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The paper presents the results of experimental study of rheological behavior of nanofluids
based from consideration of several tens of nanofluids based on water, ethylene glycol and
engine oil, containing particles of different oxides and diamond. The sizes of nanoparticles
ranged from 5 to 150 nm, while their volume concentration ranged from 0.25 to 8%. At that, no
dispersants were used when preparing tested nanofluids. It is shown that in some cases, when
increasing nanoparticle concentration, rheological behavior of nanofluids becomes non-
Newtonian and is well described by power-law fluid models or Herschel-Bulkley fluids. The
influence of nanoparticle size and material, as well as the nature of the base fluid on the
rheological behavior of nanofluids have been studied.
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1. Introduction

Nanofluids, that is, suspensions with nanoparticles, are actively studied for the last twenty
years in the context of already existing or planned numerous applications (see, e.g., [1] and
references therein). Since nanofluids are used in all practical cases in flow conditions, flow
nature is determined by their corresponding thermophysical properties. A huge number of
publications are devoted to the study of these properties and primarily the thermal conductivity
and viscosity. Currently, through experiments as well as by molecular dynamics method it is
securely substantiated that these properties cannot be described by the classical theories. Both
viscosity and thermal conductivity of nanofluids depend not only on concentration of particles
(as in the case of conventional coarse dispersed fluids), but also on their size and material.
Moreover, the viscosity of nanofluids decreases with increasing particle size, while the thermal

conductivity, in contrast, increases.



An important property of nanofluids is that their rheological behavior can differ from
behavior of the base fluid. Usually, studied nanofluids are based on water, ethylene glycol,
engine oils, etc. All of them are conventional Newtonian fluids. However, nanofluids based on
these liquids in a number of cases have non-Newtonian rheological behavior even at relatively
low particle concentration. In principle, the study of the rheological behavior of nanofluids is a
mandatory attribute, which accompanies measuring its viscosity, since we can speak about the
actual viscosity only with regard to a Newtonian fluid. Among quite full reviews [2-5], devoted
to the study of the viscosity in nanofluids, there are relatively few works, where their non-
Newtonian rheological properties were revealed. This is due to the fact that specialized
rheometers were rarely used for this purpose, while in many works, when studying viscosity
using rotational viscometers, shear rate did not vary within a sufficiently wide range that is
absolutely necessary. Nevertheless, to date, there have been many works, where non-Newtonian
nature of the rheological behavior of nanofluid is securely revealed (see the review [6]), although
they were prepared based on Newtonian fluids.

For example, in [7], when studying water-based nanofluid with the TiO2 nanoparticles, it
was revealed that at low particle volume concentrations, nanofluid was Newtonian. However, at
the concentrations above 0.1% nanofluid was becoming thyrotrophic. Similar data were also
obtained later [8].

Non-Newtonian behavior of ethylene glycol-based nanofluids was observed in [9] at the
elevated concentration of Fe;Oz3 particles, and in [10] for CuO particles. Water-based nanofluid
also turned out to be non-Newtonian with increasing concentration of FezO4 nanoparticles [11].

The change in the rheological behavior of nanofluids with increasing nanoparticle
concentration in general should not cause surprise. Similar behavior was observed previously in
the study of rheological behavior of classical coarse dispersed fluids. Non-Newtonian behavior
of coarse dispersed fluids with increasing concentration of the dispersed particles is a known rule
[12-16]. This behavior is due to several reasons, and in particular, it is due to the dispersed fluid
structuring [17]. However, as already mentioned, the viscosity of nanofluids depends
significantly on the particle size. Nevertheless, in most studies, which were dealt with the change
in the rheological behavior of nanofluid with increasing concentration, the size of the particles
almost was not varied. Moreover, in some works it is just hard to understand what was taken as
an average size of particles used in nanofluid. For example, in the mentioned work [9] it is
indicated that particles had the size of (29+£18) nm.

The effect of nanoparticles size on the rheology of nanofluids was discussed in the only
paper [18] known to us. In this paper the properties of ethylene glycol based nanofluid with TiN
nanoparticles with average diameter 20 and 50 nm were studied. It was shown that a transition
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from Newtonian fluid to shear-thinning yield stress material with viscoelastic structure is
observed which is also sensitive to nanoparticle size. Lower the nanoparticle size, higher is the
viscoelastic structure and the yield stress when it is present.

Since in addition to the particle concentration and size the viscosity of nanofluid also
depends on the temperature and material of the particle [19-22], it is clear that exactly these
characteristics can influence rheological behavior of nanofluids. Finally, it should be noted that
often, when preparing stable nanofluids, various dispersants (surfactants) are used for their
stabilization. Surfactants usually have a fairly complex structure, and their addition in the base
fluid itself can change its structure and consequently the rheological behavior. Thus, it is clear
that a possible change in the rheological behavior of nanofluids based on Newtonian fluids can
be determined by a large number of parameters that requires systematical study of the influence
of each of them. The complexity of experimental investigation of the effect of each of these
parameters stems from the fact that it is necessary to study the rheological behavior of a large
number of nanofluids, varying just one parameter and leaving the rest unchanged. In this work,
on a systematic basis we experimentally studied the rheological behavior of nanofluids based on
water, ethylene glycol, and engine oil with particles of various metals dioxide (CuO, SiOg, TiOg,
Al>O3, ZrO», Fe;03, and Fez0s), as well as diamond. The volume concentrations of particles
ranged from 0.1 to 8%, while their size was changed from 5 to 150 nm. We have carried out
measurements in more than fifty nanofluids to investigate the effects of particle concentration

and their size on the manifestation of non-Newtonian properties in nanofluids.

2. Used materials and measurement methods

All nanofluids used in the described experiments were prepared by the so-called two-step
method. To prepare nanofluid, nanopowder, containing particles of predetermined average size,
was added in certain proportions to the base fluid. Then, the dispersed system was mechanically
stirred and subjected to ultrasonic treatment to destroy the conglomerates of nanoparticles. There
IS no universal prescription concerning the time necessary for ultrasonic treatment of the
nanofluid. In our experiments the processing time was determined so that the measured viscosity
did not change with increasing treatment time. Usually, when using the “Sapphire SC-10338”
ultrasonic bath, this time was 45 minutes. When preparing nanofluids, we have used
nanopowders obtained from different manufacturers (see Table 1).

Measurement of viscosity coefficient of the nanofluid was carried out with the help of
“Brookfield DV2T” rotational viscometer with interchangeable spindles. The viscosity of water-
based nanofluids was measured using LV-1 spindle and ULA(O) adapter to measure low
viscosities. We used also a rotational viscometer OFITE-900. In all cases the accuracy of the
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measurements was not lower 2%. In the course of measuring, shear rates y were increased

sequentially up to values of 10°s™2.

This allowed studying the dependence of the shear stress tensors of the test fluid on shear
rate and thereby determining its rheological properties. The measurements were carried out at a
constant temperature. All measurements presented below are performed at 25°C.

Table 1. Types of used nanopowders for preparing nanofluids

Nano-material | Particle size (hm) Manufacturer
SiO; 10, 16, 25 and 100 JSC “Plasmoterm” (Moscow)
Al203 50, 75, 100 and 150 JSC “Plasmoterm” (Moscow)
TiO2 71, 100 and 150 JSC “Plasmoterm” (Moscow)
ZrO; 44 and 105 JSC “Plasmoterm” (Moscow)
Fe203 18 and 50 JSC “Plasmoterm” (Moscow)
FesOy 50 and 100 LLC “Advanced powder technology” (Tomsk)
CuO 100 LLC “Advanced powder technology” (Tomsk)
C 5 FRPC “Altai”

3. Results. The effect of particle concentration on rheological behavior of nanofluids

The data of the conducted measurements are summarized in Table 2-4. Here the first
column indicates the base fluid (BF), the second column corresponds to nanoparticle material
(Np), the third column indicates characteristic particle size (D), the fourth shows volume
concentration of particles in percent (¢), the fifth corresponds to rheological behavior of
nanofluid (Rh), namely Newtonian (N) or non-Newtonian (n-N). Base fluids were water (W),
ethylene glycol (EG) and engine oil (O). Table presents about three tens of nanofluids, which
differed also in terms of the nanoparticle concentration ranged within enough wide limits. Non-
Newtonian rheological behavior was revealed in about a fifth of all of the measurements.

Table 2. Rheological properties of the studied water-based nanofluids

BF| Np |D,nm| ¢,% | Rh

W | SiO2 10 10.25-2| N
W | SiO2 16 |10.25-2| N
W | SiO2 25 |025-2| N
W | SiO2 | 100 |0.25-2| N
W | AlO3z | 50 1-2 N
W | AlO3| 75 1-2 N
W | Al,O3 | 100 1-2 N
W | AlO3 | 150 1-6 N
W | TiO> 71 2 N
W | TiO2 | 100 2 N
W | TiO2 | 150 1-6 N
W | ZrO; 44 2-8 N
W | ZrO; | 105 2-8 N
W C 5 0.25-2 | n-N




Table 3. Rheological properties of the studied ethylene glycol-based nanofluids

Present data Literature data
BF| Np |[D,nm| ¢,% | Rh Parameters Rh
EG | SiO2 25 1 N ¢ = 0.45-2.3%, N [23]
D =7-14 nm

. =0.5-7%, N [19
EG| Si0z | 100 | 1 | N | g o9y 4e g nm -
EG | ALOs | 11 1-2 | n-N ¢ = 0.5-6.5%, N [24]
EG | Al,O3 50 1-2 n-N D =43+23nm
EG | Al,O3| 75 N ¢ = 0.5-3%,
EG | Al03| 75 n-N D = 8+£3nm,

EG | Al,O3 | 100 n-N
EG | Al,O3 | 150 .25 N
EG | Al,O3 | 150 —6 | n-N
EG | CuO 100 0.1-1 N
EG| TiO, | 150 | 025 | N ¢ =1.1-5.8%, n-N [25]
D =35+17, 47+18nm,

1
2
EG | Al,O3 | 100 1 N
2
2

EG | TiO; 150 26 | n-N ¢ = 0-8%, n-N if ¢ > 1.2% [26]
D =40-200nm
EG C 5 0.25-2| N ¢ = 0.01-0.1%, n-N [27]
D =4nm

Table 4. Rheological properties of the studied engine oil-based nanofluids

Present data Literature data
BFE| Np |[D,nm| ¢,% | Rh | Parameters Rh
O | FesOs4| 50 1 N
O | FesOs| 100 1 N
O |FeOs3| 18 1 N | ¢ =0-6.6%, | n-N[9]
O |Fe03| 50 1 N | D=29+18nm
0] C 5 0.25-2 | n-N

The first experimental series was aimed at clarifying the nature of the change in the
rheological behavior of tested nanofluids at varying concentration of particles. Non-Newtonian
behavior was demonstrated by ethylene glycol-based nanofluids with particles of aluminum and
titanium oxides. In both cases the nanoparticles sizes were very close and equal to 150+5 nm.
We have studied four volume concentrations of nanoparticles, namely 0.25, 2, 4, and 6%. The
shear rate y was varied from 0.4 to 80 s™. The dependence of the viscosity coefficient x on
shear rate is shown in Fig. 1a. In both cases there is a pronounced non-Newtonian rheological
behavior of nanofluid, which strengthens with increasing concentration of nanoparticles. At that,
pure ethylene glycol is a Newtonian fluid. At low concentrations of nanoparticles, all tested

nanofluids were characterized by Newtonian rheological behavior (¢ <0.25%). Thus, we can
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state that the transition from Newtonian to non-Newtonian rheological behavior of nanofluids
takes place when increasing concentration of nanoparticles. The same rheological behavior was
observed in our previous works [28-30], when studying rheological properties of water-based
nanofluids with particles of CuO (although, there was used surfactant). At the concentration of
particles equal to 0.25% the nanofluid was Newtonian, while with increasing particle

concentration fluid became non-Newtonian.
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Fig. 1. Viscosity coefficient versus shear rate for ethylene glycol-based nanofluids
with 150 nm particles of Al>Os (a) and TiOz (b).

To establish the nature of rheological behavior of nanofluids, it is necessary to study the
dependence of its stress tensor z on shear rate. For tested nanofluids this dependence is shown in
Fig. 2. Presented dependences have a qualitatively different nature. At high particle
concentrations (4 and 6%) we observed the presence of a limit stress, whereas at the smallest
concentration (2%) within the measurement accuracy noted stress was not revealed. The
dependencies presented in Fig. 1 show that nanofluids demonstrate pseudoplastic or viscoplastic
behavior, i.e. their molecular viscosity decreases with increasing shear rate (in viscoplastic fluids
this happens starting at some limiting stress value) [31, 32]. In the first case, to describe such

fluids, a power-law fluid model is usually used
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Fig. 2. Stress tensor versus shear rate for ethylene glycol-based nanofluids
with 150 nm particles of Al>Os (a) and TiOz (b).

p=ky" (1)
while in the second case Herschel-Bulkley fluid model is applicable
po =+ k7" (2)

Here, 7, — is the yield stress of viscoplastic fluid, n — is the fluid index, while ky — is the

consistency factor.

Table 5. Consistency factors and fluid index of ethylene glycol-based nanofluids
with nanoparticles of Al>Oz and TiO> (Power-law fluid model)

Al;O3 TiO»
k,, mPa-s" n k,, mPa-s" n
52.0 0.745 256 0.542

The obtained experimental data were used to construct relevant correlations. As a result, it
was shown that with a high accuracy (validity coefficient is equal to 0.999) the tested nanofluids
at the concentration of particles equal to 2% are described by model (1), while at higher
concentrations — by model (2). In the latter case, the validity coefficient for the nanofluid with
particles of Al,O3 is equal to 1 and 0.997, while for the nanofluid with particles of TiOz it was
0.999 and 1 for the concentrations of 4 and 6%, respectively. Correlation parameters of the
power-law fluid at the particle concentration of 2%, as well as Herschel-Bulkley fluid for higher
concentrations are shown in Tables 5 and 6. The fluid index decreases with the increase in the
particle concentration, while consistency factor, on the contrary, increases, as well as the limiting

stress.



Table 6. Yield stress and rheological parameters of ethylene glycol-based nanofluids
with nanoparticles of Al2Oz and TiO> (Herschel-Bulkley fluid model)

Al,O3 TiO2
o, % | 7,, mPa | k,, mPa-s" n 1,, mPa | k,, mPa-s" n
4 121.8 57.67 0.835 | 615.5 212.4 0.696
6 382.3 140.0 0.746 | 2044 695.0 0.582

In studies [20, 21] it was shown by the molecular dynamics method that the viscosity of
nanofluids depends on the material of the particles (at identical particle concentrations and size).
Later on this was confirmed experimentally [22]. It turned out that the rheological behavior of
nanofluid also essentially depends on material of the particles. In the described experiments we
used, in particular, particles of titanium and aluminum oxides having an average particle size of
150 nm. However, their rheological characteristics at the same particle concentration were
significantly different. These differences are illustrated in Fig. 3, showing viscosity and stress
depending on the shear rate at the particle concentration of 6%. The viscosity as well as shear

stress of nanofluid with TiO. particles is higher than those in nanofluids with Al.Oz particles.
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Fig. 3. Viscosity (a) and shear stress (b) versus shear rate for ethylene glycol-based nanofluid
with Al,O3 and TiO: a particles (D = 150 nm) at ¢ = 6%.

4. Results. The effect of nanoparticle size on rheological behavior of nanofluids

It was indicated above that the viscosity and conductivity of nanofluids depend not only on
the concentration of nanoparticles, but also their size. If we recall that nanoparticles are particles
with characteristic sizes ranged from 1 to 100 nm, this becomes quite clear. Even at low
concentrations of nanoparticles, say 1%, the numerical density of nanoparticles in the disperse

fluid is very large. Particles, starting from a certain critical size, actively interact with each other.
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In addition to this, the fluid near the nanoparticles is structured [33]. Therefore, if nanoparticles
are sufficiently small, the whole dispersion fluid is structured. For this reason, we should expect
that a possible change of rheological behavior of nanofluids should depend also on the size of
nanoparticles. To test this, we have performed a series of measurements for ethylene glycol-
based nanofluids with a volume concentration of 1%, but with different particles size of Al.O3
equal to 11, 50, 75 and 100 nm (see Table 3). The obtained dependence of the molecular
viscosity coefficient on shear rate is presented in Fig. 4a. Nanofluids with large particles (75 and
100 nm) are Newtonian fluids, whereas with decreasing of particle size, they exhibit non-
Newtonian behavior. The nature of rheological behavior is determined by the dependence of
stresses on shear rate. Relevant data are shown in Fig. 4b. In principle, the rheological behavior
of the considered nanofluids at small particle sizes is well described by the power-law fluid
model (1), where ky = 96.8 mPa-s"; n = 0.572 for nanofluids with particles of 11 nm, and k, =28.1
mPa-s"; n = 0.850 — for nanofluids with particles of 50 nm. It should also be noted that in the
nanofluid with the smallest particles, it seems that the appearance of ultimate stresses is possible
(see Fig. 4b). However, the measurements accuracy at low shear rates proved to be insufficient

to give a definite answer.
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Fig. 4. Viscosity (a) and shear stress (b) of ethylene glycol-based nanofluid
containing particles of Al,O3 versus shear rate.

5. Results. The effect of base fluid on the rheological behavior of nanofluid

Certainly, it is clear from general considerations that the base fluid should also have an
effect on the rheological behavior of nanofluid. Though, the reasons for such influence have yet
to be understood. In the experiments presented in this paper, the effect of the base fluid was
studied using nanofluids with diamond particles. At that, water, ethylene glycol, and engine oil



were used as the base fluids (Tables 2-4). It turned out that ethylene glycol-based nanofluid is a
Newtonian fluid, whereas nanofluids based on water and engine oil, are non-Newtonian fluids.
In all cases, the volume concentration of the particles ranged from 0.25 to 2%. The results
obtained for water based nanofluid are shown in Fig. 5. The degree of non-Newtonian nature of
the fluid increases with increasing particle concentration, though, nanofluid with the lowest
investigated concentration of particles was non-Newtonian as well. The rheological behavior of
this nanofluid is well described by the model (1). In this case the fluid index decreases with
increasing particle concentration, while the consistency factor, on the contrary, increases
(Table 7), as for all already described nanofluids. It is quite possible that limiting stresses at low

shear rates have small values.
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Fig. 5. Viscosity (a) and shear stress (b) of water-based nanofluid
with diamond particles versus shear rate.

Table 7. Parameters of the model (1) for water-based nanofluids with diamond particles

0, % n kv, mPa-s"
0.25 0.84 6.37
0.50 0.55 24.0
1.00 0.42 101
2.00 0.29 479

6. Conclusion

The paper presents the rheological properties of several tens of nanofluids based on
water, ethylene glycol, and engine oil with nanoparticles of various oxides and diamond. Particle
concentrations and their sizes were varied within quite wide range. Tested nanofluids did not
contain any dispersants, while the base fluid was Newtonian liquid. It is revealed that in some
cases, nanofluids are characterized by non-Newtonian rheological behavior.
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The emergence of non-Newtonian properties is caused by several factors, such as the
concentration of nanoparticles, their size and material, as well as properties of the base fluid. The
change in rheological behavior from Newtonian to non-Newtonian pattern occurs with increasing
nanoparticle concentration. All investigated non-Newtonian nanofluids turned out to be either
pseudoplastic or viscoplastic. In the first case the rheological behavior of nanofluids is well
described by the power-law fluid model (1). At that, the increase of the particle concentration
leads to decrease of fluid index, while consistency factor increases. Viscoplastic fluids are
characterized by existence of limiting shear stress, and their rheological behavior is described by
Herschel-Bulkley fluid model (2). Here again, as the concentration of particles increases, the
fluid index decreases, while the consistency factor increases. It is important to emphasize that
increasing the concentration of particles in non-Newtonian nanofluid may change its rheological
model. Thus, the pseudoplastic fluid acquires a limiting shear stress and becomes viscoplastic.

Particle size is another important parameter determining the rheological behavior of
nanofluids. It is revealed that the transition from Newtonian behavior to non-Newtonian one in
some cases occurs at a given volume concentration with decreasing size of nanoparticles.
Apparently, we can argue that nanofluids with fairly small particles will always obey non-
Newtonian rheological behavior, if only their concentrations are not too small. Finally, the
rheology of nanofluids with particles of the same size produced from different materials, in
general case, will also be different.

The base fluid properties are also an important factor determining the rheological behavior
of nanofluids. In this regard, we must again note that in practice many nanofluids are produced
using various dispersants. In this case, the base fluid should be considered as a mixture of initial
liquid plus the dispersant. Adding dispersants on its own can change the rheological behavior of
the base fluid. However, even in those cases, where base fluid with added dispersant is
Newtonian the addition of nanoparticles can alter its rheological properties. Systematic study of
the effect of dispersants on the rheological properties of nanofluids will be carried out in the
framework of a special study.

It should be noted that ethylene glycol (EG) based nanofluids may have viscoelastic
structure. These properties were fixed in several papers [9, 18, 27, 34-36]. The EG nanofluids
with Fe;Os particles (29+18 nm) showing shear thinning and thixotropy [9]. A continuous
evolution with concentration from viscous to elastic nature is observed.

In recent paper [27] the viscoelastic behavior fixed in two EG nanofluids with
nanodiamonds particles at very small concentrations (mass fraction from 0.01 to 0.1). It was

presented that both examined nanofluid exhibit viscoelastic structure, with high value of storage
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modulus. The critical deformation in which the structure begins to be destroyed decreases with

increasing of volume fraction of the nanoparticles.

As we mentioned in introduction the viscoelastic behavior of the EG based nanofluids with
TiN nanoparticles (20 and 50 nm) was described in paper [18]. There is the critical concentration
of the nanoparticles when the viscoelastic structure was formed.

The viscoelastic behavior of the EG based nanofluids is very important properties from
point of view of future applications. The rheology change observed indicates structural changes
in the nanofluids as compare with based fluid. However this subject still poorly studied that
deserves further attention.
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