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Abstract

Different findings about suitable correlations to describe nanofluid viscosity can
be explained based on the research presented in this paper. The effective viscosity
of nanofluids is crucial when nanofluids are considered as heat carrier fluids.
Despite many publications however, no consensus about suitable correlations
could be found in past years. Especially the impact of the shear rate on the
viscosity is being discussed controversially. It is shown in this paper, that these
different findings can be explained considering the theory for the rheology of
suspensions. Any measurement of viscosity over shear rate only shows a section
of the entire rheological behavior. Thus, experimental results of shear thinning,
Newtonian behavior and shear thickening of nanofluids can all be a part of this
overall range of possible shear rates. This hypothesis is validated based on
viscosity data from literature and viscosity measurements over a wide range of

shear rates for different nanofluids showing all three types of behavior.

Keywords: viscosity, shear rate, shear thinning, shear thickening, nanofluids

1. Introduction

Nanofluids, which are colloidal suspensions of metallic and/or nonmetallic

nanoparticles with at least one dimension below 100 nm size dispersed in
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conventional base fluids, are known for their considerable impact on transport
mechanisms which usually improve heat transfer abilities. In detail the increase
of the heat transfer surface area due to suspended nanoparticles, interaction and
collision between nanoparticles and higher thermal conductivity of nanoparticles
are the mechanisms that cause the heat transfer increase in nanofluids [1]. In this
regard, researchers see some potentials for heat transfer applications due to an
increase of thermal conductivity of the nanofluid compared with the base fluid.
Other applications for nanoparticles are e.g. treatment of cancer by hypothermia
or power generation using nanofluids as solar volumetric absorbers, as the optical
properties of liquids can be strongly influenced by nanoparticles [2-4].

Most of the publications have focused on the thermal conductivity of
nanofluids. However, it has been shown that viscosity as an important flow
characteristic needs the same attention due to its vital impact on heat transfer.
Therefore, viscosity of nanofluids should be thoroughly investigated and well
understood before being used in practical heat transfer applications.
Unfortunately, the experimental data published so far does not yield a consistent
overall picture and there is no consensus about a unified correlation approach yet.

Viscosity is an important fluid property when analyzing the fluidic behavior.
When a fluid is disturbed from an equilibrium state by a velocity u, the dynamic
viscosity # describes the fluids tendency of energy dissipation [5]. In simple
words, the dynamic viscosity is connected to the tangential force per area required

to slide one layer A against another layer B with the fluid of interest in between.

F . u(h)=U A

h

X 1(0)=0
Figure 1 Simple shear of a liquid film between two plates
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In Figure 1, the force F causing plate A moving with the velocity U in x-
direction, creating a velocity profile in the liquid depending on vy, is schematically

shown.

So the viscosity of a fluid can be seen as the measure of how resistive the fluid is

to flow, it can be defined by the mathematical expression

n=- (1)

r
v
with the dynamic viscosity 7 in Pa-s, the shear stress = in N/m and the shear rate

7 inst,
In one direction flow, the shear rate is generally expressed as:

. d
dy

where y is the height, t is the time, and dx/dt is the velocity u. The flow
characteristics of liquids are strongly dependent on the viscosity and are usually

classified as follows:

a) Newtonian
b) Time independent Non-Newtonian

c¢) Time dependent Non-Newtonian.

Shear thinning

Shear thickening

Bingham plastic

Viscosity Pas

— Newtonian

v

Shear rate s

Figure 2 Different models for the change of viscosity with shear rate
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According to Figure 2, when the viscosity of a liquid versus shear rate remains
constant, the liquid is classified as Newtonian liquid. For non-Newtonian liquids,
viscosity depends on the applied shear force and time. The most common types
of time independent non-Newtonian liquids include: shear thinning fluids which
display a decreasing viscosity with an increasing shear rate, shear thickening
fluids in which viscosity increases with an increase in shear rate and Bingham
plastic fluids where the fluid must be exposed to a certain amount of force to start
to behave as a fluid. In time dependent non-Newtonian fluids viscosity changes
with time as the fluid continues to undergo constant shear rate [6].

The Herschel-Bulkley model takes into account changes in the effective

viscosity with the shear rate by assuming the power-law expressions [7]:
n=Ky"* (3)

where n is the power-law index and K is a consistency index. Depending on the
value of the power-law index, the material flows as a shear-thinning fluid (n<1)
or as a shear-thickening fluid (n>1). For n=1, the Herschel-Bulkley model
reduces to a Newtonian behavior.

Unfortunately, theories of liquid viscosity are not well established so far, as a
liquid is an intermediate state of matter between gas and solid, in which particles
are attracted towards each other like solid particles but with less intermolecular
forces of attraction. Due to the complex nature of this intermediate state of
interaction on a molecular level, it is not easy to express the thermo-physical
properties of liquids by physical sound theories. Theoretical methods of
calculating liquid in line with the structure of a gas introduce a short-range pair
distribution function in a disordered state of the fluid, as proposed by Kirkwood
et al. [8,9] and Born and Green [10]. Moreover, Quifiones-Cisneros et al. [11,12]
presented a new theory called “friction theory” by introducing the total viscosity
as a combination of a dilute gas term as well as a friction term to calculate the

fluid viscosity.
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On the other hand, theories of liquid viscosity with solid-like structure
supposed that each molecule is confined to small volumes as it interacts with a
few neighbors only. So far, various researchers tried to explain fluids viscosity
from this point of lattice- type of view like Brush [13], Eyrings et al. [14,15] and
Collins [16]. Most of the pure theoretical models can hardly provide accurate
results in ab initio approaches for viscosity of liquids. In contrast, semi-empirical
and empirical methods present satisfactory results, but they lack a generality of
approach. Semi-theoretical methods combine theoretical principles with
experimental parameters and generally involve coupling of a viscosity model to
other liquid characteristics. Most of these methods utilize corresponding state
approach and/or the models are based on simplified statistical mechanics.
Empirical equations involve variables like temperature, pressure, molecular mass
and further properties like surface tension, vapor pressure and heat of
vaporization [6]. In this regard, Guzman [17] proposed a very simple form for

calculating the liquid viscosity as a function of temperature:

n=Ae®m, 4)

Qun-Fang et al. [18] also suggested a two-parameters model to correlate the

viscosity of pure saturated liquids over a wide temperature:

CRCROIES °

where V isthe volume (m®), R isthe universal gas constant (J/mol-K), p isthe

pressure (Pa), f is the frequency (Hz) and AU, is internal energy of the liquid

upon isothermal vaporization (J/mol).
Besides pure liquids, theories and correlations have been also suggested for
the viscosity of suspensions, mixtures and solutions, which are often needed to

design the different unit operations and processes involved [19-21]. The first
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description of the effective viscosity » . of a fluid suspension with dispersed
spheres dates back to Einstein [22, 23]:

nnf
U

=1+2.5¢ (6)

in which #,, is the base fluid viscosity and ¢ is the volumetric particle fraction.

This approach is limited to non-interacting, spherical particles. The Einstein
equation predicts viscosity with an uncertainty of less than ~6% for dilute
solutions at volume particle fractions below 1 vol. %, in which no agglomeration
occur [22,24]. In 1977 the equation was extended by Batchelor et al. to account
for simple particle interactions (i.e. interactions between pairs of particles) in the
fluid [25]. The extended equation is valid up to a volume fraction of 10 vol. % of
particles [26]:

77nf
o

=1+2.54+6.24° 7)

The limited applicability of Egs. (6) and (7) inspired many authors to develop
enhanced formulations of the Einstein equation or develop completely new
approaches, while all of the equations contain parameters which have to be fitted
to experimental data. Reviews about these approaches are given by Khanafer et
al. [27], Mahbubul et al. [28], Sundar et al. [29] and Mishra et al. [30]. Many of
the given formulae are series expansions that simplify to Eq. 7 when higher order
terms are neglected. However, these review articles conclude, that at present no
theoretical model can predict the nanofluids viscosity sufficiently in a broad range
of parameters.

According to the correlations and review papers mentioned above, some
authors observed Newtonian viscosity behavior, whereas others noted shear
thinning viscosity behavior, only a few of them measured shear thickening
behavior in nanofluids. Prasher et al. [31] found, that Al,Os-propylene glycol
nanofluids with up to 2 vol. % particle fraction show Newtonian behavior. This

is in agreement with findings of Chandrasekar et al. [32] for Al,Os-water
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nanofluids with up to 5 vol. %. Similar results are also shown by Anoop et al.
[33] for Al,Os-water nanofluids with various particle fractions up to 6 vol. %. In
contrast, Yang et al. [34] measured shear thinning behavior of Al,Os-water
nanofluids with 1.28 vol. % at lower shear rates, but Newtonian behavior at
higher shear rates. This viscosity behavior seems to be similar to that of Bingham-
plastics, but it does not seem to be adequate to classify fluids of this type here,
since the reproducibility of the effect is unknown yet. However, when Yang et al.
reduced the effective particle size by adding stabilizer and thus limited
agglomeration, the nanofluid showed Newtonian behavior over the complete
range of shear rates between 10 and 1000 s*. Buschmann et al. [35] measured the
viscosity of different nanofluid samples. Among them were higher concentrated
samples (12.7 — 13.0 vol. %) of TiO,- and Al,Os-nanofluids. They report that
non-Newtonian behavior could be seen only at very low shear rates. In a
benchmark test from 2009 several laboratories investigated SiO, nanoparticles in
H,O and Al,O3; nanoparticles in oil [36]. In the test, the SiO,-H,O nanofluid
showed shear thinning behavior up to shear rate of about 10 s and Newtonian
behavior for higher shear rates whereas the Al,Os-o0il nanofluid did not show
significant deviation from Newtonian behavior in the range of between 0.1 to
1000 s™.

In contrast to the shear thinning and the Newtonian behavior of nanofluids,
which were widely observed, shear thickening effects with increasing shear rates
are not often mentioned in the literature. It was observed only by few researchers,
for instance, it was described by Tseng et al. [37, 38] who reported a critical shear
rate, at which viscosity begins to increase with shear rate. They found for Al,Os-
water nanofluids, that the onset shear rate increases with the particle volume
fraction. For volume fraction of 0.05 and a temperature of T = 25 °C they found

the critical shear rate of about y_= 90 s at which shear thickening behavior

begins. In another experiment, Tseng et al. [39] examined the viscosity of a

dispersion of indium tin oxide (ITO) nanoparticles in water with 0.5-2 wt. % in
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the presence of ammonium polyacrylate (NH4PA) as a surfactant. From the result
they concluded that critical shear-rate for the onset of dilatancy appears to reduce
linearly with an increase of ¢. A similar trend was presented for aqueous alumina
and barium titanate suspensions with NH4PA as surfactant [40]. In addition to
Tseng et al. [41-43], who observed shear thickening behavior in nanofluids for
the first time, some other researchers also reported shear thickening behavior of
nanofluids [44-46] afterwards. Further findings from literature are summarized in
Table 1.

Table 1 Reported behavior of CuO and Al203 nanofluid viscosity with the shear rate from

literature.
Authors  Nanoparticle/ @ Shear rate Findings surfactant
base fluid (vol. %) range(1/S)

Garg et al. CuO/EG 0.6,15 3-3000 Nanofluid demonstrated a No
[47] clear Newtonian behavior
Hojjatetal. Al.O3/H.0 0.1,05 350-950  An apparent shear No
[48] thinning behavior was

CuO/H20 observed
Anoop etal. Al>03/ H20 1,4,6 10-1000  Nanofluids showed an Not
[33] approximate Newtonian mentioned

Al,O3/EG behavior

CuO/EG

Aladag etal. Al203/H.0 1wt % 0-4000 Nanofluid showed a

[44] strong shear thickening
behavior over entire Yes
range
Namburuet AlLO3/(H.O+ 1,2,3,4, 0-8 Nanofluid indicated
al. [49] EG) 5,6.12 Newtonian behavior
No
Tseng and Al>03/H20 3,6,11, 1-1000 Nanofluids showed shear
Wu. [38] 16 thinning behavior in lower
shear rate followed by No

shear thickening behavior
in higher shear rates
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Kole and Al,Oz/ engine 0.1, 0.4, 0- 90 For low Al2O3 loading,
Dey [50] oil 0.7,1,15 the nanofluid exhibited
Newtonian behavior, Yes
while for higher loading
(>0.004) shear thinning
behavior was observed

Tseng and Al203/H.0 1,3,5,10, 1-1000 Nanofluids exhibited a

Wu [37] 15 transition from shear No
thinning behavior to shear
thickening behavior

Chandrasek  Al,03/H20 1,2,3,4, 50-750 The nanofluid showed
ar et al.[32] 5 Newtonian behavior up to No
2% volume fraction and
for higher volume fraction
a slight shear thickening
was observed

To underline the problem of the proper interpretation of all data published, the
viscosity of Al,O3/H,O nanofluid as measured by Tseng and Wu [37] was
compared with measurements by Hojjat et al. [48] in the range of 300 to 1000 s
in Figure 3 because of a comparable nanofluid and shear rate range. Despite these
comparable boundary conditions, a contrasting behavior of the viscosity as a
function of shear rate is observed. This might be due to different approaches of
nanofluids preparation, e.g. stabilizers, nanoparticles properties or different
methods of measurement.

A Tseng & Wu p=1% + Tseng & Wu ¢=23% X Tseng & Wu p= 5%

* Tseng & Wu ¢=15% ® Hojjat $=0.1% OHojjat §=0.5%
500
. =
. @
P $eecsvevcissnnse
£ s0 *
; o
£ +A\~ < . . . .
g ? : % s A A A A
2
2 5 XF“& ; % e X % +
>4 w h
pa
>$$<+
0.5
0 200 400 600 800 1000

Shear rate (1/s)

Figure 3 Comparison of Tseng and Wu [37] with Hojjat et al. [48] results
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To investigate the rheological behavior, the viscosity of different types of
nanofluids was measured in a wide range of volume fraction, temperature and
shear rate. The results are then compared with literature data, followed by a

discussion.

2. Experimental Procedure

The experimental results shown in this contribution have been gained with two
different measurement procedures. Both sets of data were used later to give the
heat transfer performance of these nanofluids. As the results were not satisfying
regarding the heat transfer, the data on viscosity has never been published.
However, more and more reports about Newtonian, shear thinning or shear
thickening behavior emerged in the literature, so we now decided to re-analyze
the existing data to shed some light on the matter of nanofluid viscosity.

The first set of data was recorded in the year 2002 at the Helmut-Schmidt
University (HSU), the university of the Federal Armed Forces in Hamburg ,
Germany. Two different particle types were investigated. The first particle type
were AEROSIL 200 SiO, nanoparticles and the second one were DEGUSSA
c-type Al,Oz nanoparticles. Both particle types were dispersed in DI water as well
as ethylene glycol. The Nanofluids were prepared by dispersing nanoparticles in
proper concentrations in base fluids. After mixing them the suspension was
homogenized by using a high performance mixer (model T25 digital ULTRA-
TURRAX) for about 30 min to thoroughly mix the nanofluid. Then, nanofluids
were stabilized by ultrasonic treatment and were kept in ultrasonic bath for about
2 h. Following this, a high power ultrasonication using an ultrasonic disruptor of
KLN Sys 587 model was employed and inserted into the nanofluid solution for
about 1 h. Further deagglomeration was carried out by passing the suspension

through a high pressure shearing process in order to achieve a very homogeneous

10
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nanofluid. Unfortunately, no measurement of the particles size distribution has
been conducted at that time, the primary particle size is in both cases 20 nm.

The viscosity was measured using a USD200 (Physica) rheometer with the
cone and plate geometry according to the standard of DIN 53019, where the cone
diameter was 75 mm, the cone angle was 1° and the gap between cone and plate
was 0.05 mm, as can be seen in Figure 4a. Measurements were conducted at
different temperatures (20 °C — 60 °C), different shear rates (10 s* — 500 s) and
volume fractions of (0.5%, 1% and 2%). Every experiment was conducted twice
to obtain more accurate results.

The second set of data is a measurement series conducted by the BASF
Chemical Company in Ludwigshafen, Germany, in the year 2005. The nanofluids
analyzed are an ethylene-glycol based CuO and a water based Al,O3 nanofluid
which both were purchased from the U.S. company Nanophase Technologies
Corporation. The CuO nanofluids were tested in volume fractions of 2.5%, 5%
and 15%, the Al,O3 nanofluids were examined in volume fractions of 2.5%, 5%,
15.8%, 18.7% and 22%. The rheological analysis was performed over a
temperature range of 25 °C — 80 °C using a Physica MC1 rheometer. The
analyzed shear rates ranged from 0 to 1200 s. Moreover, in order to observe
possible hysteresis effects in the viscosity behavior, measurements with
increasing and decreasing values of shear rates were performed.

The Physica MC1 double gap rheometer works according to DIN54433 and
consists of concentric cylinders, it represents an accurate method of measuring
the viscosity of nanofluids over a wide range of shear rates. According to the DIN
standard, an inner cylinder is mounted in the center of a cup, thus, the cross
section of the cup is showing an annular gap as it can be seen in Figure 4b. The
rotating bob is like a hollow cylinder, therefore wetting both inner and outer

surfaces which leads to an increase in shear area.

11
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Figure 4 Schematic setup of measurement principle (a) according to DIN 53019 on the left
side (b) according to DIN 54453 on the right side

The particle size distribution of the second set of nanofluids was measured using
analytical ultracentrifugation. The results of these measurements are summarized
in Table 2. The value Dso denotes the mean particle size, whereas the Do and Dy

provide information about the width of the size distribution.

Table 2 Particle size distribution from analytical ultracentrifugation

Mass distribution Quantity distribution
Dio in nm 78 66
CuOinEG Dso in nm 119 90
Dgo in nm 187 132
Dio in nm 55 49
Al>O3 in H,O Dso in nm 91 61
Dgo in nm 170 96

3. Results and Discussion

In this part the results of the viscosity measurement are shown for both sets.
Firstly, the viscosity results of SiO, in ethylene glycol, SiO, in water as well as
Al;O3 in ethylene glycol and Al,O3 in water from Hamburg University of the
Federal Armed Forces Germany are presented. Then, results of nanofluids

12
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consisting of Al,O5; in water, CuO in ethylene glycol, from BASF company

measurements are shown.

3.1. Viscosity measurement of the Hamburg University of the Federal

Armed Forces Germany

The viscosity of SiO, and Al,O3; nanofluids with different particle volume
fractions at temperatures between 20 °C to 60 °C were measured two times by
employing the rotational viscometer for shear rates from 10 to 500 s. Figures 5
and 6 show the results of the measurements for SiO, particles dispersed in
ethylene glycol and water at the volume fraction of ¢ = 0.5%, respectively. As it
can be seen, the viscosity of SiO,-ethylene glycol shows only a minimal influence
of shear thinning, whereas for SiO,-water nanofluid a clear shear thinning

behavior is observed.

® ®© ® © 020°C, 1

- e20°C,2

; 20 ¢30°C,1

g @ @® @ @ *30°C,2
~ 15

g 040 °C, 1

§ 0 SR E m40°C,2

= ' hAA A A 4 A & A 4o 4 A50°C, 1

< e re s A A T . S - 450°C,2

+60°C, 1

0 X60°C, 2

0 100 200 300 400 500 600

Shear rate (1/s)

Figure 5 Measured viscosity of a SiO.- ethylene glycol nanofluid with ¢ = 0.5%, all

measurements were performed two times labeled with 1 and 2

13
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Figure 6 Measured viscosity of a SiO,- water nanofluid with ¢ = 0.5%, all measurements
were performed two times labeled with 1 and 2

Measurement results for Al,Os- water and Al,Os- ethylene glycol nanofluids at
the volume fraction of ¢ = 0.5% are shown in Figures 7 and 8. For Al,Os- water
nanofluid in Figure 7, shear thinning behavior is observed at low shear rates,
changing to Newtonian behavior at moderate shear rates and to obvious shear
thickening behavior at higher shear rates. Whereas, for Al,Os- ethylene glycol
nanofluid shear thinning behavior followed by Newtonian behavior can be seen
for temperatures of 30 °C to 60 °C. Only for a temperature of 20 °C all three types

of rheological behavior are observed to a minor extend (Figure 8).
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283 Figure 7 Measured viscosity of a Al.Oz- water nanofluid with ¢ = 0.5%, all measurements
284  were performed two times labeled with 1 and 2. (a) in a shear rate range from 5 s to 500 s

285 (b) in the range of 5 s to 60 s of shear rate
286
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287 .
288 Figure 8 Measured viscosity of a Al.Os- ethylene glycol nanofluid with ¢ = 0.5%, all
289 measurements were performed two times labeled with 1 and 2

290  Moreover, experimental results for Al,Os- ethylene glycol at a volume fraction
291 of ¢=1% and Al,O3- water at the volume fraction of ¢ =2% are shown in
292  Figures 9 and 10, respectively. In both nanofluids shear thinning behavior is

293  observed, however it is more obvious in the Al,Os- water nanofluid.
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295 Figure 9 Measured viscosity of a Al.O3- ethylene glycol nanofluid with ¢ = 1%, all
296 measurements were performed two times labeled with 1 and 2
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299 Figure 10 Measured viscosity of a Al2Os- water nanofluid with ¢ = 2%, all measurements
300 were performed two times labeled with 1 and 2
301

302 3.2.Viscosity measurement of the BASF Company
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In this section the results of the viscosity measurements at the BASF Company
are shown. The results of BASF are split into two sections, beginning with lower

volume fractions ¢ <10%, followed by higher volume fractions ¢ >10%.

3.2.1. Viscosity measurement for volume fractions < 10%

Using a double gap viscometer, the viscosities of Al,O3 and CuO nanofluids with
different particle concentrations at temperature of 25 °C, 50 °C and 80 °C were
measured for increasing (up) and decreasing (down) shear rates. Figure 11 shows
the results of the measurements for CuO particles dispersed in ethylene glycol at
the volume fraction of ¢ = 2.5% for three different temperatures of 25 °C, 50 °C,
and 80 °C. At low shear rates, shear thinning behavior can be seen, changing to
Newtonian behavior at higher shear rates. Moreover, small hysteresis effects can
be seen, which will be discussed later. Also, a slight increase in viscosity is
observable towards higher shear rates at T =80 °C. Recalling the model fluids
shown in Figure 2, the description of a Bingham plastic would suit the shown
data best. However, this expression will not be used in the following, since the
effects causing the shear thinning maybe not fluid-intrinsic, but are possibly

produced by complex particle interactions that are not entirely known yet.

®25°C up, O25°C down, ¢ 50 °C up, 50 °C down, <80 °C up, +80 °C down

25
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Figure 11 Measured viscosity of a CuO- ethylene glycol nanofluid with ¢ =2.5%
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322 Measurements for CuO in ethylene glycol were repeated with a higher volume

323 fraction of ¢ =59% for a wider range of shear rates according to Figure 12.
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324
325 Figure 12 Measured viscosity of a CuO- ethylene glycol nanofluid with ¢ =5%

326  Similar to the results obtained for ¢ = 2.5%, shear thinning behavior is observed
327 at low shear rates, followed by Newtonian behavior at moderate shear rates and
328 slight shear thickening behavior at higher shear rates. It is also worth noting that
329 anincrease of temperature leads to an onset of shear thickening behavior at lower
330 shear rates. The results for a particle fraction of ¢ =5% of Al,O3 particles in
331 water are presented in Figure 13. The measurement results of Al,O; particles in
332 water are a good example to observe three distinct rheological behaviors of
333 nanofluids clearly. Furthermore, strong hysteresis effects can also be identified

334 from these results. The discussion of these observations follows in chapter 3.3.
335
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Figure 13 Measured viscosity of Al.Oz-water nanofluid with ¢ = 5% in a shear range of a) 0

to 600 s and in the range of b) 0 to 150 s*

3.2.2. Viscosity measurements for volume fraction > 10%

In the following, measurement results for volume fractions higher than 10% are

shown. Measured viscosity data for Al,O3; —water nanofluids with ¢= 15.8%,

¢ =18.7% and ¢=22% at 25 °C are shown in Figure 14.
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Figure 14 Measured viscosity of Al,Oz — water nanofluids for volume fractions > 10% at
25°C over shear rate vs. least square fit (Eq. 9)

Strong shear thinning behavior is observed for ¢=22%, whereas for lower
particle concentrations the fluids tend to Newtonian behavior. In such cases, a
power law equation can be fitted to the measured data using a least square fit, in

which the concentration of nanoparticles has to be inserted as a volume fraction:

n=k-j7"
k = Mot 1+ A —A, exp(B k(P))

n=J1-A¢ ®)

A, =-0.049002, B, =33.30365, A, =6.67627

Moreover, results of viscosity measurements for CuO nanoparticles in
ethylene glycol at different shear rates are shown in Figure 15. The viscosity data
axes are scaled logarithmically, while shear rates are shown in logarithmic scaling
in Figure 15a, and in linear scaling in Figure 15b. The particle volume fraction of
the nanofluid samples is ¢ = 15%. As for the Al,Oz-water nanofluids, the data are
correlated using a power law approach, the fitted equations for the CuO — ethylene
glycol nanofluids are:
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k =A, =B, 1y +Ck77b2f

n=A +B n, +C n2 (9)
A,=12.5369, B, =905.049,C, =28806

A,=0.143899, B, =4.86454,C  =223.295

In Figure 15, values for CuO — ethylene glycol are shown for 25 °C, 50 °C and
80 °C, respectively. The base fluid viscosity data is a function of the temperature
and therefore accounts for the temperature dependence of the given curve fits.
Similar to the values recorded for Al,Os, the CuO ethylene glycol nanofluid has
a shear thinning behavior with a seemingly asymptotical trend towards high shear

rates.
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Figure 15 Measured viscosities of CuO-ethylene glycol nanofluids with ¢ = 15% and the

viscosities of pure ethylene glycol at different temperatures, as a function of the shear rate vs.
least square fit (Eq. 10) (a) logarithmically (b) linearly scaled abscissa.

3.3. Analysis of experimental viscosity data

First, the hysteresis effect in the measurements of a nanofluid is addressed.
This effect has been observed for example by Nguyen et al., when nanofluids are
heated above a “critical” temperature. Somewhat lower viscosities of Al,Os-water
and CuO-water nanofluids were measured in the heating phase than in the
subsequent cooling phase [51,52]. Hysteresis effects can also be seen in the
measurements presented in this paper for increasing and decreasing shear rates,
especially at elevated temperatures and higher shear rates. At decreasing shear
rates, the viscosity is measured to be lower than at increasing shear rates. As
measurements were conducted isothermally, the effect mentioned by Nguyen et
al. cannot explain our findings. A possible explanation for this effect is
agglomeration. At high shear rates, agglomerates are destroyed leading to better

dispersion and thus leading to a decreased viscosity (see especially Figure 13).
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Another remarkable behavior is the combination of shear thinning and shear
thickening behavior that can be observed in several measurements.

The measurements confirm the expected rheological behavior of a suspension
that is described in the literature and comprehensively summarized by Barnes [7].
As it was mentioned before, nanofluids are classified as colloidal suspensions of
nanoparticles in base fluids. He states that, with increasing shear rate, particles
will begin to align in layers, which leads to a decrease of viscosity (shear
thinning), which can last for several magnitudes of shear rates. This can actually
be confirmed by most of the measurements shown above. At some point of shear
rate, the transition is complete, no more alignment will occur and Newtonian
behavior will be observed. The presence of such a Newtonian plateau can also be
seen in the current measurements. At higher shear rates the layering is destroyed
because of turbulence, and the particles will distribute randomly which results in
an increase of viscosity. Such shear thickening behavior could be identified in
many of our measurements. It can be concluded that if measurements are
conducted at appropriate shear rates, nanofluids will show Newtonian, shear
thinning or shear thickening behavior as well. Brown et al. [53] believed that all
suspensions are supposed to exhibit shear thickening behavior under appropriate
conditions. On the basis of experiments, they concluded that yield stress, which
Is the shear stress at the starting value of shear rate from zero, directly determines
the advent of shear thickening region, as an increase of yield stress pushes the
onset of shear thickening to higher values of shear rate. The yield stress also
depends on various parameters such as volume fraction of particles, particles size,
particle shape, surfactant and etc. which were mentioned by Brown et al.[53] as
well as by Barnes [7]. Brown et al. [53] also suggested a correlation to show the
interplay between yield stress, shear thinning and shear thickening behavior as

follows:
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o =te )+ 5 (i ) ) (10)

where 7 indicates the lower boundary of the shear thickening region that takes
place at the shear rate of y_ according to a minimum viscosity. ¢ is a model
parameter, z,,, and 7z, are shear thinning stress and yield stress, respectively.

Wagner and Brady [54] also conducted a study to explain the shear thickening
phenomena from a more practical point of view. They believe that all suspensions
have a common behavior as a function of the shear rate as shown qualitively in
Figure 16. In an equilibrium state the inter-particle forces including electrostatics
and van-der-Waals forces are stronger than hydrodynamic interactions, so that
the particles distribute randomly and the resistance to flow is rather high. By
Increasing the shear rate, the nanoparticles rearrange in parallel line in flow which
lowers the viscosity and the suspension exhibit the shear thinning behavior. With
more increase of shear rate the hydrodynamic interactions dominate over the
inter-particle forces that drive Brownian motions and severe hydrodynamic
coupling between particles result in creation of hydro-clusters which are the

apparent features of shear thickening state.

Equilibrium Shear thinning Shear thickening,

VISCOSITY

SHEAR STRESS OR SHEAR RATE

Figure 16 Microstructure of colloidal dispersion at different shear rates [54]
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Their findings is in agreement with the work of Foss and Brady [55], which
concentrates on the simulation of viscosity of suspensions, considering the
influence of Brownian motion and hydrodynamic effects. The simulation results,
that are based on prior investigations by Brady, Phung and others, are shown in
Figure 17 [56]. Without elaborating on Stokesian dynamics or the hard sphere
model, it can be seen that Brownian viscosity 7, decreases at low Peclet numbers

(Pe), whereas the hydrodynamic viscosity 7,, increases with the Peclet number.

The two effects result in a local minimum of viscosity. The Peclet number is

defined as

Pe=6mnna’y / (kgT ) (11)

with the Boltzmann constant k, and the particle radius a and can be seen as the

ratio of Brownian and flow time scales.

16 F LR | T T TTTTT T T T LB LY | T T T T LRI LR RALLIE

N, 8t

(U = S

Figure 17 Reduced viscosity as a function of increasing Peclet Number. Horizontal lines on
the left describe the viscosity limits for Pe—>0. The Brownian contribution g causes shear
thinning at low Peclet numbers, whereas hydrodynamic effects #+ induce shear thickening for
Peclet number Pe >10 [55]
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The shear rate at which viscosity increases is called critical shear rate by

Barnes [7] which is shown in Figure 18.

Viscosity, 77 (log scale)

locus of critical shear rate,

Shear rate, 7 (log scale)

Figure 18 The critical shear rate decreases for increasing phase volume [23]

The description of shear dependent viscosity by Foss and Brady [55] and Barnes
[7] was given for volume fractions of about ¢=0.3 to 0.5, i.e. for considerably
higher particle concentrations than it was dealt with in this paper. A locally strong
increase of particle fraction due to agglomerates might however explain the
findings. Chen et al. [26] describe that aggregation effects can reduce the usual
limit for the onset of shear thinning behavior at ¢~ 0.2 below ¢ = 0.1. Figure 19
shows the reduced viscosity of current measurement plotted against the Peclet
number, as described by Wager and Brady [54] and Foss and Brady [55]. Note
that the onset of shear thickening is observed at about Pe~0.1...10, i.e. at about
the same order of magnitude for Pe as found in [54,55]. It must be considered
that the Peclet number is sensitive to the particle size. Changing the particle
diameter for Al,Os to e.g. 130 nm moves the onset of shear thickening to pPe~ 1.

This sensitivity should be considered when discussing the results.
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463  Figure 19 Reduced viscosity plotted over Peclet number shows that onset of shear thickening
464 lies in the same order of magnitude as found by Foss and Brady [55].

465 From the explanation and theories that were referred to above from different
466  research groups, it can be concluded that shear thickening is part of the common
467  behavior of suspensions when shear rates increase beyond the critical point.
468  However, this point is dependent on the effective parameters like volume fraction

469  of particles, particles size, particles shape, surfactant etc.

470 4. Conclusion

471 The present work has focused on the experimental data on the rheological
472 behavior of different types of nanofluids consisting of Al,Os;, SiO; or CuO

473  particles in water as well as in ethylene glycol under a wide range of shear rate.
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By increasing the shear rate in the measurements, all three rheological classes of
shear thinning, Newtonian and shear thickening were observed. The explanation
of these phenomena can most probably be found in the arrangement of particles.
The particles are distributed randomly at very low shear rates, but as the shear
rates increase the particles rearrange themselves in a two dimensional layer,
which decreases the efficient viscosity of the nanofluids. At higher shear rates, a
transition from the mentioned aligned arrangement to a random three dimensional
form occurs that leads to the increase in viscosity. So, according to the obtained
results and the mentioned discussion, it can be concluded that both shear thinning
as well as shear thickening are parts of the common rheological behavior of
nanofluids. Yet, this behavior can occur outside of the shear rate range which was
investigated, so that nanofluids seem to be of Newtonian or shear thinning nature
only. The findings are, however, crucial for research about correlations
addressing nanofluids viscosity. Hysteresis effect is also another interesting
phenomena which maybe a result of nanoparticles agglomeration, when shear
rates are increased and then decreased. Moreover, in order to thoroughly
investigate this phenomena, it is strongly recommended to measure viscosity in

both directions, from lower shear rate to higher and vice versa.
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