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Abstract- Significant research focus is being channeled to carbon nanotubes (CNTSs) obtained from biomass precursors
because of their overall environmental acceptability, stability, low toxicity and simplistic use. They contain unique properties
such as high viscosity, high aspect ratio, special surface area and high thermal conductivity which have been identified to be
responsible for their improved heat transfer applications. High thermal conductivity of this class of nanomaterials is linked to
the presence of phonons. Thus, knowledge of the principle of heat conductivity in carbon nanotubes encompasses
investigations relating to the dissimilarity in the different phonon modes. Also, an in-depth understanding in which phonon
modes play the governing role is necessary. Herein the authors have carried out a critical review of past and current literature,
the function of phonon relaxation rate primarily governed by three-phonon Umklapp scattering process and boundary
scattering have been explored. Also the roles of temperature and shearing time on viscosity of CNT fluids are discussed.
Results indicate that the sensitivity of the phonon modes is due to several nanotube parameters like: temperature, diameter,
axial strain, defects and length. The various viscosity experiments from literature shows that the kinematics viscosity of
nanofluids improved with a decrease in the temperature and increase of the CNT concentration.

Keywords- Bio-based carbon nanotubes, Phonons, Thermal conductivity, Umklapp process, Viscosity.
In 1991 after their discovery, research on Carbon

Nanotube (CNTs) has emerged, branching open new
discoveries and opportunities. CNTs have wonderful heat

1. Introduction

A “biomaterial” or a “bio-based material” is produced

from existing living organisms including residues and
agricultural crops, algae and trees. “Sustainable bio-based
materials” are materials obtained from mature and reaped
cropland or plantations which are sustainable; synthetized
without harmful contributions and influences; are harmless
and healthy for the environment during usage [1-5], and
are intended to be reused at the end of their proposed use
via composting and recycling.

Due to their unique mechanical, electrical and thermal
properties, a growing effort is being made to deviate from
the heavy dependence on petroleum sources for energy.
Bio-materials obtained from green sources pose no health
hazards and is friendlier on ozone depletion. Past study has
suggested a focus towards the formation of value added
materials obtained from bio-mass instead of using biomass
as a direct source of fuel [6-10].

and electrical transfer properties which makes them a sort
of wonder material. The diversity in property which is an
advantage stems from their abilities to be rolled up in
different tube axis based on different helicities [11] and
this is decided by a chiral vector which categorizes CNTs
into “zigzag", "armchair”, and “chiral” forms. Carbon
nanotubes are one-dimensional cylinders and can be
multiple or single layers of carbon. Nanotubes with a one
layer are called Single Wall Carbon Nanotubes (SWCNTS)
while carbon nanotubes with multiple walls are called
Multi-wall Carbon Nanotubes (MWCNTSs) [12]. The
diameters of the tubes are in the range of a few nanometers
(0.4nm-1.4nm) and a length in micrometers, which confers
high aspect ratios [11]. MWCNTS are easier to synthesize
when compared to SWCNT because they can be grown
from most hydrocarbons at a low temperature (600-
900°C). SWCNTs are usually synthesized by infusing
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metals in the transition metals group in catalytic amounts
in the arc-discharge process while being able to grow from
selected hydrocarbons [11]. Earlier studies determined that
CNT immersed in suitable base fluids had the ability to
reduce erosion and clogging which is seen in micro
particles and this has led to significant energy savings and
high efficiency in micro-channels [11],[13],[14]. The
knowledge of the thermal conductivity of CNTs is very
useful in the design of nanoelectromechanical systems
(NEMS) and microelectromechanical systems (MEMS)
used for efficient thermal transport system in electrical,
mechanical and chemical applications, solar energy
systems and central air conditioning systems. It is also
necessary in the development of molecular theories in
nanofluids and nanofluid mixtures [15]. Low thermal
conductivity are presently a major disadvantage in the
synthesis of heat transfer fluids with high energy-
efficiency needed for very high performance cooling [11].
Nanofluids however, are seen to have high thermal
conductivities which depends not only on forces acting on
nanoparticles but also on particle motion and interaction
with turbulent eddies which leads to an astonishing
reduction in heat exchanger pumping power [13]. After
reviewing previous works, we find that the reported
thermal conductivities of CNT is as high as 3000W/mK
[16]. For bio-based CNT on the other hand, there is less
literature available. Recently, the thermal conductivity of
bio-based phase change (PCM) was enhanced by adding
carbon nanotubes and the thermal conductivity reported is
0.557W/mK [17]. In comparison to tested carbon black,
studies by [18] revealed a 36% in the thermal conductivity
of carbonized ball milled lignin after synthesis by ball-
milling. This review presents the various methods of
synthesis of carbon nanoparticles and equally important,
an investigation of the thermal conductivity measurements
of MWCNT and SWCNT. The effects of temperature,
length, substrate and diameter of the nanotubes have been
analyzed. The current trend towards miniaturization and
the global need for a renewable and sustainable heat
transfer source has motivated this study.

2. Synthesis of Carbon Nanoparticles

The tube diameter (d) and the helical angle 8 are the
two factors that describe the structure of a nanotube, not to
forget the helical vector C = na, + ma, (where a; and a;
are the graphene sheets). Tubes are characterized by (X,y)
notation depending on how they are rolled. The diameter
and helical angle of nanotubes can be found from x and y
[11] and given in equation (1) and equation (2).

[ (2 241/,
d — % — 3TC—C(y :xll+x ) 2 (1)
— -1 _V3m
6 = tan Gz 2

Tere The c-c distance of the graphene layer
(1.4214)

C Length of the chiral vector

From a broad view, there exist three methods of
synthesizing carbon nanotubes [11],[19],[20]:

a. Formation of single-walled nanotubes (SWNT)
by the incorporation of transition metals in
catalytic amounts in the arc-discharge process;

b. Laser evaporation which forms nanotubes with
rope-like structures; and

c. Chemical vapor deposition.

Bio-based carbon nanoparticles are a promising
substitute for the metal based nanoparticles. Past studies
on CNTs have shown increase in thermal conductivity,
latent heat, thermal resistance, environmental friendliness,
renewability and overall thermal efficiency [17],[18],[21-
23]. Synthesis methods for CNT production depends
largely on its application. The precursor used during
synthesis is important in governing the yield and
morphology of carbon nanoparticles. Precursors like
petroleum pitch, graphite powders, carbon rich polymers,
petroleum pitch, and other types of hydrocarbons have
been successfully used in synthesizing CNT and research
is still ongoing in this area, [11, 24-28]. However due to
toxicity and environmental hazards that can be caused, it is
important to produce nanomaterials which are free from
amorphous carbon. They should be obtained from green
sources that would pose no harm to humans and the
environment.

The authors in [29] reviewed greener routes used for
nanoparticle production. Greener routes sourced from
plant extracts and natural products used in past research
were studied. These natural products, some of which were
used as capping agents and reductants during synthesis
have proven to assist with problems relating to
environmental contamination, while using non-toxic
solvents like water. Parts of plants like the roots, leaf,
fruits, stem and seeds are being adopted for synthesis of
nanoparticles from metallic nanoparticle synthesis. [15,
29-33]. This is identified to be due to the presence of
polyphenols because they are stable in acidic solutions and
they also modulate the oxidative defense system in cells
[34]. The bio-molecules present in plant are reported to
reduce metal ions or act as capping agents to particles in
nano-size in a one-step green synthesis methods developed
by [33]. The authors emphasized their advantages of being
readily conducted at room temperature, easily scaled up
and rapid. Micro-organisms have been used to synthesize
nanoparticles; however the rate at which production
occurred was found to be slow and only limited number of
sizes and shapes are amenable compared to that of
biomass-based. The polyphenols contained in tea extracts
can act as both reducing and chelating agents which
prevents agglomeration in nanoparticle formation and
consequently leads to an increase in stability and longevity
[29].

Authors [21] and [35], synthesized carbon
nanoparticles from glucose and alkali or acid additives.
However the former carried out their experiments under
ultra-sonication condition, while the latter utilized
hydrothermal synthesis. From their results, the method
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based on ultrasonic synthesis was more efficient in terms
of particle size agglomeration as the particle size obtained
(5nm) as opposed to the particle sizes from [35] which was
70-100nm. Ultrasound has been known to produce
alternating high pressure and low-pressure waves in
solution, resulting in the collapse and formation of small
vacuum bubbles [21]. Zhang et al. [22] have also applied a
simple hydrothermal method using L-ascorbic acid as a
carbon source. There were no acidic additives and there
was no need for any surface modification. However, the
addition of ethanol enhanced the surface state of the
carbon nanoparticle. Gonugunta et al. [36] studied the
production of bio-based carbon nanoparticle using lignin
as the carbon source. The freeze drying process was used
in order to avoid lumps or aggregates formed from
carbonization. It was observed that there was an increase
in thermal stability with a corresponding increase in KOH.
This was as a result of the influence of KOH on the
particle size as lignin samples modified with KOH yielded
ultrafine particles even though it forms agglomeration at
higher concentrations of 15% [36]. To avoid the problem
of lump formation (agglomeration) which usually arises
from carbonization, thermal pyrolysis method was recently
used by Roshni and Ottoor [37] to synthesize bio-based
nanoparticles from coconut milk. The authors used the
pyrolysis method because it does not involve any surface
passivating agent or any acid treatment. The result
however shows a large size range (20nm-50-nm) which
could be due to non-homogeneity in the pyrolysis method
adopted. Apart from the chemical methods used for
synthesis, physical approaches are also being used for
synthesis of nanoparticles [18, 27, 38, 39]. Physical
methods include: ball milling and mechanical grinding. A
bottom-up mechano-chemical approach using milling of
inorganic precursors was also reported by Rak et al. [27].
Conventionally, ball milling is a top down approach
because the particles are broken down into nanometer
sized particles.

A. Effects of synthesis parameters on the growth of CNT

The parameters involved in the synthesis of CNT
plays a significant role on the final characteristics of the
CNT structures. The influence of synthesis time on CNT
yield from literature increases with increasing time [40-
44]. This is evident from studies by Niu et al. [40], where
at 2 minutes, isolated and short SWCNT with high defects
and poor quality were obtained while CNTs with lesser
defects where achieved for synthesis carried out in 30
minutes. Conversely, it has been observed that CNTs
obtained after much longer synthesis time were likely to
possess weaker crystallinity [42]. This report stated that
increasing the reaction time of synthesis led to a constant
inner diameter while the outer diameter increased. The
effect of temperature on synthesis of CNT using nickel
substrates generated results which points toward a major
synthesis of MWCNT at lower temperature and nickel
thickness [45]. The temperature was varied between
900°C, 800°C and 700°C and the varied temperatures
formed radical results in the CNT structure produced. The

study showed that higher temperatures supports core-shell
configuration and for declining temperatures, the
formation of CNT is enhanced. Toussi et al. [44] showed
that when the temperature of synthesis is lower than
750°C, CNT formation was lesser; however CNT
formation was higher for higher temperatures (>900°C).
The best temperature for CNT growth by Toussi et al. [44]
occurred between 800°C and 900°C and the optimum
growth temperature was at 850°C , while Shamsudin et al.
[46] obtained an optimum growth of about 99.99% at
900°C. Apart from synthesizing from high temperatures,
carbon nanotubes can also be synthesized from
carbonaceous solids at low temperature (450°C) [47].

In the chemical vapor deposition (CVD) method, a
hydrocarbon gas which is the carbon source is used
together with a metal catalyst that acts as seed for the
development of CNTs. CVD takes place at a lower
temperature (500-1000°C) [11]. Synthesis of CNTs is
usually followed by purification, deposition and
suspension in an organic solvent [12]. Using CVD method
of synthesis allows more precision control of CNT
orientation, lower cost and more defined product(s). The
electrical properties of CNT’s have been improved by
synthesizing SWCNT using CVD on supported catalyst.
They have proven to be semiconducting in nature and also
quasi-metallic with small band gaps [20].Selecting a
proper precursor, catalyst and suitable vapor pressure
optimizes the yield of growth rate and quality of produced
CNTSs [48].

The choice of catalyst and substrate is important for
the successive growth and desired orientation of CNTs
[49]. The use of transition metals as catalyst for CNT
synthesis have been reported by [50-52].The most
common transition metal catalysts used are Ni, Co and Fe
due to their extraordinary solubility and carbon diffusion
rate. They are desirable due to high melting points and
strong adhesion qualities. Higher quality nanotubes growth
is obtained when Fe is used as catalyst during synthesis
compared to Co and Ni. This has been attributed to its
greater carbon solubility. Increasing the Fe quantity
decreases the quality of the nanotubes synthesized due to
general aggregation of the Fe particles. It was concluded
that lower metal loading percentage is preferable for the
production of better quality CNTs with identical diameters
[53]. MgO and Mo have also been recognized to be an
appropriate catalyst support for Fe as it produces
nanotubes with enhanced graphitization, smaller and more
uniform nanoparticles [50, 51]. A uniform diameter CNT
was synthesized using Mnj, as a catalyst precursor [54].
The diameter grown is 1.5+£0.31nm and the result indicates
that an adhesion strength exists which can determine the
diameter of as-grown SWCNT needed for controlled
synthesis [54]. Cheng et al. [55], revealed that the
dimension of the catalytic particles and amount dispersed
on the support was useful in controlling nanotube shape. A
novel method of synthesis was reported by the authors
using an improved floating catalyst approach produced by
catalytically pyrolizing benzene at 1100°C-1200°C [55].
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Solid organo-metallocenes are have been used due to
their metal liberating qualities which catalyzes
hydrocarbon deposits efficiently [48, 56]. Alloy of metals
also play a substantial role in catalyzing the growth CNTs
and through them a better yield of CNTs are derived [57-
60]. As more research continues on enhancing the growth
of CNTSs, noble metals have been discovered to effectively
synthesize CNTs. However, they are most effective when
their particle sizes are very small (<5nm) [48]. A robust
and cost effective method of CNT synthesis was reported
by Jeong et al. [17], in which catalytic particles solution
and carbon sources were atomized without the use of a
special heating system. This method of synthesis proved
more effective than thermal pyrolysis based catalytic vapor
deposition (CVD) in which there is difficulty in controlling
the quantity of particles entrained in carrier gas due to
steep temperature gradient between furnaces. The method
also proved more effective than aerosol pyrolysis [17].
Catalytic pyrolysis involving annealing of carbonaceous
solid containing cobalt has been used to synthesize
MWCNT [47]. The cobalt is used as a catalyst to
decompose carbonaceous solid, form carbon gas species
and eventually growth of CNTs. The use of cobalt can also
lead to the deposition of carbon at high temperatures and
are hazardous [51]. This mentioned downside of cobalt
and other transition metals motivated Abdullahi et al. [51]
to use a systematic approach based on catalyst loading,
pre-treatment and selection of the right operating
conditions for the improvement of a monometallic
catalytic system for the growth of SWCNT. High quality
SWCNTs with high yield was achieved by using a 2 wt.%
Fe—MgO catalyst with diameters ranging from 0.8-2.0nm.

Understanding the growth and controlling the diameter
of CNT facilitates the research of new applications and
basic properties of CNTs [20, 61]. The major function of a
catalyst in describing the nanotube diameter synthesized
by chemical vapor deposition can be seen from the
investigation of the diameter distribution which shows a
close connection between diameters of nanocluster
nanotubes and catalysts [61]. This discovery was made
when the authors Cheung et al. [61] prepared iron
nanoclusters having three distinctive diameters which were
utilized in the development of CNTs with comparable
diameters. Diameter-controlled synthesis of SWCNT using
Mn;. cluster as a catalyst precursor by means of mist flow
CVD has also been reported by Sun et al. [54]. The mist
flow CVD was reported to be effective for the diameter
controlled growth of SWCNTSs. Site selective synthesis
based on CVD is able to grow CNTs at controllable
locations and with desired orientations on surfaces [20].
CVD are described to be effective in the production of
materials which are hybrid in nature and based on CNT
from various supports where superficial located growth is
desired [49]. The study was on the comparison and
utilization of synthetic hematite and natural nontronites as
interface adaptation nanoparticles for local growth of
carbon nanotubes at required support.

3. Thermal Conductivity of Carbon Nanotubes

A. Thermal conductivity in a base fluid

Thermal conductivity and heat transfer of nanofluids
depends not only on the forces acting on nanoparticles, but
also on particle motion and interaction with turbulent
eddies [14]. Convective heat transfer can be passively
improved by altering the boundary conditions, flow
geometry or by increasing the thermal conductivity of the
base fluid [62]. Decrease in diameter of nanoparticles
brings about a more uniform temperature distribution.
However, this leads to a corresponding increase in cost and
complexity of nanoparticle production [63]. Previous study
reveals that the thermal conductivity of fluids with sphere-
shaped particles improved with an increase in the ratio of
the surface area to volume ratio of the particle and volume
fraction of the particles [13]. It has also been pointed that
since transfer of heat takes place at the surface,
nanoparticles with a wide surface area should be used.
Compared to micrometer and millimeter-sized particle
fluids, nanofluids have enhanced rheological properties
and extended stability which makes them possess
increased thermal compatibility [64]. Carbon nanoparticles
are being utilized in the enhancement of the thermal
conductivity of their applications [17, 64-67]. The high
aspect ratio of CNTSs, their special surface area and high
conductivity is responsible in making them suitable for
heat transfer purposes in nanofluids [64, 66]. The
improved thermal conductivity is due to a well formed
arrangement at the solid/liquid interface and the mode of
heat conduction in nanotube suspensions [64]. Brownian
motion has also been suggested to be a major phenomenon
in controlling a nanofluids thermal conductivity [64].

The study by [17] considered the preparation of
thermally enhanced bio-based phase change materials
(PCM) by utilizing a method known as vacuum
impregnation with exfoliated graphite nano-platelets. The
results show a 375% improvement in thermal conductivity.
There was also an improvement in the latent heat and
thermal resistance. Nanomaterials added to a working fluid
in a vapour compression cycle was theoretically and
experimentally tested for performance and an increase of
10.5% was observed with 13.5% less energy consumption
[68]. The thermal conductivity of synthetic engine oil and
ethylene glycol were improved by dispersing multi-walled
carbon nanotubes and measurement was carried out using
the transient hot wire method [64]. The authors stated an
enhancement in thermal conductivity with an increase in
volume fraction. Thermal conductivity enhancements up to
12.4% was achieved for CNT/ethylene glycol suspensions
at a volume fraction of 1 vol% when compared to CuO
based nanoparticles. In addition, up to 30% thermal
conductivity enhancement was achieved for CNT-engine
oil suspension with 2 vol%. These outcomes evidently
point to the fact that there exists an enhanced thermal
conductivity ratios improvement with a corresponding rise
in the volume fraction of CNTSs and it is almost non-linear
[64].
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B. Thermal conductivity of MWCNT

The need to measure the intrinsic thermal properties
and thermal conductivity of individual carbon nanotubes in
order to get an accurate estimation prompted the study by
Kim et al. [16] and Choi et al. [69]. The studies of the
thermal properties of MWCNTs by taking bulk
measurements had a disadvantage of yielding a joint
average in a sample made of different tubes. This is as a
result of the existence of various tube-tube junctions which
can be an obstacle to thermal transport in bundle
nanotubes [16]. These tube-tube interactions are primarily
created from van der Waals forces with an exception for
unique instances when local charge introduce additional
electrostatic fields [70]. It was proposed that the nanotubes
should touch each other over less than 2-3% of their total
length in order to achieve high thermal conductivity in
long MWCNT [70]. A hybridized device with MWCNT to
investigate thermal transportation was developed by Kim
et al [16]. A mechanical approach was used to place
MWCNT on the device and this approach produced a
device of nanotube structure which has the ability to
quantify the thermal conductivity of individual MWCNT.
The thermal conductivity reported is over 3000W/mK at
room temperature. On the other hand, Choi et al. [69]
placed a single CNT across the electrodes for thermal
conductivity measurements using 3-w using a combination
of electric fields with an alternating current and direct
current. This approach is based on selective deposition
technique which has a benefit of permitting the control of
single nanotube placement. The thermal conductivity was
reported as 650 and 830 W/mK respectively. The
technique is reported to operate on a narrow-band
detection technique and is said to give better signal-to-
noise ratio [71]. In order to produce reliable data on the
thermal conductivity of different nanotube sizes, an
outstanding measurement technique was developed based
on the four-point-probe third-harmonic (3- @) method with
assistance of a focused ion beam (FIB) for electric field
supply [72]. When likened to the two point probe 3- ®
technique used by Choi et al. [69], the precision of the
measurement is considerably improved by disregarding the
contact contribution in the measurement which was
previously done by annealing the nanotube samples at
600°C. The measured value for the CNTSs investigated by
the authors in [72] is 300 + 20 W/mK. The variation in
thermal conductivity is likely to depend on the size and
type of carbon nanotube employed which results in diverse
mean free paths of the energy carriers. The 3- o technique
of measuring thermal conductivity recently used by
Vollebregt et al. [73], was employed to determine the
thermal conductivity for a low temperature grown vertical
MWCNT bundles. This is important because CNT bundles
which are required to obtain a low electrical and heat
resistance applications need to possess low thermal
conductivity. The thermal conductivity reported was 1.7-
3.5 W/mK. The disadvantage of this method is a low
quality sample arising from a low growth temperature.

The notable technical difficulty in fabricating devices
used by the authors from literature [16, 69, 71, 72],
motivated the research by Xie et al. [74]. The authors
made an estimate of the thermal conductivity of individual
CNTs from the obtained thermal diffusivity measurement
of MWCNT array based on a laser flash technique. The
following correlation was used to determine the thermal
conductivity [74]:

A=apC, 3)
Where:

C, Specific heat;

p Density; and

a  Thermal diffusivity of CNT.

The thermal conductivity at room temperature was
reported to be about 750W/mK and it increased smoothly
with an increased temperature. Measuring the thermal
conductivity of a film of MWNTSs using pulsed photo-
thermal reflectance technique was used by Yang et al. [75]
and Samani et al. [76]. This non-contact method is said to
have an advantage of having no boundary scattering due to
reservoir junction which was detected in electrical junction
[76]. The thermal conductivity for CNT bundle length of
10 — 50 um and diameter 40-100 nm was measured and
was found to be about 15W/mK [75] while Samani et al.
[76] reported a thermal conductivity of 2586 W/mK for an
individual CNT of length 2 um and diameter 150nm. The
high thermal conductivity of the individual MWCNT by
Samani et al. [76] has been proposed to arise from the
existence of ballistic flux of long-wave acoustic phonon,
which originates from all the walls having equal
contribution to thermal transport. These phonons enable
heat transport in MWCNT, and are therefore an essential
factor of the thermal conductivity. For novel materials for
which quantitative measurements cannot be carried out,
simulations involving molecular dynamics are applied.
The need to comprehend the lattice thermal transport
properties of carbon nanotubes for nano-electromechanical
systems (NEMS) and microelectromechanical systems
(MEMS) devices prompted the study by Che et al. [77]
and Berber et al. [78]. The molecular dynamics (MD)
approach is critical to note the influence of various defects
speculative calculations and the thermal conductivity of
CNT. One major concern of using MD however, is the
effect of size of the simulation box as a result of the
periodic boundary simulations [77]. The thermal
conductivity is extracted from the Green-Kubo relationship
in (4).

AW) = 5 ¢ (@) (4)

Where:
kg Boltzmann constant;
V Volume;

T Temperature of the sample; and
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C]‘IJ Quantum canonical correlation function. Li-Jun et Physical property 650W/mK at 100K
al. [88] measurement decreases to
The thermal conductivity obtained was 950 W/mK system (PPMS, 480W/mK and keeps
along the tube axis and 5.6 W/mK in a perpendicular from Quantum almost constant from
direction to the tube. design 100-300K
Corporation).
C. Thermal conductivity in SWCNT
o Osman and Molecular The thermal
The thermal conductivity of SWCNTs from most Strivastava dynamics conductivities
studies in literature have been seen to depend on several [89] simulations. beginning from 100K
CNT parameters ranging from nanotube length, simulation first show
method for free boundary and periodic boundary a peaking
conditions [79, 80]; temperature [81, 82]; axial strain [83]; behaviour after
radius and chirality of the tube [84], defect influence [77] which it drops off at
and interaction between the nanotube with the substrate higher temperatures.
[85]. Several other studies also emphasized the fact that Guand Analysis of all 474W/mK at 300K
dependence of thermal conductivity below 30K is reliant Chen [90] | possible combining
on phonons rather than electrons [81]. Table 1 lists the and splitting
thermal conductivity and measurements of SWCNT from Umklapp scattering
literature. process based on
Table 1. Thermal conductivity of carbon nanotube from total phonon
literature dispersion
relations.
Author Thermal Result
conductivity Berber et Molecular 6000W/mK at room
technique al. [78] dynamics temperature for an
Honeetal. | Measured using a Room temperature simulations using isolated (10,10)
[81] comparative thermal conductivity the Tersoff
method. of 1750-5800W/mK potential,
Temperature drops augmented by Van
are measured using _ der Waals
constatan rod. interaction In
graphite.
Cheetal. Empirical bond 950W/mK (Nanotube ——
[77] under dependent bundle along tube Pan et al. Non-equilibrium The_ thermal
force field, based axis) [91] mo.lecular conductivity at 300K
on equilibrium dyqamlcs method of (10,0) is
molecular 5.6W/mK (nanotube with Brenner II 237W/mK
. bundle perpendicular potential.
(_lenam_lcs to the tube)
simulation. Lukes and Molecular Thermal conductivity
Silotia et A suitable form of At increased Zhong [79] Qynam!cs improvement with
al.[86] | relaxation time that | temperatures thermal simulation nanotube length,
represents phonon- conductivity in from about 10 W/m
phonon scattering SWNT ropes tends . t0 375 W/m K
and interaction with towards that of a Pop et al. Joule self-heating. | 3,500W/mK at room
an appropriate two-dimensional [92] temperature
anisotropic material while at Saavin et Molecular 360W/mK and
dynamical model. | lower temperatures, it al. [85] dynamics 88W/mK
behaves as a quasi- simulations
tWO'dimenSional Centered on the
material because of green Kubo
the curvature of formalism.
graphene sheets
Duzynska Optothermal 26W/mK at 300K
etal. [87] technique. 9W/mK at 450K Hence, an in-depth knowledge of the principle of
conduction of heat in SWCNTs comprises studying the

variance between the different phonon modes and to
determine which types of phonon modes play the
governing role.
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D. Temperature dependent thermal conductivity of single-
walled carbon nanotubes

The thermal conductivity of SWCNT measured by
[81] was focused on the low temperature range (<100K),
which had a linear behavior. At this low temperature, a
small diameter most probably affects the phonon
properties of single-walled carbon nanotubes [81, 82]. A
significant decrease in thermal conductivity was observed
as the temperature decreased (Fig. 1). The results from the
studies revealed an intrinsic thermal conductivity of
nanotube bundles rather than sample dependent effects like
joints between bundles. Cao et al. [82] reported a peak
behavior at about 85K accompanied by a rapid decrease in
the temperature dependent thermal conductivity which is
caused by the Umklapp scattering freezing out. The peak
behavior will shift to higher temperatures as diameter
increases while neglecting dependence on tube chirality
[89]. This is because as the temperature improved, the
Umklapp scattering which is strong becomes more
effective due to the thermal population of higher-energy
phonons (Fig. 2) [82].
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Fig. 1. Thermal conductivity of SWNT as a function
of temperature [81].
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Fig. 2. Relaxation rates of Umklapp process of (6,0)

SWNT [82].

Silotia et al. [86] attempted to make an explanation of
the experimental variation in temperature in the thermal
conductivity stated by Hone et al. [81] using a theoretical
anisotropic model. The thermal conductivity centered on
the studied model is given as:

BCZBZ e a1

K :;lZ(Tl;n;fmg_ilgg.e}‘fEXI (5)

Where: h is the Planck’s constant, B, is Boltzmann
constant and 6p . is the efficient temperature. The
anisotropic model is used because other models like Debye
and the extended Debye model do not take into account the
presence of the anisotropic nature of SWCNT especially at
low temperatures below 30K. In addition, the anisotropic
model illuminates in detail the variation in temperature of
specific heat for the entire temperature range of 2-300K
[86]. The thermal conductivity involves phonon-phonon
interaction and phonon-phonon scattering that produces
phonon relaxation time 7 or phonon mean free path [.
Figure 3 shows the thermal conductivity measurements by
[86]. From the Figure, it is observed that the highest
thermal conductivity was observed at the highest
temperature (350°K) and the lowest conductivity at the
lowest temperature (8°K).

|
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Fig. 3. Thermal conductivity of SWCNT in the
temperature range 8-350 at different diameters (0.7, 0.75,
0.8,0.9,1,and 1.1,) [86].

At 100K, a clear peak was observed in the study
carried out by Li-Jun et al. [88], which gradually decreases
with an increasing temperature till it gets to 200K and
from 200K-300K, the temperature becomes constant. This
behavior is said to be due to the temperature dependent
property of phonon. At low temperature, the phonon
relaxation time is inversely proportional to the temperature
which translates into a decrease in thermal conductivity
with  increasing temperature. However at high
temperatures, phonon-phonon scattering contributes to the
phonon-decay and shows no temperature dependence (the
thermal conductivity is constant) [88]. This peaking
behavior is also seen in the studies by Osman and
Srivastava [89]. It was observed by the authors that the
peak changes to greater temperatures with increasing
diameter of nanotube which is due to the beginning of
Umklapp scattering, which is said to lower the thermal
conductivity at greater temperatures, and also depends on
nanotube radius. The peak in this study occurred at 400K
and then a drop followed at 500K. Recently a technique
known as opto-thermal method was used to determine the
intrinsic thermal conductivity and interfacial thermal
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conductance on thin nanotube films deposited on silicon
substrates as a function of temperature in the range 300-
450K [87]. The tube diameter was in the range of 1.2-
1.7nm with a mean length of 1um. The value of K was
found to decrease non-linearly by nearly 60%. This was
due to the increase of multi phonon scattering at higher
temperatures. The thermal conductivity decreased from
26.4 t0 9.2W/mK in the temperature range of 300-450K.

The thermal conductivity in higher temperature range
of 300-800K has been determined by [92] using reverse
fitting based on an existing electro-thermal transport
model. The results indicated a restrained decrease in the
thermal conductivity of SWCNT close to the extreme end
of the temperature range inversely proportional to T2. The
presence of Umklapp phonon-phonon scattering that leads
to a temperature dependence of 1/T is seen from the graph.
In addition, at the upper end of the graph can be seen a
drop in thermal conductivity at a rate sharper than 1/T. The
reason given to this is the effect of second order scattering
process with scattering rates proportional to T2 At the low
end of the temperature range, a levelling of thermal
conductivity was observed signifying a shift towards
thermal transportation restricted by phonon boundary
scattering as a result of the limited sample size as seen in
Fig. 4.

300 400 500 600 700 800
T(K)

Fig. 4. Thermal conductivity of SWCNT in the
temperature range 300-800K [92].

4, The Effect of Substrates on the Thermal
Conductivity of SWCNT

The question arose on whether the thermal
conductivity of SWCNTs was related to the effects of
substrates [85]. This question was answered by carrying
out a straight modelling of the heat transfer by using
molecular dynamics models and also by studying the
equilibrium multi-particle dynamics which is centered on
the Green-Kubo formula. The study discovered a finite
conductivity for nanotubes that were placed on substrates
unlike remote carbon nanotubes that displayed an unusual
thermal conductivity. The mean free path that is conducted
by heat is larger or of the same order for the Knudsen
number (Kn >1) and of the nanotube length. This show the
relations of CNT with a substrate can radically alter the
character of thermal conductivity which is as a result of the

presence of a constricted gap at the extremity of the
frequency spectrum of acoustic phonons.

5. The Role of Phonon-phonon Scattering in Carbon

Nanotubes

Heat conduction by phonons is an general process that
encompasses an extensive scope of physics and plays a
critical role in applications ranging from LED lighting to
space power generation [93]. Acoustic phonons play a
dominant role in phonon state [81, 82, 92]. Additional
phonon mode, scattering process and rolling-up of
graphene sheets have major outcome on the temperature
dependence of the thermal conductivity at both high and
low temperature [81, 86]. In a perfect isolated SWCNT, an
analysis of the physical mechanics can be carried out using
phonon relaxation rate which is majorly controlled by
three-phonon Umklapp scattering process and boundary
scattering [82, 90]. The Umklapp process is made up of the
combining process and the splitting process which both
contribute to thermal resistance. The total relaxation time
can be derived from Matthiiessen’s rule and given as [82]:

Tt “ ©
WIth—U a SREL 5"
Therefore the total relaxation rate can be rewritten as:
r_1,1.1 @

T B Cp Sp

Where 1, is the three-phonon Umklapp scattering
process and tg is the relaxation time for boundary
scattering. It was observed that there exists additional low
lying doubled over phonon subdivisions as the tubes
diameter increases which invariably contributes to thermal
conductivity. The use of complete dispersion relations for
SWCNT by Gu and Chen [90], concentrated on the three-
phonon interactions to derive thermal conductivity. Han
[94] has shown that the relaxation rate of Umklapp process
is obtained from the given lattice characteristics and
dispersion data. Because the role of low frequency phonon
is more intense compared to that of high frequency, the
combining process has been assumed to be of greater
importance than the splitting process in the assessment of
thermal resistance.

The combining process and the splitting process
respectively satisfy the selection rule:

a+q' =q"+G ®)

q=q +q"+G 9)

Where q,q', q"’ are phonon wave vectors and G is the
reciprocal-lattice vector [90]. From equation (9), the rate

of relaxation for the three-phonon Umklapp process can be
given as [90]:

1 _ 4hy?
T 3p?

5,07, B0 286N @ ") (10)
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The thermal conductivity calculated for the tube was
found to be 474 W/m K at 300 K. The outcome of orderly
functionalization on the thermal conductivity of SWCNT
at 300Kwas carried out by [91] using a non-equilibrium
molecular dynamics (NEMD) simulations. The simulation
was carried out to find the character of the thermal
conductivity by means of decorated hydrogen atoms. This
was done by calculating the phonon power spectra of the
SWCNTs from Fourier transform of the velocity
autocorrelation function. From Fourier’s equation, the
thermal conductivity is defined thus:

J = —AVT (11)

Where: T and ] is the resulting heat flux density and
VT is the gradient of the temperature. The results show
that the functionalized CNTs show considerably lesser
thermal conductivity than pristine CNT (CNT with
attached hydrogen). It was also ascertained that there
exists more repressed axial phonon modes of the
unsystematically functionalized SWCNTs than the
systematic functionalized tube. The atoms of hydrogen
which attach to the CNTs act as defects which
consequently decrease the thermal conductivity. The study
of the phonon spectra shows that the density of phonon
modes is considerably altered for functionalized tubes,
which leads to the suppression of some vibrational modes
and a decrease in the length of phonon scattering. This
results in the degeneration of thermal conductivity. At
room temperature, the phonon-phonon Umklapp scattering
is negligible and therefore the phonon transport is nearly
ballistic with the phonons having only a small number of
scattering events between the thermal reservoirs. This
feature is not present in bulk measurements of MWCNT
which is conceivably because of the added extrinsic
phonon scattering mechanisms like tube-tube interactions
[16].

6. Viscosity of Carbon Nanotubes Based Nanofluids

Since the advent of carbon nanotubes, it has been
shown that the thermo-physical properties of base fluids
like water and ethylene glycol can be enhanced by adding
carbon nanoparticles in precise quantity. Nanofluid
viscosity is a crucial property for uses involving flow of
fluid and it determines the pumping power [95]. Changing
the viscosity of a base fluid by adding nanoparticles can
lead to a direct impact of the systems overall efficiency.
The viscosity of CNT nanofluid is dependent on the
temperature, shear rate for different nanotube
concentration and agglomeration effects on rheological
characteristics [96].

Table 2. Viscosity measurements of CNT nanofluid from
literature

Sadri et | Rotational 15,30 and | Nanofluid
al. [97] rheometer 45°C viscosity
improved
with
increasing
sonication
time up to a
maximum
value and
then
decreased
with  further
increase  in
sonication
time.

Halefadl | Stress 40°C Results show
et al. | controlled that the shear
[95] rheometer in a viscosity
cone and plate increases
configuration. with
nanotube
concentration
for a specific
shear rate

Jo and | A rotational | Fixed Nanofluid
Banerjee | rheometer and | temperature viscosity is

[96] a cone and | of 550°C significantly
plate test. enhanced up
to 93% in the
concentration
of 2wt%
Aladag | Stress 2-10°C Viscosity of
et al. | controlled the CNT
[98] rheometer suspension
decreases
when the
shear rate
increases
Vakili- Bohlin CVO | Between Enhancement
Nezhaad | rheometer 24°C and | of the
and (Malvern 100°C. viscosity
Dorany | Instrument). index is
[99] 14.11%

Author | Viscosity
measurement
technique

Temperature | Results

A. Shear rate and temperature effects on the viscosity of
CNT nanofluids

The study by Aladag et al [98] investigated the
influence of temperature on viscosity for CNT/Water and
Al,Os/Water nanofluids at small concentration and for a
temperature range of 2-10°C. The effect of pressure drop
and viscosity is important and should to be taken into
consideration when used in low temperature application
like air conditioning systems. The rheological study was
carried out by observing the hysteresis phenomenon. The
results showed that viscosity increased when the
temperature decreased as shown in Fig. 5, and also the
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behavior of the CNT suspension was described as non-
Newtonian shear thinning fluid when observed in the
experimental condition of the study. Similarly results by
Sadri et al [97] indicates a decline in viscosity when
temperature was increased (Fig. 6). The study [97] also
reported that MWCNT/water based nanofluids behaved as
a non-Newtonian fluid. This is because the dynamic
viscosity differs as a result of an increase in shear rate. The
result of shear thinning effects from the two studies
discussed can be credited to realignment of the clusters in
the direction of the shearing flow due to the formation of
primary particles and the de-aggregation of the nanotube
clusters leading to a less viscous force [98],[95].

A recent study has shown that using molten salt as
base fluid was advantageous for high temperature
applications like concentrated solar power (CSP) [100].
This gave way to the studies by Jo et al [96], who
investigated the rheological behavior of CNT dispersed in
molten salts under high temperature. A highly non-linear
rheological behavior was observed, typical of shear a
thinning liquid which was more distinct for increased mass
concentrations of the nanoparticle. A non-Newtonian
behavior was observed in low shear rate region, consistent
with literature. The viscosity of the base fluid was
significantly enhanced by doping MWCNT which is likely
attributed to the agglomeration of the nanotubes [96].

&2'C O5"
& ¢ O5C
& AT'C ©10°C

Apparent viscosity (Pa.s)

100
Shear rate (1/s)

10000

Fig. 5. Influence of temperature apparent viscosity
versus shear rate of CNT nanofluid [98].
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Fig. 6(a,b,c). Dynamic viscosity vs shear rate at
various times of sonication [97]

B. The role of surfactant on the viscosity of CNT

Halelfadl et al [95] reported results on the
experimental investigation on the rheological properties of
CNT water based nanofluids stabilized by sodium dodecyl
benzene sulfonate (SDBS) as surfactant. The shear
viscosity of the base fluids slowly decreases with the
decrease of SDBS volume fraction.

C. The effect of particle volume fraction on the viscosity
of CNT nanofluid

Nanofluids sample prepared from volume fraction
0.278%, 0.111%, 0.055% and 0.00555% respectively
tested at 20,30 and 40°C respectively shows that
nanofluids with particle concentration of 0.278% and
0.111% behaved as shear thinning fluids [101]. The shear
thinning region was up to 200S™; for higher shear rate, the
viscosity tends to a Newtonian plateau. For lower particle
content (0.055% and 0.0055%) however, the nanotube
behaved in a Newtonian manner [101]. Experimental
results by Vakili Nezhaad [99] shows that the kinematic
viscosity of nanofluids was improved with decline in the
temperature and increase in the concentration of MWCNT
concentration. It was also pointed out from the studies that
a non-linear relationship existed between MWCNT
concentration, viscosity and temperature.
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7. Discussion and Conclusion

Carbon nanotubes undoubtedly are an intriguing next
generation materials, which are being continuously
improved upon for application in diverse areas including
chemical, mechanical and electrical systems. Their
synthesis, growth and application is an area of active
research.

From literature, significant milestones have been
achieved in the field of CNT synthesis with a focus on
CVD. Synthesis parameters have been shown to have a
direct output on the shape and morphology of as-grown
CNTs. The parameters include precursor, synthesis time,
temperature, diameter, among others. The inconsistent heat
transfer properties such as thermal conductivity of CNTs
are attributed to the wvarious conditions such as
temperature, diameter, length, and the morphology of
growth of the CNT. The present review validates the
similarities in the thermal behavior of MWCNTs and
graphite. The thermal conductivity of multiwalled carbon
nanotubes can be modelled by making assumptions on the
parameters and properties of graphite, even though it is
probable that the interlayer coupling in multiwalled carbon
nanotubes could be different than it is in graphite. It was
also presented that the phonon confinement effects in
MWCNTSs are significant only at very low temperatures.
At these temperatures, the thermal conductivity in
SWCNT is dominated by phonon boundary scattering. A
linear temperature profile exists at low temperatures less
than 80K but shows peak behavior at 85K and falls off at
higher temperatures.

Past studies on viscosity shows that viscosity can be
enhanced by increasing the CNT concentration and
decreasing temperature. In addition CNT/water nanofluids
act as non-Newtonian fluid since the dynamic viscosity
varies accordingly with a corresponding increase in shear
rate.
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