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Preface

This edition of our book on thermal conductivity is geared specifically to the needs and
background of research students. In reviewing different comments, we have made modifica‐
tions in some parts of the book to enhance reader understanding of the material. This book
focuses on the thermal properties in different materials using novel experimental and com‐
putational methods and discloses the exact nature and origin of different approaches of sys‐
tems. New methods for investigating thermal properties in various devices are required for
improving device design and for understanding device physics and technology. Such meth‐
ods are also required for studying new thermal phenomena in micro- to nano-scale devices
made up of novel nanostructures, such as carbon electronics or semiconductor nanowires,
nanometer size sensors to detect proteins or single DNA and nanolevel fluidic flow, nano‐
powder production, nanocrystalline solar cells, and polymer coatings with embedded nano
particles. Thermal conductivity, heat process, and their nonlinear effects (non-Newtonian
behaviors) are the basic elements of the transport property of complex liquids and are ap‐
plied for studying their flow, heat, and mass transfer characteristics. Among the changes we
have made in this edition are the following. In the first section “Thermal Conductivity of
Complex Systems,” we have explained the discussion of the thermal conductivity of com‐
plex dusty plasma system and discussed the thermal conductivity of non-Newtonian fluid
with particle suspension, ionic fluids, and synthetic and regenerated fiber assemblies. In the
second section “Thermal Conductivity of Solid and Fluid Systems,” we have incorporated
material on liquid metals, molten systems at high temperatures, hydrate-bearing porous
sediments, and vacuum glazing systems. In the third section “Thermal Conductivity of
Nano Systems,” we explained the structural and thermoelectric properties of single crystal‐
line nanowire, nonlinear heat transfer of nano particles, and graphite-based polymer.

I hope this book will fulfill all the needs of the research students of different universities and
institutions.

Dr. Aamir Shahzad
Assistant Professor

Molecular Modeling and Simulation Laboratory,
Department of Physics

Government College University Faisalabad
Pakistan
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and Yan Feng

Additional information is available at the end of the chapter

1. Introduction

Thermophysical properties of complex fluids materials (dusty plasmas) have been very actively 
investigated both experimentally and by computer simulations. These properties describe the 
physical and chemical behavior of material that remains in terms of fluids formation. Among 
all of the properties, thermal conductivity is most important; it is an intrinsic property of 
fluid materials. It is a difficult property from computational point of view because it is sensi-
tive to the internal energy of the system. Its molecular-level observations are becoming more 
important in dusty plasmas. Dust is abundant in nature. Dust particles coexist in plasmas and 
then form a complex dusty plasma. Dusty plasmas are ionized gases that contain particulates 
of condensed matter. Dusty plasmas are of interest as a non-Hamiltonian system of inter-
acting particles and as a means to study generic fundamental physics of self-organization,  
pattern formation, phase transitions, and scaling. Their discovery has therefore opened new 
ways of precision investigations in many-particle physics.

2. Dusty plasmas

Dusty plasmas are ionized gases that contain particulates of condensed matter. These particles 
have different sizes ranging from tens of nanometers to hundreds of microns. The dynamics 
of these massive charged particles happens at slower timescales than the ordinary plasma ions 
because charge to mass ratio (e/m) is orders of magnitude smaller that the corresponding (e/m) 
of either the electrons or ions. They may be in the shape of rods, irregularly shaped pancakes or 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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spheres. They are made up of dielectric, e.g., SiO2 or Al2O3, or conducting materials. Even though 
the particles are normally solid, they might also be liquid droplets or fluffy ice crystals [1].

3. History of dusty plasmas

Despite almost a century–long history—the first observations of dust in discharges have been 
reported by Langmuir in 1924. After that, Lyman Spitzer along with Hannes Alfven recog-
nized that dust in the universe was not merely a hindrance to optical observation, but that 
it was an essential component of the universe. One of the most exciting events in the field of 
dusty plasmas occurred in early 1980 during the Voyager 2 flyby of planet Saturn. In 2005, 
Cassini spacecraft took new and improved images of spokes with detail that would provide 
a better understanding of their origin. In 1992, the European spacecraft Ulysses flew by the 
planet Jupiter and detected the dust particles and measured their masses and impact speed. 
The current enormous interest in complex plasmas started in the mid-1980s, triggered by 
laboratory investigation of thermal conductivity of dusty plasmas [2].

4. Types of dusty plasmas

4.1. Weakly vs. strongly coupled dusty plasmas

The vital attention in the investigation of dusty plasmas is whether the particles are in the 
weakly or strongly coupled state. The description as weakly or strongly coupled denotes the 
subject of whether the particles average potential energy, due to nearest neighbor interac-
tions, are smaller or larger than their average thermal energy. Coulomb coupling parameter, 
Γ is defined as the ratio of the interparticle Coulomb potential energy to the (thermal) kinetic 
energy of the particles:

  Γ =   
 q   2 

 __ rT   exp  (  − r ___  λ  D    )   (1)

where r = (3/4πn)1/3 is the average interparticle spacing [3].

5. Dusty plasma physics

The brief discussion of the basic principles of dusty plasma physics is given in the following 
sections.

5.1. Debye shielding

The Debye length is an important physical parameter in a plasma. It provides the distance 
over which the influence of the electric field of an individual charged particle is felt by other 
charged particles (such as ions) inside the plasma. The charged particles actually rearrange 
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themselves in order to shield all electrostatic fields within a Debye distance. In dusty plasmas, 
the Debye length can be defined as follows [4].

   λ  D   =   
 λ  De   .  λ  Di   ______ 

 √ 
_______

  λ  De  2   +  λ  Di  2    
    (2)

where λDe = √KTe /4πnee2 and λDi = √KTi /4πnie2 are the Debye lengths associated to electrons 
and ions, respectively.

5.2. Macroscopic neutrality

Dusty plasmas are characterized as a low-temperature ionized gas whose constituents are 
electrons, ions, and micron-sized dust particulates. The presence of dust particles (grains) 
changes the plasma parameters and affects the collective processes in such plasma systems. 
In particular, the charged dust grains can effectively collect electrons and ions from the back-
ground plasma. Thus, in the state of equilibrium, the electron and ion densities are deter-
mined by the neutrality condition [5], which is given by

   en  i0   ‐  en  e0   +  qn  d 0   = 0  (3)

5.3. Inter-grain spacing

In a multicomponent dusty plasma, inter-grain spacing is very important to distinguish 
between dust in plasma and dusty plasma. Like the dust grain radius, b the inter-grain spac-
ing, r is usually much smaller than the Debye length λD. For dust in plasma, r > λD and the dust 
particles are completely isolated from their neighbors. For dusty plasmas, r ≤ λD and the dust 
particles can be considered as massive point particles like multiple-charged negative (or posi-
tive) ions in a multispecies plasma where the effect of neighboring particles can be significant.

5.4. Coulomb coupling parameter

Charged dust grains can be either weakly or strong correlated depending on the strength of 
the Coulomb coupling parameter Eq. (1). When Γ > > 1, the dust is strongly coupled and this 
condition is met in several laboratory dusty plasmas, such as dust “plasma crystals”. When 
the dust is weakly coupled, the dispersion relation of waves is not affected by the spatial cor-
relation of the dust grains. A dusty plasma is considered as weakly coupled if Γ < < 1 [6].

5.5. Lattice parameter

In the case of Yukawa interaction, additional screening parameter becomes necessary

  κ =   
 a  ws   ___  λ  D      (4)

It is how much effective and protective the shielding out behavior of a single specie against 
the external or internal stimuli (voltages) that affect inside the plasmas. aws is the Wigner-Seitz 
radius which can be estimated as aws = (4πn/3)−1/3 [7].
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6. The forces on a dust grain in a plasma

The knowledge about various forces acting on dust particles in a plasma is necessary for an 
understanding of their dynamics and transport.

6.1. Force of gravity, Fg

The dust particle is subject to gravity with a force that is proportional to its mass, but under 
microgravity condition, it is ignored.

   F  g   = mg =   4 __ 3   π  b   3  ρg   (5)

where g is the local acceleration due to gravity and ρ is the mass density of the particle [8].

6.2. The electric force, Fe

At a location in the plasma having an electric field E, the electric force acting on dust particles 
of charge q is

    F  e   = qE  (6)

The electric field is smaller in the bulk of the plasma while it is larger in sheaths next to the 
plasma wall boundary.

6.3. Neutral drag force, Fn

This force is produced from collisions with the background neutral gas atoms or molecules, 
and is proportional to the neutral pressure in the vacuum chamber. Fn is given as

   F  n   =  Nm  n     v   2   n   π  b   2   (7)

where N is the neutral density, mn is the mass of the neutral atoms (or molecules), and vn is the 
average relative velocity [1].

6.4. Thermophoretic force, Fth

This force will be produced due to the temperature gradient in the neutral gas in the plasma, 
and it‘s direction is opposite to temperature gradient. This force is given approximately by

    F  th   =   16  √ 
__

 π   ____ 15     
 b   2   k  T  

 ____  ν  T,n     ∇  T  n     
 
    (8)

where, vT,n is the thermal speed of the neutral gas, kT is the translational part of the thermal 
conductivity, and Tn is the temperature of the neutrals [9].
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7. Transport properties

7.1. Diffusion coefficient

The diffusion coefficient is the proportionality constant between molar fluxes which is   J  A   = − DΔ  C  A   ,  
where  Δ  is known as gradient operator, D is known as diffusion coefficient (m2. s−1), and CA is the 
concentration (mole/m3). In the complex (dusty) plasma, the mass, momentum, and energy are 
transported through dust particles.

7.2. Shear viscosity

Shear viscosity is the measure of force between different layers of fluid. It is the dynamical 
property of a material such as liquid, solids, gas and dusty plasmas. For liquid, it is familiar 
thickness, for example, honey and water have different viscosity. The ideal fluid has no resis-
tance between layers in shear stress. The superfluid has zero viscosity at very low tempera-
ture. All other liquids have positive viscosity and are said to be viscous.

7.3. Thermal conductivity

The most vital property of the dusty plasma liquids (DPLs) is thermal conductivity and 
it is due to the internal energy of the molecules. The energy transference of the DPLs and 
its dependence on the applied external field can be checked by the thermal conductivity. 
The complete analysis of it is important and necessary for the designing and manufac-
turing of numerous heat flow devices. The applications in thermo-electronic devices 
e.g., in semiconductor systems, the phonon thermal conductivity has got a special atten-
tion. Due to the atoms’ oscillations, phonons of different wavelengths and frequencies 
are created in solids, and these phonons would disappear when the oscillations stop. 
Especially, nanotechnology (nanomaterials) requires the accurate calculation of heat 
transport features [10, 11]. Molecular simulation is recognized as substantial for micro- 
and nano-scale heat transport phenomena. Furthermore, the new advances require the 
complete explanations of phase change and the heat, mass transport in micrometer to 
nanometer scale regimes.

8. Applications

8.1. Dust is a good thing

In the present era, scientists do not consider the dust as an undesirable pollutant; interest-
ingly its positive impacts lead in manufacturing, designing of new devices and direct new 
developments in material science. In the plasma-chemical mechanism, fine dust particles are 
also important and having useful properties related to their size and composition. A few of 
the applications are given below:
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1. The efficiency and lifetime of silicon solar cell was increased by the incorporation of amor-
phous hydrogenated silicon particles (a-Si:H) with the nanocrystalline silicon particles 
which grow in silane plasmas.

2. Thin films of TiN in an amorphous Si3N4 matrix prepared by PECVD (plasma enhanced 
chemical vapor deposition) have enormously high hardness and elastic modulus. A thin 
film coating is applied to materials to improve surface properties.

3. Diamond whiskers made up by etching in radio frequency (rf) plasmas improve electron 
field emission. The reactive ion etching process used in rf plasma devices effectively sharp-
en the micro tips of diamond [12].

8.2. Dust in plasma processing devices (dust is a bad thing)

At first, it was presumed that the semiconductor surfaces were contaminated during handling 
of the wafers. To lighten the problem, all fabrication steps were done in clean rooms. Yet even 
with the best state-of-the art clean rooms, semiconductor wafers showed evidence of contami-
nation. It drove out that the surfaces were being soiled by dust particles generated within the 
processing plasmas. Complex plasma-enhanced chemical reactions take place within these dis-
charges that produce and grow dust particles. Several experimental devices are used to mea-
sure the presence and growth of dust particles such as transmission electron microscope (TEM), 
scanning electron microscope (SEM), laser light scattering etc. Also, theoretical and computa-
tional works are directed to investigate the dust formation, growth, charging, and transport.

9. Computational method

9.1. Simulation technique and parameters

Molecular mechanics dynamic simulation (MMDS) is a simplified approach as compared to 
other techniques. It allows study of molecular ensembles for thousands of atoms. The MMDS 
technique works as a core on a simple explanation of force between the individual atoms. 
Here, HPMD approach is implemented to determine the thermal conductivity of CDPs by 
applying external perturbation which is modeled by using Yukawa potential model use for 
the explanation of dust particles interacting with one another. Yukawa potential is used for a 
system of charged particles. While Green-Kubo relation applies to neutral particles,

  ϕ (  | r |  )  =   
 q   2 
 ____ 4  πε  0  

      e   −  | r |  / λ  D    _____   | r |    ,  (9)

The plasma phase of Yukawa system is representing three dimensionless parameters [7], plasma 
coupling parameter Γ= (q2 /4πε0) (1/awsKBT), screening strength κ = aws /λD, and Fe(t) = (Fz) is exter-
nal perturbation with its normalized value F* = Fzaws/JQZ, where JQZ is thermal heat energy along 
z-axis. The inverse of plasma frequency ωp = (q2/2πε0maws

3)1/2 characterizes timescale. Simulations 
are performed for N = 400–14,400 particles in canonical ensemble with PBCs and minimum 
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image convention of Yukawa particles. In our case, most of the simulations are performed with 
N = 400 particles. The particles are placed in a unit cell with edge length Lx / Ly and the dimen-
sions of square simulation cell are Lxaws × Lyaws. The equations of motions for N-Yukawa dust 
particles are integrated through the predictor–corrector algorithm with simulation time step of 
Δt = 0.001ωp

−1. In our case, the conductivity calculations are reported for a wide range of plasma 
coupling (1 ≤ Γ ≤ 100) and screening parameters (1 ≤ κ ≤ 4) of 2D Yukawa system at constant 
normalized external perturbation F*.

9.2. HNEMD model and thermal conductivity

The Green-Kubo relations (GKRs) are the mathematical terms for transport coefficients in the  
form of time integral correlation functions. GKR is for hydrodynamic transport coefficient of neu-
tral particles. This formula gives linear response expression for thermal conductivity. It enables our 
calculations using a time-series record of motion of individual dust particles. For thermal transport 
coefficient, it is a time integral of the correlation function of the microscopic flux of heat energy and 
where the required input includes time series for position and velocity of a dust particle.

  λ =   1 ______ 2  K  B    AT   2      ∫ 
0
  
∞
   〈 J  Q   (t)  .  J  Q   (0) 〉  dt,  (10)

where A represents the area, T denotes the absolute temperature, KB is Boltzmann’s constant. 
The relation of microscopic heat energy JQ is

   J  Q   A =  ∑ 
i=1

  
N
     [ E  i   −   1 __ 2    ∑ 

i=j
     (ri − rj)  . Fij]  .   

 p  i   __ m  ,  (11)

In this equation, rij = ri – rj is the position vector and Fij is the force of interaction on particle i 
due to j and pi represents the momentum vector of the ith particle. The energy Ei of particle i 
is Ei = pi / 2 m + ½ Σɸij, for i ≠ j, where ɸij is the Yukawa pair potential given in Eq. (9) between 
particle i and j. According to linear response theory (LRT), the perturbed equations of motion, 
given by Evans-Gillan [7] is

   

  r   ̇   i   =   
 p  i   __ m  

  
  p   ̇   i   =  F  i   +  D  i   ( r  i  ,  p  i  )  .  F  e   (t) 

   

α = −   
 ∑ 
i=1

  
N
    [ F  i   +  D  i   ( r  i  ,  p  i  )  .  F  e   (t) ]  .  p  i  

  ___________________  
 ∑ 
i=1

  
N
     p  i  2  /  m  i  

  

   (12)

The tensorial phase space distribution function Di (ri, pi) describes the coupling of the system. 
In the generalization of LRT to a system moving according to non-Hamiltonian dynamics, the 
response of Di (ri, pi) [13] is

   〈A (t) 〉  −  〈A (0) 〉  = β   ∫ 
0
  
t
   〈A (t)    H   ̇    0   ( t   ′ ) 〉 dt,  (13)
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where Ḣ0 is the time derivative of the total energy with respect to field-dependent equation of 
motion [7] and average brackets denote the statistical average and β = 1/ KB T.

   〈 J  Q   (t) 〉  = 𝛽𝛽A   ∫ 
0
  
t
   dt 〈 J   Q  Z     ( t   ′ )  .  J   Q  Z     (0) 〉  .  F  e   (t) ,  (14)

When external force is selected parallel to the z-axis Fe(t) = δ (0, Fz), δ is Dirac delta function. 
Due to this function, the response of heat energy current is proportional to autocorrelation 
function itself rather than time integral of this function [14]. The reduced thermal conductiv-
ity has the following form:

  λ =   1 _____  ATF  Z       ∫ 
0
  
∞
   〈 J   Q  Z     ( t   ′ )  .  J   Q  Z     (0) 〉  dt,  (15)

Eq. (15) is the basic formula for evaluation of autocorrelation function of heat energy current 
by a perturbation method. Here it is important to discuss some other factors that are in asso-
ciation with the thermal conductivity i.e., Ewald sum. It is used to measure force, Yukawa 
potential energy, heat energy current (GKR). In this scheme, original interaction potential is 
divided into two parts: the long-range part that converges quickly in reciprocal space, a short-
range interaction that converges quickly in the real-space part of Ewald-Yukawa potential 
[15].

10. HNEMD results and discussion

In this section, the thermal conductivity calculations are obtained through homogenous 
perturbed MD (HPMD) simulations, using Eq. (15), for 2D complex dusty plasma systems. 
The thermal conductivity is compared here with appropriate frequency normalization in 
the limit of a suitable equilibrium low value of normalized external perturbation, for an 
absolute range of plasma coupling (Γ ≥ 1) and screening strength (κ ≥ 1). For 2D case, 
the thermal conductivity of complex dusty plasmas may be represented as λ0 = λ/nmωpaws

2 
(normalized by plasma frequency) or λ* = λ/nmωEaws

2 (normalized by plasma frequency). 
This improved HPMD approach to 2D strongly coupled plasmas enables it possible to 
compute all the possible range of plasma states (Γ, κ) at a constant value of normalized 
perturbation F* = (Fzaws/JQZ). In our case, the possible low value of external perturbation is 
F* = 0.02 at which 2D complex plasma system gives equilibrium thermal conductivity for 
all plasma state points. Before the external perturbation F* is switched on, the system is 
equilibrated using the Gaussian thermostat which generates the canonical ensemble given 
in Eq. (12). In practice, it is necessary for the MD system to be thermostated for the removal 
of additional heat that is generated due to work done by the external perturbation F* [16]. 
The results obtained through present HPMD approach are shown in Figures 1–4, where 
we have traced the plasma thermal conductivity through a computation of usual Yukawa 
particles in 2D within the strongly coupled regime for different screening parameters of 
κ = 1, 2, 3, and 4, respectively.
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Figure 1. Comparison of results obtained from Yukawa thermal conductivity λ0 (normalized by ωp) as a function of 
plasma coupling Γ (1 ≤ Γ ≤ 50) (system temperature) for SCCDPs at 𝜅𝜅 = 1.4.

Figure 2. Comparison of results obtained from Yukawa thermal conductivity λ0 (normalized by ωp) as a function of 
plasma coupling Γ (1 ≤ Γ ≤ 50) (system temperature) for SCCDPs at 𝜅𝜅 = 2.
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Figure 2. Comparison of results obtained from Yukawa thermal conductivity λ0 (normalized by ωp) as a function of 
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Figure 4. Comparison of results obtained from Yukawa thermal conductivity λ0 (normalized by ωp) as a function of 
plasma coupling Γ (1 ≤ Γ ≤ 50) (system temperature) for SCCDPs at 𝜅𝜅 = 4.

Figure 3. Comparison of results obtained from Yukawa thermal conductivity λ0 (normalized by ωp) as a function of 
plasma coupling Γ (1 ≤ Γ ≤ 50) (system temperature) for SCCDPs at 𝜅𝜅 = 3.
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Figures 1 and 2 show the thermal conductivity for the cases of κ = 1.4 and 2, respectively. 
For both cases, our simulations cover the appropriate range of Coulomb coupling parameter 
i.e., from the nearly liquid state to strongly coupled states. It is observed that our investiga-
tion of λ0 at low value of Γ (= 10) is definitely higher than that of GKR-EMD estimations of 
Khrustalyov and Vaulina [17] and NEMD of Hou and Piel [18] but for κ = 1.4 results are 
slightly higher than HNMED (N = 1024) simulations of Shahzad and He [19]. It is noted 
that our result for the low value of Γ shows that particle–particle interactions are very weak 
and particles have maximum kinetic energy and the effectiveness of screening parameter 
is large. At intermediate to higher Γ (= 20, 50), the present results lie closer to earlier 2D 
NEMD simulations [18] and HNMED (N = 4096) computations [19] but slightly less than 
2D dissipative Yukawa GKR-EMD numerical results [17]. For both cases, it can be seen that 
the presented λ0 is well matched with earlier 2D numerical estimations [19] at intermedi-
ate Γ (= 20). It is significant to note that a constant λ0 is observed at intermediate to higher 
plasma coupling Γ at constant external perturbation F* = 0.02; however, it is observed that a 
very slightly decreasing behavior is observed at higher Γ, contrary to earlier simulations of 
Shahzad and He [19]. But it is examined that a constant λ0 is found at intermediate to higher 
Γ at constant F*.

Two further set of simulations is plotted to illustrate the plasma λ0 behaviors of the simulated 
complex dusty plasmas at a higher value of screening. For this case, Figures 3 and 4 show the 
normalized λ0 computed by the HPMD approach for N = 400 at κ = 3 and 4 and a sequence 
of different simulations are performed. It is characterized by these figures that the present 
results lie close to the earlier 2D NEMD results of Hou and Piel [18] at intermediate to higher 
Γ (= 20, 50). For the κ = 3 at a lower value of Γ, our simulation result is slightly higher than 
earlier HNMED simulation result, however, for both cases at a lower value of Γ, it is definitely 
higher than earlier numerical results of NEMD, GKR-EMD.

11. Conclusions

The improved Evan-Gillan HPMD method is used to investigate the thermal conductivity 
of the 2D strongly coupled complex Yukawa liquid for a suitable range of plasma param-
eters of screening lengths κ (=1, 4) and Coulomb couplings Γ (=1, 100). Nonequilibrium 
molecular dynamics method uses the thermal response of heat energy current to calculate 
the preliminary results of plasma thermal conductivity. The presented method is better than 
earlier HNEMD and NEMD methods because the very small value of external perturbation 
(F* = 0.02) is only imposed on several individual particles each time step. It is concluded 
that the present approach for evaluating the thermal conductivity from homogenous PMD 
method yields consistent results and this method is quite accurate and much faster than 
the previous EMD and NEMD methods. For future work, the system size (N) and external 
perturbation strength (F*) can be varied to examine how effectively this improved HPMD 
algorithm calculates the thermal conductivities of Yukawa and other Coulomb systems. It 
is suggested that the presented HPMD technique based on Ewald summation described 
here can be used to explore the ionic and dipolar materials.
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Figure 4. Comparison of results obtained from Yukawa thermal conductivity λ0 (normalized by ωp) as a function of 
plasma coupling Γ (1 ≤ Γ ≤ 50) (system temperature) for SCCDPs at 𝜅𝜅 = 4.

Figure 3. Comparison of results obtained from Yukawa thermal conductivity λ0 (normalized by ωp) as a function of 
plasma coupling Γ (1 ≤ Γ ≤ 50) (system temperature) for SCCDPs at 𝜅𝜅 = 3.
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Abstract

Ionic liquids (ILs) have attracted great attention as green solvents, heat carriers, and elec-
trolytes. They can be obtained with specific thermophysical properties and functions by 
changing the kind of species of cations and anions. Knowledge of the fundamental ther-
mophysical properties of ILs, such as their densities, viscosities, and thermal conductivi-
ties, is needed to design ILs with desirable thermophysical properties. In this chapter, we 
will review the various measurement results for the thermal conductivities of the pure 
components of ILs and methods for predicting the thermal conductivity of an IL, which 
are based on its structure and physical properties, by conducting correlations between 
these parameters. In the recent years, the thermal conductivities of IoNano fluids, which 
comprise of nanoparticles dispersed in an IL, have attracted great attention. Therefore, 
we will review the unique thermal conductivities of IoNano fluids.

Keywords: thermal conductivity, ILs, nanofluids, correlation, prediction

1. Introduction

ILs are salts that exist in the liquid at ambient temperature, and their characteristics include 
nonvolatility, flame retardancy, high ionic conductivity, and exhibiting a liquid state at a wide 
temperature range, among others. Since Wilkes et al. discovered a water-stable IL system 
using BF4

−, a nonchloroaluminate anion, in 1992 [1], the study of ILs has drastically increased, 
and ILs have drawn great attention for a variety of applications, such as an alternative reac-
tion solvent to replace organic solvents, as thermal medium, and as electrolyte in batteries. 
Figure 1 shows the cations and anions that are typically used in ILs. There are infinite poten-
tial combinations of cations and anions and, additionally, various chemical modifications can 
be made to the organic moieties of the ions. Thus, there is a possibility of creating ILs tailored 
for specific purposes; for this reason, ILs are also called “designer solvents.”

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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A variety of ILs have been synthesized, many of which have melting points much greater than 
room temperature. For this reason, ILs are broadly defined as the ones having melting point 
below 100°C. Numerous ILs have been created; however, the prediction of their thermophysi-
cal properties such as the thermal conductivity on the basis of the molecular structure would 
be useful to develop novel ILs. In this chapter, we review the various measurement results 
for the thermal conductivities of the pure components of IL, the progress made toward the 
development of effective methods of correlating and predicting the thermal conductivities, 
and the thermal conductivities of IoNano fluids, which, in the recent years, have attracted 
great attention as high-temperature heat mediums.

2. Thermal conductivities of the pure components of ILs

2.1. Investigating the thermal conductivities of ILs

The thermal conductivity of an IL was first reported by Valkenburg et al. [2]. The known 
thermophysical properties of ILs, including their thermal conductivities, are summarized in 
ILs database of NIST [3]. During the early stages of IL research, since it was necessary to syn-
thesize an IL to measure its thermophysical properties, there was less number of researches. 
However, once ILs became commercially available, the amount of information reported 
about the thermophysical properties of ILs increased drastically. However, the number of 
the reported thermal conductivity values is fewer than the other thermophysical properties, 
and it has been reported that two or three component systems have almost no thermal con-
ductivity. Only four research groups have reported the thermal conductivities of binary mix-
tures [4–7], and only two groups have reported on ternary mixtures containing ILs [6, 8]. The 
reported thermal conductivity values for various ILs range from 0.106 [4] to 0.238 W/(m K) [7] 
at 298.15 K (Figure 2) and many reported values are around 0.15 W/(m K) [3, 9] (Figure 3). The 
thermal conductivities of ILs were found to be about the same as those of organic solvents, 
such as methanol and toluene.

Figure 1. Cations and anions typically used in ILs.
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It is well known that the thermophysical properties of ILs are influenced by impurities [10]. 
For example, it has been reported that the viscosity of an IL decreases by about 1% with 
the addition of only 100 ppm of water [11]. The influence of trace water and chloride on the 
thermal conductivity of an IL has been reported to be relatively small compared to that on 
the other thermophysical properties, such as viscosity and density, as reported by Rooney 
et al. [4] (Figure 4). Our group has also investigated the effect of chloride ions on the thermal 
conductivities of IL [5] by measuring and comparing the thermal conductivity of 1-butyl-
3-methylimidazolium tetrafluoroborate with different chloride concentrations of 421 and 
4580 ppm; the difference between the thermal conductivities of these ILs was 1.2%.

We additionally investigated the influence of the alkyl chain length on thermal conductivity 
of ILs [12–16]. Figure 5 shows the relation between alkyl chain length and thermal conduc-
tivity at 293 K. The thermal conductivity of n-alkanes was calculated by REFPROP 9.0 [17]. 
The results indicated that the alkyl chain length does not significantly affect the thermal con-
ductivity. This observation differed from the findings of other studies regarding the thermal 
conductivities of n-alkanes [18] and the influence of the viscosity of the IL [19].

Figure 2. The ILs with the highest thermal conductivity (left) [7] and the lowest thermal conductivity (right) [4] at 
298.15 K that have been reported to date.

Figure 3. Thermal conductivities of various substances at 298.15 K [3, 9].
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The temperature and pressure dependence of the thermal conductivity of ILs has been inves-
tigated [12, 14]. Figure 6 shows a comparison of the temperature dependence of thermal 
conductivities of various ILs and organic solvents. The results showed that the temperature 
dependence of the thermal conductivity of each IL is very small in comparison with those of 
toluene and benzene. This is because the temperature dependence of the density of an IL is 
small. Figure 7 shows a comparison of the thermal conductivities of various ILs and organic 

Figure 4. Effects of water and chloride on the thermal conductivities of ILs [4]: °, 1-butyl-3-methylimidazolium 
trifluoromethanesulfonate (1) + water (2); ∆, 1-ethyl-3-methylimidazolium ethylsulfate (1) + water (2); □, 1-hexyl-3-
methylimidazolium bis-(trifluoromethylsulfonyl)imides (1) + 1-hexyl3-methylimidazolium chloride (2).

Figure 5. Relationship between the alkyl chain length and the thermal conductivities of various ILs at 293 K: 1-alkyl-3-
methylimidazolium hexafluorophosphates; 1-alkyl-3-methylimidazolium tetrafluoroborates; 1-alkyl-3-methylimidazolium 
bis[(trifluoromethyl)sulfonyl] amides; N-alkylpyridinium tetrafluoroborates; and n-alkanes [12–17].

Impact of Thermal Conductivity on Energy Technologies20

solvents as functions of the pressure. It was found that the pressure dependence of the ther-
mal conductivity of each IL is very small (within 20 MPa) in comparison with those of toluene 
and benzene. This is because the pressure dependence of the density of an IL is small.

2.2. Prediction and correlation of the thermal conductivity of an IL with its physical 
properties

A variety of ILs has been created as “designer solvents.” Therefore, the prediction of the ther-
mal conductivity of an IL based on its structure and other physical properties would be very 
useful for designing novel ILs. So far, an empirical-prediction method [13, 20, 21], group-con-
tribution method [22–24], quantitative structure-property relationship method [25], prediction 
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Figure 5. Relationship between the alkyl chain length and the thermal conductivities of various ILs at 293 K: 1-alkyl-3-
methylimidazolium hexafluorophosphates; 1-alkyl-3-methylimidazolium tetrafluoroborates; 1-alkyl-3-methylimidazolium 
bis[(trifluoromethyl)sulfonyl] amides; N-alkylpyridinium tetrafluoroborates; and n-alkanes [12–17].
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method using a neural network [26, 27], and many other methods [28–35] have been proposed 
for the prediction of the thermal conductivities of ILs. In this section, the empirical-prediction 
method based on other physical properties and prediction method using group-contribution 
method are introduced.

We proposed a correlation equation based on the Mohanty equation [36] to describe the rela-
tion between the thermal conductivity and viscosity of an IL [13]:

  (1)

where M is the molar mass, λ is the thermal conductivity, and η is the viscosity of the 
IL. However, Eq. (1) was obtained by assuming that the molar mass of the IL is two times 
larger than the actual value. Frӧba et al. proposed another correlation method and described 
the relation between the thermal conductivity and density of an IL as follows [20]:

  (2)

where M is the molar mass, λ is the thermal conductivity, and ρ is the density of the IL. From 
45 data points for 36 ILs, the standard deviation and mean absolute deviation of the experi-
mental data relative to the predictions were 7.8 and 6.5%, respectively at 293.15 K and atmo-
spheric pressure. Koller et al. extended this model to calculate the thermal conductivity at any 
temperature as follows [21]:

  (3)

From 469 data points for 53 different ILs, the mean absolute deviation and root-mean-square 
deviation of the experimental data relative to the values predicted using Eq. (3) were 4.81 and 
6.32%, respectively.

As mentioned above, novel ILs are synthesized and many new substances will be synthesized 
in the near future. Therefore, it would be very useful to predict the thermophysical properties 
from the structure of an IL.

Gardas and Coutinho proposed predicting the thermal conductivity of an IL by the group-
contribution method [22]. When this method was proposed, few reports were available 
regarding the thermal conductivities of ILs from which a prediction equation could be 
derived. However, the following equation was derived to correlate the thermal conductivity 
to the specific cation and anion and the length of the alkyl chain of the cation:

  (4)

where T is the temperature in K and Aλ and Bλ are the fitting parameters that can be obtained 
from the group-contribution approach. These parameters can be derived as follows:
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  (5)

where ni is the number of groups of type i, k is the total number of different groups in the 
molecule, and the parameters ai, λ, and bi, λ estimated for the ILs studied are given in Table 1.

Wu et al. proposed a prediction formula in which the group is divided finely so that more ILs 
can be predicted based on their structures [24]:

  (6)

where Tr = T/Tc is the reduced temperature, Tc is the critical temperature in K (which is easy 
to obtain for many ILs by applying the group-contribution method proposed by Valderrama 
group [37]), k0 is the temperature-independent constant, nj is the number of groups of type j, 
k is the total number of different groups in the molecule, and the parameters ai and ∆λ0,j are 
estimated using Table 2. The calculated values and those reported in the literature were in 
agreement for 286 data points for 36 ILs with an average absolute deviation of 1.66%.

Species ai,λ bi,λ (K−1)

Cations

1,3-dimethylimidazolium (+) 0.1356 1.564 × 10−5

1,1-dimethylpyrrolidinium (+) 0.1325 1.668 × 10−5

Tetramethylphosphonium (+) 0.1503 3.230 × 10−5

Anions

PF6
− 0.0173 9.088 × 10−6

BF4
− 0.0874 8.828 × 10−5

Tf2N− 0.0039 2.325 × 10−5

CF3SO3
− 0.0305 5.284 × 10−5

EtSO4
− 0.0700 6.552 × 10−5

Cl− 0.0166 1.000 × 10−5

Groups

CH2 0.0010 2.586 × 10−6

CH3 0.0042 7.768 × 10−6

Table 1. Group-contribution parameters, ai,j and bi,j, for Eq. (5) at 293–390 K [22].
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Lazzús proposed a prediction equation to calculate the thermal conductivity of an IL as a func-
tion of the temperature and pressure [23]. The experimentally measured thermal conductivi-
ties of 41 ILs (including 400 experimental data points) in the range of 0.1–0.22 W/(m K) were 
used to design the proposed method for the temperature range of 273–390 K and the pressure 
range of 0.1–20 MPa. The results showed that the proposed group-contribution method can be 
used to accurately predict the thermal conductivity of an IL as a function of the temperature 
and pressure present with lower deviations between the predicted and actual values, includ-
ing an average absolute relative deviation (AARD) of less than 1.90% and an R2 of 0.9879 for 
the correlation dataset and AARD of less than 2.33% and R2 of 0.9754 for the prediction dataset.

3. Thermal conductivities of IoNano fluids

Nanofluids are dispersions of nanoparticles and are expected to be applied as heat transfer 
media and used for inkjet printing. They were first reported by Choi [38] in 1995. Since then, 
it has been reported that the thermal conductivity of ethylene glycol is improved by 40% when 
0.3 vol% of 10-nm Cu nanoparticles are dispersed in ethylene glycol [39]. A dispersion of 
nanoparticles in an IL is called an “IoNano fluid,” as first dubbed by Castro et al. in 2010 in a 

Table 2. The coefficient values obtained by the group-contribution method using Eq. (6) [24].
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study of the thermal conductivities of nanofluids with carbon nanotubes dispersed in ILs [40, 41].  
As described above, the thermal conductivities of ILs have been reported to be about the same as 
those of ethanol and methanol, which is not high. For this reason, it is expected that the thermal 
conductivity of an IL can be enhanced by dispersing nanoparticles in it.

It is known that the thermal conductivity of a nanofluid agrees well with the Hamilton-
Crosser model [42]:

  (7)

where k0, keff, and kp are the thermal conductivities of the dispersion medium, nanofluid, and 
dispersoid, respectively, in W/(m K), n is the particle shape parameter [–], and ϕp is the vol-
ume fraction of the dispersoid (also unitless).

Figure 8 shows the calculated enhancement of the thermal conductivity rate based on the 
Hamilton-Crosser model when silver, alumina, and barium titanate spherical nanoparticles 
are used as the dispersoid in 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) 
as a representative IL. Table 3 shows the thermal conductivity of each dispersoid tested. The 
results show that even with dispersoids with significantly different thermal conductivities, 
the resulting enhancement in the thermal conductivity does not vary significantly when the 
volume fraction is about 15% (n = 3). This suggests that, for the case of dispersing spherical 
nanoparticles in an IL, the thermal conductivity of the dispersoid does not significantly affect 
the thermal conductivity of the obtained nanofluid. Thus, to further increase the thermal con-
ductivity of an IL using spherical nanoparticles, the volume fraction of the dispersoid must 
be increased; however, this introduces a problem of flowability. Therefore, while considering 
the use of a nanofluid as a heating medium, it is necessary to increase the thermal conductiv-
ity using the smallest possible volume fraction of nanoparticles. To remarkably increase the 
thermal conductivity enhancement rate with a low nanoparticle concentration, it is necessary 

Figure 8. Relationship between the enhancement of the thermal conductivity and the volume fraction of nanoparticles 
based on the Hamilton-Crosser model at 298 K.
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to increase the particle diameter, n. Increasing n increases the slope; this is possible by using 
a material with a large aspect ratio.

Wang et al. reported that the thermal conductivity of an IoNano fluid of carbon nanotubes 
dispersed in 1-hexyl-3-methylimidazolium tetrafluoroborate (Figure 9) [43] was improved by 
more than 10% by adding only 0.03 wt% of graphene. In addition, the results showed that the 
thermal conductivities of the pure IL component (the dispersion medium) and the IoNano 
fluid increase with an increase in temperature. Figure 6 shows the temperature dependence of 
the thermal conductivities of benzene, toluene, and 1-hexyl-3-methylimidazolium tetrafluo-
roborate. Usually, the thermal conductivity of a liquid decreases with increasing temperature; 
it is known that this holds true for ILs and that the temperature dependence of an IL is smaller 
than those of organic solvents including benzene and toluene. The thermal conductivity val-
ues of [HMIM][BF4] reported by other researchers [40] indicate that the thermal conductivity 
gradually decreases as the temperature increases. Thus, it is conceivable that the thermal con-
ductivity value reported by Wang et al. was influenced by convection. Assael et al. studied the 
reported thermal conductivity values of the nanofluid in detail and pointed out that there are 
many reported cases that are affected by convection [44, 45]. Based on this finding, it is neces-
sary to carefully consider the previously reported thermal conductivity values for nanofluids 
because they may include the influence of convection.

Figure 9. Thermal conductivities of IoNano fluids and [HMIM][BF4] as functions of temperature [43].

kp, W/(m K)

Ag 428

Al2O3 36

BaTiO3 6

Table 3. Thermal conductivities of dispersoids.
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Wang et al. measured the thermal conductivity of Au/[BMIM][PF6] nanofluids of Au nanopar-
ticles dispersed in a typical IL 1-butyl-3-methylimidazolium hexafluorophosphate medium 
([BMIM][PF6]) [46]. The thermal conductivities of the Au/[Bmim][PF6] nanofluids stabilized by 
cetyltrimethylammonium bromide (CTABr) increases with an increase in the temperature and 
the rate of the increase also increases with an increase in the temperature (Figure 10). However, 
it was also seen that the thermal conductivity of [BMIM][PF6] increases with an increase in the 
temperature (Figure 10(a)). In the thermal conductivity values of [BMIM][PF6] reported by other 
researchers [13, 40], the thermal conductivity gradually decreases as the temperature increases; 
thus, the thermal conductivity measured by Wang et al. likely contains the influence of convection.

Adriana et al. reported the thermal conductivities of IoNano fluids, such as Al2O3/[C4 mpyrr]
[NTf2] and MWCNT/[C4 mim][(CF3SO2)2N]. The results showed that the enhancement rate of 
the thermal conductivity is almost the same as that predicted based on the Hamilton-Crosser 
equation; no significant enhancement in thermal conductivity has been confirmed in these 
systems [47].

França et al. reported that the thermal conductivity improved from 4 to 26% between MWCNT/
[C4mim][CF3SO2]2N] and MWCNT/[C2mim][EtSO4] [48]. Although the measurements were 
obtained by commercial equipment, KD2 Pro, which introduces a large measurement uncer-
tainty, the thermal conductivity was found to gradually decrease with an increase in the tem-
perature in the pure IL component and IoNano fluid; this indicates that the measured values 
were almost not affected by convection.

4. Summary

In this study, the thermal conductivities of ILs and IoNano fluids were reviewed. The thermal 
conductivity is one of the physical properties of ILs for which few studies have been reported. 
The thermal conductivity of an IL is difficult to measure and the observed data are often 

Figure 10. Thermal conductivity of [BMIM][PF6] over a range of temperatures (a) with and without 5 mmol CTABr and 
(b) the thermal conductivity enhancement in Au/[BMIM][PF6] nanofluids due to various Au concentrations [46].
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influenced by convection. Although the prediction and the correlation method have been pro-
posed and examined, the results are not useful unless they are based on precisely measured 
values. Therefore, it is necessary to precisely measure and publish more data regarding the 
thermal conductivities of ILs and IoNano fluids.
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influenced by convection. Although the prediction and the correlation method have been pro-
posed and examined, the results are not useful unless they are based on precisely measured 
values. Therefore, it is necessary to precisely measure and publish more data regarding the 
thermal conductivities of ILs and IoNano fluids.
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Abstract

The present chapter is focused on studies concerned with three-dimensional flow and heat
transfer analysis of Carreau fluid with nanoparticle suspension. The heat transfer analysis
in the boundary was carried out with the fluid flow over a stretching surface under the
influence of nonlinear thermal radiation, mixed convection and convective boundary
condition. Suitable similarity transformations are employed to reduce the governing par-
tial differential equations into coupled nonlinear ordinary differential equations. The
equations in non-linear form are then solved numerically using Runge-Kutta-Fehlberg
fourth fifth-order method with the help of symbolic algebraic software MAPLE. The
results so extracted are well tabulated and adequate discussions on the parameters affect-
ing flow and heat transfer analysis were carried out with the help of plotted graphs.

Keywords: Carreau nano fluid, nonlinear thermal radiation, mixed convection, stretching
sheet, convective boundary condition, numerical method

1. Introduction

Thermal radiation, the fundamental mechanism of heat transfer is an indispensable activity in
rocket propulsion, plume dynamics, solar collector performance, materials processing, com-
bustion systems, fire propagation and other industrial and technological processes at high
temperatures. With the developments in computational dynamics, increasing attention has
been diverted towards thermal convection flows with the significant radiative flux. Rayleigh
initiated the theory of thermal convection, by deriving critical temperature gradient (Critical
Rayleigh number). Importance of such radiations is intensified with absolute temperatures at
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higher level. Thus a substantial interest is driven towards thermal boundary layer flows with a
strong radiation. Governing equation of radiative heat transfer with its integro-differential
nature makes numerical solutions of coupled radiative-convective flows even more challeng-
ing. Multiple studies were conducted employing several models to investigate heat and mass
transfer in boundary layer and fully-developed laminar convection flows. As a consequence
several simultaneous multi-physical effects in addition to radiative heat transfer including
gravity and pressure gradient effects [1], mhd flow of nanofluids [2], buoyancy effects [3, 4],
ferrofluid dynamics [5], stretching surface flow [6, 7], time-dependent, wall injection and Soret/
Dufour effects [8–11].

These studies have however been confined to Newtonian flows. But industries related with
fabrication of polymers and plastics at high temperatures show greater importance towards
radiative flows of non-Newtonian fluids. The potential of non-Newtonian flows in ducts with
radiative transfer were significantly developed after the studies on novel propellants for
spacecraft [12]. The developments are extant and diversified the application of non-Newtonian
fluid models. Most studies in this regard have employed the Rosseland model which is
generally valid for optically-thick boundary layers. Recently, Kumar et al. [13] used such
model to study melting heat transfer of hyperbolic tangent fluid over a stretching sheet with
suspended dust particles. Cortell [14] and Batalle [15] have shown their earlier contribution
towards radiative heat transfer of non-Newtonian fluids past stretching sheet under various
circumstances. Relating to the studies Khan et al. [16] developed a numerical studies correlat-
ing MHD flow of Carreau fluid over a convectively heated surface with non-linear radiation.
Appending to this studies Khan et al. [17] provided his results on hydromagnetic nonlinear
thermally radiative nanoliquid flow with Newtonian heat along with mass conditions. Mean-
while, Rana and Bhargava [18] provided a numerical elucidation to study of heat transfer
enhancement in mixed convection flow along a vertical plate with heat source/sink utilizing
nanofluids. Hayat et al. [19] investigated the mixed convection stagnation-point flow of an
incompressible non-Newtonian fluid over a stretching sheet under convective boundary con-
ditions. Many diverse -physical simulations with and without convective and/or radiative heat
transfer have been studied. Representative studies in this regard include [20–23] with analo-
gous to the property of radiation flow.

Endeavoring the complications in three dimensional flow analysis, Shehzad et al. [24] studied
the effect of thermal radiation in Jeffrey nanofluid by considering the characteristics of
thermophoresis and Brownian motion for a solar energy model. Hayat et al. [25] analyzed the
effect non-linear thermal radiation over MHD three-dimensional flow of couple stress
nanofluid in the presence of thermophoresis and Brownian motion. Rudraswamy et al. [26]
observations on Soret and Dufour effects in three-dimensional flow of Jeffery nanofluid in the
presence of nonlinear thermal radiation clearly showed that concentration and associated
boundary layer thickness are enhanced by increasing Soret and Dufour numbers. Many such
problems [27–29] were considered disclosing the feature of thermal radiation in three dimen-
sional flow of non-Newtonian fluids.

Inspired by the above works, we put forth the studies on the effect of non-linear thermal
radiation on three dimensional flow of Carreau fluid with suspended nanoparticles. Present
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studies even include the phenomenon of mixed convection and convective boundary condi-
tions. A numerical approach is provided for the above flow problem by employing Runge-
Kutta-fourth-fifth order method.

2. Mathematical formulation

A steady three-dimensional flow of an incompressible Carreau fluid with suspended nano
particles induced by bidirectional stretching surface at z ¼ 0 has been considered. The sheet is
aligned with the xy� plane z ¼ 0ð Þ and the flow takes place in the domain z > 0. Let
u ¼ uw xð Þ ¼ ax and v ¼ vw yð Þ ¼ by be the velocities of the stretching sheet along x and y
directions respectively. A constant magnetic field of strength B is applied in the z� direction.
Heat and mass transfer characteristics are taken in to account in the presence of Brownian
motion and Thermophoresis effect. The thermo physical properties of fluid are taken to be
constant.

Extra stress tensor for Carreau fluid is.

τij ¼ μ0 1þ n� 1
2

Γ _γ
� �2� �

_γij

In which τij is the extra stress tensor, μ0 is the zero shear rate viscosity, Γ is the time constant, _γ
is the power law index and is defined as.

_γ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

XX
_γ ij

r
_γ ji ¼

ffiffiffi
1
2

r
Π

Here Π is the second invariant strain tensor.
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higher level. Thus a substantial interest is driven towards thermal boundary layer flows with a
strong radiation. Governing equation of radiative heat transfer with its integro-differential
nature makes numerical solutions of coupled radiative-convective flows even more challeng-
ing. Multiple studies were conducted employing several models to investigate heat and mass
transfer in boundary layer and fully-developed laminar convection flows. As a consequence
several simultaneous multi-physical effects in addition to radiative heat transfer including
gravity and pressure gradient effects [1], mhd flow of nanofluids [2], buoyancy effects [3, 4],
ferrofluid dynamics [5], stretching surface flow [6, 7], time-dependent, wall injection and Soret/
Dufour effects [8–11].

These studies have however been confined to Newtonian flows. But industries related with
fabrication of polymers and plastics at high temperatures show greater importance towards
radiative flows of non-Newtonian fluids. The potential of non-Newtonian flows in ducts with
radiative transfer were significantly developed after the studies on novel propellants for
spacecraft [12]. The developments are extant and diversified the application of non-Newtonian
fluid models. Most studies in this regard have employed the Rosseland model which is
generally valid for optically-thick boundary layers. Recently, Kumar et al. [13] used such
model to study melting heat transfer of hyperbolic tangent fluid over a stretching sheet with
suspended dust particles. Cortell [14] and Batalle [15] have shown their earlier contribution
towards radiative heat transfer of non-Newtonian fluids past stretching sheet under various
circumstances. Relating to the studies Khan et al. [16] developed a numerical studies correlat-
ing MHD flow of Carreau fluid over a convectively heated surface with non-linear radiation.
Appending to this studies Khan et al. [17] provided his results on hydromagnetic nonlinear
thermally radiative nanoliquid flow with Newtonian heat along with mass conditions. Mean-
while, Rana and Bhargava [18] provided a numerical elucidation to study of heat transfer
enhancement in mixed convection flow along a vertical plate with heat source/sink utilizing
nanofluids. Hayat et al. [19] investigated the mixed convection stagnation-point flow of an
incompressible non-Newtonian fluid over a stretching sheet under convective boundary con-
ditions. Many diverse -physical simulations with and without convective and/or radiative heat
transfer have been studied. Representative studies in this regard include [20–23] with analo-
gous to the property of radiation flow.

Endeavoring the complications in three dimensional flow analysis, Shehzad et al. [24] studied
the effect of thermal radiation in Jeffrey nanofluid by considering the characteristics of
thermophoresis and Brownian motion for a solar energy model. Hayat et al. [25] analyzed the
effect non-linear thermal radiation over MHD three-dimensional flow of couple stress
nanofluid in the presence of thermophoresis and Brownian motion. Rudraswamy et al. [26]
observations on Soret and Dufour effects in three-dimensional flow of Jeffery nanofluid in the
presence of nonlinear thermal radiation clearly showed that concentration and associated
boundary layer thickness are enhanced by increasing Soret and Dufour numbers. Many such
problems [27–29] were considered disclosing the feature of thermal radiation in three dimen-
sional flow of non-Newtonian fluids.

Inspired by the above works, we put forth the studies on the effect of non-linear thermal
radiation on three dimensional flow of Carreau fluid with suspended nanoparticles. Present
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studies even include the phenomenon of mixed convection and convective boundary condi-
tions. A numerical approach is provided for the above flow problem by employing Runge-
Kutta-fourth-fifth order method.

2. Mathematical formulation

A steady three-dimensional flow of an incompressible Carreau fluid with suspended nano
particles induced by bidirectional stretching surface at z ¼ 0 has been considered. The sheet is
aligned with the xy� plane z ¼ 0ð Þ and the flow takes place in the domain z > 0. Let
u ¼ uw xð Þ ¼ ax and v ¼ vw yð Þ ¼ by be the velocities of the stretching sheet along x and y
directions respectively. A constant magnetic field of strength B is applied in the z� direction.
Heat and mass transfer characteristics are taken in to account in the presence of Brownian
motion and Thermophoresis effect. The thermo physical properties of fluid are taken to be
constant.

Extra stress tensor for Carreau fluid is.
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In which τij is the extra stress tensor, μ0 is the zero shear rate viscosity, Γ is the time constant, _γ
is the power law index and is defined as.
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The boundary conditions for the present flow analysis are,

u ¼ ax, v ¼ by, w ¼ 0, k
∂T
∂z

¼ �hf Tf � T∞
� �

, C ¼ Cw at z ¼ 0 (6)

u ! 0, v ! 0, T ! T∞, C ! C∞ as z ! ∞, (7)

where ν is the kinematic viscosity of the fluid, μ is the coefficient of fluid viscosity, r is the fluid
density, B is the magnetic field, σ is the electrical conductivity of the fluid, T is the fluid
temperature, α is the thermal diffusivity of the fluid, k is the thermal conductivity. τ is the ratio
of effective heat capacity of the nanoparticle material to heat capacity of the fluid, qr is the
radiative heat flux, g is the gravitational acceleration, βT is thermal expansion coefficient of
temperature, DB is the Brownian diffusion coefficient, hf is the heat transfer coefficient, DT is the
thermophoretic diffusion coefficient, cp is the specific heat at constant pressure, Tf is the temper-
ature at the wall, T∞ is the temperatures far away from the surface. C is the concentration and C∞

is the concentration far away from the surface. The subscript w denotes the wall condition.

Using the Rosseland approximation radiation heat flux qr is simplified as,

qr ¼ � 4σ∗

3k∗
∂T4

∂z
¼ � 16σ∗

3k∗
T3 dT

dz
, (8)

where σ∗ and k∗ are the Stefan-Boltzmann constant and the mean absorption coefficient
respectively.

In view to Eq. (8), Eq. (4) reduces to.
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The momentum, energy and concentration equations can be transformed into the corresponding
ordinary differential equations by the following similarity variables,

u ¼ axf 0 ηð Þ, v ¼ byg0 ηð Þ, w ¼ � ffiffiffiffiffi
aν

p
f ηð Þ þ g ηð Þð Þ,

θ ηð Þ ¼ T � T∞

Tw � T∞
,ϕ ηð Þ ¼ C� C∞

Cw � C∞
, η ¼

ffiffiffi
a
ν

r
(10)

where T ¼ T∞ 1þ θw � 1ð Þθ ηð Þð Þ, θw ¼ Tf

T∞
, θw > 1ð Þ being the temperature ratio parameter.

Then, we can see that Eq. (1) is automatically satisfied, and Eqs. (2)–(7)are reduced to:

f ‴ þ f þ gð Þf 00 � f 02 þ 3
n� 1
2

Wef 002f ‴ þ λθ�Mf 0 ¼ 0 (11)

g‴ þ f þ gð Þg00 � g02 þ 3
n� 1
2

Weg002g‴ �Mg0 ¼ 0 (12)
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1
Pr

1þ R θw � 1ð Þθð Þ3θ0 0
� �

þ f þ gð Þθ0 þNbθ0φ0 þNtθ02 ¼ 0, (13)

ϕ00 þ LePr f þ gð Þϕ0 þ Nt
Nb

θ00 ¼ 0 (14)

With the boundary conditions,

f ¼ 0, g ¼ 0, f 0 ¼ 1, g0 ¼ c,θ0 ¼ �Bi 1� θ 0ð Þð Þ, ϕ ¼ 1, at η ¼ 0,

f 0 ! 0, g0 ! 0,θ ! 0,ϕ ! 0 as η ! ∞: (15)

We ¼ cU2
wλ

2

ν is the Weissenberg number, M ¼ σB2

ra is the magnetic parameter, c ¼ b
a is the ratio of

stretching rates, Pr ¼ ν
α is Prandtl number, R ¼ 16σ∗T3

∞
3kk∗ is the radiation parameter,Nb ¼ τDB Cw�C∞ð Þ

ν

is the Brownian motion parameter, Nt ¼ τDT Tf�T∞ð Þ
νT∞

is the Thermophoresis parameter,

λ ¼ gβT Tf�T∞ð Þ
Rex

is the mixed convection parameter, Bi ¼ hf
k

ffiffiν
a

p
is the Biot number, Le ¼ α

DB
is the

Lewis number.

The local skin friction Cf
� �

, local Nusselt number Nuxð Þ and local number Sherwood Shxð Þ are
defined as,

Cfx ¼ τw
ruw xð Þ2 , Cfy ¼ τw

rvw yð Þ2 , Nux ¼ uwqw
ka Tf � T∞
� � and Shx ¼ uwqm

DBa Cw � C∞ð Þ

The local skin friction, local Nusselt number and Sherwood number is given by,

ffiffiffiffiffiffiffiffi
Rex

p
Cfx ¼ f 00 0ð Þ þ n� 1ð ÞWe2

2
f 00 0ð Þ� �3� �

,
ffiffiffiffiffiffiffiffi
Rex

p
Cfy ¼ g00 0ð Þ þ n� 1ð ÞWe2

2
g00 0ð Þð Þ3

� �
,

Nuxffiffiffiffiffiffiffiffi
Rex

p ¼ � 1þþRθ3
w

� �
θ0 0ð Þ, Shxffiffiffiffiffiffiffiffi

Rex
p ¼ �ϕ0 0ð Þ:

where Rex ¼ uwx
ν is the local Reynolds number based on the stretching velocity. uw xð Þ:

3. Numerical method

The non-linear ordinary differential Eqs. (11)–(14) subjected to boundary conditions (15) has
been solved using the Runge-Kutta-Fehlberg fourth-fifth order method with the help of sym-
bolic algebraic software MAPLE. The boundary conditions for η ¼ ∞ are replaced by
f 0 ηmax

� � ¼ 1,θ ηmax

� � ¼ 0 and ϕ ηmax

� � ¼ 0, where ηmax is a sufficiently large value of η at
which the boundary conditions (15) are satisfied. Thus, the values of η ¼ ηmax are taken to be
6. To validate the employed method, the authors have compared the results of f 00 0ð Þ and g00 0ð Þ
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with the that of published works by Wang [27] and Hayat [30] for the different values
stretching parameter. These comparisons are given in Table 1 and it shows that the results are
in very good agreement.

4. Result and discussion

The purpose of this section is to analyze the effects of various physical parameters on the
velocities, temperature and concentration fields. Therefore, for such objective, Figures 1–11 has
been plotted. Observations over these data with plotted graphs are discussed below.

c Wang [27] Hayat et al. [30] Present result

�f 00 0ð Þ �g00 0ð Þ �f 00 0ð Þ �g00 0ð Þ �f 00 0ð Þ �g00 0ð Þ

0 1 0 1 0 1 0

0.25 1.0488 0.1945 1.048810 0.19457 1.04881 0.19457

0.5 1.0930 0.4652 1.093095 0.465205 1.09309 0.46522

0.75 1.1344 0.7946 1.134500 0.794620 1.13450 0.79462

1.0 1.1737 1.1737 1.173721 1.173721 1.17372 1.17372

Table 1. Comparison of different values of c with Wang [27] and Hayat et al. [30].

Figure 1. Influence of We on velocity profiles of both f 0 ηð Þ and g0 ηð Þ.
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Figure 2. Influence of M on velocity profiles f 0 ηð Þ and g0 ηð Þ.

Figure 3. Influence of c on velocity profiles f 0 ηð Þ and g0 ηð Þ.
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Figure 2. Influence of M on velocity profiles f 0 ηð Þ and g0 ηð Þ.

Figure 3. Influence of c on velocity profiles f 0 ηð Þ and g0 ηð Þ.
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Figure 4. Influence of λ on velocity profiles f 0 ηð Þ and g0 ηð Þ.

Figure 5. Influence of Nb on θ ηð Þ and ϕ ηð Þ profiles.
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Figure 6. Influence of Nt on θ ηð Þ and ϕ ηð Þ profiles.

Figure 7. Influence of Bi on temperature profile.
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Figure 6. Influence of Nt on θ ηð Þ and ϕ ηð Þ profiles.

Figure 7. Influence of Bi on temperature profile.
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Figure 8. Influence of R on temperature profile.

Figure 9. Influence of θw on temperature profile.
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Figure 1 characterizes the influence of Weissenberg number Weð Þ on velocity profiles for both x
and y direction. It is found that increasing values of the Weissenberg number increases the
momentum boundary layers in both directions. Physically, Weissenberg number is directly
proportional to the time constant and reciprocally proportional to the body. The time constant
to body magnitude relation is higher for larger values of Weissenberg number. Hence, higher
Weissenberg number causes to enhance the momentum boundary layer thickness.

The developments of a magnetic field Mð Þ on velocity profiles are circulated in Figure 2. We
tend to discover depreciation within the velocity profile for ascent values of magnetic field
parameter. Physically, the drag force will increase with a rise within the magnetic flux and as a
result, depreciation happens within the velocity field.

Figure 3 designed the velocity profiles of f 0 and g0 for various values of stretching
parameter cð Þ. The velocity profiles and associated momentum boundary layer thickness
decrease, once the stretching parameter will increase whereas velocity profile g’, exhibits the
opposite behavior of f’. Figure 4 shows the velocity profiles for different values of mixed
convection parameter λð Þ. It depicts that the velocity field and momentum boundary layer
thickness increases in both x and y direction by increasing mixed convection parameter.

Figure 5 portraits the consequences of Brownian motion parameter on temperature and con-
centration profile. The Brownian motion parameter Nbð Þ will increase the random motion of
the fluid particles and thermal boundary layer thickness conjointly will increase which ends up

Figure 10. Influence of Pr on temperature profile.
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centration profile. The Brownian motion parameter Nbð Þ will increase the random motion of
the fluid particles and thermal boundary layer thickness conjointly will increase which ends up

Figure 10. Influence of Pr on temperature profile.
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in an additional heat to provide. Therefore, temperature profile will increase however concen-
tration profiles show opposite behavior.

The development of the thermophoresis parameter Ntð Þ on temperature and concentration
profiles is inspecting in Figure 6. Form this figure we observed that, the higher values of
thermophoresis parameter is to increases both θ ηð Þ and ϕ ηð Þ profiles. Further, the thermal
boundary layer thickness is higher for larger values of thermophoresis parameter. This is
because, it’s a mechanism within which little particles area unit force off from the new surface
to a chilly one. As a result, it maximizes the temperature and concentration of the fluid.

Figure 7 describe the influences of Biot number Bið Þ on temperature profile. One can observe
form the figure, the larger values of Biot number cause an enhancing the temperature profile.
This is because, the stronger convection leads to the maximum surface temperatures which
appreciably enhance the thermal boundary layer thickness.

Figures 8 and 9 are sketched to analyze the effect of radiation parameter Rð Þ and temperature
ratio θwð Þ parameter on temperature profile. The above graphs elucidate that, the temperature
profile and thermal boundary layer thickness area unit increased by ascent values of radiation
parameter and temperature ratio. Larger values of thermal radiation parameter provide more
heat to working fluid that shows an enhancement in the temperature and thermal boundary
layer thickness.

The effect of the Prandtl number Prð Þ on θ ηð Þ is seen in Figure 10. Since Pr is that the
magnitude relation of the viscous diffusion rate to the thermal diffusion rate, the upper worth

Figure 11. Influence of Le on concentration profile.
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of Prandtl number causes to scale back the thermal diffusivity. Consequently, for increasing
values ofPr, the temperature profile gets decreases. The impact of Lewis number Leð Þ on
nanoparticle concentration is plotted in Figure 11. It is evident that the larger values of Lewis
number cause a reduction in nanoparticles concentration distribution. Lewis number depends
on the Brownian diffusion coefficient. Higher Lewis number leads to the lower Brownian
diffusion coefficient, which shows a weaker nanoparticle concentration.

Table 2 presents the numerical values of skin friction for various physical values in the
presence and absence We ¼ n ¼ 0ð Þ of non-Newtonian fluid. It is observed that skin friction
increase in both directions with increasing c for both presence and absence of non-Newtonian
fluid. In the other hand, the skin friction coefficient decreases in both directions by
increasingBi. The skin friction is higher in the presence of non-Newtonian fluid than in the
absence of non-Newtonian fluid.

Table 3 also elucidates that, the wall temperature for different physical parameter for linear as
well as nonlinear radiation. It reveals that, the wall temperature increases for increasing values
of Bi, R and c for both linear and nonlinear radiation but the wall temperature decreases by

Bi Le R c λ M Absence Presence

Cfx Cfy Cfx Cfy

0.2 1.2240 0.7261 1.3030 0.7836

0.4 1.1795 0.7280 1.2642 0.7847

0.6 1.1532 0.7289 1.2412 0.7854

2 1.1719 0.7283 1.2575 0.7850

3 1.1648 0.7285 1.2514 0.7851

4 1.1619 0.7285 1.2489 0.7851

1 1.1598 0.7289 1.2466 0.7855

2 1.1420 0.7301 1.2300 0.7866

3 1.1220 0.7314 1.2113 0.7878

0.2 1.0852 0.2066 1.1657 0.2083

0.4 1.1265 0.4509 1.2096 0.4657

0.6 1.1648 0.7285 1.2514 0.7851

0 1.3122 0.7242 1.3787 0.7816

0.2 1.2523 0.7259 1.3143 0.7834

0.4 1.1936 0.7276 1.2514 0.7851

0 0.9611 0.5965 1.0281 0.6293

0.5 1.1648 0.7285 1.2514 0.7851

1 1.3441 0.8413 1.4521 0.9248

Table 2. Numerical result of skin friction coefficient for different physical parameter values for present and absence non
Newtonian fluid.
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of Prandtl number causes to scale back the thermal diffusivity. Consequently, for increasing
values ofPr, the temperature profile gets decreases. The impact of Lewis number Leð Þ on
nanoparticle concentration is plotted in Figure 11. It is evident that the larger values of Lewis
number cause a reduction in nanoparticles concentration distribution. Lewis number depends
on the Brownian diffusion coefficient. Higher Lewis number leads to the lower Brownian
diffusion coefficient, which shows a weaker nanoparticle concentration.

Table 2 presents the numerical values of skin friction for various physical values in the
presence and absence We ¼ n ¼ 0ð Þ of non-Newtonian fluid. It is observed that skin friction
increase in both directions with increasing c for both presence and absence of non-Newtonian
fluid. In the other hand, the skin friction coefficient decreases in both directions by
increasingBi. The skin friction is higher in the presence of non-Newtonian fluid than in the
absence of non-Newtonian fluid.

Table 3 also elucidates that, the wall temperature for different physical parameter for linear as
well as nonlinear radiation. It reveals that, the wall temperature increases for increasing values
of Bi, R and c for both linear and nonlinear radiation but the wall temperature decreases by
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1 1.1598 0.7289 1.2466 0.7855
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3 1.1220 0.7314 1.2113 0.7878
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Table 2. Numerical result of skin friction coefficient for different physical parameter values for present and absence non
Newtonian fluid.
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increasing Le,Nb,Nt and Pr. Further, it is noticed that the wall temperature is higher for
nonlinear radiation than that linear radiation.

Table 4 clearly shows the numerical values of skin friction, Nusselt number and Sherwood
number for various physical parameters values. It reveals that, numerical values of wall
temperature θ 0ð Þ increase by increasing Bi,θw, R and c. In the other hand Nusselt number
decreases by increasing. Le,M,Nb,Nt and Pr. From this table, the skin friction coefficient
increases by increasing Bi and m. Further, the Sherwood number increases by increasing
Bi,θw, R,Pr and We.

Bi Le M Nb R Nt Pr c Linear Nonlinear

�Nux Rexð Þ�1=2 �Nux Rexð Þ�1=2

0.2 0.1060 0.3289

0.4 0.1356 0.4683

0.6 0.1479 0.5421

2 0.1825 0.5501

3 0.1428 0.5102

4 0.1200 0.4886

0 0.1440 0.5206

0.5 0.1428 0.5102

1 0.1418 0.5011

0.2 0.3354 0.8074

0.4 0.2771 0.6974

0.6 0.2091 0.5974

1 0.1768 0.8621

2 0.2059 1.5030

3 0.2150 2.0523

0 0.1834 0.5641

0.5 0.1331 0.4971

1 0.0913 0.4351

2 0.2165 0.4958

3 0.2059 0.5260

4 0.1875 0.5307

0.2 0.1268 0.4606

0.4 0.1352 0.4870

0.6 0.1428 0.5102

Table 3. Numerical result of Nusselt number for different physical parameter values for linear and non nonlinear
radiation.
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Bi θw Le M Nb R Nt Pr We c λ �Cfx �Cfy �Shx Rexð Þ�1=2 �Nux Rexð Þ�1=2

0.2 1.3030 0.7836 1.4859 0.3289

0.4 1.2642 0.7847 1.4877 0.4683

0.6 1.2412 0.7854 1.4886 0.5421

1.8 1.2434 0.7856 1.4825 0.7398

2 1.2353 0.7860 1.4812 0.9218

2.2 1.2250 0.7865 1.4814 1.1226

2 1.2575 0.7850 1.1427 0.5501

3 1.2514 0.7851 1.4882 0.5102

4 1.2489 0.7851 1.7744 0.4886

0 1.0281 0.6293 1.5340 0.5206

0.5 1.2514 0.7851 1.4882 0.5102

1 1.4521 0.9248 1.4493 0.5011

0.2 1.3140 0.7831 1.2408 0.8074

0.4 1.2926 0.7837 1.4118 0.6974

0.6 1.2713 0.7844 1.4647 0.5974

1 1.2466 0.7855 1.4781 0.8621

2 1.2300 0.7866 1.4727 1.5030

3 1.2113 0.7878 1.4740 2.0523

0 1.2674 0.7845 1.4869 0.5641

0.5 1.2472 0.7853 1.4901 0.4971

1 1.2255 0.7863 1.5060 0.4351

2 1.2113 0.7878 1.4740 0.4958

3 1.2345 0.7863 1.4731 0.5260

4 1.2449 0.7857 1.4767 0.5307

0 1.1936 0.7276 1.4746 0.5070

1 1.2974 0.8329 1.4985 0.5127

2 1.3712 0.9109 1.5141 0.5164

0.2 1.1657 0.2083 1.2770 0.4606

0.4 1.2096 0.4657 1.3862 0.4870

0.6 1.2514 0.7851 1.4882 0.5102

0 1.3787 0.7816 1.4738 0.5068

0.2 1.3143 0.7834 1.4811 0.5085

0.4 1.2514 0.7851 1.4882 0.5102

Table 4. Numerical result of local skin friction coefficient, Sherwood number and Nusselt number for different physical
parameter.
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increasing Le,Nb,Nt and Pr. Further, it is noticed that the wall temperature is higher for
nonlinear radiation than that linear radiation.
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increases by increasing Bi and m. Further, the Sherwood number increases by increasing
Bi,θw, R,Pr and We.

Bi Le M Nb R Nt Pr c Linear Nonlinear

�Nux Rexð Þ�1=2 �Nux Rexð Þ�1=2

0.2 0.1060 0.3289

0.4 0.1356 0.4683

0.6 0.1479 0.5421

2 0.1825 0.5501

3 0.1428 0.5102

4 0.1200 0.4886

0 0.1440 0.5206

0.5 0.1428 0.5102

1 0.1418 0.5011

0.2 0.3354 0.8074

0.4 0.2771 0.6974

0.6 0.2091 0.5974

1 0.1768 0.8621

2 0.2059 1.5030

3 0.2150 2.0523

0 0.1834 0.5641

0.5 0.1331 0.4971

1 0.0913 0.4351

2 0.2165 0.4958

3 0.2059 0.5260

4 0.1875 0.5307

0.2 0.1268 0.4606

0.4 0.1352 0.4870

0.6 0.1428 0.5102

Table 3. Numerical result of Nusselt number for different physical parameter values for linear and non nonlinear
radiation.

Impact of Thermal Conductivity on Energy Technologies46

Bi θw Le M Nb R Nt Pr We c λ �Cfx �Cfy �Shx Rexð Þ�1=2 �Nux Rexð Þ�1=2

0.2 1.3030 0.7836 1.4859 0.3289

0.4 1.2642 0.7847 1.4877 0.4683

0.6 1.2412 0.7854 1.4886 0.5421

1.8 1.2434 0.7856 1.4825 0.7398

2 1.2353 0.7860 1.4812 0.9218

2.2 1.2250 0.7865 1.4814 1.1226

2 1.2575 0.7850 1.1427 0.5501

3 1.2514 0.7851 1.4882 0.5102

4 1.2489 0.7851 1.7744 0.4886

0 1.0281 0.6293 1.5340 0.5206

0.5 1.2514 0.7851 1.4882 0.5102

1 1.4521 0.9248 1.4493 0.5011

0.2 1.3140 0.7831 1.2408 0.8074

0.4 1.2926 0.7837 1.4118 0.6974

0.6 1.2713 0.7844 1.4647 0.5974

1 1.2466 0.7855 1.4781 0.8621

2 1.2300 0.7866 1.4727 1.5030

3 1.2113 0.7878 1.4740 2.0523

0 1.2674 0.7845 1.4869 0.5641

0.5 1.2472 0.7853 1.4901 0.4971

1 1.2255 0.7863 1.5060 0.4351

2 1.2113 0.7878 1.4740 0.4958

3 1.2345 0.7863 1.4731 0.5260

4 1.2449 0.7857 1.4767 0.5307

0 1.1936 0.7276 1.4746 0.5070

1 1.2974 0.8329 1.4985 0.5127

2 1.3712 0.9109 1.5141 0.5164

0.2 1.1657 0.2083 1.2770 0.4606

0.4 1.2096 0.4657 1.3862 0.4870

0.6 1.2514 0.7851 1.4882 0.5102

0 1.3787 0.7816 1.4738 0.5068

0.2 1.3143 0.7834 1.4811 0.5085

0.4 1.2514 0.7851 1.4882 0.5102

Table 4. Numerical result of local skin friction coefficient, Sherwood number and Nusselt number for different physical
parameter.

Thermal Conductivity in the Boundary Layer of Non-Newtonian Fluid with Particle Suspension
http://dx.doi.org/10.5772/intechopen.76345

47



5. Conclusions

In the present study, influence of nonlinear radiation on three dimensional flow of an incom-
pressible non-Newtonian Carreau nanofluid has been obtained. The obtained results are
presented in tabulated and graphical form with relevant discussion and the Major findings
from this study are:

The velocity profiles increase in x� directions and decrease in the y� direction by increasing
the stretching parameter.

Concentration profile increase by increasing the values Nb but in case of Nt concentration
profile decreases.

Nb and Nt parameter shows the increasing behavior for temperature profile.

Effects of Le nanoparticle fraction ϕ ηð Þ show the decreasing behavior.

Magnetic parameter reduces the velocity profiles in both x and y� directions.

Temperature and thermal boundary layer thickness are decreased when the Pr and tl number
increases.

Nonlinear thermal radiation should be kept low to use it as a coolant factor.

The rate of heat transfer increases with the increases in parameters Rd and θw.

We also noticed that the velocity profile and its associated boundary layer thickness are
increases by increasing the values of We.
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Abstract

In this study, the effective thermal conductivity of staple fiber assembly for wadding use 
is measured using KES-F7 II Thermo Labo II apparatus. Sample used are cupra, polyes-
ter (with round and heteromorphic section), and polytrimethylene terephthalate (PTT) 
fibers. Heat flux to calculate thermal conductivity is measured including heat leakage 
from sidewall and is calibrated in the analysis. Results are analyzed by nonlinear regres-
sion method. Results are obtained as follows. Thermal conductivity curve is convex 
downward in low fiber volume fraction (<3%). Thermal conductivity, λ, is expressed as 
following equation, λ = Aφ + B/φ + C, where φ is fiber volume fraction, A and B are coeffi-
cients, and C is constant determined by nonlinear regression analysis. Based on this equa-
tion, the effective thermal conductivity is divided into three parts: Aφ, heat conduction 
in fiber; B/φ, radiative heat transfer; and C, heat conduction within air. By calibration, C 
component is divided into thermal conductivity of air, λair and heat leakage from sidewall 
of the sample frame. λair plays the most important role in thermal insulation property of 
fiber assembly, and component of heat conduction in fiber, Aφ, follows in higher fiber 
volume fraction. Component of radiative heat transfer, B/φ, is negligible small.

Keywords: effective thermal conductivity, fiber assembly, cupra fiber, polyester fiber, 
nonlinear regression

1. Introduction

In this chapter, a method to evaluate thermal insulation properties of staple fiber assembly for 
wadding use is proposed. Fiber assembly in low fiber volume fraction is a system which con-
sists of a lot of air and a small amount of fiber, and its heat transfer mechanism is supposed 
to include convective and radiative heat transfer in addition to conductive heat transfer. 
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Therefore, it is not suitable to use thermal conductivity to evaluate thermophysical properties 
of fiber assembly. Instead, a concept of effective thermal conductivity is suitable to evaluate 
thermophysical properties of fiber assembly which can include different types of heat trans-
fer mechanisms such as conduction, convection, and radiation. In this chapter, the effective 
thermal conductivity is used to evaluate thermal insulation properties of fiber assembly in 
low Fiber volume fraction, Φ for wadding use. In addition, a model to explain heat transfer 
mechanism within fiber assembly is proposed.

Effective thermal conductivity is measured based on guarded hot plate (GHP) method using 
KES-F7II Thermo Labo II apparatus (Kato Tech Ltd.). Fiber sample is put uniformly into 
sample frame made of polystyrene foam. In the measurement, sample system made of fiber 
assembly and sample frame is placed between heat source plate and heat sink, and heat flow 
to keep heat source temperature constant is measured.

Samples used are polyethylene terephthalate and cupra staple fiber assembly. Effective ther-
mal conductivity is measured under various sample thickness and fiber volume fraction. The 
results are analyzed based on nonlinear regression method, and heat transfer mechanism 
within fiber assembly is discussed based on the result of analysis. Finally, designing of fiber 
assembly-based thermal insulation materials is investigated.

2. Background

Studies on heat conduction of fiber assembly have been conducted by Nogai et al. [1, 2], 
Fujimoto et al. [3], and Ohmura et al. [4] in Japan. Nogai et al. carried out theoretical and 
experimental study of heat transfer mechanism of polyester fiber assembly [1, 2]. Fujimoto 
et al. investigated the effective thermal conductivity of clothing materials for protection 
against cold [3]. Ohmura et al. studied the effective thermal conductivity of fibrous thermal 
insulation materials for building [4].

In all papers, it is confirmed that effective thermal conductivity- fiber volume fraction curve 
in low fiber volume fraction (<10%) shows the shape of convex downward. The fact that effec-
tive thermal conductivity curve has a minimum value gives a reason that fiber assembly have 
been widely used for thermal insulation materials. The minimum value in effective thermal 
conductivity curve was explained by increasing radiative heat transfer through pore space 
with increasing porosity based on their experimental and theoretical results and heat transfer 
model. Nogai et al. [1, 2] derived these facts based on uniaxial-oriented fiber assembly model 
considering conduction in fiber and radiative heat transfer. Fujimoto et al. [3] derived these 
facts based on serial-parallel model of heat transfer which is composed of fiber and pore part 
including radiative heat transfer.

In this study, effective thermal conductivity of fiber assembly in low fiber volume fraction 
is analyzed using empirical equation by nonlinear regression method [4–7]. The reason that 
fiber assembly has been used for thermal insulation materials is further investigated through 
the separation of heat transfer component of effective thermal conductivity.

Impact of Thermal Conductivity on Energy Technologies54

3. Method

3.1. Materials

Four kinds of fiber materials used in this experiment such as cupra fiber (CU), polyester fiber 
with round section (RPE), polyester fiber with heteromorphic (W-shape) section (WPE), and 
polytrimethylene terephthalate fiber (PTT) of which fineness and fiber length are almost the 
same. The web after opening and carding process is conditioned under the environment of 
20°C and 65% RH for 24 h. Fiber assembly is served as sample after conditioning. The details 
of fiber samples are shown in Table 1.

Main parameter for the measurement of effective thermal conductivity is fiber volume frac-
tion in this experiment. Thermophysical properties for different fiber materials which have 
different specific gravity are compared under the same fiber volume fraction. Fiber volume 
fraction is defined as the ratio of fiber volume to apparent volume of fiber assembly. Fiber 
volume fraction Φ is calculated using following equation.

  Φ =   W _______________ ρf d  h   2      (1)

where W is sample weight (g),  ρ f is specific gravity of fiber (n.d.), h is side length of heat 
plate (cm), and d is thickness of sample (cm). Staple fiber sample (W g) is filled uniformly 
into the space surrounded by wall of polystyrene foam of which inner size is 5 cm square 
and constant height (2, 3, and 5 cm). Figure 1 shows sample frame filled with fiber assembly. 
Figure 2 shows a plan of sample frame.

In this experiment, the effect of fiber volume fraction and sample thickness on effective ther-
mal conductivity of fiber assembly is investigated. Fiber volume fraction is changed by five 

Table 1. Details of fiber samples for wadding use.
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Therefore, it is not suitable to use thermal conductivity to evaluate thermophysical properties 
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Table 1. Details of fiber samples for wadding use.
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stages such as 0.001, 0.005, 0.010, 0.025, and 0.030. Sample thickness is changed by three stages 
such as 2, 3, and 5 cm. One kind of fiber is, therefore, measured under 15 conditions. Sample 
weight for each fiber under different condition is shown in Table 2.

Figure 1. Schematic diagram of filling fiber sample into frame made of polystyrene foam.

Figure 2. Frame made of polystyrene foam (a) top view and (b) bottom view.
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3.2. Measurement method

Effective thermal conductivity is measured using KES-F7II Thermo Labo II apparatus (Kato 
Tech Ltd.) [8]. Heat flux which flows through fabric sample from heat source plate (BT-Box) 
to heat sink is measured based on guarded hot plate (GHP) method. Schematic diagram of 
measurement part (section) is shown in Figure 3. Fiber sample is put uniformly into frame 
made of polystyrene foam of which inner size is 5 cm square and constant thickness. Fiber 
assembly with sample frame is placed between heat source plate and heat sink and measure-
ment of heat flow is carried out. The experiment is conducted in a controlled environment 
room of which temperature is 20°C and humidity is 65% RH.

Heat source temperature (BT-Box) is set at 30°C and temperature of heat sink is set at 
20°C, and thus, temperature difference is 10°C. Heat source plate is placed on upper side 
of sample and heat sink is placed on lower side, and thus the direction of heat flow agrees 
with the direction of acceleration of gravity. Upper side of heat sink is made of metal plate 
and temperature of heat sink is controlled at 20°C by cooling device driven by Peltier 
element.

Table 2. Sample weight for each measurement condition (unit: G).
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In the measurement, fiber assembly with sample frame is placed between heat source plate and 
heat sink, and electric power (W) is measured to keep heat source temperature steady state. 
Output signal of electric power is recorded with data logger which is connected to output termi-
nal. Output signal is recorded at intervals of 1 s with time elapsed. An example of measurement is 
shown in Figure 4. Electric power is recorded against time from the contact between heat source 
and sample to the steady sate. Electric power, Q (W), is obtained from mean value between 4 and 
5 min. Effective thermal conductivity, λ (W/mK), is calculated from the following equation:

  λ =   Qd ____ A𝛥𝛥T     (2)

where Q is electric power to keep steady state (W), d is sample thickness (m), A is area of heat 
source plate, and ΔT is temperature difference between heat source plate and heat sink (K).

Figure 3. Measurement of thermal conductivity.

Figure 4. Method to obtain heat flux in steady state.
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In this experiment, a small amount of heat flow through insulation material is measured. Therefore, 
care must be taken so that measurement part (BT-Box and heat sink) is not affected by unexpected 
influence of heat caused by convective and radiative heat transfer. As for radiative heat transfer, 
board made of polystyrene foam is set up in the front, right, and left side of measurement part to 
block radiative heat transfer from operator. As for convective heat transfer, it is desirable that a device 
which may cause convection should be removed from the place where experiment is conducted.

4. Results

Effective thermal conductivity of staple fiber assembly is measured under three different 
thickness and five different fiber volume fractions. Results obtained from the measurement 
are investigated in connection with fiber volume fraction, sample thickness, fiber materials, 
and so on. In this experiment, three times of measurement were carried out for each condi-
tion, and mean value and standard deviation were obtained.

In the first place, the relation between effective thermal conductivity and fiber volume frac-
tion is investigated in relation to fiber material. Figures 5–7 show the results between effec-
tive thermal conductivity and fiber volume fraction. Figures 5–7 show the results of 2, 3, and 
5 cm thickness, respectively. In each graph, the ordinate denotes effective thermal conductivity  
(W/mK) and the abscissa denotes fiber volume fraction (n.d.). The fact that the level of the magni-
tude of thermal conductivity increases with increasing thickness is observed and this will be dis-
cussed later. Here, we concentrate on the relation between effective thermal conductivity and fiber 

Figure 5. Thermal conductivity plotted against fiber volume fraction when thickness of sample is 2 cm.
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volume fraction for the result of 5-cm thickness. Magnitude of effective thermal conductivity is com-
pared under constant thickness. CU is the largest and polyester fiber group (RPE, WPE, PTT) fol-
lows. There is no significant difference among RPE, WPE, and PTT within the range of this method.

Figure 7. Thermal conductivity plotted against fiber volume fraction when thickness of sample is 5 cm.

Figure 6. Thermal conductivity plotted against fiber volume fraction when thickness of sample is 3 cm.
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Next, the effect of fiber material on the relation between effective thermal conductivity and 
fiber volume fraction is investigated. For each material, the shape of thermal conductivity 
curve is convex downward. The feature of the curve for each fiber material is as follows.

For CU, the minimum value of thermal conductivity lies around φ = 0.005 and thermal con-
ductivity increases with increasing φ. For RPE, WPE, and PTT, the minimum value of thermal 
conductivity lies around φ = 0.01 and thermal conductivity increases a little to φ = 0.03. For 
CU, thermal conductivity increases a little when φ decreases from 0.005 to 0.001. For RPE, 
WPE, and PTT, thermal conductivity increases a little when φ decreases from 0.01 to 0.001. 
With decreasing thickness from 3 to 2 cm, the level of thermal conductivity decreases and the 
shape of curve becomes flattened.

Figure 8 shows the relationship between effective thermal conductivity and sample thick-
ness for φ = 0.01. The ordinate denotes effective thermal conductivity and the abscissa 
denotes sample thickness. Clearly, thermal conductivity increases linearly against thick-
ness for all samples.

Effective thermal conductivity obtained in this section is tentative value including leakage of 
heat from sidewall. In the following section, the separation of effective thermal conductivity 
into elemental process of heat transfer will be discussed. The thickness dependence of effec-
tive thermal conductivity shown in Figure 8 will be investigated after the discussion about the 
separation heat transfer component.

Figure 8. Thermal conductivity plotted against thickness when volume fraction of sample is 0.01.
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volume fraction for the result of 5-cm thickness. Magnitude of effective thermal conductivity is com-
pared under constant thickness. CU is the largest and polyester fiber group (RPE, WPE, PTT) fol-
lows. There is no significant difference among RPE, WPE, and PTT within the range of this method.

Figure 7. Thermal conductivity plotted against fiber volume fraction when thickness of sample is 5 cm.

Figure 6. Thermal conductivity plotted against fiber volume fraction when thickness of sample is 3 cm.
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5. Analysis

5.1. Analysis by nonlinear regression model

Because porosity of fiber assembly in this study is very large (97–99%), it is conjectured that 
the mechanism of heat transfer within fiber assembly is very much influenced by the effect 
originated from pore structure. The mechanism of heat transfer in fiber assembly consists of 
conduction in fiber, radiation in pore between fibers, and gas conduction (air), when forced 
convection does not occur. Here, it is supposed that heat flows through parallel model which 
is made of three components of heat transfer mentioned above. Measured value of effective 
thermal conductivity, λ (W/mK), is expressed by the following equation as a function of bulk 
density ρ(kg/m3) [4–7]:

  λ = Aρ + B / ρ + C.  (3)

where A (Wm2/Kkg) and B (Wkg/m4K) are constant coefficients and C (W/mK) is constant. 
The first term at the right side denotes conductive heat transfer in fiber, the second term 

Table 3. List of coefficients A, B, and constant C.
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denotes radiative heat transfer, and the third term denotes conductive heat transfer through 
gas (air) in pore. (The details of parameters A, B, and C are shown in the Appendix.)

In this study, bulk density, ρ in Eq. (3) is replaced by fiber volume fraction, φ as follows,

  λ = Aφ + B / φ + C.  (4)

This is because φ plays an equivalent role of ρ which expresses quantity of fiber. Results of the 
effective thermal conductivity of fiber assembly are analyzed by nonlinear regression method 
based on Eq. (4). Nonlinear regression analysis is carried out using R (ver. 3.1.1).

Estimated values of parameters A, B, and C obtained by nonlinear regression analysis are 
shown in Table 3, where A is coefficient of conduction in fiber, B is coefficient of radiative 
heat transfer, and C is conductive heat transfer in gas (constant). Calculated values of effec-
tive thermal conductivity using estimated values of A, B, and C are shown in Figures 9–12. 
Figures 9–12 show the results of thickness of 2, 3, and 5 cm for CU, RPE, WPE, and PTT fiber, 
respectively. In each graph, the ordinate denotes effective thermal conductivity, λ(W/mK), 

Figure 9. Comparison between calculated and measured values for CU. Symbols ○, □, △, and straight line: Measured 
values; broken line: Calculated values obtained by nonlinear regression analysis.
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and the abscissa denotes fiber volume fraction (n.d.). Symbols (○, △, □) and solid line show 
measured values, and broken line shows regression curve using estimated values of A, B, 
and C. As shown in figures, agreement between measured and calculated curves of effective 
thermal conductivity is very good.

5.2. Analysis of heat transfer components

Calculated curves of separation of components using estimated values of A, B, and C are 
shown in Figures 13–16. Figures 13–16 show the results of 3-cm thickness for CU, RPE, WPE, 
and PTT fiber, respectively. The ordinate denotes effective thermal conductivity, λ(W/mK), 
and the abscissa denotes fiber volume fraction, φ(n.d.). Dashed line shows component of 
conduction in fiber, Aφ, dash-dotted line shows component of radiative heat transfer, B/φ, 
two-dot chain line shows component of gas conduction, C, and solid line shows the measured 
value of effective thermal conductivity. Based on these graphs, the ratio of each component 
to effective thermal conductivity and the effect of pore in fiber assembly can be discussed for 
each fiber materials. It is clear that the ratio among Aφ, B/φ, and C is different for different 
fiber materials.

Figure 10. Comparison between calculated and measured values for WPE. Symbols ○, □, △, and straight line: Measured 
values; broken line: Calculated values obtained by nonlinear regression analysis.
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First, component of conduction in fiber, Aφ is investigated. Physical meaning of A is increas-
ing rate of conduction in fiber against φ. As shown in Table 3, coefficient A varies with fiber 
materials. CU has large A value compared to polyester fibers (RPE, WPE, PTT), and increas-
ing rate of conduction in fiber is also large. As a result, the ratio of Aφ to effective thermal 
conductivity of CU is 30 percent at φ = 0.03. In contrast, the ratio of Aφ of WPE is less than 
20% at φ = 0.03. Large ratio of conduction in fiber and large increasing ratio to φ is the feature 
of CU fiber compared to polyester fibers.

Second, component of radiative heat transfer, B/φ, is investigated. Generally, the ratio of B/φ 
to effective thermal conductivity is negligibly small for all samples. Contribution of B/φ is 
slightly recognized below φ = 0.005. It is observed that component of radiative heat transfer 
increases with decreasing fiber volume fraction, φ, from 0.005 to 0.001. In this study, the ratio 
of radiative heat transfer is very small compared to the previous results obtained by Nogai 
and Fujimoto [1–3]. This may arise from the difference in the degree of fiber orientation in 
fiber assembly. While Nogai and Fujimoto [1–3] cover fiber assembly with high degree of fiber 
orientation, we concentrate on fiber assembly with random orientation. Because frequency of 
collision between radiant heat and fiber is very large for randomly oriented fiber assembly, 
decay of radiation energy by absorption may become large.

Figure 11. Comparison between calculated and measured values for RPE. Symbols ○, □, △, and straight line: Measured 
values; broken line: Calculated values obtained by nonlinear regression analysis.
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5.3. Analysis of gas conduction

In this section, component of gas conduction, C, is investigated. Looking over Figures 13–16, 
it seems that component of gas conduction, C, occupies the dominant part in effective thermal 
conductivity in many cases. Therefore, physical meaning of gas conduction C is discussed, 
hereafter. Estimated values of C for samples of 2-, 3-, and 5-cm thickness are shown in the 
lower part of Table 3. It seems that C values for each thickness have almost constant value 
despite different samples. On the other hand, the value of thermal conductivity of air, λair, in 
this measurement condition (25°C, 1 atm) is 2.62 × 10−4 (W/mK) in Ref. [9]. Taking into con-
sideration that parameter C has same value for same thickness and C must include thermal 
conductivity of air, λair, let us suppose that following relation holds:

  C =  λ  air   +  C   ′   (5)

where C′ is constant independent of fiber volume fraction, φ. Mean values of each thickness, 
Cmean, thermal conductivity of air, λair and C′ are shown in Table 4 for the discussion in this sec-
tion. It seems that C′ increases with increasing thickness. Relation between C′ and thickness  

Figure 12. Comparison between calculated and measured values for PTT. Symbols ○, □, △, and straight line: Measured 
values; broken line: Calculated values obtained by using nonlinear regression analysis method.
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is analyzed by linear regression method. The results are shown in Figure 17. C′ and thickness, 
d, have good correlation, and the regression equation is given as follows,

   C   ′  = 0.9325 d − 0.0425  (R2 = 0.996) .  (6)

Because intercept is almost 0, C′ can be expressed approximately as linear function of d:

   C   ′  = k d  (k : constant)   (7)

On the other hand, a function which expresses leakage of heat from sidewall of the frame is 
derived from another point of view. As inner side length of sample frame is 5 cm, total area of 
sidewall, A is expressed as following equation:

  A = 4 × 5 × d  ( cm   2 ) .  (8)

Here, temperature gradient along thickness direction is ignored for the simplification. Thus, 
leakage of heat per unit area along horizontal direction is assumed to be constant. Total leakage 
of heat from sidewall, Q’, is proportional to total area of sidewall which is expressed as follows:

Figure 13. Separation of heat transfer component by nonlinear regression analysis for CU.
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Figure 15. Separation of heat transfer component by nonlinear regression analysis for RPE.

Figure 14. Separation of heat transfer component by nonlinear regression analysis for WPE.
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   Q   ′  ∝ A ∝ d  (9)

This equation predicts that total leakage of heat from sidewall is proportional to thickness, 
d, and equals 0 at d = 0. This property coincides with the expression, C′ = k d in Eq. (7). 
Summarizing the discussion above, C′ can be regarded as total leakage of heat from sidewall.

Based on the discussion above, total leakage of heat, C′, can be eliminated from C value. Here, C 
values in Figures 13–16 can be replaced by λair (=C-C′). The results are shown in Figures 18–21,  
where the abscissa denotes true effective thermal conductivity. It is concluded that large part 

Figure 16. Separation of heat transfer component by nonlinear regression analysis for PTT.

Thickness (cm) Cmean λair C′

2 4.495 × 10−2 2.62 × 10−2 1.875 × 10−2

3 5.19 × 10−2 2.62 × 10−2 2.57 × 10−2

5 7.33 × 10−2 2.62 × 10−2 4.71 × 10−2

Unit: W/mK

Table 4. Figures for calibration of leakage of heat.
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Figure 15. Separation of heat transfer component by nonlinear regression analysis for RPE.

Figure 14. Separation of heat transfer component by nonlinear regression analysis for WPE.
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Figure 17. Function for the calibration of leakage of heat.

Figure 18. Estimated values of effective thermal conductivity and its component (sample: CU, d = 3 cm).
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of effective thermal conductivity of fiber assembly consists of thermal conductivity of air 
(still air), λair. It should be noted that the air is trapped by small amount of fiber (φ < 0.03). 
(Explanation of this effect is given in the Appendix.)

Contribution of fiber material to the effective thermal conductivity is expressed by A, coef-
ficient of conduction in fiber. Physical meaning of A is increasing rate of conduction in fiber 
and it consists of two parts, that is, heat conduction through fiber and heat conduction at 
contact point between fibers. It is conjectured that magnitude of A depends on contact effect 
between fibers compared to conduction through fiber. In this measurement, Aφ component 
of cupra fiber (CU) is relatively large and that of polyester fibers (RPE, WPE, PTT) is relatively 
small. Polyester fibers have advantage in thermal insulation material because Aφ component 
is small over the wide range of fiber volume fraction.

Based on nonlinear regression model, measured value of effective thermal conductivity can 
be separated into three components, such as conduction in fiber, radiative heat transfer, and 
gas conduction. Schematic diagram of the model is shown in Figure 22. Gas conduction plays 
the most important role in thermal insulation properties, which originates from immovable 
air trapped by fibrous network. Component of conduction in fiber has secondary contribu-
tion to thermal insulation properties, especially in the range of higher fiber volume frac-
tion. Although radiative heat transfer slightly appears in low range of fiber volume fraction,  

Figure 19. Estimated values of effective thermal conductivity and its component (sample: WPE, d = 3 cm).
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Figure 18. Estimated values of effective thermal conductivity and its component (sample: CU, d = 3 cm).
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Figure 20. Estimated values of effective thermal conductivity and its component (sample: RPE, d = 3 cm).

Figure 21. Estimated values of effective thermal conductivity and its component (sample: PTT, d = 3 cm).
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contribution of radiative heat transfer is negligible small to effective thermal conductivity of 
fiber assembly with random orientation. It is conjectured that relative ratio of each heat trans-
fer component depends on fiber material and the effect of pore structure. These findings will 
be basic information for designing fiber assembly-based thermal insulation material.

6. Conclusion

In this study, the effective thermal conductivity of staple fiber assembly for wadding use is 
measured. Samples used are four kinds of fiber materials such as cupra fiber (CU), polyester 
fiber with round section (RPE), polyester fiber with heteromorphic section (WPE), and poly-
trimethylene terephthalate fiber (PTT).

Effective thermal conductivity is measured under five different fiber volume fractions, and 
effective thermal conductivity curve is obtained. Effective thermal conductivity curve is 
analyzed using empirical equation considering separation of heat transfer component. The 
results are analyzed by nonlinear regression method. Measurement is carried out including 
leakage of heat from sidewall of the sample frame. Calibration of leakage of heat is accom-
plished after the separation of heat transfer component by nonlinear regression analysis. Care 
must be taken so that the measurement system is not disturbed by radiative and convective 
heat transfer from outer environment. The results obtained are as follows.

1. The shape of effective thermal conductivity-fiber volume fraction curve is convex down-
ward. For CU fiber, the minimum value of effective thermal conductivity lies around 
φ = 0.005. For polyester fibers (RPE, WPE, PTT), the minimum value lies around φ = 0.01.

2. Effective thermal conductivity can be separated into three components such as conduction 
in fiber, Aφ, radiative heat transfer, B/φ, and gas conduction, C.

3. Elimination of leakage of heat is accomplished after the separation of C component into 
thermal conductivity of air, λair, and leakage of heat from sidewall, C′.

Figure 22. Mechanism of heat transfer in fiber assembly.
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φ = 0.005. For polyester fibers (RPE, WPE, PTT), the minimum value lies around φ = 0.01.

2. Effective thermal conductivity can be separated into three components such as conduction 
in fiber, Aφ, radiative heat transfer, B/φ, and gas conduction, C.

3. Elimination of leakage of heat is accomplished after the separation of C component into 
thermal conductivity of air, λair, and leakage of heat from sidewall, C′.

Figure 22. Mechanism of heat transfer in fiber assembly.
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4. Thermal conductivity of air, λair, has large contribution to total effective thermal conduc-
tivity, and conduction in fiber, Aφ follows in the range of higher fiber volume fraction. 
Contribution of radiative heat transfer is negligible small through this measurement.

5. Effective thermal conductivity of CU is the largest, and those of polyester fibers (RPE, 
WPE, PTT) follows.

6. With decreasing thickness, the shape of effective thermal conductivity curve becomes flat-
tened, and the difference between fiber materials becomes small.

Precise determination of C value is required for the precise measurement of effective thermal 
conductivity. These findings will be basic information for designing fiber assembly-based 
thermal insulation materials.

A. Appendix: Nonlinear regression model for effective thermal 
conductivity of fiber assembly

As porosity of fiber assembly in this study is very large (>97%), it is expected that heat transfer 
within fiber assembly is affected by the effect concerning pore as well as conduction in fiber. 
Mechanism of heat transfer consists of conduction in fiber, radiative heat transfer in pore, and 
gas conduction in air. If it is supposed that three components of heat transfer are arranged 
parallel to heat flux (parallel model), the effective thermal conductivity of fiber assembly, 
λ(W/mK), is expressed as a function of bulk density ρ(kg/m3) as follows [4].

  λ = λc + λr + λg.  (A1a)

  = Aρ + B / ρ + C.  (A1b)

where λc is equivalent thermal conductivity of fiber, λr is equivalent thermal conductivity of 
radiative heat transfer, λg is equivalent thermal conductivity of gas conduction, A (Wm2/Kkg) 
and B (Wkg/m4K) are coefficients, and C (W/mK) is constant.
The first term in Eq. (A1b) denotes conduction in fiber, the second term denotes radiative heat 
transfer, and the third term denotes conductive heat transfer through gas. Here, the physical 
meaning of parameters A, B, and C are summarized based on literature [4] and other litera-
tures concerning subjects in this study.

A.1. Conduction in fiber

Conduction in fiber consists of two components that is, conduction through fiber and conduc-
tion at contact point between fibers. The factors concerning conduction in fibers, therefore, are 
numbers of fiber and numbers of contact point per unit volume. These factors are expected to 
be increase with increasing bulk density. If the relation between these factors and bulk den-
sity is assumed to be proportional for the simplification, equivalent thermal conductivity for 
conduction in fiber, λc, is expressed using coefficient A as follows:

  λc = Aρ.  (A2)

Impact of Thermal Conductivity on Energy Technologies74

A.2. Radiative heat transfer in pore.

Equivalent thermal conductivity of radiative heat transfer in pore within fiber assembly is 
expressed as follows:

  λr =  4C  0    dσεT   3 .  (A3)

where C0 is constant coefficient (n.d.), d is distance between parallel plate (m), σ is Stefan-
Boltzmann constant (W/m2K4), ε is emissivity (n.d.), and T is absolute temperature (K).

Let M be the mass of fiber assembly filled into cell and S be area of section, d = M/Sρ. 
Substituting M/Sρ for d in Eq. (A3), λr is expressed as,

  λr = 4  C  0     
M ___ S𝜌𝜌   𝜎𝜎𝜎𝜎  T   3  =   B __ ρ     (A4)

  B = 4  C  0     
M __ S   𝜎𝜎𝜎𝜎  T   3    (A5)

Nogai et al. [1, 2] classifies contribution of total radiative heat transfer in fiber assembly into 
following four elements: between heat source and fibers, (2) between heat source and heat 
sink, (3) between fibers, and (4) between fibers and heat sink.

Equation (A3) expresses radiative heat transfer between heat source and heat sink (2).

A.3. Conductive heat transfer through gas

The third term, C (W/mK), is discussed in this section. It is confirmed that size of pore 
in this experiment is much larger than L, mean free path of air under atmospheric pres-
sure. Therefore, it must be investigated that natural convection occurs or not by change of 
porosity.

To judge generation of natural convection in fiber assembly, it is not suitable to use Rayleigh 
number. Instead, modified Rayleigh number [10] to which shape factor of fiber assembly is 
added is used.

  Ra =   
g𝛽𝛽𝛽𝛽𝛽𝛽  d   3 

 ______ 𝜈𝜈𝜈𝜈     k __  d   2      (A6)

where g is acceleration of gravity (=9.8 m/s2), β is coefficient of body inflation (1/K), Δθ is tem-
perature difference between heat source and heat sink (K), d is thickness of sample (m), ν is 
dynamic viscosity of air (m2/s), κ is thermal diffusivity of air (m2/s). k (m2) is Darcy’s transmis-
sion coefficient which depends on fiber diameter, t (m) and porosity, φ(n.d.).

  k =   
 t   2   ϕ   3 
 ________ 122   (1 − ϕ)    2      (A7)

If Ra is larger than critical modified Rayleigh number, Racr (=39.5), natural convection occurs 
in fiber assembly.
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An example of calculation of Ra for sample RPE is shown. Parameters concerning sample RPE 
(φ = 0.03, T = 25°C) are as follows:

t = 1.276 × 10−5 (m), φ = 0.97, g = 9.8 (m2/s), β = 1/373 (1/K), Δθ = 10 (K), ν = 1.579 x 10−5 (m2/s), 
κ = 2.215 x 10−5 (m2/s).

Ra is calculated as follows:

Ra = 0.0202 for d = 0.02

Ra = 0.0304 for d = 0.03

Ra = 0.0513 for d = 0.05

As Ra < Racr (=39.5) for all cases, natural convection does not occur in fiber assembly in this 
case. Therefore, C is constant and λg = C. C is called as component of gas conduction.
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Abstract

Over the last decades, many experimental methods have been developed and improved 
to measure thermophysical properties of matter. This chapter gives an overview over the 
most common techniques to obtain thermal conductivity  λ  as a function of temperature 
T. These methods can be divided into steady state and transient methods. At the Institute 
of Experimental Physics at Graz University of Technology, an ohmic pulse-heating appa-
ratus was installed in the 1980s, and has been further improved over the years, which 
allows the investigation of thermal conductivity and thermal diffusivity for the end of 
the solid phase and especially for the liquid phase of metals and alloys. This apparatus 
will be described in more detail. To determine thermal conductivity and thermal dif-
fusivity with the ohmic pulse-heating method, the Wiedemann-Franz law is used. There 
are electronic as well as lattice contributions to thermal conductivity. As the materials 
examined at Graz University of Technology, are mostly in the liquid phase, the lattice 
contribution to thermal conductivity is negligibly small in most cases. Uncertainties for 
thermal conductivity for aluminum have been estimated ±6% in the solid phase and ±5% 
in the liquid phase.

Keywords: thermal conductivity, ohmic pulse-heating, Wiedemann-Franz law,  
sub-second physics, high temperature, liquid phase

1. Introduction

Knowing thermophysical properties, i.e., properties that are influenced by temperature, of 
metals and alloys is not only of academic interest, but also profoundly important for industry 
and commerce. Casting of metal objects, made of, e.g., steel or aluminum, is prone to cast-
ing defects and imperfections. Therefore, in the majority of modern production procedures, 
computer simulations are performed to reduce defects and imperfections as well as generally 
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optimize manufacturing processes. The driven benefits from such simulations often are limited 
by an insufficient or lacking access to experimentally obtained data. It is especially the liquid 
phase of metals and alloys, that is of interest, as such production processes like, e.g., casting, 
naturally take place in the liquid phase.

The term thermophysical properties include various properties: thermal conductivity, ther-
mal diffusivity, thermal volume expansion, heat capacity, density, viscosity and so on. Many 
of those properties are important in industrial processes; however, it is thermal conductivity, 
more precisely, thermal conductivity of liquid metals and alloys that will be discussed in this 
chapter.

Naturally, the numbers of experimental methods to measure the desired quantities that have 
been developed over the past decades are manifold. It is the goal of this work to give a brief 
overview of the most common or practical techniques in Section 2, but only few of these 
methods are suitable to conduct measurements in the liquid phase. These techniques will be 
highlighted in Section 2.

At the Thermo- and Metalphysics group at Graz University of Technology, fast pulse-heating 
experiments are performed to measure thermophysical properties of liquid metals and alloys. 
The Wiedemann-Franz law is applied to calculate thermal diffusivity and thermal conductiv-
ity from measured quantities. These mentioned calculations are briefly explained in Section 3, 
and the experimental apparatus used is described in Section 4.

2. An overview of methods to measure thermal conductivity of 
liquid metals

In principle, there are three different classes of measurement methods:

• Steady state methods

• Non-steady state methods

• Transient methods

However, it is not always as easy to classify a certain technique. Especially, distinguishing 
between non-steady state methods and transient methods can be challenging.

Steady state methods are defined as techniques, where the temperature gradient remains con-
stant across the sample. Those methods require precise temperature control throughout the 
whole experiment to confine convection effects to a minimum, which is especially hard to 
achieve for metals with high melting points.

Transient methods and non-steady state methods make use of very short time frames in order 
to conclude measurements before convection plays a role. Non-steady state methods achieve 
those conditions due to very high heating rates of up to 1000 Ks−1, with rather large tempera-
ture gradients of over 100 K.

Impact of Thermal Conductivity on Energy Technologies82

The temperature gradient in transient methods is significantly lower (on the order of 5 K) than 
in non-steady state methods, which minimizes the possibility of convection-induced effects 
in the measurements. In recent history transient methods grew in importance and started to 
replace non-steady state methods.

2.1. Steady state methods

2.1.1. Axial heat flow method

A known heat flux q is applied to one end of a sample and dissipated on the other end by a 
heat sink. Thermal conductivity can be calculated by

  λ =   
q
 __ A   ∙   Δz ___ ΔT    (1)

where q is the applied heat flux, A is the specimen cross-section, and    Δz ___ ΔT    is the inverse tempera-
ture gradient across two points zq and z2.

Therefore, the conditions to determine thermal conductivity with this method is the determi-
nation of the geometry A and Δz, guarantee that the heat flow is unidirectional, measurement 
of the heat flux q, and measurement of temperature of at least two points zq and z2 (normally 
thermocouples).

While this technique is mostly targeted at solid materials, it can be used on a variety of liquid 
metals with low melting points such as mercury, lead, indium, and gallium [1].

The temperature range is 90–1300 K, and the accuracy in this range has been estimated to be ±0.5  
to ±2% [2].

2.1.2. Radial heat flow method

Another method to measure thermal conductivity for both solid and liquid materials is the 
concentric cylinder method.

The solid sample is placed in-between two concentric cylinders, and a known heat flux is 
applied by leading a heater through the inner cylinder. The outer cylinder is water cooled to 
provide a temperature gradient between the two cylinders.

The temperature difference between temperature sensors (often thermocouples) in the two 
cylinders is determined when steady state is achieved. Knowing the radii of the two cylinders 
and their length, thermal conductivity can be calculated by

  λ =   
q
 __ L   ∙   

ln  (  
 r  2   __  r  1    ) 
 __________ 2 ∙ π ∙  ( T  1   −  T  2  ) 

    (2)

with q being the applied heat flux, L as the length of the cylinders, r1 as radius of the inner 
cylinder, r2 as radius of the outer cylinder, and T1 and T2 as the respective temperatures.
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ture gradients of over 100 K.
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The temperature gradient in transient methods is significantly lower (on the order of 5 K) than 
in non-steady state methods, which minimizes the possibility of convection-induced effects 
in the measurements. In recent history transient methods grew in importance and started to 
replace non-steady state methods.

2.1. Steady state methods

2.1.1. Axial heat flow method

A known heat flux q is applied to one end of a sample and dissipated on the other end by a 
heat sink. Thermal conductivity can be calculated by

  λ =   
q
 __ A   ∙   Δz ___ ΔT    (1)

where q is the applied heat flux, A is the specimen cross-section, and    Δz ___ ΔT    is the inverse tempera-
ture gradient across two points zq and z2.

Therefore, the conditions to determine thermal conductivity with this method is the determi-
nation of the geometry A and Δz, guarantee that the heat flow is unidirectional, measurement 
of the heat flux q, and measurement of temperature of at least two points zq and z2 (normally 
thermocouples).

While this technique is mostly targeted at solid materials, it can be used on a variety of liquid 
metals with low melting points such as mercury, lead, indium, and gallium [1].

The temperature range is 90–1300 K, and the accuracy in this range has been estimated to be ±0.5  
to ±2% [2].

2.1.2. Radial heat flow method

Another method to measure thermal conductivity for both solid and liquid materials is the 
concentric cylinder method.

The solid sample is placed in-between two concentric cylinders, and a known heat flux is 
applied by leading a heater through the inner cylinder. The outer cylinder is water cooled to 
provide a temperature gradient between the two cylinders.

The temperature difference between temperature sensors (often thermocouples) in the two 
cylinders is determined when steady state is achieved. Knowing the radii of the two cylinders 
and their length, thermal conductivity can be calculated by

  λ =   
q
 __ L   ∙   

ln  (  
 r  2   __  r  1    ) 
 __________ 2 ∙ π ∙  ( T  1   −  T  2  ) 

    (2)

with q being the applied heat flux, L as the length of the cylinders, r1 as radius of the inner 
cylinder, r2 as radius of the outer cylinder, and T1 and T2 as the respective temperatures.
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A more in-depth explanation of this method can be found in [2].

The method can be adapted for liquid metals by providing a container for the liquid sample 
in-between the two concentric cylinders. Apart from this container, the measuring principle 
remains the same for liquid metal samples.

The radial heat flow method operates in a temperature range of 4–1000 K and the uncertainty 
of this method has been estimated to be about ±2% [3].

2.2. Direct heating methods

The term “direct electrical heating method” summarizes all those measurement techniques, 
where the sample is heated up, by running a current through it, without an additional fur-
nace. An example of such a method, but in a dynamic way and not as a steady state method, 
is the ohmic pulse-heating method that will be discussed later in this chapter.

Direct electrical heating methods are therefore limited to samples which are decent electri-
cal conductors. The shape of the samples can vary from wires, rods, sheets to tubes. The 
advantage of such techniques is for one, the lack of a furnace and, secondly, the possibility to 
measure a multitude of thermophysical properties simultaneously.

Direct heating methods are able to achieve high temperatures of about 4000 K and are there-
fore suitable for measuring thermal conductivity in the liquid phase of metals with high melt-
ing points.

2.2.1. Guarded hot plate

This steady state method utilizes two temperature-controlled plates that sandwich a solid 
disc-shaped sample. Heating one plate, while cooling the other one, generates a uniformly 
distributed heat flux through the sample, achieving a steady state temperature at each plate. 
The technique is considered as the steady state method with the highest accuracy.

The guarded hot plate apparatus can be constructed in single sided or double sided mode. 
When operated in double sided mode, there is a total amount of three plates as well as two 
samples: A central heater plate together with two cooling plates sandwiching the two sam-
ples. The temperature drop across the two specimens is measured with thermocouples, which 
are apart a distance L. Thermal conductivity can then be determined by

  λ =   
q ∙ L
 _______ 2 ∙ A ∙ ΔT    (3)

where q is the heat flux through the specimen, A is the cross section, L is the spatial distance 
between the two thermocouples, and ΔT is the temperature difference.

In the single-sided mode, one of the cooling plates as well as the second specimen is removed. 
The temperature gradient in one direction therefore vanishes, which leads to the loss of a fac-
tor 2 in Eq. (3)
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  λ =   
q ∙ L

 _____ A ∙ ΔT    (4)

The experimental setup and the calculation of the thermal conductivity are more thoroughly 
explained in [4].

Commercially available guarded hot plate (GHP) apparatus, like the NETZSCH GHP 456 
Titan [5], operate in a temperature range of 110–520 K and provide an accuracy of ±2%.

It has to be noted that the GHP method is applicable only for solid samples and it is not a suit-
able method to determine thermal conductivity of high-melting metals.

2.2.2. Calorimeter method

The calorimeter technique is a direct measurement of Fourier’s law. It consists of a heating 
source (typically SiC or MoSi2 elements) and a SiC slab to distribute the temperature gradient. 
The specimen is enclosed by two insulating guard bricks, which are, like the specimen as well, 
in thermal contact with a water-cooled copper base. As the name gives away, the central part 
of the system is a calorimeter, which is surrounded by the guards. The apparatus is designed 
in a way that the heat flow into the calorimeter is one-dimensional.

Two thermocouples, which are apart a distance L and lie vertically to each other, are enclosed 
in the specimen and the temperature difference T2 − T1 between them is measured.

Thermal conductivity can be determined by

  λ =   
  
dq

 ___ dt   ∙ L _______ A ( T  2   −  T  1  ) 
    (5)

with A being the cross section of the calorimeter, L as the distance between the two thermo-
couples,    

dq
 ___ 

dt
    as the rate of heat flow into the calorimeter, and T2 − T1 as the temperature differ-

ence between the two thermocouples.

2.3. Transient methods

2.3.1. Transient hot wire and transient hot strip method

Simple experimental arrangements and short measurement times are granted by the transient 
hot wire (THW) along with the transient hot strip (THS) method.

The transient hot wire technique is most commonly used for measuring thermal conductivity  λ  
and thermal diffusivity a. An electrically heated wire, which acts as a self-heated thermometer 
is placed into a material and distributes a radial heat flow into the sample. The specimen itself 
acts as a heat sink for the system, while the wire functions as a heat source as well as providing 
a mechanism to measure the thermal transport properties, due to a temperature-dependent 
drop of the voltage along the wire. Solving the fundamental heat conduction equation yields
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where q is the heat flux through the specimen, A is the cross section, L is the spatial distance 
between the two thermocouples, and ΔT is the temperature difference.

In the single-sided mode, one of the cooling plates as well as the second specimen is removed. 
The temperature gradient in one direction therefore vanishes, which leads to the loss of a fac-
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It has to be noted that the GHP method is applicable only for solid samples and it is not a suit-
able method to determine thermal conductivity of high-melting metals.

2.2.2. Calorimeter method

The calorimeter technique is a direct measurement of Fourier’s law. It consists of a heating 
source (typically SiC or MoSi2 elements) and a SiC slab to distribute the temperature gradient. 
The specimen is enclosed by two insulating guard bricks, which are, like the specimen as well, 
in thermal contact with a water-cooled copper base. As the name gives away, the central part 
of the system is a calorimeter, which is surrounded by the guards. The apparatus is designed 
in a way that the heat flow into the calorimeter is one-dimensional.

Two thermocouples, which are apart a distance L and lie vertically to each other, are enclosed 
in the specimen and the temperature difference T2 − T1 between them is measured.
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    as the rate of heat flow into the calorimeter, and T2 − T1 as the temperature differ-

ence between the two thermocouples.

2.3. Transient methods

2.3.1. Transient hot wire and transient hot strip method

Simple experimental arrangements and short measurement times are granted by the transient 
hot wire (THW) along with the transient hot strip (THS) method.

The transient hot wire technique is most commonly used for measuring thermal conductivity  λ  
and thermal diffusivity a. An electrically heated wire, which acts as a self-heated thermometer 
is placed into a material and distributes a radial heat flow into the sample. The specimen itself 
acts as a heat sink for the system, while the wire functions as a heat source as well as providing 
a mechanism to measure the thermal transport properties, due to a temperature-dependent 
drop of the voltage along the wire. Solving the fundamental heat conduction equation yields
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  ΔT (r, t)  =   
q
 ______ 4 ∙ π ∙ λ   ∙ ln  (  4 ∙ a ∙ t _____  r   2  ∙  e   γ   ) ,  (6)

with q the heat input per unit length of the wire, r the radius of the wire, a the thermal diffu-
sivity, γ Euler’s constant, t the time, and λ, of course, the thermal conductivity.

An in-depth explanation of this method to determine thermal conductivity is given in [6, 7].

The transient hot strip (THS) method further improves the THW method. Instead of a wire 
as the heat source and measuring device, a thin strip of metal foil is used. The metal foil 
provides a greater surface as well as a smaller thickness than the heated wire, leading to 
a lower density of heat flow and consequently, a smaller thermal contact resistance to the 
sample.

While the THW method is only applicable for liquids and some solids, which can be wrapped 
around the heating wire in a way the thermal resistance is low enough, the THS method is the 
go-to method to perform measurements on solids.

Note: this work focuses on the measurement techniques for thermal conductivity of liquids. 
THS measurements are also performed on gases (see [8]).

At Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, an upgraded version of 
the THS and THW method, the transient hot bridge technique, has been developed. In this 
method, a total of eight strips are deployed in a way they form a Wheatstone bridge, allowing 
an effective thermal and electrical self-compensation [9].

Uncertainties of the THW technique have been reported (e.g., see [10]) to be ±5.8% for the 
determination of thermal conductivity. However, the method has also be described as even 
more accurate [11], with uncertainties of below ±1% for gases, liquids, and solids. With a 
maximum temperature of about 1000 K, this method is only suitable for low melting metals.

2.3.2. 3ω method

The 3 ω  method goes back to the work done by Cahill [12] in 1987. The method has similarities 
with the THS and THW technique, since it also uses a single element as heat source as well 
as thermometer. While both the THS and THW method measure temperature in dependence 
of time, the  3ω  technique records the amplitude and phase of the resistance depending on the 
frequency of the excitation.

It is most commonly used as a technique to measure thermal conductivity of solids or liq-
uids, but has been improved to also be applicable on thin films [12, 13]. A conducting wire is 
distributed onto a specimen and an AC voltage with a frequency ω is driven through it. Due 
to the electrical resistance, the sample is heated up, resulting in a temperature change. The 
frequency of the change in temperature is  2ω . The product of the resistance oscillation  2ω  and 
the excitation frequency  ω  gives a voltage of frequency  3ω , which is measured and responsible 
for the name  3ω  method.

Measuring the 3ω voltage at two frequencies f1 and f2, thermal conductivity is
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  λ =   
 V   3  ln  f  2   /  f  1    ________________  4 ∙ π ∙ l ∙  R   2  ( V  3,1   −  V  3,2  )      

dR ___ dT    (7)

with   V  
3,1

    the 3ω voltage at frequency f1,   V  
3,2

    the 3ω voltage at frequency f2, and R the average 
resistance of the metal line of length l.

In the original work of Cahill [13], the temperature range of the 3ω method is 30–750 K, which 
is not suitable for high melting metals. This method often is applied on nanofluids and publi-
cations state an uncertainty of around ±2% [14].

2.3.3. Laser flash method

Under the laser flash method (LFM), the directly measured quantity is thermal diffusivity and 
not thermal conductivity. Thermal conductivity can, however, be determined with knowl-
edge of specific heat as well as density of the sample.

  λ (T)  = a (T)  ∙ ρ (T)  ∙  c  P   (T) ,  (8)

with a(T) the thermal diffusivity, ρ(T) the density, and cP(T) the specific heat.

In the LFM, the sample is exposed to a high intensity laser pulse at one face, which generates 
heat at said surface. On the back surface, which is not exposed to the laser pulse, an infrared 
sensor detects a rising temperature signal, due to heat transfer through the sample.

For adiabatic conditions, thermal diffusivity can be obtained by

  a = 0.1388    l   
2  ___  t  0.5  
  ,  (9)

with l the sample thickness and t0.5 the time at 50% of the temperature increase.

LFM, as introduced by Parker et al. [15], has been a convenient technique to determine ther-
mal diffusivity a and thermal conductivity  λ  of solids at moderate temperatures. The method 
has been further improved since then and is applicable for a great temperature range, up to 
around 2500°C.

In 1972, Schriempf [16] applied LFM to determine thermal diffusivity for liquid metals at high 
temperatures. The liquid metal has to be placed in a suitable container in order to arrange a 
proper setup. Problems arise for liquids of low thermal conductivity. When the thermal con-
ductivity of the sample is of the same order as of the container, this leads to an unneglectable 
heat current through the container. Therefore, it was proposed in [17] not to insert the liquid 
sample into a container, but have it placed between a metal disc, which is exposed to the 
laser pulse.

Commercially available laser flash apparatus like the NETZSCH LFA 427 [18] operate in a 
temperature range from −120 to 2800°C, depending on the furnace and are therefore appli-
cable for higher melting metals as well.
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q
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While the THW method is only applicable for liquids and some solids, which can be wrapped 
around the heating wire in a way the thermal resistance is low enough, the THS method is the 
go-to method to perform measurements on solids.
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method, a total of eight strips are deployed in a way they form a Wheatstone bridge, allowing 
an effective thermal and electrical self-compensation [9].

Uncertainties of the THW technique have been reported (e.g., see [10]) to be ±5.8% for the 
determination of thermal conductivity. However, the method has also be described as even 
more accurate [11], with uncertainties of below ±1% for gases, liquids, and solids. With a 
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frequency of the excitation.

It is most commonly used as a technique to measure thermal conductivity of solids or liq-
uids, but has been improved to also be applicable on thin films [12, 13]. A conducting wire is 
distributed onto a specimen and an AC voltage with a frequency ω is driven through it. Due 
to the electrical resistance, the sample is heated up, resulting in a temperature change. The 
frequency of the change in temperature is  2ω . The product of the resistance oscillation  2ω  and 
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for the name  3ω  method.
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with l the sample thickness and t0.5 the time at 50% of the temperature increase.

LFM, as introduced by Parker et al. [15], has been a convenient technique to determine ther-
mal diffusivity a and thermal conductivity  λ  of solids at moderate temperatures. The method 
has been further improved since then and is applicable for a great temperature range, up to 
around 2500°C.
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temperatures. The liquid metal has to be placed in a suitable container in order to arrange a 
proper setup. Problems arise for liquids of low thermal conductivity. When the thermal con-
ductivity of the sample is of the same order as of the container, this leads to an unneglectable 
heat current through the container. Therefore, it was proposed in [17] not to insert the liquid 
sample into a container, but have it placed between a metal disc, which is exposed to the 
laser pulse.
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temperature range from −120 to 2800°C, depending on the furnace and are therefore appli-
cable for higher melting metals as well.
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Kaschnitz [19] estimates uncertainties of thermal conductivity for LFM to be between ±3 and ±5%  
in the solid phase and ±8 to ±15% in the liquid phase.

Hay [20] did an uncertainty assessment for their apparatus at Bureau national de métrologie 
(BNM) and claimed uncertainty estimations from ±3 to ±5%.

Hohenauer [21] did an uncertainty assessment of their laser flash apparatus and stated an 
expanded uncertainty with thermal diffusivity measurement in the temperature range from 
20 to 900°C of 3.98%.

3. Calculations via Wiedemann-Franz law

In some cases, it is more applicable to measure electrical conductivity respectively electrical 
resistivity. Heat transport and thus thermal conductivity through a metal or an alloy needs 
carriers. One has to distinguish between the component λe of thermal conductivity due to 
electrons and λl, which is the lattice contribution, due to phonons. Naturally for liquid metals 
and alloys, thermal conductivity is dominated by the electronic contribution. The total ther-
mal conductivity would then be the sum of the components  λ =  λ  

e
   +  λ  

l
   .

Thermal conductivity of liquid aluminum was examined at Graz University of Technology. 
Here the sole consideration of the electronic contribution gave promising results for the liquid 
phase [22]. A detailed derivation of the lattice-contribution to thermal conductivity can be 
found in the paper of Klemens [23].

An example when the lattice contribution has to be considered in the calculation of thermal 
conductivity for the Inconel 718 alloy is given in [24].

The Wiedemann-Franz law states that for conducting metals the electronic component of the 
thermal conductivity   λ  

e
    is

   λ  e   =  L  0     
T ____ ρ (T)     (10)

with  ρ (T)   the temperature-dependent electrical resistivity and  L =    π   2  __ 3   ∙   ( k  
B
   / e)    2  = 2.45 ×  10   −8  W ∙ Ω ∙  K   −2   

the (theoretical) Lorenz number.

Considering thermal expansion, the temperature-dependent electrical resistivity is

  ρ (T)  =  ρ  IG     d   (T)    2  ____  d  0  2 
  ,  (11)

with d0 the diameter at reference temperature (room temperature),   ρ  
IG

    the electrical resistivity 
at initial geometry, and d(T) the diameter at an elevated temperature T. To calculate thermal 
conductivity, it is therefore necessary to measure thermal volume expansion as well.

An estimation of thermal diffusivity a(T) can be found by
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  a (T)  =   
 L  0   ∙ T _____________   c  p   (T)  ∙ D (T)  ∙ ρ (T)     (12)

with   c  
p
   (T)   the heat-capacity and D(T) the temperature-dependent density. With the ohmic 

pulse-heating setup at Graz University of Technology (as explained later in this work), radial 
over longitudinal expansion is ensured (see, e.g., [25]). Considering Eq. (12) and radial expan-
sion yields

  a (T)  =   
 L  0∙   T _____________   c  p   (T)  ∙ D (T)  ∙ ρ (T)    =   

 L  0   ∙ T __________  c  p   (T)  ∙  D  ∙0    ρ  IG      (13)

with D0 the density at room temperature.

Thus, Eqs. (10) and (12) enable us to determine thermal conductivity and thermal diffusiv-
ity from ohmic pulse-heating experiments, and deliver results that are in the same range as 
results from Laser flash measurements, as shown in the thermal diffusivity intercomparisons 
NPL – Report CBTLM S30 [26]. With a variation of only 3%, our results were significantly 
close to the average determined.

The experimental setup at Graz University of Technology is described in the following section.

4. Measurements at Graz University of Technology

In ohmic pulse-heating experiments, the electric conducting sample is heated up by passing 
a large current pulse through it. Due to the resistivity of the material, the sample is heated up 
from room temperature to the melting point and further up through the liquid phase to the 
boiling point in a period of about 50–70 μs.

The specimen typically is in the shape of a wire, with diameters ranging from a few hundred 
micrometers up to some millimeters, rectangular shape for materials that cannot be drawn 
into wires, foils or tubes. As a consequence of the narrow time frame under which these 
experiments are performed, the liquid phase does not collapse due to gravitational forces, 
enabling investigations of the entire liquid phase up to the boiling point. In addition, the 
specimen can be considered to not be in contact with the surrounding medium, rendering the 
experiment to being a container-less method.

4.1. Setup

A typical pulse heating experiment consists of the following parts: An energy storage (mostly 
a capacitor or battery bank) with a charging unit, a main switching unit (e.g., high-voltage mer-
cury vapor ignition tubes) and an experimental chamber with windows for optical diagnos-
tics and the ability to maintain a controlled ambient atmosphere. Pulse heating experiments 
are mostly performed under inert atmosphere, e.g., nitrogen or argon at ambient pressure, 
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phase [22]. A detailed derivation of the lattice-contribution to thermal conductivity can be 
found in the paper of Klemens [23].

An example when the lattice contribution has to be considered in the calculation of thermal 
conductivity for the Inconel 718 alloy is given in [24].

The Wiedemann-Franz law states that for conducting metals the electronic component of the 
thermal conductivity   λ  

e
    is

   λ  e   =  L  0     
T ____ ρ (T)     (10)

with  ρ (T)   the temperature-dependent electrical resistivity and  L =    π   2  __ 3   ∙   ( k  
B
   / e)    2  = 2.45 ×  10   −8  W ∙ Ω ∙  K   −2   

the (theoretical) Lorenz number.

Considering thermal expansion, the temperature-dependent electrical resistivity is

  ρ (T)  =  ρ  IG     d   (T)    2  ____  d  0  2 
  ,  (11)

with d0 the diameter at reference temperature (room temperature),   ρ  
IG

    the electrical resistivity 
at initial geometry, and d(T) the diameter at an elevated temperature T. To calculate thermal 
conductivity, it is therefore necessary to measure thermal volume expansion as well.

An estimation of thermal diffusivity a(T) can be found by
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  a (T)  =   
 L  0   ∙ T _____________   c  p   (T)  ∙ D (T)  ∙ ρ (T)     (12)

with   c  
p
   (T)   the heat-capacity and D(T) the temperature-dependent density. With the ohmic 

pulse-heating setup at Graz University of Technology (as explained later in this work), radial 
over longitudinal expansion is ensured (see, e.g., [25]). Considering Eq. (12) and radial expan-
sion yields

  a (T)  =   
 L  0∙   T _____________   c  p   (T)  ∙ D (T)  ∙ ρ (T)    =   

 L  0   ∙ T __________  c  p   (T)  ∙  D  ∙0    ρ  IG      (13)

with D0 the density at room temperature.

Thus, Eqs. (10) and (12) enable us to determine thermal conductivity and thermal diffusiv-
ity from ohmic pulse-heating experiments, and deliver results that are in the same range as 
results from Laser flash measurements, as shown in the thermal diffusivity intercomparisons 
NPL – Report CBTLM S30 [26]. With a variation of only 3%, our results were significantly 
close to the average determined.

The experimental setup at Graz University of Technology is described in the following section.

4. Measurements at Graz University of Technology

In ohmic pulse-heating experiments, the electric conducting sample is heated up by passing 
a large current pulse through it. Due to the resistivity of the material, the sample is heated up 
from room temperature to the melting point and further up through the liquid phase to the 
boiling point in a period of about 50–70 μs.

The specimen typically is in the shape of a wire, with diameters ranging from a few hundred 
micrometers up to some millimeters, rectangular shape for materials that cannot be drawn 
into wires, foils or tubes. As a consequence of the narrow time frame under which these 
experiments are performed, the liquid phase does not collapse due to gravitational forces, 
enabling investigations of the entire liquid phase up to the boiling point. In addition, the 
specimen can be considered to not be in contact with the surrounding medium, rendering the 
experiment to being a container-less method.

4.1. Setup

A typical pulse heating experiment consists of the following parts: An energy storage (mostly 
a capacitor or battery bank) with a charging unit, a main switching unit (e.g., high-voltage mer-
cury vapor ignition tubes) and an experimental chamber with windows for optical diagnos-
tics and the ability to maintain a controlled ambient atmosphere. Pulse heating experiments 
are mostly performed under inert atmosphere, e.g., nitrogen or argon at ambient pressure, 
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or in vacuum. The setup of the pulse-heating apparatus at Graz University of Technology is 
presented in Figure 1.

The setup has been explained in detail in previous publications [27–29].

4.2. Current and voltage measurement

The current pulse, which the sample is subjected to, is measured using an induction coil 
(Pearson Electronics, Model Number 3025). To measure the voltage drop, two Molybdenum 
voltage-knives are attached to the specimen. The voltage drop relative to a common ground 
is measured for both of the voltage-knives, allowing the measurement of the voltage drop 
between the two contact points of the sample and the respective voltage-knives (Figure 2).

4.3. Temperature measurement

A fast pyrometer provides temperature determination. The pyrometer measures the spectral 
radiance of a sample surface from which the temperature can be calculated using Planck’s law.

   L  λ,B   (λ, T)  =   
 c  1   _____ π ∙  λ   5    ∙   

1 ____ 
 e     

 c  2   ____ λ∙T  −1 
  ,  (14)

with   L  
λ,B

   (λ, T)   the radiance emitted by a black body at temperature T and wavelength λ and the 
two radiation constants   c  

1
   = 2π ∙ h ∙  c   2   and   c  

2
   =   h ∙ c ____ 

 k  
B
  
    (h is the Planck’s constant, c the speed of light, 

and kB the Boltzmann constant). It has to be considered that nearly no real material is a per-
fect black body. The deviation from black body radiation is taken into account by emissivity 
ε(λ,T). The ratio of radiation emitted by a real material therefore is

   L  λ   (λ, T)  = ε (λ, T)  ∙  L  λ,B   (λ, T) .  (15)

It has to be noted as well that the measured quantity of the pyrometer is a voltage signal 
UPyro(T), which is dependent on measuring geometry, transmission of the optical measuring 
setup, width of the spectral range and detector sensitivity. When summarizing the majority of 
the temperature-independent quantities in a constant C, the pyrometer signal is

   U  Pyro   (T)  = C ∙ ε (λ, T)  ∙   ( e     
 c  2   ____ λ∙T    − 1)    

−1
   (16)

4.4. Thermal diffusivity and thermal conductivity

With the obtained values of the time-dependent current I(t), the time-dependent voltage drop 
U(t), the specimen radius r(t) and the surface radiation L(t) it is now possible to calculate the 
desired thermal properties, i.e., thermal conductivity λ(T), thermal diffusivity a(T) as well as 
specific heat capacity cp(T). This has been shown briefly in the second section of this chapter 
and is thoroughly discussed in [30, 31].

The solid phase as well as the liquid phase data are fitted linearly (for the solid phase) and qua-
dratically (for the liquid phase). In our publications (e.g., [22]) we give the coefficients for the 

Impact of Thermal Conductivity on Energy Technologies90

Figure 1. Schematic experimental setup. HG: high voltage power supply; S: switch for loading the capacitor bank 
C;   R  CROW   : crowbar resistor;  I  G  1   :  main ignitron;  I  G  2   :  crowbar ignitron;   R  V   :  matching resistor;   R  C  ,  L  C  ,  R  S  ,  
L  S   :  resistance and inductance of the circuit and/or the sample;   R  1   −  R  4   :  voltage dividers;  K  E  1  , K  E  2   :  knife-edge 
probes; PP: Pearson-probe; DC: discharge chamber; PY: Pyrometer; L: lens; IF: interference filter; F: fiber; D: photo-
diode; A: amplifier; PG: pulse generator; AD: analog-to-digital converter; PC: personal computer;  I,  U  HOT  ,  U  COLD  , J :  
measurement signals of current, voltages and intensity of radiation; PSG: polarization state generator; PSD: polarization 
state detector; LWL: light wire line.

Figure 2. Typical raw measurement signals of the ohmic pulse-heating experiment performed on Iridium. The black line 
and red line are the voltage signals, the green line is the current signal and the blue line is the signal of the pyrometer. 
Note that solidus temperature (TS) and liquidus temperature (Tl) are visible not only in the pyrometer signal, but also 
in the voltage signals.
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Figure 3. Results of thermal conductivity determination for aluminum. Data taken from [22].

Figure 4. Results of thermal diffusivity determination for aluminum. Data taken from [22].

linear fits as well as uncertainty assessments. The schematic data provided in this chapter are for 
aluminum; therefore, the temperature range is rather low. With the ohmic pulse-heating appa-
ratus, it is also possible to examine high melting metals like tungsten, niobium and tantalum.

Figures 3 and 4 show typical results of thermal conductivity and thermal diffusivity determi-
nation with the ohmic pulse-heating apparatus for aluminum.
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The data show the solid phase (up to about 900 K) and the liquid phase (up to 1500 K). Thermal 
conductivity in this case can be fitted quadratically with a positive slope in the liquid phase.

4.5. Uncertainty for the ohmic pulse-heating method

Uncertainties have been estimated according to GUM [32], with a coverage factor of k = 2 
(95%).

Uncertainties for thermal conductivity  λ (T)   for aluminum have been estimated ±6% in the 
solid phase and ±5% in the liquid phase. Uncertainties for thermal diffusivity a(T) for alumi-
num have been estimated ±8% in the solid phase and ±5% in the liquid phase. See also [22].

5. Conclusions

A variety of common methods to determine thermal conductivity of liquid metals have been 
reviewed in this chapter. These methods can be classified into steady state, non-steady state, 
and transient techniques. However, not all of the reviewed methods are suitable for the liquid 
phase of high-melting metals.

To conclude this chapter, the methods that are suitable for the determination of thermal con-
ductivity of high-melting metals in the liquid phase are summarized.

The laser flash method (LFM) is applicable also for high-melting metals, as the temperature 
range has been reported to be −120 to 2800°C. Uncertainties for this measurement technique 
range from ±3 to ±15% [16–19].

Another suitable method to determine thermal conductivity of even high-melting metals in 
the liquid phase is the ohmic pulse-heating method in combination with the Wiedemann-
Franz law. This method can easily achieve temperatures of about 4000 K and higher and is 
therefore suitable for all high-melting metals (the metal with the highest melting point is 
tungsten with 3695 K). Uncertainties for thermal conductivity for aluminum have been esti-
mated ±6% in the solid phase and ±5% in the liquid phase [22].

Especially in the liquid phase, where lattice contributions in the determination of thermal 
conductivity can be neglected, the ohmic pulse-heating method has been proven to be a 
very accurate method. This has been shown in an intercomparison with laser flash measure-
ments in [26].
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1. Introduction

In the iron-making and steel-making field, understanding of thermal conductivity of the mol-
ten oxide system is significant because it is closely related with the operation conditions, qual-
ity of final products and recycling of slag.

For the recycle of blast furnace slag, the slag is slowly cooled down in the atmosphere or rap-
idly quenched by using rotary cup atomizer or air blast method. Highly crystallized slag can 
be recycled as cement concrete for road construction or fertilizer. On the other hand, noncrys-
talline blast furnace slag can be used as Portland cement for construction owing to its proper-
ties of cement when it is ground [1]. Therefore, in order to recycle the blast furnace slag as 
Portland cement, proper fineness and glass state should be achieved. Since the characteristic 
fine-granular shape and glass state are mainly determined by a cooling rate, understanding of 
thermal conductivity of blast furnace slag is important. For this reason, the thermal conduc-
tivity measurement in the molten CaO-SiO2-Al2O3 system, which is the typical blast furnace 
slag system, has been carried out by using hot-wire method [2–4] and laser flash method [5].

During the steel-making process, understanding of thermal conductivity of the molten slag is 
closely related to the quality of final products and refractory lifetime. Recently, many works 
have been focused on the development of heat flow of the whole steel-making chain. However, 
due to the short information concerning about thermal conductivity of ladle slag, ladle slag is 
hardly considered during the simulation [6]. For the purpose of better understanding of heat 
flow, understanding of thermal conductivity of ladle slag is important. Glaser and Sichen [6] 
measured thermal conductivity of the conventional ladle slag system; CaO-SiO2-Al2O3-MgO 
system, using the hot-wire method. Their results show the negative temperature dependence of 
thermal conductivity within the experimental region between 1773 and 1923 K. They reported 
that the formation of solid state in the slag results in the significant increase of thermal conduc-
tivity. On the other hand, Kang et al. [7], who measured thermal conductivity in the steel-making 
slag system of CaO-SiO2-FeOx system, reported that addition of FeOx results in the decreasing 
of thermal conductivity due to the basic oxide behavior of FeOx. Considering the structural 
information of FeOx obtained by Mössbauer, they found the linear relationship between thermal 
conductivity and the NBO/T, which is the relative fraction of the number of nonbridging oxygen 
over total tetrahedral cation, implying the effect of network structure on thermal conductivity.

In addition, during the continuous casting process, irregular horizontal heat transfer through 
mold flux results in the “longitudinal cracking” and “star cracking” on the final product. 
Therefore, understanding of thermal conductivity of mold flux system is practically impor-
tant in terms of quality control. Many studies [8–11] have been carried out in order to find out 
the relationship between structure of mold flux system and thermal conductivity at high tem-
perature of molten state. These works [8–11] commonly observed the structure dependence 
of thermal conductivity. Addition of basic oxide, such as sodium oxide or calcium oxide, 
decreases thermal conductivity as a result of depolymerization of silicate network structure 
[8, 11]. Susa et al. [10] found that fluorides play a role of network modifier resulting in the low-
ering thermal conductivity. According to Mills [12], phonon transfer along silicate network 
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chain or ring has much lower thermal resistivity(1/λ) than from chain to chain. Similarly, Susa 
et al. [10] observed that more ionic bonding has the greater thermal resistivity. Therefore, it 
can be concluded that the positive relationship between thermal conductivity and network 
structure is closely related to the formation of covalent bond which has low thermal resistivity.

Not only the steel-making process, but also other pyro-metallurgy process, understanding 
of thermal conductivity is significant. During the operation of submerged arc furnace (SAF) 
which is widely used in manganese ferroalloy producing, “freeze” lining is applied in order 
to insulate the refractory and prevent direct contact with molten metal and slag [13]. “Freeze” 
lining can enhance the refractory lifetime because it prevents the wear mechanism; such as 
alkali attack, thermal stress and dissolution of refractory. According to Steenkamp et al. [14], 
who measured thermal conductivity in the CaO-SiO2-Al2O3-MgO-MnO system, “freeze” lin-
ing becomes thicker with higher thermal conductivity indicating that thermal conductivity is 
the major factor determining the thickness of “freeze” lining.

The observed thermal conductivity, called effective thermal conductivity (λeff), can be expressed 
by the summation of each different thermal conductivity such as lattice thermal conductivity 
(λL), radiation thermal conductivity (λR) and electronic thermal conductivity (λel) [15]

   λ  eff   =  λ  L   +  λ  R   +  λ  el    (1)

The lattice thermal conductivity (λL) is based on the heat transfer by phonon. Because scatter-
ing of phonon results in the decrease in thermal conductivity, thermal conductivity by pho-
non is significantly influenced by the change of disordering of network structure in the glass 
and molten oxide system [16]. Over the 800 K, radiative heat transfer (λR) in the clear glass 
becomes dominant factor [17]. At higher temperature of the transparent molten oxide system, 
more than 90% of heat is transferred by the radiation conduction. On the other hand, thermal 
conductivity by electron is insignificant in the molten oxide system as long as the composition 
of transition metallic oxide does not exceed 70% [15, 18].

In the molten oxide system, the radiative heat conduction can be simply predicted by assum-
ing the steady state along with grey-body conditions. The radiative heat transfer through an 
optically thick sample can be calculated by a function of absorption coefficient and refractive 
index in the Stefan-Boltzmann law [15]. However, due to its tremendous radiative and con-
vection effect, precise measurement of thermal conductivity by phonon in the molten oxide 
system was challenging. Recently, owing to the appropriate modifications [2, 4, 19] and evalu-
ations for systematic error by simulation [20], thermal conductivity measurement technique 
in the molten oxide system has been improved.

In this chapter, transient hot-wire method that is one of the major thermal conductivity measure-
ment techniques for molten oxide system is introduced comparing with laser flash method. The 
measurement principle is simply dealt with, and experimental errors are considered. In addi-
tion, thermal conduction mechanism in the amorphous system by phonon is discussed. Since 
the lattice thermal conduction is mainly determined by the structure of oxide system, the effect 
of structure such as silicate network or ionic bonding, and type of cation is briefly discussed.
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the major factor determining the thickness of “freeze” lining.

The observed thermal conductivity, called effective thermal conductivity (λeff), can be expressed 
by the summation of each different thermal conductivity such as lattice thermal conductivity 
(λL), radiation thermal conductivity (λR) and electronic thermal conductivity (λel) [15]

   λ  eff   =  λ  L   +  λ  R   +  λ  el    (1)

The lattice thermal conductivity (λL) is based on the heat transfer by phonon. Because scatter-
ing of phonon results in the decrease in thermal conductivity, thermal conductivity by pho-
non is significantly influenced by the change of disordering of network structure in the glass 
and molten oxide system [16]. Over the 800 K, radiative heat transfer (λR) in the clear glass 
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conductivity by electron is insignificant in the molten oxide system as long as the composition 
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tion, thermal conduction mechanism in the amorphous system by phonon is discussed. Since 
the lattice thermal conduction is mainly determined by the structure of oxide system, the effect 
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2. Thermal conduction in glass and molten oxide system

Ziman [21] explained the transport of heat in terms of collective model instead of individual 
particle vibration. Namely, thermal energy is the distribution of normal modes of vibration. 
Owing to the collective model, the excitations that can be considered as the movement of 
particles in a gas, and kinetic theory is possibly adopted. In the case of glass and ceramic 
system, determination of a single Brillouin zone is impossible since there is no regular lat-
tice. For this reason, not Umklapp scattering but irregular structure determines the phonon 
scattering in the glass system. Kingery [22] reported that the phonon interaction by discrete 
lattice is equivalent to random scattering in the ceramic and glass system. For convenience, he 
adopted mean free path concept and expressed thermal conductivity by phonon as the trans-
port of energy by particle. As a result, thermal conductivity has been simply explained by the 
phonon gas model in various glass and ceramic systems [16, 23, 24].

  λ =   1 __ 3   C v ̄  l  (2)

where λ, C,   v ̄    and l indicate thermal conductivity, heat capacity, mean particle velocity, and 
mean free path of collision.

However, the heat transfer mechanism in the liquid and molten oxide system is still contro-
versial. In the liquid state, Zwanzig [25] proposed the collective dynamical variables having 
the similar characteristic of longitudinal and transverse phonon. The frequency of the elemen-
tary excitation is defined as approximate eigenvalue by an eigen function of the Liouville 
operator. In addition, he also calculated the lifetimes of elementary excitations reporting that 
it is determined by the elastic moduli and viscosities. As a result, in the molten oxide sys-
tem which has enough viscosity coefficients, an elementary excitation has physical meaning. 
Recently, using ab initio molecular dynamics simulations, Iwashita et al. [26] showed that the 
local configurational excitations in the atomic connectivity network are the elementary excita-
tions in molten metal at high temperature.

Turnbull [27] found that thermal conduction mechanism in the molten salts system is similar 
to the solid state. Due to the similar ionic spacing of salt system in the solid and liquid state 
along with the relatively small heat of fusion, he assumed that thermal motion would be simi-
lar in liquid and solid. In addition, according to his calculation, the diffusional contribution 
to thermal conductivity of liquids does not exceed 4%, indicating the major role of vibrational 
conduction in heat transfer. Similar to molten salt system, it can be inferred that heat is mainly 
transferred by vibrational excitations in the molten oxide system.

Recently, considering the similar thermal conduction mechanism in glass and molten oxide 
system, Kim and Morita [28] explained the effect of temperature on thermal conductivity 
following the same approach. Adopting the one-dimensional Debye temperature and pho-
non gas model, variables and effect of temperature on thermal conductivity were discussed. 
According to their work, thermal conductivity of glass initially increases with increasing 
temperature due to the increase of heat capacity. At one-dimensional Debye temperature 
where heat capacity becomes max, thermal conductivity reaches the maximum. Afterward, 
owing to the fluidity of molten state, mean particle velocity along with mean free path of 
collision decreases with increasing temperature. From physical viewpoint, as increasing 
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temperature, the required frequency of shear waves to propagate in molten oxide system 
increases. Since phonon is bosonic particle, the average number of particles follows Bose-
Einstein distribution indicating that lower frequency modes have more phonons at a fixed 
temperature. As a result, negative temperature dependence of thermal conductivity can be 
found because lower number of shear wave with much higher frequency can propagate as 
temperature increases.

3. Thermal conductivity measurement technique and related 
experimental errors

3.1. Thermal conductivity measurement technique for high-temperature oxide melts

Although the understanding of thermal conductivity by phonon is significant for the process 
control in the iron-making and steel-making field, precise measurement of thermal conduc-
tivity by phonon is challenging due to the notorious radiation and convection effect at high 
temperature [29]. The measurement method of thermal conductivity by phonon can be classi-
fied into largely two groups: one is steady-state and another one is nonsteady-state method. 
In steady-state method, thermal conductivity is determined by the temperature profile across 
a sample contacting directly with a heat source [15]. However, steady-state method requires a 
relatively long measurement time in order to obtain the steady state of thermal profile across 
the sample [18]. In addition, during the measurement, contribution of radiation and convec-
tion becomes significant due to the long measurement time. For these reasons, at high tem-
perature, thermal conductivity by phonon transfer cannot be precisely measured by using 
steady-state method.

In order to investigate the thermal conductivity of molten oxide system, nonsteady-state 
measurement method has been modified for the last few decades. For the measurement of 
molten oxide system, two measurement techniques have been widely adopted: one is laser 
flash method and another one is hot-wire method. Two techniques have in common that both 
two methods apply constant energy and monitor the temperature change with time. Because 
the thermal conductivity can be measured within approximately 10 s by nonsteady-state 
method, the effect of radiation and convection is insignificant as compared to the steady-state 
method.

Since the first introduction of laser flash method in 1961, this technique has been widely 
adopted for the purpose of measurement of thermal diffusivity and heat capacity in vari-
ous materials [30]. During the measurement, the front surface is heated by a single pulse 
laser resulting in an increasing of temperature at the opposite surface. Then, thermal dif-
fusivity is calculated from the increasing temperature. However, due to the leakage of heat 
from measurement sample, the sufficient accuracy cannot be achieved at high temperature. 
Several improvements of laser flash method have been introduced in order to overcome vari-
ous problems occurred during the measurement. In the 1990s, Ogura et al. [31] developed 
three-layered laser flash method. Although it has the merit of relatively small heat leakage, 
calculation of thermal conductivity by phonon transfer requires various physical properties 
related with radiation such as absorption coefficient [32]. For this reason, recently, Ohta 
et al. [32, 33], revised the three-layered laser flash method and introduced new method, 
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temperature, the required frequency of shear waves to propagate in molten oxide system 
increases. Since phonon is bosonic particle, the average number of particles follows Bose-
Einstein distribution indicating that lower frequency modes have more phonons at a fixed 
temperature. As a result, negative temperature dependence of thermal conductivity can be 
found because lower number of shear wave with much higher frequency can propagate as 
temperature increases.

3. Thermal conductivity measurement technique and related 
experimental errors

3.1. Thermal conductivity measurement technique for high-temperature oxide melts

Although the understanding of thermal conductivity by phonon is significant for the process 
control in the iron-making and steel-making field, precise measurement of thermal conduc-
tivity by phonon is challenging due to the notorious radiation and convection effect at high 
temperature [29]. The measurement method of thermal conductivity by phonon can be classi-
fied into largely two groups: one is steady-state and another one is nonsteady-state method. 
In steady-state method, thermal conductivity is determined by the temperature profile across 
a sample contacting directly with a heat source [15]. However, steady-state method requires a 
relatively long measurement time in order to obtain the steady state of thermal profile across 
the sample [18]. In addition, during the measurement, contribution of radiation and convec-
tion becomes significant due to the long measurement time. For these reasons, at high tem-
perature, thermal conductivity by phonon transfer cannot be precisely measured by using 
steady-state method.

In order to investigate the thermal conductivity of molten oxide system, nonsteady-state 
measurement method has been modified for the last few decades. For the measurement of 
molten oxide system, two measurement techniques have been widely adopted: one is laser 
flash method and another one is hot-wire method. Two techniques have in common that both 
two methods apply constant energy and monitor the temperature change with time. Because 
the thermal conductivity can be measured within approximately 10 s by nonsteady-state 
method, the effect of radiation and convection is insignificant as compared to the steady-state 
method.

Since the first introduction of laser flash method in 1961, this technique has been widely 
adopted for the purpose of measurement of thermal diffusivity and heat capacity in vari-
ous materials [30]. During the measurement, the front surface is heated by a single pulse 
laser resulting in an increasing of temperature at the opposite surface. Then, thermal dif-
fusivity is calculated from the increasing temperature. However, due to the leakage of heat 
from measurement sample, the sufficient accuracy cannot be achieved at high temperature. 
Several improvements of laser flash method have been introduced in order to overcome vari-
ous problems occurred during the measurement. In the 1990s, Ogura et al. [31] developed 
three-layered laser flash method. Although it has the merit of relatively small heat leakage, 
calculation of thermal conductivity by phonon transfer requires various physical properties 
related with radiation such as absorption coefficient [32]. For this reason, recently, Ohta 
et al. [32, 33], revised the three-layered laser flash method and introduced new method, 
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called front heating-front-detection laser flash method. Distinct from previous laser flash 
methods, the laser pulse is irradiated on the bottom of platinum crucible during the front-
heating front-detection technique. Assuming the one-dimensional heat flow along with 
semi-infinite thickness of liquid sample, [33] thermal conductivity is calculated by the mea-
surement of the temperature decay at the bottom of surface. Since the thermal conductivity 
is measured within only 12 ms, front-heating front detection technique does not consider the 
additional process for distinguishing radiation effect from observed thermal conductivity 
data. However, although the front heating-front detection laser flash method has the merit of 
simple procedure and easy data processing, [34] the effect of radiation on thermal conductiv-
ity measurement is still controversial, especially at high temperature [18]. The three different 
laser flash methods, namely, conventional, three-layered and front heating-front detection 
laser flash method, have been adopted for the measurement of thermal conductivity, and 
more details can be found elsewhere [18].

Figure 1 shows the schematic diagram of the hot-wire method for molten oxide system. The 
hot-wire method, also known as line-source method, is a nonsteady-state method. Because the 
hot-wire method uses a very thin metal wire, the effect of radiation is relatively insignificant 
even at high temperature [35]. Since transient hot-wire technique firstly introduced in the 
1780s, this method has been widely used for the precise measurement of thermal conductivity 
of solid, liquid and even gas phases [36]. During the thermal conductivity measurement of 
molten oxide system, a thin Pt-13%Rh wire is placed in the middle of molten oxide sample and 
heated up by the applied constant current. The generated heat is transferred from hot-wire 

Figure 1. Schematic diagram of the transient hot-wire method for molten oxide system.
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into molten oxide system resulting in increasing temperature. If the hot-wire is long enough, 
the temperature change of molten oxide system resulting from constant heat flux Q can be 
expressed by a continuous line heat source solution [37].

  ΔT =   Q ____ 4𝜋𝜋𝜋𝜋   (ln   4𝜅𝜅t ___  r   2    − γ)  =   Q ____ 4𝜋𝜋𝜋𝜋   (lnt + ln   4κ ___  r   2   e   γ   )   (3)

Here, ΔT is the temperature change of hot-wire, Q is the heat generation per unit length of 
hot-wire, λ is the thermal conductivity, κ is the thermal diffusivity, r is the radius of hot-wire, 
t is the time, and γ is the Euler’s constant, 0.5772. The continuous line heat source solution can 
be adopted when the length and diameter ratio of hot-wire is larger than 30 [38]. Following 
the differentiation of Eq. (4), thermal conductivity can be expressed by Eq. (4).

  λ =  (  Q ___ 4π  )  /  (  dT ____ dlnt  )   (4)

Because a constant current is applied by galvanostat, heat generations per unit length of hot-
wire (Q) can be calculated by the following equation.

  Q =   VI __ m   =  I   2    
 R  T  

 ___ m    (5)

   R  T   =  R  0   (1 + AT +  BT   2 )   (6)

The abovementioned equation, V, I, m, RT, and R0 represents the voltage, current, length of 
hot-wire, resistance per unit length at T°C, and resistance per unit length at 0°C, respectively. 
Eq. (6) shows the empirical linear relationship between RT and R0. According to Kang and 
Morita [3], constant of A and B for Pt-13%Rh wire is 1.557x10−3 and − 1.441x10−7, respectively. 
During the measurement, RT is obtained by applying infinitely small current which could not 
heat up the experimental sample.

From the Ohm’s law, the following equation can be obtained at the given temperature T.

    dV ___ dT   = I   
 dR  T  

 ____ dT   =  IR  0   (A + 2BT)   (7)

From the Eqs. (4), (5) and (7), the thermal conductivity can be expressed as the function of 
voltage and time.

  λ =  (  
 I   3   R  T    R  0   (A + 2BT) 

  ____________ 4m𝜋𝜋  )  /  (  dV ____ dlnt  )   (8)

Using the four-terminal sensing, [11] the voltage change of hot-wire is recorded in real time. 
Therefore, thermal conductivity of the molten oxide system can be easily calculated by the 
slope of V versus ln t.
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into molten oxide system resulting in increasing temperature. If the hot-wire is long enough, 
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Recently, Mills et al. [39] found that thermal conductivity of molten slag system measured by 
laser flash method is approximately 10 times than by hot-wire method implying the effect of 
radiation in the laser flash method. Therefore, it would be inferred that thermal conductiv-
ity of molten oxide system is precisely measured at high temperature by using the hot-wire 
method rather than using the laser flash method.

3.2. Evaluation of the experimental errors occurred during the thermal conductivity 
measurement by hot-wire method

According to Kwon and Lee [40] and Healy et al. [41] who studied about the errors occurred 
during the thermal conductivity measurement, appropriately designed hot-wire method can 
measure thermal conductivity of liquid with the error of less than 0.31%. Although they con-
sidered low temperature, below 100°C, effect of other variables such as convection and cur-
rent leakage seems insignificant during the thermal conductivity measurement even at high 
temperature.

As previously mentioned, in order to reduce the radiative heat transfer, a thin Pt-13%Rh wire 
of 0.15 mmϕ is used in the hot-wire method during the thermal conductivity measurement. 
However, although a hot-wire method uses extremely thin wire, the heat can be transferred 
from the surface of hot-wire by radiation and it becomes significant as temperature increases 
during the thermal conductivity measurement.

Using the Stefan–Boltzmann law for grey-body radiation, the radiation heat at the surface of 
hot wire was estimated.

  q = ε  E  b   = 𝜀𝜀𝜀𝜀  T  s  4   (9)

where q is the radiated heat energy, ε is the emissivity, σ is the Stefan-Boltzmann constant, Ts is 
the surface temperature (K). During the calculation, emissivity of Pt-13%Rh wire was extrapo-
lated on the basis of empirical equation of emissivity of Pt- 10%Rh wire [42]

  ε = 0.751   (T𝜌𝜌)    0.5  − 0.632 (T𝜌𝜌)  + 0.670   (T𝜌𝜌)    1.5  − 0.607   (T𝜌𝜌)    2   (10)

where ρ is the resistivity, and T is the temperature of hot-wire (°C). The temperature change 
of hot-wire along with heat generation was evaluated by the voltage change. Considering the 
resistivity of hot-wire, the radiation heat during the measurement was evaluated. In Figure 2, 
change of radiation heat along with applied power at 1273 K is presented. After 5 s of experi-
ment, the ratio of radiation heat to the applied power, which is the net heat flow, becomes 
approximately 0.69% at 1273 K. This value is accordance with the previously calculated value 
of 1% in the transparent slag at 1273 K after 5 s of experiment [2]. Especially, within the ther-
mal conductivity measurement region, which is 0.8–2 s, radiation heat takes less than 0.51% 
over total heat flow. Therefore, it can be concluded that radiation effect is not significant dur-
ing the thermal conductivity measurement using a hot-wire method.

The effect of free convection can be reduced by placing the upper level of the sample in the 
highest temperature zone [4]. However, during the measurement, the heating up of hot-wire 
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results in the increase in temperature of molten oxide system along with partial temperature 
difference. Such temperature gradient would lead to the convection. In order to determine the 
effect of convection, the change of Rayleigh number with varying time was considered. Figure 3  
shows the schematic diagram of heat penetration during a hot-wire measurement.

When a current is applied, heat is generated in a thin hot-wire; radius of r0. Since it is a non-
steady-state method, the heat penetration distance will be varying with time. δ is the penetra-
tion distance. T0 and T1 is the temperature at the surface of hot-wire and the temperature at δ, 
respectively. The heat penetration distance (δ) is a function of time (t). Tokura et al. [43] reported 
that heat penetration distance from the hot-wire can be expressed by the following equation.

  δ ≈   (24α  r  0   t)    1/3  +  r  0    (11)

The abovementioned Eq. (11) is valid when (δ – r0) >>4r0. α represents the thermal diffusivity.

It has been reported that free convection is occurred when Rayleigh number (Ra) is larger 
than 1000 [1]. Therefore, calculation of Rayleigh number in the present molten oxide system 
is significant in order to evaluate the effect of free convection during the experiment. Rayleigh 
number can be expressed by the following equation, which is the product of Grashof number 
and Prandtl number.

  Ra =   
βΔ  TgL   3 

 ______ 𝜈𝜈𝜈𝜈    (12)

Figure 2. Change of radiation heat (black rectangular) with varying time at a fixed temperature of 1273 K. Dashed dot 
line indicates the applied power.
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where ρ is the resistivity, and T is the temperature of hot-wire (°C). The temperature change 
of hot-wire along with heat generation was evaluated by the voltage change. Considering the 
resistivity of hot-wire, the radiation heat during the measurement was evaluated. In Figure 2, 
change of radiation heat along with applied power at 1273 K is presented. After 5 s of experi-
ment, the ratio of radiation heat to the applied power, which is the net heat flow, becomes 
approximately 0.69% at 1273 K. This value is accordance with the previously calculated value 
of 1% in the transparent slag at 1273 K after 5 s of experiment [2]. Especially, within the ther-
mal conductivity measurement region, which is 0.8–2 s, radiation heat takes less than 0.51% 
over total heat flow. Therefore, it can be concluded that radiation effect is not significant dur-
ing the thermal conductivity measurement using a hot-wire method.

The effect of free convection can be reduced by placing the upper level of the sample in the 
highest temperature zone [4]. However, during the measurement, the heating up of hot-wire 
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results in the increase in temperature of molten oxide system along with partial temperature 
difference. Such temperature gradient would lead to the convection. In order to determine the 
effect of convection, the change of Rayleigh number with varying time was considered. Figure 3  
shows the schematic diagram of heat penetration during a hot-wire measurement.
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steady-state method, the heat penetration distance will be varying with time. δ is the penetra-
tion distance. T0 and T1 is the temperature at the surface of hot-wire and the temperature at δ, 
respectively. The heat penetration distance (δ) is a function of time (t). Tokura et al. [43] reported 
that heat penetration distance from the hot-wire can be expressed by the following equation.
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is significant in order to evaluate the effect of free convection during the experiment. Rayleigh 
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where β is thermal expansion coefficient, ΔT is temperature difference, g is gravitational accel-
eration, L is characteristic length, v is kinetic viscosity. L can be substituted with heat penetra-
tion distance (δ). Combine the Eqs. (3), (11) and (12), Rayleigh number can be deduced by the 
following equation, where C is the exponential of Euler’s constant; 1.78.

  Ra =   
𝛽𝛽gQ

 ______ 4𝜋𝜋𝜋𝜋v𝛼𝛼     [  (24α  r  0   t)    1/3  +  r  0  ]    3  ln (  4𝛼𝛼t ___  r  0  2  C
  )   (13)

Using Eq. (13) along with following physical properties of molten B2O3 system at 1273 K, 
Rayleigh number can be calculated. Thermal expansion coefficient (β) of molten B2O3 is 
100 ppm/K at the temperature range between 1273 and 1473 K [44]. Thermal diffusivity (α) is 
4.325 cm2 s−1 at 1273 K [31]. Kinematic viscosity, that is, the ratio of dynamic viscosity to den-
sity is 0.0065 m2 s−1 [45]. Rayleigh number is calculated, and it is shown in Figure 4. Compared 
to Rayleigh number of pure water at 298 K, molten B2O3 system shows much lower Rayleigh 
number. Due to much higher kinematic viscosity and thermal diffusivity, B2O3 shows much 
lower Rayleigh number even at high temperature of 1273 K. Therefore, it can be concluded that 
there is no free convection effect during the thermal conductivity measurement of molten oxide 
system within 10 s. In addition, if there is convection effect, the linearity between voltage and 
time could not be observed. As a result, the thermal conductivity by phonon transfer can be 
safely obtained within the region where the linear relationship between voltage and time exists.

Recently, several studies have evaluated the experimental conditions which affect precision 
of the measurement using hot-wire method [20, 46]. A computational fluid dynamics (CFD) 
calculation [20] revealed that determination of the resistivity and the temperature coefficient 
of resistance of the hot-wire is crucial in order to obtain precise thermal conductivity. In 
addition, Kang et al. [46] calculated the current leakage by semi-quantitative evaluation and 
reported that the current leakage is 2% (at most) in various silicate melts which contain less 
than 20 wt% FeOx.

Figure 3. Schematic diagram of heat penetration during thermal conductivity measurement by hot-wire measurement.
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4. Effect of structure and cation on thermal conductivity of molten 
oxide system

Similar to other physical properties, such as density, thermal expansion, viscosity and elec-
tric conductivity, thermal conductivity of molten oxide system is affected by the network 
structure such as silicate, borate and aluminate network structures. It was known that forma-
tion of network structure in the glass and molten oxide system plays a role of limiting to the 
network randomness [47] resulting in the increase of thermal conductivity by reducing of 
phonon-phonon scattering. According to Kang and Morita [3], depolymerization of silicate 
network structure results in lowering thermal conductivity. In addition, amphoteric behavior 
of aluminum oxide related to aluminate structure leads to both increasing and decreasing of 
thermal conductivity depending on its compositions. Recently, Kim and Morita reported the 
effect of intermediate range order borate structure [48–52]. In case of borate structure, compli-
cated super-structure units exist consisting of 3- and 4-coordinate boron ions associated with 
oxygen ions [53]. Depending on the compositions and oxide system, different borate super-
structure can be formed resulting in different effects on thermal conductivity.

In Figure 5, thermal conductivity of molten Na2O-B2O3-SiO2 system is shown with varying 
SiO2/B2O3 mole ratio [49]. At 1273 K, increasing of thermal conductivity with higher ratio of 
SiO2/B2O3 can be found. Although these systems show similar silicate network structures with 

Figure 4. Calculated Rayleigh number of molten B2O3 at 1273 K (left) and water at 298 K (right) with varying time.
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where β is thermal expansion coefficient, ΔT is temperature difference, g is gravitational accel-
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tion of network structure in the glass and molten oxide system plays a role of limiting to the 
network randomness [47] resulting in the increase of thermal conductivity by reducing of 
phonon-phonon scattering. According to Kang and Morita [3], depolymerization of silicate 
network structure results in lowering thermal conductivity. In addition, amphoteric behavior 
of aluminum oxide related to aluminate structure leads to both increasing and decreasing of 
thermal conductivity depending on its compositions. Recently, Kim and Morita reported the 
effect of intermediate range order borate structure [48–52]. In case of borate structure, compli-
cated super-structure units exist consisting of 3- and 4-coordinate boron ions associated with 
oxygen ions [53]. Depending on the compositions and oxide system, different borate super-
structure can be formed resulting in different effects on thermal conductivity.

In Figure 5, thermal conductivity of molten Na2O-B2O3-SiO2 system is shown with varying 
SiO2/B2O3 mole ratio [49]. At 1273 K, increasing of thermal conductivity with higher ratio of 
SiO2/B2O3 can be found. Although these systems show similar silicate network structures with 

Figure 4. Calculated Rayleigh number of molten B2O3 at 1273 K (left) and water at 298 K (right) with varying time.
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Figure 5. Relationship between SiO2/B2O3 ratio and the thermal conductivity (left), SiO2/B2O3 ratio and relative fraction 
of tetraborate unit (right).

analogous non-bridging oxygen (NBO) number [49]. On the right side of Figure 5, the effect 
of SiO2/B2O3 ratio on borate super-structure obtained by Raman spectroscopy is shown. It 
should be noted that the Raman spectra were identified by using Gaussian deconvolution from 
appropriate references. According to area ratio, the relative fraction of associated structures 
was calculated. The increase of relative fraction of tetraborate unit can be found with higher 
concentration of SiO2. Considering that tetraborate unit consisting of 3- and 4-coordinate boron 
forms three-dimensional network, thermal conductivity increases as a result of polymerization 
of the network structure. Similar effect can be found in another study reporting the increase of 
viscosity with formation of tetraborate unit in the CaO-Al2O3-Na2O-B2O3 system [54].

Not only the polymerized network structure, but also cation affects thermal conductivity in 
the molten oxide system [8, 28, 51, 55]. The linear relationship between thermal conductiv-
ity and ionization potential (Z/r2); the ratio of the charge of the cation (Z) to the square of 
the cation radius (r), was observed in the alkali-borate system [28, 51]. In addition, the effect 
of ionization potential of cation on thermal conductivity is similar in both glass and molten 
oxide system. Recently, Crupi et al. [56] reported that intermediate range order borate struc-
ture, that is borate super-structure, is affected by the type of cations. As increasing of the ionic 
radius of cation, larger radius of void can be found. Since larger void has high flexibility with 
high configurations, thermal conductivity decreases as increasing of ionic radius [28].

5. Conclusions

In this chapter, the thermal conductivity measurement technique for high-temperature mol-
ten oxide system was reviewed along with heat conduction. Although phonon cannot be 
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defined in the molten oxide system, phonon-like excitation is elementary excitation having 
similar characteristic of longitudinal and transverse phonon. Recent studies revealed that 
local configurational excitation is a origin of phonon-like excitation. In addition, the effect of 
temperature on thermal conductivity in both glass and molten oxide system was reviewed. 
The laser flash method and hot-wire method, typical thermal conductivity measurement 
techniques for high temperature, were briefly reviewed. Compared to laser flash method, 
hot-wire method is relatively precise for measurement of molten oxide system by reduc-
ing radiation effect through small surface of heating source. The systematic errors prob-
ably occurred were considered. The radiation and convection effects were reviewed based 
on the simple modeling and mathematical calculations in the molten oxide system. Results 
showed that radiation effect and convection effect on thermal conductivity are insignificant 
at 1273 K. Especially, since the measurement is terminated within 5 s, its effect would be 
negligible. Finally, the effect of network structure and cations on thermal conductivity was 
discussed. Due to limiting its randomness, polymerization of glass and molten oxide system 
results in the increase of thermal conductivity. In addition, the effect of cation type on ther-
mal conductivity in the molten oxide system was discussed through the ionization potential.
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Figure 5. Relationship between SiO2/B2O3 ratio and the thermal conductivity (left), SiO2/B2O3 ratio and relative fraction 
of tetraborate unit (right).
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should be noted that the Raman spectra were identified by using Gaussian deconvolution from 
appropriate references. According to area ratio, the relative fraction of associated structures 
was calculated. The increase of relative fraction of tetraborate unit can be found with higher 
concentration of SiO2. Considering that tetraborate unit consisting of 3- and 4-coordinate boron 
forms three-dimensional network, thermal conductivity increases as a result of polymerization 
of the network structure. Similar effect can be found in another study reporting the increase of 
viscosity with formation of tetraborate unit in the CaO-Al2O3-Na2O-B2O3 system [54].

Not only the polymerized network structure, but also cation affects thermal conductivity in 
the molten oxide system [8, 28, 51, 55]. The linear relationship between thermal conductiv-
ity and ionization potential (Z/r2); the ratio of the charge of the cation (Z) to the square of 
the cation radius (r), was observed in the alkali-borate system [28, 51]. In addition, the effect 
of ionization potential of cation on thermal conductivity is similar in both glass and molten 
oxide system. Recently, Crupi et al. [56] reported that intermediate range order borate struc-
ture, that is borate super-structure, is affected by the type of cations. As increasing of the ionic 
radius of cation, larger radius of void can be found. Since larger void has high flexibility with 
high configurations, thermal conductivity decreases as increasing of ionic radius [28].
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defined in the molten oxide system, phonon-like excitation is elementary excitation having 
similar characteristic of longitudinal and transverse phonon. Recent studies revealed that 
local configurational excitation is a origin of phonon-like excitation. In addition, the effect of 
temperature on thermal conductivity in both glass and molten oxide system was reviewed. 
The laser flash method and hot-wire method, typical thermal conductivity measurement 
techniques for high temperature, were briefly reviewed. Compared to laser flash method, 
hot-wire method is relatively precise for measurement of molten oxide system by reduc-
ing radiation effect through small surface of heating source. The systematic errors prob-
ably occurred were considered. The radiation and convection effects were reviewed based 
on the simple modeling and mathematical calculations in the molten oxide system. Results 
showed that radiation effect and convection effect on thermal conductivity are insignificant 
at 1273 K. Especially, since the measurement is terminated within 5 s, its effect would be 
negligible. Finally, the effect of network structure and cations on thermal conductivity was 
discussed. Due to limiting its randomness, polymerization of glass and molten oxide system 
results in the increase of thermal conductivity. In addition, the effect of cation type on ther-
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Abstract

Thermal conductivity of ice- and hydrate-bearing fine-grained porous sediments (soils) 
has multiple controls: mineralogy, particle size, and physical properties of soil matrix; 
type, saturation, thermal state, and salinity of pore fluids; and pressure and temperature. 
Experiments show that sediments generally increase in thermal conductivity upon freez-
ing. The increase is primarily due to fourfold difference between thermal conductivity of 
ice and water (~2.23 against ~0.6 W/(m·K)) and is controlled by physicochemical processes 
in freezing sediments. Thermal conductivity of frozen soils mainly depends on lithol-
ogy, salinity, organic matter content, and absolute negative temperature, which affect the 
amount of residual liquid phase (unfrozen water). It commonly decreases as soil con-
tains more unfrozen water, in the fining series ‘fine sand – silty sand – sandy clay – clay’, 
as well as at increasing temperatures, salinity, or organic carbon contents. According to 
experimental evidence, the behavior of thermal conductivity in hydrate-bearing sedi-
ments strongly depends on conditions of pore hydrate formation. It is higher when pore 
hydrates form at positive temperatures (t > 0оC) than in the case of hydrate formation in 
frozen samples. Freezing and thawing of hydrate-bearing sediments above the equilib-
rium pressure reduces their thermal conductivity due to additional hydrate formation.

Keywords: thermal conductivity, sediments, temperature, ice, gas hydrate, freezing, 
permafrost, unfrozen water, salinity, hydrate saturation, organic matter

1. Introduction

Thermal conductivity of rocks depends on their origin and deposition environments 
and related lithology, mineralogy, structure and texture, as well as on thermal state and  
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thermodynamic conditions [1–13]. There is a wealth of published evidence on thermal con-
ductivity control by mineralogy, particle size, pore space structure, and pore fluid state and 
composition: whether it is fresh or saline water, ice, gas, organic compounds, and so on [14–
21]. However, the effect of some pore filling materials on thermal properties of sediments 
remains poorly investigated, especially that of pore hydrates [22, 23]. Natural gas hydrates 
share much physical similarity with ice (heat capacity, density, and acoustic properties) and 
thus pore hydrates in permafrost, though being known since the 1970s [24], are hard to iden-
tify and study with conventional geophysical methods, mainly seismic. Meanwhile, pore gas 
hydrate and ice differ markedly in thermal conductivity, which is 2.23 W/(m·K) in hydrate, 
0.54−0.65 W/(m·K) in ice, and 0.6 W/(m·K) in liquid water [25–27].

Knowledge of thermal properties, especially thermal conductivity, of frozen and freezing 
porous sediments is valuable in geocryological predictions for reducing geological engineer-
ing risks during construction and operation of buildings and utilities in regions of Arctic and 
highland permafrost [28, 29]. True thermal conductivity values of frozen soils are also indis-
pensable to choose optimal strategies of mitigating risks from permafrost thawing as a result 
of global warming or local manmade impacts.

The development of hydrate-bearing gas and oil reservoirs likewise requires knowing their 
thermal properties [30]. Methane production from these reservoirs is most often simulated 
with reference to thermal conductivity of pure methane hydrates [31], but this simplistic 
assumption can entrain serious errors during methane recovery, especially for permafrost 
containing hydrates and ice.

The marked thermal conductivity difference between hydrate and ice is a prerequisite for 
creating a method of identifying and mapping intra-permafrost gas hydrates.

2. Thermal conductivity of sediments in unfrozen and frozen state 
and freezing effect

Thermal properties of rocks, soils, water, and air vary as a function of their composition, 
structure and state, as well as thermodynamic conditions. Thermal conductivity values of dif-
ferent materials are quoted in Table 1 per unit volume of rocks, sediments, water, ice, snow 
and air. Note that it linearly depends on temperature for water, ice and air.

Comparative analysis of experimental data shows that thermal conductivity of igneous 
(granite, basalt), metamorphic (quartzite, schists), and sedimentary (sandstone, limestone, 
dolomite) rocks can vary from 1.0 to 5.0 W/(m·K) as a function of different factors. The miner-
alogy dependence is associated with the presence of thermally conductive minerals, such as 
SiO2 quartz (~7.0 W/(m·K)) or iron-bearing phases (e.g., pyrite). Density and porosity effects 
appear as greater thermal conductivity in denser and less porous rocks, that is, it is lower in 
sediments than in igneous or metamorphic rocks. Experiments show that 15–20% densening 
of skeleton in sand leads to about twice higher thermal conductivity. The variations result 
from more or less close packing of particles. Manmade compaction likewise leads to thermal 
conductivity increase in sediments, which is often used in civil engineering.

Impact of Thermal Conductivity on Energy Technologies116

Cemented porous sediments fall into three thermal conductivity groups: (1) coarse clastics 
(conglomerates, gritstones, and sandstones); (2) fine clastics (silt and clay); (3) chemogenic and 
biogenic carbonates and silicates (dolomite, anhydrite, limestone, diatomite, etc.). Thermal 
conductivity of coarse clastics is from 1.5 to 4.5 W/(m·K), estimated separately for matrix and 
cement, and reaches 5.8 W/(m·K) in low-porosity monomineral sediments (dolomite, lime-
stone). Thermal conductivity is anizotropic in many sedimentary and metamorphic rocks: it is 
on average 10–30% higher along than across the bedding, especially in shale and gneiss [32]. 
The reason is that interactions of mineral particles and heat transfer are more active along the 
bedding controlled by the origin and deposition environments of rocks.

Thermal conductivity variations in sediments and soils, which are multicomponent and mul-
tiphase systems, depend on relative percentages of solid, liquid, and gas phases; soil chem-
istry and mineralogy; structure and texture (particle size, porosity, layering, etc.); moisture 
contents; and temperature. Saturation of sediments affects significantly their thermal proper-
ties: thermal conductivity reaches its maximum at full water saturation [11] as water with λ = 
0.54 (W/(m·K) supplants gas with λ = 0.024 (W/(m·K).

The dependence on particle size composition shows up in higher thermal conductivity of 
coarse and very coarse soils (of boulder, pebble, gravel, and sand particles) compared to 
finer-grained varieties, the moisture content, density, and other parameters being equal. The 
upper limit for coarse sediments (up to 3–9 W/(m·K)) corresponds to hard components while 
the lower limit (0.3–0.5 W/(m·K)) represents dry fine-grained material. Thermal conductivity 
decreases with fining, in a descending series of sand – silt – clay – peat (Table 1), because of a 
greater number of loose contacts between particles [33].

Saturated frozen sediments and soils with medium or high moisture contents have higher 
thermal conductivity than their unfrozen counterparts because pore ice is four times more 
conductive than water (Table 1): 2.22 W/(m·K) against 0.54 W/(m·K). However, the tempera-
ture dependence of thermal conductivity in wet porous sediments is rather controlled by 
relative percentages of pore ice and water and conditions of heat transfer at their contacts. 
Within the range of positive temperatures, thermal conductivity decreases slowly from 25 to 
0°C, in accordance with linear dependence on water temperature, but rises abruptly at the 
transition from 0 to −1°C when pore water rapidly converts to ice (Figure 1). Note that ther-
mal conductivity of ice-rich soil depends more on the conditions of cooling and heating than 
on absolute temperature. Of special importance is the direction of heat transfer at alternating 
pressures and temperatures, when pore water converts to ice and back, and changes in their 
relative amounts [15]. Figure 2 shows qualitative variations of thermal conductivity in frozen 
sediments subject to further freezing and subsequent thawing. The curves comprise several 
segments corresponding to different temperature intervals. Thermal conductivity decreases 
linearly within the range of positive temperatures till the onset of freezing (segment A-B) 
and then increases dramatically in the region of rapid water-to-ice transition (segment B-C), 
when ice, with its thermal conductivity four times that of water, appears as a new pore fill-
ing component, while the amount of unfrozen pore water reduces. Further freezing to −15оС 
and colder (segment C-D) corresponds to notable (30–40%) decrease in thermal conductivity. 
The reason is that increasing crystallization of unfrozen bound water and related thermome-
chanic stress, as well as thermal expansion variations, cause rapid growth of cracks. Saline 
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Material Thermal conductivity λ (W/(m·K))

Water

At +4.1°С 0.54

At +20°С 0.60

Ice 2.22–2.35

Air

At 0°С 0.024

At −23°С 0.022

Snow

Loose 0.1

Dense 0.3–0.4

Granite 2.3–4.1

Basalt 1.74–2.91

Quartzite 2.9–6.4

Shale 1.74–2.33

Sandstone 0.7–5.8

Limestone 0.8–4.1

Dolomite 1.1–5.2

Sand

Dry 0.3–0.35

Unfrozen, water-saturated 1.7–2.6

Frozen, ice-saturated 1.5–3.0

Silty clay

Dry 0.19–0.22

Unfrozen, water-saturated 0.6–1.0

Frozen, ice-saturated 1.2–1.4

Clay

Air-dry 0.8–1.0

Unfrozen, water-saturated 1.2–1.4

Frozen, ice-saturated 1.4–1.8

Peat

Dry 0.012–0.14

Unfrozen, water-saturated 0.7–0.9

Frozen, ice-saturated 1.1–1.2

Table 1. Thermal conductivity of different materials [19].
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peat-bearing fine-grained porous soil contains much unfrozen water even at low negative 
temperatures, till −15оС [16, 19, 34]. The thermal conductivity reduction is especially large in 
ice-rich peat subject to further cooling and related brittle deformation when internal stress in 
soil releases through microcracks.

Subsequent warming (segment E-F) leads to notable increase in thermal conductivity as the 
cracks heal up because ice, and soil as a whole, become more plastic. The highest thermal con-
ductivity values in the warming-thawing cycle of frozen soil approach those in the freezing-
cooling cycle, but correspond to higher negative temperatures because of hysteretic behavior 
of moisture phases. Thermal conductivity decreases dramatically till the thawing tempera-
ture within the segment F-G, as pore ice melting increases the contents of liquid water.

The thermal conductivity decreases with grain sizes in the series ‘coarse sand – fine sand – 
silty sand – silt – silty clay – clay’ was observed in both frozen and unfrozen sediments with 

Figure 1. Effect of temperature on thermal conductivity in different types of sediments: 1—coarse crushed stone filled with 
silt, 2—fine sand, 3—silty sand, 4—loess-like silty clay, 5—silty clay, 6—clay, and 7—degraded peat [15, 19]. Data points 
are experimental measurements; lines are approximation trends. The arrows show the direction of temperature change.

Figure 2. Variations of thermal conductivity in frozen sediments subject to freezing and subsequent thawing. The arrows 
show the direction of temperature change.
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temperatures, till −15оС [16, 19, 34]. The thermal conductivity reduction is especially large in 
ice-rich peat subject to further cooling and related brittle deformation when internal stress in 
soil releases through microcracks.

Subsequent warming (segment E-F) leads to notable increase in thermal conductivity as the 
cracks heal up because ice, and soil as a whole, become more plastic. The highest thermal con-
ductivity values in the warming-thawing cycle of frozen soil approach those in the freezing-
cooling cycle, but correspond to higher negative temperatures because of hysteretic behavior 
of moisture phases. Thermal conductivity decreases dramatically till the thawing tempera-
ture within the segment F-G, as pore ice melting increases the contents of liquid water.

The thermal conductivity decreases with grain sizes in the series ‘coarse sand – fine sand – 
silty sand – silt – silty clay – clay’ was observed in both frozen and unfrozen sediments with 

Figure 1. Effect of temperature on thermal conductivity in different types of sediments: 1—coarse crushed stone filled with 
silt, 2—fine sand, 3—silty sand, 4—loess-like silty clay, 5—silty clay, 6—clay, and 7—degraded peat [15, 19]. Data points 
are experimental measurements; lines are approximation trends. The arrows show the direction of temperature change.

Figure 2. Variations of thermal conductivity in frozen sediments subject to freezing and subsequent thawing. The arrows 
show the direction of temperature change.
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different degrees of water or ice saturation [15, 17–21], over the range of temperatures from 
+20 to -20 °C, including the region of rapid water-ice phase transitions. Finer sediments have 
more thermal resistance contacts and are more hydrophilic and ultraporous, which increases 
relative contents of low-conductive liquid unfrozen water.

Thermal conductivity of frozen sediments increases systematically with ice saturation as low-
conductivity gas gives way to high-conductivity ice. Sediments with high contents of ice, 
which swells out the mineral skeleton, have thermal conductivity about that of ice.

Salinity, or the presence of soluble salts in pore water, is another important control of thermal 
conductivity in frozen sediments. Namely, Na+ and Cl- ions lead to changes in the phase state 
of pore moisture in permafrost. Frozen soils with higher salinity (Z, %), that is, salt-to-dry 
sediment weight ratio, contain more unfrozen pore water and, correspondingly, have lower 
thermal conductivity (Figure 3). Thermal conductivity of saline sand and silty sand contain-
ing liquid pore water is much lower than that in non-saline sediments: only 1% increase of 
salinity in frozen sand may cause twofold thermal conductivity decrease. Unlike sand, more 
or less water-saturated low saline (0 to 0.5-0.7%) clay silt and clay have thermal conductivity 
slightly (within 10%) higher than in their non-saline counterparts, but more saline varieties 
are less conductive. Namely, at Z > 1%, thermal conductivity shows a weak decreasing trend 
traceable until the system reaches the eutectic point. This behavior is related primarily with 
changes in relative contents of water phases (ratio of unfrozen water content to total moisture 
content) as salinity increases. The amount of liquid water depends on concentration as well 
as on chemistry of salts: it increases progressively in the series Na2SO4-Na2CO3-NaNO3-NaCl, 
while thermal conductivity decreases correspondingly. Note that further cooling of frozen 
soils reduces the amount of unfrozen pore water [34]. As the pore fluid reaches eutectic con-
centration and temperature, salts form cryohydrates, whereby the content of unfrozen water 
decreases dramatically. The formation of thermally conductive cryohydrates in the pore 
space and the respective reduction of the liquid water content leads to thermal conductivity 
increase in frozen soils. Experiments show that thermal conductivity of saline soils tends to 
that of non-saline soils at temperatures below eutectics [35].

Figure 3. Salinity (Z,%) dependence of thermal conductivity for different types of NaCl-bearing soil: 1—fine sand, 
2—silty sand, 3—sandy clay, and 4—kaolin clay (W = 15–30% for 1–3 and W = 50–70% for 4) [18]. Data points are 
experimental measurements; lines are approximation trends.
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Thermal conductivity is lower in frozen sediments containing organic matter (especially, peat)  
(Figure 4). This is because the presence of peat increases specific surface activity and the 
contents of unfrozen pore water, and the organic component itself (peat, oil, etc.) most often 
has lower thermal conductivity than mineral particles and ice. Therefore, unfrozen water-
saturated soils with organic-filled porosity likewise have low thermal conductivity.

Unlike heat capacity, thermal conductivity is not an additive value but depends on sediment 
structure and texture. As shown by experiments, massive frozen clay is more conductive than 
that with ice lenses at similar water contents and density. Note that thermal conductivity of 
sediments with lenticular cryostructure is anisotropic: it is 20–30% higher at heat flux along 
than across ice lenses. The reason is in higher thermal conductivity of ice and lower thermal 
resistance at contacts between mineral layers and ice lenses.

3. Thermal conductivity of gas hydrate-bearing sediments and 
hydrate-accumulation effect

Thermal conductivity has been worse studied in hydrate-bearing sediments than in frozen 
(ice-bearing) sediments: the available data are limited to sporadic estimates for manmade 
hydrate-bearing materials [37–41]. The first experimental evidence on thermal conductivity 
of sediments containing natural gas hydrates was obtained from well Malik 5L-38 (Mackenzie 
Delta, Canada). Ice-bearing soils were found to have thermal conductivity generally higher 
than their hydrate-bearing counterparts [42]. On the other hand, frozen hydrate-saturated sed-
iments are often more thermally conductive than those in the unfrozen state. New experimen-
tal data on thermal conductivity of natural gas hydrate-bearing sediments from the Nankai 
Trough published a few years ago were used to predict thermal conductivity from the known 
particle size distribution, porosity, and hydrate saturation [43]. The most successful predic-
tion for natural sediments with hydrate saturation within 14% was achieved with a model of 

Figure 4. Water (a) and ice (b) saturation dependence of thermal conductivity in unfrozen and frozen peat-bearing sandy 
soils with different peat contents [36] (found as organic component to total sediment dry weight ratio).
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different degrees of water or ice saturation [15, 17–21], over the range of temperatures from 
+20 to -20 °C, including the region of rapid water-ice phase transitions. Finer sediments have 
more thermal resistance contacts and are more hydrophilic and ultraporous, which increases 
relative contents of low-conductive liquid unfrozen water.

Thermal conductivity of frozen sediments increases systematically with ice saturation as low-
conductivity gas gives way to high-conductivity ice. Sediments with high contents of ice, 
which swells out the mineral skeleton, have thermal conductivity about that of ice.

Salinity, or the presence of soluble salts in pore water, is another important control of thermal 
conductivity in frozen sediments. Namely, Na+ and Cl- ions lead to changes in the phase state 
of pore moisture in permafrost. Frozen soils with higher salinity (Z, %), that is, salt-to-dry 
sediment weight ratio, contain more unfrozen pore water and, correspondingly, have lower 
thermal conductivity (Figure 3). Thermal conductivity of saline sand and silty sand contain-
ing liquid pore water is much lower than that in non-saline sediments: only 1% increase of 
salinity in frozen sand may cause twofold thermal conductivity decrease. Unlike sand, more 
or less water-saturated low saline (0 to 0.5-0.7%) clay silt and clay have thermal conductivity 
slightly (within 10%) higher than in their non-saline counterparts, but more saline varieties 
are less conductive. Namely, at Z > 1%, thermal conductivity shows a weak decreasing trend 
traceable until the system reaches the eutectic point. This behavior is related primarily with 
changes in relative contents of water phases (ratio of unfrozen water content to total moisture 
content) as salinity increases. The amount of liquid water depends on concentration as well 
as on chemistry of salts: it increases progressively in the series Na2SO4-Na2CO3-NaNO3-NaCl, 
while thermal conductivity decreases correspondingly. Note that further cooling of frozen 
soils reduces the amount of unfrozen pore water [34]. As the pore fluid reaches eutectic con-
centration and temperature, salts form cryohydrates, whereby the content of unfrozen water 
decreases dramatically. The formation of thermally conductive cryohydrates in the pore 
space and the respective reduction of the liquid water content leads to thermal conductivity 
increase in frozen soils. Experiments show that thermal conductivity of saline soils tends to 
that of non-saline soils at temperatures below eutectics [35].

Figure 3. Salinity (Z,%) dependence of thermal conductivity for different types of NaCl-bearing soil: 1—fine sand, 
2—silty sand, 3—sandy clay, and 4—kaolin clay (W = 15–30% for 1–3 and W = 50–70% for 4) [18]. Data points are 
experimental measurements; lines are approximation trends.
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Thermal conductivity is lower in frozen sediments containing organic matter (especially, peat)  
(Figure 4). This is because the presence of peat increases specific surface activity and the 
contents of unfrozen pore water, and the organic component itself (peat, oil, etc.) most often 
has lower thermal conductivity than mineral particles and ice. Therefore, unfrozen water-
saturated soils with organic-filled porosity likewise have low thermal conductivity.

Unlike heat capacity, thermal conductivity is not an additive value but depends on sediment 
structure and texture. As shown by experiments, massive frozen clay is more conductive than 
that with ice lenses at similar water contents and density. Note that thermal conductivity of 
sediments with lenticular cryostructure is anisotropic: it is 20–30% higher at heat flux along 
than across ice lenses. The reason is in higher thermal conductivity of ice and lower thermal 
resistance at contacts between mineral layers and ice lenses.

3. Thermal conductivity of gas hydrate-bearing sediments and 
hydrate-accumulation effect

Thermal conductivity has been worse studied in hydrate-bearing sediments than in frozen 
(ice-bearing) sediments: the available data are limited to sporadic estimates for manmade 
hydrate-bearing materials [37–41]. The first experimental evidence on thermal conductivity 
of sediments containing natural gas hydrates was obtained from well Malik 5L-38 (Mackenzie 
Delta, Canada). Ice-bearing soils were found to have thermal conductivity generally higher 
than their hydrate-bearing counterparts [42]. On the other hand, frozen hydrate-saturated sed-
iments are often more thermally conductive than those in the unfrozen state. New experimen-
tal data on thermal conductivity of natural gas hydrate-bearing sediments from the Nankai 
Trough published a few years ago were used to predict thermal conductivity from the known 
particle size distribution, porosity, and hydrate saturation [43]. The most successful predic-
tion for natural sediments with hydrate saturation within 14% was achieved with a model of 

Figure 4. Water (a) and ice (b) saturation dependence of thermal conductivity in unfrozen and frozen peat-bearing sandy 
soils with different peat contents [36] (found as organic component to total sediment dry weight ratio).
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complex distribution (geometric mean), but the proposed equations were poorly applicable to 
sediment samples containing greater percentages of hydrates (up to 30%) [44]. This is because 
hydrate-bearing sediments are actually complex systems and their thermal conductivity is not 
a sum of values for the system constituents but rather depends on the pore space structure.

According to experimental evidence, hydrate formation conditions influence largely the ther-
mal conductivity of hydrate-bearing sediments [45]. Its variations were studied at different 
conditions of hydrate formation: (1) low positive temperatures (t ≈ +2 ± 1°C), (2) negative 
temperatures (t ≈−5 ± 1°C), (3) cooling from +2 ± 1 to −5 and −8°C, where residual pore water 
(not converted to hydrate at positive temperatures) froze and induced additional hydrate 
formation, and (4) warming from −5 ± 1 to +2 ± 1°C, where residual pore ice (not converted to 
hydrate at negative temperatures) thawed and induced additional hydrate formation.

3.1. Hydrate formation at t > 0°C

First, the effect of gas hydrate formation at t > 0°C on thermal conductivity of hydrate-bearing 
sediments was studied at low positive temperatures (t = +2 ± 1°C). The typical pattern of pore 
hydrate formation, under favorable conditions, is evident in time-dependent variations in the 
fraction of pore space occupied by hydrates or hydrate saturation (Sh, %) (Figure 5). This frac-
tion decreases with time as a result of changes in the hydrate formation mechanism. Hydrate 
formation is rapid early during the process, and most of hydrate forms within the first 45−50 
h, while Sh (Figure 5) reaches 67%. Then hydrate formation decelerates, while Sh remains 
almost invariable (about 67%). The observed kinetics of hydrate formation at low positive 
temperatures can be explained as follows. Rapid formation of hydrates in the beginning is 
due to direct gas-water contacts. Later, a gas hydrate film forms at the pore water-gas inter-
face and impedes gas access to pore water, whereby the hydrate formation rate slows down, 
being limited by the permeability of the gas hydrate film. The thickening of the hydrate film 
makes it much less permeable, and hydrate formation almost stops at a certain film thickness, 
despite the fact that the residual pore water content exceeds its equilibrium content at the 
given temperatures and pressures.

The time-dependent behavior of thermal conductivity during hydrate accumulation in gas-
saturated silty sand (W = 18%) at positive temperatures is irregular (Figure 6). The curve 

Figure 5. Pore hydrate formation in gas-saturated silty sand (W = 18%; n = 0.40), at t = +2 ± 1°C: time-dependent hydrate 
saturation (Sh, %) [45].
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comprises three characteristic segments: (1) thermal conductivity (λ) changes little (1.77–1.78 
W/(m·K) or within a measurement accuracy of 3%) for the first 40 h, but (2) becomes 13% 
higher (1.78–2.01 W/(m·K)) for the following 20 h, and (3) remains almost invariable about 
2.01 W/(m·K), with 3−4% variations (within a measurement accuracy) till 60 h after the run 
start. While thermal conductivity almost does not change for the first 40 h, saturation (Sh) 
becomes 40% higher than at the run onset; then both parameters increase for the following 
20 h, peak concurrently, and remain invariable within 100 h afterward.

At gas saturation Sh within 45%, thermal conductivity does not change (Figure 7), as reported 
previously [42–44]. The variations become notable when hydrates occupy more than 45% of 
the pore space. For instance, thermal conductivity became 14% higher, while Sh reached 61% 
in silty sand (W = 18%) and 9% higher as Sh increased to 57% in fine sand.

3.2. Hydrate formation at t < 0°C

Hydrate formation at t < 0°C was studied in frozen methane-bearing samples in a pres-
sure cell, at temperatures of −5 ± 1°C (Figure 8). Unlike the tests at low positive tempera-
tures, methane hydrates form more slowly at negative temperatures. As a result, the rate 
of hydrate formation in frozen samples is commensurate with that at positive tempera-
tures for quite a long time. The reason is that, at negative temperatures, gas hydrates form 
directly on the surface of ice particles, as demonstrated by special studies of interaction 
between ice particles and CO2 and CH4 gases [46, 47]. Hydrate that forms during this inter-
action has a low density, and, hence, a high permeability and does not impede much the 
conversion of ice particles to hydrate. The same mechanism apparently works during tran-
sition of pore ice into hydrate, judging by the dynamics of gas hydrate formation in frozen 
sediments. Unlike the case of t > 0°C, the thermal conductivity of frozen samples decreases 
nonuniformly with time during hydrate formation (Figure 9). The decrease is to 1.81 W/
(m·K) (8%) for the first 50 h of hydrate growth and then as small as 3% for the subsequent 
125 h. In general, this decrease is observed in the Sh range from 0 to 50−60% (Figure 10). The 
thermal conductivity decrease most likely results from reduction in the amount of ice, with 
its thermal conductivity as high as 2.23 W/(m·K), and the related growth in the share of the 
less conductive hydrate (0.6 W/(m·K)).

Figure 6. Time-dependent thermal conductivity of gas-saturated silty sand (W = 18%; n = 0.40) during hydrate formation 
at t = +2 ± 1°C [45].
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complex distribution (geometric mean), but the proposed equations were poorly applicable to 
sediment samples containing greater percentages of hydrates (up to 30%) [44]. This is because 
hydrate-bearing sediments are actually complex systems and their thermal conductivity is not 
a sum of values for the system constituents but rather depends on the pore space structure.

According to experimental evidence, hydrate formation conditions influence largely the ther-
mal conductivity of hydrate-bearing sediments [45]. Its variations were studied at different 
conditions of hydrate formation: (1) low positive temperatures (t ≈ +2 ± 1°C), (2) negative 
temperatures (t ≈−5 ± 1°C), (3) cooling from +2 ± 1 to −5 and −8°C, where residual pore water 
(not converted to hydrate at positive temperatures) froze and induced additional hydrate 
formation, and (4) warming from −5 ± 1 to +2 ± 1°C, where residual pore ice (not converted to 
hydrate at negative temperatures) thawed and induced additional hydrate formation.

3.1. Hydrate formation at t > 0°C

First, the effect of gas hydrate formation at t > 0°C on thermal conductivity of hydrate-bearing 
sediments was studied at low positive temperatures (t = +2 ± 1°C). The typical pattern of pore 
hydrate formation, under favorable conditions, is evident in time-dependent variations in the 
fraction of pore space occupied by hydrates or hydrate saturation (Sh, %) (Figure 5). This frac-
tion decreases with time as a result of changes in the hydrate formation mechanism. Hydrate 
formation is rapid early during the process, and most of hydrate forms within the first 45−50 
h, while Sh (Figure 5) reaches 67%. Then hydrate formation decelerates, while Sh remains 
almost invariable (about 67%). The observed kinetics of hydrate formation at low positive 
temperatures can be explained as follows. Rapid formation of hydrates in the beginning is 
due to direct gas-water contacts. Later, a gas hydrate film forms at the pore water-gas inter-
face and impedes gas access to pore water, whereby the hydrate formation rate slows down, 
being limited by the permeability of the gas hydrate film. The thickening of the hydrate film 
makes it much less permeable, and hydrate formation almost stops at a certain film thickness, 
despite the fact that the residual pore water content exceeds its equilibrium content at the 
given temperatures and pressures.

The time-dependent behavior of thermal conductivity during hydrate accumulation in gas-
saturated silty sand (W = 18%) at positive temperatures is irregular (Figure 6). The curve 

Figure 5. Pore hydrate formation in gas-saturated silty sand (W = 18%; n = 0.40), at t = +2 ± 1°C: time-dependent hydrate 
saturation (Sh, %) [45].
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comprises three characteristic segments: (1) thermal conductivity (λ) changes little (1.77–1.78 
W/(m·K) or within a measurement accuracy of 3%) for the first 40 h, but (2) becomes 13% 
higher (1.78–2.01 W/(m·K)) for the following 20 h, and (3) remains almost invariable about 
2.01 W/(m·K), with 3−4% variations (within a measurement accuracy) till 60 h after the run 
start. While thermal conductivity almost does not change for the first 40 h, saturation (Sh) 
becomes 40% higher than at the run onset; then both parameters increase for the following 
20 h, peak concurrently, and remain invariable within 100 h afterward.

At gas saturation Sh within 45%, thermal conductivity does not change (Figure 7), as reported 
previously [42–44]. The variations become notable when hydrates occupy more than 45% of 
the pore space. For instance, thermal conductivity became 14% higher, while Sh reached 61% 
in silty sand (W = 18%) and 9% higher as Sh increased to 57% in fine sand.

3.2. Hydrate formation at t < 0°C

Hydrate formation at t < 0°C was studied in frozen methane-bearing samples in a pres-
sure cell, at temperatures of −5 ± 1°C (Figure 8). Unlike the tests at low positive tempera-
tures, methane hydrates form more slowly at negative temperatures. As a result, the rate 
of hydrate formation in frozen samples is commensurate with that at positive tempera-
tures for quite a long time. The reason is that, at negative temperatures, gas hydrates form 
directly on the surface of ice particles, as demonstrated by special studies of interaction 
between ice particles and CO2 and CH4 gases [46, 47]. Hydrate that forms during this inter-
action has a low density, and, hence, a high permeability and does not impede much the 
conversion of ice particles to hydrate. The same mechanism apparently works during tran-
sition of pore ice into hydrate, judging by the dynamics of gas hydrate formation in frozen 
sediments. Unlike the case of t > 0°C, the thermal conductivity of frozen samples decreases 
nonuniformly with time during hydrate formation (Figure 9). The decrease is to 1.81 W/
(m·K) (8%) for the first 50 h of hydrate growth and then as small as 3% for the subsequent 
125 h. In general, this decrease is observed in the Sh range from 0 to 50−60% (Figure 10). The 
thermal conductivity decrease most likely results from reduction in the amount of ice, with 
its thermal conductivity as high as 2.23 W/(m·K), and the related growth in the share of the 
less conductive hydrate (0.6 W/(m·K)).

Figure 6. Time-dependent thermal conductivity of gas-saturated silty sand (W = 18%; n = 0.40) during hydrate formation 
at t = +2 ± 1°C [45].
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Figure 9. Time-dependent thermal conductivity of gas-saturated fine sand (W = 22%; n = 0.60) during hydrate formation 
at t = −5 ± 1°C [45].

Figure 7. Thermal conductivity of sediments as a function of hydrate saturation (Sh, %) at t = +2 ± 1°C: (1) fine sand, 
W = 16%; (2) fine sand, W = 10%; (3) fine sand, W = 15%; (4) fine sand +14% kaolin clay, W = 15%; and (5) silty sand, 
W = 18% [45].

Figure 8. Pore methane hydrate formation in frozen fine sand (W = 22%; n = 0.60) at t = −5 ± 1°C: time-dependent hydrate 
saturation (Sh, %) [45].
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3.3. Effect of freezing

To study the effects of freezing on thermal conductivity, the samples saturated with hydrate 
at t > 0°C were cooled from −5 to −8°C. Although hydrate had already saturated 50−60% of 
the pore space before freezing and the hydrate formation almost ceased, the samples pro-
duced additional pore hydrate upon further cooling, in all runs (Table 2), more in silty sand 
than in fine sand. Thus, a large portion of residual water that survived conversion to hydrate 
at positive temperatures became consumed during cooling and freezing. Hydrate formation 
became more active as the survived pore water froze up because cryogenic deformation of 
the soil skeleton and release of dissolved gas produced new water-gas interfaces. The amount 
of hydrate additionally formed as a result of freezing mainly depends upon soil mineralogy, 
clay content, and water saturation.

Thermal conductivity decreased dramatically in freezing hydrate-saturated sediments 
(Figure 11 A) but became 15−20% higher in hydrate-barren samples (Figure 11 B). The freez-
ing-induced thermal conductivity reduction was 10% in fine sand (from 1.96 to 1.77 W/(m·K)) 
but reached 50% in silty sand with W = 16% (2.01–0.96 W/(m·K)) [45].

Figure 10. Thermal conductivity of sediments as a function of hydrate saturation (Sh, %), at t = −5 ± 1°C: (1) fine sand, 
W = 19% and n = 0.40; (2) fine sand, W = 22% and n = 0.60; (3) fine sand, W = 15% and n = 0.38; (4) silty sand, W = 24% and 
n = 0.60; and (5) silty sand, W = 16% and n = 0.38 [45].

Type of soil W (%) Sh (%)

Before freezing After freezing

Fine sand 16 58 71

Fine sand +14% kaolin 15 62 79

Silty sand 18 61 85

Silty sand 16 52 79

Table 2. Methane hydrate formation upon freezing of residual pore water [45].
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Figure 9. Time-dependent thermal conductivity of gas-saturated fine sand (W = 22%; n = 0.60) during hydrate formation 
at t = −5 ± 1°C [45].

Figure 7. Thermal conductivity of sediments as a function of hydrate saturation (Sh, %) at t = +2 ± 1°C: (1) fine sand, 
W = 16%; (2) fine sand, W = 10%; (3) fine sand, W = 15%; (4) fine sand +14% kaolin clay, W = 15%; and (5) silty sand, 
W = 18% [45].

Figure 8. Pore methane hydrate formation in frozen fine sand (W = 22%; n = 0.60) at t = −5 ± 1°C: time-dependent hydrate 
saturation (Sh, %) [45].
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3.3. Effect of freezing

To study the effects of freezing on thermal conductivity, the samples saturated with hydrate 
at t > 0°C were cooled from −5 to −8°C. Although hydrate had already saturated 50−60% of 
the pore space before freezing and the hydrate formation almost ceased, the samples pro-
duced additional pore hydrate upon further cooling, in all runs (Table 2), more in silty sand 
than in fine sand. Thus, a large portion of residual water that survived conversion to hydrate 
at positive temperatures became consumed during cooling and freezing. Hydrate formation 
became more active as the survived pore water froze up because cryogenic deformation of 
the soil skeleton and release of dissolved gas produced new water-gas interfaces. The amount 
of hydrate additionally formed as a result of freezing mainly depends upon soil mineralogy, 
clay content, and water saturation.

Thermal conductivity decreased dramatically in freezing hydrate-saturated sediments 
(Figure 11 A) but became 15−20% higher in hydrate-barren samples (Figure 11 B). The freez-
ing-induced thermal conductivity reduction was 10% in fine sand (from 1.96 to 1.77 W/(m·K)) 
but reached 50% in silty sand with W = 16% (2.01–0.96 W/(m·K)) [45].

Figure 10. Thermal conductivity of sediments as a function of hydrate saturation (Sh, %), at t = −5 ± 1°C: (1) fine sand, 
W = 19% and n = 0.40; (2) fine sand, W = 22% and n = 0.60; (3) fine sand, W = 15% and n = 0.38; (4) silty sand, W = 24% and 
n = 0.60; and (5) silty sand, W = 16% and n = 0.38 [45].

Type of soil W (%) Sh (%)

Before freezing After freezing

Fine sand 16 58 71

Fine sand +14% kaolin 15 62 79

Silty sand 18 61 85

Silty sand 16 52 79

Table 2. Methane hydrate formation upon freezing of residual pore water [45].
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Thus, thermal conductivity may decrease dramatically in hydrate-saturated sediments 
exposed to further freezing, whereby the survived pore water freezes up, as a result of addi-
tional hydrate formation. This behavior may be due to structure and texture changes in freez-
ing gas- and hydrate-bearing sediments. These are especially the effects of heaving or cracking 
of hydrate-saturated soil or the formation of highly porous hydrate at grain boundaries, with 
thermal conductivity as low as ~0.35 W/(m·K).

3.4. Effect of thawing

To study the effect of thawing on the behavior of thermal conductivity, the frozen sand sam-
ples that were saturated with hydrate at t < 0°C were heated to +2 ± 1°C. The tests showed 
additional hydrate formation in fine sand (Table 3), as in the case of freezing, but unlike the 
latter case, it did not exceed 10% [45]. Faster hydrate generation upon thawing was attributed 
to deformation of soil skeleton and formation of new water-gas interfaces. Additional hydrate 
formation upon thawing of hydrate-saturated sand was more intense in the initially water-
saturated samples: 10 and 7% of additional hydrate formed in sandy samples with W = 19 and 
15%, respectively. As the frozen hydrate-bearing samples thawed, their thermal conductivity 

Figure 11. Variations in thermal conductivity of gas-saturated sediments upon cooling (to +2°C) and freezing: (A) 
hydrate-bearing samples after freezing and (B) frozen hydrate-barren samples. Solid (red) and dash (blue) lines 
correspond to samples saturated with gases that can and cannot form hydrates (methane and nitrogen, respectively): (1) 
fine sand, W = 16%; (2) fine sand +14% kaolin, W = 15%; (3) silty sand, W = 18%; and (4) silty sand, W = 16%.

Type of sediment W (%) Sh (%) Thermal conductivity (W/(m·K))

Before thawing After thawing Before thawing After thawing

Fine sand 19 0.64 0.71 1.80 1.70

Fine sand 15 0.57 0.61 1.86 1.76

Table 3. Thermal conductivity and hydrate saturation of frozen hydrate-bearing sand upon thawing (to +2 ± 1°C) at 
above-equilibrium methane pressure [45].
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decreased (from 1.86 to 1.72 W/(m·K) or for 8%). Two main reasons of such reduction are (1) 
thermal conductivity difference between pore ice and water and (2) hydrate saturation increase.

Thus, both freezing and thawing cause thermal conductivity reduction in frozen soils satu-
rated with methane hydrate at above-equilibrium pressures.

The observed thermal conductivity variations associated with hydrate formation at different 
conditions (low positive and negative temperatures, freezing and thawing) indicate that this 
behavior is mostly controlled by phase transitions in pore fluids and by structure and texture 
changes in main sample constituents, which were explained by Chuvilin and Bukhanov [45] 
in two models of structure and texture changes in gas-saturated sediment during hydrate 
formation. These models can be used for reference in geomechanical and thermal simulations 
of gas hydrate reservoirs, taking into account the conditions of pore hydrate formation, with 
implications for methane recovery.

3.5. Effect of hydrate dissociation

The effect of hydrate dissociation on thermal conductivity of frozen hydrate-bearing soils 
at below-equilibrium pressure was investigated in manmade sand samples at temperatures 
about −5 to −6°С and atmospheric pressure [48]. Pore hydrates in the frozen sand samples 
failed to reach complete decomposition in the experiments due to their self-preservation 
[49–52], with residual hydrate saturation (Sh, %) up to 10% or more (Figure 12). The hydrate 
dissociation was attendant with notable increase in thermal conductivity; it became 2.5 times 
higher (from 0.57 W/(m·K) to 1.41 W/(m·K) as Sh reduced from 40 to 15%) in fine sand and 
more than three times higher as Sh became 10% in silty sand. Thermal conductivity increase 
in the end of the experiment was due to decrease in the amount of pore hydrate and increase 
in pore ice, with residual hydrate saturation (Sh, %) of 10% (Figure 11). Low thermal con-
ductivity of frozen hydrate-bearing samples (0.5–0.6 W/(m·K)) for first few minutes after the 
equilibrium pressure drop to the atmospheric value (0.1 MPa) may result from both high con-
tents of pore hydrate and formation of microcracks in this hydrate which heal up afterward 
during its dissociation [53].

Figure 12. Thermal conductivity variations of frozen hydrate-contain sands during methane hydrate dissociations 
at t = −5 to −6°С and pressure 0.1 MPa: Data points (triangles and circles) are experimental measurements; lines are 
approximation trends: (1) fine sand, W = 17% and n = 0.40; (2) silty sand, W = 17% and n = 0.40.
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Thus, thermal conductivity may decrease dramatically in hydrate-saturated sediments 
exposed to further freezing, whereby the survived pore water freezes up, as a result of addi-
tional hydrate formation. This behavior may be due to structure and texture changes in freez-
ing gas- and hydrate-bearing sediments. These are especially the effects of heaving or cracking 
of hydrate-saturated soil or the formation of highly porous hydrate at grain boundaries, with 
thermal conductivity as low as ~0.35 W/(m·K).

3.4. Effect of thawing

To study the effect of thawing on the behavior of thermal conductivity, the frozen sand sam-
ples that were saturated with hydrate at t < 0°C were heated to +2 ± 1°C. The tests showed 
additional hydrate formation in fine sand (Table 3), as in the case of freezing, but unlike the 
latter case, it did not exceed 10% [45]. Faster hydrate generation upon thawing was attributed 
to deformation of soil skeleton and formation of new water-gas interfaces. Additional hydrate 
formation upon thawing of hydrate-saturated sand was more intense in the initially water-
saturated samples: 10 and 7% of additional hydrate formed in sandy samples with W = 19 and 
15%, respectively. As the frozen hydrate-bearing samples thawed, their thermal conductivity 

Figure 11. Variations in thermal conductivity of gas-saturated sediments upon cooling (to +2°C) and freezing: (A) 
hydrate-bearing samples after freezing and (B) frozen hydrate-barren samples. Solid (red) and dash (blue) lines 
correspond to samples saturated with gases that can and cannot form hydrates (methane and nitrogen, respectively): (1) 
fine sand, W = 16%; (2) fine sand +14% kaolin, W = 15%; (3) silty sand, W = 18%; and (4) silty sand, W = 16%.

Type of sediment W (%) Sh (%) Thermal conductivity (W/(m·K))

Before thawing After thawing Before thawing After thawing

Fine sand 19 0.64 0.71 1.80 1.70

Fine sand 15 0.57 0.61 1.86 1.76

Table 3. Thermal conductivity and hydrate saturation of frozen hydrate-bearing sand upon thawing (to +2 ± 1°C) at 
above-equilibrium methane pressure [45].
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decreased (from 1.86 to 1.72 W/(m·K) or for 8%). Two main reasons of such reduction are (1) 
thermal conductivity difference between pore ice and water and (2) hydrate saturation increase.
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behavior is mostly controlled by phase transitions in pore fluids and by structure and texture 
changes in main sample constituents, which were explained by Chuvilin and Bukhanov [45] 
in two models of structure and texture changes in gas-saturated sediment during hydrate 
formation. These models can be used for reference in geomechanical and thermal simulations 
of gas hydrate reservoirs, taking into account the conditions of pore hydrate formation, with 
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ductivity of frozen hydrate-bearing samples (0.5–0.6 W/(m·K)) for first few minutes after the 
equilibrium pressure drop to the atmospheric value (0.1 MPa) may result from both high con-
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during its dissociation [53].
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4. Conclusions

Thermal conductivity of wet porous fine-grained soils depends on particle size, mineralogy, 
pore space structure, and moisture contents, as well as on the phase state and phase change 
of pore fluids. The effects of water→ice, water→gas hydrate, and ice→gas hydrate transitions 
were studied in experiments, which show the phase change direction and relative contents of 
water phases in the pore space to be principal controls of thermal conductivity. It increases 
in wet porous sediments subject to freezing and subsequent cooling, primarily, due to pore 
water-to-ice conversion at a wide range of negative temperatures. However, the process may 
induce microcracking, which may reduce thermal conductivity.

Thermal conductivity of frozen sediments mainly depends on lithology, salinity, organic mat-
ter content, and absolute negative temperature, which affect the amount of residual liquid 
phase (unfrozen water) in frozen soils. Namely, thermal conductivity commonly decreases as 
soil contains more unfrozen water, in the series ‘fine sand – silty sand – sandy clay – clay’, as 
well as at increasing salinity or organic (e.g., peat) contents.

As demonstrated by our experiments, thermal conductivity can either increase or decrease 
depending on hydrate formation conditions. Namely, it increases if gas hydrates form at 
positive temperatures (t > 0оC) but decreases during hydrate formation in frozen samples. 
Freezing and thawing of hydrate-bearing sediments above the equilibrium pressure reduces 
their thermal conductivity due to additional hydrate formation. On the other hand, thermal 
conductivity of hydrate-bearing frozen sediments may increase during dissociation of pore 
hydrates due to their self-preservation. It increases as the pore space contains smaller amounts 
of hydrates but more ice which is four times more thermally conductive.
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4. Conclusions

Thermal conductivity of wet porous fine-grained soils depends on particle size, mineralogy, 
pore space structure, and moisture contents, as well as on the phase state and phase change 
of pore fluids. The effects of water→ice, water→gas hydrate, and ice→gas hydrate transitions 
were studied in experiments, which show the phase change direction and relative contents of 
water phases in the pore space to be principal controls of thermal conductivity. It increases 
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water-to-ice conversion at a wide range of negative temperatures. However, the process may 
induce microcracking, which may reduce thermal conductivity.
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depending on hydrate formation conditions. Namely, it increases if gas hydrates form at 
positive temperatures (t > 0оC) but decreases during hydrate formation in frozen samples. 
Freezing and thawing of hydrate-bearing sediments above the equilibrium pressure reduces 
their thermal conductivity due to additional hydrate formation. On the other hand, thermal 
conductivity of hydrate-bearing frozen sediments may increase during dissociation of pore 
hydrates due to their self-preservation. It increases as the pore space contains smaller amounts 
of hydrates but more ice which is four times more thermally conductive.
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A vacuum tight glass edge seal’s thermal conductivity is one of the principal factor in
determining the heat distribution towards the centre of pane, ultimately influences the
thermal transmittance (U-value) of a triple vacuum glazing. So far indium and solder glass
have proven to be vacuum tight edge sealing materials but both have certain limitations.
In this chapter, a new low-temperature vacuum tight glass edge seal composite’s thermal
conductivity, Cerasolzer CS186 alloy and J-B Weld epoxy-steel resin, were measured and
validated with the mild-steel and indium using transient plane source method with a
sensor element of double spiral and resistance thermometer in a hot disk thermal con-
stants analyser TPS2500s are reported. The thermal conductivity data of Cerasolzer CS186
alloy and J-B Weld epoxy steel resin were measured to be 46.49 and 7.47 Wm�1 K�1, with
the deviations (using analytical method) of �4 and �7% respectively. These values were
utilised to predict the thermal transmittance value of triple vacuum glazing using 3D finite
element model. The simulated results show the centre-of-glass and total U-value of
300 � 300 mm triple vacuum glazing to be 0.33 and 1.05 Wm�2 K�1, respectively. The
influence of such a wide edge seal on the temperature loss spreading from the edge to the
central glazing area is analysed, in which the predictions show wider edge seal has
affected the centre-of-glass U-value to 0.043 Wm�2 K�1 due to the temperature gradient
loss spread to 54 and 84 mm on the cold and warm side respectively.
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1. Introduction

Carbon reduction and energy efficiency of domestic buildings have been one of the major
global concerns due to limits with climate change [1]. Energy efficiency can be improved by
high performance smart windows, high levels of wall insulation, efficient appliances and
effectiveness of renewable energy results in saving financial cost to consumers and carbon
dioxide emissions [2, 3]. One of the main functions of a smart triple vacuum glazed windows is
to reduce heat flow between indoors and outdoors, i.e. to provide preeminent thermal insula-
tion so called thermal transmittance (U-value) [4]. It depends on the number of glass panes, the
space between glass panes, emissivity of the coatings on glass pane, frame in which the glass is
installed, the type of spacers that separate the panes of glass and the type of window frame.
The total U-value includes the effect of the frame and the glazing edge area. An influence of the
glazing edge area is dependent on the width and the type of edge sealing material.

The hermetic edge seal of a triple vacuum glazing must be capable of maintaining vacuum
pressure of less than 0.1 Pa in order to suppress gaseous conduction for long term duration [5].
Sealing of two glass panes edges using high power laser through quartz window in vacuum
chamber was developed by Benson et al. [6]. This achieves hermetic seal but the level of
vacuum was not less than 0.1 Pa, due to gases and vapour particles caused by lasering remain
in the cavity [7]. High temperature edge sealing technique developed by the Collins group at
the University of Sydney is based on material solder glass sealed at high temperature around
450�C [8–10]. This technique achieved significant centre of pane U value of 0.8 Wm�2 K�1 and
considered at commercial level. The problems with high temperature method of sealing is
degradation of low emittance coatings only hard coatings can be used, if using toughened
glass then loss of toughness, and require more amount of heat energy for fabrication due to
heat require for several hours. Low temperature solder glass material was investigated to form
a hermetic edge seal, but durability was a problem due to the absorption of moisture. Polymers
have problems of gas permeability and out gassing [7]. Low temperature edge sealing tech-
nique developed at the University of Ulster is based on Indium alloy sealed at low temperature
process about 160�C. It requires secondary adhesive seal to prevent access from moisture
[11, 12]. A low temperature sealing process allows the use of low emittance soft coatings
reduces radiative heat transfer between glass panes and toughened glass allows to increase
support pillar spacing reduces conductive heat transfer. The problem with low temperature
edge sealing material is indium alloy is high-priced and for long term cost effective vacuum
glazing, this method is not encouraged at commercial level [13, 14].

A new low-temperature composite materials and methods of fabrication was reported in
Memon et al. [15]. In which CS-186 type of Cerasolzer and steel reinforced epoxy by J-B resin
were used for the development of triple vacuum glazing as shown in Figure 1. In this chapter,
the experimental measurements of thermal conductivity of this composite material are
reported. The significance of this study is to analyse the influence of edge area on the thermal
transmittance of the composite edge seal for the fabrication of triple vacuum glazing. This
value of the thermal conductivity was then used to develop model using finite element method
to predict the influence of its wider edge seal and due to its thermal conductivity on the
thermal performance.
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2. Methodology

A number of different instruments are available for the measurement of the thermal properties
of materials [16]. There are two main methods, steady state method and transient. The steady
state approach is further divided into one dimensional heat flow and radial heat flow tech-
niques. One dimensional heat flow technique include the guarded hot plate method which is
the ASTM standard based measurement system used for highly insulating materials. The
radial heat flow technique includes cylindrical, spherical and ellipsoidal methods. There are a
number of transient methods, which can be used for the measurement of thermal conductivity
such as hot wire, transient hot strip and transient plane source methods. The experimental
measurements of thermal conductivity performed in this study were undertaken using a Hot
Disk thermal constants analyser TPS 2500 s. This system is based on the transient plane source
(TPS) method. The TPS method consists of a sensor element in the shape of a double spiral
which acts both as a heat source to increase the temperature of the sample and a resistance
thermometer to record the time dependent temperature increase [17]. In the current experi-
ments, a sensor of design 7577 was used which is made of a 10 μm thick Nickel-metal double
spiral. The radius of the sensor was chosen to be 2.001 mm in order to reduce the size of the
sample. It is advised [18] that the diameter of the sample should not be less than twice that of
the sensor diameter and the thickness of the sample should not be less than the radius of the
sensor. The sensor element is usually insulated with a material to provide electrical insulation.
The material used is dependent on the operating temperatures. A thin polyamide (Kapton)
insulating material was chosen for the sensor insulation which is suitable from cryogenic
temperatures to about 500 K [19].

A sensor is placed between two flat cylindrical samples, as shown in Figure 2. Passage of a
constant electric power through the spiral produces heat, increases the temperature and there-
fore the resistance of the spiral sensor as a function of time which can be expressed according
to Gustavsson et al. [16] as,

R tð Þ ¼ Ro 1þ φ ΔTi þ ΔTave τð Þ½ �f g (1)

Figure 1. A schematic diagram of vacuum tight dual edge sealed triple vacuum glazing.
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where Ro is the resistance in ohms before the sensor is heated or at time t = 0 s, φ is the
temperature coefficient of the resistivity (TCR) of the sensor 7577 i.e. 46.93 � 10�4 K�1, ΔTi is
the initial temperature difference that develops momentarily over the thin insulating layers
which cover the two sides of the sensor. The thermal conductivity of the sample can be
expressed according to Bohac et al. [19] as,

k ¼ Po

π
3
2:a:ΔTave τð Þ :D τð Þ (2)

τ ¼
ffiffiffiffi
t
tc

r
(3)

tc ¼ a2

α
(4)

Where α is the thermal diffusivity of the sample in mm2 s�1. From the experimentally recorded
temperature increase over D τð Þ a straight line can be plotted which intercepts ΔTi, and slope
of Po

π
3
2:a:ΔTave τð Þ

which allows the thermal conductivity to be determined. The final straight line

from which the thermal conductivity measured is obtained through a process of iteration [17].
During a pre-set time, 200 resistance recordings are taken and from these a relation between
temperature and time is established.

3. Results and discussions

3.1. Experimental measurements of the thermal conductivity of the hermetic edge seal

In order to validate the measurements of Cerasolzer allow and J-B Weld epoxy the results
were compared with several measurements of the samples of Mild Steel (MSteel) and Indium
in four repetitive experiments, combined the cut faces flatten to reduce the experimental
errors. The experimental data are plotted in Figure 3. As can be seen this work is verified by
the reported data of Mild steel and Indium. An increase of temperature with respect to
reporting time interval have similar deviations and the highest increase of temperature was
recorded for JB-Weld which gives a good agreement with the experimental data. The average

Figure 2. A schematic diagram of the pair of samples and the hot disk sensor placed in between two flat cylindrical
samples.
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temperature increase measured by the TPS sensor type 7577 of the mild steel, indium, J-B
Weld epoxy steel resin and Cerasolzer CS186 samples are shown in Figure 4. It can be seen
that the increase in temperature in the epoxy J-B Weld is greater than the mild steel. This is
due to the fact that heat flow in semi-polymeric materials is low compared to metallic
materials. The temperature increase in the sample made from Cerasolzer alloy was higher
than the indium sample [20, 21].

An average thermal conductivity of a mild steel type SIS2343 sample was measured to be
13.76 Wm�1 K�1. The reliability of the measured thermal conductivity is compared with the
standard measurement value given in the standard data sheet i.e.13.62 Wm�1 K�1. An average
thermal conductivity of the indium sample was measured to be 77.84 Wm�1 K�1 with a
repeatability of four times. The thermal conductivity measurement for Cerasolzer alloy and
J-B Weld epoxy steel resin, as detailed in Table 1, with the deviations were calculated to be �4
and �7% in the experimental measurements as compared with the analytical methods as
detailed in the Section 2.

Figure 3. Experimental results as function of temperature increase for JB-weld and Cerasolzer in comparison to the
verified mild steel and indium.
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3.2. Thermal performance analysis of hermetic edge sealed triple vacuum glazing

By utilising the measured thermal conductivities of Cerasolzer alloy as primary seal and JB-
Weld as secondary seal, as detailed in Table 1, a 3D FE (finite element) model based on a
commercial software package MSC Marc was employed to analyse the heat transfer and
predict the thermal performance of the triple vacuum glazing. The symmetry of the model
was exploited to simulate the heat transfer process in computationally efficient way; only one
quarter (150 � 150 mm) of the triple vacuum glazing of dimensions 300 � 300 mm was
modelled and simulated using ASTM boundary conditions [22]. Three k glass sheets having
thermal conductivity of 1 Wm�1 K�1 with SnO2 coatings on inner surfaces with the emissivity

Figure 4. The average recorded temperature increase using the TPS sensor type 7577 for the samples made from mild
steel, indium, J-B weld epoxy steel resin and Cerasolzer CS186.

Sample Thermal conductivity at 21�C (Wm�1 K�1)
(Deviation)

Measuring time
(second)

Power output from sensor
(watts)

Mild Steel 13.76 (1%) 20 1

Indium 77.84 (7%) 20 1

Cerasolzer
CS186

46.49 (�4%) 20 1

J-B Weld 7.47 (�7%) 20 1

Table 1. Measured thermal conductivities of Cerasolzer alloy CS186 and J-B weld epoxy steel resin and measurements of
mild steel and indium.
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of 0.15 were used. The support pillars were incorporated into the model explicitly [23]. This is
based on the actual stainless steel pillar array having 16.2 Wm�1 K�1 of thermal conductivity.
The number of support pillars was employed in the triple vacuum glazing that represented by
the same number of pillars in the developed finite-element model. Since modelling the pillars
with circular cross-section would lead to non-uniform mesh with distorted elements around
the pillar, they were modelled using square cross-section (considered the diameter of 0.3 mm,
height of 0.15 mm and pillar separation of 24 mm). Additionally, it is already established in the
literature that the heat transfer through the pillar does not depend upon its shape but its cross-
sectional area under certain boundary conditions [24, 25]. In order to keep the cross-sectional
area similar to circular pillar with radius r, the side length of each square used is 1.78 r. The FE
model implemented eight-node iso-parametric elements, with a total of 170,455 elements and
201,660 nodes to represent a quarter of the fabricated triple vacuum glazing. In FE model, the
evacuated gap between glasses was represented with as a material with almost zero thermal
conductivity to represent triple vacuum glazing. For sake of simplicity, the influence of resid-
ual gas among glasses was neglected in the model. In order to achieve realistic results from the
simulation, a graded mesh with large number of elements was employed in the pillar. In
addition to this, a convergence study was performed on the pillar to ensure the accuracy of
the thermal performance predicted using the model. The material properties of the glass sheets
applied to the models are those found in [22] and summarised in Table 2. The ASTM weather
indoor/outdoor boundary conditions were employed in which the indoor and outdoor surface
air temperatures were set to be at 21.1�C and �17.8�C respectively in winter conditions [23].

Type Details Value

TVG size Top 284 by 284 by 4 mm

Middle 292 by 292 by 4 mm

Bottom 300 by 300 by 4 mm

Glass sheet Thermal conductivity 1 Wm�1 K�1

Surface coating Three low-e coatings ε of 0.15 (SnO2)

Glass sheet support-pillar Thermal conductivity 16.2 Wm�1 K�1

Material Stainless steel 304

Diameter 0.3 mm

Height 0.15 mm

Spacing 24 mm

Hermetic edge seal (Primary) Measured thermal conductivity 46.49 Wm�1 K�1

Material Cerasolzer CS-186

Width (wideness) 10 mm

Support seal (Secondary) Measured thermal conductivity 7.47 Wm�1 K�1

Epoxy steel resin J-B Weld

Width (wideness) 4 mm

Table 2. Parameters employed in FEM of the fabricated sample of triple vacuum glazing.
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3.2. Thermal performance analysis of hermetic edge sealed triple vacuum glazing
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modelled and simulated using ASTM boundary conditions [22]. Three k glass sheets having
thermal conductivity of 1 Wm�1 K�1 with SnO2 coatings on inner surfaces with the emissivity

Figure 4. The average recorded temperature increase using the TPS sensor type 7577 for the samples made from mild
steel, indium, J-B weld epoxy steel resin and Cerasolzer CS186.

Sample Thermal conductivity at 21�C (Wm�1 K�1)
(Deviation)

Measuring time
(second)

Power output from sensor
(watts)

Mild Steel 13.76 (1%) 20 1

Indium 77.84 (7%) 20 1

Cerasolzer
CS186

46.49 (�4%) 20 1

J-B Weld 7.47 (�7%) 20 1

Table 1. Measured thermal conductivities of Cerasolzer alloy CS186 and J-B weld epoxy steel resin and measurements of
mild steel and indium.
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The internal and external surface heat transfer coefficients were set to 8.3 and 30 Wm�2 K�1

respectively [26].

The finite element 3D modelling results show a centre of glass and overall U-value of 0.33 and
1.05 Wm�2 K�1, respectively, this is compared to the predictions of [26] i.e. 0.2 Wm�2 K�1 and
[27] i.e. 0.26 Wm�2 K�1 as follows.

The U value (centre of glass) 0.2 Wm�2 K�1 [13] was based on the parametric model of
triple vacuum glazing without frame focused on the central glazing area. This value was
achieved with 6 mm (top), 4 mm (middle) and 6 mm (bottom) thick untampered soda lime
glass sheets having four layers (1-top, 2-middle and 1-bottom) of low-e coatings (ε of 0.03). It is
compared with the results of this paper, it is found that an increase of U value (centre-of-glass)
0.13 Wm�2 K�1. Such deviation is due to the design of the fabricated sample reported in this
paper which is made of 4 mm(top), 4 mm (middle) and 4 mm(bottom) untampered soda lime
glass sheets having three layers of low-e SnO2 coatings (ε = 0.15). The reason, to use such
dimensions and SnO2 coatings, is the conventional availability of glass sheets from Pilkington
Glass and its use in the UK dwelling.

The influence of edge effects is well-detailed in Fang et al. [27, 28] and reported predicted the U
values (centre-of-glass and overall) to be 0.26 and 0.65 Wm�2 K�1, respectively. These values
were reported for a TVG sample size of 500 � 500 mm with 4 mm (top), 4 mm(middle) and
4 mm (bottom) un-tempered soda lime glass sheets having four layers (1-top, 2-middle and
1-bottom) of low-e coatings (ε of 0.03) with a frame rebate depth of 10 mm and the width of
indium-alloy edge seal 6 mm (k of 83.7 Wm�1 K�1). It can be compared, considering all factors,
with the results of this paper. It is found that an increase of 0.07 Wm�2 K�1 (deviation of 26.9%)
and 0.4 Wm�2 K�1 (deviation of 61.54%) of centre of glass and overall U value, respectively. Such
deviations, as per FEM calculations, are due to: the sample size influences to a small extent as the
TVG fabricated sample size was of the size 300 � 300 mm, the width of the edge seal influences
to a large extent because the TVG fabricated sample width of edge seal used was total 14 mm
(10 mm wide Cerasolzer seal and 4 mm wide J-B Weld supportive seal), the use of three SnO2

low-e coatings (ε of 0.15) in the fabricated sample instead of four Ag low-e coatings (ε of 0.03),
and there is no frame rebate depth utilised in the fabricated sample of TVG that has an influence
to a small extent on the overall U value of the TVG because the purpose of this paper is focused
on the hermetic sealing materials thermal conductivities and triple vacuum glazing area thermal
performance only. By accounting all these factors and including the thermal conductivity of the
sealing materials, the FEM model predictions are in good agreement.

The simulated isotherms of the triple vacuum glazing for the outdoor and indoor surfaces are
shown in Figure 5. The mean glass surface temperatures were simulated to be �12.55 and
6.71�C for the outdoor and indoor surfaces of the total glazing area. The mean surface temper-
atures for the centre of glass area were simulated to be 16.43 and �16.60�C for the outdoor and
indoor surfaces respectively. It can be seen the temperature discrepancies on the outdoor side
are smaller than the indoor side. This is, however, due to the use of 14 mm composite edge seal
as compared to the edge seal thickness of 6 mm [28]. Thus, the edge effects need to be reduced
by narrowing the width of edge-seal to 9 mm (6 mm and 3 mm for primary and secondary
respectively) which reduces the centre-of-glass U-value of 0.043 Wm�2 K�1.
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A finite element calculations of the temperature loss due to a wider edge seal are analysed,
along the outer surface lines AA and BB (as shown in Figure 5), showing the temperature
gradient from the glazing edge to the central area of the glazing as illustrated in Figure 6. An

Figure 5. The FEM based isotherms on (a) the indoor (b) the outdoor glass surface showing the temperature variations
from the edge area towards the central glazing area.

Figure 6. The temperature loss, due to a wider edge seal, along the glazing surface lines AA and BB showing the
temperature gradient from the glazing edge to the central area of the glazing of the one quarter of total sample of
300 � 300 mm using ASTM boundary conditions.
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influence of wider edge seal on temperature loss around the edge area has affected the centre-
of-pane U value. Figure 6 shows there are smaller temperature gradients on the cold surface as
compared to the warm surface of the glazing which is due to the periodic shape of the edge
sealing area of triple vacuum glazing as shown in Figure 1(b). It can be seen the influence of
temperature gradient loss spread to 54 and 84 mm on the cold and warm side respectively.
When comparing with the temperature gradient profiles of [26, 27] the results are in good
agreement with the results presented in this paper.

4. Conclusions

In this study, a hot disk thermal constants analyser TPS 2500s using transient plane source
technique with a sensor element in the shape of double spiral and resistance thermometer is
proved to be an adequate in measuring and analysing the thermal conductivity of hermetic
edge sealing materials (i.e. Cersolzer CS186 and J-B Weld). The technique was validated by
measuring the thermal conductivity for Mild Steel and Indium and comparing these results
with those available in literature. This validated technique based on hot disk thermal constants
analyser was then used to measure thermal conductivity of Cerasolzer CS186 alloy and J-B
Weld epoxy steel resin and found to be 46.49 and 7.47 Wm�1 K�1, respectively. It has been
shown that an increase in temperature has direct relation with respect to reporting time with
highest increase in temperature was recorded for JB-Weld for a given time period, which is in
agreement with the experimental data. It has also been shown that the increase in temperature
in the epoxy J-B Weld is greater than that of mild steel. This observation is linked to the fact
that the heat flow in semi-polymeric materials is less as compared to that of metallic materials.
The temperature increase in the sample made from Cerasolzer alloy was higher than that
of indium sample. These values were utilised for the numerical prediction of thermal perfor-
mance of triple vacuum glazing using 3D FE model. The simulated resulted showed that
the centre-of-glass and total U-value of 300 � 300 mm triple vacuum glazing are 0.33 and
1.05 Wm�2 K�1, respectively. The thermal transmittance values can be reduced by using soft
low emittance coatings and by reducing the width of the hermetic edge seal to 9 mm. An
influence of wider edge seal on temperature loss spreading from the edge to the central glazing
area was further analysed with the FEM model calculations. In which it is concluded that the
wider edge seal has affected the U-value to 0.043 Wm�2 K�1 because of the temperature
gradient loss spread to 54 and 84 mm on the cold and warm side respectively.
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Nomenclature

a overall radius of the sensor [m]

d thickness of the glass sheet [mm]

D dimensionless time dependent variable

k thermal conductivity [Wm�1 K�1]

Po total output power from the sensor [W]

R resistance [ohms]

t time [s]

ΔTi initial temperature difference [K]

ΔTave τð Þ average temperature increase of the sample surface on the other
side of the sensor [K]

T temperature [�C]

U thermal transmittance [Wm�2 K�1]

Abbreviations

ASTM American Society for Testing and Materials

CALEBRE consumer appealing low energy technologies for building retrofitting

CIBSE chartered institution of building services engineers

FEM finite element model

TPS transient plane source

TVG triple vacuum glazing

Subscripts

ave. average

o before the sensor is heated at

c t = 0 s characteristic

Greek letters

r density [kgm�3]

α thermal diffusivity of the sample [mm2 s�1]
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τ dimensionless time dependent function

φ temperature coefficient of the resistivity [K�1]

ϕ heat loss [W]

ε emittance
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Abstract

Herein, we report a method for structural characterization as well as TE properties mea-
surements of individual single-crystalline Lead telluride (PbTe) NWs by employing a 
new microchip design. In this work, the single PbTe NW was characterized in four dif-
ferent types of measurement: structural characterization, Seebeck coefficient S, electrical 
conductivity σ, and thermal conductivity κ. The structural characterization by transmis-
sion electron microscope (TEM) revealed that the PbTe NWs were high-quality single 
crystals with a growth along the [100] direction. The TE properties S, σ, and κ measure-
ment results of individual 75 nm PbTe NW at room temperature were −54.76 µV K−1,  
1526.19 S m−1, and 0.96 W m−1 K−1, respectively. Refer to the result of S, σ and κ; the figure 
of merit ZT values of a 75 nm PbTe NW at the temperature range of 300‒350 K were 
1.4‒4.3 x 10−3. Furthermore, it was observed that the κ value is size-dependent compared 
to previous reported, which indicates that thermal transport through the individual PbTe 
NWs is limited by boundary scattering of both electrons and phonons. The results show 
that this new technique measurement provided a reliable ZT value of individual NW 
yielded high accuracy for size-dependent studies.

Keywords: lead telluride, nanowires, thermal conductivity, size-dependent, figure of merit

1. Introduction

Recently, nano-engineered thermoelectric (TE) materials used for converting waste heat into 
electricity have become an interesting research topic. TE energy converters are devices that 
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can harvest renewable energy for power generation and thermal sensing application [1–3]. 
The efficiency of TE materials is evaluated based on the dimensionless figure of merit ZT, 
which is written as S2σT/(κe + κl), where S, σ, κe, and κl denotes the thermal power or Seebeck 
coefficient, the electrical conductivity, the electronic thermal conductivity, and the lattice 
thermal conductivity, respectively. The quantity of S2σ is defined as the power factor (PF). 
Theoretically, a reduction in dimensionality from three dimensions to one dimension yields 
a dramatically increased electronic density of states (DOS) at the energy band edges and a 
decreased thermal conductivity. As a result, the thermoelectric PF and assuredly ZT value 
enhances [4, 5]. Numerous studies have reported that the enhancement of ZT value in nano-
materials is the result of quantum confinement effects and increased surface phonon scatter-
ing [3, 6, 7].

Due to the nanometer scale effect, it is believed that in NWs comprising TE materials, such as 
PbTe, the value of S is higher than its bulk counterpart [8, 9]. According to the certain carrier-
scattering assumptions, the enhancement of S value occurs because of the sharp increase in 
the local DOS around the Fermi level, which also can be interpreted as an increased local 
DOS effective mass (md*). However, with the overall benefit of such an improvement in S, 
nanosize will cause a declining in carrier mobility (μ) and thus affect to the decreasing the 
ZT value. This is occurs because the increased local DOS usually leads to a heavier trans-
port-effective mass of carriers. In the most well-known high-temperature TE, the carriers 
are predominantly scattered by phonons. [10] Increasing the S is an obvious goal for obtain-
ing a high efficiency TE materials. Nevertheless, other changes in transport properties often 
sacrifice the σ correlated with an increase in the S and thus do not ultimately lead to an 
improvement in ZT.

In order to unveil the size effect on the intrinsic physical properties of TE materials, the mea-
surement of nanowire without interference from either the matrix or external contacts is 
imperative. Furthermore, the TE properties measurement as well as structural characteriza-
tion on single nanowire is also crucial in terms of the accuracy and reliability of the resulting 
ZT value. The low accuracy may occur because every single nanowire, although in the same 
batch synthesis process, may have a different structure or TE properties. However, measuring 
all properties on single nanowire is still challenging due to the unavailability of NW micro-
chip which is compatible for all type measurements.

In this chapter, the synthesis and structural characterization of PbTe NWs as well as the prep-
aration of newly design NW’s microchip to resolve the above mentioned problem will be 
described in the first section. For synthesizing the NW, an alternative free-catalyst technique, 
the stress-induced growth method will be introduced. In the second section, we will discuss 
about their TE properties (S, σ, and κ).

Type of TE NW used in this chapter was single-crystalline PbTe NW. PbTe is a semiconductor 
with an energy band gap of 0.31 eV at 300 K [11–14]. In recent years, it has been found that PbTe is 
one of the superior TE materials in the temperature range of 400–900 K. This material has a large 
Seebeck coefficient, a very low κl (2.2 W m−1 K−1 at 300 K) [15] and a good electrical conductivity 
when appropriately chemical doped [16]. The synthesis of low-dimensional PbTe NWs has been 
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intensively explored in the past decades [17–27]. Besides that, there have also been some studies 
on the TE properties of PbTe-based nanostructures such as PbTe/PbSeTe quantum dot superlat-
tice [28] and PbTe NWs [20] with room temperature ZT value 0.75 and 0.0054, respectively.

2. Synthesis and structural characterization of PbTe NWs

2.1. Synthesis of PbTe NWs

In this work, the synthesis of single-crystalline PbTe NWs via a stress-induced method is 
described elsewhere [27], in a way similar to the on-film formation (ON–OFF) growth of other 
semiconductor NWs. [29] Briefly, the PbTe was made by mixing elemental Pb (Alfa Aesar, −200 
mesh, 99.9%) and Te (Alfa Aesar, −325 mesh, 99.999%) inside a carbon-coated silica tube. After 
that, the resulting mixtures inside the tube was vacuumed up to 10−6 Torr, sealed, and slowly 
heated to 1000°C over a period of 12 hours. On the top of the heating process, the temperature 
was held for 4 hours, and then cooled down to room temperature. The resulted ingot was then 
cut by a diamond saw into a disc shape with a diameter of 10 mm. Before fabricating the PbTe 
films, the disc target and substrates were both ultrasonically cleaned in acetone, isopropanol, 
and then rinsed with deionized water. The PbTe films were prepared by depositing the synthe-
sized PbTe ingot on single-crystal SiO2/Si (100) substrates in a pulsed laser deposition (PLD) 
system (LPX Pro 210). The base pressure of the vacuum system was 5.0×10−7 Torr. The excimer 
laser was applied for 15 min at room temperature with energy and frequency of 140 mJ and 
10 Hz, respectively. The substrate rotation speed was approximately 10 rpm. With the all men-
tioned set up, the total thickness of the PbTe films was about 20 nm. To synthesis PbTe NWs, 
the PbTe films were sealed in a vacuumed quartz tube below 5×10−6 Torr, annealed at 450°C for 
5 days, and then cooled slowly to room temperature. During the annealing process, the NWs 
grew from the film to release the compressive stress caused by the difference in thermal expan-
sion coefficients between the PbTe film (19.8×10−6/°C) and the SiO2/Si substrate (0.5×10−6/°C)/
(2.4×10−6/°C).

2.2. Microchip preparation

As mentioned above, the challenge in working with TE NW was the measurement of thermo-
electric properties as well as structural analysis on specific single-crystalline nanowire, to get a 
high accuracy of ZT value. Here, in order to solve that problem, a novel design of microchip was 
discussed. The preparation processes of the measurement platform are shown in Figure 1. First, 
the silicon (Si) wafer with Si3N4 layer (Figure 1a) on both sides was covered with the photoresist 
by using spin coating method (Figure 1b), followed by standard photolithography processes. 
After that the exposure soluble photoresist can be developed by the developer. The Si wafer was 
then put into the reactive ion etching system (RIE, Model: ANELA DEM-451T) for dry etching. 
The unprotected Si3N4 will be etched by the reactive ion. Then, the wafer is immersed into potas-
sium hydroxide (KOH) solution for wet etching. The silicon which is exposed to KOH will be 
etched and leaving a thin Si3N4 membrane for further processes.
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The standard photolithography processes were used to define the contact pads of the mea-
surement platform. As shown in Figure 2, first, Si wafer with Si3N4 membrane is covered with 
photoresist material by spin coating, followed by exposure, evaporation, and lift-off process. 
The developed primary measurement platform is then ready to be used.

The flow chart of the suspending process of a nanowire on the measurement platform (micro-
chip) was shown in Figure 3. Resistance temperature detectors (RTDs) and current leads were 
fabricated on the primary measurement platform by electron beam lithography [E-Beam 
Writer System, Model: Elionix ELS-7000 (100 keV)]. The Si3N4 membrane was removed by 
inductively coupled plasma etching system (ICP, Model: Elionix EIS-700) to open the win-
dow. After that, the single nanowire from the PbTe thin film was picked up by a tungsten 
needle (dw = 100 nm) under a binocular optical microscope and placed across on two RTDs 
of a Si3N4 microchip, where both ends of the nanowire attached to the current leads. In order 
to improve thermal and electrical contacts between the nanowire and the contact pads, the 
contacts of the nanowire on thermometers and current leads were covered with a thin layer of 
Platinum (Pt) using a focused ion beam (FIB) [DBFIB-SEM, FEI NOVA-600].

To examine how good the prepared contact, the contact resistance of all four points (point 
1, 2, 3, and 4) as depicted in Figure 4 were measured. First, the known direct current (DC) 
was applied between contacts 1 and 4 (4 probes) and then the voltage drop across contact 
2 and 3 (2 probes, see Figure 4) was measured. The total resistance of two-point probe 
configuration is expressed as R2point = Rlead + 2Rcontact + Rnw. Wherein, R2point, Rlead, Rcontact, and 

Figure 1. Schematic Si3N4 membrane template preparation: (a) the silicon wafer with Si3N4 on the both sides, (b) substrate 
is spin coated with photoresist, (c) Photoresist is exposed to a rectangular pattern with ultraviolet light, (d) soluble 
photoresist can be developed by the developer, (e) removing Si3N4 layer by reactive ion etching system (RIE), (f) dip the 
wafer into a bath of KOH for wet etching to create a cavity and leave a suspended Si3N4 membrane, and (g) strip the 
photoresist.
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Rnw represents resistance between point 2 and 3, resistance of Cr/Au electrodes, resistance 
of contacted NW to electrode, and NW resistance, respectively. The resistance of R2point and 
Rnw were measured by two and four-point probes. Whilst, in order to obtain the contact 
resistance as Rcont = (R2point - Rnw)/2, Rlead (~10 Ω) was neglected. The measurement result of 
R2point was about 6‒7% from Rnw value. Since the power dissipation at the contacts is much 
smaller than the minimum power for 3ω signal, the resultant contact resistance supposedly 
does not affect the third harmonic signal. Furthermore, the contact metal pads act as large 
thermal reservoirs where the temperature is kept constant at the initial temperature during 
the experiment.

In addition, the prepared nanowire exhibited a linear current–voltage (I-V) curve wherein 
indicated the Ohmic contact response; the current range within 0 to 100 µA indicating the 
resistivity of NW follows the Ohm’s law. An Ohmic contact is an electrical junction between 
two conductors which has a linear current–voltage (I-V) curve following the Ohm’s law. 
Low resistance Ohmic contacts are applied to facilitate the flow of charge in both directions 
between the two conductors, without blocking from the excess power dissipation due to volt-
age thresholds. The contact quality has a contribution to both an electrical and a thermal 
effect, such as, if the electrical contact resistance is too high, the third harmonics measure-
ment will be influenced by the heat dissipation occurred at the contacts due to Joule heating. 
Furthermore, incorrect selection of a working frequency will develop an error experiment 
results. Therefore, the AC impedance measurements with no electrical artifacts involved were 
utilized to choose a correct working frequency.

Figure 2. Schematic of depositing outer electrodes of the template: (a) silicon wafer with Si3N4 membrane, (b) substrate is 
spin coated with photoresist, (c) photoresist can be exposed to a pattern by ultraviolet light, (d) soluble photoresist will 
be developed by the developer, (e) the Cr/Au electrodes are deposited by thermal evaporator, (f) lift-off the photoresist 
by acetone, and (g) measurement platform is ready to be used.
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2.3. Structural characterization of PbTe NWs

The size and crystalline structure of PbTe NWs were characterized by scanning electron micro-
scope (SEM) and transmission electron microscope (TEM). The SEM image of grew PbTe NWs 
on the substrate (Figure 5a) reveals that the length and the diameter of NWs were ranging from 
5 to 70 µm and 50 to 300 nm, respectively. The NWs with length about 70 µm was picked up, 
placed, and contacted on the microchip as shown in Figure 5b. The prepared contacts have a 

Figure 3. Flow charts of the suspending process of a nanowire on the measurement platform.
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resistance about 425–430 Ω, wherein showed nearly Ohmic contacts. The microchip consisting 
of PbTe NW displayed in Figure 5b was used for complete structural analysis and TE proper-
ties measurements. The representative TEM image showed that the employed PbTe NWs has a 
diameter of 75 nm (Figure 5c) and this size was further convinced by the scanning transmission 
electron microscope (STEM) result (Figure 6a). In addition, the TEM image and a correspond-
ing selected-area electron diffraction (SAED) pattern (inset of the top left of Figure 5c) revealed 

Figure 4. A schematic setup of four-point probe for measurement of electrical resistance (R), Seebeck coefficient (S) and 
the thermal conductivity (κ) by 3ω method.

Figure 5. (a) SEM image of PbTe NWs grew on the surface of the PbTe thin film, (b) SEM images of a PbTe NW suspended 
on a Si3N4 template, inset: the Pt/C thermal contact between the PbTe NW and 10-nm Cr/50-nm Au electrodes on a Si3N4 
microchip, (c) low-magnification TEM images of a PbTe NW, inset of the top left of figure: the SAED pattern (at the [001] 
zone axis), inset of the bottom right of figure: a high-resolution TEM image of a PbTe NW.
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that the PbTe NWs were high-quality single crystals with a growth along the [100] direction. 
While, the lattice fringes of the smooth PbTe were separated by 0.33 nm (inset of the bottom 
right of Figure 5c). This is consistent with a periodicity along the [200] direction with lattice 
constants of approximately 6.549 Å, which are approximately 1.2% higher than the bulk coun-
terpart (a = 6.47 Å).

The chemical composition of the PbTe NWs was studied by using energy disper-
sive X-ray spectroscopy (EDS). The EDS line scan profile, shown in Figure 6a, revealed 
the uniform spatial distribution of the Pb and Te elements throughout the NW. This 
was further confirmed by using a STEM to map elements across the NW [Figure 6b and 
c]. The EDS point scanning experiments of the NWs quantitatively confirmed that Pb 
and Te are present in an average atomic ratio of 54.19 and 45.81% (Table in Figure 6),  
respectively. In addition, the EDS data also revealed that the atomic ratio of Pb/Te ≈ 1.18, 
with no impurities. As a result, the stoichiometric composition of the individual NW was 
Pb1.08Te0.92.

3. Thermoelectric properties

As mentioned before that the microchip with a rectangular window which shown in Figure 
5b was employed to measure the TE properties of NW, i.e. electrical resistivity (ρ) and Seebeck 
coefficient (S). In this experiment, the PbTe NW was placed across two resistance thermom-
eters, hot side thermometer Th (a gold wire parallel line to the heater between contact elec-
trodes 7 and 8 which is marked as red arrows in Figure 5b) and cold side thermometer Tc (a 
gold wire between the contact electrode 9 and 10, Figure 5b) with both ends of the NW attach 
to the current leads (electrode 1 and 2, Figure 5b). To measure the V1ω and V3ω signal, elec-
trodes 3 and 4 (voltage leads) were connected to lock-in amplifier. The thermal conduction 

Figure 6. (a) STEM images of a PbTe NW. The line profiles show that the Pb (blue line) and Te (red line) are homogeneously 
distributed throughout the NW, (b) and (c) elemental mapping showing the uniform distribution of Pb and Te along the 
NW, respectively.
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from NW to the microchip substrate that affects the S and ρ measurement was assured zero. 
Furthermore, in order to eliminate convectional heat loss, all measurements were carried out 
in a high vacuum of at least lower than 2×10−6 Torr.

Four-point probe method was applied for ρ measurement. In this work, an AC current 
flowed to the NW via electrode 1. The voltage (V) and current (I) difference between elec-
trode 1 and 2 was measured through the voltage leads. A pair of current leads into the NW 
to determine the root mean square of the voltage difference of a pair of voltage leads. By 
substituting the obtained V and I value to the V = I•R formula, the resistance (R) value is 
obtained. We get the R of NW, the ρ value could be attained by applying the formula of ρ 
= R•A / L where A and L are cross-section area of the wire and length between a pair of 
voltage leads, respectively. Figure 7a showed the measurement results of NW resistivity ρ 
at temperatures range 300–350 K. This figure demonstrated that the resistivity ρ of a 75-nm 
PbTe NW was temperature dependence which indicated a semiconducting behavior. The 
resistivity of a PbTe NW at near room temperature was 6.55 × 10−4 Ω m, which 43 times 
greater than the bulk counterpart (1.52 × 10−5 Ω m) [14]. This is probably due to the surface 
scattering of charge carriers [30].

For the Seebeck effect measurement, the characterization was based on the voltage and temper-
ature difference generated between electrodes 3 and 4 (Figure 5b). To generate the temperature 
gradient between those two electrodes, the heater with frequency 1ω and magnitude equals to 
I•Sin(ωt) was applied at one end of the NW. In this experiment, the sample was employed as 
the sensor of the thermometer as well, thus, temperature coefficient of electrical resistance of 
them are needed to be calibrated at first. By applying a DC current to the sensor and measuring 
the change of the voltage difference at frequency 2ω between the two ends of the sensor, the 
resistance change of the sensor would be known. After obtaining the temperature coefficient of 
electrical resistance, the temperature gradient created between two ends of the NW would be 
gained, because the observed heat is proportional to the square of the current multiplied by the 
electrical resistance of the NW, Q ∝ I2•sin2(ωt)•R, where Q and R denote the observed heat and 
the electrical resistance of the NW, respectively. Mathematically, sin2α = [(1-cos2α)/2], it means 
that the frequency of 2ω was applied to heat the heater. As the heater is heated at frequency 
2ω, the sample temperature and sensor resistance would fluctuated at frequency 2ω as well. By 

Figure 7. Temperature dependence of (a) electrical resistivity, (b) Seebeck coefficient, and (c) power factor of a 75 nm 
PbTe NW.
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Figure 7. Temperature dependence of (a) electrical resistivity, (b) Seebeck coefficient, and (c) power factor of a 75 nm 
PbTe NW.
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knowing the temperature gradient and also measuring the thermoelectric voltage of two ends 
of the sample, S can be calculated by implementing the formula: S = (△V) / (△T).

The experiment results of Seebeck effect of a 75-nm PbTe NW shown in Figure 7b revealed 
that the S value was temperature dependence. The S value increased with increasing the tem-
perature. In addition, as depicted in Figure 7b that the S of PbTe NWs at various temperature 
measurements has a negative sign which indicated for n-type semiconductor material. Those 
negative sign appears because their electrons have a much higher µ than holes and dominate 
the electronic transport properties [31, 32]. At temperature of 300 K, the S value for the 75-nm 
NW was −54.76 µV K−1, which is about 69% lower compare to the bulk counterpart [14]. This 
result may due to the consequences of structural imperfections, such as antisite defects inside 
PbTe NW (i.e., the creation of one vacancy at the tellurium site) [14, 33].

Theoretically, for almost all materials, the trend of ρ was closely correlated with the S. It was 
consistent with our experimental resultts (Figure 7a and b) which showed that the smaller ρ 
had a higher S value. Conversely, due to s = 1/ρ, thus s value increases when S is increased. 
The PF (S2σ) calculation results of PbTe NWs as a function of temperature are plotted in 
Figure 7c. The PF increased gradually when the temperature increased, and this result was 
mainly due to the influence of ρ trends. At the temperature about 300 K the S2σ values were 
4.58 µW m−1 K−2.

Comparing the S value as a function of carrier density of various PbTe bulk obtained by 
Harman et al., Figure 8 show that the S was closely correlated with the carrier concentration 
(n), Our results was consistent with the other previous experiments [14, 34] in which a smaller 
n had a higher S value.

Figure 8. Absolute value of the thermoelectric power or Seebeck coefficient (S) of various PbTe samples [14] as a function 
of carrier density; electrons (n) or holes (h) at room temperature. The solid red stars denote the Pb1.08Te0.92 samples with 
75, 142, and 217 nm diameter wires [27, 34].
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The thermal conductivity of the 75 nm PbTe nanowire was measured by the self-heating 3ω 
method [35] in the temperature range of 300–350 K. In the experiment, the V3ω as a function  
of frequency will be attained. As shown in Figure 9a, the V3ω was dependent on the frequency. 
The V3ω reduce significantly by increasing the frequency, however, the reduction become 
slightly at a frequency above 10 Hz. The relation between thermal conductivity, V3ω and fre-
quency is described in the Eq. (1).

   V  3ω   =   
4  I  0  3  R  R   ′  L

 ___________  
 π   4  𝜅𝜅S  √ 

________
 1 +   (2𝜔𝜔𝜔𝜔)    2   
    (1)

which simplified as:

  y =   K _____ 
 √ 
______

 1 +  Gx   2   
    (2)

where I and ω denote the amplitude and frequency of the alternating current applied on 
nanowire, R and R’ are the resistance and derivative of resistance at corresponding tempera-
ture, κ is the thermal conductivity, S is the cross section, and γ is the characteristic thermal 
time constant.

Figure 9b shows the fitting result of V3ω to frequency of a 75 nm PbTe NW at 300 K. The 
thermal conductivity κ of the nanowire can be derived from the intercept of the fitting value 
at a certain temperature V3ω = (4I0

3LRR’)/(π4κS) (ωγ →0). To further validate the extraction 
of thermal conductivity by 3ω method, the variation of 3ω signals toward the input current 
amplitude I0 and frequency was studied. The result shows that V3ω versus I0 follows the I0

3, as 
exhibited in the equation of Figure 10, which mean it agree with the Eq. (1).

By substituting all acquired data from self-heating 3ω experiment to Eq. (1), the thermal con-
ductivity, κ of a 75 nm PbTe NW at range temperature of 300–350 K were 0.96–0.72 Wm−1 K−1 
(Figure 11a and b), which is approximately 2.40–3.19 times lower than the bulk counterpart 
(κ = 2.3 W m−1 K−1). Likewise, the κ value at room temperature was 0.96 W m−1 K−1, which is 

Figure 9. (a) Frequency dependence of V3ω at 300–350 K for 75 nm PbTe NW and (b) the solid line is predicted relation 
V3ω α 1/√(1 + (2ωγ)2) at 300 K for a 75 nm PbTe NW.
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approximately 58% lower than the typical reported value of κ = 2.3 W m−1 K−1 for bulk PbTe. 
This decline mainly due to the carrier concentration difference or size effect. [36]

For the purpose of calculating the κl value, the electron thermal conductivity κe need to be 
determined. The κe value is calculated by using Eq. (3) (Wiederman-Franz law, where the 
Lorenz number L = 2.44 × 10−8 W.Ω.K−2), while the κl is gained from subtracting the κ with κe 
value. The values of κl of a 75 nm PbTe NW at 300 K was 0.95 W m−1 K−1, which is 57% lower 
than the PbTe bulk (κl = 2.2 W m−1 K−1). [16] As reference, the lattice contribution (κl) of super-
lattice thin films PbSe0.98Te0.02/PbTe at room temperature was 0.35 W m−1 K−1 [28].

   κ  e   = L . σ . T  (3)

The lattice thermal conductivity has a lower limit wherein the phonon mean free path 
becomes comparable to the lattice spacing of the atoms [37]. Alternatively, the lattice thermal 
conductivity of a material can be determined by using Eq. (4), where C, ν, andι represent the 
heat capacity per unit volume, the speed of sound in the material, and the mean free path of 
the phonons, respectively. By applying the atom spacing of PbTe as the minimum ι and sub-
stituting the values of the ν and C to Eq. (4), the κl of PbTe is around 0.2 W m−1 K−1. Repeating 
this calculation for a variety of compounds, the lowest possible value of κl are in the range of 
0.1–0.2 W m−1 K−1 [38].

   κ  l   = 1 / 3 . C . ν . ι  (4)

As the size of the nanowire approaches the ι (the median phonon free path in PbTe is 
about 42 nm) [39], the κ value will drop due to the increased phonon scattering. According 
to the reported κ of individual PbTe NW with various diameters (d = 182, 277, and 

Figure 10. The 3rd harmonic voltage signal V3ω as function of the extraction current amplitude I0 for a 75 nm PbTe NW at 
300 K. Red solid line represents the cubic relationship of V3ω and I0.
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436 nm) [19] including our recent work (d = 75 nm) which were plotted in Figure 11b, 
the κ value decreases gradually as its diameter shrinks. The enhanced phonon bound-
ary scattering has a considerable effect in reducing the κ value of NW. Hence, it is sug-
gested to have an effect on suppressing the phonon transport through the NWs as well 
[40, 41]. Theoretically, those phenomena would cause the ZT value of NW higher than 
the bulk counterpart, provided that the electronic properties were not degraded by the 
nanostructure. However, based upon all the above measurement results, i.e. S (−54.76 – 
‒68.80 µV K−1) [27], σ (1526.19–1878.68 S m−1) [27] and κ (0.96–0.72 W m−1 K−1), the obtained 
ZT value of a 75 nm PbTe NW at 300–350 K are in the range of ∼1.4‒4.3 x 10−3 (Figure 12) 
and it is still much lower than the ZT of PbTe bulk which is approximately ∼ 0.25 at 300 K 
and maximal ~ 0.8 at 700 K [42].

Figure 11. (a) Measured thermal conductivity κ( ), electron thermal conductivity κe ( ) and lattice thermal 
conductivity κl ( ) of a 75 nm PbTe NW and (b) size-dependent κ properties of individual 75 nm PbTe NW (compared 
to the reported 182 nm, 277 nm and 436 nm [19].

Structural and Thermoelectric Properties Characterization of Individual Single-Crystalline…
http://dx.doi.org/10.5772/intechopen.76635

161



approximately 58% lower than the typical reported value of κ = 2.3 W m−1 K−1 for bulk PbTe. 
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ary scattering has a considerable effect in reducing the κ value of NW. Hence, it is sug-
gested to have an effect on suppressing the phonon transport through the NWs as well 
[40, 41]. Theoretically, those phenomena would cause the ZT value of NW higher than 
the bulk counterpart, provided that the electronic properties were not degraded by the 
nanostructure. However, based upon all the above measurement results, i.e. S (−54.76 – 
‒68.80 µV K−1) [27], σ (1526.19–1878.68 S m−1) [27] and κ (0.96–0.72 W m−1 K−1), the obtained 
ZT value of a 75 nm PbTe NW at 300–350 K are in the range of ∼1.4‒4.3 x 10−3 (Figure 12) 
and it is still much lower than the ZT of PbTe bulk which is approximately ∼ 0.25 at 300 K 
and maximal ~ 0.8 at 700 K [42].

Figure 11. (a) Measured thermal conductivity κ( ), electron thermal conductivity κe ( ) and lattice thermal 
conductivity κl ( ) of a 75 nm PbTe NW and (b) size-dependent κ properties of individual 75 nm PbTe NW (compared 
to the reported 182 nm, 277 nm and 436 nm [19].
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4. Conclusions

In summary, we have demonstrated a new technique for structural characterization and 
TE properties measurement of individual single-crystalline PbTe NW by using a novel 
design of microchip. In this work, the single PbTe NW grown by the stress-induced 
method was employed for four different type of characterization simultaneously: struc-
tural characterization, Seebeck coefficient, electrical conductivity, and thermal conductiv-
ity. The structural characterization revealed that the synthesized PbTe NWs were single 
crystals with a growth along the [100] direction. While the TE properties (S, σ, and κ) of a 
75 nm single-crystalline PbTe NW at room temperature are −54.76 µV K−1, 1526.19 S m−1, 
and 0.96 W m−1 K−1, respectively. Based on those results, the experimental calculation of 
ZT value of its NW was ∼1.4‒4.3 x 10−3 at 300–350 K range. This technique provided high 
accuracy and reliable ZT value of individual single-crystalline TE NW. Thus, the size-
dependent study of TE properties is very feasible. In this study, the κ value in growth [100] 
direction PbTe NW is size-dependent, wherein indicates that thermal transport through 
the individual PbTe nanowires is limited by boundary scattering of both electrons and 
phonons.
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A 3D study on Cu-water-rotating nanofluid over a permeable surface in the presence of
nonlinear radiation is presented. Particle shape and thermophysical properties are con-
sidered in this study. The governing equations in partial forms are reduced to a system
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An effective Runge-Kutta-Fehlberg fourth-fifth order method along with shooting tech-
nique is applied to attain the solution. The effects of flow parameters on the flow field
and heat transfer characteristics were obtained and are tabulated. Useful discussions
were carried out with the help of plotted graphs and tables. It is found that the rate of
heat transfer is more enhanced in column-shaped nanoparticles when compared to
tetrahedron- and sphere-shaped nanoparticles. Higher values of rotating parameter
enhance the velocity profile and corresponding boundary layer thickness. It has quite
the opposite behavior in angular velocity profile. Further, unsteady parameter increases
the velocity profile and corresponding boundary layer thickness.
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1. Introduction

The interaction of thermal radiation has increased greatly during the last decade due to its
importance in many practical applications. We know that the radiation effect is important
under many isothermal and nonisothermal situations. If the entire system involving the
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could become important. The knowledge of radiation heat transfer in the system can, per-
haps, lead to a desired product with a sought characteristic. Magnetohydrodynamic 3D flow
of viscoelastic nanofluid in the presence of nonlinear thermal radiation has been examined
by Hayat et al. [1]. Shehzad et al. [2] proposed the nonlinear thermal radiation in 3D flow of
Jeffrey nanofluid. Refs. [3–11] are some of the works associated with stretching sheet prob-
lem of thermal radiation.

Nanotechnology has been widely utilized in the industries since materials with the size of
nanometers possess distinctive physical and chemical properties. Nanofluids are literally a
homogeneous mixture of base fluid and the nanoparticles. Common base fluids embody
water, organic liquids, oil and lubricants, biofluids, polymeric solution and other common
liquids. Nanoparticles are created from totally different materials, like oxides, nitrides, carbide,
ceramics metals, carbons in varied (e.g., diamond, graphite, carbon nanotubes, fullerene) and
functionalized nanoparticles. Nanofluids have novel properties that are potentially helpful in
several applications in heat transfer, as well as microelectronics, pharmaceutical processes,
heat exchanger, hybrid-powered engines, domestic refrigerator, fuel cells, cooling/vehicle ther-
mal management, nuclear reactor agent, in grinding, in space technology, ships and in boiler
flue gas temperature reduction. Choi [12] was the first who composed the analysis on
nanoparticles in 1995. Later, Maiga et al. [13] initiated the heat transfer enhancement by using
nanofluids in forced convective flows. The laminar fluid flow which results from the stretching
of a flat surface in a nanofluid has been investigated by Khan and Pop [14]. Recently, a number
of researchers are concentrating on nanofluid with different geometries; see [15–19].

Experimental studies have shown that the thermal conductivity of nanofluids is determined by
the parameters related to: nanoparticles, concentration, size, spherical and nonspherical
shapes, agglomeration (fractal-like shapes), surface charge and thermal conductivity, base
fluids (e.g., thermal conductivity and viscosity), nanofluids (e.g., temperature), the interfacial
chemical/physical effect or interaction between the particles and base fluid and others. For
more details, readers are referred to the studies [20–25].

Impact of nonlinear thermal radiation on 3D flow and heat transfer of Cu-water nanoliquid
over unsteady rotating flow have been considered. The heat transfer characteristics are studied
in the presence of different particle shapes, thermophysical properties and nonlinear thermal
radiation. The principal equations of continuity, momentum, energy and mass equations are
transferred into a set of nonlinear similarity equalities by applying the appropriate transfor-
mations. The condensed equalities are solved numerically, and the impacts of relevant param-
eters are discussed through plotted graphs and tables.

2. Mathematical formulation

An unsteady laminar flow over a permeable surface in a rotating nanofluid is considered in
this study. The copper-water motion is 3D due to Coriolis force in the present problem. The
Cartesian coordinates are x, y and z where the rotation of the nanofluid is at an angular
velocity Ω tð Þ about the z-axis, and time is denoted as t. Let uw x; tð Þ ¼ bx

1�δt and vw x; tð Þ represent

Impact of Thermal Conductivity on Energy Technologies168

the surface velocity in x and y directions, respectively, and ww x; tð Þ is the wall mass flux
velocity in the z-direction as represented in Figure 1. Under these conditions, the governing
equations can be written as:
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∂y

þ ∂w
∂z

¼ 0, (1)
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Boundary conditions for the problem are,

u ¼ uw x; tð Þ ¼ v ¼ 0, w ¼ 0, T ¼ Tw at z ¼ 0,
u ! 0, v ! 0, w ¼ 0, T ! T∞ as z ! ∞

(6)

where velocity components in x, y and z directions are u, v and w, constant angular velocity of
the Nano fluid is Ω, dynamic viscosity of the Nano fluid is μnf , density of the nanofluid is rnf ,

thermal diffusivity of the nanofluid is αnf , T is temperature of nanofluid and wall temperature
is Tw, T∞ denotes temperature outside the surface (Table 1).

Figure 1. Influence of Ω on f
0
ηð Þ.
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The radiative heat flux expression in Eq. (5) is given by:

qr ¼ � 16σ∗
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(7)

where σ∗ and k∗ are the Stefan-Boltzmann constant and the mean absorption coefficient,
respectively, and in view to Eq. (7), Eq. (4) reduces to:
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Parameters μnf , rnf and αnf are interrelated with nanoparticle volume fraction; ϕ and can be

defined as:
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where volumetric heat capacity of the solid nanoparticles is rcp
� �

s, volumetric heat capacity of

the base fluid is rcp
� �

f , volumetric heat capacity of the nanofluid is rcp
� �

nf , thermal conductiv-

ity of the nanofluid is knf , thermal conductivity of the base fluid is kf , thermal conductivity of
the solid nanoparticles is ks, nanoparticle volume fraction is ϕ, density viscosity of the base
fluid is rf and dynamic viscosity of the base fluid is μf (Table 2).

Now, we introduce similarity transformations:
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with T ¼ T∞ 1þ θw � 1ð Þθð Þ and θw ¼ Tw
T∞

, θw > 1 is the temperature ratio parameter.

r cp k

Copper (Cu) 385 8933 400

Water 997.1 4179 0.613

Table 1. Thermophysical properties of water and nanoparticles.

Particle shapes Sphere Tetrahedron Column

m 3 4.0613 6.3698

Table 2. Values of the empirical shape factor for different particle shapes.
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Using Eqs. (2)–(6) and (10), we can have
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The transformed boundary conditions are as follows:
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where Ω ¼ ω
b is rotation rate, λ ¼ δ

b is unsteadiness parameter R ¼ 16σ∗T3
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Rosca et al. [11] mentioned that the pressure term pð Þ can be integrated from Eq. (4); thus, we
obtain:
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The physical quantities of interest in this problem are the skin friction coefficients in x and y
directions, Cfx and Cfy as well as the local Nusselt number Nux which are defined as:
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where Rex ¼ uwx
υ is local Reynolds number.
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The transformed boundary conditions are as follows:

f 0ð Þ ¼ 0, f
0
0ð Þ ¼ 1, g 0ð Þ ¼ 0,θ 0ð Þ ¼ 1 at η ¼ 0

f
0
ηð Þ ! 0, g ηð Þ ! 0,θ ηð Þ ! 0 as η ! ∞

(14)

where Ω ¼ ω
b is rotation rate, λ ¼ δ

b is unsteadiness parameter R ¼ 16σ∗T3
∞

3kf k
∗ is radiation

parameter, Pr ¼ αnf

υnf
is Prandtl number and primes denote the differentiation with respect

to η.

Rosca et al. [11] mentioned that the pressure term pð Þ can be integrated from Eq. (4); thus, we
obtain:

p ¼ υr
∂w
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� rw2

2
þ c (15)

The physical quantities of interest in this problem are the skin friction coefficients in x and y
directions, Cfx and Cfy as well as the local Nusselt number Nux which are defined as:

Cfx ¼ τwx
ru2w xtð Þ , Cfy ¼

τwy
ru2w ytð Þ , Nux ¼ xqw

kf Tw � T∞ð Þ , (16)

Surface shear stress τwx, τwy and surface heat flux qw are defined as:
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Using Eqs. (16) and (17), we obtain

ffiffiffiffiffiffiffiffi
Rex

p
Cfx ¼ 1

1� ϕ
� �2:5 f

00
0ð Þ,

ffiffiffiffiffiffiffiffi
Rex

p
Cfy ¼ 1

1� ϕ
� �2:5 g

0
0ð Þ and Nuxffiffiffiffiffiffiffiffi

Rex
p ¼ knf

kf
� 1þ Rθ3

w

� �
θ

0
0ð Þ

� �
,

(18)

where Rex ¼ uwx
υ is local Reynolds number.
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3. Numerical method

Numerical solutions of nonlinear coupled differential Eqs. (11)–(13) subject to the boundary
conditions (14) constitute a two-point boundary value problem. Due to coupled and highly
nonlinear nature, which are not amenable to closed-form solutions; therefore, we resorted to
numerical solutions. In order to solve these equations numerically, we follow most efficient
fourth-fifth order Runge-Kutta-Fehlberg integration scheme along with shooting technique. In
this method, it is most important to choose the appropriate finite values of η∞. The asymptotic
boundary conditions at η∞ were replaced by those at η8 in accordance with standard practice in
the boundary layer analysis.

4. Result and discussion

To get a clear insight into the physical situation of the present problem, numerical values for
velocity and temperature profile are computed for different values of dimensionless parame-
ters using the method described in the previous section. The numerical results for the local
Nusselt number are presented for different values of the governing parameters in Table 3.

λ Ω Pr R θw ϕ: Nusselt number

m ¼ 3 m ¼ 4:0613 m ¼ 6:3698

0.2 0.36722 0.35144 0.32983

0.3 0.29671 0.29256 0.28353

0.4 0.21897 0.22635 0.23028

0.01 0.33069 0.32112 0.30611

0.02 0.29005 0.28739 0.27973

0.03 0.24936 0.25364 0.25333

5.776 0.35865 0.34247 0.32053

6.587 0.36722 0.35151 0.32990

7.578 0.37598 0.36090 0.33978

0.5 0.36722 0.35144 0.32983

1 0.33266 0.31642 0.29491

1.5 0.30957 0.29332 0.27217

1.2 0.36722 0.35144 0.32983

1.4 0.32565 0.31078 0.29076

1.6 0.28807 0.27416 0.25572

1% 0.43665 0.42492 0.40752

2% 0.36722 0.35144 0.32983

3% 0.30841 0.29212 0.27084

Table 3. Numerical values of Nusselt number for different physical parameters.
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Figure 1 portrays the effect of Ω on velocity profile f
0
ηð Þ. The velocity profile and

corresponding thickness of the boundary layer enhance with larger values of Ω. This is
because the larger value ofΩ parameter leads to higher rotation rate as compared to stretching
rate. Therefore, the larger rotation effect enhances velocity field. Figure 2 shows the impact of
Ω on angular profile g ηð Þ. From this figure, one can see that g ηð Þ reduces for larger values ofΩ.
Further, it is noticed that rate of heat transfer is larger in column-shaped nanoparticles when
compared to tetrahedron- and sphere-shaped nanoparticles.

Figures 3 and 4 depict the effect of λ on the f 0 ηð Þ and g ηð Þ profile. It is clear from both the
figures that an increase in λ decreases the momentum boundary layer thickness resulting in
velocity decrease. It is also noted that g ηð Þ decreases smoothly with the increase in the

Figure 2. Influence of Ω on g ηð Þ.

Figure 3. Influence of λ on f
0
ηð Þ.
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unsteadiness parameter. This shows an important fact that the rate of cooling is much faster for
higher values of λ, whereas it may take a longer time in steady flows.

Influence of the solid volume fraction parameter ϕ
� �

on temperature profiles θ ηð Þ can be
visualized in Figure 5. It is observed that the temperature profile increases by increasing
values of the solid volume fraction parameter. This is due to the fact that the volume occupied
by the dust particles per unit volume of mixture is higher so that it raises the rate of heat
transfer. It was noticed that the development in the temperature profiles of column-shaped
nanoparticles is high when compared to temperature profiles of sphere- and tetrahedron-
shaped nanoparticles due to the increase in volume fraction of nanoparticles.

The effect of temperature ratio parameter θwð Þ on temperature profile is shown in Figure 6. The
influence of temperature ratio parameter enriches the temperature profile and corresponding
boundary layer thickness. This may happen due to the fact that the fluid temperature is much

Figure 4. Influence of λ on g ηð Þ.

Figure 5. Influence of Pr on θ ηð Þ.
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higher than the ambient temperature for increasing values of θw, which increases the thermal
state of the fluid. It is also observed that the rate of heat transfer is higher in the column-shaped
nanoparticles than that of tetrahedron- and sphere-shaped nanoparticles.

Figure 7 demonstrates the effect of the Prandtl number Prð Þ on temperature profiles of θ ηð Þ.
The above mentioned graph elucidate that the temperature profile and corresponding thermal
boundary layer thickness decrease rapidly with increasing values of Pr. Physically, the Prandtl
number is the ratio of momentum diffusivity to thermal diffusivity. In fact, the larger Prandtl
number means that the lower thermal diffusivity. A decrease in the thermal diffusivity leads to
a decrease in the temperature and its associated boundary layer thickness.

The temperature distribution θ ηð Þ for various values of radiation parameter Rð Þ is shown
in Figure 8. This figure reveals that the larger values of radiation parameter increase
the temperature profile and thermal boundary layer thickness. Generally, higher values of

Figure 6. Influence of ϕ on θ ηð Þ.

Figure 7. Influence of θw on θ ηð Þ.
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radiation parameter produce additional heat to the operating fluid that shows associate
enhancement within the temperature field. We have noticed an improvement within the
temperature profile because of increase in the radiation parameter. Moreover, the rate of
heat transfer at the wall is less in case of the sphere-shaped particles when compared to the
tetrahedron- and column-shaped nanoparticles.

Figure 9 shows the effect of θw and R on the skin friction coefficient. Here, we observed that the
skin friction coefficient decreases for larger values of θw and R. Figure 10 delineates the influence
of ϕ and Ec on Nusselt number. One can observe from the figure that Nusselt number decreases
for larger values of ϕ and Ec. It is also perceived from these figures that the maximum decrease
in the rate of heat transfer of nanofluid is motivated by the column-shaped, followed by

Figure 8. Influence of R on θ ηð Þ.

Figure 9. Influence of θw and R on Nusselt number.
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tetrahedron- and sphere-shaped nanoparticles, respectively. It is just because of the nanofluid
which contains column-shaped nanoparticles having maximum thermal conductivity than
nanofluids containing tetrahedron- and sphere-shaped nanoparticles. Table 3 presents the
numerical values of Nusselt number for various values physical parameter values. It is observed
that Nusselt number increases with increasing Pr. Further, from Table 3, we observe that Nusselt
number decreases with increasing values of θw, R, ϕ and λ.

5. Conclusions

In the present analysis, impact nonlinear radiative heat transfer of Cu-water nanoparticles over
an unsteady rotating flow under the influence of particle shape is considered. Effects of various
parameters are studied graphically. The main points of the present simulations are listed as
follows:

• The highlight of this study is that temperature profile is more enhanced in column-shaped
nanoparticles when compared to tetrahedron- and sphere-shaped nanoparticles.

• Temperature profile and thermal boundary layer thickness increase with increasing values
of R and θw.

• The thermal boundary layer thickness and temperature profile enhance with increasing
values of ϕ:

• Higher values of rotating parameter enhance the velocity profile and corresponding
boundary layer thickness. It has quite opposite behavior in angular velocity profile.

• Unsteady parameter increases the velocity profile and corresponding boundary layer
thickness.

Figure 10. Influence of ϕ and Ω on Nusselt number.
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It is well known that polymers are insulators, which limit their usage in other applications
where thermal conductivity is essential for heat to be efficiently dissipated or stored. In
the past, the improvement in the thermal conductivity of polym.rs with conductive fillers
has been investigated by researchers. Carbon-based materials such as graphite, graphene
and carbon nanotube, which feature excellent properties such as a high mechanical
strength, a high thermal conductivity and a tailorable electronic configuration, have been
added to different polymer matrices to enhance their thermal conductivity. Amongst
others, graphite more especially expanded graphite merits special interest because of its
abundant availability at a relatively low cost and lightweight when compared to other
carbon allotropes. Herein, we describe the thermal conductivity of polymer/graphite
composites and their applications.
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1. Introduction

Polymers can be moulded into various shapes and forms which afford their application in
different fields [1–3]. This is owing to their unique properties such as lightweight, durability
and low production cost. Polymers have substituted natural materials (e.g. steel and glass) in
most of their former uses [1–3]. Besides these unique features, their success in certain applications
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is hindered by their poor electrical, thermal and mechanical properties. The incorporation of
different fillers has been subject to researchers and scientists as a suitable solution to overcome
these limitations. However, the resulting composite properties were found to be directly depen-
dent on several aspects such as matrix-type, filler-type, interaction between the filler and poly-
mer as well as the distribution of the filler within the polymeric matrix [4].

Research has escalated on the use of conductive fillers to improve not only the electrical and
thermal conductivities but also the overall physical properties of the resulting composite
product. Different conductive fillers such as metal powder, carbon black, carbon nanotubes
(CNTs) and natural graphite were employed as reinforcing fillers of various polymeric mate-
rials [5, 6]. Amongst all these fillers, graphite garnered in much interest owing to its unique
properties such as abundant availability, low cost and easy functionalization [7].

The polymer/graphite composites exhibited a high thermal conductivity and an electrical
conductivity at a fairly low concentration. Polymer/graphite composites have been used in
many applications including structural, aerospace and sporting goods. Most recently,
researchers have focused their attention on the development of polymer/graphite composites
for applications whereby thermal conductivity is needed [8, 9]. It is documented [7] in the
study that the significance of thermal conductivity and/or thermal diffusivity in polymer
composites is related to the need for considerable levels of thermal conductivity in circuit
boards and heat exchangers. According to the studies [10], conductive composites are fre-
quently used in wide applications such as heating elements, temperature-dependent sensors,
self-limiting electrical heaters, switching devices, antistatic materials for electromagnetic inter-
ferences and shielding of electronic devices. This chapter reviews recent development on the
thermal conductivity of polymer/graphite composites.

2. Graphite

Graphite is a carbon-based layered material whose structure is composed of successive layers
of graphene sheets (carbon) and received much interest owing to its exceptional thermal,
mechanical and electrical properties [5, 11, 12]. It is thermodynamically stable and soft with
the successive layers being parallel to the base plane. The layers are bonded together by van
der Waals forces. Graphite consists of carbons that are hexagonally bound to each other by
covalent bonds with an interatomic separation of 0.142 nm and an interlayer separation of
0.335 nm. It is sp2-hybridized with three of four valence electrons of hexagonally attached
carbons that are linked to the valence electrons of the neighbouring carbon by σ-bonding.
Therefore, the fourth electron resonates freely within the graphene layer but it is no longer
interacting with a specific carbon atom. Van der Waals forces acting between adjacent
graphene layers result from the delocalization of π-electrons. Thus, the interatomic interaction
within the single graphene layer is stronger, that is, 75 times when compared to the interaction
between the adjacent layers [11]. Hence, there has been much graphite modification that takes
place in between the layers in order to improve its dispersion in different polymeric materials.
Graphite can be classified into two types: natural and synthetic graphite as shown in Figure 1.
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2.1. Natural graphite

Naturally occurring abundant graphite is classified into three categories depending on the
geological environment, that is, amorphous, flake and highly crystalline [11]. Amorphous
graphite has a content of graphite ranging from 25 to 85% depending on the geological
conditions. It is usually derived from mesomorphic environment such as shale, slate and coal.
Amorphous graphite is regarded as the less pure form of graphite with lack of considerable
ordering and presence of microcrystalline structure. It has been applied in different applica-
tions where graphite is often utilized; however, its utilization depends on the degree of purity.
Flake graphite is formed in either metamorphic or igneous geologic environments. It is
obtained through froth floatation which results in 80–90% graphite. Flake graphite is less
abundant as compared to amorphous graphite and has good electrical properties. It has been
employed in various applications of graphite such as secondary steel manufacture, lubricants,
pencils, powder metallurgy and coatings. Despite being found almost all over the world,
crystalline (Vein/lump) graphite is commercially mined in Sri Lanka. It originates from crude
oil deposits that through time, temperature and pressure were converted to graphite. As
reflected by its name, it has a higher degree of crystallinity due to its direct deposition from a
high-temperature fluid phase and its purity is more than 90%. Thus, it has good electrical and
thermal conductivity. Vein graphite enjoyed its success in different applications such as batte-
ries, lubricants, grinding wheels and powder metallurgy.

2.2. Synthetic graphite

Synthetic graphite is produced by treating carbonaceous precursors such as coal, petroleum
and synthetic or natural organic chemicals in inert atmosphere to temperatures above 2400�C
as well as thermal treatment of nongraphitic carbons, graphitization or chemical vapour
deposition (CVD) from hydrocarbons under temperatures of 1883�C [11]. High temperatures
are often employed to facilitate solid-state phase transition effect in order to produce graphite

Figure 1. Schematic representation of graphite classification.
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crystals. The production method is the primary factor that influences the resulting graphite
properties. Synthetic graphite can also be categorized into two, that is, electro-graphite and
artificial graphite. Electro-graphite is a pure carbon-shaped graphite produced from coal tar
pitch and calcined petroleum pitch in the electric furnace, while artificial graphite results from
the thermal treatment of calcined petroleum pitch at 2800�C. In general, the synthetic graphite
has a low density, a high electrical resistance and porosity. Synthetic graphite is employed in
different applications such as energy storage, carbon brushes and aerospace. Further modifi-
cations are often not required for its application in various fields. To avoid confusion, graphite
will be used in this document without discriminate, whether it is synthetic or natural-based.

3. Modification of graphite

Modification of graphite has been subject of research in order to afford interaction with large
polymer molecules and to achieve a better graphite dispersion [5, 11]. Many efforts have been
done to overcome the absence of functional groups on the surface of graphite (or graphene
sheets) and space between the sheets. There are three classic forms of modified graphite, that
is, graphite-intercalated compounds (GICs), graphene oxide (graphite oxide (GO)) and
expanded graphite (EG).

Graphite-intercalated compounds (GICs): GICs result from the insertion of atomic or molecular
layers of different chemical species called intercalant between graphene sheets of the host
graphite material [5, 12–14]. GIC can be categorized into two depending on the character of
their bonding, that is, covalent GICs and ionic GICs. Covalent GICs include graphite oxide
(GO), carbon monofluoride and tetracarbon monofluoride, whereas ionic GICs include graph-
ite salts, graphite-alkali-metal compounds, graphite-halogen compounds and graphite-metal
chloride compounds. Ionic GICs received much interest due to the capability of changing the
electronic properties of graphite. The latter result in the presence of π-bonds in graphite that
can accept/donate electrons from/to the intercalation. Further classification of ionic GICs
depends on the staging of the GIC which is associated with the number of graphite layers
between each intercalant layer. In the first stage (stage 1), the intercalant and graphite layers
are alternating in which one layer of graphite is separated by one layer of intercalant. In a
stage 2 GIC, there are two adjacent layers of graphite sheets between each intercalant layer.
The intercalation of graphite results in increasing its interlayer spacing, weakening the
interlayer interactions. The latter facilitate the exfoliation of the GICs by mechanical or thermal
treatments.

Graphite oxide (GO): GOs are known as pseudo-two dimensional solid materials with covalent
between the layers. Graphite oxide is often prepared by heat treatment of graphite flakes with
oxidizing agents such that polar groups are introduced on the graphite surface [5, 15, 16]. This
treatment also widens the interlayer spacing between the graphene sheets.

Expanded graphite (EG): The exposure of intercalated graphite to thermal treatment beyond
critical temperature or microwave radiation leads to a large expansion of graphite flakes along
the c-axis than in-plane direction as shown in Figure 2. The resulting material, which is known
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as expanded graphite (EG), has a vermicular or a worm-like structure with a low density, a
high-temperature resistance and a high conductivity [6, 17, 18]. A mixture of sulphuric acid
and nitric acid is usually employed for graphite intercalation followed by heat or microwave
treatment to produce expanded graphite [5, 19].

Graphene: Graphene is a monolayer of sp2-hybridized carbon atoms arranged in a two-
dimensional lattice. It has been produced using different methods such as growth by chemical
vapour deposition (both of discrete monolayers onto substrate and agglomerated powders),
micro-mechanical exfoliation of graphite, and growth on crystalline silicon carbide [5]. These
methods afford defect-free material with excellent physical properties; however, the yield is
not large enough for use as a composite filler. The thermal conductivity of graphene ranges
between 600 and 5000 W m�1 K�1 with Young modulus of 1 TPa and a tensile strength of
130 GPa [20].

4. Graphite composites

In order to broaden the applications of polymers, the incorporation of a suitable filler with
required functionality is the most cost-effective and reliable method [17]. Some of the polymers
fall short when it comes to electrical, thermal and mechanical as compared to ceramics and
steel. However, the unique properties of polymers such as lightweight and mouldability into
different shapes make them suitable candidates for various applications. Amongst other fillers,
graphite features unique properties such as a high thermal and electrical conductivity, a low
coefficient of thermal expansion, an exceptional thermal resistance, a high thermal shock
resistance, improved stiffness and an increased strength. It is abundantly available and easily
functionalized to afford various applications. The thermal conductivity of the graphite and/or
its composites is of significant importance considering the demands as thermal conductance in
heat exchangers, circuit boards, machinery, electronic appliances and many other applications
as explained in Section 1.

Figure 2. Schematic presentation of the preparation of expanded graphite (EG).
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4.1. Preparation of graphite composites

Beside the modification of graphite, the major contributor to the distribution of graphite in the
polymeric matrix relies on the selected preparation method. Classic preparation methods for
graphite/polymer composites are in situ polymerization, melt intercalation and solution-
casting techniques [21–24]. Complete dispersion of the graphite particles leads to poor thermal
conductivity due to lack of conductive network path within the composite product. Figure 3
shows a schematic presentation of the resulting morphologies depending on the preparation
method.

4.1.1. In situ polymerization

In situ polymerization involves the polymerization of monomer (or/and oligomer) in the
presence of the filler [6, 21, 24–26]. This method is one of the most effective processes to
facilitate the dispersion of the filler in the polymeric material. Moreover, it enhances strong
interaction between the composite component; hence, the mechanical properties of the
resulting composite are superior to the composite prepared by either solution casting or melt
intercalation [25]. This technique, however, is associated with some limitations such as poly-
mer and filler selection and limited to laboratory scale. Moreover, it is environmentally
unfriendly process which makes it not feasible for composite preparation.

4.1.2. Solution casting

In solution casting, the polymer is dissolved in suitable solvents and then the filler is added
into the polymer solution [22, 27]. In order to improve the dispersion of the fillers, the sonica-
tion step is usually adopted [27, 28]. Some polymers are, however, not soluble in most avail-
able solvents which then limit the choice of a polymer for this technique. This process is not
environmentally friendly due to the fact that the solvent has to be evaporated from the system
which can be harmful except if the solvent is water. For industrial production, this technique
will be expensive with regard to the recovery of the solvent used. Nevertheless, the mechanical

Figure 3. Different types of composites arising from and interaction between the host polymer and graphite layers
obtained from different preparation methods.
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properties of the resulting composites are superior to melt intercalation due to the sufficient
time given for the filler to interact with each other as well as the polymeric matrix. A compar-
ison between solution casting as well as solution casting followed by melt pressing was
conducted by Bai et al. [22]. It was reported that solution-casted samples had high ability to
form the percolated filler network as compared to solution casting followed by melt pressing.
The percolation network is essential for the conduction paths within the composite material.
However, the appropriate solvent can be chosen to avoid the formation of micro-voids within
the composite [29]. The solution casting followed by hot pressing serves as a good procedure
to eradicate the voids within the composite material [29].

4.1.3. Melt intercalation

Melt intercalation is the most favourable process with regard to industrial and environmental
perspectives [23, 30, 31]. Polymer and filler are mixed together in the melt-compounding
technique which leads to exposure to high shear and heat. The mixture is heated to a temper-
ature above the melting temperature of the polymer for certain period to allow homogeneity.
Classic compounding techniques include a single-screw extruder, a twin-screw extruder and
an internal mixer. All these techniques can be utilized alone or in combination to afford better
dispersion of the fillers. Injection moulding and/or melt pressing are usually used to mould the
composite for characterization. In general, the percolation threshold is little bit higher than the
other processing techniques, that is, solution casting and in situ polymerization [30]. Interest-
ingly, the balance between the mechanical properties and other properties such as electrical
conductivity can be achieved through this method which is of significance towards the com-
mercialization of the resulting composite products. Its limitations involve the choice of poly-
mer/filler, limited filler distribution and thermal degradation of the host polymer [23]. The
properties of the polymer such as molecular weight, viscosity and chain length play a major
role on the properties of the resulting composite product, hence influencing conclusions
reached by different authors [11].

4.1.4. Other processing techniques

The combination of solution casting followed by melt intercalation/pressing has also been
reported [28, 32, 33]. The main was to ensure the interaction between the fillers in order to
promote the conductance path network within the host matrix. On the other hand, electrospun
graphite composites were also reported in the study [34]. Despite the advantages associated
with these techniques, viz. cost-effective, possibility of scaling up, control over the morphology
of the resulting fibres and almost all polymers can be processed, there are only few studies
based on the electrospun graphite composites [34, 35]. In situ melt mixing was carried out by
mixing low-temperature expendable graphite with LDPE [36]. The expandable graphite
expanded during the mixing process which is of significant importance considering the contact
between the graphite particles. It is, however, recognized that such a process can lead to a large
number of agglomeration with an increase in the filler’s content. In the case of adhesive resins
(e.g. epoxy resin), curing at a certain temperature over a certain period is usually utilized to
prepare the composite products [37, 38].
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method.

4.1.1. In situ polymerization

In situ polymerization involves the polymerization of monomer (or/and oligomer) in the
presence of the filler [6, 21, 24–26]. This method is one of the most effective processes to
facilitate the dispersion of the filler in the polymeric material. Moreover, it enhances strong
interaction between the composite component; hence, the mechanical properties of the
resulting composite are superior to the composite prepared by either solution casting or melt
intercalation [25]. This technique, however, is associated with some limitations such as poly-
mer and filler selection and limited to laboratory scale. Moreover, it is environmentally
unfriendly process which makes it not feasible for composite preparation.

4.1.2. Solution casting

In solution casting, the polymer is dissolved in suitable solvents and then the filler is added
into the polymer solution [22, 27]. In order to improve the dispersion of the fillers, the sonica-
tion step is usually adopted [27, 28]. Some polymers are, however, not soluble in most avail-
able solvents which then limit the choice of a polymer for this technique. This process is not
environmentally friendly due to the fact that the solvent has to be evaporated from the system
which can be harmful except if the solvent is water. For industrial production, this technique
will be expensive with regard to the recovery of the solvent used. Nevertheless, the mechanical

Figure 3. Different types of composites arising from and interaction between the host polymer and graphite layers
obtained from different preparation methods.
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properties of the resulting composites are superior to melt intercalation due to the sufficient
time given for the filler to interact with each other as well as the polymeric matrix. A compar-
ison between solution casting as well as solution casting followed by melt pressing was
conducted by Bai et al. [22]. It was reported that solution-casted samples had high ability to
form the percolated filler network as compared to solution casting followed by melt pressing.
The percolation network is essential for the conduction paths within the composite material.
However, the appropriate solvent can be chosen to avoid the formation of micro-voids within
the composite [29]. The solution casting followed by hot pressing serves as a good procedure
to eradicate the voids within the composite material [29].

4.1.3. Melt intercalation

Melt intercalation is the most favourable process with regard to industrial and environmental
perspectives [23, 30, 31]. Polymer and filler are mixed together in the melt-compounding
technique which leads to exposure to high shear and heat. The mixture is heated to a temper-
ature above the melting temperature of the polymer for certain period to allow homogeneity.
Classic compounding techniques include a single-screw extruder, a twin-screw extruder and
an internal mixer. All these techniques can be utilized alone or in combination to afford better
dispersion of the fillers. Injection moulding and/or melt pressing are usually used to mould the
composite for characterization. In general, the percolation threshold is little bit higher than the
other processing techniques, that is, solution casting and in situ polymerization [30]. Interest-
ingly, the balance between the mechanical properties and other properties such as electrical
conductivity can be achieved through this method which is of significance towards the com-
mercialization of the resulting composite products. Its limitations involve the choice of poly-
mer/filler, limited filler distribution and thermal degradation of the host polymer [23]. The
properties of the polymer such as molecular weight, viscosity and chain length play a major
role on the properties of the resulting composite product, hence influencing conclusions
reached by different authors [11].

4.1.4. Other processing techniques

The combination of solution casting followed by melt intercalation/pressing has also been
reported [28, 32, 33]. The main was to ensure the interaction between the fillers in order to
promote the conductance path network within the host matrix. On the other hand, electrospun
graphite composites were also reported in the study [34]. Despite the advantages associated
with these techniques, viz. cost-effective, possibility of scaling up, control over the morphology
of the resulting fibres and almost all polymers can be processed, there are only few studies
based on the electrospun graphite composites [34, 35]. In situ melt mixing was carried out by
mixing low-temperature expendable graphite with LDPE [36]. The expandable graphite
expanded during the mixing process which is of significant importance considering the contact
between the graphite particles. It is, however, recognized that such a process can lead to a large
number of agglomeration with an increase in the filler’s content. In the case of adhesive resins
(e.g. epoxy resin), curing at a certain temperature over a certain period is usually utilized to
prepare the composite products [37, 38].

Thermal Conductivity of Graphite-Based Polymer Composites
http://dx.doi.org/10.5772/intechopen.75676

187



5. Thermal conductivity

5.1. Graphite composites

Numerous researchers studied the thermal conductivity of polymer composites with regard to
their importance to reach appreciable levels of thermal conductance in circuit boards, heat
exchangers, appliances and machinery as summarized in Table 1 [7, 17, 39]. Amongst all
thermal conductive fillers, graphite merits special interest not only due to its high thermal
conductivity, that is, 25–470 W m�1 K�1, but high thermal stability, exceptional chemical
resistance and mechanical properties [40]. A comparative study of the thermal conductivity
between graphite and other conductive fillers (viz. copper powder (Cu), aluminium powder
(Al), silver powder (Ag), zinc oxide (ZnO), boron nitride (BN), aluminium oxide (Al2O3) and
diamond) particles was done by Fu et al. [37]. It was reported that the highest thermal
conductivity was obtained at the filling load of 44.3 wt% of graphite due to the layered
structure of graphite forming heat pathways within the matrix. The thermal conductivities of
diamond (29.14%), Cu (68.25%), Al (69.69%), Al2O3 (67%) and BN (35.5%) were 0.35, 0.74, 1.11,
0.57 and 0.59 W m�1 K�1, respectively. Although the resulting thermal conductivities were not
true reflection of the thermal conductivity of the particles, this was related to the different
structural arrangement within the particles which controls the contact between them. The

System Maximum particle
content

Preparation method Thermal
conductivity
(Wm�1 K�1)

Refs.

LDPE/graphite 10 vol.% Melt mixing 6.5 [39]

HDPE/graphite 7% Melt mixing 1.59 [40]

LDPE/low-temperature expandable
graphite

50 wt% Melt mixing followed by pan
milling and dilution with neat LDPE

5.04 [51]

LDPE/untreated low-temperature
expandable graphite

50 wt% Melt mixing 7.02 [51]

LDPE/low-temperature expandable
graphite (LTEG)

37 vol% (60 wt%) Melt mixing 11.24 [36]

Ethylene vinyl acetate/natural graphite 7.5 Melt mixing ~0.29 [52]

Ethylene vinyl acetate/expanded
graphite (EG)

7.5 Melt mixing ~0.31 [52]

Ethylene vinyl acetate/expanded
graphite (EG)

4 phr Solution casting followed by melt
pressing

0.87 [33]

Ethylene vinyl acetate/natural graphite
(NG)

4 phr Solution casting followed by melt
pressing

0.48 [33]

Epoxy resin/graphite 44.3 wt% Oven curing 1.68 [37]

Epoxy resin/graphite 4.5 wt% Oven curing 1.0 [38]

Epoxy resin/graphite 2 wt% Oven curing 1.0 [50]

Table 1. Selected studies based on the thermal conductivity of graphite composites.
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graphite being a cheaper material performed better than other expensive conductive particles.
In general, the thermal conductivity increases almost linearly with an increase in graphite
content, regardless of processing method as shown in Figure 1 [39–43]. This can be attributed
to the high thermal conductivity of the graphite when compared to pristine polymeric matrix.

Mu and Feng [41] prepared graphite/silicone rubber composites using solution-casting and
melt-mixing processing techniques. They reported that the thermal conductivity increased
with an increase in graphite content; however, solution-casted composites had a high conduc-
tivity as compared to melt-mixed ones. The authors reported that the thermal conductivity of
solution-casted composites reached a value of 0.32 Wm�1 K�1 at 9 per hundred rubber (phr) of
graphite, whereas for melt-mixed it was only 0.24 W m�1 K�1, which is the conductivity level
similar to solution-casted composite at 4 phr. This was attributed to the conducting path
networks created by contact between the graphite layers at a fairly low content in the case of
solution casting compared to the reduction of surface-to-volume ratio in the case of melt
mixing as shown in Figure 4. The latter resulted in a higher content of graphite required so
that they can abut or contact in order to form the conducting paths. A comparison between
two commercial graphite (EG-10, synthetic graphite, SGL Carbon, UK, and KS-15, synthetic
graphite, Lonza, Switzerland) in two different polymeric matrices (high-density polyethylene
(HDPE) and polystyrene (PS)) was conducted by Krupa and Chodák [7]. They reported a
nonlinear increase of thermal conductivity with an increase in graphite content regardless of
matrix and graphite type. It was, however, reported that the graphite KS displayed higher
thermal conductivities than the thermal conductivities of EG-filled material especially for PS
composites at a higher graphite content. The graphite KS had smaller particles with a narrow
particle size distribution as well as a higher specific surface than graphite EG which corrobo-
rate the fact that the size of the particles did not influence the thermal conductivity, however,
the contact between the graphite particles even if they are agglomerated. In another study, it
was reported that the crystallinity of the polymer also plays a major role on the thermal
conductivity of the resulting composite product [44]. It was reported that high-density poly-
ethylene (HDPE)-based composites displayed high thermal conductivities over the whole
graphite composition as compared to less crystalline low-density polyethylene (LDPE). Simi-
larly, Deng et al. investigated the effect of chain structure on the thermal conductivity of
expanded graphite/polymer composites [45]. Expanded graphite (EG) was blended with three
different polymers, that is, polyphenylene sulphide (PPS), syndiotactic polystyrene (sPS) and
amorphous polystyrene (aPS). The thermal conductivities of the neat aPS, sPS and PPS

Figure 4. Schematic presentation of the proposed mechanism for thermal conductive paths for (a) solution-casted and
(b) melt-mixed samples.
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graphite being a cheaper material performed better than other expensive conductive particles.
In general, the thermal conductivity increases almost linearly with an increase in graphite
content, regardless of processing method as shown in Figure 1 [39–43]. This can be attributed
to the high thermal conductivity of the graphite when compared to pristine polymeric matrix.

Mu and Feng [41] prepared graphite/silicone rubber composites using solution-casting and
melt-mixing processing techniques. They reported that the thermal conductivity increased
with an increase in graphite content; however, solution-casted composites had a high conduc-
tivity as compared to melt-mixed ones. The authors reported that the thermal conductivity of
solution-casted composites reached a value of 0.32 Wm�1 K�1 at 9 per hundred rubber (phr) of
graphite, whereas for melt-mixed it was only 0.24 W m�1 K�1, which is the conductivity level
similar to solution-casted composite at 4 phr. This was attributed to the conducting path
networks created by contact between the graphite layers at a fairly low content in the case of
solution casting compared to the reduction of surface-to-volume ratio in the case of melt
mixing as shown in Figure 4. The latter resulted in a higher content of graphite required so
that they can abut or contact in order to form the conducting paths. A comparison between
two commercial graphite (EG-10, synthetic graphite, SGL Carbon, UK, and KS-15, synthetic
graphite, Lonza, Switzerland) in two different polymeric matrices (high-density polyethylene
(HDPE) and polystyrene (PS)) was conducted by Krupa and Chodák [7]. They reported a
nonlinear increase of thermal conductivity with an increase in graphite content regardless of
matrix and graphite type. It was, however, reported that the graphite KS displayed higher
thermal conductivities than the thermal conductivities of EG-filled material especially for PS
composites at a higher graphite content. The graphite KS had smaller particles with a narrow
particle size distribution as well as a higher specific surface than graphite EG which corrobo-
rate the fact that the size of the particles did not influence the thermal conductivity, however,
the contact between the graphite particles even if they are agglomerated. In another study, it
was reported that the crystallinity of the polymer also plays a major role on the thermal
conductivity of the resulting composite product [44]. It was reported that high-density poly-
ethylene (HDPE)-based composites displayed high thermal conductivities over the whole
graphite composition as compared to less crystalline low-density polyethylene (LDPE). Simi-
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samples were reported as 0.18, 0.23 and 0.24, respectively. This was ascribed to the crystallinity
of polymers. Similar result of observation was reported elsewhere in the study [46, 47]. The
EG/PPS composites showed the highest thermal conductivity throughout the whole range in
comparison to the two counterpart composites (Figure 5). The observed behaviour was attrib-
uted to the difference in polymer matrices with varied chain structures which may result in
different crystallizations and interactions of composites.

Sefadi et al. [48] studied the influence of graphite treatment with sodium dodecyl sulphate
(SDS) in water on the thermal conductivity. Moreover, the authors exposed the samples to 50-
KGy electron beam irradiation to improve the interaction between graphite and ethylene vinyl
acetate (EVA), as host matrix. They reported an increase in thermal conductivity with an
increase in filler content due to high conductivity of graphite, regardless of the treatment.
However, the thermal conductivity of the irradiated samples was slightly lower than
unirradiated samples. This was attributed to the restriction of the polymer chains via cross-
linking which reduced the vibration of phonons. There are a number of factors which contrib-
ute to the overall thermal conductivity of a composite product such as the dispersion of filler,
matrix crystallinity and crystal structure, degree of interfacial thermal contact between the
components, and scattering of phonons. Thus, these factors may counterbalance each other
such that the obtained thermal conductivity does not reflect the percentage of the conductive
filler added into the host matrix. For instance, Shen et al. [49] reported that the

Figure 5. The thermal conductivity of EG/polymer composites as a function of EG volume contents (the error bar is
marked). The inset shows the thermal conductivity at a low content [45].
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functionalization of the filler can promote dispersion as well as interaction between composite
components, but at the expense of thermal conductivity. Hence, it is of significant importance
to choose functionalization of the filler while taking into account the lateral size of the filler for
high thermal conductive materials. Li et al. [50] also reported that the treatment of the graphite
with UV/O3 did not have an influence on the thermal conductivity of the resulting composite
materials. On the contrary, Wang and Tsai [20] reported that functionalized fillers exhibited
superior thermal enhancements more than pristine filler. This was attributed to the increase in
interfacial thermal conductivity (ITC) between the filler and the host matrix.

5.2. Graphite with other fillers (ternary systems)

There has been an ever-increasing interest in incorporating additional conductive filler into a
graphite composite product to overcome the limitation of these materials [22, 31, 53–55]. It can
be argued that the maximum thermal conductivity value achieved in graphite composites is
11.24 W m�1 K�1 (see Table 1). It is envisaged that the incorporation of the second filler can
further enhance the thermal conductivity of the resulting composite products [31, 53, 56].
Lebedev et al. [53] reported that the inclusion of 1 wt% of carbon nanotubes (CNT) into
polylactic acid (PLA)/natural graphite composites improved thermal conductivity by more
than 40% of magnitude. The thermal conductivity was increased from 0.93 W m�1 K�1 for
neat polymer to 2.73 W m�1 K�1 after the addition of 30 wt% graphite, whereas after the
inclusion of 1 wt% CNT, the thermal conductivity value reached 3.8 W m�1 K�1. This is
ascribed to the additional CNT bridges which closely adjoin the surface of graphite. A similar
study using HDPE as the polymeric matrix was recent conducted by Che et al. [31]. The
authors reported that the thermal conductivity further increased with the addition of CNT
compared to that with EG composites. In another study, it was demonstrated that a small
content of a second filler, that is, below 2 wt%, has no significant influence on the thermal
conductivity when compared to EG composites due to the fillers being wrapped in between
the graphite layers [57]. A maximum increase of 38.5% compared to single filler-based com-
posite was achieved at 5 wt% of the second filler. Self-hybrid composites of EG by crushing EG
using a high-speed crusher to obtain different particle sizes were recently studied by Kim et al.
[54]. The composites were prepared by mixing the crushed EG and raw EGwith polycarbonate
(PC) using melt extrusion. Hybrid composites (10 wt% crushed EG and raw EG) displayed a
higher thermal conductivity by 12 and 20.7% compared to 20 wt% raw EG and crushed EG
composites. The thermal conductivity value reached 2.62 W m�1 K�1 compared to 2.34 and
2.17 W m�1 K�1 for raw-EG and crushed EG-based composites due to synergistic effect.
Various thermal conductive particles rather than carbon-based ones can also be used to
enhance the thermal conductivity. Kostagiannakopoulou et al. [58] also reported that the
thermal conductivity of the epoxy system increased significantly by increasing the filler con-
tent. However, the inclusion of the second filler, that is, multiwalled carbon nanotubes
(MWCNTs) did improve the thermal conductivity at a higher graphite content (5, 10 and
15%). The highest enhancement percentage was 48 at 15% of graphite. The highest increase of
~176 was achieved in the case of 15%wt of the filler. A combination of graphite and aluminium
nitride (AIN) was reported by Yuan et al. [59] and the thermal conductivity reached a value of
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ascribed to the additional CNT bridges which closely adjoin the surface of graphite. A similar
study using HDPE as the polymeric matrix was recent conducted by Che et al. [31]. The
authors reported that the thermal conductivity further increased with the addition of CNT
compared to that with EG composites. In another study, it was demonstrated that a small
content of a second filler, that is, below 2 wt%, has no significant influence on the thermal
conductivity when compared to EG composites due to the fillers being wrapped in between
the graphite layers [57]. A maximum increase of 38.5% compared to single filler-based com-
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2.77 W m�1 K�1 that was 14.6 times that of neat polymeric matrix by combining only 50 wt%
AIN and 6 wt% graphite.

6. Conclusions and remarks

The design of composites from graphite is inexpensive and available in abundance. This has
initiated new ideas in the field of science for the development of a wide range of novel
functional materials. Generally, the addition of graphite improved the thermal conductivity of
the host polymer matrix irrespective of filler functionalization, the type of polymer and the
method of preparation. Various processing techniques such as solvent casting melt blending
and pan milling and masterbatch melt mixing have been used for the preparation of graphite
composites. The type of mixing method seemed to have had an effect on the resultant thermal
conductivity of the graphite/polymer composites. For instance, solution-casted composites had
a high thermal conductivity as compared to melt-mixed system. It is understood that during
solution casting, the EG particles will have a sufficient surface-to-volume ratio; as a result, they
can contact easily and form conducting path networks at low EG contents. However, for melt
mixing, one is of the idea that the EG particles’ shape is changed during the melt-mixing
process, resulting in a decrease of surface-to-volume ratio. Therefore, only a higher content of
EG can contact and form conductive paths. Furthermore, the type of polymer had an influence
on the thermal conductivity of the polymer/graphite composites, with the crystalline polymers
having a higher thermal in the composites. It was further observed that the type of treatment
on the graphite or its polymer composites also played a significant role in the improvement or
non-improvement of the thermal conductivity of the polymer graphite composites. For exam-
ple, the silane-treated graphite composites showed a higher thermal conductivity than the non-
silane-treated graphite composites. In some cases, the treatment of the graphite with UV/O3

did not have an influence on thermal conductivity of the resulting composite materials. Lately,
the incorporation of the second filler with graphite can further enhance the thermal conductiv-
ity of the resulting composite products and widen the application of graphite composites.
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2.77 W m�1 K�1 that was 14.6 times that of neat polymeric matrix by combining only 50 wt%
AIN and 6 wt% graphite.

6. Conclusions and remarks

The design of composites from graphite is inexpensive and available in abundance. This has
initiated new ideas in the field of science for the development of a wide range of novel
functional materials. Generally, the addition of graphite improved the thermal conductivity of
the host polymer matrix irrespective of filler functionalization, the type of polymer and the
method of preparation. Various processing techniques such as solvent casting melt blending
and pan milling and masterbatch melt mixing have been used for the preparation of graphite
composites. The type of mixing method seemed to have had an effect on the resultant thermal
conductivity of the graphite/polymer composites. For instance, solution-casted composites had
a high thermal conductivity as compared to melt-mixed system. It is understood that during
solution casting, the EG particles will have a sufficient surface-to-volume ratio; as a result, they
can contact easily and form conducting path networks at low EG contents. However, for melt
mixing, one is of the idea that the EG particles’ shape is changed during the melt-mixing
process, resulting in a decrease of surface-to-volume ratio. Therefore, only a higher content of
EG can contact and form conductive paths. Furthermore, the type of polymer had an influence
on the thermal conductivity of the polymer/graphite composites, with the crystalline polymers
having a higher thermal in the composites. It was further observed that the type of treatment
on the graphite or its polymer composites also played a significant role in the improvement or
non-improvement of the thermal conductivity of the polymer graphite composites. For exam-
ple, the silane-treated graphite composites showed a higher thermal conductivity than the non-
silane-treated graphite composites. In some cases, the treatment of the graphite with UV/O3

did not have an influence on thermal conductivity of the resulting composite materials. Lately,
the incorporation of the second filler with graphite can further enhance the thermal conductiv-
ity of the resulting composite products and widen the application of graphite composites.

Author details

Teboho Clement Mokhena1, Mokgaotsa Jonas Mochane1, Jeremia Shale Sefadi2*,
Setumo Victor Motloung3 and Dickson Mubera Andala4

*Address all correspondence to: jeremia.sefadi@spu.ac.za

1 Department of Chemistry, University of Zululand, KwaDlangezwa, KwaZulu Natal,
South Africa

2 Department of Chemistry, Sol Plaatje University, South Africa

3 Sefako Makgatho Health Science University, Medunsa, South Africa

4 Chemistry Department, Multimedia University of Kenya, Nairobi, Kenya

Impact of Thermal Conductivity on Energy Technologies192

References

[1] Ho BT, Roberts TK, Lucas S. An overview on biodegradation of polystyrene and modified
polystyrene: The microbial approach. Critical Reviews in Biotechnology. 2017;38(2):308-
320. DOI: 10.1080/07388551.2017.1355293

[2] Restrepo-Flórez J-M, Bassi A, Thompson MR. Microbial degradation and deterioration of
polyethylene-a review. International Biodeterioration & Biodegradation. 2014;88:83-90.
DOI: 10.1016/j.ibiod.2013.12.014

[3] Wei R, Zimmermann W. Microbial enzymes for the recycling of recalcitrant petroleum-
based plastics: How far are we? Microbial Biotechnology. 2017;10(6):1308-1322. DOI:
10.1111/1751-7915.12710

[4] Yasmin A, Luo J-J, Daniel IM. Processing of expanded graphite reinforced polymer nano-
composites. Composites Science and Technology. 2006;66(9):1182-1189. DOI: 10.1016/j.
compscitech.2005.10.014

[5] Potts JR, Dreyer DR, Bielawski CW, Ruoff RS. Graphene-based polymer nanocomposites.
Polymer. 2011;52(1):5-25. DOI: 10.1016/j.polymer.2010.11.042

[6] Chen G, Weng W, Wu D, Wu C. PMMA/graphite nanosheets composite and its con-
ducting properties. European Polymer Journal. 2003;39(12):2329-2335. DOI: 10.1016/j.
eurpolymj.2003.08.005

[7] Krupa I, Chodák I. Physical properties of thermoplastic/graphite composites. European
Polymer Journal. 2001;37(11):2159-2168. DOI: 10.1016/S0014-3057(01)00115-X

[8] Ezquerra T, Kulescza M, Balta-Calleja F. Electrical transport in polyethylene-graphite com-
posite materials. Synthetic Metals. 1991;41(3):915-920. DOI: 10.1016/0379-6779(91)91526-G

[9] Blaszkiewicz M, McLachlan DS, Newnham RE. The volume fraction and temperature
dependence of the resistivity in carbon black and graphite polymer composites: An effective
media-percolation approach. Polymer Engineering & Science. 1992;32(6):421-425. DOI:
10.1002/pen.760320606

[10] Klason C, MCQueen DH, Kubát J. Electrical Properties of Filled Polymers and Some
Examples of Their Applications, Macromolecular Symposia. Manhattan, America: Wiley
Online Library. 1996;24(2):110-117. DOI: 10.1002/masy.1996108012

[11] Nasir A, Kausar A, Younus A. Polymer/graphite nanocomposites: Physical features, fab-
rication and current relevance. Polymer-Plastics Technology and Engineering. 2015;54(7):
750-770. DOI: 10.1080/03602559.2014.979503

[12] Dresselhaus MS, Dresselhaus G. Intercalation compounds of graphite. Advances in Phys-
ics. 2002;51(1):1-186. DOI: 10.1080/00018730110113644

[13] Smith RP, Weller TE, Howard CA, Dean MP, Rahnejat KC, Saxena SS, Ellerby M. Super-
conductivity in graphite intercalation compounds. Physica C: Superconductivity and Its
Applications. 2015;514:50-58. DOI: 10.1016/j.physc.2015.02.029

Thermal Conductivity of Graphite-Based Polymer Composites
http://dx.doi.org/10.5772/intechopen.75676

193



[14] Xu J, Dou Y, Wei Z, Ma J, Deng Y, Li Y, Liu H, Dou S. Recent progress in graphite
intercalation compounds for rechargeable metal (Li, Na, K, Al)-ion batteries. Advanced
Science. 2017;4(10):1-14. DOI: 10.1002/advs.201700146

[15] Olanipekun O, Oyefusi A, Neelgund GM, Oki A. Synthesis and characterization of
reduced graphite oxide–polymer composites and their application in adsorption of lead.
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy. 2015;149:991-996.
DOI: 10.1016/j.saa.2015.04.071

[16] Shin HJ, Kim KK, Benayad A, Yoon SM, Park HK, Jung IS, Jin MH, Jeong H-K, Kim JM,
Choi J-Y, Lee YH. Efficient reduction of graphite oxide by sodium borohydride and its
effect on electrical conductance. Advanced Functional Materials. 2009;19(12):1987-1992.
DOI: 10.1002/adfm.200900167

[17] Mochane MJ, Motaung TE, Motloung SV. Morphology, flammability, and properties of
graphite reinforced polymer composites. Systematic review. Polymer Composites. 2017.
DOI: 10.1002/pc.24379

[18] Tsai K-C, Kuan H-C, Chou H-W, Kuan C-F, Chen C-H, Chiang C-L. Preparation of
expandable graphite using a hydrothermal method and flame-retardant properties of its
halogen-free flame-retardant HDPE composites. Journal of Polymer Research. 2011;18(4):
483-488. DOI: 10.1007/s10965-010-9440-2

[19] Shen X, Lin X, Jia J, Wang Z, Li Z, Kim J-K. Tunable thermal conductivities of graphene
oxide by functionalization and tensile loading. Carbon. 2014;80:235-245. DOI: 10.1016/j.
carbon.2014.08.062

[20] Wang T-Y, Tsai J-L. Investigating thermal conductivities of functionalized graphene and
graphene/epoxy nanocomposites. Computational Materials Science. 2016;122:272-280.
DOI: 10.1016/j.commatsci.2016.05.039

[21] Milani MA, González D, Quijada R, Basso NR, Cerrada ML, Azambuja DS, Galland GB.
Polypropylene/graphene nanosheet nanocomposites by in situ polymerization: Synthesis,
characterization and fundamental properties. Composites Science and Technology. 2013;
84:1-7. DOI: 10.1016/j.compscitech.2013.05.001

[22] Bai Q-q, Wei X, Yang J-h, Zhang N, Huang T, Wang Y, Zhou Z-w. Dispersion and network
formation of graphene platelets in polystyrene composites and the resultant conductive
properties. Composites Part A: Applied Science and Manufacturing. 2017;96:89-98. DOI:
10.1016/j.compositesa.2017.02.020

[23] Anandhan S, Bandyopadhyay S. Polymer nanocomposites: From synthesis to applica-
tions. In: Nanocomposites and Polymers with Analytical Methods. Rijeka: InTech; 2011.
DOI: 10.5772/17039

[24] Ding P, Su S, Song N, Tang S, Liu Y, Shi L. Highly thermal conductive composites with
polyamide-6 covalently-grafted graphene by an in situ polymerization and thermal reduc-
tion process. Carbon. 2014;66:576-584. DOI: 10.1016/j.carbon.2013.09.041

Impact of Thermal Conductivity on Energy Technologies194

[25] Patole AS, Patole SP, Kang H, Yoo J-B, Kim T-H, Ahn J-H. A facile approach to the
fabrication of graphene/polystyrene nanocomposite by in situ microemulsion polymeri-
zation. Journal of Colloid and Interface Science. 2010;350(2):530-537. DOI: 10.1016/j.
jcis.2010.01.035

[26] Zheng G, Wu J, Wang W, Pan C. Characterizations of expanded graphite/polymer com-
posites prepared by in situ polymerization. Carbon. 2004;42(14):2839-2847. DOI: 10.1016/j.
carbon.2004.06.029

[27] Guo H, Li X, Li B, Wang J, Wang S. Thermal conductivity of graphene/poly (vinylidene
fluoride) nanocomposite membrane. Materials & Design. 2017;114:355-363. DOI: 10.1016/
j.matdes.2016.11.010

[28] Zhang W-B, Zhang Z-x, Yang J-H, Huang T, Zhang N, Zheng X-T, Wang Y, Zhou Z-W.
Largely enhanced thermal conductivity of poly (vinylidene fluoride)/carbon nanotube
composites achieved by adding graphene oxide. Carbon. 2015;90:242-254. DOI: 10.1016/j.
carbon.2015.04.040

[29] Ding P, Zhang J, Song N, Tang S, Liu Y, Shi L. Anisotropic thermal conductive properties
of hot-pressed polystyrene/graphene composites in the through-plane and in-plane direc-
tions. Composites Science and Technology. 2015;109:25-31. DOI: 10.1016/j.compscitech.
2015.01.015

[30] Han Y, Wu Y, Shen M, Huang X, Zhu J, Zhang X. Preparation and properties of polysty-
rene nanocomposites with graphite oxide and graphene as flame retardants. Journal of
Materials Science. 2013;48(12):4214-4222. DOI: 10.1007/s10853-013-7234-8

[31] Che J, Wu K, Lin Y, Wang K, Fu Q. Largely improved thermal conductivity of HDPE/
expanded graphite/carbon nanotubes ternary composites via filler network-network syn-
ergy. Composites Part A: Applied Science and Manufacturing. 2017;99:32-40. DOI:
10.1016/j.compositesa.2017.04.001

[32] Xiao Y-j, Wang W-y, Chen X-j, Lin T, Zhang Y-t, Yang J-h, Wang Y, Zhou Z-w. Hybrid
network structure and thermal conductive properties in poly (vinylidene fluoride) com-
posites based on carbon nanotubes and graphene nanoplatelets. Composites Part A:
Applied Science and Manufacturing. 2016;90:614-625. DOI: 10.1016/j.compositesa.2016.
08.029

[33] George JJ, Bhowmick AK. Ethylene vinyl acetate/expanded graphite nanocomposites by
solution intercalation: Preparation, characterization and properties. Journal of Materials
Science. 2008;43(2):702-708. DOI: 10.1007/s10853-007-2193-6

[34] Huang Z-X, Liu X, Wong S-C, Qu J-p. Electrospinning polyvinylidene fluoride/expanded
graphite composite membranes as high efficiency and reusable water harvester. Materials
Letters. 2017;202:78-81. DOI: 10.1016/j.matlet.2017.05.067

[35] Tu Z, Wang J, Yu C, Xiao H, Jiang T, Yang Y, Shi D, Mai Y-W, Li RKY. A facile approach
for preparation of polystyrene/graphene nanocomposites with ultra-low percolation

Thermal Conductivity of Graphite-Based Polymer Composites
http://dx.doi.org/10.5772/intechopen.75676

195



[14] Xu J, Dou Y, Wei Z, Ma J, Deng Y, Li Y, Liu H, Dou S. Recent progress in graphite
intercalation compounds for rechargeable metal (Li, Na, K, Al)-ion batteries. Advanced
Science. 2017;4(10):1-14. DOI: 10.1002/advs.201700146

[15] Olanipekun O, Oyefusi A, Neelgund GM, Oki A. Synthesis and characterization of
reduced graphite oxide–polymer composites and their application in adsorption of lead.
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy. 2015;149:991-996.
DOI: 10.1016/j.saa.2015.04.071

[16] Shin HJ, Kim KK, Benayad A, Yoon SM, Park HK, Jung IS, Jin MH, Jeong H-K, Kim JM,
Choi J-Y, Lee YH. Efficient reduction of graphite oxide by sodium borohydride and its
effect on electrical conductance. Advanced Functional Materials. 2009;19(12):1987-1992.
DOI: 10.1002/adfm.200900167

[17] Mochane MJ, Motaung TE, Motloung SV. Morphology, flammability, and properties of
graphite reinforced polymer composites. Systematic review. Polymer Composites. 2017.
DOI: 10.1002/pc.24379

[18] Tsai K-C, Kuan H-C, Chou H-W, Kuan C-F, Chen C-H, Chiang C-L. Preparation of
expandable graphite using a hydrothermal method and flame-retardant properties of its
halogen-free flame-retardant HDPE composites. Journal of Polymer Research. 2011;18(4):
483-488. DOI: 10.1007/s10965-010-9440-2

[19] Shen X, Lin X, Jia J, Wang Z, Li Z, Kim J-K. Tunable thermal conductivities of graphene
oxide by functionalization and tensile loading. Carbon. 2014;80:235-245. DOI: 10.1016/j.
carbon.2014.08.062

[20] Wang T-Y, Tsai J-L. Investigating thermal conductivities of functionalized graphene and
graphene/epoxy nanocomposites. Computational Materials Science. 2016;122:272-280.
DOI: 10.1016/j.commatsci.2016.05.039

[21] Milani MA, González D, Quijada R, Basso NR, Cerrada ML, Azambuja DS, Galland GB.
Polypropylene/graphene nanosheet nanocomposites by in situ polymerization: Synthesis,
characterization and fundamental properties. Composites Science and Technology. 2013;
84:1-7. DOI: 10.1016/j.compscitech.2013.05.001

[22] Bai Q-q, Wei X, Yang J-h, Zhang N, Huang T, Wang Y, Zhou Z-w. Dispersion and network
formation of graphene platelets in polystyrene composites and the resultant conductive
properties. Composites Part A: Applied Science and Manufacturing. 2017;96:89-98. DOI:
10.1016/j.compositesa.2017.02.020

[23] Anandhan S, Bandyopadhyay S. Polymer nanocomposites: From synthesis to applica-
tions. In: Nanocomposites and Polymers with Analytical Methods. Rijeka: InTech; 2011.
DOI: 10.5772/17039

[24] Ding P, Su S, Song N, Tang S, Liu Y, Shi L. Highly thermal conductive composites with
polyamide-6 covalently-grafted graphene by an in situ polymerization and thermal reduc-
tion process. Carbon. 2014;66:576-584. DOI: 10.1016/j.carbon.2013.09.041

Impact of Thermal Conductivity on Energy Technologies194

[25] Patole AS, Patole SP, Kang H, Yoo J-B, Kim T-H, Ahn J-H. A facile approach to the
fabrication of graphene/polystyrene nanocomposite by in situ microemulsion polymeri-
zation. Journal of Colloid and Interface Science. 2010;350(2):530-537. DOI: 10.1016/j.
jcis.2010.01.035

[26] Zheng G, Wu J, Wang W, Pan C. Characterizations of expanded graphite/polymer com-
posites prepared by in situ polymerization. Carbon. 2004;42(14):2839-2847. DOI: 10.1016/j.
carbon.2004.06.029

[27] Guo H, Li X, Li B, Wang J, Wang S. Thermal conductivity of graphene/poly (vinylidene
fluoride) nanocomposite membrane. Materials & Design. 2017;114:355-363. DOI: 10.1016/
j.matdes.2016.11.010

[28] Zhang W-B, Zhang Z-x, Yang J-H, Huang T, Zhang N, Zheng X-T, Wang Y, Zhou Z-W.
Largely enhanced thermal conductivity of poly (vinylidene fluoride)/carbon nanotube
composites achieved by adding graphene oxide. Carbon. 2015;90:242-254. DOI: 10.1016/j.
carbon.2015.04.040

[29] Ding P, Zhang J, Song N, Tang S, Liu Y, Shi L. Anisotropic thermal conductive properties
of hot-pressed polystyrene/graphene composites in the through-plane and in-plane direc-
tions. Composites Science and Technology. 2015;109:25-31. DOI: 10.1016/j.compscitech.
2015.01.015

[30] Han Y, Wu Y, Shen M, Huang X, Zhu J, Zhang X. Preparation and properties of polysty-
rene nanocomposites with graphite oxide and graphene as flame retardants. Journal of
Materials Science. 2013;48(12):4214-4222. DOI: 10.1007/s10853-013-7234-8

[31] Che J, Wu K, Lin Y, Wang K, Fu Q. Largely improved thermal conductivity of HDPE/
expanded graphite/carbon nanotubes ternary composites via filler network-network syn-
ergy. Composites Part A: Applied Science and Manufacturing. 2017;99:32-40. DOI:
10.1016/j.compositesa.2017.04.001

[32] Xiao Y-j, Wang W-y, Chen X-j, Lin T, Zhang Y-t, Yang J-h, Wang Y, Zhou Z-w. Hybrid
network structure and thermal conductive properties in poly (vinylidene fluoride) com-
posites based on carbon nanotubes and graphene nanoplatelets. Composites Part A:
Applied Science and Manufacturing. 2016;90:614-625. DOI: 10.1016/j.compositesa.2016.
08.029

[33] George JJ, Bhowmick AK. Ethylene vinyl acetate/expanded graphite nanocomposites by
solution intercalation: Preparation, characterization and properties. Journal of Materials
Science. 2008;43(2):702-708. DOI: 10.1007/s10853-007-2193-6

[34] Huang Z-X, Liu X, Wong S-C, Qu J-p. Electrospinning polyvinylidene fluoride/expanded
graphite composite membranes as high efficiency and reusable water harvester. Materials
Letters. 2017;202:78-81. DOI: 10.1016/j.matlet.2017.05.067

[35] Tu Z, Wang J, Yu C, Xiao H, Jiang T, Yang Y, Shi D, Mai Y-W, Li RKY. A facile approach
for preparation of polystyrene/graphene nanocomposites with ultra-low percolation

Thermal Conductivity of Graphite-Based Polymer Composites
http://dx.doi.org/10.5772/intechopen.75676

195



threshold through an electrostatic assembly process. Composites Science and Technology.
2016;134:49-56. DOI: 10.1016/j.compscitech.2016.08.003

[36] Wu H, Lu C, Zhang W, Zhang X. Preparation of low-density polyethylene/low-
temperature expandable graphite composites with high thermal conductivity by an in situ
expansion melt blending process. Materials & Design (1980-2015). 2013;52:621-629. DOI:
10.1016/j.matdes.2013.05.056

[37] Fu Y-X, He Z-X, Mo D-C, Lu S-S. Thermal conductivity enhancement with different fillers
for epoxy resin adhesives. Applied Thermal Engineering. 2014;66(1-2):493-498. DOI:
10.1016/j.applthermaleng.2014.02.044

[38] Wang Z, Qi R, Wang J, Qi S. Thermal conductivity improvement of epoxy composite filled
with expanded graphite. Ceramics International. 2015;41(10):13541-13546. DOI: 10.1016/j.
ceramint.2015.07.148

[39] Lebedev SM, Gefle OS. Evaluation of electric, morphological and thermal properties of
thermally conductive polymer composites. Applied Thermal Engineering. 2015;91:875-
882. DOI: 10.1016/j.applthermaleng.2015.08.046

[40] Ye CM, Shentu BQ, Weng ZX. Thermal conductivity of high density polyethylene filled
with graphite. Journal of Applied Polymer Science. 2006;101(6):3806-3810. DOI: 10.1002/
app.24044

[41] Mu Q, Feng S. Thermal conductivity of graphite/silicone rubber prepared by solution
intercalation. Thermochimica Acta. 2007;462(1-2):70-75. DOI: 10.1016/j.tca.2007.06.006

[42] Mochane M, Luyt A. The effect of expanded graphite on the flammability and thermal
conductivity properties of phase change material based on PP/wax blends. Polymer Bul-
letin. 2015;72(9):2263-2283. DOI: 10.1007/s00289-015-1401-9

[43] Mochane M, Luyt A. The effect of expanded graphite on the thermal stability, latent heat,
and flammability properties of EVA/wax phase change blends. Polymer Engineering &
Science. 2015;55(6):1255-1262. DOI: 10.1002/pen.24063

[44] Krupa I, Novák I, Chodák I. Electrically and thermally conductive polyethylene/graphite
composites and their mechanical properties. Synthetic Metals. 2004;145(2-3):245-252. DOI:
10.1016/j.synthmet.2004.05.007

[45] Deng S, Wang J, Zong G, Chen F, Chai S, Fu Q. Effect of chain structure on the thermal
conductivity of expanded graphite/polymer composites. RSCAdvances. 2016;6(12):10185-
10191. DOI: 10.1039/c5ra26272k

[46] Hay J, Luck D. The conformation of crystalline poly (phenylene sulphide). Polymer. 2001;
42(19):8297-8301. DOI: 10.1016/S0032-3861(01)00335-4

[47] Langer L, Billaud D, Issi J-P. Thermal conductivity of stretched and annealed poly (p-
phenylene sulfide) films. Solid State Communications. 2003;126(6):353-357. DOI: 10.1016/
S0038-1098(03)00110-8

[48] Sefadi JS, Luyt AS, Pionteck J, Piana F, Gohs U. Effect of surfactant and electron treatment
on the electrical and thermal conductivity as well as thermal and mechanical properties of

Impact of Thermal Conductivity on Energy Technologies196

ethylene vinyl acetate/expanded graphite composites. Journal of Applied Polymer Sci-
ence. 2015;132(32). DOI: 10.1002/app.42396

[49] Shen X, Wang Z, Wu Y, Liu X, Kim J-K. Effect of functionalization on thermal conductiv-
ities of graphene/epoxy composites. Carbon. 2016;108:412-422. DOI: 10.1016/j.carbon.
2016.07.042

[50] Li J, Sham ML, Kim J-K, Marom G. Morphology and properties of UV/ozone treated
graphite nanoplatelet/epoxy nanocomposites. Composites Science and Technology. 2007;
67(2):296-305. DOI: 10.1016/j.compscitech.2006.08.009

[51] Wu H, Sun X, Zhang W, Zhang X, Lu C. Effect of solid-state shear milling on the physico-
chemical properties of thermally conductive low-temperature expandable graphite/low-
density polyethylene composites. Composites Part A: Applied Science and Manufactur-
ing. 2013;55:27-34. DOI: 10.1016/j.compositesa.2013.08.009

[52] Tavman I, Çeçen V, Ozdemir I, Turgut A, Krupa I, Omastova M, Novak I. Preparation and
characterization of highly electrically and thermally conductive polymeric nanocomposites.
Archives of Materials Science. 2009;40(2):84-88

[53] Lebedev S, Gefle O, Amitov E, Berchuk DY, Zhuravlev D. Poly (lactic acid)-based polymer
composites with high electric and thermal conductivity and their characterization. Poly-
mer Testing. 2017;58:241-248. DOI: 10.1016/j.polymertesting.2016.12.033

[54] Kim HS, Na JH, Jung YC, Kim SY. Synergistic enhancement of thermal conductivity in
polymer composites filled with self-hybrid expanded graphite fillers. Journal of Non-
Crystalline Solids. 2016;450:75-81. DOI: 10.1016/j.jnoncrysol.2016.07.038

[55] Kim HS, Kim JH, Yang C-M, Kim SY. Synergistic enhancement of thermal conductivity in
composites filled with expanded graphite and multi-walled carbon nanotube fillers via
melt-compounding based on polymerizable low-viscosity oligomer matrix. Journal of
Alloys and Compounds. 2017;690:274-280. DOI: 10.1016/j.jallcom.2016.08.141

[56] Yu A, Ramesh P, Sun X, Bekyarova E, Itkis ME, Haddon RC. Enhanced thermal conduc-
tivity in a hybrid graphite nanoplatelet–carbon nanotube filler for epoxy composites.
Advanced Materials. 2008;20(24):4740-4744. DOI: 10.1002/adma.200800401

[57] Wu K, Xue Y, Yang W, Chai S, Chen F, Fu Q. Largely enhanced thermal and electrical
conductivity via constructing double percolated filler network in polypropylene/
expanded graphite-multi-wall carbon nanotubes ternary composites. Composites Science
and Technology. 2016;130:28-35. DOI: 10.1016/j.compscitech.2016.04.034

[58] Kostagiannakopoulou C, Fiamegkou E, Sotiriadis G, Kostopoulos V. Thermal conductiv-
ity of carbon nanoreinforced epoxy composites. Journal of Nanomaterials. 2016;2016:1-12.
DOI: 10.1155/2016/1847325

[59] Yuan W, Xiao Q, Li L, Xu T. Thermal conductivity of epoxy adhesive enhanced by hybrid
graphene oxide/AlN particles. Applied Thermal Engineering. 2016;106:1067-1074. DOI:
10.1016/j.applthermaleng.2016.06.089

Thermal Conductivity of Graphite-Based Polymer Composites
http://dx.doi.org/10.5772/intechopen.75676

197



threshold through an electrostatic assembly process. Composites Science and Technology.
2016;134:49-56. DOI: 10.1016/j.compscitech.2016.08.003

[36] Wu H, Lu C, Zhang W, Zhang X. Preparation of low-density polyethylene/low-
temperature expandable graphite composites with high thermal conductivity by an in situ
expansion melt blending process. Materials & Design (1980-2015). 2013;52:621-629. DOI:
10.1016/j.matdes.2013.05.056

[37] Fu Y-X, He Z-X, Mo D-C, Lu S-S. Thermal conductivity enhancement with different fillers
for epoxy resin adhesives. Applied Thermal Engineering. 2014;66(1-2):493-498. DOI:
10.1016/j.applthermaleng.2014.02.044

[38] Wang Z, Qi R, Wang J, Qi S. Thermal conductivity improvement of epoxy composite filled
with expanded graphite. Ceramics International. 2015;41(10):13541-13546. DOI: 10.1016/j.
ceramint.2015.07.148

[39] Lebedev SM, Gefle OS. Evaluation of electric, morphological and thermal properties of
thermally conductive polymer composites. Applied Thermal Engineering. 2015;91:875-
882. DOI: 10.1016/j.applthermaleng.2015.08.046

[40] Ye CM, Shentu BQ, Weng ZX. Thermal conductivity of high density polyethylene filled
with graphite. Journal of Applied Polymer Science. 2006;101(6):3806-3810. DOI: 10.1002/
app.24044

[41] Mu Q, Feng S. Thermal conductivity of graphite/silicone rubber prepared by solution
intercalation. Thermochimica Acta. 2007;462(1-2):70-75. DOI: 10.1016/j.tca.2007.06.006

[42] Mochane M, Luyt A. The effect of expanded graphite on the flammability and thermal
conductivity properties of phase change material based on PP/wax blends. Polymer Bul-
letin. 2015;72(9):2263-2283. DOI: 10.1007/s00289-015-1401-9

[43] Mochane M, Luyt A. The effect of expanded graphite on the thermal stability, latent heat,
and flammability properties of EVA/wax phase change blends. Polymer Engineering &
Science. 2015;55(6):1255-1262. DOI: 10.1002/pen.24063

[44] Krupa I, Novák I, Chodák I. Electrically and thermally conductive polyethylene/graphite
composites and their mechanical properties. Synthetic Metals. 2004;145(2-3):245-252. DOI:
10.1016/j.synthmet.2004.05.007

[45] Deng S, Wang J, Zong G, Chen F, Chai S, Fu Q. Effect of chain structure on the thermal
conductivity of expanded graphite/polymer composites. RSCAdvances. 2016;6(12):10185-
10191. DOI: 10.1039/c5ra26272k

[46] Hay J, Luck D. The conformation of crystalline poly (phenylene sulphide). Polymer. 2001;
42(19):8297-8301. DOI: 10.1016/S0032-3861(01)00335-4

[47] Langer L, Billaud D, Issi J-P. Thermal conductivity of stretched and annealed poly (p-
phenylene sulfide) films. Solid State Communications. 2003;126(6):353-357. DOI: 10.1016/
S0038-1098(03)00110-8

[48] Sefadi JS, Luyt AS, Pionteck J, Piana F, Gohs U. Effect of surfactant and electron treatment
on the electrical and thermal conductivity as well as thermal and mechanical properties of

Impact of Thermal Conductivity on Energy Technologies196

ethylene vinyl acetate/expanded graphite composites. Journal of Applied Polymer Sci-
ence. 2015;132(32). DOI: 10.1002/app.42396

[49] Shen X, Wang Z, Wu Y, Liu X, Kim J-K. Effect of functionalization on thermal conductiv-
ities of graphene/epoxy composites. Carbon. 2016;108:412-422. DOI: 10.1016/j.carbon.
2016.07.042

[50] Li J, Sham ML, Kim J-K, Marom G. Morphology and properties of UV/ozone treated
graphite nanoplatelet/epoxy nanocomposites. Composites Science and Technology. 2007;
67(2):296-305. DOI: 10.1016/j.compscitech.2006.08.009

[51] Wu H, Sun X, Zhang W, Zhang X, Lu C. Effect of solid-state shear milling on the physico-
chemical properties of thermally conductive low-temperature expandable graphite/low-
density polyethylene composites. Composites Part A: Applied Science and Manufactur-
ing. 2013;55:27-34. DOI: 10.1016/j.compositesa.2013.08.009

[52] Tavman I, Çeçen V, Ozdemir I, Turgut A, Krupa I, Omastova M, Novak I. Preparation and
characterization of highly electrically and thermally conductive polymeric nanocomposites.
Archives of Materials Science. 2009;40(2):84-88

[53] Lebedev S, Gefle O, Amitov E, Berchuk DY, Zhuravlev D. Poly (lactic acid)-based polymer
composites with high electric and thermal conductivity and their characterization. Poly-
mer Testing. 2017;58:241-248. DOI: 10.1016/j.polymertesting.2016.12.033

[54] Kim HS, Na JH, Jung YC, Kim SY. Synergistic enhancement of thermal conductivity in
polymer composites filled with self-hybrid expanded graphite fillers. Journal of Non-
Crystalline Solids. 2016;450:75-81. DOI: 10.1016/j.jnoncrysol.2016.07.038

[55] Kim HS, Kim JH, Yang C-M, Kim SY. Synergistic enhancement of thermal conductivity in
composites filled with expanded graphite and multi-walled carbon nanotube fillers via
melt-compounding based on polymerizable low-viscosity oligomer matrix. Journal of
Alloys and Compounds. 2017;690:274-280. DOI: 10.1016/j.jallcom.2016.08.141

[56] Yu A, Ramesh P, Sun X, Bekyarova E, Itkis ME, Haddon RC. Enhanced thermal conduc-
tivity in a hybrid graphite nanoplatelet–carbon nanotube filler for epoxy composites.
Advanced Materials. 2008;20(24):4740-4744. DOI: 10.1002/adma.200800401

[57] Wu K, Xue Y, Yang W, Chai S, Chen F, Fu Q. Largely enhanced thermal and electrical
conductivity via constructing double percolated filler network in polypropylene/
expanded graphite-multi-wall carbon nanotubes ternary composites. Composites Science
and Technology. 2016;130:28-35. DOI: 10.1016/j.compscitech.2016.04.034

[58] Kostagiannakopoulou C, Fiamegkou E, Sotiriadis G, Kostopoulos V. Thermal conductiv-
ity of carbon nanoreinforced epoxy composites. Journal of Nanomaterials. 2016;2016:1-12.
DOI: 10.1155/2016/1847325

[59] Yuan W, Xiao Q, Li L, Xu T. Thermal conductivity of epoxy adhesive enhanced by hybrid
graphene oxide/AlN particles. Applied Thermal Engineering. 2016;106:1067-1074. DOI:
10.1016/j.applthermaleng.2016.06.089

Thermal Conductivity of Graphite-Based Polymer Composites
http://dx.doi.org/10.5772/intechopen.75676

197



Impact of Thermal 
Conductivity on Energy 

Technologies
Edited by Aamir Shahzad

Edited by Aamir Shahzad

This book is intended to provide a deep understanding on the advanced treatments of 
thermal properties of materials through experimental, theoretical, and computational 
techniques. This area of interest is being taught in most universities and institutions at 
the graduate and postgraduate levels. Moreover, the increasing modern technical and 

social interest in energy has made the study of thermal properties more significant and 
exciting in the recent years. This book shares with the international community a sense 

of global motivation and collaboration on the subject of thermal conductivity and its 
wide spread applications in modern technologies. This book presents new results from 
leading laboratories and researchers on topics including materials, thermal insulation, 
modeling, steady and transient measurements, and thermal expansion. The materials 
of interest range from nanometers to meters, bringing together ideas and results from 

across the research field.

Published in London, UK 

©  2018 IntechOpen 
©  nengredeye / iStock

ISBN 978-1-78923-672-9

Im
pact of Th

erm
al C

onductivity on Energy Technologies

ISBN 978-1-83881-689-6


	Impact of Thermal Conductivity on Energy Technologies
	Contents
	Preface
	Section 1
Thermal Conductivity of Complex Systems
	Chapter 1
Introductory Chapter: A Novel Approach to Compute Thermal Conductivity of Complex System
	Chapter 2
Thermal Conductivity of Ionic Liquids
	Chapter 3
Thermal Conductivity in the Boundary Layer of Non-Newtonian Fluid with Particle Suspension
	Chapter 4
Effective Thermal Conductivity of Cupra and Polyester Fiber Assemblies in Low Fiber Volume Fraction

	Section 2
Thermal Conductivity of Solid and Fluid Systems
	Chapter 5
Thermal Conductivity of Liquid Metals
	Chapter 6
Thermal Conductivity Measurement of the Molten Oxide System in High Temperature
	Chapter 7
Effect of Ice and Hydrate Formation on Thermal Conductivity of Sediments
	Chapter 8
Thermal Conductivity Measurement of Vacuum Tight Dual- Edge Seal for the Thermal Performance Analysis of Triple Vacuum Glazing

	Section 3
Thermal Conductivity of Nano Systems
	Chapter 9
Structural and Thermoelectric Properties Characterization of Individual Single-Crystalline Nanowire
	Chapter 10
Nonlinear Radiative Heat Transfer of Cu-Water Nanoparticles over an Unsteady Rotating Flow under the Influence of Particle Shape
	Chapter 11
Thermal Conductivity of Graphite-Based Polymer Composites


