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Four samples of 1 wt% multi-walled carbon nanotube-based (MWCNT) aqueous nanofluids prepared via
ultrasonication were thermally characterized. Direct imaging was done using a newly developed wet-
TEM technique to assess the dispersion state of carbon nanotubes (CNT) in suspension. The effect of dis-
persing energy (ultrasonication) on viscosity, thermal conductivity, and the laminar convective heat
transfer was studied. Results indicate that thermal conductivity and heat transfer enhancement increased
until an optimum ultrasonication time was reached, and decreased on further ultrasonication. The sus-
pensions exhibited a shear thinning behavior, which followed the Power Law viscosity model. The max-
imum enhancements in thermal conductivity and convective heat transfer were found to be 20% and 32%,
respectively. The thermal conductivity enhancement increased considerably at temperatures greater
than 24 �C. The enhancement in convective heat transfer was found to increase with axial distance. A
number of mechanisms related to boundary layer thickness, micro-convective effect, particle rearrange-
ment, possible induced convective effects due to temperature and viscosity variations in the radial direc-
tion, and the non-Newtonian nature of the samples are discussed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Managing high thermal loads has become very critical in the
rapid developed infrastructure, industrial, transportation, defense,
space sectors. Several cooling technologies have been researched
recently. Conventional heat transfer techniques that rely on fluids
like water, ethylene glycol, and mineral oils continue to be popular
due to its simple nature. Conventional heat transfer systems used
in applications like petrochemical, refining, and power generation
are rather large and involve significant amount of heat transfer flu-
ids. In certain cooling applications, small heat transfer systems are
required. These applications have a critical relationship between
size of a mechanical system and the cost associated with manufac-
turing and operation. Improvements could be made in the existing
heat transfer systems by enhancing the performance of heat trans-
fer fluids resulting in lesser heat exchanger surface area, lower cap-
ital costs, and higher energy efficiencies. In this pursuit, numerous
techniques to enhance the thermal performance of heat transfer
ll rights reserved.
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fluids have been investigated. One of the methods used is to add
nanoparticles of highly thermally conductive materials like carbon,
metal, metal oxides into heat transfer fluids to improve the overall
thermal conductivity. Nanoparticles could be either spherical or
cylindrical. Carbon nanoparticles of cylindrical form are called car-
bon nanotubes (CNT). One type of carbon nanotube is called multi-
walled carbon nanotubes (MWCNT) because they have multiple
concentric tubes in a single configuration.

This study is concerned with nanofluids prepared by dispersing
MWCNT in water, and their potential use as heat transfer fluids in a
host of applications. It has now been established that when carbon
nanotubes are suspended in conventional heat transfer fluids,
enhancements in thermal conductivity and convective heat trans-
fer performance are observed [1–5]. The motivations behind the
current study are as follows. Firstly, there is limited information
about the effect of preparation and processing conditions on the
physical properties and thermal performance of CNT aqueous
nanofluids. Secondly, limited experimental data is currently avail-
able for CNT-based nanofluids particularly in the area of viscosity.
Lastly, only two studies have been reported to date on convective
heat transfer of aqueous CNT nanofluids [4,6]. Convective heat
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Nomenclature

K flow consistency index, mPa s
n flow behavior index
N rotational speed, rpm
k fluid thermal conductivity, W/m �C
x axial distance from the inlet of the test section, m
h convective heat transfer coefficient, W/m2 �C
q00s heat flux applied to the fluid, W/m2

Ts surface temperature, �C
Tb fluid bulk temperature, �C
P inner perimeter of the copper tube, m
_m mass flow rate, kg/s

cp fluid specific heat, kJ/kg �C
A inner surface area of the copper tube, m2

Di inside diameter of copper tube, m
Nu Nusselt number
e specific energy, J/g
dp particle diameter, m or lm
u fluid velocity, m/s
L heated length, cm
a particle radius, cm
Pr Prandtl number
Re Reynolds number, q�uDi

l
Pe Peclet number,

�_cf �d2
p

af

Greek symbols
s shear stress, N/m2

_c shear rate, s�1

s
0

yield shear stress, N/m2

l fluid viscosity, mPa s
d hydrodynamic boundary layer thickness, m
dt thermal boundary layer thickness, m
�_cf local mean shear rate experienced by fluid, s�1

af fluid thermal diffusivity, m2/s
q fluid density, kg/m3

/ particle volume fraction
x angular velocity of particle, rad/s
mf kinematic viscosity, cm2/s

Subscripts
p particle
s surface
b bulk
i inlet
o outlet
f fluid
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transfer is an area which still needs to be completely explored and
understood. In this study, an effort has been made to consider all
the above factors in a way that would move forward nanofluid re-
search to the next phase.

2. Background

2.1. Past research in CNT nanofluids preparation

One of the critical steps in preparing carbon nanofluids is dis-
persing carbon nanotubes in the base fluid. Due to the high aspect
ratio of carbon nanotubes and strong Van der Waal’s forces be-
tween carbon surfaces, dispersion of CNT in aqueous medium
can be challenging. CNTs are hydrophobic in nature and thus can-
not be dispersed in water under normal conditions. There are usu-
ally two methods to disperse carbon nanotubes in base fluids:
mechanical and chemical [7]. Mechanical methods generally in-
clude ultrasonication using a probe or a bath. Chemical methods
include using surfactants and CNT-functionalization using acids.
The surfactant method changes the wetting or adhesion behavior
which helps in reducing their tendency to agglomerate. Chemical
functionalization generally involves treating CNTs with acids at
high temperature. This results in addition of polar groups like –
COOH or –OH at defect sites on nanotube surface, thus making
CNTs more hydrophilic in nature. However, aggressive chemical
functionalization, can damage the nanotubes. Both mechanical
and chemical methods can reduce the aspect ratio distribution of
the nanotubes. It has been reported that thermal conductivity
enhancement in CNT nanofluids decreases with reduction in aspect
ratio [1,8]; therefore, proper care still has to be taken during pro-
cessing to minimize adverse effects. In this study, a combination
of a mechanical method through ultrasonication, and a chemical
method with surfactants were used.

Surfactants are used to disperse carbon nanotubes in several
cases. Some examples of previously used surfactants are sodium
dodecyl sulfate (SDS) [1], sodium dodecyl benzene sulfonate
(SDBS) [2], hexadecyltrimethyl ammonium bromide (CTAB) [3]
and Nanosperse AQ [3]. Through past studies, it was found that
SDBS failed at elevated temperatures [2]. Additionally, Gum Arabic
(GA) was found to be a better surfactant than sodium dodecyl sul-
fate (SDS) and cetyltrimethylammoniumchloride (CTAC) for dis-
persing carbon nanotubes in DI water [9]. This has been
confirmed through testing where two samples of 1 wt% MWCNT
aqueous suspensions were prepared using GA and SDS as surfac-
tants. Suspensions prepared using GA were found to be visually
more stable even after several weeks as compared to the ones pre-
pared using SDS. Therefore, based on past and current research
activities, GA was found to be the most suitable surfactant. How-
ever, GA has a tendency to increase viscosity when added to DI
water. A highly viscous nanofluid could also result in increased
pumping power for commercial applications. Therefore, it is
important that the amount added is optimum.
2.2. Past research on viscosity of CNT nanofluids

Viscosity of a heat transfer fluid is important with respect to
studying its convective heat transfer and pumping power required
for practical applications. Optimization is required between heat
transfer capability and the viscosity as it has a direct bearing on
the design of flow and heat transfer equipment. Experimental data
for the effective viscosity of aqueous nanofluids is limited to cer-
tain nanoparticles, such as Al2O3 [10–13], CuO [13,14], TiO2 [10]
and MWCNT [4]. Most of these studies have been directed towards
metal oxide nanoparticles and there is only one work which stud-
ied aqueous MWCNT extensively [4]. The parameters against
which viscosity has been studied until today include particle vol-
ume concentration, temperature and shear rate. Empirical and
accurate analytical models for prediction of the viscosity of high
aspect ratio nanofluids are not currently available. Those studies
are mainly focused on spherical nanoparticles of metal oxides,
and have their basis from the Einstein theory for viscosity [15]
which takes into account spherical particles. In the case of CNT
nanofluids, such models cannot correlate the experimental data
well because the shape of CNTs does not satisfy the assumptions
in the Einstein model.
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Aqueous CNT nanofluids have shown to exhibit shear thinning
or pseudoplastic type of non-Newtonian behavior [4]. However,
no study has been reported that correlates empirical data of CNT
nanofluids with theoretical non-Newtonian viscosity models. The
theoretical models provide equations that correlate shear stress
of a flowing fluid to shear rate. This helps in classifying the flow
behavior of a new nanofluid. The widely used models for non-New-
tonian flow are Power Law, s ¼ K � _cn and Herschel Bulkley,
s ¼ s0 þ K � _cn where s;K; _c; s0 and n are shear stress, flow consis-
tency index, shear rate, yield shear stress and flow behavior index,
respectively.

Additionally, no work has been done in studying the effect of
processing or ultrasonication time on the viscosity of MWCNT
aqueous nanofluids. Experimental work in this area could provide
impetus to theoretical model development for CNT nanofluids. In
this work, an effort has been made to study this effect by fitting
the experimental data in the form of a shear stress-shear rate
mathematical model.

2.3. Past research on thermal conductivity of CNT nanofluids

The heat transfer characteristic of a flowing fluid can be repre-
sented by a Nusselt number, which takes into account the Prandtl
number including thermal conductivity. Thus, a first assessment of
the heat transfer potential of a nanofluid is to measure its thermal
conductivity. To date, a lot of research data has been published in
this area for metal oxide nanofluids but comparatively less for CNT
nanofluids [11,16,17]. One of the first studies involving CNT nano-
fluids was by Choi et al. [5]. They measured the effective thermal
conductivity of MWCNTs dispersed in synthetic poly(a-olefin) oil
and reported a thermal conductivity enhancement of 160% by
1.0 vol % nanotubes in oil. Subsequently, data was published by
Xie et al. [18] where enhancements were reported for water, ethyl-
ene glycol and decene as base fluids. Assael et al. [1,3] data focused
on aqueous MWCNT nanofluids with SDS, CTAB and Nanosperse
AQ as dispersants. However, both studies reported much less
enhancements as compared to those reported by Choi et al. [5].
The maximum thermal conductivity enhancement observed by
Xie et al. [18] was only 20% for 1% nanotubes in decene by volume,
and that observed by Assael et al. [1] was 38% for 0.6% CNTs in
water by volume. In 2004, Wen and Ding [2] published data using
SDBS as the dispersant. Their results were comparable to Xie et al.
[18] and Assael et al. [1] and suggested that differences in interfa-
cial resistances and thermal conductivities of carbon nanotubes
used were the main reasons for the observed discrepancies with
respect to Choi et al. [5]. Additionally, the base fluid used by Choi
et al. [5] was poly-a-olefin (a lower thermal conductivity than
water), though percentage enhancement reported was high, the
absolute enhancement was not as high as expected. As SDBS was
also found to fail at elevated temperatures, another set of data
was published using GA as dispersant by Ding et al. [4]. In their
study, a maximum enhancement of 79% was reported at 1 wt%
MWCNT in water.

To date, most of the published data in MWCNT based nanofluids
is focused on the thermal conductivity enhancement as a function
of particle volume concentration, base fluid, and temperature. Ef-
fects of particle size [1,3], dispersant (surfactant) [1,3] and acidity
[4] have also been considered. Assael et al. [3] reported the effect of
particle size indirectly by increasing the homogenization time by
ultrasonication, and concluded that when carbon nanotube sus-
pensions are homogenized for long periods of time, their aspect ra-
tio decreases, which subsequently decreases their thermal
conductivity enhancements. Yang et al. [19] conducted similar
studies and reached analogous conclusions with oil dispersions.
However, no other studies have been found to confirm these find-
ings. In the present study, thermal conductivity data with respect
to ultrasonication time and temperature are presented.

Thermal conductivity enhancement in carbon nanotube disper-
sions is still not completely understood. Several mechanisms and
phenomena have been postulated that attempt to explain the ob-
served enhancements. Studies have indicated that nanotubes con-
duct current and heat ballistically or in fast diffusive manner [20].
The ballistic conduction is associated with the large phonon mean-
free path in nanotubes. Hence, carbon nanotubes should promote
faster heat diffusion in liquids. Furthermore, there is evidence that
an organized solid-like structure of a liquid at the interface is a po-
tential governing mechanism in heat conduction from a solid wall
to an adjacent liquid [21]. It has been postulated [5] that this orga-
nized solid/liquid interface structure causes a favorable heat trans-
port across the solid–liquid interface. Additionally, Jang and Choi
[22] postulated another theory using Brownian motion of nanopar-
ticles as a potential mechanism for increased thermal conductivity
of nanofluids at elevated temperatures. It suggested that as tem-
perature is increased, the viscosity of base fluids is decreased and
Brownian motion of nanoparticles is consequently increased. It
has been postulated that convection-like effects are induced by
Brownian motion which result in increased apparent thermal con-
ductivities. However, Keblinski et al. [23] showed that Brownian
motion is unlikely to have direct role in the enhancement of ther-
mal conductivity. Wen and Ding [2] suggested nanotube network-
ing as one of the likely mechanisms that facilitates avenues for
faster diffusion and potential ballistic transport of energy carriers.
From all those studies, it is difficult to agree upon a single most
important mechanism that solely contributes to enhanced thermal
conductivity.

2.4. Past research on convective heat transfer of CNT nanofluids

The practical utility of nanofluids as heat transfer fluids is best
determined by its convective heat transfer coefficient. Unlike past
research activities which have focused on thermal conductivity,
the study of convective heat transfer of nanofluids still needs to
be explored in more detail. Only few papers have been written in
this area, and most of them focused on metal oxide nanoparticles
[10,11,16,17]. To date, only two papers have presented results from
MWCNT aqueous suspensions under constant heat flux and lami-
nar flow conditions. Faulkner et al. [6] reported heat transfer
enhancement in a microchannel at very low Reynolds number
(2–17) and particle volume concentrations between 1.1–4.4 vol
%. Ding et al. [4] reported heat transfer enhancement at intermedi-
ate Reynolds number (800–1200) and low particle volume concen-
tration (0.05 vol %). Although both of these papers reported heat
transfer enhancement, however, the heat transfer enhancement
trends with respect to particle volume concentration in one paper
was found to contradict the other work. Therefore, it can be said
that substantial amount of work is still required in this area. Both
these papers considered parametric effects of particle volume con-
centration, Reynolds number and heat flux on the heat transfer
enhancement. However, ultrasonication time or particle size
reduction was not considered in those studies. As experimental re-
search in this area is still new, theoretical models for heat transfer
enhancement are quite limited too.

3. Experimental design

3.1. Sample preparation

De-ionized (DI) water, Gum Arabic (GA) and multi-walled car-
bon nanotubes (MWCNT) were used to produce aqueous suspen-
sions. The nanotubes were procured from Helix Material
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Solutions Inc., USA. The nanotubes had a specified average outside
diameter of 10–20 nm, length of 0.5–40 lm and purity of 95%, pro-
duced by chemical vapor deposition (CVD) process. GA fine powder
was supplied by Biochemika. Four 500 g samples were prepared
with mass fraction of GA and MWCNT as 0.25% and 1%, respec-
tively, however, with varying ultrasonication times including 20,
40, 60, and 80 min. GA was dissolved in DI water using a magnetic
stirrer, followed by the addition of MWCNT to the solution. The
resulting composition was ultrasonicated for 5 min at 100% ampli-
tude using a 130 W, 20 kHz ultrasonication probe (Sonics & Mate-
rials, Inc., USA). As the probe sonicates within a limited conic
volume, to facilitate uniform dispersion, sonication was followed
by 5 min of magnetic stirring. The ultrasonication and magnetic
stirring process were alternated every 5 min until the sample had
been sonicated for the desired amount of time. Based on processing
time, a certain amount of energy was transferred to each sample.
This energy was divided by the mass of the sample (i.e., 500 g) to
obtain the specific energy, ‘e’ transferred to each sample. It was as-
sumed that all the energy imparted was received by each fluid
sample.

Therefore, the samples are defined as:

(a) Sample A: 1 wt% MWCNT, 0.25 wt% GA, ultrasonicated for
20 min, e = 57 J/g.

(b) Sample B: 1 wt% MWCNT, 0.25 wt% GA, ultrasonicated for
40 min, e = 113 J/g.

(c) Sample C: 1 wt% MWCNT, 0.25 wt% GA, ultrasonicated for
60 min, e = 188 J/g.

(d) Sample D: 1 wt% MWCNT, 0.25 wt% GA, ultrasonicated for
80 min, e = 290 J/g.

The samples prepared by this technique were found to be stable
for over 1 month with no visible sedimentation or settling.

3.2. Wet-TEM imaging

One of the limitations of the conventional transmission electron
microscopy (TEM) technique is that test samples have to be dried
and exposed to vacuum before they can be imaged. This may in-
duce structural changes in the sample as compared to the original
test fluid. Therefore, one can never be sure whether the dried test
sample is representative of the original sample. To overcome this
problem, a new type of TEM technique is now available known
as wet-TEM. Wet-TEM allows imaging of samples under wet or
in-situ conditions without altering the original condition of the test
fluid. The new technique facilitates the imaging of the actual qual-
ity of carbon nanotube dispersion within the base fluid. A wet-cell
D.C. Power 
Supply 

Data Acquisition Sys

T3,sT4,sTobT ,

Fig. 1. Schematic for convective heat trans
TEM technique developed by Dongxiang Liao and Jianguo Wen
from the Frederick Seitz Materials Research Laboratory at the Uni-
versity of Illinois at Urbana-Champaign was used [24]. A JEOL 2010
LaB6 TEM was used with a beam acceleration voltage of 200 keV.
The wet-cell was constructed by holding the fluid between two sil-
icon nitride membrane window TEM grids. The grids contained a
200 lm thick frame and a 50 nm thick window, in which the sam-
ple was placed. Thus, even a tiny drop of the sample could be used.
The grids were then placed in a custom-built TEM sample holder
that included a number of o-rings intended to create a seal against
the vacuum for the fluid in the grid.

3.3. Viscosity measurement

The viscosity was measured using a low viscosity rotational
type viscometer (LVDV-I Prime, Brookfield Engineering Laborato-
ries, Inc., USA). The model had a maximum torque rating of
0.06737 mN m and a specified accuracy of ±1%, which was verified
using a Brookfield’s standard viscosity test fluid. A combination of
cylindrical sample container and spindle called as UL Adapter was
used for taking measurements at low viscosity. The viscous drag
experienced by the spindle in UL Adapter was factory calibrated
to display dynamic viscosity on a digital output screen. Measure-
ments were taken at several shear rates at 15 and 30 �C.

3.4. Thermal conductivity measurement

The thermal conductivity was measured using a KD 2 Pro ther-
mal properties analyzer (Decagon devices, Inc., USA). The instru-
ment had a probe of 60 mm length and a 1.3 mm diameter and
included a heating element, a thermo-resistor and a microproces-
sor to control and measure the conduction in the probe. The instru-
ment had a specified accuracy of 5%. The samples were maintained
at several temperatures using a temperature-controlled chiller. A
number of measurements were taken for each sample and a mean
of only those measurements with ‘R2’ value (correlation coeffi-
cient) greater than 0.9995 were considered. The instrument was
based on the working principle of a transient hot wire method used
in past nanofluid works [1,3,4,25].

3.5. Convective heat transfer measurement

The experimental set up used to measure convective heat trans-
fer coefficient is shown schematically in Fig. 1. The set-up was cal-
ibrated to give measurements within 5% accuracy. It consisted of a
copper heat transfer section, data acquisition system, a DC power
supply, a syringe metering pump and a computer. A straight cop-
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per tube of 914.4 mm length, 1.55 mm inner diameter and
3.175 mm outer diameter was used as a test section. The whole
section was heated by an AWG 30 nichrome 80 wire (MWS wire
industries, USA) wound on the tube and connected to a 1500 W,
0–300 V, 0–5 A DC power supply (Lambda, USA). Both ends of the
copper tube were connected to well-insulated plastic tubing to
insulate the heat transfer section and fluid from axial heat conduc-
tion, and to avoid heat losses. The experiments were run under
constant heat flux conditions using a current of 0.2 A. The test sec-
tion was insulated to prevent loss of heat to the surroundings. Four
surface-mount thermocouples were mounted on the test section at
axial positions of 19 cm (Ts,1), 39.5 cm (Ts,2), 59 cm (Ts,3) and 79 cm
(Ts,4) from the inlet of the section to measure wall temperatures.
Additionally, two thermocouples were mounted on individual, un-
heated, and thermally insulated, short copper tubes located before
and after the heat transfer section to measure the fluid bulk tem-
perature at the inlet and outlet of the heat transfer section. The
fluid was collected in a thermally insulated cup after passing
through the heat transfer section where temperature was mea-
sured under mixing cup conditions to validate the outlet bulk fluid
temperature measured by the thermocouple. The pump used was a
Cole Palmer syringe metering pump. The flow rates used were 40,
60 and 80 mL/min such that the flow conditions were always lam-
inar. The corresponding Reynolds number for water at these flow
rates are approximately 600, 900 and 1200, respectively. All the
thermocouples and the output from the DC power supply were
connected to a data acquisition system (Agilent 34970A), which
was connected to a computer. The set-up was calibrated both un-
der isothermal and constant heat flux operating conditions, and
correction factors were applied to all the measurements.

The convective heat transfer coefficient (h(x)) at an axial dis-
tance ‘x’ from inlet is defined as:

hðxÞ ¼ q00s
TsðxÞ � TbðxÞ

ð1Þ

where q00s ; TsðxÞ and Tb(x) are heat flux applied to the fluid, wall tem-
perature at a distance ‘x’ from the inlet, and fluid bulk temperature
at a distance ‘x’ from the inlet, respectively. From the energy bal-
ance equation, the bulk temperature of the fluid (Tb(x)) at an axial
distance, x can be found using:

TbðxÞ ¼ Tb;i þ
q00s :P
_m:cp

x ð2Þ

where Tb;i; P; x; _m and cp are fluid bulk temperature at the inlet,
perimeter of the copper tube, axial distance from the inlet of the
test section, mass flow rate of the fluid, and specific heat of the fluid,
respectively. The heat flux applied to the fluid ðq00s Þ can be found
using:

q00s ¼
_m:cpðTb;o � Tb;iÞ

A
ð3Þ

The convective heat transfer coefficient is also defined in the form
of Nusselt number (Nu) as:

NuðxÞ ¼ hðxÞ � Di

k
ð4Þ

where Di and k are the inside diameter of the copper tube and the
thermal conductivity of the test fluid, respectively.

4. Results and discussion

4.1. Imaging data

Fig. 2a–d shows the pictures of samples A–D at a scale of
0.5 lm, under in-situ conditions, using wet-TEM technique [24].
It can be seen that samples A and B exhibit a good three-dimen-
sional network of carbon nanotubes. Samples C and D show shorter
carbon nanotubes which can be attributed to the additional ultra-
sonication time. From Fig. 2e and f (scale of 200 nm), it appears
that the length of the nanotubes is relatively less in sample D than
in sample B. The images provide only snapshots of CNT nanofluid
samples for different ultrasonication times. Though the images
are not entirely representative of all nanofluid samples, they give
good indication of the damage caused by excessive ultrasonication.
The imaging data also provides some evidence that flow (viscosity)
and thermal (i.e., thermal conductivity) properties should be af-
fected by ultrasonication time as shown in the subsequent
sections.

4.2. Viscosity data

A rotating drum viscometer was used to measure dynamic vis-
cosity and shear rate. Fig. 3a and b shows the variation of viscosity
with shear rate for each of the samples including water and
0.25 wt% GA aqueous solution at 15 and 30 �C, respectively. It
can be clearly seen from the figure that that MWCNT aqueous
nanofluids displayed a non-Newtonian behavior especially at
15 �C even when taking variability into account as shown by the
error bars in Fig. 3a and b. A shear thinning or pseudoplastic behav-
ior was observed resulting in a decrease in viscosity with an in-
crease in shear rate up to 60 s�1. In case of 0.25 wt% GA aqueous
solution, shear thinning was observed initially (up to 60 s�1) but
a slight shear thickening can be observed at 75 s�1. A shear thin-
ning effect can be explained by possible de-agglomeration of bun-
dled nanotubes or realignment in the direction of the shearing
force, resulting in less viscous drag. A slight shear thickening can
be attributed to the unique fluid properties Gum Arabic dispersions
which have shown both shear thinning and shear thickening
behavior at different shear rates in recent studies [26]. More work
is required in this area to fully understand the role of Gum Arabic
on nanofluids.

Additionally, it is clear that the viscosity of the nanotube sus-
pension first increased from sample A to sample B, and thereafter
decreased with increase in ultrasonication time. According to Starr
et al. [27], a clustered nanoparticle suspension shows lower viscos-
ity than a dispersed suspension. The increase in viscosity in a dis-
persed sample is due to increased attractive surface interactions as
a result of greater surface-to-volume ratio [27]. For a fully dis-
persed sample, the total exposed nanoparticle surface is much
more than in a clustered sample, resulting in greater viscosity in
dispersed samples. Furthermore, in this work it is suggested that
due to less dispersing energy used in the preparation of sample
A, the nanotubes may not have received enough energy to over-
come agglomerization and still remained in a clustered state. On
the other hand, sample B was sonicated for more time, and re-
ceived optimum energy to create a uniform dispersion which re-
sulted in greater viscosity than sample A. After 40 min of
sonication, it was seen that the viscosity continuously decreased
with further sonication. Another effect is the increased breakage
of nanotubes with increase in ultrasonication time as observed in
Fig. 2. Excessive ultrasonication results in reduced nanotubes
length and aspect ratio. It has also been found by Yang et al. [19]
that with increase in ultrasonication of carbon nanotube-in-oil dis-
persions, viscosity decreases too. They explained this observation
based on the disruption of three-dimensional network of nano-
tubes with a decrease in aspect ratios of nanotubes. This reasoning
can also be confirmed by examining all the wet-TEM pictures in
Fig. 2.

From the data, a non-Newtonian behavior is observed; however,
quantitative assessment requires a correlation between shear
stress and shear rate by curve fitting. Plots of shear stress vs. shear
rates were made for each sample including 0.25 wt% Gum Arabic.



Fig. 2. Wet-TEM images of aqueous suspensions of 1 wt% MWCNT, 0.25 wt% GA sonicated for: (a) 20 min at 0.5 lm scale, (b) 40 min at 0.5 lm scale, (c) 60 min at 0.5 lm
scale, (d) 80 min at 0.5 lm scale, (e) 40 min at 200 nm scale, and (f) 80 min at 200 nm scale.
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The mathematical relation found for each sample was compared
with the viscosity models discussed in Section 2.2, to find out the
characteristic flow behavior of the samples. It was found that all
the nanofluid samples followed the Power Law ðs ¼ K: _cnÞ viscosity
model. The R2 value (correlation coefficient) for each of the curves
was found to be more than 0.999, thus indicating a good correla-
tion even when a slight shear thickening behavior was also ob-
served at 75 s�1. The unit of K is same as that of viscosity and
therefore, it is indicative of the magnitude of viscosity for a non-
Newtonian fluid. The values for flow consistency index, K and flow
behavior index, n were found for each nanofluid sample and
0.25 wt% GA at 15 and 30 �C, as shown in Fig. 4. From the figure,
it is seen that flow consistency index increases with the ultrason-
ication time from sample A–B and thereafter, it decreases. This is in
agreement with the viscosity trend observed in Fig. 3a and b. Addi-
tionally, the corresponding values for 0.25 wt% GA aqueous solu-
tion were found to be lower than the MWCNT nanofluid samples,
thus indicating that it is less viscous. From the Fig 4b, the flow
behavior index (n) at 30 �C remains almost constant with ultrason-
ication time. Since a low value of n indicates a more pronounced
non-Newtonian behavior, from Fig 4b it can be said that there is
a greater degree of non-Newtonian behavior at lower tempera-
tures. However, at both temperatures it is observed that 0.25 wt%
GA aqueous solution has a higher value of n than all nanofluid sam-
ples, thus indicating a lesser degree of non-Newtonian behavior.
Therefore, the non-Newtonian behavior in MWCNT nanofluid sam-
ples is not just due to the presence of GA but due also by the inclu-
sion of nanotubes.

4.3. Thermal conductivity data

Measurements were taken for all the nanofluid samples includ-
ing DI water at different temperature. All measurements for DI
water were found to be within 2% of the NIST values. The presence
of 0.25% Gum Arabic in water resulted in an insignificant change in
the thermal conductivity of water; therefore, water was used as
base fluid for comparison purposes. From Fig. 5, the thermal con-
ductivity of the nanofluid samples first increases slightly with tem-
perature, and after 24 �C it increases non-linearly with
temperature. One of the suggested reasons behind this phenome-
non is the increased Brownian motion effect. Jang and Choi [22]
suggested that as the temperature is increased, the viscosity of
the nanofluid decreases, which results in an increase in Brownian
motion of nanoparticles, which sets convection-like effects result-
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ing in enhanced thermal conductivity. From the Fig. 5, a maximum
increase of 20% in thermal conductivity was obtained for sample B
at 35 �C. The average density of MWCNT as provided by the vendor
was 2.1 g/cm3. Taking this value into account, a 1 wt% CNT suspen-
sion would be approximately 0.47 by volume (vol %). The percent-
age enhancement reported by Xie et al. [18] was 7% at 1 vol % of
MWCNT (aspect ratio � 2000) and that by Assael et al. [1] was
38% at 0.6 vol % MWCNT (aspect ratio �500). Therefore, it can be
said that both Xie el al. [18] and Assael et al. [1] used higher mass
fractions of CNTs than in this work. The enhancement values ob-
tained in this work are much better than the value obtained by
Xie et al. [18], and slightly less than the value obtained by Assael
et al. [1]. However, Assael et al. [1] used a slightly higher volume
fraction of MWCNT in his work which could have resulted in a bet-
ter overall thermal conductivity value. However, the value re-
ported by Ding et al. (i.e., 79% at 1 wt% MWCNT at 30 �C) [4] is
much higher than the values obtained in this work even when
the concentration of CNTs used in both works is the same. The ex-
act reason for this discrepancy is unclear. It could be suggested that
the reason is related to the thermal and physical properties of the
CNTs used in both works. Additionally, Ding et al. [4] did not spec-
ify the CNT aspect ratio, and it could be different from the aspect
ratio (�50–2000) used in this work. From Fig. 5, it can be inferred
that thermal conductivity enhancement is affected by ultrasonica-
tion time, reaching an optimum for sample B. It is suggested that
the reason for this phenomenon is associated with the aspect ratio
of CNTs and the quality of three-dimension network established
within each of the samples. It was found from wet-TEM imaging
that the aspect ratio of CNTs appears to have decreased with ultra-
sonication. This is evident in Fig. 2 where samples B and D were
compared at the 200 nm scale. Assael et al. [1] concluded that a de-
crease in aspect ratio decreases thermal conductivity enhance-
ment. Additionally, Wen and Ding [2] suggested carbon nanotube
networking as one of the factors contributing towards enhanced
thermal conductivity as it provides avenues for ballistic or fast heat
transport. Sample A shows slightly lower thermal conductivity
enhancement because there was not sufficient ultrasonication time
or energy to uniformly disperse nanotubes. On the other hand,
sample B received sufficient energy for the creation of a uniform
and effective three-dimensional network of CNTs. Hence, it can
be suggested that there was an optimum condition being estab-
lished in sample B, where an optimal aspect ratio and a uniform
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three-dimensional network were reached. On further ultrasonic
processing, this condition was disturbed which resulted in de-
creased aspect ratio and a lower quality of three-dimensional net-
work, resulting in a decrease in thermal conductivity
enhancement.

4.4. Convective heat transfer data

For the heat transfer experiments, the heat flux was maintained
constant at 0.6 W/cm2. The Reynolds numbers for DI water were
found to be approximately 600, 900 and 1200, respectively. The
presence of 0.25% Gum Arabic in water resulted in an insignificant
change in the heat transfer coefficient of water in laminar flow
conditions; therefore, water was used as base fluid for comparison
purposes. However, in case of CNT nanofluid as the viscosity of the
samples changed appreciably with temperature and shear rate
(due to non-Newtonian behavior), the Reynolds number for these
samples was found to vary within a range of ±100. Figs. 6 and 7a
show the variation of convective heat transfer coefficient of all
samples and DI water with respect to non-dimensionalized axial
distance, x/Di for different Reynolds number. Figs. 6 and 7a also
indicate the thermal entry length region and thermally fully devel-
oped region. It can be seen that the laminar heat transfer coeffi-
cient decreases with axial distance. This is expected due to the
entry length phenomenon. For a pure Newtonian fluid flowing
through a tube with a circular cross section, the flow is considered
to be hydrodynamically and thermally fully developed at x/
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Fig. 7. (a) Axial variation of heat transfer coefficient at Re � 1200 ± 100 and (b)
microscopic picture of sample B (1 wt% MWCNT, 0.25 wt% GA, 40 min sonication) at
100 lm.
Di P 0.05.Re and x/Di P 0.05.Re.Pr, respectively. Once the flow
has become fully developed, the heat transfer coefficient value sta-
bilizes for pure fluids. A similar trend is observed for CNT nanofluid
samples to a certain extent. A clear enhancement in heat transfer
coefficient was observed in the case of CNT nanofluid samples as
compared to DI water.

The enhancement in convective heat transfer coefficient in-
creases continuously with axial distance with the maximum in-
crease found to be 32% for sample B at Re � 600 ± 100. This
increase is more than the maximum increase of 20% in thermal
conductivity observed in sample B. These observations were found
to both agree and disagree with the previous work for nanofluids.
Ding et al. [4] reported similar trends where a more dramatic in-
crease in heat transfer coefficient enhancement (i.e., 375% at
0.5 wt% CNT) as compared to thermal conductivity enhancement
(i.e., 37% at 0.5 wt% CNT) were observed. Similar trends were re-
ported by Wen and Ding [16], and Xuan and Li [17]. Wen and Ding
[16] reported a heat transfer coefficient enhancement of 47%, and
thermal conductivity enhancement of 10% at 1.6 vol % Al2O3 spher-
ical nanoparticles in DI water. Xuan and Li [17] reported a heat
transfer coefficient enhancement of 60%, and thermal conductivity
enhancement of 12.5% at 2 vol % using Cu spherical nanoparticles.
In this work, in a similar way, the heat transfer coefficient
enhancement has been found to be more than the thermal conduc-
tivity enhancement. Ding et al. [4] suggested several possible
mechanisms for this observation. Using convective heat transfer
fundamentals, Ding et al. [4] stated that the heat transfer coeffi-
cient, h can be approximately represented as k/dt where k and dt

are the thermal conductivity of the test fluid and thickness of the
thermal boundary layer, respectively. With increase in k and de-
crease in dt or d, the value of h should increase. A simultaneous de-
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crease in d or dt could be suggested as one reason for the observed
heat transfer enhancement. This could be explained by a possible
boundary layer thinning effect most likely caused by CNTs in the
fluid. However, in the fully developed laminar flow region dt and
d are not expected to change appreciably, suggesting that other
enhancement mechanisms could be at play.

It has been found previously by Sohn and Chen [28] that for a
liquid comprising of solid micro-scale particles, thermal conduc-
tivity enhancements under shear conditions are greater than
those observed under static conditions. This phenomenon was
attributed to micro-convective effects due to the presence of
an eddy-type convection mechanism. Significant enhancements
were seen in their work for samples having Peclet number great-
er than 300, where Peclet number, Pe is defined as

�_cf �d
2
p

af
; where

�_cf ; dp and af are local mean shear rate experienced by fluid, par-
ticle diameter and thermal diffusivity of the fluid, respectively.
Additionally, Ahuja [29] found that significant enhancements
were seen in thermal conductivity in tube flow when the Ahuja
number defined as / � xa

mf

2 � xa2

af
� R

a

� �2 � L
2a

� �
� 10�8 � Doublet Collision

Frequency ratio where /, x, a, mf, R and L are particle volume
fraction, angular velocity of particles, particle radius, kinematic
viscosity, tube radius and heated length, respectively, has a value
near to 0.02. The difference between both of these studies was
that Sohn and Chen [28] study was based on couette flow
whereas Ahuja [29] was based on poiseuille flow. However, both
studies explained the enhancement due to the inertia of en-
trained fluid rotating with the particles. Based on a microscopic
picture of a drop of sample B (See Fig. 7b), it was found that the
nanotubes in the present study microscopically exist as clusters
with a typical size between 10 and 20 lm. This value is much
less than the particle sizes of 2.9 and 0.3 mm used by Sohn
and Chen [28], and 50 and 100 lm used by Ahuja [29]. Addition-
ally, the particle volume fractions of suspensions used by them
were greater than those used in the current study (/ = 0.0047).
The Peclet number as defined by Sohn and Chen [28] and the
Ahuja number [29] were calculated based on the typical cluster
size (10–20 lm), particle volume fraction, and flow conditions. It
was found that the Peclet number (0.5–2.5) and Ahuja number
(10�6–10�7) were well below the values where significant
enhancement could be expected and explained by microconvec-
tion. Therefore, a micro-convective effect could not be proposed
as one of the major reasons for heat transfer enhancements in
our study.

Also, CNTs in the nanofluid could experience a re-arrangement
effect due to non-uniform shear rate in the radial direction. As seen
in Figs. 3 and 5, the viscosity and thermal conductivity of CNT
nanofluids decreases with shear rate, and increases with tempera-
ture, respectively. These lead to a non-uniform viscosity and ther-
mal conductivity enhancement in the radial direction. Wen and
Ding [30] showed previously that such a change could result in a
high Nusselt number and hence, a higher heat transfer coefficient.
Thermal convection is improved if the viscosity near the wall of a
flowing fluid in a tube is decreased with respect to the viscosity of
the bulk fluid [31]. In case of tube flow, the temperatures at the
wall and the centerline are maximum and minimum, respectively.
Due to these temperature variations, there are variations in viscos-
ity in the radial direction, resulting in minimum viscosity at the
wall and maximum viscosity at the centerline. This leads to con-
vective effects in the radial direction, and hence, improved heat
transfer coefficient [31]. Additionally, it has been found from past
work [32] that a non-Newtonian fluids have a higher Nusselt num-
ber than Newtonian fluids. Gingrich et al. [32] found that a fluid
with a fluid behavior index, n less than one (indicating shear thin-
ning behavior) exhibits higher heat transfer than one with n equal
to unity. Since, CNT-based nanofluids exhibit a shear thinning
behavior, it could be said that the non-Newtonian behavior could
be a major mechanism behind the higher heat transfer enhance-
ment as compared to thermal conductivity enhancement.

Ding et al. [4] observed that the enhancement of heat transfer
coefficient reached a maximum for a certain value of x/Di. How-
ever, in this work, we have found that the percentage enhancement
increases continuously with the axial distance as seen in Figs. 8
and 9a. In Figs. 8 and 9a, the bulk temperature of the CNT nanofluid
increases with axial distance, which results in a significant increase
in the thermal conductivity of the CNT nanofluid as thermal con-
ductivity increases with temperature (Fig. 5). As the heat transfer
coefficient of a fluid is directly proportional to thermal conductiv-
ity in laminar flow (Eq. (4)), this in turn results in a slight increase
in heat transfer coefficient. In addition to measuring the heat trans-
fer coefficient, the local Nusselt number was calculated for each
sample to determine the net heat transfer enhancement in a
non-dimensionalized way using Eq. (4). The corresponding thermal
conductivity values for MWCNT nanofluid samples were calculated
by linear interpolation from Fig. 5 after considering the bulk tem-
perature from Figs. 8 and 9a. The Nusselt number values for
Re � 600 ± 100 are shown in Fig. 9b. It was found that the experi-
mental Nusselt number in the case of DI water matched well with
the theoretical fully-developed Nusselt number value of 4.36 for a
constant heat flux case. Further, from the Nusselt number calcula-
tions, a clear heat transfer enhancement can be seen in Fig. 9b.

Figs. 10 and 11 show the variations for heat transfer coefficient
enhancement with Reynolds number for all the nanofluid samples.
It can be seen the percentage heat transfer enhancement slightly
decreases with increase in Reynolds number. This is can be ex-
plained by a decrease in bulk temperature of the nanofluid at a par-
ticular x/Di value with an increase in Reynolds number (Figs. 8 and
9a). It was previously seen that the thermal conductivity enhance-
ment has a considerable dependence on the bulk temperature of
the nanofluid. Therefore, due to a decrease in bulk temperature
of the nanofluid, its thermal conductivity enhancement should also
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decrease. This results in slight a decrease in heat transfer enhance-
ment. However, as this enhancement reduction was found to be
small, further investigation is required.

From Figs. 8 and 9a, it can be inferred that ultrasonication time
indirectly affects heat transfer enhancement. The maximum
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Fig. 10. Variation of percentage enhancement in heat transfer coefficient with
Reynolds number: (a) sample A and (b) sample B.
enhancement was observed in sample B. This phenomenon is ob-
served at all the three Reynolds number used in the study. A sim-
ilar trend was seen in the thermal conductivity data. The reason for
the phenomenon could be again associated with the aspect ratio of
CNTs and the quality of three-dimension network established
within each of the samples, as described in Section 4.3.

5. Conclusions and recommendations for future work

5.1. Conclusions

Through this work, it has been confirmed once again that CNT
nanofluids have potential as heat transfer fluids. The aqueous sus-
pensions of multi-walled carbon nanotubes prepared by using
Gum Arabic as surfactant were found to be stable for months.
However, the preparation method of the nanofluids is an important
step affecting the overall heat transfer performance. It was found
that at a given CNT composition, there are certain optimum pro-
cessing conditions (ultrasonication time in this case) which give
the maximum enhancement in heat transfer performance. The
flowing conclusions are presented:

� Ultrasonication has twofold effect on the CNT nanofluids. Below
the optimum processing time, the ultrasonication aids in form-
ing better dispersions, however, once the optimum time has
been reached further ultrasonication results in an increased
breakage rate of the nanotubes, and hence reduces the aspect
ratio of CNTs. In this work, the optimum ultrasonciation time
was found to be 40 min at 1 wt% MWCNT concentration, using
a 130 W, 20 kHz ultrasonicator.

� Viscosity of the nanofluids increases with sonication time until a
maximum value is reached and decreases thereafter. The initial
increase is associated with declustering of CNT bundles, result-
ing in formation of a better dispersion. The later decrease in vis-
cosity can be explained by increased breakage rate of CNTs,
resulting in shorter nanotubes, and hence, inferior networking
of CNTs in dispersion.

� CNT nanofluids exhibit a shear-thinning (pseudoplastic) non-
Newtonian behavior and follow the Power Law viscosity model.
The flow consistency index was found to be higher than that of
0.25 wt% Gum Arabic aqueous solution. Also, the flow behavior
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index was found to be lower than that of 0.25 wt% Gum Arabic
aqueous solution. This shows that the non-Newtonian character
in CNT nanofluids could not be solely attributed to the presence
of Gum Arabic.

� The maximum percentage enhancement in thermal conductivity
was 20%, and was observed in Sample B which was sonicated for
40 min.

� The percentage enhancement in thermal conductivity of CNT
nanofluids increases considerably after 24 �C.

� The maximum thermal conductivity enhancement was obtained
for an ultrasonication time of 40 min, and was found to decrease
with further sonication. The initial increase was explained by
formation of better three-dimensional network in the CNT sam-
ples, and the later decrease was explained by a decrease in
aspect ratio of CNTs.

� The maximum percentage enhancement in heat transfer coeffi-
cient was 32% at Re � 600 ± 100 and was observed in Sample B.

� The percentage enhancement in heat transfer coefficient at a
particular axial distance was found to slightly decrease with
an increase in Reynolds number. This effect was attributed to
the decrease in thermal conductivity enhancement due to lower
bulk temperature of the fluid which decreases with Reynolds
number. However, as this decrease was slight, further investiga-
tion is still required.

� The percentage enhancement in heat transfer coefficient was
found to continuously increase with axial distance. The reason
behind the phenomenon is explained by the contribution from
a considerable increase in thermal conductivity with an increase
in bulk temperature with axial distance.

� The maximum percentage enhancement in heat transfer coeffi-
cient (i.e., 32%) was found to be more than the maximum per-
centage enhancement in thermal conductivity (i.e., 20%). Many
possible mechanisms were studied and presented for this phe-
nomenon including the contribution of boundary layer thick-
ness, micro-convective effect, particle rearrangement, possible
induced convective effects due to temperature and viscosity
variations in radial direction, and non-Newtonian nature of the
samples.

5.2. Recommendations for future work

Though from experimental work it is known that nanofluids ex-
hibit enhanced heat transfer performance, the contribution of each
proposed physical mechanism still is unknown. Computer simula-
tions that take into account the non-Newtonian characteristic of
the nanofluids could give a better understanding of the observed
behavior. Other parameters like base fluid type (ethylene glycol,
mineral oil, refrigerants), aspect ratio, flow conditions (laminar,
transition, turbulent) could provide further understanding of the
heat transfer behavior of CNT-based heat transfer fluids.

The experimental data reported previously for nanofluids has
large variations. This is due to lack of standardized procedures
for preparing nanofluids. An extensive work in this area could help
in future research activities as well as supporting commercializa-
tion efforts in the area of nanofluids for heat transfer applications.
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