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An experimental heat transfer investigation was carried out to examine the influence of carbon nan-
otubes (CNTs) layer deposits on the convective heat transfer performance inside rectangular microchan-
nels. Successful synthesis of vertically aligned CNTs was achieved using a catalytic vapor deposition
(CVD) process on a silicon sample substrate. By varying the synthesis time, on average 6 lm and
20 lm thick layers of CNTs were made with surface roughness of (Sa = 1.062 lm, Sq = 1.333 lm) and
(Sa = 0.717 lm, Sq = 0.954 lm) respectively. The external surface area of the samples increased 7 times
compared to the bare silicon chip. The heat transfer performance of each sample was measured inside
two rectangular microchannels with cross-section of 125 lm � 9 mm and 200 lm � 9 mm. For the
125 lm channel height, the 6 lm and 20 lm thick layer of CNTs resulted in 12% and 26% increase in pres-
sure drop respectively. The pressure drop obtained from the 200 lm channel height show a similar trend
with an increase of 6% and 16.4% for 6 lm and 20 lm CNTs layer thickness respectively. An average heat
transfer enhancement of 19% and 74% is obtained inside the 125 lm height microchannel with 6 lm
and 20 lm CNTs layer thickness respectively. Whereas, the average heat transfer enhancement of 22%
and 62% are obtained inside the 200 lm channel with respective CNTs layer thicknesses of 6 lm and
20 lm. Enhancements are attributed to an increase in surface area and effective thermal conductivity
inside the thermal boundary layer. However, the frictional heating (viscous dissipation) of a particular
nanostructured sample increases with a decrease in channel height. This difference in channel size results
in stronger competition between heat transfer enhancement potential that can be achieved by the
deposited surface and the decrease in Nusselt number due to viscous dissipation.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Recent advancement in microfabrication leads to new
micro-scale devices such as micro-chips [1–3], micro-biochip
[4–6], lab-on-chip [7–10], micro-reactors [11–13] and micro-fuel
cells [14–17]. The miniaturizing trend has significantly increased
the heat dissipation from the immerging technologies. The need
for effective and efficient cooling technologies, especially in
micro-flow devices, motivates the heat transfer research commu-
nity to conduct intensive and extensive research in microchannel
heat transfer. Some of the application areas are in the development
of micro-heat sink, micro-scale sensing and measurement, micro-
electro-mechanical systems (MEMS), micro compressors and
biotechnology. Moreover, the classical heat transfer enhancement
methods, both active [18–21] and passive [22–27], are used to
further enhance heat dissipation potential of the heat transfer sur-
faces. Due to the outstanding thermal and mechanical properties,
carbon nanotubes (CNTs) are considered as a promising material
in heat transfer research [28–31].

Kordas et al. [32] have reported an efficient chip cooling by inte-
grating both laser patterned CNT and copper micro fin structures
on a silicon chip. Heat transfer 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. [33] 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
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Nomenclature

W width of the rectangular micro-channel [m]
H height of the rectangular micro-channel [m]
c heat capacity ratio = 1.4 [–]
R specific gas constant = 287.058 [J/(kg K)]
Ac cross-sectional area [m2]
Dh hydraulic diameter of the channel [m]
�U average flow speed [m/s]
DP pressure difference [Pa]
l length of the sample [m]
T2 average air temperature exiting the sample [K]
T1 average air temperature entering the sample [K]
Ts sample surface temperature [K]
kw wall thermal conductivity [W/(m K)]
kf thermal conductivity of air at film temperature [W/

(m K)]
lf dynamic viscosity of air at film temperature [Pa s]
qf density of air at film temperature [kg/m3]
Cpf specific heat at film temperature [kJ/Kg K]
i electrical current [A]
V voltage drop across the wire [V]
DTLMTD logarithmic temperature difference [K]
h heat transfer coefficient [W/(m2 K)]

_m mass flow rate [m2]
A heat transfer surface area [m2]
Re Reynolds number [–]
NuBare

Dh Nusselt number with bare channel hydraulic diameter
[–]

NuCNTs
Dh Nusselt number with corrected channel hydraulic diam-

eter [–]
f friction factor [–]
Ma Mach number [–]
Sa average surface roughness [m]
Sq root mean square of the surface roughness [m]
gT heat transfer enhancement [–]
gp pressure penalty [–]
Pe Peclet number [–]
Pr Prandtl number [–]
Gz Graetz number [–]
Br Brinkman number [–]
� relative surface roughness [–]
cf constricted flow
N number of statistical samples [–]
Z sample height data [m]
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that the flow rates were decreased by 12% whereas the heating
power input is increased by 23% keeping the transistor tempera-
ture 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.

Shenoy et al. [34] experimentally determined the heat removal
potential of multi-walled carbon nanotubes (MWCNTs) grown in
silicon mini-channel with water as a cooling medium. At constant
temperature boundary condition, heat flux enhancement of 2.3 and
1.6 times, compared to a device without MWCNTs was reported for
MWCNT bundles and fully covered MWCNTs respectively. Further
investigation were made by Tullius et al. [35] to investigate the
combined influence of a Al2O3/H2O nanofluid and MWCNTs on
the heat transfer performance in the same setup. Little to no
enhancement was obtained by using the combined nano-fluid in
both fully covered and bundles of MWCNTs.

Tuzovskaya et al. [36] performed experimental investigations
on stainless steel and on carbon foam. CNT’s on stainless steel
resulted in enhancement of heat transfer ranging from 30–75%,
while CNT’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.

Previously, Taha et al. [37,38] investigated the influence of CNFs
layer morphology on convective heat transfer for a 50 lm diameter
nickel wire. Three morphologically different samples were investi-
gated which resulted in heat transfer enhancement in an open
structure and a decrease in heat transfer in the densely populated
layer CNFs. Furthermore, a highly crystalline sample with rough
surface morphology resulted in an exceptional enhancement of
34%. A follow-up investigation was made to investigate the indirect
involvement of the a-C layer on convective heat transfer enhance-
ment using CNFs [39] which indicates the existence of an optimum
layer thickness.

The aim of this work is to experimentally investigate the influ-
ence of CNTs layer on convective heat transfer behavior inside rect-
angular micro-channels. Synthesis of vertically aligned carbon
nanotubes (VACNTs) was made on a silicon chip with integrated
Platinum (Pt) thin film heater. Different CNTs layer thicknesses
were synthesized and surface characterizations were made. The
influence of the layer thickness with respect to the hydraulic diam-
eter is further investigated.
2. Experiments

2.1. CNTs synthesis

2.1.1. Thin film deposition
The controlled pretreatment and synthesis parameters of the

carbon nanostructures determines the size of the catalytic metal
particles, length of the fibers, shape, graphene layer arrangement
and diameter of the fibers, which influences the porosity, perme-
ability, thermal conductivity, surface area and roughness of the
layer produced. Tailoring these parameters creates a novel material
with exceptional thermal, mechanical, electrical and physical prop-
erties that can be used in variety of applications.

Silicon samples (10 mm � 10 mm) are designed to accommo-
date the synthesis of the VACNTs and aid in measuring the convec-
tive heat transfer performance. This is achieved by depositing two
different layers to the two opposite faces of the silicon wafer. The
catalytic material used for the synthesis process is deposited on
one side of the wafer in an area of 10 mm � 8 mm, and a thin film
electrical heater is deposited on the other side of the wafer.

Thermal catalytic vapor deposition (TCVD) process is the
method used to facilitate the decomposition of hydro-carbon gases
on active catalytic component such as transition metals. The cur-
rent study uses a thin layer of Iron (Fe) as catalyst surface. How-
ever, physical vapor deposited Fe does not adhere well to
materials such as silicon, quartz and fused silica. As a result, a thin
adhesive layer between the Fe and silicon substrate material has to
be used [40]. A similar adhesive layer is required between the Pt
thin film heater and the silicon substrate. For high temperature
application (exceeding 500 �C), titanium and tantalum are often
used as an adhesion material [41,42].

The substrate used in this study is 100 mm h100i oriented sili-
con wafer with double side polished (thickness of 525 lm thick, p
type, Resistivity: 5–10Xcm). Using de-mineralized water, the sub-
strates were ultrasonically cleaned, followed by immersion of the
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substrate in 99% nitric acid for 10 min, and quick dump rinsing it in
demineralized water. The substrate were further boiled (95 �C) in
69% nitric acid for 10 min, followed by quick dump rinsing in dem-
ineralized water in order to remove trances of the cleaning agent,
and dry spinning it. After the dry spinning process, the substrate
was placed in dehydration bake (95 �C, 5 min) in order to remove
the traces of moisture. A thin layer of SiO2 was thermally produced
on both sides of the silicon wafer. This thin layer is used as an elec-
trical insulation for the Ta/Pt heater from the silicon.

Thin film metal deposition was made via evaporation and sput-
tering. Using Balzers BAK600 electron gun evaporation system, Ta
(10 nm)/Fe (5 nm) films were deposited at a pressure less than
10�6 mbar on one side of the wafer. The evaporation rate of both
Ta and Fe layer were in the range of 1–20 Ȧ/s. The thickness of the
layers deposited is determined using in-situ thickness monitoring.

Using Sputterke (a film sputtering device), Pt/Ta films were
deposited by making use of argon to adjust the sputtering pressure
to 6.6 � 103 mbar. The target purity of Pt was 99.99% and 99.9% for
Ta. A 180 nm thick layer of Pt was deposited at a sputtering rate of
22–27 nm/min while a 10 nm thick Ta layer was deposited at a rate
of 16.5 nm/min. The sputtered metal layer thickness was estimated
based on a calibration run performed prior to the actual sputtering
process. Post to sputtering, ultrasonic lift-off was performed
(20 min) using acetone followed by immersion of the wafer into
isopropanol (10 min), dehydration bake at hot plate (120 �C for
5 min). Prior to dicing, a photo resistive layer was spin coated to
protect the surface from contamination during dicing.
2.1.2. CNTs synthesis setup and process
Prior to the synthesis of the VACNTs, the Iron based thin film

samples were first cleaned ultrasonically in acetone (10 min, HBM
ultrasonic cleaner) to remove the protective photoresist film, then
rinsed in isopropanol and dryed with pressurized air. Subsequently,
the samples were placed with the Fe film facing upward inside a
horizontally oriented, 45 mm diameter, TCVD quartz reactor.

The samples were reduced in 20 vol.% of H2 (99.999%, INDUGAS)
in N2 (99.999%, INDUGAS) with a total flow rate of 50 ml/min,
while increasing the temperature to 720 �C at a rate of 10 �C/min
and maintaining the temperature for a total period of 3 h. This pre-
treatment condition is essential in creating nucleation sites of the
synthesis of CNTs by de-wetting of the Fe thin film, thus creating
nano-particles. Following the pretreatment process, the samples
were flushed with N2 at flow rate of 100 ml/min for 10 min. in
order to remove H2 from the reactor. The samples were further
exposed to 33.33 vol.% ethylene (C2H4, 99.95% PRAXAIR) in N2 at
a total flow rate of 150 ml/min. In order to obtain two different
heights of CNTs, two different synthesis periods were chosen
(45 min and 90 min). Finally samples were cooled down naturally
(turning off the furnace) in N2, 100 ml/min.
2.2. Microchannel setup

A micro-channel heat transfer setup is carefully designed to
investigate the influence of the produced micro- and nano-
structured materials on convective heat transfer and pressure
drop. The main body of the setup is made up of PEEK, a polymer
with various advantages such as low thermal conductivity, high
thermal stability, high strength coupled with toughness. PEEK
has often been used as a substitute for metals in a number of engi-
neering applications such as bearings, piston parts and pumps.
Fig. 1 shows the exploded view of the setup and every component
is visible with a detailed sectional view of the assembled compo-
nent. The full dimension of the setup is L �W � H
124 � 49 � 45 mm. The width of the rectangular channel is
designed to be 9 mm whereas the height of the channel depends
on the thickness of the foil used. Thus, by changing the size of
the PEEK foil, the setup provides flexibility of channel height,
which helps to investigate the influence of the same nano-
structural materials with different aspect ratio. Two channels with
height of 125 lm and 200 lm were used resulting in aspect ratio’s
of 72 and 45 respectively. The hydraulic diameter for the rectangu-
lar microchannel is calculated as:

Dh ¼ 4Ac

P
¼ 4W � H

2ðW þ HÞ ð1Þ

Prior to assembling the micro-channel setup, each component
including the internals of the channel is cleaned with iso-
propanol, which helps in removing small particles and dusts. The
Pt heater deposited at the bottom of the silicon sample has two
pads for electrical connections extending 1 mm throughout the
edge of the samples. The remaining surface has been deposited
with Pt in a zigzag formation with a strand width of 100 lm and
125 lm spacing. During assembly the two electrical connections
of the samples are placed directly on top of the copper electrodes.
Through these electrodes the sample is supplied with electrical
current, which is used to heat the sample. The clean PEEK foil
and top block are carefully placed on top of the sample. The foil
used creates the micro-channel needed and determines the chan-
nel size used in the experiment. Subsequently, the top and bottom
stainless steel blocks are used to clamp the micro-channel. The
channel surface roughness (RMS) was measured to be in the range
of 320–477 nm. This surface roughness has negligible impact on
the micro-channel flow characteristics. The sample is located at a
distance of 35.5 mm away from the inlet port. At the location of
the sample the flow is fully developed with a maximal Reynolds
number of 1800, and thus is laminar.

A schematic of the experimental facility used in this study is
shown in Fig. 2. Air is supplied from a 6 bar air supply passing
through a pressure regulator, two consecutive particle filters and
a moisture filter. After the filters, a mass flow control unit (BROOKS
Smart Mass Flow) is connected and used to control the flow rate
that is passing through the channels. Pressure drop measurements
were taken 1 mm before and after the sample using a differential
pressure sensor (Honeywell 24 PCE sensor). The pressure sensor
is carefully calibrated by referencing it to a Pneumatic Intelligent
Pressure Scanner (Model 9116). The pressure measurement is used
to study the influence of the sample surface on characteristics of
the flow. The friction factor for the sample between the two pres-
sure ports is:

f ¼ DP
l
Dh

qf ��u2
2

ð2Þ

The Reynold number of the flow inside the rectangular channel
is given as:

ReDh ¼
qf � �u � Dh

lf
ð3Þ

The flow inlet temperature is measured before the inlet of the
micro-channel setup using a T-type thermocouple. The Pt thin film
layer, deposited on the back of the each sample, has a dual pur-
pose; it is used to heat the sample and to measure the average tem-
perature of the silicon chip. The temperature of the sample is
obtained using the resistance of the thin film Pt layer, which is a
known function of temperature. The thermal coefficient of resis-
tance (TCR) of the thin film Pt layer was measured in the range
16–95 �C and was found to be �0.00351/�C. The voltage output
due to the resistance of the thin film Pt heater and the shunt are
measured using a National Instrument data logger (NI-PCI-6280
module). Using Labview, the measured voltage and current are
directly translated into resistance and temperature measurements.



Fig. 1. Detailed view of rectangular micro-channel set-up.

Fig. 2. Schematic of the experimental setup flow and control loop.
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During the heat transfer experiments, the set temperature of the
sample is controlled by controlling the power supplied to the
sample.
The log mean temperature difference can be considered as the
driving force for the heat transfer from the sample to the surround-
ing flowing fluid, and it is described as:
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DTLMTD ¼ T2 � T1

ln Ts�T1
Ts�T2

� � ð4Þ

The sample exit temperature is calculated as:

T2 ¼ V � i
_m � Cpf

þ T1 ð5Þ

The average heat transfer coefficient of the sample is defined as:

h ¼ V � i
A � DTLMTD

ð6Þ

The average Nusselt number is calculated as:

NuDh ¼ h � Dh

kf
ð7Þ

The heat transfer and pressure drop of the various samples
inside the rectangular channel are evaluated by comparing the
results with results of pressure drop and Nusselt number of the
fully developed laminar flow in a bare micro-channel. The evalua-
tion of the Nusselt number for the modified sample is made by
assuming worst case scenario where the CNTs layer is imperme-
able to the flow, thus reducing the hydraulic diameter of the chan-
nel. The heat transfer enhancement and their respective pressure
drop penalty are defined as:

gT ¼ NuCNTs
Dh

NuBare
Dh

" #
ð8Þ

gp ¼
DPCNTs

DPbare

� �
ð9Þ

The errors of the pressure drop and Nusselt numbers come from
the random errors, instrumentation errors, and calibration errors.
By performing a simple sequential perturbation error analysis,
the maximum combined errors for Dp and Nu are less than
4.53% and 3.51% respectively.

2.2.1. Setup operating parameter
Despite a large number of publications regarding flow and heat

transfer in microchannels, a large spread in results can be found. A
bibliographical review made by Morini et al. [43] suggested that
the correlations proposed by different authors, to predict the fric-
tion factor and Nusselt number inside micro-channels, are based
on few experimental points with no theoretical background. Simi-
larly, Asadi et al. [44] show large discrepancies between analytical
and experimental data. Morini et al. [45] critically reviewed the
measurement technique for analyzing the micro-flows and pointed
out that the discrepancies of the available literature data origi-
nated from the experimental methods used. Following Morini
et al. [43], this section focuses on pointing out the possible scaling
Table 1
Major scaling factors, associated dimensionless number and threshold value.

Scaling effect Dimensionless
parameter

Negligible
if:

Fluid axial conduction [46] Pe ¼ Re � Pr 50
Pe < 1 [47]

Entrance effect [48,49] Gz ¼ Re � Pr � Dh
l

� �
Gz
10 < 1 [47]

Flow compressibility [48,50] Ma ¼ �uffiffiffiffiffiffiffiffi
cRTf

p Ma
0:3 < 1
[47,51]

Wall-fluid conjugate heat transfer
[52–54]

k ¼ kwAc
_m�Cp:l

k
0:01 < 1 [47]

Viscous dissipation [48,55] BrT ¼ lf �u
2

kf ðTs�T1Þ
Br

0:005 < 1
[47]

Relative surface roughness [56,57] � ¼ Sq
Dh

�
0:05 < 1 [47]
effects which could influence the setup behavior. Table 1 summa-
rizes the list of the major scaling effects, which are considered dur-
ing the current study together with a selected number of
significant references, and their corresponding threshold values
for the rectangular micro-channels used.

The different scaling effects such as the entrance effect, com-
pressibility, viscous dissipation wall-fluid conjugated heat transfer,
fluid axial conduction and surface roughness can significantly
influence the measurements of both heat transfer and pressure
drop. Since two channel heights (125 lm and 200 lm) are used
to investigate the heat transfer performance of structured surfaces,
the setup operating condition should be carefully selected in order
to account the scaling effect that plays a significant role in deter-
mining the heat transfer and pressure drop measurements. This
helps in determining the appropriate setup operating ranges which
allows fair comparison of the measurement done by the two differ-
ent channel sizes. This can be avoided by either determining oper-
ating conditions free of any scaling effects or having similar scaling
effects with relatively the same magnitudes. The operating ranges
of the dimensionless parameters linked to the various effects are
calculated based on the operating conditions set for the
experiments.

Fig. 3 shows the normalized dimensionless quantities related
to scaling effects versus Reynold number. When the value of the
normalized dimensionless value is less than unity, the corre-
sponding scaling effect can be considered negligible. Fluid axial
conduction and surface roughness are negligible for both chan-
nels. However, the entrance effect, conjugation heat transfer,
compressibility and viscous dissipation are not negligible for
two channel heights on the laminar flow regime. The lower oper-
ating range for the H = 125 lm channel is decided by the conjuga-
tion heat transfer effect which is Re = 800, the higher operating
range is decided by flow compressibility scaling effect at
Re = 1600. Similarly, the lower operating range for the
H = 200 lm channel obtained is Re = 800 which is set by conju-
gated scaling effects, and the higher operating range is at
Re = 2300, which is used to avoid the flow turbulence effect. How-
ever, viscous dissipation and entrance effect will continue to
influence through a wide range of operating conditions. This
might result a smaller discrepancy on the heat transfer measure-
ment between the different sized microchannels. Based on this
analysis of the possible scaling effects, the operating range for
the rectangular microchannel is 800 < Re < 1600 which also satis-
fies fully developed laminar flow conditions.
2.3. Sample characterization

High resolution scanning electron-microscopy (Zeiss MERLIN
HR-SEM) is used to obtain information of the surface morphology
of the samples. Prior to the measurement samples are broken into
two in order to study the cross-section of the synthesized layer.
The internal structure of CNT’s, i.e. the orientation if the graphene
layers, was observed using high resolution transmission electron
microscopy (HRTEM; Philips CM300ST-FEG equipped with Gatan
Ultrascan 1000 CCD camera). This measurement is performed by
removing the layer of carbon structures and collecting CNTs in
the sample holder. The surface characteristics of each individual
sample were studied using confocal microscopy (Laser scanning
microscope VK 9700 Keyence), which enables to suppress all struc-
tural data outside the focal plane. This method helps to take data in
each optical section and further reconstruct a 3D image of the sur-
face with up to 18,000� magnification, spatial resolution of
120 nm and z-axis resolution of 1 nm. This allows measuring the
surface profile, surface roughness and surface area by providing
height data.



Fig. 3. Graphical representation of normalized dimensionless quantities related to scaling effects of a rectangular micro-channel with (a) H = 125 lm and (b) H = 200 lm.
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3. Results and discussion

3.1. MWCNTs synthesis and characterization

Prior to the synthesis process, the thin film layer composed of
10 nm of Ta and 5 nm of Fe was reduced using H2 during the heat-
ing of the reactor from ambient to 720 �C at a rate of 10 �C/min. The
sample is further reduced for 1.8 h while maintaining the reactor
temperature to 720 �C. This process results in de-wetting of the
thin Fe film. Initially the possible oxide layer that exists on the thin
film reduces to pure metal. This is followed by the rearrangement
of the 5 nm Fe thin film into clusters of nanoparticles. Finally, the
nanoparticles re-arrange themselves to a crystallographic orienta-
tion, which is favored by surface- and interface energy minimiza-
tion or by strain energy density minimization [58]. Ng et al. [59]
studied the growth of CNTs on various metal under layers using
a highly efficient combinatorial approach. They noted that Ta and
Al create a broader range of diameters. Similar results were
obtained after the pretreatment of the Fe/Ta layer. Wang et al.
[60] reported that the Ta adhesive layer helped the formation of
the Fe nanoparticles with a hemispherical shape and high adhesion
energy. Fig. 4 shows strong attachment of Fe nano-particles forma-
tion after the pretreatment process on substrate material. Using
confocal microscopy, resulting in height data, the average size of
the Fe particles was determined to be 109 nm with a maximum
size of 280 nm.
Fig. 4. Nano-particles on the surface after pretreatment of the 5 nm Fe/10 nm Ta thin film
10 �C/min and maintaining the temperature for 1.8 h.
After the treatment process, a controlled synthesis of a highly
porous layer of CNTs was successfully achieved, see Fig. 5. By vary-
ing the synthesis period, the layer thickness of the CNTs was con-
trolled. Two different thicknesses were obtained when exposing
the reduced sample to the reacting hydrocarbon environment dur-
ing different times. Samples exposed for 45 min possess an average
layer thickness of 6 lm, while an exposure of 90 min resulted in a
20 lm thick layer of CNTs. Vertically alignment of the layers was
achieved during the synthesis process. Wang et al. [60] reported
that high surface tension materials such as Ta can promote verti-
cally aligned dense CNTs grown on a metal supporting layer. The
alignment is as a result of closely spaced catalyst nano particles
self-assembled into rigid bundle layer due to the strong van der
Waals interaction between the crowding nanotube[61]. For each
sample, the average diameter of the CNTs was estimated based
on 50 observations by post processing the SEM images using image
processing software ImageJ. The average diameter of the CNTs syn-
thesized for a period of 45 min and 90 min are 35 nm and 32 nm
respectively. The smaller the average diameter creates a relatively
denser morphology, see Fig. 5b and d.

In order to determine the surface characteristics of each sample
such as surface roughness and external surface area, a thorough
investigation of the sample surfaces was made by using the data
obtained by confocal microscopy. Samples were scanned point by
point from a selected depth (optical sectioning) and a 3D topology
of the CNFs sample is reconstructed using the data with the inbuilt
on silicon support by increasing the temperature from ambient to 720 �C at a rate of



Fig. 5. SEM images of the deposited layer of two thick layer of MWCNTs (a, b) 6 lm thick layer with synthesis duration of 45 min and (c, d) 20 lm thick layer with synthesis
duration of 90 min.
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computer program (VK analyzer). The existing noise is eliminated
using a Gaussian image filtering technique, which averages the
entire image while leaving more of the sample’s features. The
structural variation of the surface is measured, evaluated and com-
pared to the bare sample. The average and root mean square (RMS)
surface roughness of each sample is calculated as:

Sa ¼ 1
N
�
XN
i¼0

jZi � �Zj ð10Þ

Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
�
XN

i¼0
ðZi � �ZÞ2

r
ð11Þ

The data was processed to obtain surface information such as
surface roughness and external surface area. For both samples a
similar structure of the surface was expected, because only the
synthesis period was different. However, the mean and root-
mean-square surface roughness of the sample synthesized at
45 min and 90 min were found to be (Sa = 1.062 lm, Sq = 1.333 lm)
and (Sa = 0.717 lm, Sq = 0.954 lm) respectively. The difference of
surface roughness data between the two samples is attributed to
the fiber layer thickness. Large enhancement of the external sur-
face area was achieved for both samples. The external surface area
ratio between the surfaces produced compared to the projected
area of the sample is 7 and 7.1 times, for 45 min and 90 min syn-
thesis period respectively.

Fig. 6 shows the high resolution transmission electron micro-
scopy (HRTEM) of individual nanofibers. A tubular structure is
observed for each nanofibers which is made up of multiple layer
of graphene sheet. Fig. 6b shows the Fast Fourier Transform
(FFT) of the selected area (white rectangle) is plotted in the right
corner of the HRTEM image. The stacking direction of the graphene
sheets can be determined by using the FFT result, which is perpen-
dicular to the direction of the line drawn from point 1–2. As a
result, the basal planes of the graphene layer are parallel to the axis
of the nanotube. The distance between the atomic layers,
determined by post-processing the FFT image, of the graphene
layer was found to be a(MWCNTs) = 0.35 nm which is comparable
to a(graphite) = 3.35 nm [62]. The FFT of the HRTEM can also be
used to determine crystallinity of the multiwalled nanotube. Leh-
man et al. [63] showed that the extent of crystallinity can be estab-
lished by the FFT of HRTEM image of a MWCNT, provided that the
HRTEM is highly focused. It was suggested that if the FFT consists
of narrow sharp spots, as shown in Fig. 6b, the material is highly
crystalline. However, if the material has blurred and wider spot,
the material is less crystalline. The room temperature thermal con-
ductivity of the graphene layer along the a-axis (in-plane) is
greater than 3000 W/m K [64] while the conductivity along the c-
axis (out-of-plane) can be as poor as 1.52W/m K [65]. As a result,
the thermal conductivity of the MWCNT is highly anisotropic. This
influences the effective thermal conductivity of the individual
strand of fibers. Moreover, the degree of crystallinity, crystallite
shape, crystallite size, and presence of impurities has strong influ-
ence on the thermal conductivity of the fibers. However, quantita-
tive measurement of thermal transport properties of individual
fibers remains challenging, due to technological difficulties associ-
ated with nano-scale experimental measurements [66].

Wang et al. [60] in their model suggested that Fe nanoparticles
deposited in a Ta layer leads to fast synthesis of CNT growth, which
proceeds according to the base growth mode. However, in the cur-
rent study, contradicting results were obtained during the synthe-
sis of the CNTs. Fig. 6d shows the existence of the nanoparticles at
the tip and within the CNTs. This provides an evidence of the exis-
tence of all possible growth mechanisms.
3.2. Heat transfer performance

In this section, the heat transfer performances for both bare and
structured samples are experimentally evaluated in a hydro-
dynamically fully developed rectangular laminar channel flow.
The influence of the CNTs on the heat transfer and pressure drop



Fig. 6. HRTEM images of MWCNTs. (a, d) Fe nanoparticles inside and at the tip of the fibers. (b, c) Graphene layer orientation leading to multiwalled CNTs. In the top right
corner of figures b result of FFT’s are shown.
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is investigated by comparing the structured samples with the bare
silicon samples.

For the bare channels, the experimentally obtained pressure
drop results show good agreement with the predicted conven-
tional theory with data deviations, ±4.2% for H = 125 lm and
±3.8% for H = 200 lm, see Fig. 7. This is due to the relative surface
Fig. 7. Pressure drop as a function of Reynold number for each samples insi
roughness (<5%) for both channel sizes, which is negligible. Similar
results were reported for liquids [67–69] and gases [70,71] in rect-
angular micro-channels, which agrees with conventional theory.
The pressure drop obtained for the bare silicon sample are used
as a bench mark to compare the flow characteristics of the samples
covered with CNTs. Fig. 7 shows an increase in pressure drop with
de (a) H = 125 lm and (b) H = 200 lm height rectangular microchannel.
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respect to the CNTs layer height for both channel sizes. For the
125 lm channel height, the 6 and 20 lm thick layer of CNTs
resulted in 12% and 26% increase in pressure drop respectively.
Pressure drop results obtained for the 200 lm channel height show
a similar trend with an increase of 6% and 16.4% for 6 and 20 lm
CNTs layer thickness respectively.

The friction factor of microchannel flow is generally affected by
the channel surface conditions such as roughness height, spacing,
shape and type. And for the same hydraulic diameter, the friction
factors are also dependent on the geometrical configuration of
the microchannel such as shape and aspect ratio. The theoretical
friction factor of the microchannel is represented as:
f theoretical ¼
W2 þ H2

ðW þ HÞ2
� 24
ReDh

ð12Þ

The relative surface roughness of the CNTs layers inside both
channel heights is significantly less than 5%, see Table 2. As a
result, the influence of surface roughness on the friction factor
can be considered negligible. However, the CNTs layers result in
decreasing the flow cross-section with less flow passing through
the flow resisting CNTs layer and accelerating flow above the layer.
This results in constricting the hydraulic diameter of the channel
which resulted in an increase in pressure drop. The friction factor
calculated based on the constricted flow hydraulic diameter has
a very small deviation when it is compared to the theoretical fric-
tion factor value, see Fig. 8. This is in agreement with Kandlikar
et al. [72,73]. Therefore, the reduction of the channel height, due
to the deposited CNT layer, is the main reason behind the increase
in pressure drop.

Prior to the heat transfer to the nanostructured surfaces, the
heat transfer characteristics of the rectangular microchannels
were studied. The systematically chosen operating flow range for
the rectangular microchannel partially reduces the influence of
the scaling factors. The entrance effect and viscous dissipation,
however, play a significant role in shaping the heat transfer
Table 2
Summary of structural morphology of the vertically aligned MWCNTs layers.

Samples Layer thickness (avg.) Fiber dia. (avg)

Sample 1 (45 min) 6 lm 35 nm
Sample 2 (90 min) 20 lm 32 nm

Fig. 8. Friction factor as a function of Reynold number using the constricted flow
behavior of the samples. Fig. 9 shows the heat transfer perfor-
mance of each sample with and without nanostructured surfaces
with their corresponding channel height. An increasing trend of
the Nusselt number with Reynold number can be seen for both
channel heights. This is mainly attributed to the thermal entrance
effect resulting in a thermally developing flow. Moreover, the
entrance effect results in higher Nusselt number compared to a
thermally developed flow. In contrast, it can be seen that the Nus-
selt number of the 125 lm height channel is slightly lower than
the 200 lm height. This is solely attributed to the viscous dissipa-
tion which increases with a decrease in hydraulic diameter.

The vertically aligned MWCNTs layers successfully enhance the
heat transfer performance of the sample inside the rectangular
micro-channels, see Fig. 9. An average heat transfer enhancement
of 19% and 74% is obtained inside the 125 lm height microchannel
with 6 lm and 20 lm CNTs layer thickness respectively. Whereas,
the average heat transfer enhancement of 22% and 62% are
obtained inside the 200 lm channel with corresponding CNTs
layer thicknesses of 6 lm and 20 lm. Since the nanostructured
layer composed of highly porous strands of MWCNTs, the method
of enhancement are separately studied by reviewing the structural
characteristics of the samples. Table 2 summarizes the structural
morphology of the samples. The relative surface roughness of both
samples is less than 1% which results in negligible influence in heat
transfer, see Table 1. The samples exhibit comparable improved
external surface areas ratio. This surface area can increase the heat
transfer only if the layer exhibits extremely low porosity, which
will results in a highly conductive CNT layer. This hypothetical
conductive layer will result in negligible thermal resistance while
increasing the surface area. However, this enhancement method
is overruled due to the extremely high porosity of the layer.

The CNTs layer exhibit extremely high internal surface area
which is highly dependent on the height of the layer. The extre-
mely high porosity of the CNTs can insure heat transfer only with
partially or fully flow permeable layer. When the flowing fluid is
fully or partially penetrates through the porous CNTs layer, the
Ex. surface area ratio [–] Surface roughness [lm]

Sa Sq

�7 1.062 1.333
�7.1 0.717 0.954

hydraulic diameter for all samples inside (a) H = 125 lm and (b) H = 200 lm.



Fig. 9. Heat transfer measurement of the bare silicon sample in rectangular microchannel with (a) H = 125 lm and (b) H = 200 lm.

T.J. Taha et al. / International Journal of Heat and Mass Transfer 97 (2016) 868–879 877
effective thermal conductivity inside the thermal boundary layer
increases, hence lower thermal resistance. As a result, the thermal
resistance of the sample with 20 lm layer thickness is significantly
lower than 6 lm thick sample.

Different heat transfer and pressure drop results were obtained
for the same samples under different channel height. Fig. 10 shows
the average enhancement heat transfer and pressure drop for each

measurement with respect to the CNTs layer thickness ratio hCNT
Dh

� �
.

The result shows an increase in pressure drop with an increase of
the CNTs layer thickness ratio. This is attributed to the flow restric-
tion created by the deposited layer of CNTs. In contrast, an increas-
ing trend in heat transfer can only be guaranteed for samples
measured with the same channel height. For instance, for smaller
difference in height ratio, even though the samples tested exhibit
exactly similar layer morphology and topology, lower heat transfer
performance was obtained for the channel height of 125 lm com-
pared to 200 lm, see Fig. 10. This is mainly attributed to the scal-
ing effect induced by the structured surface which increases the
local viscous dissipation. The local viscous dissipation competes
with heat transfer resulting in lower heat transfer enhancement
compared to the bigger channel size.
Fig. 10. Overall heat transfers and pressure drop enhancement compared to the
relative CNTs layer height.
4. Conclusion and recommendation

The present study brings about the convective heat transfer
behavior of different layer thicknesses of CNTs deposited on a sili-
con substrate in a rectangular microchannel. Using a catalytic
vapor deposition process, a successful synthesis of vertically
aligned MWCNTs was obtained. By varying the synthesis period,
two different thicknesses of CNT layers, with 6 lm and 20 lm layer
thicknesses, were made. A thorough morphological and topological
characterization of the samples was made. An experimental
approach is used to compare the heat transfer performance of
the CNT deposited samples with the bare silicon samples. The
experimental results show that the pressure drop of the highly
porous CNT layer increases with an increase of CNTs layer thick-
ness. A significant heat transfer enhancement was obtained by
enhancing the heat transfer surface using a layer of CNTs. It was
demonstrated that the heat transfer enhancement is highly depen-
dent on the thickness of the CNTs layer, resulting higher effective
thermal conductivity inside the thermal boundary layer. Moreover,
the heat transfer results indicated that the enhancement potential
of the samples can be compromised with the scaling effects, espe-
cially viscous dissipation. Further investigation is needed to point
out the competing effect of the scaling effects in reducing the heat
transfer enhancement.
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