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Abstract This study describes an investigation on the

convective heat transfer performance of aqueous suspen-

sions of multiwalled carbon nanotubes. The results sug-

gested an increase on heat transfer coefficient of 47 % for

0.5 % volume fraction. Moreover, the enhancement

observed during thermal conductivity assessment, cannot

fully explain the heat transfer intensification. This could be

associated to the random movements among the particles

through a fluid, caused by the impact of the base fluid

molecules.

1 Introduction

In most industrial applications, an efficient transfer of heat

is of utmost importance. Frequently, it is chosen a fluid as a

medium for the heat transfer, being convection the most

relevant heat transfer mechanism. Regarding the Newton’s

law of cooling, the pursuit of the thermal engineers lies

upon the maximization of the heat transfer rate for a given

temperature difference. However, the heat transfer

coefficient is a complex function of the surface geometry,

fluid flow rate and respective thermo-physical properties.

The latter is influenced by the thermal conductivity in a

most direct way, as this determines the overall thermal

transport.

Conventional fluids, such as water, engine oil and eth-

ylene glycol are commonly used as heat transfer fluids.

Although various techniques have been developed over the

years to improve heat transfer capabilities of the conven-

tional fluids, their low thermal conductivity diminishes the

performance enhancement and the high compactness of

heat exchangers for a large number of applications [1]. It is

well known that the thermal properties of conventional

fluids can be enhanced through the suspension of milli-

metre or micrometre sized solid particles. However, its

usage has not been reported as heat transfer fluids due to its

fast sedimentations, erosion, fouling and increasing pres-

sure drop for pumping the fluid [1–4].

In 1993, Grimm obtained a patent related to the thermal

conductivity improvement of a fluid containing dispersed

solid particles of Al measuring 80 nm to 1 lm. Despite the

100 % thermal conductivity enhancement claimed, the

suspension presented a rapid settling [5]. Two years later,

Choi et al. [6] reported that an innovative class of heat

transfer fluids could be engineered by suspending metallic

nanoparticles in conventional fluids, appearing for the first

time the word nanofluid.

Therefore, a nanofluid is a suspension of ultra-fine

particles (nanometre scale) in a conventional base fluid that

anomalously enhances the heat transfer characteristics of

the original base fluid [7, 8]. They are expected to be

ideally suited in practical applications as their use incurs

little or no penalty in the pressure drop due to the ultra-fine

sizes’ distribution of the nanoparticles. Moreover, these

appear to behave as single-phase fluid than a solid–liquid
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mixture [9, 10]. Therefore, they are considered as an

innovative class of heat transfer fluids, as they offer new

possibilities to enhance heat transfer performance of

energy systems.

The inclusion of different types of metallic and oxide

nanoparticles on base fluids has been investigated by sev-

eral researchers [6–8, 11–14]. For instance, Liu et al. [14]

reported an increase in thermal conductivity of 60 % for

nanofluids consisting of water and 5 % volume fraction of

CuO nanoparticles. Murshed et al. [15], reported an

enhancement of 33 % on thermal conductivity for 5 %

volumetric loading of TiO2 nanoparticles in water. Nev-

ertheless, from experimental results, multiwalled carbon

nanotubes (MWCNT) appear to be those that higher

enhancement produces on the thermal conductivity of the

nanofluids, for the same nanoparticles concentration [16].

This is a fundamental feature to avoid an undesired

increase of the fluid viscosity and pressure drop, observed

at higher nanoparticles volume fractions [17, 18].

Over the years, a broad number of researchers proposed

several mechanisms in an effort to explain the thermal

conductivity enhancements observed in suspensions.

Bruggeman studied the thermal conductivity of micro and

macroscale suspensions and found that the increased

interparticle interaction contributes directly for the

enhancement of the effective thermal conductivity [19].

These interactions are related to the spatial distribution of

the particles and for high aspect ratio suspensions lead to

the formation of percolation structures [20–22]. However,

the nature in how these structures are formed is still an

uncertainty among researchers [23]. The Brownian motion

is suggested by many authors was the key mechanism

governing the thermal behaviour of nanoparticles sus-

pended in a base fluid [24, 25]. The latter, explains the

random movement among the particles through a fluid,

cause by the impact of the base fluid molecules. Lamas

et al. [21], studied the effect of size, shape, aspect ratio and

the Brownian motion of the nanoparticles to the interpar-

ticle interaction of CNTs suspension in a base fluid. They

conclude that the size, shape and aspect ratio of the

nanoparticles are main factors to the formation of dynamic

networks and the influence of the Brownian motion seems

to be negligible to the results.

Though, the development of nanofluids still encounters

several obstacles such as the lack of agreement between

results, poor experimental characterization of suspensions

and the lack of theoretical understanding of the mecha-

nisms responsible for the observed results [26]. Moreover,

a full understating of their convective heat transfer features

is also essential, despite a higher attention given by the

research community to the thermal conductivity [27].

As known, the convective heat transfer coefficient

depends on thermal conductivity specific heat capacity,

viscosity, flow rate and density of the working fluids [28].

The fluid flow mode is of utmost importance, and most of

the reported investigations characterize the heat transfer

with emphasis on the convective heat transfer coefficient

(h) or the Nusselt number Nu that directly depends on the

Reynolds number (Re) and the Prandtl number (Pr). Some

empirical attempts to compute the (Nu) as a function of Re

and Pr numbers were performed both for laminar and tur-

bulent flow regimes [29]. Several published experimental

studies [10, 30–35], suggest that the Nu rises with the

increase of particles volume fraction and Reynolds number.

Several researchers [36–38] studied the convective heat

transfer mechanism of nanofluids under laminar flow

conditions, in horizontal tube heat exchangers, reporting a

straight relationship between the enhancement of heat

transfer and the aspect ratio of the MWCNTs.

In the last decade, MWCNTs have attained a great

interest from the researchers community, due to their

exceptional physical, thermal and electrical properties [39].

However, a major drawback of using MWCNTs lies with

their poor dispersibility and homogeneity into the base

fluid [40]. Nevertheless, recently Lamas et al. [41] reported

a study on colloidal stability of nanofluids with covalently

functionalized MWCNTs suspended in a water and ethyl-

ene glycol mixture, suggesting that those are stable for

more than 50 years at rest conditions.

This paper presents original fundamental research work

focus on the experimental characterization of the thermo-

physical properties of a family of MWCNTs based nano-

fluids namely convection heat transfer enhancement, under

laminar flow condition, contributing to a better under-

standing of this new materials potential. The objective of

the associated research line is the development of advanced

heat transfer fluids, with significantly high thermal con-

ductivity and convection coefficients without compromis-

ing other key properties, such as viscosity.

2 Experimental methodology

2.1 Materials

The studied MWCNTs were purchased to Cheaptubes Inc.,

and produced through catalysed chemical vapour deposi-

tion (CCVD). These have an outer diameter distribution

ranging from 50 to 80 nm and a length distribution ranging

from 10 to 20 lm, with a bulk density of 2.16 g/cm3.

Moreover, the selected base fluid was distilled water (DW).

This choice is consistent with it importance for industrial

applications as common heat transport fluid. Furthermore,

the DW presents a satisfactory degree of purity, when

compared to common water, allowing the reduction of

noise factors.
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2.2 Nanofluids preparation and colloidal stability

The production of a stable dispersion of MWCNTs is not a

simple issue and requires the application of specific meth-

odologies. At the nanoscale, the percentage of atoms at the

particle surface becomes significant, increasing their sur-

face-to-volume ratio. This characteristic induces strong

attraction forces between the nanoparticles leading to the

formation of local clusters [42, 43]. These clusters of

increased size tend to settle down rapidly, leading to the

degradation of the thermo-physical properties of the mixture.

Therefore, MWCNTs require a previous covalent function-

alization, as described by Esumi et al. [44]. The pristine

MWCNTs were refluxed at 413 K in nitric and sulphuric acid

at 1:3 volume ratio for 30 min, followed by washing with

DW until no signs of acidity were found and dried in an oven

at 373 K, for at least 72 h, to remove excess water. These

functionalization places carboxylic groups on the sidewalls

of the MWCNTs, which increases the repulsion forces of van

der Waals, preventing the agglomeration [17, 41, 45].

Moreover, the carboxylic groups behave as weak acids and

possess ion-exchange properties, having both hydrogen

acceptors and hydrogen donors [46]. This will improve the

MWCNTs wettability in aqueous solutions, due to a more

hydrophilic surface structure.

In Fig. 1, is shown two scanning electron microscopy

(SEM) images of (a) pristine and (b) covalently functional-

ized MWCNTs. As it can be depicted, the pristine MWCNTs

(a) are highly agglomerated and, the covalently functional-

ized MWCNTs (b), are well dispersed moreover, the integ-

rity of their tubular structure seems to be maintained.

The dried functionalized MWCNTs are dispersed in the

base fluid through ultrasonication (Sonics and Materials

750 W ultrasonic processors @ 20 kHz) combined with a

magnetic stirrer. The mixing time was previously deter-

mined to be 60 min [17, 45]. After these 60 min it was

achieved a homogeneous distribution of the MWCNTs into

the base fluid. Furthermore, nanofluids preparation meth-

odology is strictly equal to that present by Lamas et al.

[41]. MWCNTs based nanofluids with 0.25 and 0.5 %

volume fractions were prepared through this methodology.

Colloidal stability of the prepared nanofluids was eval-

uated through UV–visible spectrophotometry (Shimadzu

UV-mini 1240). The absorption measurement is based on

the Beer–Lambert law [47–49], which is a linear relation-

ship between the absorbance and the concentration of an

absorber, and can be expressed as:

A ¼ ecl ð1Þ

where A is the measured absorbance, e is the wavelength-

dependent molar absorptivity coefficient, c is the

concentration of the absorbing species in the solution and

l is the path length. Moreover, through the mathematical

formulation (2) it is possible to express the relative

concentration of the samples with time [17].

At

A0

¼ ectl

ec0l
¼ ct

c0

ð2Þ

where the indices t and 0 represents, respectively, the

measurement time step and the initial or zero time step.

The selected wavelength range was 200–500 nm and the

maximum of absorbance for the MWCNTs was observed

within 260 and 270 nm. In Fig. 2 it is shown the relative

concentration variation over time for the 0.5 % volume

fraction nanofluid. This suggests a convergence to 80 % of

the initial concentration, achieved after 240 h, meaning

that the nanofluid is stable after 24 h with a concentration

decreasing of 20 %.

2.3 Thermo-physical properties assessment

The nanofluid effective thermal conductivity was measured

through coated-transient hot wire (THW), which is the

most widely used by the nanofluids’ research community.

Fig. 1 SEM Pictures, of the

a pristine MWCNTs and

b covalently functionalized

MWCNTs
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For that, a KD2 Pro thermal analyser (Decagon devices)

was used. In order to increase the thermal stability of the

measurements with temperature, a circulating liquid bath

(with a Kryo30 solution) was attached to the measurement

container. At least, 20 measurements were performed for

each temperature ranging from 283.13 to 333.15, and for

each nanofluid. To avoid external vibrations, the nanofluid

sample was inserted in a double jacket container con-

nected to the circulating bath and resting in a Styrofoam

Box. In Fig. 3 it can be depicted the observed experi-

mental thermal conductivity k variation with temperature

for the base fluid (DW) and for the studied nanofluids. As

it would be expected the thermal conductivity increases

with particle volume fraction as well as with temperature.

The obtained results suggest an average enhancement on

the thermal conductivity of about 3 and 6 %, respectively.

The nanofluid viscosity was measured using an oscilla-

tion rheometer, for a shear rate ranging from 0 to 600 s-1

at 318.15 K. The considered viscosity for the calculation

were 1.35 9 10-3 and 1.38 9 10-3 N s/m2, for the 0.25 %

vol MWCNT/DW and 0.5 % vol MWCNT/DW, respec-

tively [45, 50].

The specific density (q) and heat capacity (Cp) where

predicted through the analytical models suggested by Pak

and Cho [29]. These can be expressed as:

qnf ¼ uqp þ 1� uð Þqbf ð3Þ

Cpnf ¼ uCpp þ 1� uð ÞCpbf ð4Þ

where the indices nf, p, and bf are nanofluid, particle, and

base fluid, respectively.

For the evaluation of the convection heat transfer

coefficient, it was designed and constructed a working

bench as shown in Fig. 4. The system is mainly composed

by a reservoir, a peristaltic pump, a test section, a refrig-

erating zone, and a data-acquisition system for monitoring

temperature. The test section is composed by a straight

stainless steel circular tube with an inner diameter, D, of

6 mm and a length, L, of 1,200 mm. To ensure a constant

heat flux, the heating system of the testing section is

Fig. 2 Graphical representation

of the relative concentration of

the prepare nanofluid (0.5 % vol

MWCNT/DW)

Fig. 3 Variation of

experimental thermal

conductivity as a function of

temperature and particle volume

fraction
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composed by a silicone rubber heating tape of 432 W,

rolled around the tube. To minimize heat loss from the

heating tape to the environment, the test section was

insulated by an aluminium tape and a tube of foamed

polyethylene. Seven thermocouples were placed in the

testing section to monitor both the fluid and the wall

temperatures. Five of them attached on the external surface

of the tube, to avoid flow interference, the remaining two

immersed in fluid at the inlet and outlet sections of the

testing tube. Prior to the test section, a hydrodynamic entry

zone was dimensioned (xfd,lam) = 0.05 ReDD to accom-

plish a hydrodynamic fully developed flow at the entrance

of the test zone. The refrigerating zone is composed by a

tubular heat exchanger connected to a thermal bath. Two

thermocouples are used to monitor the inlet and outlet fluid

temperatures. This zone is also thermally insulated by a

polyethylene foamed tube.

2.4 Convective heat transfer calculation

The total heat transfer to the system q00
� �

is given by the

following equation,

q00 ¼ q0

Asup

ð5Þ

where q0 is the heat energy provided to the system, and

Asup = pDL, is the heat transfer surface area.

Therefore, the experimental convection heat transfer

coefficient is given by,

hexp ¼
q00

TsðxÞ � TmðxÞ
ð6Þ

where Ts(x), is the surface temperature on the axial point x

and Tm(x) is the average temperature of the fluid on the

axial point x. The latter is given by,

TmðxÞ ¼ Tin þ
q00pDLðxÞ

_mCp
ð7Þ

where Tin is the inlet temperature measurement, and _m is

the flow rate.

The Nusselt number can be described through the fol-

lowing equation,

Nuexp ¼
hexpðxÞD

k
ð8Þ

Fig. 4 Experimental setup of

the heat transfer system for

convection measurements

Heat Mass Transfer (2014) 50:65–74 69

123



where k is the thermal conductivity of the fluid under

measurement.

The Reynolds and Prandtl numbers are, respectively,

given by [28],

Re ¼ 4 _m

pDl
ð9Þ

Pr ¼ Cpl
k

ð10Þ

where l is the fluid under measurement viscosity.

In Table 1 are summarized the thermo-physical prop-

erties at 300 K.

The distilled water (DW) was the operating fluid chosen for

the calibration process. This choice relies upon the fact that it

is a fluid with well-known thermal properties. Three calibra-

tion tests were carried out on the system, in order to increase

the confidence level on the overall experimental system:

1. Stability verification of the system through turning off

the heating tape. A deviation less than 2 % between

each thermocouple was observed.

2. Study of energy balance of the system. With heating

tape powered at 108 W, and assuming that the external

surface of the tube is adiabatic, the energy provided to

the system presented a maximum deviation of 5 %.

3. The experimental apparatus was calibrated considering

Shah equation for a laminar flow under a constant heat

flux [51] and, a steady state, one-dimensional heat

conduction model to couple the inner wall temperature

and the measured temperature, Fig. 5. Accordingly to

the proposed model, the temperature difference

between the tube inner wall and the externally measure

temperature is a function of the local heat flux and

thermal resistances Rt, namely Rt1 the contact resis-

tance between the thermocouple and the tube external

surface and Rt2 the conduction resistance across the

tube wall, Eq. 11.

Twall ¼ Tmeasured � q0 Rt ð11Þ

where Twall is the inner wall temperature, q0 the local heat

flux and Rt the total thermal resistance between the ther-

mocouple actual location and the inner wall surface

The conducted calibration procedure consisted in the

determination of Rt for each one of the five temperature

measurement stations and the obtained calibration con-

stants will be applied to the corresponding temperature

measurements made under the remaining experiments with

different nanofluids. Figure 6 shows the calibrated curve

for distilled water, for the Nusselt number as a function of

the inverse Graetz number (Gz-1), at two distinct Reynolds

number.

3 Results and discussion

The experimental Nusselt number enhancement ratio,

along the axial position are summarised in Figs. 7 and 8.

These results suggest that the MWCNTs dispersed in DW

significantly enhance the Nusselt number and therefore an

enhancement to the convective heat transfer coefficient of

the mixture is expected. For Re = 1,650, the results shows

an average Nusselt number enhancement of 23 and 10 %

respectively, at the entry and exit regions, for the 0.25 %

vol MWCNT/DW nanofluid.

From Fig. 8 presents the Nusselt number enhancement

variation along the test section for Re = 2,060. The

obtained heat transfer enhancement for the 0.5 % vol

MWCNT/DW was 47 and 44 %, for the entry and exit

regions, respectively. As expected, it was verified a sig-

nificantly increase in the Nusselt number with a higher flow

rate.

In addition, the results suggest a higher enhancement of

the Nusselt number than that observed to thermal con-

ductivity. Such behaviour suggests that the heat transfer of

nanofluids may be governed by other mechanism, different

from the conductivity. Similar results were obtained by

other researchers [30, 36, 52]. For instance, Xuan et al. [36]

reported an 60 % enhancement of convective heat transfer

coefficient and 12.5 % to the thermal conductivity, for

Table 1 Thermal physical properties of the fluids at 300 K

Properties Fluids

DW 0.25 % vol 0.5 % vol

q (kg/m3) 997 1,197 1,398

Cp (J/kgK) 4,179 4,384 4,590

l (Pa s) 8.55 9 10-4 1.35 9 10-3 1.38 9 10-3

k (W/mK) 605 9 10-3 626 9 10-3 650 9 10-3

Fig. 5 Representation of the thermal resistance between the thermo-

couple and the flow
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aqueous suspensions of Cu nanoparticles. Wen et al. [30],

obtained an 47 % enhancement on the convective heat

transfer coefficient, and 10 % enhancement on the thermal

conductivity. Despite the mechanisms responsible for these

heat transfer enhancements are not yet fully understood,

both authors suggested that the Brownian motion of the

nanoparticles might have to be considered. Nevertheless,

this issue continues to be object of discussion within the

Fig. 6 Experimental calibration

curve for DW

Fig. 7 Nusselt number

enhancement for the studied

fluids (deionised water, 0.25 %

vol MWCNT/DW and 0.5 %

vol MWCNT/DW), under a

Re = 1,650, at different axial

points

Fig. 8 Nusselt number

enhancement for the studied

fluids (deionised water, 0.25 %

vol MWCNT/DW and 0.5 %

vol MWCNT/DW), under a

Re = 2,060, at different axial

points
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scientific community, and the main reasons pointed out are:

nanoparticle shape, size, aspect ratio and alignment, the

reduction of the boundary layer thickness, thermal con-

ductivity enhancement and the formation of percolation

structures.

In Figs. 9 and 10, a comparison for the Nusselt number

as function of Reynolds number after 70 and 167 diameters

from the inlet section (x/D = 70 and x/D = 167) is pre-

sented. It can be observed that as expected, the Nu rises

with Re both for DW and for the analysed DW based

nanofluids, however the Nu enhancement rate with the

increase of Re is lower for nanofluids. This suggests that

the MWCNT effect is particularly noticed at low Re. This

is an intriguing behaviour that advocate for further exper-

imental and theoretical research on the mechanisms behind

the heat transfer enhancement of nanofluids.

4 Conclusions

An experimental apparatus was assembled to study the heat

transfer characteristics of nanofluids. To accomplish the

latter, two distinct nanofluids were developed and their

thermo-physical properties measured. For a 0.5 % volume

fraction of MWCNT dispersed in DW, the thermal con-

ductivity shows an enhancement of 7.4 %. Nevertheless,

the convection heat transfer experiments suggest a Nusselt

number and consequently a convective heat transfer

enhancement of 47 %. The experimentally obtained results

suggest that nanofluids effective thermal conductivity

enhancement, by itself, cannot fully explain the enhance-

ment on the respective dynamic heat transfer capabilities.

Similar results can be found in the literature for different

nanofluids, and the authors suggested several mechanisms

Fig. 9 Nusselt number versus

Reynolds number for the DW,

0.25 % vol MWCNT/DW and

0.5 % vol MWCNT/DW

nanofluids at x/D = 70

Fig. 10 Nusselt number versus

Reynolds number for the DW,

0.25 % vol MWCNT/DW and

0.5 % vol MWCNT/DW

nanofluids at x/D = 167
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that could explain such behaviour, namely interparticle inter-

action and the formation of percolation networks. Therefore,

this study highlights the importance of future experimental and

theoretical research on MWCNT nanofluids.
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lektrizitätskonstanten und Leitfähigkeiten der Mischkörper aus

isotropen Substanzen. Ann Phys 416:636–664. doi:10.1002/andp.

19354160705

20. Sarkar S, Selvam RP (2007) Molecular dynamics simulation of

effective thermal conductivity and study of enhanced thermal

transport mechanism in nanofluids. J Appl Phys 102:074302–

074307

21. Lamas B, Abreu B, Fonseca A, Martins N, Oliveira M (2013)

Numerical analysis of percolation formation in carbon nanotube

based nanofluids. Int J Numer Methods Eng 95:257–270. doi:10.

1002/nme.4510

22. Sastry NNV, Abhijit B, Sundararajan T, Sarit Kumar D (2008)

Predicting effective thermal conductivity of carbon nanotube

based nanofluids. Nanotechnology 19:055704. doi:10.1088/0957-

4484/19/05/055704

23. Lee J-H, Lee S-H, Choi C, Jang S, Choi S (2010) A review of

thermal conductivity data, mechanisms and models for nanofl-

uids. Int J Micro-Nano Scale Transp 1:269–322. doi:10.1260/

1759-3093.1.4.269

24. Jang SP, Choi SUS (2004) Role of Brownian motion in the

enhanced thermal conductivity of nanofluids. Appl Phys Lett

84:4316–4318

25. Bhattacharya P, Saha SK, Yadav A, Phelan PE, Prasher RS

(2004) Brownian dynamics simulation to determine the effective

thermal conductivity of nanofluids. J Appl Phys 95:6492–6494

26. Murshed SMS, Leong KC, Yang C (2009) A combined model for

the effective thermal conductivity of nanofluids. Appl Therm Eng

29:2477–2483. doi:10.1016/j.applthermaleng.2008.12.018

27. Murshed SMS, Leong KC, Yang C (2008) Thermophysical and

electrokinetic properties of nanofluids—a critical review. Appl

Therm Eng 28:17. doi:10.1016/j.applthermaleng.2008.01.005

28. Incropera FP, DeWitt DP, Bergman TL, Lavine AS (2006)

Fundamentals of heat and mass transfer, 6th edn. Wiley, London

29. Pak BC, Cho YI (1998) Hydrodynamic and heat tarnsfer study of

dispersed fluids with submicron metallic oxide paticles. Exp Heat

Transf 11:151–170

30. Wen D, Ding Y (2004) Experimental investigation into convec-

tive heat transfer of nanofluids at the entrance region under

laminar flow conditions. Int J Heat Mass Transf 47:5181–5188

31. Zeinali Heris S, Etemad SG, Nasr Esfahany M (2006) Experi-

mental investigation of oxide nanofluids laminar flow convective

heat transfer. Int Commun Heat Mass Transfer 33:529–535

32. Zeinali Heris S, Nasr Esfahany M, Etemad SG (2007) Experi-

mental investigation of convective heat transfer of Al2O3/water

nanofluid in circular tube. Int J Heat Fluid Flow 28:203–210

33. Li Q, Xuan Y (2002) Convective heat transfer and flow charac-

teristics of Cu—water nanofluid. Sci China Ser E-Technol Sci

45:408–416. doi:10.1360/02ye9047

34. He Y, Jin Y, Chen H, Ding Y, Cang D, Lu H (2007) Heat transfer

and flow behaviour of aqueous suspensions of TiO2 nanoparticles

(nanofluids) flowing upward through a vertical pipe. Int J Heat

Mass Transf 50:2272–2281. doi:10.1016/j.ijheatmasstransfer.

2006.10.024

35. Vakili M, Mohebbi A, Hashemipour H (2013) Experimental

study on convective heat transfer of TiO2 nanofluids. Heat Mass

Transf 49:1159–1165. doi:10.1007/s00231-013-1158-3

Heat Mass Transfer (2014) 50:65–74 73

123

http://dx.doi.org/10.1021/i160003a005
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2008.06.032
http://dx.doi.org/10.1557/PROC-457-3
http://dx.doi.org/10.1186/1556-276X-6-297
http://dx.doi.org/10.1016/j.rser.2005.01.010
http://dx.doi.org/10.4028
http://dx.doi.org/10.1002/andp.19354160705
http://dx.doi.org/10.1002/andp.19354160705
http://dx.doi.org/10.1002/nme.4510
http://dx.doi.org/10.1002/nme.4510
http://dx.doi.org/10.1088/0957-4484/19/05/055704
http://dx.doi.org/10.1088/0957-4484/19/05/055704
http://dx.doi.org/10.1260/1759-3093.1.4.269
http://dx.doi.org/10.1260/1759-3093.1.4.269
http://dx.doi.org/10.1016/j.applthermaleng.2008.12.018
http://dx.doi.org/10.1016/j.applthermaleng.2008.01.005
http://dx.doi.org/10.1360/02ye9047
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.10.024
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.10.024
http://dx.doi.org/10.1007/s00231-013-1158-3


36. Xuan Y, Li Q (2003) Investigation on convective heat transfer

and flow features of nanofluids. J Heat Transf 125:151–155

37. Yang Y, Zhang ZG, Grulke EA, Anderson WB, Wu G (2005) Heat

transfer properties of nanoparticle-in-fluid dispersions (nanofluids)

in laminar flow. Int J Heat Mass Transf 48:1107–1116

38. Zhang X, Gu H, Fujii M (2006) Experimental study on the

effective thermal conductivity and thermal diffusivity of nanofl-

uids. Int J Thermophys 27:569–580

39. Choi SUS et al (2001) Anomalous thermal conductivity

enhancement in nanotube suspensions. Appl Phys Lett 79:2252

40. Wang X-Q, Mujumdar AS (2007) Heat transfer characteristics of

nanofluids: a review. Int J Therm Sci 46:1–19

41. Lamas B, Abreu B, Fonseca A, Martins N, Oliveira M (2012)

Assessing colloidal stability of long term MWCNT based nano-

fluids. J Colloid Interface Sci 381:17–23. doi:10.1016/j.jcis.2012.

05.014

42. Cao G (2004) Nanostructures and nanomaterials: synthesis,

properties and applications. Imperial College Press, London

43. Meyyappan M (2004) Carbon nanotubes: science and applica-

tions. CRC Press, Boca Raton

44. Esumi K, Ishigami M, Nakajima A, Sawada K, Honda H (1996)

Chemical treatment of carbon nanotubes. Carbon 34:279–281
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