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Abstract: We report here the thermal conductivity measurermécarbon nanotubes water-
based nanofluids stabilized by sodium dodecylbemzmiifonate as a function of volume
fraction and temperature. For the first time, weHer show the existence of a sharp peak in
thermal conductivity at very small volume fractibelow theoretical percolation threshold
which is temperature independefthis preliminary study evidences the potential of
promising and useful nanofluid for practical apatiors in cooling ancenergy systems and

heat exchangers, as viscosity penalptigiouslyvanished at this concentration.

Keywords: CNT nanofluids, Thermal conductivity, Experimen®Beak, Percolation
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1. Introduction

It is now well established that nanofluids — cortiemal fluids incorporating in low volume
fraction nanoparticles with enhanced thermal priger- are promising candidates as heat
transfer fluids in heat exchangers, cooling andrggnesystems. Most studies related to
nanofluids have focused on the thermal performanteékese suspensions investigating the

effect of particle size, shape, material and cotraéinn, temperature, nature of the base fluid,



use of surfactant, preparation methods [1-9]. Thesjgal mechanisms responsible of thermal
conductivity enhancement were also investigated. [Many attempts have also be made to
model and predict the enhancement of nanofluidertakeconductivity [11-17] taking into
account the presence of nanoparticle aggregated9L&nd the influence of chain-like
structures [20,21]. It is usually recognized tiarimal conductivity enhancement of nanofluids
produces under percolation threshold, i.e. for gicat nanoparticle loading when the
conductive nanoparticles start to form a contingahnected network. This thermal
conductivity enhancement is also mainly governedih®y increase in nanoparticle volume
fraction and aspect ratio of nanoparticles.

Nowadays, in addition to stability, the practicaleuof nanofluids remains still limited
because the thermal conductivity enhancement afthads is often penalized by the viscosity
increase due to the addition of nanoparticles. Hewnenanofluid viscosity is related to
resistance to flow and pumping power. This is whiraaleoff between enhanced thermal
properties and reduced viscosity is needed forfhaids. So, a simple solution to obtain useful
and efficient nanofluids basically consists in @iging a small amount of nanoparticles with
high intrinsic conductivity and high aspect ratighan a low viscosity fluid.

The purpose of this short communication is to reff@ thermal conductivity measurement
of water-based nanofluids containing carbon nareddtabilized by SDBS as surfactant. As
an extension of our previous works [17,22-24], wedg the effect of nanoparticle volume
fraction and temperature on thermal conductivitgnsidering unusually very low volume
fraction below the critical concentration of theiaral percolation threshold. Unexpectedly, we
find here the existence of a very small optimal camration leading to a peak in thermal

conductivity where the enhancement is similar ®vdhe obtained at high volume fraction.

2. Materials and experiments



The nanofluids used in this study were stable dsspes of MWCNT of 1.5 um in average
length and 9.2 nm in average diameter dispersadnixture of de-ionized water and SDBS as
surfactant. The average aspect ratio of the nametihabout 160. This leads to a theoretical
percolation threshold around 6.25520. This value is very low as the percolation thoddhis
a direct function of particle size and mainly sealdth the inverse of nanoparticle aspect ratio
[25,26]. As reported in [27], a starting suspenscmmtaining 1% in weight fraction of
nanotubes and 2% in weight fraction of SDBS wapgmed and provided by Nanocyl. The
surfactant concentration was established by theufaaturer. Due to the hydrophobic surface
of carbon nanotubes, the surfactant was used pedis and stabilize the nanotubes within the
suspension. Nanofluid suspensions with lower cdrntenanotube were obtained at ambient
temperature by the dilution of the starting suspemwith de-ionized water, keeping a constant
weight ratio of SDBS/CNT equal to 2. Once dilutech suspension was stirred with
mechanical agitator to ensure a good dispersioth@fnanotubes and reduce the possible
presence of aggregates. Then, the nanofluids weredsin a container at ambient temperature
before being used for thermal conductivity meas@m@s So, the nanoparticle volume fraction
range investigated varies between 5.5%%0to 0.55 % at ambient temperature. The initiabas
fluid was also prepared by Nanocyl, and used tadyce from dilution the base fluids
corresponding to the different nanofluids previgysiepared. It should be noted that we have
previously shown that under 0.0278%, the studietbftaids behave in a Newtonian manner
with a viscosity value similar to the one of deiau watef®.

We measured the thermal conductivity of nanofluits laase fluids by using a transient hot
wire (KD2 Pro thermal property analyzer equippethvidS-1 probe). As previously reported
in [17,22-24], the maximum uncertainty in the thatntonductivity measurement was
estimated to be less than 3.5% using distilled meecalibration liquid for temperatures range

from 20 to 50°C. Before each measurement, botkdh®ple and the probe were maintained 30



min at the working temperature. Then, an averagesef ten measurements was performed to
reduce the experimental error. The time intervah@fasurements was 5 min. The thermal

conductivity measurements were carried out at 20°C.

3. Results and discussion

Figure 1 shows the thermal conductivity ratio ofouids in comparison with base fluids
as a function of volume fraction of MWCNT. It is vilo noting that the thermal conductivity
of the base fluids decreases when the amount dhctant increases. At the lowest
concentration, the thermal conductivity ratio isitguconstant up to 0.055% (within the
experimental uncertainty), and in this concentratirange the enhancement in thermal
conductivity was not really significant (about 5%8bove 0.055% in volume fraction, the
thermal conductivity ratio increases with the volufraction. As expected, the highest value
of thermal conductivity ratio was observed for thghest tested volume fraction in
nanoparticles and corresponds to an enhancemetitermal conductivity of about 26%.
Surprisingly, we also observed that the thermatloativity ratio suddenly increased when the
volume fraction of nanoparticles reaches a volumaetion of about 1.1x19%. At this
concentration, the enhancement in thermal condticiiv about 13 %. This is similar to the
enhancement in thermal conductivity for a volunaefion of 0.278%.

In order to investigate the effect of temperaturetbbermal conductivity of the tested
nanofluids, we perform another series of experimantt6°C. This temperature was chosen as
it has been recognized that the bonding betweenSS&#I nanoparticles can be damaged at
elevated temperature higher than 50°C, thus ligitive stability of the nanofluids [28]. Figure
2 shows the thermal conductivity ratio of nanoftiith comparison with base fluids as a
function of volume fraction of MWCNT at 46°C. Figu2 confirms the findings reported above,
since we observe an increase in thermal conducti@ito with the nanoparticle loading within

the range 0.0055% to 0.55%. The highest condugtiatto occurs also at the highest nanotubes



volume fraction, where enhancement in thermal comdty is about 50%. At the lowest
volume fractions, the thermal conductivity enhaneatmis low except at about 1.1x%%,
where a peculiar behavior is observed again. Atdbncentration, the enhancement in thermal
conductivity is about 28%. Finally, it is shown bwyth figures 1 and 2 that the thermal
conductivity of nanofluids increase when the terapee is increased, as generally reported
with nanofluidsl.

The previous observations and results raise thewolg question: What is the reason for
the enhancement in the thermal conductivity atigiartoading of 1.1x16%? We attempt to
address this question from SEM characterizationtha studied nanofluids. Thus, the
morphology and the dispersion state of the namigluvas determined by scanning electron
microscopy (SEM-JEOL-JSM-6301F) performed on dnshofluid, using an accelerating
voltage ranging from 7 to 10 kV and a working dista of 8 mm. It is worth noting that SEM
characterization of the starting suspension wittolume fraction of 0.5% was previously
performed, showing that at this concentration @eotubes are mainly entangled and can form
aggregates [29]. This can explain, at least pértidhe substantial thermal conductivity
enhancement at this particle loading. Figure 3 shthe microscopy images of CNT water-
based nanofluids taken at three different lowewunw fractions of 0.278%, 0.0055% and
1.1x10%% respectively.

We can note several features from images reportefigure 3. The nanotubes appear
randomly oriented with no apparent preferentia¢clions whatever the volume fraction, and
form a connected network of conducting nanotublesvalg the concept of percolation to be
used. At 0.278% in volume fraction, the nanotubeshaghly entangled without significant
presence of agglomerates. For lower volume fraaifol.005%, figure 3 shows, as expected,

that the nanotubes are better dispersed, but reuttipe-tube interactions are also observed.



For the critical volume fraction of 1.1x®@, the nanotubes are interconnected with a limited
number of contacts.

These results suggest that there exists a pref@resgatial distribution of nanotubes
probably linked to their aspect ratio where theinntanotubes interaction and the number of
contacts are more important that the formation peecolated network. This agrees with the
results reported in [30] from numerical analysi®, & peculiar dynamic heat conductive
structural path is also formed that seems to bporesble of the great thermal conductivity

enhancement at very low volume fraction in CNT.

4. Concluding remarks

In summary, we reported thermal conductivity measwant of water-based nanofluids
containing carbon nanotubes stabilized by SDBSugacant as a function of volume fraction
up to 0.55%, considering also very small partiokeding typically less than 0.055%. Our results
showed the thermal conductivity increase with vatufraction within the range 0.055% to
0.55%, which is enhanced with temperature incre@se.findings especially showed for the
first time the existence of a peak in thermal cantighty at very small volume fraction around
1.1x10%%, e.g. below theoretical percolation thresholdicihs temperature independent.

While further work is required to investigate theerplay between the peak in thermal
conductivity, the size of nanotubes and the paaentie of surfactant as thermal resistance and
clearly understand the mechanisms responsible doh sntriguing behavior, our results
established that the nanofluid presently investidatan be a real candidate for heat transport
applications. It obviously exhibits relative lar¢f/geermal conductivity enhancement at very

small volume fraction without viscosity penalty.
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Figures Captions
Fig. 1. Relative thermal conductivity of nanofluids at @04s a function of volume fraction in
nanoparticle.

Fig. 2. Relative thermal conductivity of nanofluids at @6as a function of volume fraction in
nanoparticle.

Fig. 3. SEM pictures taken from dried nanofluids with wais volume fractions in CNT, from
top to bottom 0.278%, 0.0055% and 1.1X36
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Fig. 1. Relative thermal conductivity of nanofluids at @04s a function of volume fraction in
nanoparticle.
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Fig. 2. Relative thermal conductivity of nanofluids at @6ds a function of volume fraction in
nanoparticle.
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Fig. 3. SEM pictures taken from dried nanofluids with @as volume fractions in CNT, from
top to bottom 0.278%, 0.0055% and 1.1X36
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