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Abstract:
Drag-reducing nanofluids are complex non-Newtonian fluids. Their constitutive char-
acteristics are the basis of flow mechanism analysis in porous media. However, the
rheological effects of drag-reducing nanofluids have not been thoroughly studied. In
the present work, rheological properties of several nanofluids were measured, and the
shear thickening mechanism was investigated experimentally. The results show that all the
nanofluids examined have complex characteristics and critical shear rates. The viscosity
exhibits a slow linear increase with the shear rate below the critical shear rate, while
the shear thickening power-law fluid behaviour appears above the critical shear rate. The
critical shear rate increases with the increase of particle concentration, which indicates the
injection rate needs to be controlled to avoid significant increase of nanofluids viscosity.
The rheological curve of increasing shear rate nearly coincides with that of decreasing
shear rate, which indicates that the shear thickening of nanofluids studied in this work
is transient and reversible. A constant index constitutive equation with an exponent of
0.5 is obtained from test results by the fixed index method, and its coefficient k(c) is a
linear function of the concentration, which can replace a set of conventional constitutive
equations with different concentrations. The constant index constitutive equation also
clarifies the coefficient dimension. Similar results have been obtained by analysing several
other nanofluids using the fixed index method, which validates the new effective method
for constructing the constitutive equations of non-Newtonian nanofluids.

1. Introduction
Nanotechnologies have many advantages of solving the

bottlenecks of chemical flooding and are expected to become
a strategic technology for the next generation of enhanced
oil recovery (Yuan and Wang, 2018; Moghadasi et al., 2019;
Alnarabiji and Husein, 2020). Nanofluid drag reduction tech-
nology is a new method to solve the problem of “high injection
pressure”, which seriously affects the production and recovery
from medium or low permeability reservoirs. It is one of the
important directions to improve oil recovery nowadays.

A lot of researches have been carried out and great progress
has been made in drag reduction mechanism, preparation and
field application of drag reduction nanofluids (DRNFs) (Ju
et al., 2002; Lu et al., 2003; Chen et al., 2016). Gu et

al. (2007) proposed the drag reduction mechanism that the
core wettability is reversed by competitive adsorption between
nanoparticles and water film on rock surface and the water
flow slip effect takes place. The superhydrophobic particle
adsorption layer was constructed in adsorption experiments.
Assef et al. (2014) have concluded that nanofluids (NFs) can
inhibit the migration of clay particles and improve the low
salinity and alkaline waterflooding outcomes. The preparation
of nano-powder with different particle sizes and water-based
NFs has also been greatly developed (Cheng et al., 2006; Cao
et al., 2010; Yue, 2014) and drag reduction effect is remarkable
in field applications (Hu et al., 2012; Wang et al., 2012; Yu
et al., 2012). Some results also show that DRNFs can reduce
oil-water interfacial tension, improve oil washing efficiency
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(Zhao et al., 2018; Alnarabiji and Husein, 2020), and increase
oil recovery by 5%∼15% compared with waterflooding. How-
ever, there are still many unsolved problems in rheology and
transport mechanism of NFs.

Rheology is a scientific discipline of great utility in nan-
otechnology and provides many convenient tools to explore
the influence of various physical and chemical factors on the
properties of NFs (Mohamadian et al., 2018; Jóźwiak and
Boncel, 2020). The rheology is very important for the flow
characteristics and subsequent effects of DRNFs during injec-
tion into reservoir, which has not been paid much attention.
The effect of flow rate on viscosity is usually ignored and
critical parameter values are not yet available.

NFs are non-Newtonian fluid and the rheology is com-
plex (Mohamadian et al., 2018; Navarrete et al., 2020). The
rheology behaviour of NFs depends on various factors such
as nanoparticle size (He et al., 2007; Jóźwiak and Boncel,
2020), nanoparticle concentration (Wang et al., 1999; Das et
al., 2003), nanoparticle shape (Chen and Ding, 2009; Heine
et al., 2010; Ettefaghi et al., 2013), nanoparticle structure
(Baghbanzadeh et al., 2014), surfactant (Yang et al., 2006; Lu
et al., 2007; Wang et al., 2013), shear rate (Alphonse et al.,
2009; Aladag et al., 2012; Moghaddam et al., 2013) and even
magnetic field (Hong et al., 2007; Susan-Resiga et al., 2012;
Moattar et al., 2013). Muhammad et al. (2019) found at lower
concentrations (approximately less than 23 vol%), the relative
viscosities of dispersive NFs show Newtonian behavior, and
shear thinning occurred only for non-dispersive NFs. But shear
thickening only occurs in highly concentrated NFs of more
than 23 vol%. NFs containing spherical nanoparticles can
exhibit both types of behaviour: Newtonian at low shear rate
values and non-Newtonian at high shear rate values (Sharma
et al., 2016).

The non-Newtonian fluids are mainly divided into four
categories: inelastic fluid (viscosity is not constant), fluid
with yield stress, fluid with various elastic properties and
thixotropic fluid. There are still many types in each category,
corresponding to different constitutive equations (Chan and
Mong, 1983). The respective mechanisms are also complex
and not well understood.

The DRNF is a nanodispersion containing SiO2 nanopar-
ticles dispersed in a specific liquid (Pang et al., 2016). Our
results show that the DRNF is a very complex non-Newtonian
fluid with overall shear thickening and local power law fluid
characteristics. In the understanding of shear thickening mech-
anism, there are many viewpoints. The theory of order and
disorder is one of the main theories, which states that in the
early stage of action, the external force is small, the structure
of the system is relatively stable, and the dispersed particles
are arranged in order, so it leads to shear thinning. While
the order is broken with the increase of external force, the
disorder leads to shear thickening (Catherall et al., 2000; Sha,
2013). The theory of particle clusters is another major theory
(Bossis and Brady, 1989; Petel et al., 2013). It is believed that
the structure of the system has changed under the action of
external force. When the external force is small, the van der
Waals force or hydrogen bond between the particles rapidly
recovers the damaged space structure, and the viscosity of

the system does not change significantly. When the external
force exceeds a certain critical value, the friction between the
particles increases, the particles deviate from the equilibrium
position and cannot return in time, so that they gather to form
“particle clusters”. In the flow process, when the relaxation
time is longer than the convection time, the “particle clusters”
will be formed and grow, resulting in higher viscosity. Maran-
zano and Wagner (2001) found that the microstructure of the
system does accompany the change of hydrodynamic force to
form a “particle cluster” during the shear thickening transition
through small-angle neutron scattering experiments. Muham-
mad et al. (2019) also thought the origin of shear thickening
is not the initial agglomeration but the structural formation
of nanoparticles (NPs) under shear at high NP concentrations.
Wang et al. (2013) reviewed literature available on rheology of
NFs and found Brownian motion and nanoparticle aggregation
to be the major mechanisms for rheological properties of NFs.

The constitutive equations of NFs are also the basis for the
study of fluid mechanics and transport mechanism. The consti-
tutive equation of the power-law flow of non-Newtonian fluid
is µ = kγn−1 or τ = kγn. The exponent n is a dimensionless
constant, and the dimension of the coefficient k depends on
n. The parameters of k and n are related to the concentration
of nanoparticles (Pang et al., 2016). But this equation does
not show the concentration factor, so a set of equations are
needed to represent different concentrations. Another problem
is parameter dimension uncertainty. The exponent n of dif-
ferent concentrations is different, so it causes uncertainty of
the parameter dimension, resulting in the confusion of physical
meaning. Obviously, this is very unfavorable for both problem
analysis and equation solving.

Based on the DRNF HNFIII and two other NFs with hy-
drophilic SiO2, the rheological properties of NFs were studied
to obtain the non-Newtonian types and critical parameters.
The shear thickening effects were further discussed using
increasing and decreasing shear rate experiments. A constant
index constitutive equation (CICE) was established to replace
a set of conventional constitutive equation (CCEs) of NFs with
different concentrations using the fixed index method, clarify
the dimension of the parameters and provide a new method
for constitutive equation of non-Newtonian fluid. The rheology
and shear thickening mechanism of NFs are studied, and the
critical flow velocity is analyzed, which lays the foundation for
elucidating the transport mechanism of drag-reducing NFs.

2. Preparation and test methods of NFs
The rheological properties of various NFs with shear rate

were tested by Haake rotary rheometer RS-6000 (Thermo
Fisher Scientific, USA). Outer diameter of rotor is 41 mm.
Inner diameter of stator is 43 mm. The test temperature is set
at 20 ◦C.

Nanomaterials for experiment are SiO2 nano-powders pre-
pared by Shanghai University. The size of SiO2 particles is
about 30-40 nm. HNPIII is a modified strong hydrophobic
nano-powder. Three typical NFs were prepared: (1) A DRNF
HNFIII used in the field (No. 1). The dispersion solution is a
combination of various surfactant aqueous solutions. HNPIII
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Fig. 1. The AV of NFs (No. 1) with shear rate at various concentrations
(0∼500 s−1).

particles were dispersed into dispersants and prepared into
11 NFs of 0.2wt%∼0.0025wt%. (2) A variety of NFs
of 0.05wt%∼0.15wt% prepared from hydrophilic nanometer
SiO2 dispersed to 1.0% surfactant SDS solution (No. 2).
(3) A variety of NFs of 0.05wt%∼0.15wt% prepared from
hydrophilic nanometer SiO2 dispersed to 1.0% surfactant STA
solution (No. 3).

The rheological test method is as follows: first, take ap-
propriate amount of NFs, and load it into the measuring tube.
Then, set the test parameters, such as temperature and shear
rate range. Finally, start the test. The shear rate was set from 0
to 3500 s−1 and the interval was 76 s−1. During unidirectional
shear rheological test, the shear rate first ranged from 0 to 550
or 300 s−1, then dropped to 0, and the interval was 6 s−1.

3. Results and discussions

3.1 Characteristics of shear rheology of
drag-reducing NFs

Fig. 1 shows the rheological curves of NFs (No. 1) at
different concentrations. The viscosity of NFs at different
concentrations increases with shear rate, indicating that all
the tested NFs have shear thickening characteristics, and
this viscosity is called apparent viscosity (AV). There is an
inflection point on the curve that corresponds to the critical
shear rate (CSR) γ0. When the shear rate is less than γ0, the
AV shows an insignificant linear increase trend with the shear
rate, but the slope is small and the viscosity change is limited.
So it can be regarded as Newtonian-like fluid. When the shear
rate exceeds γ0, the viscosity increases rapidly with the shear
rate, showing obvious shear thickening phenomenon, which
is the feature of power-law fluid. Therefore, NFs have the
combined features of Newtonian and power-law fluids. The γ0
values of NFs are 378 s−1, 298 s−1 and 227 s−1 at the particle
concentrations of 0.2wt%, 0.1wt% and 0.01wt%, respectively.
These indicate that the critical shear rate is different for
different concentrations of NFs. The higher the concentration,
the greater the critical shear rate and the AV. The concentration

is the dominant factor affecting the AV of NFs in the shear
rate below γ0, but the shear rate becomes the most important
affecting factor after the shear rate exceeding γ0.

In a word, the DRNF is a complex non-Newtonian fluid
with the combined characteristics of Newtonian-like fluids and
power-law fluids, which contribute to the injection and oil
displacement. In injection process of DRNF, the smaller the
viscosity, the easier the injection. It is advisable to inject by
low flux. In the process of injecting water to replace NFs
or NFs flooding, it is advisable to increase the flow rate
properly. Thus, the shear thickening will help to reduce water-
oil mobility ratio and improve the recovery. However, it is also
necessary to prevent the blockage of nanoparticles in the pore
throats or thin channels caused by high flow rate.

3.2 Discussion on shear thickening mechanism of
NFs

Whether the shear thickening mechanism of NFs conforms
to the disorder theory or the “particle cluster” theory (Bossis
and Brady, 1989; Petel et al., 2013) is unclear. The reversibility
of viscosity change was studied, and the shear thickening
mechanism was analyzed by a double-direction shear test with
increasing and decreasing of shear velocity. If the deceleration
leads to a significant difference in viscosity, it indicates
that the NFs may have a structural change, such as particle
agglomeration. Otherwise, the structure does not change.

Figs. 2(a)-(d) present the bidirectional shear rheology of
No. 1∼No. 3 NFs: A DRNF HNFIII of 0.15% (No. 1a),
a hydrophilic SiO2 nanofluid of 0.15% (No. 2b), and two
hydrophilic SiO2 NFs with two concentrations of 0.15% (No.
3c) and 0.1% (No. 3d), respectively. The shear rate increases
from 0 to 300 s−1 or 550 s−1, then decreases to 0. The red
curves represent the shear rate increase, and the green curves
represent the shear rate decrease in Fig. 2.

All the NFs tested have similar shear thickening properties
in Fig. 2. The forward and reverse shear rheological curves
basically coincide, and the values of critical shear rate are the
same, i.e., their rheology exhibits shear reversibility. The AV
decreases with shear rate decreasing, which indicates that the
nanofluid structure not only does not change irreversibly, but
also can quickly recover to its initial state.

The same type of NFs at various concentrations have shear
thickening and reversibility, indicating that the concentration
has no effect on the essential properties of the NFs.

The reversibility of the fluid indicates that the nanofluid
is only a transient physical recombination during shearing
without irreversible structural changes. From the mechanical
point of view, the force between liquid and nanoparticles can
still be balanced at low shear rate, and the particles flow
synchronously with liquid without relative motion, and the
viscosity increases slowly or remains unchanged. When the
shear rate exceeds the critical value, the equilibrium between
liquid and nanoparticles is broken and the velocity of the
base liquid is no longer consistent with that of particles.
The particles are separated from the base liquid and form
aggregates, accompanied by the turnover and collision of the
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Fig. 2. The bidirectional shear rheology of NFs: (a) DRNF HNFIII of 0.15% (No. 1); (b) SiO2 nanofluid of 0.15% (No. 2); (c) nanofluid of
1.0%STA+0.15%SiO2 (No. 3); (d) nanofluid of 1.0%STA+0.1%SiO2 (No. 3).

particles, which leads to a sharp increase in viscosity and local
inhomogeneity of the fluid. When the shear rate is reduced,
the additional shear external force decreases and transforms to
equilibrium. The velocity difference between the particle and
the base liquid decreases or eliminates, the motion tends to be
consistent, and so the viscosity decreases.

The aggregates are the so-called “cluster of particles”
observed by Maranzano et al. (2001) in scattering experiments.
However, it is clear that there is no stable binding force
in the “cluster of particles” because once the shear force
decreases or disappears, the particles will disperse and return
to their original state, which is evidenced by the reversibility
of rheology.

In summary, there are two stages in the shear process of
NFs, one is the synchronous and orderly flow of the base
liquid and the particles, which is Newtonian-like fluid flow.
The other is that the particles are separated from the base liquid
and aggregate into loose “particle clusters”. The phenomenon
from Newtonian-like fluid to fast shear thickening is similar
to the transition of fluid flow from laminar to turbulent, which
is just a change in fluid flow, not an internal structure.

3.3 The non-Newtonian types of NFs HNFIII

Fig. 3 and Fig. 4 are the shear rate-viscosity curves of NFs
before and after the critical point, respectively.

The curves show the AV has a very slow linear increasing
relationship with the shear rate before reaching the critical
point in Fig. 3. The increasing slope has the order of 10−4 only,
and the maximum increase is no more than 15%. Therefore,
it can be considered as a Newtonian-like fluid before reaching
the critical shear rate, and the AV can be regarded as a
constant, but its value is related to the concentration.

The AV increases rapidly with the shear rate after the
critical point, and all the curves follow the exponential re-
lationship in Fig. 4, which satisfies the equation η = k · γn−1

or τ = η (γ) · γ = γn , and all correlation coefficients R2 are
about 0.99.

Hence the constitutive equation of HNFIII can be ob-
tained:

{
η = av(c) γ ≤ γc

η = k (c) · γn−1
γ ≥ γc

(1)
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Table 1. Coefficients and indexes of HNFIII constitutive equations of NFs.

Concentration / wt% 0.2 0.15 0.1 0.075 0.05 0.02 0.01 0.0025

AV(c) 1.898 1.533 1.427 1.207 1.137 1.003 1.246 1.026

Coefficient k 0.11 0.089 0.088 0.087 0.086 0.083 0.082 0.077

Index n 1.52 1.539 1.532 1.525 1.523 1.523 1.522 1.522

R2 0.991 0.994 0.994 0.995 0.995 0.996 0.994 0.994
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Fig. 3. Shear rate-AV curves of NFs HNFIII before the critical point.
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Fig. 4. Shear rate-AV curves of NFs after the critical point.

In Eq. (1), av(c), k (c) and n are AV, coefficient and index
related to concentration, respectively. These values can be
obtained by fitting the AV-shear rate curves, as shown in Table
1.

The AV decreases with the concentration decrease at the
Newtonian-like fluid stage. The coefficient is around 1.0 after
the concentration is lower than 0.02wt%, indicating that the
fluid in this case is close to water. It is noted that the value at
0.01wt% is abnormal, which may relate to the test instability
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Fig. 5. The relationships between critical values and concentration of drag-
reducing NFs.

and is excluded. The AV has a good linear relationship
with the concentration. The correlation equation is av(c) =
1.472c+ 0.936 , and the correlation coefficient R2 is 0.962.
The index n is around 1.5 and larger than 1 in the non-
Newtonian fluid stage, indicating that HNFIII is a power law
fluid (expansion type). As the concentration decreases, the
index varies irregularly and the coefficient decreases.

3.4 Relationship between critical values and
concentration of HNFIII

Critical shear rate (CSR) and critical apparent viscosity
(CAV) are very important parameters at the boundary point
of two-stage flow state of NFs, which are related to concen-
trations. The curves of the CSR γc and CAV ηc versus the
concentration are plotted in Fig. 5. The two curves show a
good linear correlation with the correlation coefficients of 0.97
and 0.933, respectively. The relation equations are:

γc = 787c+205.9 (2)

ηc = 4.159c+1.127 (3)

In order to control the viscosity of NFs, the injection
rate must be below the critical value. The critical shear rate
provides a clear guidance on the injection rate of NFs. The
critical shear rate or critical AV at different concentrations can
be obtained by using Eq. (2) or Eq. (3).
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Fig. 6. The CICE of HNFIII in non-Newtonian segment.

3.5 Construction of CICE in non-Newtonian stage

As mentioned earlier, the index changes with the concen-
tration, and the dimension of the coefficient also changes. The
uncertainty of the coefficient dimension causes the confusion
of physical meaning. Moreover, the equation cannot reflect the
influence of the concentration. Theoretically for the same fluid,
the dimension of each parameter should be determined. From
Table 1, it is found that the indices n are around 1.5 in the
equations with different concentrations. Hence, assuming n is
1.5, the data were fitted with coefficients to reflect the change
in concentration, which is called fitting exponential method.

The “Fit function” provided by Mathematica was used to
fit the data. A set of equations with an index of 0.5 were
obtained. All the correlation coefficients are higher than 0.96
in Fig. 6. The general equation for these curves is given by:

µ = k (c)γ
0.5 +b (γ ≥ γc) (4)

The parameter b in Eq. (4) is very small or may be a test
error, and this part of the value can be negligible when the
shear rate exceeds the critical value. Or let µ = µ −b, so that
the Eq. (4) can be written as:

µ = k (c)γ
0.5 (5)

The coefficients of different concentrations of NFs in the
CICE were fitted to the concentration curve to obtain the
coefficient equation. The correlation coefficient was 0.964, as
shown in Fig. 7.

Finally, the relationship of viscosity, concentration and
shear velocity is obtained as:

µ = (15.61c+0.1)γ0.5 (γ ≥ γc) (6)

Eq. (6) corresponds to the CICE of HNFIII in non-
Newtonian stage. The formula shows that the viscosity of the
nanofluid is a constant exponential power function of shear
rate with an exponent of 0.5, and the coefficient is linearly
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Fig. 7. The relationship between k and c in the CICE of HNFIII.

related to the concentration. Compared with the traditional
non-Newtonian fluid constitutive equation, the advantages are
as follows: first, the concentration is no longer an invisible
factor, but a dominant parameter, which can directly reflect the
characteristics of different concentrations; second, one equa-
tion replaces a set of equations, so the expression efficiency
is improved; third, the index is determined, so the dimension
of the coefficient is also determined, and there is no more
confusion of physical meaning.

For convenience of application, the shear rate needs be
transformed into flow rate. According to the parameters of ro-
tor diameter and conversion coefficient M of rotary rheometer,
the relationship between average flow velocity and shear rate
is as follows:

v =
d

2M
· γ (7)

From Eqs. (6) and (7), we obtain:

µ = (510.16c+3.27)v0.5 (γ ≥ γc) (8)

here, v is flow velocity, m/s; d is the average diameter of the
rotor and the stator, 0.042 m; M is the conversion coefficient
of the rotor, which is 22.43 s−1/(rad/s).

Eq. (8) is the CICE of NFs expressed using flow velocity.
The method is applied to two hydrophilic NFs, No. 2 and

No. 3, and the CICE is obtained by taking the test data with
0.15% concentration, as shown in Fig. 8. The constitutive
equations of the two NFs conform to constant exponential
equation µ = k (c)γ0.5, and the correlation coefficients are
0.985 and 0.982, respectively.

3.6 Construction of dimensionless CICE

In numerical simulations, dimensionless form is often
presented to facilitate calculation and discussion. The CSR
and the CAV are used as characteristic parameters for dimen-
sionless treatment. The dimensionless variables are defined as:
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Table 2. Critical parameters of HNFIII.

C / % γc / s−1 vc / m/s µc / mPa·s
0.0025 217.1 0.203 1.195

0.010 217.1 0.203 1.223

0.025 237.3 0.213 1.243

0.050 237.3 0.222 1.297

0.075 257.6 0.241 1.382

0.100 287.9 0.270 1.590

0.150 338.4 0.317 1.828

0.200 368.7 0.345 2.063

γD =
γ

γc
, vD =

v
vc
, µD =

µ

µc
(9)

where γD, vD and µD are dimensionless shear rate, dimension-
less velocity and dimensionless AV, respectively.

First, the critical shear rate, critical velocity and critical
viscosity at the inflection point are determined according to
the curve. The results are shown in Table 2. Then, the critical
parameters of each concentration are taken as the base point,
and the dimensionless treatment is carried out according to
Eq. (8). Finally, the processed data are plotted in Fig. 9.

It can be found that the dimensionless curves are very
similar and almost coincide in Fig. 7, and the fitting curve
can be obtained as:

µD = kDvD
0.5 (10)

According to the fitting results, it is found that kD is
1.125∼1.206, which is almost the same. That is, the di-
mensionless constitutive equation is almost independent of
the concentration, which unifies the equations of different
concentrations. The intrinsic reason is still to be investigated.

4. Conclusions
The rheological properties of several NFs were measured to

obtain the non-Newtonian types and critical parameters. The
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Fig. 9. Relationship between dimensionless velocity and dimensionless
viscosity.

shear thickening mechanism is investigated by two-way ex-
periment of increasing and decreasing shear rate. A compre-
hensive explanation of order or disorder theory and particle
cluster theory is given. A CICE is established using the fixed
index method. The following conclusions can be drawn from
this study:

All the tested NFs are complex non-Newtonian fluids,
which are combination of newtonian-like and power-law types.
The NFs have shear thickening properties and critical shear
rates. The AV of NFs show a slow linear increase with the
shear rate below the critical value, while the shear thickening
characteristic of power-law fluid appears after the critical shear
rate is exceeded. The critical shear rate shows linear increasing
relationship with the concentration.

The shear thickening mechanism of NFs is that the particle
aggregation is caused by the separation of particles and base
liquid due to high velocity. Under high shearing, the structure
is subject to a transient physical change. The “particle cluster”
of NFs with uniform order and particle transient aggregation
are two different stages of NFs rheological behaviour.

A CICE of non-Newtonian fluid with an exponent of 0.5
is constructed and its coefficient k(c) has a linear relation
with the concentration. The CICE is simple and can replace
a set of conventional constitutive equations with different
concentrations. The coefficients dimension is invariant with
different concentrations, so the physical meaning is clarified.
It also provides a new method for constructing constitutive
equations of non-Newtonian fluids.

The dimensionless CICE can unify the equations of dif-
ferent concentrations. It will guide the applications of the
dimensionless CICE to drag-reducing NFs flow modeling in
porous media.
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