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Abstract - Impact of the nanoparticle size and concentration on the rheology of ethylene glycol based nanofluids
containing nanoparticles of five different metal oxides is investigated. Particle mass concentrations ranged from
5 to 20 wt %. Types of the nanoparticles and their particle size are TiO, (30 nm, 50 nm), MgO (20 nm, 40
nm), ZnO (10-30 nm, 35-45 nm, 80-200 nm), SiO, (20-30 nm, 60-70 nm) and CuO (40 nm, 80 nm). A stress
controlled rheometer fitted with a cone-and-plate system is employed for the rheological characterization of the
nanodispersions at temperatures between -5°C and 35°C. The non-linear measurements reveal that nanofluids
of CuO (40 nm), ZnO (10-30 nm, 35-45 nm) and MgO (20 nm, 40 nm) particles exhibit non-Newtonian shear
thinning behavior at particle mass concentrations higher than 5 %. No appreciable shear thinning is observed for
the dispersions of TiO, (30 nm, 50 nm) and SiO, (20-30 nm, 60-70 nm) particles. Strong dependency between
relative viscosity of the suspensions and particle size and loading is observed. Temperature, on the other hand,
plays a marginal role in the relative viscosity of the suspensions. The shear viscosity measurements indicated
the presence of particle size and concentration dependent apparent yield stress for CuO and ZnO nanofluids.
Investigated nanofluids do not exhibit any thixotropy during their rheological characterization. Finally,
viscoelastic measurements suggest that nanofluids are free of gel formation.

Keywords: Rheology, nanoparticles, size effect, nanofluids, non-Newtonian fluid.

INTRODUCTION devoted to the measurement of thermal behavior of

nanofluids in order to cultivate their superior heat

Due to their unique properties and potentially wide transfer properties compared to conventional fluids
range of application (Wong and Leon, 2010; Taylor (Eastman et al., 2001; Xuan and Li, 2003). Since
et al., 2013) the number of studies on nanofluids has application of the nanofluids involves their flow,
increased in recent years. Most of these studies are knowledge of their rheological properties become
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also crucial in the design or operation of such systems.
In a recent review by Mahbubul et al. (2012), the
effects of parameters including particle size and shape,
particle concentration and temperature on nanofluid
viscosity are covered. Similarly, in his review study,
Rudyak (2013) considered the dependence of the
nanofluid viscosity on particle concentration, size and
temperature. He reported that the size of the particles
had the strongest impact on the nanofluid rheology.
The effect of nanoparticle size on nanofluid viscosity
has been the subject of many studies, as shown in
Table 1, along with material, size and concentration of
the particles, and dispersion medium. It is possible to
deduce the following conclusions from Table1. Among

the investigated metal oxides, SiO, and ALO, are
most widely used in the studies. In the majority of the
studies, nine out of the twelve to be exact, a reduction
in nanofluid viscosity with increasing nanoparticle
size was observed. Meanwhile, it should be noted that
investigating nanofluid rheology is not the primary
objective of a number of studies in the Table. For
instance, in the experimental studies conducted by
Anoop et al. (2009) and He et al. (2007) the effect
of particle size on the convective heat transfer in the
laminar developing region was considered. For this
purpose, Anoop et al. (2009) employed Al,O,/water
nanofluids with the average particle size of 45 nm and
150 nm. Their experiments revealed that the relative

Table 1. Summary of earlier studies on the dependence of nanofluid viscosity on nanoparticle size.

Average particle size

Particles (nm)

References

Based fluids % Volume Observation

Namburu et al. (2007) SiO0 20, 50, 100

Chevalier et al. (2007) SiO 35,94, 190

Zhao et al. (2009) SiO 7,12, 16, 20, 40

Rudyak et al. (2013) Sio 18.1,28.3,45.6

Timofeeva et al. (2010) SiC 16, 29, 66, 90

Chang et al. (2005) CuO 30, 75, 150

Pastoriza-Gallego et al.

011) CuO 33+13, 1143

Anoop et al. (2009) 45,150
Shanker et al. (2012) 24,45

He et al. (2007) TiO 95, 145, 210

Nguyen et al. (2007)

36,47

Prasher et al. (2006) 27,40, 50

The viscosity decreases
with increasing
nanoparticle size

60:40 EG:W 0-10

The viscosity decreases
with increasing
nanoparticle size

Ethanol 1.4,7

The viscosity
decreases with
increasing nanoparticle
diameter

Water

The viscosity decreases
with increasing
nanoparticle size

Ethylene glycol 0.25-7

The viscosity decreases
with increasing
nanoparticle size

Water 4.1

The viscosity decreases
with increasing
nanoparticle size

Water Na

The viscosity decreases
with increasing
nanoparticle size

Water 0.16-1.7

The viscosity decreases
with increasing
nanoparticle size

Water 0.26- 1.61

The viscosity decreases
with increasing
nanoparticle size

70:30 Glycerol: Water 0.001-0.1

The viscosity increases
with increasing
nanoparticle size

Water 0.6

At high particle
concentrations,
viscosities of 47 nm
particles are found to
be higher than that of
36 nm

Water 1-12

The relative viscosity
is almost independent
of the particle size

Propylene glycol 0.5-3

Na: not available
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viscosity and heat transfer coefficient of the nanofluid
containing 45 nm particles were higher than those of
150 nm particles. An opposite trend was observed
for the thermal conductivity of the nanofluids, i.e.,
lower thermal conductivity in the case of the smaller
particles. However, there is no universal trend in the
dependence of various thermophysical properties
on the nanoparticle. For example, He et al. (2007)
reported viscosity and heat transfer coefficient trends
with respect to the changing particle size different than
those of Anoop et al. (2009). They investigated the heat
transfer behavior of water-based nanofluids containing
TiO, with powder mean diameters of 20, 95, 145 and
210 nm. They concluded that the effective thermal
conductivity decreases with increasing particle size,
while viscosity follows a reverse pattern. Interestingly,
the convective heat transfer coefficient appeared to be
virtually independent of the particle size. The other
contradictory result for the dependence of nanofluid
viscosity on nanoparticle size was reported by Nguyen
et al. (2007). They observed that the viscosity of
ALQO,/water nanofluids containing 36 nm particles is
smaller than that of the 47 nm particles provided that
the particle volume fraction exceeds 5 %. In another
report published by Prasher et al. (2006), results
associated with the effect of particle diameter, particle
volume fraction and temperature on the viscosity of
Al O,/propylene glycol nanofluids are included. They
suggest that the use of particles with different sizes of
27, 40 and 50 nm appears to have a negligible impact
on the relative viscosity of the nanofluids.

In all of the other studies in Table 1, the nanofluid
viscosity decreases with increasing particle size. For
example Zhao et al. (2009) examined the viscosity of a
SiO,/water nanofluid with different particle diameters
and pH values. They stressed the importance of
nanoparticle size on the viscosity of nanofluids.
They found that, as the nanoparticle size decreases,
the viscosity of nanofluids increases. Namburi et al.
(2007) investigated the viscosity and specific heat of
dispersions of 20, 50 and 100 nm SiO, nanoparticles
in ethylene glycol and water mixture with a weight
ratio of 60:40, respectively. The experiments were
performed at temperatures ranging from -35°C to
50°C. They observed a non-Newtonian shear thinning
behavior for the 50 nm SiO, nanofluids at 6 volume
% particle loading and at temperatures lower than
-10°C. Moreover, they obtained nanofluids of the
lowest viscosity with the largest particles, 100 nm, at
any temperature. Dispersions of the SiO, nanoparticles
with a wide particle diameter range from 7 nm to 190
nm were also examined by different research groups

cited in Table 1 (Chevalier et al., 2007; Zhao et al.,
2009; Rudyak et al., 2013). Interestingly, the nanofluids
exhibit similar behavior of decreasing viscosity with
respect to increasing particle size in spite of the
different base fluids (ethanol, ethylene glycol, water,
ethylene glycol and water mixture) employed.

In the studies listed in Table 1, the results of the
viscosity measurements are not supplemented by
possible mechanisms behind the dependence of the
dispersion viscosity on the nanoparticle size, apart
from the studies by Timofeeva et al. (2010) and
Rudyak (2013). In their study Timofeeva et al. (2010)
investigated the impact of the use of SiC particles
having different diameters between 16 and 190 nm on
the viscosity, thermal conductivity and heat transfer
characteristics of SiC/water nanofluids. They observed
that suspensions of smaller particles had higher
viscosity than those of larger particles. They suggested
that this phenomenon could stem from an electro-
viscous effect in connection with the effective volume
of the particles in the suspension. They reported that
the higher surface/volume ratio of smaller particles
results in higher effective volume of the particles than
larger particles. They concluded that higher effective
particle volume of the smaller particles gives rise to
the elevated viscosities compared to those of larger
particle sizes.

Rudyak (2013), on the other hand, reported that,
even at low particle concentrations, the distances
between nanoparticles in suspension are on the order
of their size. Hence, their hydrodynamic interactions
should also be considered if an accurate model for
nanofluid viscosity is to be developed. In his study
Rudyak (2013) then proposed a model to capture the
dependency of nanofluid viscosity on nanoparticle size
and physical characteristics of the base fluid.

Almost all of the studies cited in Table 1 are devoted
to the dependence of the nanofluid viscosity on the
nanoparticle size. On the other hand, comprehensive
studies of nanofluid rheology on particle size are
lacking in the literature to the best of the knowledge
of the authors. Hence, the objective of this study is to
investigate the effect of various parameters including
material type, particle size and temperature, on the
rheology of nanofluids. The ethylene glycol based
nanofluids used in this study were produced by using
metal oxides of various sizes as tabulated in Table 2.
The particle concentration and temperature ranges
were 5 to 20 weight % and -5°C to 35°C, respectively.
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EXPERIMENTAL

The nanoparticles employed in this study are SiO,
Cu0O,MgO0, ZnO and TiO,. They were all commercially
supplied by US Research Nanomaterial Inc. and used
as purchased. Table 2 includes the specifications of
the particles in terms of mean particle size, purity and
specific surface area, all provided by the supplier. The
base fluid, ethylene glycol (EG), was obtained from
Sigma Aldrich.

To ensure stable dispersion and to prevent initial
agglomeration of the nanoparticles in ethylene glycol,
suspensions were agitated in an ultrasonic bath
(Jeiotech, US-05, Korea) operated at 280 W and 40
kHz for six hours. No dispersal agent was used in
the suspensions. All rheological measurements were
carried out by means of a stress controlled rheometer
(Malvern Kinexus Pro, UK) fitted with a cone-and-plate
system. Diameter and angle of the cone were 60 mm
and 1°, respectively. The gap between the cone-and-
plate was fixed at 0.05 mm during all measurements.
A Peltier plate assembly was used for the temperature
controlled measurements with + 0.1°C precision.

Through the non-linear viscoelastic measurements,
flow curves for the shear dependent viscosity of the
nanofluids, temperature dependency of the viscosity,
yield stress and thixotropic behavior of the nanofluids
were probed. The yield stress value of the suspensions

Table 2. Specifications of the nanoparticles used in this study.

was determined by fitting the results to the Herschel-
Bukley (HB) model given in Eq. (1).

T=1,+K/' (D

where 7, is the yield stress (Pa), K is the consistency
index (Pa s") and n is the flow behavior index.
Hysteresis loop areas were exploited to deduce any
possible thixotropic behaviour of the suspensions
(Benchabane and Bekkour, 2008). These experiments
were performed in the shear rate range of 1 to 4000
s’'. The linear viscoelastic experiments for creep and
recovery measurements were carried out at 0.05 Pa
stress applied for 120 s. Creep measurements were
recorded after another 120 s of recovery period at a
constant temperature of 25°C.

RESULTS AND DISCUSSION

In this study the effect of nanoparticle size on
the rheology of ethylene glycol based nanofluids
containing five different oxide nanoparticles are
investigated by linear and non-linear viscoelastic
measurements. All of the nanofluids examined in this
study were formulated over a 5-20 wt % particle mass
fraction range. To compare our results with those
available in the literature, particle mass fractions
were converted to particle volume fractions and their

Particles Mean particle size (nm) Purity SSA (m%g)
20-30 180-600
SiO, 99 %
60-70 160-600
40 20
CuO 99 %
80 >18
20 >60
MgO 99 %
40 25
10-30 20-60
ZnO 35-45 99 % 65
80-200 4.8-6.8
) 30 35-60
TiO, 99.9 %
50 20-40
SSA: Specific surface area
Table 3. Mass and corresponding volume percentages of the nanoparticles used.
% mass % volume
SiO, CuO MgO ZnO TiO,
5 2.37 0.90 1.61 1.03 1.36
10 4.88 1.89 3.33 2.15 2.83
15 7.54 2.96 5.19 3.38 4.42
20 10.36 4.15 7.19 4.72 6.15
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corresponding values for the nanofluids are tabulated
in Table 3.

Within the range of temperature studied, -5°C
to 35°C, ethylene glycol (EG) exhibits Newtonian
behavior, characterized by a constant viscosity with
respect to shear rate, as shown in Fig. 1. Moreover,
the viscosity of EG decreases with increasing
temperature as expected. The impact of temperature

Figure 1. Shear viscosity versus shear rate for ethylene glycol as a function
of the temperature.

variation on viscosity becomes more pronounced at
low temperatures.

The flow curves for shear dependent viscosity
of the nanofluids containing five different metal
oxide particles at 25°C are shown in Fig. 2. Another
expected result is associated with particle size and
the concentration effect on the dispersion viscosity.
Smaller particles or higher particle loading translate
into dispersions with higher viscosity. No such
common feature is observed when the non-Newtonian
behavior of the dispersions is considered. Earlier
studies on the shear flow curve of nanofluids indicated
that nanoparticle dispersions in Newtonian base
fluids exhibit either Newtonian or shear-thinning
behavior depending on the material, size, shape,
particle concentration, temperature and type of the
base fluid (Mahbubul et al., 2012). Non-Newtonian
feature of nanofluids can be attributed to the shear
induced breaking of the larger fractal-like aggregates
formed by sufficiently strong van der Waals forces
between particles. Shear dependent viscosity curves in
Fig. 2 suggest that van der Waals interactions favor
formation of aggregates when nanoparticles of ZnO,

CuO and MgO are used. On the other hand, attractive
forces between particles of TiO, and SiO, seem to be
insufficient to form aggregates, at least to a degree
necessary to result in non-Newtonian dispersions in
the studied ranges of particle size and concentration.
The results depicted in Fig. 2 also signify the crucial
role of particle size and concentration on the rheology
of the dispersions. Clearly, an increasing concentration
of particles translates into stronger impact on the
flow behavior of the dispersions. Therefore, it is not
a coincidence that the non-Newtonian nature of ZnO/
EG, CuO/EG and MgO/EG dispersions becomes more
pronounced at higher concentrations, as shown in Fig.
2. This trend is very strong for ZnO/EG and CuO/EG,
while the overall change in the rheology of MgO/EG
dispersions remains relatively modest. When large
particles are used, e.g., 80-200 nm ZnO particles,
no change in the dispersion viscosity is observed
with respect to shear rate in the 5 to 20 wt % particle
concentration range.

The aggregation tendencies of the dispersions
can be used to infer their stability. The likelihood of
dispersions with lower aggregation degree being stable
may be higher than those with a stronger aggregation
tendency. In this case, dispersions of ZnO/EG and
CuO/EG may turn out to be the least stable among
the investigated oxides. No abrupt variation in the
shear flow curves for all studied mass fractions may
suggest that there was no stability issue for all particle
loadings during the experiments. We believe that
this point needs further clarification through stability
experiments in the future.

In order to clearly reveal the impact of particle
loading on the rheology of the dispersions, the results
in Fig. 2 are also presented in terms of relative viscosity
in Fig. 3. Relative viscosity is the ratio between the
suspension and base fluid viscosities at a given flow
condition. Fig. 3 depicts the variation of the relative
viscosity with respect to particle concentration and size
and shear rate at 25°C for the metal oxide dispersions
in ethylene glycol base fluid. The shear flow curves
in Fig. 2 show that suspensions containing ZnO, CuO
and MgO nanoparticles exhibit non-Newtonian shear-
thinning behavior. Hence, it is necessary to take the
shear rate dependency of the relative viscosity into
account. For this purpose relative viscosities of the
nanofluids are evaluated at shear rates of 100 s and
1000 s and then presented in Fig. 3. Similar to Fig.
2, an increase in relative viscosity at higher particle
concentrations is captured in Fig. 3 for all particle
sizes. When the effect of the particle size is concerned,
the figure clearly depicts an increasing trend in relative

Brazilian Journal of Chemical Engineering Vol. 35, No. 02, pp. 575 - 586, April - June, 2018
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Figure 2. Shear viscosity versus shear rate as a function of mass fractions at 25°C.
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Figure 3. Variation of the relative viscosity with respect to mass fraction at 25°C. Note: The figures located in the left
and right columns refer to viscosities obtained at shear rates 100 s and 1000 s™', respectively.
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viscosity in the case of smaller nanoparticles for all
considered nanofluids. Impact of particle size becomes
apparent at particle mass concentrations equal to
or greater than 10 %. Type of the metal oxide also
plays a role in the response of the nanofluid relative
viscosity to the variations in the particle size. For
instance, minimum and maximum reduction in relative
viscosity is observed for TiO, and ZnO nanofluids,
respectively. The particle size vs. relative dispersion
viscosity results that are presented in Fig. 3 are in
agreement with most of the findings in earlier reports
in Table 1. The authors of the present study agree with
the following account suggested by Timofeeva et al.
(2010) to explain the particle size effect on the relative
viscosity. At a given particle mass concentration, the
relative viscosity increases with decreasing particle
size due to higher interfacial area, favoring stronger
hydrodynamic interactions between solid and fluid
phases. Stronger hydrodynamic interactions in turn
result in higher resistance to flow or higher viscosity
compared to the dispersions of larger particles.

In Fig. 3, comparison between the relative
viscosities at two distinct shear rates of 100 s' and
1000 s reveals the shear thinning behavior for the
dispersions of ZnO, CuO and MgO in PE base fluid.
For the other metal oxides, i.e., TiO2 and SiO2, there
is negligible, if any, variation in the relative viscosity
underlying their Newtonian nature that is also depicted
in Fig. 2.

Temperature is another important parameter
influencing viscosity of the nanofluids. In their review
article on nanofluid viscosity studies, Mahbubul et al.
(2012) also considered the temperature dependence of
nanofluid viscosity. They pointed out that the viscosity
of nanofluids decreases at elevated temperatures. It is
worthwhile to note that, in almost all of the studies
on the temperature effect, dispersion viscosity was
reported as opposed to the relative viscosity. Prasher
et al. (2006) and Chen et al. (2007), on the other
hand, investigated the dependenc of the nanofluid
relative viscosity on temperature which turned out to
be very weak. Fig. 4 shows the temperature effect on
the relative viscosities of the dispersions of the metal
oxides for different particle sizes and loadings at the
shear rate of 100 s™!. The results are obtained by a series
of rheological measurements that were conducted
at temperatures ranging from -5°C to 35°C, with the
increment of 10°C. At low particle mass concentration,
5 %, relative viscosities remain nearly one, except for
a modest increase in the case of TiO, particles. With
very limited impact of particles on the dispersion
rheology, the relative viscosity becomes insensitive

to variations in both particle size and temperature,
as shown in the first column of Fig. 4 at low particle
concentrations. On the other hand, at sufficiently
high particle loadings, such as 20 wt %, the relative
viscosity significantly increases for all metal oxide
dispersions within the studied range of experimental
parameters.  Furthermore, decreasing relative
viscosities with increasing particle size are observed at
20 % particle concentrations. Only a small increase in
the relative viscosities of ZnO/EG, CuO/EG and TiO,/
EG dispersions with respect to increasing temperature
is observed, in spite of high particle loading, 20 wt %.
Therefore, it can be concluded that temperature does
not play a significant role in the relative viscosity of
dispersion, a conclusion similar to those drawn in the
earlier studies of Prasher et al. (2006) and Chen et al.
(2007).

To further the rheological characterization of the
suspensions, their yield stress properties were also
investigated. Fig. 5 shows logarithmic flow curves of
shear viscosity with respect to shear stress for ZnO
(10-30 nm and 35-45 nm) and CuO (40 nm and 80 nm)
nanoparticle dispersions in ethylene glycol up to 20
wt% concentration. The shear viscosity-stress curves
in Fig. 5 suggest that the apparent yield stress gets
stronger with decreasing particle size and increasing
particle loading. Due to the observed shear thinning
behavior and presence of apparent yield stress, the
shear rate dependence of the ZnO and CuO nanofluid
viscosities can be captured by the Herschel-Bulkley
(HB) model. The model parameters that are predicted
by fitting to the experimental results are listed in Table
4 for the range of particle size and concentrations
considered here. The predicted yield stress of ZnO
nanofluids increases as the particle size decreases,
particularly at the high particle loading, 20 wt%. The
flow behavior index, n, that indicates the degree of
dependence of viscosity on shear rate, is also tabulated
in Table 4. The predicted values of n appear to be a
weak function of particle size, as shown in Table 4.
Thixotropic behavior of the nanofluids was also
investigated by following the methodology suggested
by Benchabane and Bakkour (2008). The results,
not shown here, revealed no evidence of thixotropic
behavior for any of the dispersions investigated in this
study.

Finally, linear viscoelastic properties of the
suspensions were examined in terms of creep test that
measures time dependent deformation (Baek and Kim,
2011) by applying a shear stress of 0.05 Pa. Fig. 6
shows the creep compliance-time curve for nanofluids
containing ZnO (10-30 nm and 35-45 nm) and CuO

Brazilian Journal of Chemical Engineering
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Figure 4. Variation of the relative viscosity with respect to temperature. Note: The figures located in the left and right
columns refer to relative viscosities for the particle mass fractions of 5 and 20 wt %, respectively.
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Figure 5. Shear viscosity versus shear stress for dispersions including ZnO and CuO at 25°C.

Table 4. Variation of the predicted HB model parameters with respect to the particle size and mass percentage.

ZnO CuO
% mass 10-30 nm 35-45nm 40nm
7, (Pa) 0.6133 0.5293 0.1945
20 K 0.0436 0.0402 0.0272
n 0.9238 0.9272 0.9674
7, (Pa) 0.2745 0.2727 0.1385
15 K 0.0290 0.0276 0.0240
n 0.9586 0.9645 0.9778
125 2000
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Figure 6. Creep and recovery curves for ZnO and CuO nanofluids containing 20 wt % particles at applied stresses of 0.05 Pa.
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(40 nm and 80 nm) nanoparticles at 20 wt% particle
concentration. The compliance curves turned out to
be similar to those typical of viscous fluids with no
elasticity. Besides, the viscoelastic behavior of a
material can be quantified by calculating the recovery
index AJ (Benchabane and Bekkour, 2008; Yapici
et al., 2014) given in eq. (2). In this equation J(120)
and J(240) refer to the values of the compliance at
the final recovery phase and at the final creep phase,
respectively.

J(120) —J(240)
J(120)

A AJ value close to 100% is an indication a solid
like structure, while decreasing values towards zero
hint at increasing viscous material. The values of
AJ for ZnO and CuO nanofluids containing 20 wt%
particles are 0% indicating that the suspension exhibits
viscous fluid properties. Therefore, non-Newtonian
dispersions of ZnO and CuO do not appear to possess
any gel structure that would otherwise manifest its
presence through some degree of elasticity.

AJ =100

2)

CONCLUSIONS

In this study effects of the nanoparticle size and
loading on the rheology of ethylene glycol based
nanofluids are presented. Nanoparticles of five
different metal oxides were used over a 5-20 wt%
particle mass concentration range. The nanoparticles
and their sizes are TiO, (30 nm, 50 nm), MgO (20 nm,
40 nm), ZnO (10-30 nm, 35-45 nm, 80-200 nm), SiO,
(20-30 nm, 60-70 nm) and CuO (40 nm, 80 nm). All
rheological measurements were carried out by a stress
controlled rheometer equipped with a cone-and-plate
system over a temperature range from -5°C to 35°C.
The following conclusions can be drawn from the
results of the measurements.

* The non-linear measurements reveal that among
the nanofluids considered, only suspensions
containing CuO (40 nm) and ZnO (10-30
nm, 35-45 nm) exhibit appreciable non-
Newtonian shear thinning behavior at particle
mass concentrations higher than 5 wt%.
Moreover, weak shear thinning is observed for
the nanofluids of the smallest MgO particles
(20 nm). These findings indicate that shear-
thinning behavior of nanofluids depends on the
type of the material, particle diameter, as well
as particle mass concentration.

* Formation and shear induced breaking of
aggregates play a significant role in the shear
thinning behavior of the dispersions.

* At a given particle mass concentration, an
increase in dispersion viscosity is observed
when smaller particles are used. This is most
likely due to the stronger hydrodynamic
interaction between the solid and liquid phases
associated with the higher interfacial area
provided.

* For all nanofluids considered in the present
study, the relative viscosity decreases with
increasing particle sizes. This reduction in
relative viscosity becomes stronger at particle
mass concentrations higher than 5 wt%. In
addition, the decay ratio of relative viscosity
with particle size is dependent on the particle
material type.

» Temperature variations have a limited effect on
the relative viscosity of the suspensions.

* The shear viscosity measurements indicate
the presence of an apparent yield stress for
nanofluids of CuO and ZnO nanoparticles. The
magnitude of the yield stress is observed to be
dependent on both size and concentration of
the nanoparticles.

* Among the nanofluids considered, no evidence
of thixotropic behavior is observed at any
particle concentrations.

* The results of the linear viscoelastic
measurements do not suggest any elasticity or
hence formation of a gel structure in any of the
investigated nanofluids.
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