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In this work, heat transfer surface modification is made by layers of carbon nanofiber (CNF) on a 50 mm
nickel wire using Thermal chemical vapor deposition process (TCVD). Three different CNF layer mor-
phologies are made, at 500 �C, 600 �C and 700 �C, to investigate the influence of morphology on heat
transfer performance characteristics. Experimental results show that a CNF layer made at 500 �C behaves
like an additional heat resistance, which is attributed to the dense structure of the layer of fibers. This
results in 25% lower heat transfer compared to the heat transfer performance of the bare wire. However,
samples made at 600 �C, exhibit a relatively porous layer of CNFs with relatively lower thermal con-
ductivity compared to samples made 500 �C, resulting in an enhancement of 24%. This is because the
relative porous structure leads to relatively better flow permeability which reduces the thermal resis-
tance of the layer. Samples made at 700 �C are partly covered with a dense CNFs layer and partly with an
amorphous layer of carbon. Heat transfer enhancement of 34% is achieved which is attributed to the
combined effect of the highly conductive layer, high effective heat transfer surface area and rough surface
morphology.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Advancements of current heat transfer technologies are trig-
gered by energy, material and economic considerations, which
contribute to more sustainable, efficient and cost effective systems.
Both passive [1e6] and active [7e10] methods of enhancing heat
transfer have been the focus of many studies in the heat transfer
research community. The classical approach of enhancing heat
transfer equipment is bymodifying the heat transfer surface, which
leads to maximizing the surface area and better hydrodynamic
boundary layers.

Heat transfer surface modification e on micro-scale e plays a
significant role on the current technological advancements where
space, mass and power density are important. The remarkable
discovery of the CNTs [11] e with extremely high thermal con-
ductivity and mechanical properties - paved the way to harness the
novel properties in many industrial applications. This novel
oo.com (T.J. Taha).

erved.
material is a potential candidate for application areas such as
electronic chips, catalyst support materials, micro-electro-
mechanical systems (MEMS), evaporator walls (cryogenic refriger-
ation), regenerators (stirling engines, thermo-acoustic heat pumps,
thermo-chemical heat pumps), where heat removal is a critical
design parameter. Due to their extremely high thermal conductiv-
ity, attributed to the strength of the carbonecarbon bond within
graphene layers, carbon nanotubes are considered as a novel ma-
terial in heat transfer research [12e15]. This newmaterial however
has a highly anisotropic thermal conductivity. The thermal con-
ductivity at room temperature along the a-axis (in-plane) of the
graphene layer is greater than 3000 W/m K [16] while the con-
ductivity along the c-axis (out of plane) can be as poor as 1.52 W/
m K [17]. As a result, the structural arrangement of graphene layers
has a tremendous influence on the thermal properties. Carbon
nanostructures exist in three different graphene layer arrange-
ments: perfect cylindrical arrangement of graphene sheets (Tubes),
conical arrangement of the graphene sheet (fish-bone) and flat
graphene arrangement (stacked). Fig. 1 shows the structural
arrangement of the graphene layer on the CNFs produced. The black
lines signify the graphene layer (one-atom thick layer)
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Fig. 1. Schematic illustration of the different forms of Carbon nanofibers with different graphene layer arrangement, where the black lines represent the graphene layer
arrangement.
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arrangement. These different structures are believed to have
different effective thermal conductivities. Moreover, the thermal
conductivity of carbon nanostructures is strongly dependent on the
degree of crystallinity, crystallite shape, crystallite size, and pres-
ence of impurities. However, quantitative measurement of thermal
transport properties of individual fibers remains challenging, due
to technological difficulties associated with nano-scale experi-
mental measurements [18].

Preliminary experimental research has shown that carbon-
nano-fibers deposition may lead to both increase and decrease in
heat transfer performance. Tuzovskaya et al. [19] performed
experimental investigations on stainless steel and on carbon foam.
CNF's on stainless steel resulted in enhancement of heat transfer
ranging from 30% to 75%, while CNF's on carbon foam decrease heat
transfer by 40%. It was explained that the cumulative effect of an
increase of heat exchange surface area, the structural arrangement
of the graphene layer and the higher crystallinity results in the
overall performance of the stainless steel foam.

Kordas et al. [20] have reported an efficient chip cooling by
integrating both laser patterned CNT and copper micro fin struc-
tures on a silicon chip. It was reported thatmicro-fin chip dissipates
more power (up to ~1 W from1mm2 surface) compared to a bare
chip. Similar enhancement results were reported for both CNTs and
copper structures for both natural and forced convection with an
enhancement of 11% and 19% respectively. However, an un-
patterned CNTs layer shows poor heat transfer performance due
to the dense nature of the CNTs layer hampering the flow of N2 in
the film, limiting the heat transfer only to the upper facet of the
films, resulting in limited cooling capabilities. It is also suggested
that by changing fin geometry, dimension and fin densities more
efficient cooling can be achieved.

Zhimin Mo et al. [21] reported effective cooling for microelec-
tronic applications using integrated CNT fins made by lithographic
technique and CVD on a micro-channel surface. It was mentioned
that the flow rates were decreased by 12% whereas the heating
power input is increased by 23% keeping the transistor temperature
6 �C below the reference cooler. It was also suggested that self-
aligned CNTs would increase the heat transfer even more than
what was achieved.

The aim of the present work is to explore the influence of the
morphology of carbon-nanostructured surfaces on heat transfer
performance characteristic. The heat transfer performance test was
made on a 50 mm diameter nickel wire by modifying the surface
with a layer of carbon nanofibers-(CNFs) with varying surface
morphology.
2. Materials

Polycrystalline Ni wire (99.9%, Ni270, Alloy Wire International
Ltd.), made by awire drawingmechanism, with a uniform diameter
of 50 mmwas used in this study to represent a differential strand of
common regenerator element such as metallic foam, see Fig. 2. The
surface of the wire was modified by depositing carbon nano-
structural layer. High purity gases were used during the synthesis
process: hydrogen (99.999%, INDUGAS), nitrogen (99.999% INDU-
GAS) and ethylene (99.95% PRAXAIR).

3. Experiment

3.1. CNFs layer synthesis

Three different sample synthesis procedures were used to
obtain different CNFs topological structures. Prior to CNF-synthesis,
the Nickel micro wire samples were pretreated under a reducing
atmosphere in a 50 mm diameter vertical quartz reactor which was
heated from outside by an electrical furnace. The samples were
heated to 600 �C with a heating rate of 6 �C/min under a nitrogen
(inert medium) stream with a total flow rate of 100 ml/min. After
reaching 600 �C, 30 vol.% hydrogen was introduced in the nitrogen
stream to reduce the samples for 1 h, while maintaining the total
flow rate at 100ml/min. It should be noted that all samples undergo
the same pretreatment in order to have a relatively equal number of
nucleation sites, which helps to determine the influence of the
synthesis temperature on themorphology of the synthesized nano-
fibers. After the reduction pretreatment, the samples were brought
to the synthesis temperature (500 �C, 600 �C and 700 �C) at a rate of
6 �C/min under a nitrogen stream with a total flow rate of 100 ml/
min. The samples were further exposed to a reactive gas mixture of
20 vol.% C2H4, 5 vol.% H2 and 75 vol.% N2 at 500 �C, 600 �C and
700 �C with total flow rate of 100 ml/min. Subsequently, the sam-
ples were cooled down in N2 to room temperature. Finally, samples
were further exposed to a jet of air in order to remove any loosely
attached carbon nanofibers. The samples synthesized at 500 �C,
600 �C and 700 �C with respect to the synthesis duration will be
referred throughout the paper as “CNF5-[n]”, “CNF6-[n]” and
“CNF7-[n]” respectively, where n stands for the synthesis duration.

3.2. Characterization of CNFs layer

The morphology of the samples was studied with high
resolution Scanning Electron microscopy (HR-SEM-LEO-1550)



Fig. 2. A 50 mm cylindrical wire representing a metallic foam regenerator strand for heat transfer surface modification process.
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equipped with NORAN EDS and WDS. The average layer
thickness of the CNFs layer and the CNFs diameter was esti-
mated based on 25 observations of SEM images post-
processed in MATLAB. Prior to the layer thickness measure-
ment, samples were frozen in liquid nitrogen and a cross-
sectional cut is achieved using a scalpel. Raman analysis was
performed using a Senterra Raman spectrometer (Bruker Optik
GmbH) to probe the crystallinity of the CNF layer, which helps
to determine the alignment of the graphene planes. The gra-
phene plane arrangement influences the conductivity of the
CNFs produced by analyzing the defects. The spectrometer was
equipped with a CCD detector cooled at 208 K (�65 �C).
Raman scattering was conducted in the backscattering
configuration with a green laser (wavelength ¼ 532 nm) at
room temperature. The Raman spectrometer was equipped
with an optical microscope, which was used to focus the
incident laser and record the illuminated area. The spectral
resolution was ~9e15 cm�1 and the optical power at the
sample was maintained at 5 mW. Spectra were recorded for an
integration time of two seconds and averaged over ten scans
to improve the signal-to-noise ratio. The sample was analyzed
without any sample treatment or preparation.
3.3. Heat transfer measurement setup

A schematic diagram of the heat transfer setup is shown in
Fig. 3. Air was supplied from a 6 bar air supply and the flow was
controlled by a mass flow controller. The air passes through a flow
straightener and reaches the nozzle. The nozzle was designed to
achieve a constant velocity profile at the exit. A mass flow
controller is used to determine the flow speed from the nozzle
(U∞) through the nozzle cross-section. Sample wires were spot
welded onto a probe and placed perpendicularly facing the flow.
The probe was electrically heated to a desired temperature and
the temperature of the air flow (T∞) was measured. An electric
current (I) was supplied and regulated by a high precision DC
power supply (Tektronix PWS4205). The amount of voltage drop
and the resistance (Rw) were measured using a NI-PCI-6280
module. The fluid properties such as conductivity (kf), viscosity
(mf) and density (rf) are evaluated at film temperature. The sample
is made up of high purity (99.9%Ni) polycrystalline nickel micro
wire (Ni270) which is also used as a catalyst and substrate ma-
terial during the synthesis of the CNF layer. Heat transfer mea-
surements of the bare micro wire (d) were compared with
different correlations from literature and satisfactory results were
obtained [23]. The Nusselt (Nud) and Reynolds (Red) numbers are
calculated as:
Nud ¼ I2$Rw
kf $p$l$ðTw � T∞ Þ (1)

Red ¼ rf $U∞$d
mf

(2)

The heat transfer performance of the modified wire surfaces are
compared and heat transfer enhancement is computed as:

h ¼
"
NudðCNFÞ
NudðbareÞ

� 1

#
$100% (3)

Based on the work of Moffat et al. [24], measurement un-
certainties are analyzed. Based on 120 data samples, results show
that the uncertainty of the measured Nusselt number is ±4.4%.

The porosity and permeability are important parameters to
anticipate the amount of flow penetration inside the CNF layer. Due
to the curvature effect of the CNFs covered samples, the porosity
and flow permeability increase in the radial direction. This creates a
region inside CNFs sub-layer with the highest flow restriction in the
inner region of the layer. As a result, it is difficult to determine the
effective diameter of individual samples made. Hence, it affects the
heat transfer comparison of each different sample with respect to
the flow characteristics.

4. Results and discussion

4.1. CNFs layer synthesis

CNFs synthesis was successfully achieved on a 50 mmnickel wire
with three different synthesis temperatures (500 �C, 600 �C and
700 �C). The surface morphology proved to be highly dependent on
the synthesis temperature [25]. The thickness of the layer varies
mainly with the synthesis duration and temperature. Different
surface morphologies are attained when carbon deposition tem-
perature varies from 500 �C to 700 �C, see Fig. 4. The porosity and
the permeability of the CNF layers are expected to increase along
the radial direction. This is due to the curvature effect of the 50 mm
nickel substrate which hardly leaves any voids close to the poly-
crystalline nickel surface and larger voids on the outer most sur-
face. In addition, tip growth of the CNFs is observed at all three
synthesis conditions.

To study the structural difference created by changing the syn-
thesis temperature, samples (CNF5-60, CNF6-60 and CNF7-30)
were analyzed using SEM see Fig. 4. The CNFs layer thickness was
on average 55 mm, 59 mm and 19 mm for growth temperature of
500 �C, 600 �C and 700 �C respectively, see Table 1. In addition to



Fig. 3. Schematic view of heat transfer measurement setup adopted from Ref. [22].
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the thickness of the layers of CNFs, the range of diameters of the
individual fibers appeared to be different for the three samples. The
average diameter of the fibers increased with synthesis tempera-
ture. SEM images show that the CNF5-60 sample is made up of large
strands of fibers (~120 nm) entangled with small fibers (as small as
8 nm), which increases the density of the fibers population, hence
resulting in a denser layer. Sample CNF6-60 shows a relatively
porous CNF morphology, compared to the CNF5-60, with fiber di-
ameters ranging from 30 nm to 120 nm, see Fig. 4a and b. Sample
CNF5-60 and CNF6-60 are entirely covered with a CNFs layer while
CNF7-30 is partly coveredwith fibers and partly with a carbon layer
(Fig. 4c).
4.2. Analytical comparison of CNFs layer flow permeability

Meso- and micro scale porous materials were given a particular
attention for their extremely high surface area for both as a sub-
strate material for catalyst support [26e28] and heat transfer
application [19,29,30]. However, it is a challenge to thoroughly
investigate both the fluid flow and heat transfer characteristics of
micro-porous media. The flow and heat transfer behavior within
the porous layer of CNFs can be characterized by the characteristic
size and structural complexity of the fibers network. The level
porosity of the CNFs layer insures the physical contact between the
fluid and the fiber network which directly influences both the flow
and heat transport. In addition to the level of porosity, the flow
permeability is an important parameter which measures the ability
of the porous material to convey fluid through the porous media.
Fluid flow inside a porousmaterial can be estimated based on Darcy
flow law [31] as follows:

u ¼ �k

m
$
DP
L

(4)

where u is the average fluid velocity [m/s], m [Kg/ms] dynamic
viscosity, L [m] characteristic length, DP [Pa] is the pressure drop, k
[m2] is fluid permeability of the porous media. The flow perme-
ability depends on both porosity and diameter of the fibers. Ergun
[32] studied flow through a porous medium by considering the
internal structure. He derived a semi-empirical expression, which
relates the porosity (f [�]) and the characteristic size (d [m]) to the
permeability. The fluid permeability (k [m2]) is described as:

k ¼ 1
c
$

f3

ð1� fÞ2
$d2 (5)

where c [ - ] is an empirical constant dependent on the shape and
size of the porous material. From Equation (5), it can be seen that
for samples with a specific porosity, the flow permeability is pro-
portional to the square of the fiber diameter (k~d2). For a specific
fiber diameter and low porosity of the CNF layer, the permeability is
proportional to f3. While for high porosity, the permeability is
proportional to 1/(1�f)2. Fachin et al. [33] tested the permeability
of vertically aligned carbon nanotube (VACNT) pillars, with fiber
diameter of 8 nm and pore size of 80 nm. The experimental values
of the permeability obtained during their study have a good com-
parisonwith the one obtained using Equation (5), where c¼ 150 (as
per Ergun's original work). Lysenko et al. [34] experimentally
determined the gas permeability of porous silicon nanostructures,
with 16 nm diameter and 7 nm pore size. Similarly, the perme-
ability results obtained shows a good agreement with Ergun's semi-
empirical correlation. As a result, Ergun's correlation is used as a
tool to compare the flow permeability of CNFs samples based on the
fiber diameter and porosity.

The amount of carbon deposited on sample CNF5-60 is 85%
higher than the amount deposited on sample CNF6-60 while the
layer thickness of sample CNF5-60 is 7% smaller than sample CNF6-
60. This indicates that sample CNF5-60 has a lower porosity than
sample CNF6-60. Using the semi-empirical relation of Ergun
(Equation. (5)), the permeability of CNF5-60 and CNF6-60 are
calculated to be 1.9e-16 [m2] and 8.6e-15[m2] respectively. This
supports the previous argument made from the SEM image



Fig. 4. SEM images of the surface morphology of a CNFs layer produced on 50 mmNickel wire. (a) densely populated CNFs layer grown at 500 �C for 1hr which is made up of smaller
fibers as small as 8 nm diameter entangling larger ones (~100 nm), (b) CNFs layer produced at 600 �C for 1hr with a relatively porous CNFs layer, and (c) CNFs layer grown at 700 �C
for 30 min have rougher morphology and porous CNFs structures as well.

Table 1
Carbon nanofibers structural characteristics.

CNFs samples Layer thickness [mm] Fiber-diameter -range (avg.) [nm] Carbon deposit [gC/gNi] Porositya f [e] Permeabilityb k [m2]

CNF5-60 ~55 8e120 (20) ~0.237 0.899 1.9e-16
CNF6-60 ~59 30e120 (60) ~0.128 0.951 8.6e-15
CNF7-30 ~19 80e200 (120) ~0.302 e e

a Assuming the density of individual CNFs to be equal to that of graphite, the porosities are calculated using the carbon mass deposit data and CNFs layer thickness in-
formation. However, since CNF7-30 is significantly covered with thick C-layer, only a comparison is made for the CNF7-30 with respect of the rest of the samples.

b The permeability value measured is the average value along the layer thickness.
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observation. However, sample CNF7-30 shows to have an entirely
different CNFs layer morphology compared to samples CNF5-60
and CNF6-60. Sample CNF7-30 has a larger fiber diameter, as
large as 200 nm, and a relatively large amount of carbon deposit per
CNFs layer thickness, see Table 1. As result, it is difficult to deter-
mine the permeability of CNFs samples grown at 700 �C and
comparing their flow penetration through CNFs layers, because a
significant portion of the deposition area is covered by a C-layer.
4.3. Analytical thermal conductivity comparison using Raman
spectra

Similar to other non-metallic materials, the transport of thermal
energy in carbon nanofibers or tubes is assumed to occur via the
phonon conduction mechanism. Phonon conduction in these
structures is influenced by several processes such as the number of
phonon active modes, the boundary surface scattering, the length
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of the free path of the phonons and inelastic Umklaap-scattering
(an anharmonic phononephonon or electron phonon scattering
process) [35,36]. The thermal conductivity of the carbon nano-
structures is dependent on how the graphene layers are arranged,
the diameter and the length of the filaments, the number of
structural defects and morphology, and on the presence of impu-
rities [37,38].

Graphene layers have highly anisotropic physical properties
which influences the physical properties of individual fibers. For
instance, the in-plane thermal conductivity of the graphene layer is
2e3 orders of magnitude greater than the conductivity along the c-
axis. As a result, the effective thermal conductivity of individual
fiber, which consists of both in-plane and out of plane, is strongly
dependent on the quality of the crystallite [39,40]. As a result, the
factors influencing the in-plane thermal conductivity also deter-
mine the overall conductivity of the individual of graphitic mate-
rial. However, the effective thermal conductivity of a bundle of
CNFs depends not only on the thermal properties of the individual
nanofibers, but also on the porosity, the graphene layer alignment
and the flow permeability of the layer. As a result, the thermal
conductivity measurement of CNFs layers creates large uncertainty.
However, it is possible to systematically compare the quality of a
graphitic layer of each sample by using Raman spectral data.

Raman spectroscopy is widely used as a tool to characterize
graphitic materials such as pyrolytic graphite, carbon fibers, carbon
nano fibers and carbon nano tubes. These materials have a distinct
structural difference of the graphene layer arrangement. The basic
structural properties of these graphene based materials, such as the
in-plane crystallite size [41,42] and out-of-plane stacking order
[42e44], strongly affect their corresponding Raman spectra. In this
section, the CNFs that are produced under different experimental
conditions will be compared on their thermal conductivity using
Raman spectra results. The comparison mainly focuses on the
quality of the graphene layers of the individual carbon nanofibers.

The crystallinity of the CNFs layer has a great influence on the
thermal conductivity of the material due to the graphene layer
arrangement [16,17]. The Raman spectra of CNF layer synthesized
on Ni wire is featured D and G bands which is typical for carbon
nanostructures, see Fig. 5. Two clear bands are visible for all sam-
ples, centered between ~1335 and ~1586 cm�1. It is known that the
Raman spectrum of single-crystal graphite, as well as of highly
oriented pyrolytic graphite (HOPG) have a single band at
~1582 cm�1 (G-band), which is known as the graphite mode. Car-
bon materials with less order of crystallinity exhibit a band at
~1350 cm�1, which is a defect induced Raman band which is
associated with the sp3 mode named as the defect mode (D-band)
[45,46]. The ratio of the relative integrated intensity of the D-band
and G-band (ID/IG) can be utilized to assess the degree of graphi-
tization and the alignment of the graphene planes.
Fig. 5. Raman spectra of CNFs with different synthesis conditions.
It is important to note that CNF7-30 is made up of a CNFs layer
and a separate carbon layer, see Fig. 4c. In order to have a fair
comparison of the CNFs layers for the different samples, the Raman
spectra measurement of sample CNF7-30 was done by focusing the
laser beam on the CNFs layer. Sample CNF5-60 and CNF6-60 have
almost the same position of D-band and G-band, see Table 2. In
addition, the intensity ratio difference, among the two samples, is
relatively small when it is compared to CNF7-30. The structural
disorder of the graphene layer reveals itself as a varying (ID/IG)
intensity ratio, which is proven physically to be related to crystallite
size of well-ordered graphene (La). In another words, the smaller
the relative intensity ratio of the carbon nanostructures, the more
ordered (less defect) and more crystalline the layer of carbon
nanostructures [47,48]. Cançado, L.G., et al. [49] experimentally
obtained a ratio between the integrated intensities (ID/IG) of the
disorder-induced D and G Raman bands in nano-graphite samples
with different crystallite size (La) using different excitation laser
energies. The general expression obtained to estimate the crystal-
lite size using any laser line in visible range is:

La ½nm� ¼ 560
E4l

$

�
ID
IG

��1

(6)

where El is the laser excitation energy used in the Raman experi-
ment in eV units. Equation (5) can also be expressed as a function of
the wave length (ll) in nanometer:

La ½nm� ¼
�
2:4� 10�10

�
$l4l $

�
ID
IG

��1
(7)

Using Equation (7), the calculated crystallite size for CNF5-60,
CNF6-60 and CNF7-30 is 13 nm, 12 nm and 17 nm respectively.
Theoretical estimates of the thermal conductivity of a single crys-
tals of graphite, as done by Klemens et al. [38], can be used as a tool
to compare the phonon thermal conductivity in the a-plane at
room and at elevated temperature. The thermal conductivity in
graphitic materials in the presence of grain boundary scattering is
derived by integrating the phonon spectrum changed as a result of
the grains that creates a size dependent cut-off frequency uG. The
thermal conductivity in the presence of grain boundary scattering
is obtained by:

K ¼ K0
1
2

ln

 
u2

mþu2
G

u2
cþu2

G

!

ln
�
um
uc

� (8)

whereK0 is thedefect free thermalconductivityofgraphene layer, the
maximum cut-off phonon frequency um ¼ 2.88 � 1014[s�1] and the
low bound cut-off phonon frequency of uc ¼ 2.5 � 1013[s�1]. Using
these frequencies, Klemens et al. [39] calculated the in-plane thermal
conductivity to be 1910 W/m K at 300 K, which is in reasonable
agreement with highly ordered pyrolytic graphite (HOPG) ranging
from 1660 W/m K [50] to 1840 W/m K [51]. The resulting thermal
conductivity of Klemen's approach shows the size dependence cut-
off frequency to be uG ¼ 5:8� 1012 T�0:5L�0:5

a ½s�1�. This approach
Table 2
Raman spectral data.

CNFs samples D band [cm�1] G band [cm�1] ID/IG La [nm]

CNF5-60 1335 1586 1.301 13
CNF6-60 1336 1583 1.457 12
CNF7-30 1345 1572 1.099 17



Fig. 6. Heat transfer characteristics of 50 mm wire covered with CNFs layer compared to bare wire.
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helps in estimating the relative thermal conductivity ratio between
the samples. The thermal conductivity, based on the presence grain
boundary scattering, of CNF5-60 and CNF7-30 is ~13% and ~37%
higher than CNF6-60 at 300 K. Similar dependency of thermal con-
ductivity to La is derivedby shortening the phononmean free path by
(1 þ u/u0) to account for point defect in the graphitic material [39],
which is given as:

K ¼ K0

0
@1�

ln
�
umþu0
ucþu0

�

ln
�
um
uc

�
1
A (9)

The characteristic scattering frequency can be calculated asu0 ¼
2:83� 10�7um

T
c ½s�1� . Where T is temperature in K and c is the

effective defect concentration. The defect concentration is inversely
proportional to La ð c � L�1

a Þ, resulting in a direct proportionality of
u0 to La. Using Equation (9), assuming point defect concentration
from 1% to 5%, the thermal conductivity CNF5-60 and CNF7-30 is
8%e12% and 41%e44% higher than CNF6-60 at 300 K.
4.4. Convective heat transfer

In the previous section, the different CNFs samples are
compared for their flow penetration propensity and thermal con-
ductivity. In this section, the three different CNFs samples, syn-
thesized at 500 �C, 600 �C and 700 �C, are experimentally
investigated for their convective heat transfer behavior with
respect to their CNFs layer morphology. The heat transfer perfor-
mance of each sample tested compared to the heat transfer per-
formance of a bare wire can be seen in Fig. 6, where the original
diameter of the barewire is used as a characteristic diameter during
the heat transfer analysis. To insure the reproducibility of the heat
transfer measurements, a number of measurements were done for
each case. This was done by repeating the heat transfer experiment
several times using a new sample produced at the same synthesis
temperature, see Fig. 6. The spread of results obtained during the
measurement can be caused by both the mechanical stability of the
layer deposited during the spot welding process and/or the local
morphological difference that can be obtained from sample to
sample.

It is well known that CNFs layer exhibit extremely high surface
area which can be harnessed depending on the flows penetration
through the layer [19,52]. The thermal conductivities of the gra-
phene sheet of the representative samples were compared as
CNF7-30 > CNF5-60 > CNF6-60, whereas the flow permeability was
compared as CNF6-60> CNF5-60. However, it was rather difficult to
compare the permeability of the CNFs layer produced at 700 �C due
to the morphological difference created by the accompanying C-
layer. The heat transfer performance of CNF5-60 on average is 26%
less than the bare wire. This result is attributed to the highly dense
layer of CNF5-60, which prevents flow from penetrating in to the
layer. As a result, the trapped air creates an insulating layer. In
contrary, the dense layer CNF5-60 shows better mechanical
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stability during the spot welding process. This can also be seen by
the lower dependency of the Nusselt number to the flow compared
to the CNF6-60. In contrary, CNF6-60 shows better performance
compared to the bare wire with an average enhancement of 24%.
These results are attributed to the permeable nature of the thermal
conducting CNFs layer, which allows partial or full penetration of
the flow facing the sample. The flow penetration inside CNFs layer
results to either increasing the heat exchanging surface area,
increasing the effective thermal conductivity inside the thermal
boundary layer or both. Similar decreasing trend of the Nusselt
number with the flow can be seen CNF6-60, this can be due to the
flow separationwhich results less flow penetration; hence partially
insulating the sample. However, the highly porous structure of
samples produced at 600 �C resulted in weak mechanical stability
compared to CNF5-60. This weak mechanical stability was wit-
nessed during spot-welding the sample on the probe. As a result,
CNF6-60 have wide scattering of data created due to the loss of
layers of fibers during the spot-welding of the samples. Further
investigation shows that after removing the layer of carbon nano-
structures the bare wire results were reproduced again (results not
shown here). An exceptional heat transfer enhancement of 34% is
achieved by sample CNF7-30. Compared to the bare sample, similar
increasing trend can be seen for this sample with respect to the
flow. This means sample CNF7-30 have less insulation potential
than the rest of the samples. This is highly attributed to its highly
conductive CNFs layer with exceptionally rough surface
morphology which influences the hydrodynamic boundary layer of
the flow and increases the surface area of heat transfer as well.

The abrupt change of the CNFs layer porosity of the sample from
inner most nickel surface (~0%) to the outer most CNFs surface
(>99%) results in a significant change in flow permeability across
the CNFs layer thickness. This makes it difficult to obtain the
effective characteristic diameter (deff) on which the dimensionless
number Re and Nu should be based upon. For this reason, the
overall performance of the CNFs samples tested are evaluated for
both the inner most diameter (di) and the outer most diameter (d0)
of individual samples. Results can be found in Fig. 7. The heat
transfer enhancement obtained by assuming the inner and the
outer diameter of CNF5-60 ranges from�26% to�53% respectively.
As a result, no enhancement can be obtained from the samples
produced at 500 �C. The enhancement of sample CNF6-60 ranges
from 24% to �22% by using the inner and outer most diameters
Fig. 7. Overall performance evaluation of the CNFs samples with comparisons of
characteristic diameter of the bare wire (50 mm) and outer most diameters of each
samples.
respectively. This result shows the importance of determining the
effective diameter in order to obtain the accurate non-dimensional
heat transfer property of the samples. On the other hand, better
heat transfer performance is obtained for samples produced at
700 �C for their respective range of diameters. The average heat
transfer enhancement of CNF7-30 was found to be 34%e8%
respectively. However, it is technically difficult to quantitatively
determine the effective diameter of each sample in order to
quantify their respective dimensionless heat transfer behavior.

5. Conclusions

Using a TCVD process, successful synthesis of carbon nanofibers
with different surface morphology on a 50 mm nickel was obtained.
Both the influence of morphology and CNFs layer thickness are
studied by evaluating the physical characteristics of the CNFs layer
(thermal conductivity and flow permeability). Since the CNFs layer
is a highly porous layer, the thermal conductivity of the layer de-
pends on the individual property of the fibers and on how much
flow can penetrate through the different layers of CNFs. Results
from CNF5-60 has lower flow permeability compared to CNF6-60,
but higher thermal conductivity of the individual layers. Howev-
er, the effective thermal conductivity is lower than samples pro-
duced at 600 �C. This result in lower heat transfer performance of
CNF5-60 compared to CNF6-60. CNF7-30 has an exceptional heat
transfer performance, which is attributed to the combined effect of
the high thermal conductivity of the layer, high effective heat
transfer surface area and rough surface morphology of the samples.
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