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Abstract. Al,O; nanoparticles dispersed in deionized water aedé#iht volume concentration (0.1 - 1%) were produced
and characterized. The average diameter gDAlspherical particle is 15 nm. A steady suspensias acquired by
means of ultrasonic agitation. The transport prdpgeneasured in this work was the viscosity withisk-theometer.
Viscosity measurements were carried out over teatper ranges from 20 to 40 °C. The effect of theoparticle
concentration on viscosity was analyzed in thisgra/iscosity measurements show that th®Alwater nanofluid
viscosity increases with increasing the nanopaatieblume concentration and decreases with incrga@mperature.
Results for viscosity had been compared againstteffom predictive methods.
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1. INTRODUCTION

The interest for sustainable energy use and sourasgyrown in the last few decades. In this scendne heat
transfer studies in molecular or atomic level miy@n important role.

In the past, numerous studies on thermal condiygtand viscosity of suspensions containing solitliméter- or
micrometer sized particles have been conducted prdldems with the use of these conventional |aige particles in
heat exchangers are the following: (i) rapid s&dtli(ii) heat transfer surface abrasion; (iii) adgging. To minimize
such problems, Choi (1995) has proposed the dispeos metallic and nonmetallic nanoparticles serathan 100 nm
in base fluids as water, oil and ethylene glycacéntly, Wen and Dig (2005) showed that the trarigpoperties and
thermal hydraulic behaviors of nanofluids dependthan particle concentration, size and morphologywell as the
presence of dispersants. It should be highlighted $urfactants and/or dispersants, often useddardo achieve a
stable suspension, have significant influence enntéinofluid transport properties. As pointed outNamburu et al.
(2007a), the accurate knowledge of the viscositgrigial in order to estimate the pressure dropthadheat transfer
rate in most thermal systems, since the PrandtiRenaholds numbers are both functions of the dynasisicosity, and
the correct knowledge of the pressure drop and th@asfer rate are essential to predict the necggsanping power
as well as the overall heat transfer area of tlae éxechanger.

Wang et al. (1999) measured the viscosity ofO&-water and AlOs—ethylene glycol nanofluids. Their results
showed that the relative viscosity increases witligasing volume concentration of nanoparticlesbfith nanofluids.
Das et al. (2003) also measured the viscosity gDAlwater nanofluids against shear rate. Their reslitsved an
increase of viscosity with increasing particle cemttation. Lee et al (2008), presented resultgliiderent nanoparticle
concentrations showing the variation of the@-water viscosity. They found viscosity incremengsta 2.9% at a
concentration of 0.3 vol.%. According to the resuitf Chandrasekar et al. (2010) for,@¢-water nanofluid, the
viscosity increases almost linearly with increasihg nanoparticle concentration up to 2 vol.% aad be predicted
quite well by Einstein’s equation. Investigatorséhalso studied the rheology of 8k nanoparticles in ethylene glycol
as Wang et al. (1999) and of CuO nanoparticlesatewas Namburu et al. (2007b). Viscosity of Si@ter andTiO,
particles in ethylene glycol and water mixture wameestigated by Pak and Cho (1998) dndangthongsuk and
Wongwises2008), respectivelywWang and Mujundar (2007) recommended further exmatal studies on developing
new accurate viscosity models for nanofluids sg tten be used in simulation studies.

There exist few correlations and models that caruded to estimate particle suspension viscosifénost all
existing predictive methods were derived from tlestein’s pioneering work (Einstein, 1956). His bt based on
the assumption of a viscous fluid that containsitdilsuspended spherical particles. Then, he céécllhe energy
dissipated by the fluid flow around a single pagtiby associating that energy with the work donerfmving this
particle relatively to the surrounding fluid. In igh, he obtained:

pne = (1 + 2.50) tpe €]

were uys, Ups, @and¢ are the viscosity of the nanofluid, the viscogifythe base fluid, and the volume concentration,
respectively.

Einsteinproposed his viscosity correlation for particlegarssions with volume concentration lower than 2%.
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Based on the work of Einstein, Brinkman, 19%®posed a new correlation to predict the dynanscosity of
solutions of a base fluid and moderate concentratad solid particles. His correlation is givenfalow:

1
Hnt = T gyzs Hor (2)

Batchelor, 1977 considered the effect of the Brawnmnotion of particles on the bulk stress of anreximately
isotropic suspension of rigid and spherical patabbtaining a correlation given by:

s = (14 2.5¢ + 6.5¢2)ups 3)

Furthermore, Wang et al. (1999), based on his owasurements, proposed a correlation to predictiivesity of
nanofluids given by:

Hnr = (14 7.3¢ + 123¢%)ppe C)

Nguyen et al. (2008) suggested that these comekattan be used when the nanofluid viscosity iscéfl only by
the fluid viscosity and the particle volume fractio

In this paper, dynamic viscosities of,@k/water nanofluidvere measured. Nanoparticles with average dianoéter
15 nm and volume concentration ranging from 0.1% were used in order to produce the nanofluide dffects of
the nanoparticle concentration and nanofluid temupee on the viscosity were investigated.

2. EXPERIMENTS
2.1. Nanofluids Preparation

In the literature, there are two fundamental meshimdobtain nanofluids namegngle-step methodndtwo-steps
method In the single-step methqdthe dispersion of nanoparticles is obtained biedli evaporation of metallic
nanoparticles and their condensation in a basédliu et al. (2008) pointed out that for nanofiidontaining high-
conductive metals such as copper; the one-stemitpeh is preferable to the two-step process sihgeeivents the
oxidation of the particles. In the two-steps methiidt the nanoparticles are obtained by differer@thods and then
they are dispersed into the base liquid. The sisipes obtained by either case should be well misd uniformly
dispersed and stable in time (Mamut, 2006). Makiagofluids using the two-step processes is chalgngecause
individual particles tend to quickly agglomeratddse achieving a uniform dispersion.

In the two-steps method, the dispersion of nanapestin water is obtained by mixing the @k nanoparticles and
water. The solution is homogenized by using, gdiyenaltrasonic vibration. To obtain uniform disgérn and stable
nanoparticle suspensions in the liquid are key @spa most nanofluid applications according to @hasekar, 2009.
The equipments used to disperse dry nanoparticelside ultrasonic agitator, magnetic stirrer, hilear mixer,
homogenizer among others. The time can signifigaimiluence the dispersion since nanoparticles hawsreng
tendency to agglomerate due to the London van dmal$\force among the particles.

In the present study, the nanofluid was obtaineddispersing in water alumina nanoparticles withrages
diameter of 15 nm and density of 3,500 k§/@Nanum Nanotecnologia S.A, 2009). Nanofluids witblume
concentrations of 0.1%, 0.3%, 0.5%, 0.7% and 1%ewdispersed in deionized water without any stadiliSample
preparation was carried out using a sensitive rbatsnce with an accuracy of 0.1 mg. After mixing tiumina
nanoparticles and water, this solution is agitadeding 1 hour with an ultrasonic agitator (CP 5@mle-Parmer
Instruments) at a frequency of 20 kHz.

In order to obtain data under stable conditionsaise of nanofluids produced without any stabil@esurfactant, as
suggested by Wen, et al. (2009), the viscosity omeasents were performed just few minutes after rtheofluid
preparation. The measures were carried out aftawaninutes of agitation.

Figure 2 from Nanum Nanotecnologia S.A shows a SiEtograph of AlO; nanoparticles dispersed in water.
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Figure 1.SEM photographs of AD; particles produced bjyanum Nanotecnologia S.A.,
2.2. Viscosity measur ement

The dynamic viscosity was measured through a ctate/gype viscometer manufactured by Brookfield slod
(LVDV-III U/CPE). This equipment allows performingeasurements under temperature controlled conditionthis
viscometer, the cone is connected to the spindies drhile the plate is mounted in the sample cuig.(B). In the
present measurements, the CPE-40 spindle was keethis spindle type, the cone/plate geometry irequa sample
volume of only 0.5 ml. The spindle type and speerhlzinations will produce satisfactory results whba applied
torque is between 10% and 100%. The spindle speeiable with this viscometer falls in the randeDdo 200 rpm
and the shear rate range is 0 - 1230l order to validate the measurements, experiaheasults for deionized water
were also obtained. The viscometer is benchmarkéddistilled water. A dynamic viscosity of 1.01 sveneasured for
deionized water at a temperature of 20 °C. Thisltegrees with the literature value of 1.008 (BejE993).

Dynamic viscosity measurements were performed flgDAwater nanofluids with concentrations from 0.1 & 1
and for a temperature range of 20 to 40 °C.

Figure 2. Schematic of cone and plate geometryCbnre, 2 — Plate and 3 — Sample.

3. RESULTS AND DISCUSSION

One of the goals of the present study is to véfiflye nanofluid behaves as a Newtonian or a nomthigian fluid.
The equation governing the behavior of Newtoniardf is given as follow:

T=py (%)

where1 is the shear stresg,is the dynamic viscosity angt is the shear strain rate. In case of a Newtoniaid,fl is
independent ofy. Fig. 3 presents a plot of the shear rate as atifum of shear stress for various volume
concentrations. In this figure, the angular coédfits of the curves are constants what imply a temmsdynamic
viscosity and consequently a Newtonian behaviorrédeer, as expected, the curve slope as well aviftesity,
increases with increasing the nanoparticle conagatr.
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In Fig. 4, it can be figured out that the viscpsihcreases almost linearly with increasing the opemticle
concentration. The uncertainties bars displayed-im 4 were calculated as the standard deviatiorvisfosity
measurements of different nanofluid samples arfdreifit shear strain rates.

Fig. 5 illustrates the effect of the nanofluid fmrature on its dynamic viscosity for different aparticle
concentrations. According to this figure and aseexgd, the viscosity of the nanofluid decreaseb witreasing its
temperature. The difference between the viscosityhe nanofluid and pure water also increases \wvitlieasing
temperature. This behavior can be explained throtingh fact that the water viscosity decreases wittreasing
temperature. So, its relative effect on the ovevakosity becomes less important and the effechafoparticle
concentration becomes more prominent.

Fig. 6 shows the variation of the nanofluid visgosvith the nanoparticle volume concentration. S figure also
shows a comparison between the measured data engrédictive methods of Einstein, Brinkman and Wang
According to Fig. 6, the correlation proposed byrngat al. (1999) predicted quite well the presath while the
predictive methods of Einstein and Brinkman worlgeabrly. It should be highlighted that the methodvéang was
developed based on his database the includgd;Atater nanofluids and Einstein and Brinkman cotiefes were
developed based on theoretical assumptions fadl paliticles, no necessary nano sized ones dispersetase liquid.
So, it is not surprising that Wang worked the best.
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Figure 3. Shear stress as a function of the slagaiat 20 °C for different volume concentrations.
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Figure 4. The variation of the AD;-water nanofluid (15 nm) viscosity with volume centrations for a solution
temperature of 20 °C.
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Figure 5. Dynamic viscosities of &bs-water nanofluids as a function of temperature.
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Figure 6. Comparison between measured and predigedsities of AJOs-water nanofluids.
5. CONCLUSIONS

In this paper, an experimental study on the dynamiscosity of water-based-nanofluids containingQ3|
nanoparticles with average diameter of 15 nm issgmted. AlOs-water nanofluid by two step method with
ultrasonication and without any surfactant was poedl. A Brookfield cone/plate viscometer was usearider to
measure the nanofluid dynamic. For concentrati@mging from 0.1 % to 1 % and solution temperatuegg)ing from
20 to 40 °C, the alumina nanofluids exhibited a Msian behavior. As expected, the nanofluid visgosicreases
with increasing the volume concentration and desingathe nanofluid temperature. Wang et al. (198®Yelation
predicted relatively well the present database.
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