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Abstract
In this study, MWCNT-Al2O3 hybrid nanoparticles with a composition ratio of 50:50 in SAE50 base oil are used. This
paper aims to describe the rheological behavior of hybrid nanofluid based on temperature, shear rate (γ̇ ) and volume
fraction of nanoparticles (ϕ) to present an experimental correlation model. Flowmetric methods confirm the nonNewtonian behavior of the hybrid nanofluid. The highest increase and decrease in viscosity (µnf ) in the studied conditions are measured as 24% and − 17%, respectively. To predict the experimental data, the five-point-three-variable
model is used in the response surface methodology with a coefficient of determination of 0.9979. Margin deviation
(MOD) of the data is determined to be within the permissible limit of − 4.66% < MOD < 5.25%. Sensitivity analysis
shows that with a 10% increase in ϕ at ϕ = 1%, the highest increase in µnf of 34.92% is obtained.
Keywords: Hybrid nano-lubricants, Rheological behavior, Numerical simulation, Nano-lubrication conditions
Introduction
Nano-sized particle suspensions in conventional liquids
such as water, ethylene glycol, and oil are called nanofluids. Because of the high thermal conductivity and
thermal performance of nanofluids compared to conventional liquids, it has attracted the attention of many
researchers in recent years [1–3]. In 1995, Choi [4] introduced the term nanofluids to describe the applications of
nanofluids extensively in various thermal systems such as
heat exchangers, heating engines, and electronic devices
(see Fig. 1). Undoubtedly, nanofluid viscosity (µnf ) and
thermal conductivity are two important factors for nanofluids that have a direct effect on heat transfer and mass
[5–7]. The addition of nanoparticles improves the thermal properties of nanofluids such as thermal conductivity and µnf , which is very important in various industries
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[6–8]. Although much scientific research was done in
some industries, including the oil industry, to improve its
quality, the research is still in the theoretical phase and
researchers need to implement the laboratory results in
practice [9, 10].
In recent years, the research team of Hemmat Esfe[11]
started an active team in the field of nanofluid studies.
The team also opened up new avenues in optimizing the
properties of nanofluids. Esfe et al. [12] investigated the
µnf changes of MWCNT-Al2O3 nanoparticles with 5W50
base fluid at different temperatures and volume fraction
of nanoparticles (ϕ). The test results show that the µnf
increases with increasing ϕ. The reason for the increase in
µnf due to the increase in ϕ is the effect of van der Waals
force between molecules due to the formation of nanoclusters in the base fluid. Tian et al. [13] investigated the
changes in viscosity and thermal conductivity of the base
fluid after the addition of MWCNT-Al2O3 nanoparticles
at T = 25 to T = 65 °C at different ϕ. The results of this
study show that with increasing T, the µnf decreases and
heat transfer increases. Esfe et al.[14] investigated the

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

Hemmat Esfe et al. Nanoscale Research Letters

(2022) 17:4

Fig. 1 Application of nanofluids

rheological behavior of MWCNT-TiO2/SAE50 hybrid
nanofluid with ϕ=0% to 1% at T = 25 and T = 50 °C and
different γ̇ . The experimental results show that the nanofluid behavior in the relationship between shear stress
and γ̇ at all ϕ is non-Newtonian. Chen et al. [15] investigated changes in the viscosity of the base oil after the
addition of MWCNTs-TiO2 nanoparticles to the SAE50
base fluid. The results of these two experimental methods show that ANN is more reliable than curve fitting.
In another study, Jilin et al. [16] investigated the effect of
temperature and ϕ on the µnf of SAE50 engine oil in the
presence of ZnO nanoparticles. According to the results
of the reported experiments at T = 25 to 65 °C and different ϕ, the µnf increases with increasing ϕ up to 25.3%
compared to the base oil. Asadi et al. [16]. investigated
the changes in rheological behavior and µnf of MWCNT/
MgO hybrid nanofluid in SAE50 engine oil. These experiments were performed at ϕ=0.25% to 2% and a temperature of T = 25 to 50 °C. The experimental results show
that the nanofluid behavior at all temperatures and ϕ is
Newtonian. In addition, experimental results show that
increasing ϕ leads to an increase in the µnf at all temperatures. But with increasing temperature, the µnf decreases.
It was also observed that the maximum increase in µnf
at ϕ = 2% and T = 40 °C was + 65%, while the lowest
increase at ϕ = 0.25% and T = 25 °C was 14.4%.
In a study, the effect of ϕ and temperature on the behavior of nanofluid rheology with Water-EG/Al2O3 formulation with different composition ratios was investigated.
Their laboratory observations show that the maximum
increase in viscosity of nano-lubricants at T = 0 °C and ϕ
=1.5% is equal to 2.58% [17]. In another study, the behavior of nanofluid rheology with Al2O3/water formulation
was studied. The aim of the researchers in this paper is
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to investigate the effect of effective factors of temperature
and ϕ on viscosity. Their laboratory findings show that
with increasing the ϕ up to 5%, the maximum viscosity
is 135% [18]. In 2020, a study was performed on A
 l2O3/
ZnO-water nanofluid to investigate the viscosity of the
nanofluid. Their laboratory observations show that at a ϕ
=1.67% and T = 25 °C, the maximum increase in viscosity was 96.37% [19]
This research, it was tried to take a comprehensive look
at all aspects of nano-lubricant flow in the base fluid.
The approach of the paper is to provide a comprehensive
report on the performance of nano-lubricants at different conditions by analyzing the rheological behaviors of
nano-lubricant (see Fig. 2). According to the laboratory
data for nano-lubricants, the performance of µnf and the
extent of its effect from independent variables was plotted graphically and the best nano-lubricants suitable
for different operating conditions in ϕ and temperature
based on the results extracted from analytical methods. In this research, nano-lubricants will be compared
in separate sections with different purposes. In the first
part of this study, the type of nano-lubricants (Newtonian and non-Newtonian) is studied and classified by
the proposed methods. In the middle section, the role of
nano-lubricant quality in increasing the life of components and upgrading is discussed. Then, the slope of the
graph (µnf -Temperature) was examined and calculated to
determine the optimal viscosity index as one of the influential factors in evaluating the quality of nano-lubricants.
Also, the optimal µnf was modeled and investigated using
the RSM. The error values of the predicted values with
laboratory values were calculated and reported using the
MOD method. Finally, the calculation of the thermal performance index for different states shows that the use of
nano-lubricants and helical coils instead of the base fluid
and Straight tubes improves the flow performance, µnf
and heat transfer.

Methods/Experiment
Characterizations

Al2O3 and MWCNT nanoparticles were used for injection in SAE50 base oil with a 50:50 ratio with MWCNTAl2O3/SAE50 formulation. The used nanoparticles
are US-nano research products, which are graphically
reported in Fig. 3 of the physical properties of the studied
nanoparticles.
Equation 1 was used to prepare hybrid nano-lubricants
at different ϕ. Based on Eq. 1, the required mass percentage of each nanoparticle for each of the different ϕ can be
calculated and weighed using a compact digital balance
device (no air weight interference) with an accuracy of
0.001 g. In Eq. 1, w is the weight of the nanoparticles, ρ is

Hemmat Esfe et al. Nanoscale Research Letters

(2022) 17:4

Page 3 of 13

Fig. 2 The performance of nano-lubricants at different conditions

Fig. 4 Stability of non-lubricants at different φ

Fig. 3 Physical and surface characteristics of applied nanoparticles

the density of the nanoparticles and φ is the volume fraction of the nanoparticles.
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To homogenize the nanoparticles in a certain combination within the base oil, a magnetic stirrer was used for
1 h. Using a magnetic stirrer, the nanosuspension was
created with good stability. To increase the quality and
reduce the instability of the nano-lubricant, an ultrasonic
device was used for 1 h, resulting in no sedimentation,
as well as breaking of the nanoparticle clusters. Figure 4

shows the stability of nanofluids in different volume fractions from 0 to 1% for three weeks. During this period,
visual observations have shown that no sedimentation
has occurred.
A laboratory rotary viscometer was used to measure the
µnf . The Brookfield viscometer model CAP2000 + was
used to measure the µnf . The technical specifications of
the viscometer are given in Table 1.
Measurement of µnf

Temperature, γ̇ and ϕ were introduced as input of the
device, based on which µnf was measured in about 174
different experiments. The range of measuring conditions
of the device is listed in Table 2. To avoid test error and
measurement accuracy, the calibration process was performed using a glycerin sample. To increase accuracy and
reduce error, µnf measurements were repeated twice in
different laboratory conditions and then their mean was
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Table 1 Technical specifications of viscometer device
Specification

CAP 2000 +

Inlet Voltage

115–230 V

Inlet Frequency

50–60 Hz

Power consumption

Less than 345 V

Torque range

18,100 rpm

Speed

5–1000 rpm

Temperature

5–55 ˚C

Material

Conical spindles and thermal plates are made from tungsten carbide and the sample holder is made from Teflon

Impact of environmental factors

CAP 2000 + Viscometer needs to work in bellow conditions:
Environmental temperature: 5–20 ˚C
Humidity: 20–80%

Table 2 Range of conditions for measuring the µnf
Nano-lubricant

Range of laboratory conditions

MWCNT-Al2O3(50%-50%)/SAE50

T (°C)

ϕ(%)

γ̇(s−1)

25–50

0.0625–1

666.5–7998

Table 3 Some data measured by a CAP2000 + viscometer
Nano-lubricant

ϕ (%)

T (°C)

γ̇(s−1)

µ (mPa s)

MWCNT-Al2O3(50%-50%)/SAE50

0.0625

25

1333

435

0.125

30

2666

361.9

0.25

35

3999

266.2

0.5

40

5332

203.4

0.75

45

6665

156.4

1

50

7998

125.6

recorded. Some of the measured data are reported in
Table 3.

Results and Discussion
Structure and Surface Properties of Materials

Today, advanced SEM and TEM imaging and X-ray diffraction (XRD) techniques are used to understand structure and surface properties of materials, as well as to
determine their morphology (shape and size) [23–27].
According to Figure 5, SEM imaging was performed at a
1 μm scale and TEM at a 50 μm scale. Figure 5 shows the
images related to the use of SEM and TEM methods and
XRD analysis for the studied nanoparticles.
Rheological Behavior
Effect of γ̇

One method of analyzing the rheological behavior of
nanofluids is to investigate the relationship between
shear stress and shear rate applied to the fluid. According

to Eq. 2, the slope of the equation is equal to the dynamic
viscosity. Therefore, it is possible to determine the classification of fluids by determining the slope of the diagram.
Based on the rheological behavior of liquids, they are
classified into two main categories: Newtonian and nonNewtonian nanofluids. For Newtonian nanofluids, the
viscosity remains constant for shear rate changes, while
for non-Newtonian nanofluids, the viscosity becomes linear with changes in shear rate and shear stress [20].

τ=µ

du
= µγ̇
dy

(2)

For accuracy and quality of correct detection of nanofluid behavior, two curves of Apparent viscosity-Shear
rate (with negative and descending slope) and Shear
stress-Shear rate (with ascending and positive slope)
were used. The curves are plotted at the highest and lowest volume fractions under laboratory conditions and at
T = 25–50 °C. Considering that the viscosity of the nanofluid in the Apparent viscosity-Shear rate diagram is variable for the changes in the shear rate, it can be concluded
that the nanofluid is non-Newtonian. In other words,
in pseudo-plastic fluids, their viscosity decreases when
a force is applied, and the higher the force applied, the
smoother the fluid, which is seen in Fig. 6. Also, considering the slope of the viscosity variable in the Shear stressShear rate diagram, it is another sign of confirmation of
the non-Newtonian behavior of the nanofluid.
Power‑Law Index

Alternatively, the power-law model is used to detect the
rheological behavior of hybrid nano-lubricants to ensure
that the behavior of the nano-lubricants is Newtonian
and non-Newtonian. According to Eq. 3, the values of n
refer to the flow index and determine the type of nanolubricant behavior.
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Fig. 5 Images related to the use of SEM and TEM methods and XRD analysis
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Fig. 6 Shear stress and μnf change curves versus γ at different temperatures and φ

τ = mγ̇ n

Power law index

In these equations, m and n are two experimental
parameters of curve fitting and are known as the coefficient of strength and flow behavior index, respectively.
According to Eq. 3, for n > 1 the non-Newtonian behavior
is dilatant, for n = 1 the behavior is the Newtonian, and
for n < 1 the non-Newtonian behavior is pseudo-plastic.
The results in Fig. 7 and Table 4 show that in all laboratory conditions, the values are n ≠ 1. Therefore, it can
be concluded that nan-lubricant has a non-Newtonian
behavior. One of the notable points in the diagram of
Fig. 7 is the non-Newtonian behavior of a dilatant type
(n = 1.0086) in ϕ =0.25% and T = 25 °C, which is different
from other studied conditions. By applying shear force,
its viscosity increases.

n=1: Newtonian behavior

1

0.8

ϕ=0.0625%
ϕ=0.125%
ϕ=0.25%
ϕ=0.5%
ϕ=0.75%
ϕ=1%

0.6

0.4

25
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45

(3)

50

Temperature (°C)

Fig. 7 Effect of temperature and φ on power-law index

Viscosity Comparison
Relative Viscosity

By dividing the µnf per viscosity of base oil, a new concept called relative viscosity is derived. The relative viscosities of the studied nano-lubricants are calculated by
Table 4 Power-law index values at different ϕ and T
Nano-lubricants

Power-law index (n)
T = 25 °C

MWCNT-Al2O3
(50%-50%)/SAE50

ϕ= 0.0625% 0.936

ϕ= 0.125% 0.9405
ϕ= 0.25% 1.0086
ϕ= 0.5% 0.9441

ϕ= 0.75% 0.9462
ϕ= 1% 0.9324

T = 30 °C

T = 35 °C

T = 40 °C

T = 45 °C

T = 50 °C

0.919

0.9323

0.9211

0.9139

0.9127

0.9277

0.9331

0.9238

0.9179

0.9148

0.9306

0.9333

0.9289

0.9129

0.9216

0.936

0.935

0.9299

0.939

0.9209

0.9411

0.9392

0.9263

0.9233

0.9245

0.9411

0.9472

0.9382

0.9414

0.9225
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Fig. 8 Relative viscosity in terms of φ at different temperatures and γ = 3999 and 6665 s−1

Eq. 4 and examined in terms of temperature changes in
Fig. 8. Relative viscosity values greater than 1 indicate
an increase in the µnf relative to the base fluid, and conversely, values less than 1 indicate a decrease in the µnf
relative to its base fluid.

Relative viscosity(%) =

µnf − µbf
× 100
µbf

(4)

According to Fig. 8, the relative viscosity for nanolubricants is above line 1 in most ϕ, but a decrease in viscosity at ϕ =0.0625% is observed at all temperatures. At
low ϕ due to the presence of fewer nanoparticles, the slip
of the nano-lubricant layer compared to each other has
occurred and this is one of the causes of the decrease in
viscosity of the nanoparticles, the slip of the nano-lubricant relative to the base oil. However, at high ϕ, due to
the presence of too many nanoparticles, it increases the
sliding resistance between the nanoparticles, the slip of

the nano-lubricant layers, which may increase the viscosity of the nanoparticles relative to the base oil.
According to the results reported in Table 5, the highest viscosity loss was observed at ϕ = 0.0625% and
T = 35 °C (− 17%).
The Effect of Temperature on µnf

In the last part of this study, the µnf -temperature curves,
which express the effect of temperature and ϕ of the
experiment after the addition of nanoparticles in the base
oil, were evaluated. In Fig. 9, the µnf relative to the base
fluid based on the temperature at the highest and lowest
γ̇ of 3999 s−1 and 6665 s−1, with the lowest ϕ (0.0625%),
is investigated. Figure 9 shows the reduction in µnf at
all test temperatures. The results of the statistical study
in Tables 6 and 7 can accurately show the exact value of
the difference between the viscosity of the nano-lubricant
and the base fluid. One of the most important results
is that the dynamic viscosity of a fluid is a function of

Table 5 Statistical data on the relative viscosity of nano-lubricants
Nano-lubricant

MWCNT-Al2O3
(50%-50%)/SAE50

γ̇(s−1)

3999
(300 rpm)

6665 (500 rpm)

T
(°C)

µnf −µbf
µbf

× 100(%)

ϕ = 0.0625%

ϕ = 0.125%

ϕ = 0.75%

ϕ = 1%

25

0.86

1.04

1.17

1.24

30

0.86

1.05

1.15

1.21

35

0.84

1.01

1.11

1.16

40

0.85

1.01

1.10

1.14

30

0.85

1.04

–

–

35

0.83 (− 17%)

1.01

1.11

1.16

40

0.84

1.01

1.10

1.15

45

0.84

1.01

1.08

1.14

50

0.85

1.01

1.09

1.15
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Fig. 9 Comparison of the effect of temperature on μnf at φ = 0.0625%

Table 6 A comparative study of the effect of temperature on
the µnf relative to the base fluid

Table 7 A comparative study of the effect of temperature on
the viscosity relative to the base fluid

γ̇(s−1)



 µn−b f (mPa s)

γ̇ (s−1)

− 63.10

3999

T (°C)

T (°C)

MWCNTAl2O3(50%-50%)/
SAE50

3999

25
30
35
40

6665

35
40
45
50



 µn−b f (mPa s)
MWCNT-Al2O3
(50%–50%)/
SAE50

25

20.10

− 44.40

30

16.90

35

5.00

− 28.10

40

3.80

35

4.10

− 28.10

40

3.00

45

1.90

− 16.10

50

1.90

− 38.70
− 39.40
− 22.10

temperature. In fact, all laboratory data point to the fact
that the viscosity of nanofluids is a strong function of
temperature and a weak function of pressure. Because
nanofluids are incompressible materials, it is expected
that the functional form of the viscosity of nanofluids can
exhibit similar functional behavior.
Also, for the accurate and statistical study of the
µnf behavior of hybrid nano-lubricants, the difference
between the viscosities of nano-lubricants and the base
fluid at unique temperatures and ϕ (0.0625%) was calculated and is reported in Table 6. The results of Table 7
show that nano-lubricants have a high viscosity drop
compared to the base oil in all temperature ranges and
ϕ = 0.125%. This nano-lubricant at T = 25 °C had the
highest difference of − 63.10 mPa s (− 13.68%) with the
base fluid. The results of these nano-lubricants at high

6665

temperatures are slightly different from the viscosity of
the SAE50 base fluid.
Figure 10 also compares the effect of temperature on
the viscosity of nano-lubricant and base oil at ϕ=0.125%
and 0.1%. However, no decrease in µnf was observed in
the fraction of higher ϕ.
The results of the review and comparison of Table 7
confirm the claims made in the analysis of Fig. 10. Nanolubricants did not have a decrease in µnf compared to the
base oil at a higher ϕ.

Comparison of Present Laboratory Results
with Similar Researches
In this section, an attempt was made to investigate the
rheological behavior of nano-lubricants compared to
some similar studies in a comparative manner in Fig. 11
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Fig. 10 Comparison of the effect of temperature on µnf at ϕ=0.125%
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Fig. 11 Comparison of different studies with the present study

under corresponding and equal conditions in ϕ =0.25%
and 1% and T = 25–50 °C. According to the comparison
made in Table 8, it can be seen that at a high volume
fraction equal to 1%, the present study has experienced
less viscosity increase than most similar studies, so that
the highest viscosity increase was + 24.26%. Also, in ϕ
and low temperature equal to 0.25% and T = 25 °C, it
had the lowest increase in viscosity compared to other
studies. In other words, at low concentrations compared to other similar nanofluids, there was a greater
decrease in viscosity, so that the lowest increase in
viscosity was equal to + 3.57%. Therefore, the studied
nanofluid has shown better rheological behavior at

different volume concentrations and can provide higher
efficiency in the application of industry.

Impractical Results
RSM Method

The RSM is a combination of mathematical and statistical
methods, which is useful for fitting models and analyzing
problems in which the independent parameters control
the dependent parameters. The RSM is used to optimize
the process parameters and identify optimal conditions
by determining how the dependent variable relates to
the independent variable. Experimental design software
(DOE) was used to optimize the formulation obtained
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Table 8 Statistical comparison between the present study and similar research based on Fig. 11
SVF (%)

T (°C)

Viscosity enhancement (%)
Esfe et al. [20]

0.25

1

Asadi et al. [21]

Asadi et al. [22]

Current study

25

8.54

14.43

35.14

7.61

30

9.11

18.14

30.63

7.44

35

4.14

26.18

36.74

4.14

40

3.88

24.27

48.33

3.57

45

3.37

21.21

26.23

3.84

50

4.89

23.41

24.05

4.89

25

26.58

27.38

45.8

24.26

30

24.4

32.06

48.29

21.6

35

17.87

40.42

59.03

16.15

40

16.51

42.97

63.83

14.91

45

15.59

30.3

50.49

14.78

50

17.48

23.41

50.63

16.34

from RSM. According to the RSM, to construct the
regression model, the analysis of the fifth-order model
with a coefficient of determination of 0.9979 was used.
New Correlation

Equation 5 calculates the µnf at T = 25–50 °C and ϕ
=0.0625% to 1% and the γ̇ =6665 s−1 to 7998 s−1. The
value Rsqr for mathematical Eq. 5 was set at 0.9979, which
is satisfactory, as well shown in Fig. 12. It is worth noting that Eq. 5 can be used only within the scope of the
studied conditions. Due to the presence of the shear rate
factor in the relationship and its effect on the objective
response function, the non-Newtonian behavior claimed
in the laboratory can be correctly confirmed.

estimating the µnf . Tables 9 and Table 10 provide statistical data related to the experimental model and effective
parameters.
In Table 9, the value R2 indicates the fact that the percentage change of dependent variables in a problem is
explained by the independent variable of the problem.
In other words, the coefficient of determination or R2
indicates what the amounts of changes in the dependent variable of the problem is affected by the independent variable of the problem and to what extent the rest
of the changes in the dependent variable of the problem
are related to other factors in the problem. The coefficient of determination will always be between 0 and
100%, with the number 0 indicating that the model

µnf = +1993.47057 − 93.81905T − 0.028301γ̇ + 1.55329 T2 + 2751.42408ϕ 2 + 1.07551 T2 ϕ
+ 2.89310E − 005 T2 γ̇ − 211.20468 Tϕ 2 − 9.34782E − 003 T3 − 8.03890E − 003 T3 ϕ
− 3.65573E − 007 T3 γ̇ + 308.69349 Tϕ 3 − 6445.21198ϕ 4 + 2.66864E − 014γ̇ 4 − 144.72883Tϕ 4

(5)

− 5.54866E − 016 Tγ̇ 4 + 4492.35805ϕ 5
Applications of the predictive mathematical model in
this section include examining the correlation and agreement of the predicted data concerning the experimental
data (Fig. 12), determining the MOD values (Fig. 13),
and also examining the viscosity sensitivity to each factor affecting it was also mentioned. Figure 12 shows the
complete consistency between the obtained figures from
the mathematical equation and the laboratory results. As
can be seen, in most cases, the experimental and correlation data overlap or show slight deviations. This behavior
indicates that the proposed correlation has good accuracy. It can be inferred that the obtained mathematical
relation has provided a suitable prediction model for

shows no correlation with the dependent and independent variables around its mean, and the number
100% indicating that the model shows all the variability
of the response data. In Table 9, according to the coefficient of determination equal to 99.79%, it can be stated
that the proposed experimental model with acceptable
quality will predict the experimental data.
Margin of Deviation (MOD)

One of the methods to verify the quality and accuracy
of the experimental model is to use the MOD method
[28, 29]. The MOD between the laboratory results and
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Fig. 12 Correlation of predicted data with actual data

Fig. 13 Range of MOD values in all laboratory data

Table 9 Optimized modeling accuracy of three degrees
SD

6.68

R-Squared

0.9979

Mean

263.83

Adj R-Squared

0.9977

C.V. %

2.53

Pred R-Squared

0.9974

PRESS

8843.40

Adeq precision

258.970

the experimental relationships extracted from Eq. 6 is
as follows:

MOD =

µrelp re µrele xp
µrele xp

× 100

(6)

Table 10 ANOVA-RSM fifth model
Source

Sum of squares

df

Mean square

F value

p value Prob > F

Model

3.341E+006

16

2.088E+005

4678.37

< 0.0001

A-T

1.568E+005

1

1.568E+005

3512.35

< 0.0001

C-Shear rate

4531.61

1

4531.61

101.52

< 0.0001

A2

79,112.63

1

79,112.63

1772.25

< 0.0001

B2

1961.02

1

1961.02

43.93

< 0.0001

A2B

5480.95

1

5480.95

122.78

< 0.0001

A2C

246.46

1

246.46

5.52

0.0200

AB2

787.91

1

787.91

17.65

< 0.0001

A3

3894.49

1

3894.49

87.24

< 0.0001

A3B

438.98

1

438.98

9.83

0.0020

A3C

1462.99

1

1462.99

32.77

< 0.0001

AB3

4962.82

1

4962.82

111.18

< 0.0001

B4

4199.91

1

4199.91

94.08

< 0.0001

C4

1308.93

1

1308.93

29.32

< 0.0001

AB4

1417.44

1

1417.44

31.75

< 0.0001

AC4

319.98

1

319.98

7.17

0.0082

812.21

< 0.0001

B5

36,256.74

1

36,256.74

Residual

7008.42

157

44.64

Cor total

3.348E+006

173

Significant

Hemmat Esfe et al. Nanoscale Research Letters

(2022) 17:4

Figure 13 shows the calculated MOD between the laboratory results and the experimental relationships at different temperatures and ϕ based on Eq. 6. The maximum
MOD was calculated to be 5.25%. Therefore, considering
the maximum data in the appropriate range, the accuracy, quality, and validity of the model were acceptable.
Viscosity Sensitivity

Sensitivity analysis is the process of recognizing how
changes in the outputs of a given model are due to
changes in the input factors of the model (variables
or parameters). For example, if a small change in input
variables or model parameters results in a relatively
large change in output, the output is said to be sensitive
to variables or parameters. Sensitivity analysis is usually
performed through a series of experiments in which the
model maker uses different input values to determine
how a change in input causes a change in the output of
the model. Eq. (7) was used for sensitivity analysis.
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volume fraction of 1% to reduce errors in rheological
behavior analysis.

Conclusion
In this study, an attempt was made to investigate for the
first time the rheological behavior of hybrid nano-lubricants. Laboratory study of nano-lubricant behavior was
performed based on temperature; γ̇ and ϕ . Also, using
RSM, a mathematical model was presented based on
how the dependent variable is related to several independent variables. The results of the analysis are summarized as follows:
• Viscosity/γ̇ and shear stress/γ̇ diagrams show that
at different laboratory conditions, the µnf has a
pseudo-plastic non-Newtonian behavior (n < 1).
• It was found that with increasing the nanoparticles
in the base oil, the µnf should increase so that at the
highest ϕ (1%), it has grown by 24%. Increasing the





Viscosityafterchange
− Viscositybeforechange
Pre
Pre


Viscosity sensitivity =
× 100
Viscositybeforechange

(7)

Pre

In Fig. 14, the values of viscosity sensitivity to ϕ are
plotted with + 10% variation. It was observed that at high
ϕ (1%), the highest sensitivity to changes was occurred,
which is equal to 34.92%. Figure 14 shows that in variable volume fraction and constant temperature, a greater
increase in sensitivity was occurred than in the case
of variable temperature and constant volume fraction.
Therefore, it can be concluded that the sensitivity of the
objective function of the volume fraction was higher than
temperature and the necessary considerations should be
made in the preparation of nanofluids, especially in the

•

•

•

Viscosity Sensitivity Analysis
40
35

•

30
25
20
15

nanoparticles in the base fluid will increase the friction between the oil layers due to the collision of
the nanoparticles with each other and increase the
µnf compared to base oil, which can be one of the
main reasons for this.
Laboratory findings show that at low ϕ (0.0625%),
due to the presence of nanoparticles in the oil layers and slipping between them, the µnf decreases by
17%.
The behavior of µnf relationship to temperature, ϕ
and γ̇ was observed as exponential-inverse function, multi-degree-direct function, and exponential-inverse function, respectively.
The RSM has good accuracy and quality in predicting the experimental data so that the coefficient of determination and MOD are 0.9979 and
− 4.66% < MOD < 5.25%, respectively.
Sensitivity analysis shows that the highest µnf sensitivity to ϕ=1% was occurred, which was equal
to 34.92%, which requires the greatest care in the
preparation of ϕ by the laboratory operator.
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Fig. 14 Viscosity sensitivity analysis for all data at different laboratory
conditions
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