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Abstract: Experimental results on the steady state rheolbgeaaviour of carbon nanotube
(CNT) water-based nanofluid are presented. We havestigated the influence of a
controlled preshear history on the viscosity of CiNater-based nanofluid. Two types of
preshear history effect are studied: the influenicetress rate during preshear and the effect
of resting time before viscosity measurement. feiealed that CNT water-based nanofluid
behaves as a viscoelastic media at low shear naltét & shear-thinning at higher shear rate.
This behaviour is strongly dependent on shear tyistae to the breakdown in the structural
network of nanofluid agglomerates. It is also obsdrthat the nanofluid can reform at rest
after preshear following the resting time and te or preshear applied to the nanofluid.

Keywords: agglomerates, CNT, nanofluid, preshear histoegting time, shear-thinning,
viscosity



Graphical abstract

Rheological behavior of carbon water based narbfludependant on shear history effect due

to the breakdown in the structural network of n&uidfaggregates.



1. Introduction

Nanofluids typically consist of nanometer-sizedticles of metals, oxides, nitrides, carbides
or carbon nanotubes dispersed in a conventiona tasl such as water, glycol, ethylene
glycol, engine oil... Nanofluids constitute a dasf colloidal suspensions with enhanced
thermal properties compared to the base fluids evemder low concentrations of suspended
nanoparticles. Previous studies have shown the leonfigature of nanofluid rheology.
Whereas conventional base fluids mainly behaveawtidnian manner, adding nanopatrticles
to a base fluid can only alter the magnitude otasity [1-5]. It can also result in different
types of rheological behaviour, namely shear-tligné;6-16] and yield stress material [7,
17-19] depending on nanofluid. Moreover, visco@étabehaviour is also observed [20-22].
These investigations have revealed that the rhaabgehaviour of nanofluids is strongly
affected by the viscosity of the base fluid, thenayzarticle shape, the particles size and
concentration, the temperature and the shear Tdte.rheological properties of nanofluids are
also closely related to the dispersion state of throsuspensions, their stability and the
presence (or not) of agglomerates. So, it is ¢learshear-thinning behaviour of nanofluids is
mainly associated with the presence of nanopardgtfomerates even with Newtonian base
fluids [8-10, 23-25].

There are two methods for dispersing nanopartieiéisin the base fluid and formulating a
stable nanofluid [26,27]. The first one is basedtlms physical or chemical treatment of the
nanoparticles, in particular for carbon nanotul#& fnd the use of dispersing agents such as
polymers. The dispersing of nanoparticles can aksmbtained from mechanical methods
such as sonication [2,4,17,21], ultrasonicatiorb{B.12], homogenization [6,12] and high
stirring [3,5,14]. The dispersion and the stabilitfythe nanofluids are mainly obtained by
gathering some of the previous mentioned methods.a$ sufficient rate and duration of
mechanical mixing, it is expected that the agglatesy are broken and the nanoparticles are
well dispersed. However, it should be mentioned thechanical methods are able to reduce
the size of aggregates but rsffficient to obtain a complete dispersion of tlemaparticles
into primary particles [10,13]. In addition to thig was reported that after passing the
optimized duration of mechanical dispersing, theaflaid can agglomerate in a clog during a
fast sedimentation [29]. With nanotubes, high mada dispersion can lead to the breaking
of the nanotubes and results in shorter nanotBiys |

A number of studies related to the effect of dispay mechanical methods on the viscosity of
nanofluids have been reported. Duan et al. [5] hiavestigated the effect of ultrasonification
of the rheological behaviour of AD; water nanofluid for volume concentration rangelof
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5%. It was shown that the nanofluids, which inljiddehave as shear-thinning material due to
the presence of agglomerates, resumed as Newtthuids just before ultrasonification. Garg
et al. [30] have reported the effect of sonicatiorthe viscosity of CNT nanofluid. They have
shown that sonication time is first associated wdlclustering of nanoclusters. Then,
increasing the sonication time leads to breakagbeohanotubes resulting in less pronounced
shear-thinning behaviour because of the shorter gizhe nanotubes. Yang et al. [7] have
also shown the effect of frequency and time ofaslbnication on agglomerate size and aspect
ratio of nanotubes dispersed in oil. They have shdlmat aspect ratio of the nanotubes
decreases as both the dispersing time and enemygase, resulting in less viscous
nanosuspensions.

Based on the previous observations, the shearrpisfoa nanofluid must be taken into
consideration when investigating its rheology. histpaper, we studied experimentally the
effects of preshear history on the viscosity ofNiTGvater-based nanofluid with a nanotubes
weight fraction of 1%. Rheological behaviour undgeady-state condition after a well-
controlled preshear of the nanosuspension has ieestigated. Moreover, the effect of
preshear stress rate and resting time on the aseheological behaviour is presented and

discussed in terms of structure and stability efrianofluid.

2. Materials and methods

2.1 Nanofluid

A carbon nanotube water-based suspension was prepand provided by Nanocyl
(Belgium). This suspension consists on multi-walkedbon nanotubes (carbon purity 90%)
dispersed from ultrasonication in a base mixturedefionized water and sodium dodecyl
benzene sulfonate (SDBS) as surfactant. The piepef nanotubes and nanofluid
suspension presently used are presented in Tadnhel Table 2 respectively. The dimensions
of the nanotubes are 1.5 um in average length L @@dnm in average diameter d
respectively. This leads to an average aspect ratib/d=163. According to the
manufacturer’s specification, the nanofluid wabktdor several months.

As mentioned before, the surfactant is used toetsspand stabilize the particles and reduce
the presence of aggregates because of the hydrgpbolface of carbon nanotubes [28].
However, it was previously reported that carbonobalpes suspension can form clusters in

spite of the use of surfactant. So, SEM chara@Bom of the studied nanofluid was



performed to investigate the dispersion state efrthnoparticles within the base mixture. A
droplet of the nanofluid was preliminary dried tremvered by gold before SEM analysis. The
SEM characterization was conducted on a LEO 1430ndBel SEM apparatus with tungsten

filament at an accelerating voltage of 15 kV. Thedure of the nanofluid observed by SEM

is shown in Figure 1. The observations from Figlirendicate the presence of aggregate
network within the nanofluid. The approximated sufe¢he aggregates varies between 1 nm,
which is close to the average length of the naregpuand 6 nm.

It should be finally mentioned that any observabkdimentation was noticed before

experiments. Noting also that the CNT nanofluid wasd as received and no mechanical
pretreatment such as sonication was applied todhefluid before the SEM characterization

and the rheological measurements.

2.2. Rheological measurements

Shear viscosity of CNT nanofluid was measured bygus stress controlled rheometer
(Malvern Kinexus Pro) in a parallel plate configima under a controlled temperature of
20°C. The temperature was controlled by using &gpelemperature control device located
below the lower plate. Thermal clovers were alsedu® ensure constant temperature within
the sample gap. All experiments are conducted withOmm plate diameter and under a
constant gap of 0.5mm. The shear viscosity of #eebnixture was also measured under the
same experimental conditions.

Each tested volume sample was taken from its auertavith a syringe-type automatic pipette
then set up to the lower plate. Hence, the uppatepgb displaced to achieve the required
sample gap. The excess of samples is eventuallgwedn An initial stabilization period of 5
min is given for achieving constant working tempera with an accuracy of 0.01°C. This
temperature was also maintained for 5 minutes bestarting the experiment. Consequently,
each sample has the same shear history before bsewhin the rheological experiments. A
new sample was used for each measurement whichepeaated to evaluate the repeatability
of the measurement. No difference was obtainedccatisig that the nanofluid is stable and
homogeneous before testing it.

Before the measurement of the nanofluid steadyrshisaosity, the experiment was first
started by applying a constant shear stress frarttaometer for 60s. This preshear stress
time is sufficient to approach a quasi-equilibrigtate. The used shear stress values for
preshear were set to 0.5, 1, 3, 5, 7 and 10Pacatagly. Hereafter, without any resting time,
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to ensure the results were not affected by a stralcevolution at rest of the nanosuspension
after pre-shearing, the effect of this presheaiohyson the nanofluid viscosity was measured
by conducting a steady stress logarithmic sweepotes the stress range from 0.1Pa to 10Pa.
Another series of experiments were performed sptirrest the presheared nanofluid sample
before measuring the nanofluids steady-state shiseosity. This was done to evaluate the
structural evolution and the aging of the nanosasip& during resting time. The resting
times used were 5, 10, 20 and 60min.

The applicability of the shear stress range for dteady stress logarithmic sweep test was
preliminary evaluated in order to ensure steadiedlaw at low shear stress, and to avoid
flow instability and sample ejection at high shst@ess. The maximum step duration is 120s.
It was observed that apart at the starting of tkgeement, a steady-state flow is rapidly
achieved and maintained 10s before measuring Hoesity.

De-ionized water and standard oil for calibratioerevpreliminary tested at 20°C showing, as
expected, a Newtonian behaviour within the sheaasstrange investigated. The viscosity
value of distilled water and oil was respectivel@3and 1360 mPa.s. The relative deviation
in comparison to the theoretical values at 20°f@spectively less than 3 and 4%, which is of
the same order of magnitude as the experimentartaicty. The shear viscosity of the base
mixture, composed of de-ionized water and sodiutedgl benzene sulfonate, was reported
in Figure 2. It is shown that the base mixture bekan a Newtonian manner as the shear
viscosity is quite constant within the shear raiege investigated. The shear viscosity value
of the base mixture is 1.13mPa.s. This is highan tthe viscosity of de-ionized water due to
the presence of SDBS.

The influence of preshear stress history is ingastid in the following, considering the
effects of preshear stress rate applied to thefhath@nd resting time before evaluating the
viscosity of the nanofluid in function of sheargatnd the variation of the network structure

of the nanosuspension under shear flow.

3. Results and discussion

3.1 Effect of stress rate during preshear

Figure 2 shows the apparent viscosity of the CNfioflaid as a function of shear rate under
no preshear history and under seven preshear satess Before considering the effect of
preshear history, it is first observed that theveusbtained without preshearing the sample is
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above the curves displayed after preshear. Thisdtes that the set-up of the sample to the
lower plate of the rheometer does not disrupt tinectire of the CNT nanofluid. So, the
curves obtained from different preshear stressrate representative of the destructuration
rate of the CNT nanofluid before viscosity measwgetn

The curves displayed in figure 2 first reveal ttizé apparent viscosity increases when the
shear stress (or shear rate) increases. This shosinant viscoelastic behavior of the CNT
suspension due to the interconnected network dbaggates. Then, once a critical value of
shear stress is reached, namely the yield stleesCNT starts to flow as a shear-thinning
suspension, as the apparent viscosity decreaseas twbeshear rate increases. As previously
reported and mentioned in the introduction, thihdwor is related to the presence of
aggregates network within the nanofluid.

The displaying of the curves of figure 2 can belaxgd as follow. At low shear rate, the
aggregates are connected and deform under sheanatiosuspension does not relax the
stress and the suspension resists to flow. Thena aufficient shear stress, some
interconnections between clusters broke down andgdéomeration and alignment of the
nanotube clusters start to produce resulting ih begs viscous force and shear thinning effect
when the shear stress increases.

The viscoelastic behaviour of the suspension engty dependent on the rate of the applied
pre-shear. It is observed from figure 2 that amaase in shear stress level during preshear of
the sample results in a less viscoelastic behaviduthe nanofluid as the magnitude of
viscosity at low shear rate is lower. This indicatieat the higher preshear stress disrupts more
the elastic network of the CNT nanoclusters thdowaér preshear stress.

It is also mentioned that the shear-thinning bebdrawi the CNT nanofluid is strongly affected
by an increase of preshear stress rate. Higheptbghear stress value, lower the shear-
thinning behavior and the extent of the shear-thigprregion. This shows the effect of
preshear history on the network modification of tla@otube clusters.

It is shown that after a high preshear of 10Pa, @I nanofluid tends to behave as a
Newtonian fluid, indicating that the structuralwetk of the nanofluid are broken down. It is
also shown that the high shear viscosity of the Gidmofluid is not affected by the preshear
history, as the high shear viscosity is similartfoe different curves. This also means that the
high preshear of the suspension plays a role onyeaking the agglomerates network, not in
reducing the size of nanoclusters and nanotubes.

The main findings reported so far can be highlighig figure 3. In this figure is reported the
apparent shear viscosity of the nanofluid for twweas stress value, 1Pa and 10 Pa
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respectively, in function of the preshear stredsies It is observed from figure 3 than the
apparent viscosity at 1Pa strongly decreases gsrédshear stress value increases, due to the
network modification of the nanotube clusters follog the rate of preshear. Figure 3 also
shows than the apparent shear viscosity at a Higlarsstress of 10Pa is independent of
preshear stress rate, and only depends on theiahaé of applied shear stress during the
measurement and the size of aggregates. The slw@nsity of the CNT water based
nanofluid at high shear rate (or shear stress)finally evaluated to 5.8mPa.s. This is higher
than the viscosity of the base mixture due to tresgnce of nanotubes under the form of
aggregates.

This can be proven considering the Maron-Pierceogisy model [31] which derives from the
Krieger and Dougherty equation [32] (see equatipriNbting that equation 1 was obtained
from a minimum principle applied to the energy gliased by viscous effects. These
equations were developed for hard spheres systarnshdve also been used to model
experimental data of dispersions with rod like joéas [9, 10, 33, 34].

:Unf :lubm(l_ij (l)
@

m

In equation 1y is the viscosity of the nanofluid ang, the viscosity of the base mixture,
and ¢ is the volume fraction of nanoparticle in base tnig. @, is the maximum volume
fraction of nanoparticle and depends on aspeab wHtithe nanotubes [35]. A value ¢f =
3.61% is here obtained due to the very large agpéotof the nanotubes presently used.
Comparison of the experimental data of viscositthwhe predicted data from the above
equation is shown in Figure 3. It is observed that experimental viscosity values at high
shear rate are underpredicted by equation (1).ddnfirms the presence of aggregates which
increase the effective volume of the nanotubesthunsl the viscosity of the nanofluid at high
shear rate.

With the presence of aggregates, the applicatioth®ffractal concept [36] can be used to
predict the viscosity of nanofluid at high sheareraConsidering that the geometry of the
aggregates can be described as fractal like steugtith a fractal index D, and assuming that
the aggregates density change with the radial ipaséind it is not uniform in the nanofluid
[8], an effective volume fraction of nanoparticlesenotedg, can be defined following

equation 2.



Where gand a are the aggregates and primary nanopanted@égespectively.
This leads to the modified Maron and Pierce equd8@h

The fractal index D depends on the type of aggregaparticle size and shape and shear flow
condition. For aggregating nanofluids with nanorodsianotubes, D varie between 1.5 and
2.45 [34]. A value of 2.1 is generally taken [933, and was also used here for the fractal
index value.

Figure 3 shows that a good agreement between dugcpion of the modified model of Maron
& Pierce and experimental data of viscosity at hgtear stress (or high shear rate) is
obtained when £a ~ 4.41. Considering the primary nanopatrticles raajias the average
lenght of the nanotubes, this leads to a maximugneggtes size close to 6.6 nm, which is in
aggrement with the maximum size of aggregates mhated from SEM analyses.

3.2 Effect of resting time after preshear

Based on the previous results concerning the sffe€tpreshear rate of the rheological
behaviour of the nanosuspension, the effect oinggtme on the viscosity of presheared
nanosuspension was evaluated considering only aies rof preshear stress, 5 and 10Pa
respectively. This was done because we had obs#raeéor a preshear of 5Pa, the structure
of the nanofluid is partially broken before applyithe shear stress sweep. On the other hand,
for a preshear of 10Pa, it was shown that the mtewbnanoclusters is well broken.

Figure 4 shows the apparent viscosity of the CNTemaased nanofluid as a function of shear
rate after different resting times and an initisdghear stress level of 5Pa.

For lower resting times of 5 and 10min, the curaes superimposed, indicating that the
network of the nanofluid does not evolve at restislobserved that the maximum shear
viscosity at low shear rate slowly increases aftaesting time of 20min. This increase is

more pronounced for a resting time of 60min. Thisvgh that the nanosuspension structure



build up slowly at rest after cessation of pre-simgpand that the agglomerates reform. Such
behavior shows the reversible nature for the rebaihd the association process of the
nanoclusters. Our results show that the pre-sheamadfluid is here not stable, due to the
partial breaking of its network structure during{shear.

The curves displayed in Figure 5 show the apparestosity of the CNT water based
nanofluid as a function of shear after differerdtireg times and an initial preshear stress rate
of 10Pa. It is observed from figure 5 that all theves are well superimposed indicating that
the resting time has no effect on the rheologiedldviour of the CNT water based nanofluid.
This also reveals that the structural network of mla@osuspension does not evolve after
cessation of preshear and that the nanofluid Hestaithin 1h after a high preshear of 10Pa.
As reported in the previous section, it is notedt the viscosity of the nanosuspension at high
shear rate is not affected by the resting timeualty, the high shear viscosity reported in
Figure 4 and 5 tends to a value of 5.8mPa.s wlidh agreement with the value obtained

from figures 2 and 3.

Conclusion

A detailed study on the effect of a well-controllpdeshear history on the rheological
properties of CNT water based nanofluid has beefoqmeed. The results indicate that the
preshearing caused the breakdown in the struche@bork of the nanofluid, due to the
presence of agglomerates, following the rate ofshiear. It was shown that the viscoelastic
behavior of the nanofluid at low shear rate isrggip dependent on the shear stress history, as
well as the shear-thinning behavior of the nandfti higher shear rate. Then, it was reported
than the high shear viscosity of the nanofluidnkanced due to the presence of aggregates.
The maximum size of aggregates was predicted andrdbly compared to SEM
characterization of the nanofluid. Finally, it wslsown that the structural network of highly
pre-sheared nanosuspension is stable and doewvalue @t rest. The decrease in pre-shear
rate leads to a structural network of the nanosu@pa which reforms at rest following their
disruption. The results of this study also show tledevance of the rheological
characterization concerning structural informatioh nanofluids and reveal the time-

dependent behavior of the studied nanofluid.
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Figure Captions

Fig 1 SEM image taken from dried nanofluid

Fig 2 Effect of preshear stress rate (PS) on theosity of the CNT nanofluid

Fig 3 Comparison of experimental and predicted eslof viscosity — influence of aggregates

Fig 4 Effect of resting time (RT) on the viscositiytike CNT nanofluid after a preshear of 5Pa
for 60s

Fig 5 Effect of resting time (RT) on the viscositytbE CNT nanofluid after a preshear of
10Pa for 60s

Table Captions

Table 1 Properties of nanotubes

Table 2 Properties of the nanofluid
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Fig 2 Effect of preshear stress rate (PS) on theosity of the CNT nanofluid
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Table 1 Properties of nanotubes

Nanoparticles Average Average Density (kg/nf)
length (um) diameter (nm)
Carbon Nanotubes1.5 9.2 1800

Table 2 Properties of the nanofluid

Nanofluid Nanotubes weightNanotubes volume SDBS weight
fraction (%) fraction (%) fraction (%)

Aqueous Carbon
Nanotubes suspensiori 0.55 2
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