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Abstract 8 

Different findings about suitable correlations to describe nanofluid viscosity can 9 

be explained based on the research presented in this paper. The effective viscosity 10 

of nanofluids is crucial when nanofluids are considered as heat carrier fluids. 11 

Despite many publications however, no consensus about suitable correlations 12 

could be found in past years. Especially the impact of the shear rate on the 13 

viscosity is being discussed controversially. It is shown in this paper, that these 14 

different findings can be explained considering the theory for the rheology of 15 

suspensions. Any measurement of viscosity over shear rate only shows a section 16 

of the entire rheological behavior. Thus, experimental results of shear thinning, 17 

Newtonian behavior and shear thickening of nanofluids can all be a part of this 18 

overall range of possible shear rates. This hypothesis is validated based on 19 

viscosity data from literature and viscosity measurements over a wide range of 20 

shear rates for different nanofluids showing all three types of behavior. 21 

Keywords: viscosity, shear rate, shear thinning, shear thickening, nanofluids 22 

1. Introduction 23 

Nanofluids, which are colloidal suspensions of metallic and/or nonmetallic 24 

nanoparticles with at least one dimension below 100 nm size dispersed in 25 
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conventional base fluids, are known for their considerable impact on transport 26 

mechanisms which usually improve heat transfer abilities. In detail the increase 27 

of the heat transfer surface area due to suspended nanoparticles, interaction and 28 

collision between nanoparticles and higher thermal conductivity of nanoparticles 29 

are the mechanisms that cause the heat transfer increase in nanofluids [1]. In this 30 

regard, researchers see some potentials for heat transfer applications due to an 31 

increase of thermal conductivity of the nanofluid compared with the base fluid. 32 

Other applications for nanoparticles are e.g. treatment of cancer by hypothermia 33 

or power generation using nanofluids as solar volumetric absorbers, as the optical 34 

properties of liquids can be strongly influenced by nanoparticles [2-4].  35 

Most of the publications have focused on the thermal conductivity of 36 

nanofluids. However, it has been shown that viscosity as an important flow 37 

characteristic needs the same attention due to its vital impact on heat transfer. 38 

Therefore, viscosity of nanofluids should be thoroughly investigated and well 39 

understood before being used in practical heat transfer applications. 40 

Unfortunately, the experimental data published so far does not yield a consistent 41 

overall picture and there is no consensus about a unified correlation approach yet. 42 

Viscosity is an important fluid property when analyzing the fluidic behavior.  43 

When a fluid is disturbed from an equilibrium state by a velocity u, the dynamic 44 

viscosity η describes the fluids tendency of energy dissipation [5]. In simple 45 

words, the dynamic viscosity is connected to the tangential force per area required 46 

to slide one layer A against another layer B with the fluid of interest in between. 47 

Figure 1 Simple shear of a liquid film between two plates 48 
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In Figure 1, the force F causing plate A moving with the velocity U in x-49 

direction, creating a velocity profile in the liquid depending on y, is schematically 50 

shown. 51 

So the viscosity of a fluid can be seen as the measure of how resistive the fluid is 52 

to flow, it can be defined by the mathematical expression 53 





  (1) 

with the dynamic viscosity   in Pa∙s, the shear stress   in N/m and the shear rate 54 

  in s-1. 55 

In one direction flow, the shear rate is generally expressed as: 56 

d

d

u

y
   (2) 

where y is the height, t  is the time, and d dx t  is the velocity u . The flow 57 

characteristics of liquids are strongly dependent on the viscosity and are usually 58 

classified as follows: 59 

a) Newtonian 60 

b) Time independent Non-Newtonian 61 

c) Time dependent Non-Newtonian. 62 

 63 

Figure 2 Different models for the change of viscosity with shear rate 64 
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According to Figure 2, when the viscosity of a liquid versus shear rate remains 65 

constant, the liquid is classified as Newtonian liquid. For non-Newtonian liquids, 66 

viscosity depends on the applied shear force and time. The most common types 67 

of time independent non-Newtonian liquids include: shear thinning fluids which 68 

display a decreasing viscosity with an increasing shear rate, shear thickening 69 

fluids in which viscosity increases with an increase in shear rate and Bingham 70 

plastic fluids where the fluid must be exposed to a certain amount of force to start 71 

to behave as a fluid. In time dependent non-Newtonian fluids viscosity changes 72 

with time as the fluid continues to undergo constant shear rate [6].  73 

The Herschel-Bulkley model takes into account changes in the effective 74 

viscosity with the shear rate by assuming the power-law expressions [7]: 75 

1nK       (3) 

where n is the power-law index and K is a consistency index. Depending on the 76 

value of the power-law index, the material flows as a shear-thinning fluid ( 1n  ) 77 

or as a shear-thickening fluid ( 1n  ). For 1n  , the Herschel–Bulkley model 78 

reduces to a Newtonian behavior. 79 

Unfortunately, theories of liquid viscosity are not well established so far, as a 80 

liquid is an intermediate state of matter between gas and solid, in which particles 81 

are attracted towards each other like solid particles but with less intermolecular 82 

forces of attraction. Due to the complex nature of this intermediate state of 83 

interaction on a molecular level, it is not easy to express the thermo-physical 84 

properties of liquids by physical sound theories. Theoretical methods of 85 

calculating liquid in line with the structure of a gas introduce a short-range pair 86 

distribution function in a disordered state of the fluid, as proposed by Kirkwood 87 

et al. [8,9] and Born and Green [10]. Moreover, Quiñones-Cisneros et al. [11,12] 88 

presented a new theory called “friction theory” by introducing the total viscosity 89 

as a combination of a dilute gas term as well as a friction term to calculate the 90 

fluid viscosity. 91 
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On the other hand, theories of liquid viscosity with solid-like structure 92 

supposed that each molecule is confined to small volumes as it interacts with a 93 

few neighbors only. So far, various researchers tried to explain fluids viscosity 94 

from this point of lattice- type of view like Brush [13], Eyrings et al. [14,15] and 95 

Collins [16]. Most of the pure theoretical models can hardly provide accurate 96 

results in ab initio approaches for viscosity of liquids. In contrast, semi-empirical 97 

and empirical methods present satisfactory results, but they lack a generality of 98 

approach. Semi-theoretical methods combine theoretical principles with 99 

experimental parameters and generally involve coupling of a viscosity model to 100 

other liquid characteristics. Most of these methods utilize corresponding state 101 

approach and/or the models are based on simplified statistical mechanics. 102 

Empirical equations involve variables like temperature, pressure, molecular mass 103 

and further properties like surface tension, vapor pressure and heat of 104 

vaporization [6]. In this regard, Guzman [17] proposed a very simple form for 105 

calculating the liquid viscosity as a function of temperature: 106 

( / )B TAe  . (4) 

Qun-Fang et al. [18] also suggested a two-parameters model to correlate the 107 

viscosity of pure saturated liquids over a wide temperature: 108 

ln ln
vapUηV pV 1

RT RT f RT

     
        

       
 (5) 

where  V  is the volume (m3), R  is the universal gas constant (J/mol∙K), p  is the 109 

pressure (Pa), f is the frequency (Hz) and vapU  is internal energy of the liquid 110 

upon isothermal vaporization (J/mol). 111 

Besides pure liquids, theories and correlations have been also suggested for 112 

the viscosity of suspensions, mixtures and solutions, which are often needed to 113 

design the different unit operations and processes involved [19-21]. The first 114 



 

6 

description of the effective viscosity 
nfη  of a fluid suspension with dispersed 115 

spheres dates back to Einstein [22, 23]:  116 

5.21
η

η

bf

nf
  (6) 

in which 
bfη  is the base fluid viscosity and   is the volumetric particle fraction. 117 

This approach is limited to non-interacting, spherical particles. The Einstein 118 

equation predicts viscosity with an uncertainty of less than ~6% for dilute 119 

solutions at volume particle fractions below 1 vol. %, in which no agglomeration 120 

occur [22,24]. In 1977 the equation was extended by Batchelor et al. to account 121 

for simple particle interactions (i.e. interactions between pairs of particles) in the 122 

fluid [25]. The extended equation is valid up to a volume fraction of 10 vol. % of 123 

particles [26]:  124 

2

bf

nf
2.65.21

η

η
   (7) 

The limited applicability of Eqs. (6) and (7) inspired many authors to develop 125 

enhanced formulations of the Einstein equation or develop completely new 126 

approaches, while all of the equations contain parameters which have to be fitted 127 

to experimental data. Reviews about these approaches are given by Khanafer et 128 

al. [27], Mahbubul et al. [28], Sundar et al. [29] and Mishra et al. [30]. Many of 129 

the given formulae are series expansions that simplify to Eq. 7 when higher order 130 

terms are neglected. However, these review articles conclude, that at present no 131 

theoretical model can predict the nanofluids viscosity sufficiently in a broad range 132 

of parameters. 133 

According to the correlations and review papers mentioned above, some 134 

authors observed Newtonian viscosity behavior, whereas others noted shear 135 

thinning viscosity behavior, only a few of them measured shear thickening 136 

behavior in nanofluids. Prasher et al. [31] found, that Al2O3-propylene glycol 137 

nanofluids with up to 2 vol. % particle fraction show Newtonian behavior. This 138 

is in agreement with findings of Chandrasekar et al. [32] for Al2O3-water 139 
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nanofluids with up to 5 vol. %. Similar results are also shown by Anoop et al. 140 

[33] for Al2O3-water nanofluids with various particle fractions up to 6 vol. %. In 141 

contrast, Yang et al. [34] measured shear thinning behavior of Al2O3-water 142 

nanofluids with 1.28 vol. % at lower shear rates, but Newtonian behavior at 143 

higher shear rates. This viscosity behavior seems to be similar to that of Bingham-144 

plastics, but it does not seem to be adequate to classify fluids of this type here, 145 

since the reproducibility of the effect is unknown yet. However, when Yang et al. 146 

reduced the effective particle size by adding stabilizer and thus limited 147 

agglomeration, the nanofluid showed Newtonian behavior over the complete 148 

range of shear rates between 10 and 1000 s-1. Buschmann et al. [35] measured the 149 

viscosity of different nanofluid samples. Among them were higher concentrated 150 

samples (12.7 – 13.0 vol. %) of TiO2- and Al2O3-nanofluids. They report that 151 

non-Newtonian behavior could be seen only at very low shear rates. In a 152 

benchmark test from 2009 several laboratories investigated SiO2 nanoparticles in 153 

H2O and Al2O3 nanoparticles in oil [36]. In the test, the SiO2-H2O nanofluid 154 

showed shear thinning behavior up to shear rate of about 10 s-1 and Newtonian 155 

behavior for higher shear rates whereas the Al2O3-oil nanofluid did not show 156 

significant deviation from Newtonian behavior in the range of between 0.1 to 157 

1000 s-1.  158 

In contrast to the shear thinning and the Newtonian behavior of nanofluids, 159 

which were widely observed, shear thickening effects with increasing shear rates 160 

are not often mentioned in the literature. It was observed only by few researchers, 161 

for instance, it was described by Tseng et al. [37, 38] who reported a critical shear 162 

rate, at which viscosity begins to increase with shear rate. They found for Al2O3-163 

water nanofluids, that the onset shear rate increases with the particle volume 164 

fraction. For volume fraction of 0.05 and a temperature of T = 25 °C they found 165 

the critical shear rate of about 
m ≈ 90 s-1 at which shear thickening behavior 166 

begins. In another experiment, Tseng et al. [39] examined the viscosity of a 167 

dispersion of indium tin oxide (ITO) nanoparticles in water with 0.5–2 wt. % in 168 
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the presence of ammonium polyacrylate (NH4PA) as a surfactant. From the result 169 

they concluded that critical shear-rate for the onset of dilatancy appears to reduce 170 

linearly with an increase of  . A similar trend was presented for aqueous alumina 171 

and barium titanate suspensions with NH4PA as surfactant [40]. In addition to 172 

Tseng et al. [41-43], who observed shear thickening behavior in nanofluids for 173 

the first time, some other researchers also reported shear thickening behavior of 174 

nanofluids [44-46] afterwards. Further findings from literature are summarized in 175 

Table 1.  176 

Table 1 Reported behavior of CuO and Al2O3 nanofluid viscosity with the shear rate from 177 

literature. 178 

surfactant Findings Shear rate 

range(1/S) 
  

(vol. %) 

Nanoparticle/ 

base fluid 

Authors 

No Nanofluid demonstrated a 

clear Newtonian behavior 

3-3000 0.6, 1.5 CuO/EG Garg et al.  

[47] 

No An apparent shear 

thinning behavior was 

observed 

350-950 0.1, 0.5 Al2O3/H2O 

CuO/H2O 

Hojjat et al. 

[48] 

Not 

mentioned 

Nanofluids showed an 

approximate Newtonian 

behavior  

10-1000 1, 4, 6 Al2O3/ H2O 

Al2O3/EG 

CuO/EG 

Anoop et al. 

[33] 

 

Yes 

Nanofluid showed a 

strong shear thickening 

behavior over entire 

range  

0-4000 1 wt % Al2O3/H2O Aladag et al. 

[44] 

 

No 

Nanofluid indicated 

Newtonian behavior 

0-8 1, 2, 3, 4, 

5, 6.12 

Al2O3/(H2O+

EG) 

Namburu et 

al. [49] 

 

No 

Nanofluids showed shear 

thinning behavior in lower 

shear rate followed by 

shear thickening behavior 

in higher shear rates 

1-1000 3, 6, 11, 

16 

Al2O3/H2O Tseng and 

Wu. [38]  
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Yes 

For low Al2O3 loading, 

the nanofluid exhibited 

Newtonian behavior, 

while for higher loading 

(>0.004) shear thinning 

behavior was observed 

0- 90 0.1, 0.4, 

0.7, 1, 1.5 

Al2O3/ engine 

oil 

Kole and 

Dey [50] 

 

No 

Nanofluids exhibited a 

transition from shear 

thinning behavior to shear 

thickening behavior 

1-1000 1, 3, 5, 10, 

15 

Al2O3/H2O Tseng and 

Wu [37] 

 

No 

The nanofluid showed 

Newtonian behavior up to 

2% volume fraction and 

for higher volume fraction 

a slight shear thickening 

was observed  

50-750 1, 2, 3, 4, 

5 

Al2O3/H2O Chandrasek

ar et al.[32] 

To underline the problem of the proper interpretation of all data published, the 179 

viscosity of Al2O3/H2O nanofluid as measured by Tseng and Wu [37] was 180 

compared with measurements by Hojjat et al. [48] in the range of 300 to 1000 s-1 181 

in Figure 3 because of a comparable nanofluid and shear rate range. Despite these 182 

comparable boundary conditions, a contrasting behavior of the viscosity as a 183 

function of shear rate is observed. This might be due to different approaches of 184 

nanofluids preparation, e.g. stabilizers, nanoparticles properties or different 185 

methods of measurement.  186 

 187 

Figure 3 Comparison of Tseng and Wu [37] with Hojjat et al. [48] results 188 
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To investigate the rheological behavior, the viscosity of different types of 189 

nanofluids was measured in a wide range of volume fraction, temperature and  190 

shear rate. The results are then compared with literature data, followed by a 191 

discussion. 192 

2. Experimental Procedure 193 

The experimental results shown in this contribution have been gained with two 194 

different measurement procedures. Both sets of data were used later to give the 195 

heat transfer performance of these nanofluids. As the results were not satisfying 196 

regarding the heat transfer, the data on viscosity has never been published. 197 

However, more and more reports about Newtonian, shear thinning or shear 198 

thickening behavior emerged in the literature, so we now decided to re-analyze 199 

the existing data to shed some light on the matter of nanofluid viscosity. 200 

The first set of data was recorded in the year 2002 at the Helmut-Schmidt 201 

University (HSU), the university of the Federal Armed Forces in Hamburg , 202 

Germany. Two different particle types were investigated. The first particle type 203 

were AEROSIL 200 SiO2 nanoparticles and the second one were DEGUSSA 204 

c-type Al2O3 nanoparticles. Both particle types were dispersed in DI water as well 205 

as ethylene glycol. The Nanofluids were prepared by dispersing nanoparticles in 206 

proper concentrations in base fluids. After mixing them the suspension was 207 

homogenized by using a high performance mixer (model T25 digital ULTRA-208 

TURRAX) for about 30 min to thoroughly mix the nanofluid. Then, nanofluids 209 

were stabilized by ultrasonic treatment and were kept in ultrasonic bath for about 210 

2 h. Following this, a high power ultrasonication using an ultrasonic disruptor of 211 

KLN Sys 587 model was employed and inserted into the nanofluid solution for 212 

about 1 h. Further deagglomeration was carried out by passing the suspension 213 

through a high pressure shearing process in order to achieve a very homogeneous 214 
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nanofluid. Unfortunately, no measurement of the particles size distribution has 215 

been conducted at that time, the primary particle size is in both cases 20 nm. 216 

The viscosity was measured using a USD200 (Physica) rheometer with the 217 

cone and plate geometry according to the standard of DIN 53019, where the cone 218 

diameter was 75 mm, the cone angle was 1° and the gap between cone and plate 219 

was 0.05 mm, as can be seen in Figure 4a. Measurements were conducted at 220 

different temperatures (20 °C – 60 °C), different shear rates (10 s-1 – 500 s-1) and 221 

volume fractions of (0.5%, 1% and 2%). Every experiment was conducted twice 222 

to obtain more accurate results. 223 

The second set of data is a measurement series conducted by the BASF 224 

Chemical Company in Ludwigshafen, Germany, in the year 2005. The nanofluids 225 

analyzed are an ethylene-glycol based CuO and a water based Al2O3 nanofluid 226 

which both were purchased from the U.S. company Nanophase Technologies 227 

Corporation. The CuO nanofluids were tested in volume fractions of 2.5%, 5% 228 

and 15%, the Al2O3 nanofluids were examined in volume fractions of 2.5%, 5%, 229 

15.8%, 18.7% and 22%. The rheological analysis was performed over a 230 

temperature range of 25 °C – 80 °C using a Physica MC1 rheometer. The 231 

analyzed shear rates ranged from 0 to 1200 s-1. Moreover, in order to observe 232 

possible hysteresis effects in the viscosity behavior, measurements with 233 

increasing and decreasing values of shear rates were performed. 234 

The Physica MC1 double gap rheometer works according to DIN54433 and 235 

consists of concentric cylinders, it represents an accurate method of measuring 236 

the viscosity of nanofluids over a wide range of shear rates. According to the DIN 237 

standard, an inner cylinder is mounted in the center of a cup, thus, the cross 238 

section of the cup is showing an annular gap as it can be seen in Figure 4b. The 239 

rotating bob is like a hollow cylinder, therefore wetting both inner and outer 240 

surfaces which leads to an increase in shear area.  241 
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 242 

Figure 4 Schematic setup of measurement principle (a) according to DIN 53019 on the left 243 

side (b) according to DIN 54453 on the right side  244 

The particle size distribution of the second set of nanofluids was measured using 245 

analytical ultracentrifugation. The results of these measurements are summarized 246 

in Table 2. The value D50 denotes the mean particle size, whereas the D10 and D90 247 

provide information about the width of the size distribution. 248 

Table 2 Particle size distribution from analytical ultracentrifugation 249 

  Mass distribution Quantity distribution 

CuO in EG 

D10 in nm 78 66 

D50 in nm 119 90 

D90 in nm 187 132 

Al2O3 in H2O 

D10 in nm 55 49 

D50 in nm 91 61 

D90 in nm 170 96 

3. Results and Discussion 250 

In this part the results of the viscosity measurement are shown for both sets. 251 

Firstly, the viscosity results of SiO2 in ethylene glycol, SiO2 in water as well as 252 

Al2O3 in ethylene glycol and Al2O3 in water from Hamburg University of the 253 

Federal Armed Forces Germany are presented. Then, results of nanofluids 254 
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consisting of Al2O3 in water, CuO in ethylene glycol, from BASF company 255 

measurements are shown.  256 

3.1. Viscosity measurement of the Hamburg University of the Federal 257 

Armed Forces Germany 258 

The viscosity of SiO2 and Al2O3 nanofluids with different particle volume 259 

fractions at temperatures between 20 °C to 60 °C were measured two times by 260 

employing the rotational viscometer for shear rates from 10 to 500 s-1. Figures 5 261 

and 6 show the results of the measurements for SiO2 particles dispersed in 262 

ethylene glycol and water at the volume fraction of  = 0.5%, respectively. As it 263 

can be seen, the viscosity of SiO2-ethylene glycol shows only a minimal influence 264 

of shear thinning, whereas for SiO2-water nanofluid a clear shear thinning 265 

behavior is observed.  266 

 267 

Figure 5 Measured viscosity of a SiO2- ethylene glycol nanofluid with  = 0.5%, all 268 

measurements were performed two times labeled with 1 and 2 269 
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 270 

Figure 6 Measured viscosity of a SiO2- water nanofluid with = 0.5%, all measurements 271 

were performed two times labeled with 1 and 2 272 

Measurement results for Al2O3- water and Al2O3- ethylene glycol nanofluids at 273 

the volume fraction of   = 0.5% are shown in Figures 7 and 8. For Al2O3- water 274 

nanofluid in Figure 7, shear thinning behavior is observed at low shear rates, 275 

changing to Newtonian behavior at moderate shear rates and to obvious shear 276 

thickening behavior at higher shear rates. Whereas, for Al2O3- ethylene glycol 277 

nanofluid shear thinning behavior followed by Newtonian behavior can be seen 278 

for temperatures of 30 °C to 60 °C. Only for a temperature of 20 °C all three types 279 

of rheological behavior are observed to a minor extend (Figure 8). 280 

  281 
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 282 

Figure 7 Measured viscosity of a Al2O3- water nanofluid with  = 0.5%, all measurements 283 

were performed two times labeled with 1 and 2. (a) in a shear rate range from 5 s-1 to 500 s-1 284 

(b) in the range of 5 s-1 to 60 s-1 of shear rate 285 

 286 

 287 

Figure 8 Measured viscosity of a Al2O3- ethylene glycol nanofluid with   = 0.5%, all 288 

measurements were performed two times labeled with 1 and 2 289 

Moreover, experimental results for Al2O3- ethylene glycol at a volume fraction 290 

of  = 1% and Al2O3- water at the volume fraction of   = 2% are shown in 291 

Figures 9 and 10, respectively. In both nanofluids shear thinning behavior is 292 

observed, however it is more obvious in the Al2O3- water nanofluid. 293 
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 294 

Figure 9 Measured viscosity of a Al2O3-  ethylene glycol nanofluid with   = 1%, all 295 

measurements were performed two times labeled with 1 and 2 296 

 297 

 298 

Figure 10 Measured viscosity of a Al2O3- water nanofluid with   = 2%, all measurements 299 

were performed two times labeled with 1 and 2 300 

 301 

3.2. Viscosity measurement of the BASF Company 302 
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In this section the results of the viscosity measurements at the BASF Company 303 

are shown. The results of BASF are split into two sections, beginning with lower 304 

volume fractions  <10%, followed by higher volume fractions  >10%. 305 

3.2.1. Viscosity measurement for volume fractions < 10% 306 

Using a double gap viscometer, the viscosities of Al2O3 and CuO nanofluids with 307 

different particle concentrations at temperature of 25 °C, 50 °C and 80 °C were 308 

measured for increasing (up) and decreasing (down) shear rates. Figure 11 shows 309 

the results of the measurements for CuO particles dispersed in ethylene glycol at 310 

the volume fraction of   = 2.5% for three different temperatures of 25 °C, 50 °C, 311 

and 80 °C. At low shear rates, shear thinning behavior can be seen, changing to 312 

Newtonian behavior at higher shear rates. Moreover, small hysteresis effects can 313 

be seen, which will be discussed later. Also, a slight increase in viscosity is 314 

observable towards higher shear rates at T = 80 °C. Recalling the model fluids 315 

shown in Figure 2, the description of a Bingham plastic would suit the shown 316 

data best. However, this expression will not be used in the following, since the 317 

effects causing the shear thinning maybe not fluid-intrinsic, but are possibly 318 

produced by complex particle interactions that are not entirely known yet.  319 

 320 

Figure 11 Measured viscosity of a CuO- ethylene glycol nanofluid with   = 2.5% 321 
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Measurements for CuO in ethylene glycol were repeated with a higher volume 322 

fraction of   = 5% for a wider range of shear rates according to Figure 12.  323 

 324 

Figure 12 Measured viscosity of a CuO- ethylene glycol nanofluid with   = 5% 325 

Similar to the results obtained for  = 2.5%, shear thinning behavior is observed 326 

at low shear rates, followed by Newtonian behavior at moderate shear rates and 327 

slight shear thickening behavior at higher shear rates. It is also worth noting that 328 

an increase of temperature leads to an onset of shear thickening behavior at lower 329 

shear rates. The results for a particle fraction of   = 5% of Al2O3 particles in 330 

water are presented in Figure 13. The measurement results of Al2O3 particles in 331 

water are a good example to observe three distinct rheological behaviors of 332 

nanofluids clearly. Furthermore, strong hysteresis effects can also be identified 333 

from these results. The discussion of these observations follows in chapter 3.3. 334 

  335 
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336 

 337 

Figure 13 Measured viscosity of Al2O3-water nanofluid with   = 5% in a shear range of a) 0 338 

to 600 s-1 and in the range of b) 0 to 150 s-1 339 

3.2.2. Viscosity measurements for volume fraction > 10% 340 

In the following, measurement results for volume fractions higher than 10% are 341 

shown.  Measured viscosity data for Al2O3 –water nanofluids with  = 15.8%, 342 

  = 18.7% and  =22% at 25 °C are shown in Figure 14. 343 

 344 

a) 

b) 
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 345 

Figure 14 Measured viscosity of Al2O3 – water nanofluids for volume fractions > 10% at 346 

25°C over shear rate vs. least square fit (Eq. 9) 347 

Strong shear thinning behavior is observed for  =22%, whereas for lower 348 

particle concentrations the fluids tend to Newtonian behavior. In such cases, a 349 

power law equation can be fitted to the measured data using a least square fit, in 350 

which the concentration of nanoparticles has to be inserted as a volume fraction: 351 

Moreover, results of viscosity measurements for CuO nanoparticles in 352 

ethylene glycol at different shear rates are shown in Figure 15. The viscosity data 353 

axes are scaled logarithmically, while shear rates are shown in logarithmic scaling 354 

in Figure 15a, and in linear scaling in Figure 15b. The particle volume fraction of 355 

the nanofluid samples is  = 15%. As for the Al2O3-water nanofluids, the data are 356 

correlated using a power law approach, the fitted equations for the CuO – ethylene 357 

glycol nanofluids are: 358 

1

bf k k k

n

k k n

(1 exp( ))

1

0.049002, 33.30365, 6.67627

nk

k A A B

n A

A B A

 

 



 

  

 

  

 (8) 
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In Figure 15, values for CuO – ethylene glycol are shown for 25 °C, 50 °C and 359 

80 °C, respectively. The base fluid viscosity data is a function of the temperature 360 

and therefore accounts for the temperature dependence of the given curve fits. 361 

Similar to the values recorded for Al2O3, the CuO ethylene glycol nanofluid has 362 

a shear thinning behavior with a seemingly asymptotical trend towards high shear 363 

rates. 364 

 365 

1

2

bf

2

k k k

n n

12.5369, 905.049, 28806

0.143899, 4.86454, 223.295

n

k k k bf

n n bf n bf

n

k

k A B C

n A B C

A B C

A B C

 

 

 

 

  

  

  

  

 (9) 
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 366 

Figure 15 Measured viscosities of CuO-ethylene glycol nanofluids with  = 15% and the 367 

viscosities of pure ethylene glycol at different temperatures, as a function of the shear rate vs. 368 

least square fit (Eq. 10) (a) logarithmically (b) linearly scaled abscissa. 369 

 370 

3.3. Analysis of experimental viscosity data 371 

    First, the hysteresis effect in the measurements of a nanofluid is addressed. 372 

This effect has been observed for example by Nguyen et al., when nanofluids are 373 

heated above a “critical” temperature. Somewhat lower viscosities of Al2O3-water 374 

and CuO-water nanofluids were measured in the heating phase than in the 375 

subsequent cooling phase [51,52]. Hysteresis effects can also be seen in the 376 

measurements presented in this paper for increasing and decreasing shear rates, 377 

especially at elevated temperatures and higher shear rates. At decreasing shear 378 

rates, the viscosity is measured to be lower than at increasing shear rates. As 379 

measurements were conducted isothermally, the effect mentioned by Nguyen et 380 

al. cannot explain our findings. A possible explanation for this effect is 381 

agglomeration. At high shear rates, agglomerates are destroyed leading to better 382 

dispersion and thus leading to a decreased viscosity (see especially Figure 13). 383 
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Another remarkable behavior is the combination of shear thinning and shear 384 

thickening behavior that can be observed in several measurements.  385 

The measurements confirm the expected rheological behavior of a suspension 386 

that is described in the literature and comprehensively summarized by Barnes [7]. 387 

As it was mentioned before, nanofluids are classified as colloidal suspensions of 388 

nanoparticles in base fluids. He states that, with increasing shear rate, particles 389 

will begin to align in layers, which leads to a decrease of viscosity (shear 390 

thinning), which can last for several magnitudes of shear rates. This can actually 391 

be confirmed by most of the measurements shown above. At some point of shear 392 

rate, the transition is complete, no more alignment will occur and Newtonian 393 

behavior will be observed. The presence of such a Newtonian plateau can also be 394 

seen in the current measurements. At higher shear rates the layering is destroyed 395 

because of turbulence, and the particles will distribute randomly which results in 396 

an increase of viscosity. Such shear thickening behavior could be identified in 397 

many of our measurements. It can be concluded that if measurements are 398 

conducted at appropriate shear rates, nanofluids will show Newtonian, shear 399 

thinning or shear thickening behavior as well. Brown et al. [53] believed that all 400 

suspensions are supposed to exhibit shear thickening behavior under appropriate 401 

conditions. On the basis of experiments, they concluded that yield stress, which 402 

is the shear stress at the starting value of shear rate from zero, directly determines 403 

the advent of shear thickening region, as an increase of yield stress pushes the 404 

onset of shear thickening to higher values of shear rate. The yield stress also 405 

depends on various parameters such as volume fraction of particles, particles size, 406 

particle shape, surfactant and etc. which were mentioned by Brown et al.[53] as 407 

well as by Barnes [7]. Brown et al. [53] also suggested a correlation to show the 408 

interplay between yield stress, shear thinning and shear thickening behavior as 409 

follows: 410 
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m HB HB y=  (  ) ( (  ) )
2(1 )

m m


     


 


 (10) 

where 
m  indicates the lower boundary of the shear thickening region that takes 411 

place at the shear rate of 
m  according to a minimum viscosity.   is a model 412 

parameter, 
HB  and y  are shear thinning stress and yield stress, respectively. 413 

Wagner and Brady [54] also conducted a study to explain the shear thickening  414 

phenomena from a more practical point of view. They believe that all suspensions 415 

have a common behavior as a function of the shear rate as shown qualitively in 416 

Figure 16. In an equilibrium state the inter-particle forces including electrostatics 417 

and van-der-Waals forces are stronger than hydrodynamic interactions, so that 418 

the particles distribute randomly and the resistance to flow is rather high. By 419 

increasing the shear rate, the nanoparticles rearrange in parallel line in flow which 420 

lowers the viscosity and the suspension exhibit the shear thinning behavior. With 421 

more increase of shear rate the hydrodynamic interactions dominate over the 422 

inter-particle forces that drive Brownian motions and severe hydrodynamic 423 

coupling between particles result in creation of hydro-clusters which are the 424 

apparent features of shear thickening state.  425 

 426 

Figure 16 Microstructure of colloidal dispersion at different shear rates [54] 427 
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Their findings is in agreement with the work of Foss and Brady [55], which 428 

concentrates on the simulation of viscosity of suspensions, considering the 429 

influence of Brownian motion and hydrodynamic effects. The simulation results, 430 

that are based on prior investigations by Brady, Phung and others, are shown in 431 

Figure 17 [56]. Without elaborating on Stokesian dynamics or the hard sphere 432 

model, it can be seen that Brownian viscosity 
B decreases at low Peclet numbers 433 

( Pe ), whereas the hydrodynamic viscosity 
H increases with the Peclet number. 434 

The two effects result in a local minimum of viscosity. The Peclet number is 435 

defined as  436 

with the Boltzmann constant 
Bk  and the particle radius a  and can be seen as the 437 

ratio of Brownian and flow time scales.  438 

 439 

Figure 17 Reduced viscosity as a function of increasing Peclet Number. Horizontal lines on 440 

the left describe the viscosity limits for Pe→0. The Brownian contribution ηB causes shear 441 

thinning at low Peclet numbers, whereas hydrodynamic effects ηH induce shear thickening for 442 

Peclet number Pe >10 [55] 443 

 444 

3

BPe 6π / ( )a k T         (11) 
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The shear rate at which viscosity increases is called critical shear rate by 445 

Barnes [7] which is shown in Figure 18. 446 

    447 

Figure 18 The critical shear rate decreases for increasing phase volume [23] 448 

The description of shear dependent viscosity by Foss and Brady [55] and Barnes 449 

[7] was given for volume fractions of about  = 0.3 to 0.5, i.e. for considerably 450 

higher particle concentrations than it was dealt with in this paper. A locally strong 451 

increase of particle fraction due to agglomerates might however explain the 452 

findings. Chen et al. [26] describe that aggregation effects can reduce the usual 453 

limit for the onset of shear thinning behavior at  ≈ 0.2 below  = 0.1. Figure 19 454 

shows the reduced viscosity of current measurement plotted against the Peclet 455 

number, as described by Wager and Brady [54] and Foss and Brady [55]. Note 456 

that the onset of shear thickening is observed at about Pe ≈ 0.1…10, i.e. at about 457 

the same order of magnitude for Pe  as found in [54,55]. It must be considered 458 

that the Peclet number is sensitive to the particle size. Changing the particle 459 

diameter for Al2O3 to e.g. 130 nm moves the onset of shear thickening to Pe ≈ 1. 460 

This sensitivity should be considered when discussing the results.  461 
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 462 

Figure 19 Reduced viscosity plotted over Peclet number shows that onset of shear thickening 463 

lies in the same order of magnitude as found by Foss and Brady [55]. 464 

   From the explanation and theories that were referred to above from different 465 

research groups, it can be concluded that shear thickening is part of the common 466 

behavior of suspensions when shear rates increase beyond the critical point. 467 

However, this point is dependent on the effective parameters like volume fraction 468 

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

4. Conclusion 470 

   The present work has focused on the experimental data on the rheological 471 

behavior of different types of nanofluids consisting of Al2O3, SiO2 or CuO 472 

particles in water as well as in ethylene glycol under a wide range of shear rate. 473 
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By increasing the shear rate in the measurements, all three rheological classes of 474 

shear thinning, Newtonian and shear thickening were observed. The explanation 475 

of these phenomena can most probably be found in the arrangement of particles. 476 

The particles are distributed randomly at very low shear rates, but as the shear 477 

rates increase the particles rearrange themselves in a two dimensional layer, 478 

which decreases the efficient viscosity of the nanofluids. At higher shear rates, a 479 

transition from the mentioned aligned arrangement to a random three dimensional 480 

form occurs that leads to the increase in viscosity. So, according to the obtained 481 

results and the mentioned discussion, it can be concluded that both shear thinning 482 

as well as shear thickening are parts of the common rheological behavior of 483 

nanofluids. Yet, this behavior can occur outside of the shear rate range which was 484 

investigated, so that nanofluids seem to be of Newtonian or shear thinning nature 485 

only. The findings are, however, crucial for research about correlations 486 

addressing nanofluids viscosity. Hysteresis effect is also another interesting 487 

phenomena which maybe a result of nanoparticles agglomeration, when shear 488 

rates are increased and then decreased. Moreover, in order to thoroughly 489 

investigate this phenomena, it is strongly recommended to measure viscosity in 490 

both directions, from lower shear rate to higher and vice versa. 491 
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