance between 

atoms i  and j  . 
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The cutoff distance from chapter 3 was used for the SWCNT-CuNW coaxial 

model: 2.2V  for carbon-carbon, 2.2 SCa  for copper-copper, and 1 nm for copper-

carbon interactions. The cutoff distance is 0.9 nm for oxygen-oxygen interaction and 

3V   for carbon-oxygen and copper-oxygen interactions [51]. 

A single layer of carbon and copper atoms from the bottom of SWCNT-CuNW 

where 0z   are assumed to be anchored by a stiff spring to prevent rotation and 

axial dislocation of the SWCNT-CuNW coaxial nanocomposite in a water medium. 

For simplicity, a linear spring model [118], 

  Fwall = Ki i   (4.10) 

was used, where iG  is the displacement of the wall atom from 0z   and iK  is the 

stiffness of the spring where   Ki = 60  i  i
2 . In this equation, iH  and iV  are the 

Lennard Jones parameters for carbon and copper atoms. 

Table 4.1 lists the parameters for all inter-molecular and intra-molecular 

interactions [63,105,115,119]. The force on atom i  relative to its surrounding atoms 

is derived using the energy functions by 
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The atomic positions and velocities are calculated	  from	  Newton’s	  equation	  of	  

motion using the Verlet integration method [91] with a 5×10-5 ps time step. After 

finding the atomic velocities, � �iV t dt� , and positions, � �ir t dt� , of each water 

molecule, using the SHAKE [120,121] and RATTLE [89,122,123] algorithms with a 
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tolerance of 0.05 nm of the O-H bond length, each	  water	  molecule’s	   position	   and	  

velocity are maintained to satisfy SPC water geometry in the simulation. SHAKE is 

an iterative method in which the position of each molecule is individually adjusted 

to maintain a preassigned geometry [120,121]. RATTLE is also an iterative method 

in which the velocity of each molecule is individually adjusted to conserve SPC 

geometry [89,122,123]. Following each iteration, the unconstrained water 

molecules’	  positions are updated using SHAKE algorithm, 

 
  

r 'i t + dt( ) = ri t + dt( )   Srij t + dt( )
r ' j t + dt( ) = rj t + dt( ) +  Srij t + dt( )

  (4.12) 

A = 0.37122 nm(kJ/mol)1/6 ρ	  =	  25.66	  (1/nm) 

B = 0.3428 nm(kJ/mol)1/12 b = 137485.5 kJ/mol.nm 

qO =-0.82 e c = -88465.26 kJ/mol.nm 

qH =+0.41 e d = 46731.82 kJ/mol.nm 

εCP = 8.85x10-12 F/m εCO = 0.3126 kJ/mol 

DOH = 426.37 kJ/mol σCO = 0.319 nm 

rOH = 0.1 nm εCuO = 3.23677 kJ/mol 

θHOH = 109.46690 σCuO = 0.274 nm 

εCu = 40.04048 kJ/mol εC = 0.3598 kJ/mol 

σCu = 0.2277 nm σC = 0.34 nm 

Table 4.1: The input parameters for the potentials 
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where (‘) means constrained value and SJ  is the correction factor of the SHAKE 

algorithm given by 

 
  
 S =

rij
2 t + dt( )  rOH

2

4rij
2 t + dt( )   (4.13) 

While SHAKE only operates on atomic positions, RATLLE operates on atomic 

velocities. The RATTLE algorithm maintains the water molecule velocity by 

 
  

V 'i t + dt( ) = Vi t + dt( )   Rrij t + dt( )
V ' j t + dt( ) = Vj t + dt( ) +  Rrij t + dt( )

  (4.14) 

where RJ  is the correction factor of RATTLE algorithm expressed as 

 
  
 R =

rij t + dt( )×Vij t + dt( )
2rij

2 t + dt( )   (4.15) 

where ijV  is velocity difference between atoms i  and j , ij j iV V V � . 

The NH thermostat was used during the simulation to keep the temperature 

at preassigned values: the copper nanowire at temperature 320 K with radius, 

0.33813 R nm , and the circular edge layer of water at 280 K with volume, 

39.5146 V nm . Using the heat bath parameter from the NH thermostat, ] , the heat 

flux of the SWCNT-CuNW in water was calculated. Once the heat flux, q , was 

obtained, the TBR of the system was calculated using 

 
 
R =  T

q
  (4.16) 
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where, T'  is the temperature difference at different sides of the interface. The 

periodic boundary conditions (PBCs) are used to avoid edge effects in all directions 

for water and in x and y directions for SWCNT-CuNW. 

The temperature gradient was obtained perpendicular to the length where 

1 2  0 ~1 L L nm   away from the top and bottom of the surfaces for each medium as 

shown in Fig. 4.1: 33.2 3.5 3.5 V nm u u  and 33.2 4.5 4.5 V nm u u . The temperature 

distribution is measured in the area between 1L  and 2L  shown in Fig. 4.1. 

A (10,10) SWCNT and CuNW with the diameter, D = 0.5  2.5 nm  with a 

length of 3.2 nm were also simulated in water with volume, 33.2 4.5 4.5 V nm u u  to 

predict the TBR. 280 LT K  was applied to the same place in water and 320 HT K  

was applied to along the SWCNT and CuNW. Observing heat transfer from the 

SWCNT and CuNW to the water and using the similar calculation methods as 

SWCNT-CuNW in the water predicted the TBR between the SWCNT-water and 

CuNW-water. In this study, the interaction between SWCNT-water and CuNW-water 

were calculated based on the Lennard-Jones potential. 

In addition to atomic vibrations, thermal excitation of free electrons can also 

make contribution to the thermal conductivity of the metals. The Wiedemann-Franz 

law gives the basic expression for the thermal conductivity due to free electrons. In 

this law, it was stated that the ratio of the thermal conductivity to the electrical 

conductivity at a given temperature is roughly constant for all the metals. The 

expression is [2,124] 
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 Lz = kel

 eT
= kelreT = 1

3
 kB

e
§
©̈

·
¹̧

2

= 2.44 u10  8  W.Ω/K2   (4.17) 

where Lz  is called the Lorentz number, kel  is the thermal conductivity due to free 

electrons,  e  is the electrical conductivity, re  is the electrical resistivity, and e  is the 

electron charge. The value of the electron charge is e = 1.602  10  19  coulomb .  

4.2. Results 

The radial temperature distribution of SWCNT-CuNW through the water was 

calculated using two different volume sizes of SPC type of water with a 3.2 nm long 

(10,10) SWCNT filled with CuNW. The MD simulation was used to obtain the radial 

temperature gradient from high temperature, HT , to low temperature, LT . Figure 4.3 

shows the radial temperature distribution from CuNW through water. The 

temperature gradient is approximately same with two volumes. The results reveal 

significant temperature jumps from CuNW to SWCNT and from SWCNT to H2O. 

These temperature jumps are caused by the vibrational mismatching between the 

solid-solid (CuNW-SWCNT) and solid-liquid (SWCNT-H2O) phases. 

The simulations were performed with end effects with length 1 2 0 L L nm   

and without end effects by extracting the top and bottom ends of the material with 

length 
   L1 =  L2 =  0.25 � 1 nm. Although the results showed similar temperature 

curves in the water medium, they differed in SWCNT-CuNW temperature and the 

temperature jumps. Even when the copper core temperature was set to 320 K, the  
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Figure 4.3: Radial temperature distribution of SWCNT-CuNW in water 
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results showed that its temperature was lower than 320 K without end effects for all 

different end lengths. Because carbon and copper atoms at 0z   were anchored by a 

stiff spring in the medium to prevent rotation and dislocation of the SWCNT-CuNW, 

they affect the temperature calculations. Moreover, by subtracting the two ends of 

the model, all other end effects were eliminated.  

The radial thermal conductivity of SWCNT was measured 

1.64 /radialk W mK  by Sinha et al. [125] and the axial thermal conductivity of 

SWCNT is 6000 /axialk W mK  [14]. Also, the thermal conductivity of copper is 

401 /Cuk W mK  and water has the thermal conductivity of 0.67 /waterk W mK  

[126] where Cu radialk k!!  and radial waterk k! . Therefore, the temperature jump from 

CuNW to SWCNT is bigger than the jump from SWCNT to H2O. The SWCNT-CuNW 

coaxial nanocomposite in water medium had similar temperature jumps at both 

volumes, 3  3.2 3.5 3.5 V nm u u  and 3  3.2 4.5 4.5 V nm u u . Except for the fixed 

atoms’	  effect,	  the	  exclusion of the two ends of the system eliminates any additional 

end effects.  

Using the heat bath parameter and temperature drop at the interface of 

SWCNT-water molecules, the TBR between a SWCNT-CuNW and water molecules 

was calculated. The TBR between a pure (10,10) SWCNT and water was calculated 

using the same method as SWCNT-CuNW in water. The result showed that the TBR 

of a SWCNT in water is predicted as  3.16  10 8  m2K/W . The result shows well 

agreement with literature studies. The TBR result for a SWCNT-CuNW in water is

 0.743  10 8  m2K/W . The TBR at copper-water interface is predicted as 
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0.1732  10  8  m2K/W. As seen, the TBR decreases as a SWCNT filled with CuNW 

because the copper core helps SWCNT to transfer the heat. For SWCNT-CuNW in 

water, SWCNT does not fully isolate copper atoms from water molecules. The gaps 

between carbon atoms in each hexagonal structure allow copper atoms to interact 

with water molecules. Because of this van der Waals interaction between copper 

atoms and water molecules, the heat transfers from copper core to water through 

these gaps. This interaction increases the heat transfer between SWCNT-CuNW and 

water. As the heat transfer increases, the TBR decreases. When the TBR decreases, 

heat can be transferred easier through the SWCNT-water interface. So the effective 

thermal conductivity of SWCNT suspensions increases. 

The thermal conductivity of bulk copper was calculated from the 

Wiedemann-Franz law using the electrical resistivity of 1.71  10  8  Ω.m at 300 K  

[2]. It was estimated as 428.6 W/mK . The measured thermal conductivity of copper 

is 401 W/mK  and the calculated value is within 7% of the measured value. In pure 

metals, most of the thermal conductivity arises from electrons. Because	   electrons’	  

velocities increase as temperature increases, the thermal conductivity of metals 

increases. 
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Chapter 5 

Conclusions 

MD simulation was created to predict the thermal conductivity of a SWCNT 

filled with CuNW in a vacuum. The system length was varied to understand how it 

affects the thermal properties. In the simulations, NH thermostats were applied to 

the two ends with 320 K and 280 K temperatures to create heat flux. The length 

dependence of thermal conductivity for SWCNT-CuNW is similar to that of an 

analogous pure SWCNT and a CuNW. As the length increases, the thermal 

conductivity also increases, but the gradient of this rise decreases as the length of 

the nanostrucutre increases. The results also show that the SWCNT-CuNW model 

contains higher thermal conductivity than that of pure SWCNT due to the CuNW 

core. Increasing the cross sectional area allows for more heat to be conducted 

through the SWCNT-CuNW system that leads to an increased effective thermal 

conductivity. The SWCNT layer creates a shield to protect CuNW from outside 

effects. 
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In addition to the vacuum, the SWCNT-CuNW coaxial nanocomposite was 

placed in a water medium. The radial temperature distribution from SWCNT-CuNW 

through water was calculated. Two different sizes of water mediums were used; 

3.2x3.5x3.5 nm3 and 3.2x4.5x4.5 nm3. During the simulations, the temperature 

distribution was measured with the length raging L1 = L2 = 0~1 nm away from 

bottom and top of the water medium to eliminate the end effects. The results 

showed similar temperature curves both with two temperature jumps at the CuNW 

to SWCNT and SWCNT to H2O interfaces. In a SWCNT, most of the heat is carried 

through the axial direction, and the radial thermal conductivity of SWCNT is very 

small (k=1.64 W/mK). Using the thermal conductivity relationship, the temperature 

jump at SWCNT-H2O is smaller than the temperature jump at the CuNW-SWCNT. 

The temperature distribution was also calculated with the end effects and a similar 

temperature curve was obtained. However, the temperature jumps were not the 

same. The anchor forces on carbon and copper atoms at z=0 caused the end effects. 

The critical role of TBR—which limits the effective thermal conductivity 

improvement—was also discussed, and a possible way to minimize the thermal 

boundary resistance was recommended as a scope for future research. Filling a 

SWCNT with CuNW decreases the TBR from 8 23.16 10 /m K W�u  to 

8 20.743 10 /m K W�u . Because of the van der Waals interaction between copper 

atoms and water molecules, the heat transfer increases from SWCNT-CuNW to 

water. As result of increasing the heat transfer, the TBR decreases. 
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This study simulated only a pure SWCNT and a SWCNT-CuNW. In the future, 

more research needs to be completed for different CNT chirality, longer system 

lengths, and different mediums. Since CuNW does not stay with its cylindrical shape 

without SWCNT, the results for a single NW could not be simulated. But, in the 

prospective studies, CuNW may also be simulated and compared with the results 

that were obtained from the electrical resistance analogy used in this study. During 

this study, it was assumed that there was no oxidation between the SWCNT and 

CuNW. In future studies, the oxidation effect may be included.  
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