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A B S T R A C T   

Hybrid nanofluid (NF) is a new generation of NF that create different and sometimes desirable properties due to 
the combination of two or more nanoparticles (NPs). Also, they have higher physical properties than conven-
tional NFs in terms of thermal conductivity (TC) and viscosity. In this study, the rheological behavior of MWCNT- 
MgO (20:80)/10 W40 hybrid NF using 174 experimental data in temperature conditions T = 5–55 ◦C, solid 
volume fractions SVF = 0.05–1% and the shear rate SR = 666.5–11997 s− 1 was investigated. The results of the 
experiments show that increasing the temperature reduces the viscosity of the BF. It is observed that temperature 
changes have the greatest effect on the viscosity of NFs. To predict the viscosity of hybrid NF, an empirical 
relationship based on temperature, SVF, and SR parameters is proposed. Comparing the price-performance ratio 
of different hybrid NFs concerning price performance factor (PPF), the results of this comparison show that the 
relative viscosity may be higher than other NFs, but its PPF is lower. To fit the curve of this relationship, the step- 
by-step regression method with a determination coefficient of 0.9973 is used. The experimental data have an 
acceptable agreement with the predicted data.   

1. Introduction 

NF is obtained by suspending metal particles or metal oxide with a 
diameter of less than 100 nm in normal fluids such as oil and water. 
Today, the use of nanotechnology has found a high position in 
responding to problems and meeting human needs (Alizadeh et al., 
2023; Dai et al., 2023; Ruhani et al., 2022). One of the important 
characteristics of fluids that makes them important for various appli-
cations is their thermal conductivity of fluids, but it should be noted that 
the rheological properties of fluids are also very important due to their 
influence on pressure drop and pumping power. For this reason, most of 
the researchers’ research is on investigating the rheological properties of 
different fluids (Wu et al., 2021; Wangjian et al., 2021). One of the di-
mensions of using this technology is the use of nano in fluids to achieve 
better properties (Tian et al., 2021; Mousavi et al., 2021; Banisharif 
et al., 2021; Keykhosravi et al., 2021). The addition of solid NPs into BFs 
improves the TC of BFs (Saboori et al., 2017; Hosseinian Naeini et al., 

2016) and viscosity, which is very important in various industries. Fig. 1 
schematically shows how to prepare NF. The addition of very small 
solids significantly improves the thermal properties of BFs. 

NPs have created extensive applications for nanotechnology, which 
is generally known as science and research in the field of advanced 
materials. When the equipment made based on nanotechnology replaces 
the conventional equipment, the mechanisms are changed and some-
times several completely new functions are expected regarding the 
product. Also, many of the compounds that are presented with nano-
technology show very favorable characteristics, which are unique in 
turn. Evidence shows that a very high percentage of future products will 
rely on nanotechnology (Zhang et al., 2021). This technology can greatly 
improve the quality of human life (Guzman et al., 2006; Binu et al., 
2014). In recent years, due to the increase of human capacity in the 
production of NPs, much attention has been paid to this type of material. 
Today, NPs are used in various industries such as the electronics in-
dustry, medical applications, pharmaceuticals, automotive industry, and 
environmental processes. Due to the significant potential of this 
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technology, investment in the field of nanotechnology applications is 
growing worldwide (Valantina et al., 2018). The rheological behavior of 
NFs and their convective properties are used in heat transfer processes. 
Some applications of NFs in different equipment are shown in Fig. 2. 

TC (Ehteram et al., 2016; Hosseinian Naeini et al., 2016; Raei et al., 
2016; Abbasian Arani et al., 2016; Eshaghi and Mojab, 2017; Fuxi et al., 
2021; Jamei et al., 2021; Yang et al., 2021) and viscosity (Makinde and 
Mishra, 2017; Dezfulizadeh et al., 2021; Hosseini and Dehaj, 2021; 
Shahsavar et al., 2021) are the most important properties of fluids in 
industrial heat transfer processes. Despite the efforts of researchers to 
provide a precise relationship to determine the TC and viscosity of NFs, 
no general and unified relationship was established to determine the 
thermophysical properties of NFs. Also, the presented relations 
depending on the type of BF, SVF, and temperature show different re-
sults. Table 1 presents some of the presented relations regarding the 
viscosity of the NFs. 

As mentioned, viscosity is one of the characteristics of NFs. So far, 
many measures have been taken in this field of viscosity and various 
scientific reports have been published. In this section, some related 
works to viscosity are mentioned (Yu et al., 2021; Ghanbari and Reza-
zadeh, 2021; Cao et al., 2021; Mousavi et al., 2021; Hosseini and Dehaj, 

2021; Sun et al., 2021). Esfe et al., are leading researchers in the 
development of hybrid NFs (Esfe et al., 2015, 2017; Esfe and Sarlak, 
2017; Hemmat Esfe et al., 2015). Abdullahi et al. (Moghaddam and 
Motahari, 2017) reported the changes in rheological behavior and 
lubrication of the hybrid composition of CuO with MWCNTs NPs in 
SAE40 engine oil. The findings show that the viscosity of the hybrid NF 
was 29.47 % higher than the viscosity of BF at SVF of 1%. Alidoust et al. 
(Alidoust et al., 2022) investigated the thermal conductivity of hybrid 
NF containing SWCNTs and Fe3O4 at different SVFs and temperatures. 
Esfe et al. (Esfe et al., 2021) analyzed the dynamic viscosity of MWCNT- 
TiO2 (50:50)/5W50 engine oil NF at T = 5–55 ◦C and SVF = 0.05 % 
− 1%. The results indicate that the NF is non-Newtonian. Alirezaie et al. 
(Alirezaie et al., 2017) evaluated the rheological behavior of oil-based 
hybrid NFs at different SVFs, temperatures, and SRs. To perform this 
test, six different SVFs with percentages of 0.0625, 0.125, 0.25, 0.5, 0.75 
and 1 % at T = 25, 30, 35, 40, 45 and 50 ◦C and six SRs from 670 to 870 
s− 1 were considered. The results show that the dynamic viscosity of NFs 
decreases drastically with increasing temperature. As a result, increasing 
the SVF increases the viscosity. Nadooshan et al. (Nadooshan et al., 
2017) investigated the dynamic viscosity of 10 W40 lubricant contain-
ing hybrid NPs of 90 % silica (SiO2) and 10 % MWCNTs. NF samples 
were prepared by a two-step method with SVF = 0.05, 0.1, 0.25, 0.5, 
0.75 and 1 %. The dynamic viscosity of the samples was measured at T 
= 5 and 55 ◦C and SR = 666.5 s− 1 to 11997 s− 1. Experimental results 
show that NFs behave non-Newtonian at all temperatures, while oil 10 
W40 behaves non-Newtonian only at high temperatures. In this study, 
the dynamic viscosity of MWCNT (20 %)-MgO (80 %)/10 W40 HNF has 
been investigated experimentally and statistically. In the laboratory 
study, the effect of temperature, SVF, and SR on μ nf will be investigated. 
The approach of this article is to present a comprehensive report of the 
comparison of NPs with different percentages in engine oil against the 
performance in different environmental conditions by analyzing the 
viscosity of NFs. The purpose of this research is to create suitable vis-
cosity for engine operation in different weather conditions by adding 
suitable NPs to engine oil. Engine oil with these characteristics will in-
crease the quality and efficiency as well as the engine’s lifespan and 
prevent possible damages. It affects the moving parts of the car due to 
friction and wear. In the final part, to improve the quality and efficiency 
of nanoparticles and the durability of parts and reduce costs, the MOD 
method was used to compare the viscosity of experimental results with 
obtained results from the proposed equation. 

2. Experimentation 

2.1. NF preparation 

In this research, NFs were prepared with a common two-step method 

Nomenclature 

ρ density 
n Power-law index 
T Temperature 
γ̇ Shear rate 
τ shear stress 
m consistency index 
μr Relative viscosity 
w Weight percent 
μnf Dynamic viscosity of the NF 
μbf Dynamic viscosity of the BF 
φ Solid volume fraction 
MOD margin of deviation 
TC Thermal conductivity 
APS Average particle size 
MWCNT Multi-walled carbon nanotube 
RSM Response surface methodology 
SEM Scanning Electron Microscope 
TEM Transmission electron microscope 
XRD X-Ray diffraction  

Fig. 1. Schematic of NF preparation.  
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(Fig. 3). The first part of preparing NFs is to disperse the NPs in the BF 
and then stabilize the suspension. In this work, additive NPs consisting 
of MWCNT and MgO with a combined ratio of 20 %: 80 % were used in 
10 W40 BF (See Fig. 3). 

Methods of analysis and identification of materials are very impor-
tant because the physical and chemical properties of a product depend 
on the type of raw materials and their microstructure. Therefore, iden-
tification methods and equipment are needed to identify the 

microstructure of each material and, as a result, the properties of that 
material to conduct research and quality control of industrial products. 
Advanced TEM and XRD imaging methods are special tools in deter-
mining the structure and morphology of materials (size, shape), which 
allow studying the microstructure of materials with high resolution and 
very high magnification. According to Figs. 4 and 5, the average diam-
eter of the magnesium oxide NPs is about 50 nm, the diameter, the inner 
and outer diameters of the MWCNTs are of good quality. 

Table 1 
Examples of experimental relations of dynamic viscosity of NFs.  

year Eq. Ref. 

1906 μnf = (1+2.5φ)μbf (Einstein, 1906) 
1951 

μnf = exp
( 2.5φ

1 −
φ

φm

)

μbf 1.35 < k < 1.91 

0.523<φm < 0.740 

(Mooney, 1951) 

1952 
μnf =

( 1
(1 − φ)2.5

)

μbf 

(Brinkman, 1952) 

1959 μnf =
[
1 −

φp

φm

]

μbf φm = 0.64 
(Krieger and Dougherty, 1959) 

1967 
μnf =

9
8

⎛

⎜
⎝

(φ/φm)
1/3

1 −
( φ

φm

)1/3

⎞

⎟
⎠μbf 0.523<φm < 0.740 

(Frankel and Acrivos, 1967) 

2003 μnf =
(
0.4513e0.6965φ)μbf (Tseng and Chen, 2003) 

2007 μnf =
(

1+10.6φ+(10.6φ)2
)

μbf 
(Chen et al., 2007) 

2009 μnf =
(
A+Bφ+Cφ2)μbf (Duangthongsuk and Wongwises, 2009) 

2010 μnf =
(
1.005+.497φ − 0.1149φ2)μbf (Godson et al., 2010) 

2010 μnf =
[ 1
1 − 2.5φ

]

μbf 
(Abedian and Kachanov, 2010) 

2016 
μnf =

(
1.089+

[
− 7.722 × 10− 9 ( T

φ

)2
+ 1.1917T0.298φ0.4777

]
× exp

(
19457T− 0.453φ3.219)

)
μbf  

(Baratpour et al., 2016)  

Fig. 2. Applications of NFs in different equipment.  
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For different volume fractions, The amount of required MWCNT and 
MgO NPs is and accurately measured using a digital scale determined 
using Eq. (1) and accurately measured using a digital scale (Fig. 6) with 
an accuracy of 0.001 gr. 

φ% =

⎛

⎜
⎝1 −

0.8
(

w
ρ

)

MgO

0.2
(

w
ρ

)

MWCNT
+ 0.8

(
w
ρ

)

MgO
+
(

w
ρ

)

10W40

⎞

⎟
⎠ (1) 

By injecting NPs into the BF and preparing the NF, it is necessary to 
carry out the process of homogenization and uniformity. A magnetic 
stirrer was used to stabilize NPs in the BF, increase the quality of NFs, 
and homogenize NFs after the dispersion of the NPs into the BF. (Fig. 7. 
a). Also, to break the heavy molecules, an ultrasonic vibrator was used 
for 6 h to create more stability in the suspension and eliminate the 
agglomeration phenomenon in the NFs. Ultrasonic homogenizer (Ul-
trasonic homogenizer) is a device for converting electric current into 
mechanical vibrations, which leads to the homogenization of the ul-
trasonic system. In the liquid environment, it produces pressure waves 
and causes a “cavitation phenomenon” under the right conditions. The 
resulting sound vibration is used to synchronize and destroy the cells 
(See Fig. 7). 

Fig. 8 shows the stabilized NFs at different SVFs such that no pre-
cipitation was observed with the naked eye. 

2.2. Measurement of dynamic viscosity 

Viscosity is the most important fluid characteristic that is used to 
determine the quality and efficiency of a product. The viscometer in the 
laboratory will be responsible for an important part of the quick and 
accurate analysis of a product. Fluids that change their viscosity with 
their flow need a rheometer to measure the viscosity. Brookfield 
CAP2000 + viscometer was used to measure viscosity in different lab-
oratory conditions. Working conditions with the viscometer are listed in 
Table 2. Also, some obtained data from measuring the viscosity of NFs 
and BF are reported in Table 3. To provide results with less error and 
more accuracy in rheological behavior, optimization was done. Data 
extraction is done in two steps. In the first step, before the measurement, 
the calibration process was performed using the glycerin sample. In the 
second step, all experiments were measured four times, and then the 
average data was recorded. 

3. Results and discussion 

3.1. NF behavior 

Fluids are subdivided into Newtonian and non-Newtonian categories 

Fig. 3. MgO and MWCNT NPs.  

Fig. 4. X-ray diffraction of NPs.  
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Fig. 5. TEM of NPs: a) MgO and b) MWCNT.  

Fig 6. Digital scale for weighing the NPs.  
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Fig. 7. Ultrasonic vibration and Magnetic stirrer.  

Fig. 8. Prepared NFs.  

Table 2 
CAP2000 + Viscometer operating conditions.  

Descriptions Specifications 

0.2–1500 (pis) Viscosity 
10–13000 (sec− 1) SR 
130–230 (vac) Input voltage 
50–60 (Hz) Input frequency 
High torque: (dyne.cm)18000–18100 

Low torque: (dyne.cm)797–7970 
Torque range 

16.3(kg) Weight 
5–75 or 50–233 (◦C) Temperature 
RPM)5–1000) Rate  

Table 3 
Some data obtained from measuring the viscosity of NFs and BF.  

NPs SVF (%) T (◦C) SR (s¡1) μ(mPa.s) 

MWCNT-MgO (20–80 %)/10 W40 0.25 25 2666  170.6   
35 3999  104.4  

0.75 25 3999  182.5   
35 5332  110.6 

Oil 10 W40 0 25 3999  142.5   
35 6665  84.4  

M. Hemmat Esfe et al.                                                                                                                                                                                                                         
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depending on their reaction to shear stress. One of these categories is 
non-Newtonian fluids. In these fluids, the viscosity is a function of shear 
deformation, and the stress does not change linearly with the SR, 

τ = mγ̇n (2) 

In this respect, n represents the power-law index and m is the con-
sistency index. Fig. 9 shows the power-law index of NFs and oil 10 W40 
BF at different SVFs. n < 1 at all temperatures and SVFs indicate that all 
samples are non-Newtonian with shear-thinning behavior. 

Viscosity is a measure of the adhesion of a fluid. This adhesion occurs 
when one surface of the fluid has relative motion relative to the other 
surfaces, and this adhesion requires a large amount of force to move it 
which is called ‘shear force’. Therefore, using Fig. 10, the viscosity 

definition is as follows: 

SR /SS = viscosity 

The viscosity of NF at various SRs is presented in Fig. 11. It is shown 
that increasing temperature has a remarkable effect on reducing 
viscosity. 

3.2. Temperature and solid volume fraction 

In most cases, the viscosity depends on the temperature and SVF. As 
the temperature increases, the intermolecular force decreases and the 
molecular bonds break down more easily. The viscosity of NF samples 
decreases with the temperature at SR = 3999 s− 1 with increasing tem-
perature. As the temperature increases, the interaction between the 
molecules decreases, and as a result, the viscosity decreases. The dra-
matic decrease in viscosity due to temperature rise is illustrated in 
Fig. 12. In general, the viscosity of NF increases with increasing SVF and 
decreases with increasing temperature. 

The percent increase or decrease in the viscosity of NF with SVF is 
observed in Fig. 13 at SR = 3999 s− 1 and 6665 s− 1 and different tem-
peratures and SVFs. The highest increase in viscosity is observed at SR =
3999 s− 1, T = 45 ◦C, and SVF = 0.75 %. In this case, the turbulence 
between the NPs and the BF is aggravated. Also, at low SVFs, a decrease 
in viscosity values of up to − 5% can be seen. 

To illustrate the effect of temperature, SVF, and SR, Fig. 14 is pre-
sented. As can be seen, the effect of temperature change had the greatest 
effect on viscosity. Using this figure can also obtain critical points of 

Fig. 9. Power-law index versus svf and temperatures.  

Fig. 10. Layered motion of fluid due to shear force.  
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Fig. 11. The viscosity of SR at various temperatures.  
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response in specified ranges depending on temperature, SVF, and SR. 
Also, to investigate the simultaneous effect of two parameters on the 

viscosity of the mentioned NF, a viscosity curve for temperature and SVF 
as well as viscosity to temperature and SR is presented in Fig. 15. 

3.3. Comparison with other NFs 

The presence of NPs in the BFs changes the rheological properties of 

BFs. One of the properties that change is the viscosity of NF. Viscosity is 
the most important physical property of fluid when determining lubri-
cation needs. Due to the use of NFs in different systems, increasing or 
decreasing viscosity can be effective. Increasing viscosity enables the NF 
to withstand greater capacity and prevents friction therefore increasing 
the service life of the piece. However, the reduced viscosity reduces the 
required power for pumping of NFs, which saves energy. The viscosity 
relative to the SVF at SR = 3999 s− 1 and T = 15 ◦C and the viscosity 

Fig. 12. Viscosity versus temperature at different SVFs (a) SR = 3999 s− 1 and (b) 6665 s− 1.  

Fig. 13. Viscosity Enhancement of the hybrid NF versus SVF at different temperatures (a) SR = 3999 s− 1 and (b) 6665 s− 1.  

M. Hemmat Esfe et al.                                                                                                                                                                                                                         
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Fig. 14. Effect of (a) SVF, (b) temperature and (c) SR on the viscosity.  
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relative to the temperature at SVF = 0.75 % is shown in Fig. 16. The 
experimental data obtained from the MWCNT (20 %)-MgO (80 %)/10 
W40 NF with the results of other researches by Hemmat et al. MWCNT 
(10 %)-SiO2 (90 %)/10 W40 NF (Nadooshan et al., 2017), MWCNT(15 
%)-CuO(85 %)/10 W40 NF (Moghaddam and Motahari, 2017) and 
MWCNT(55 %)-TiO2(45 %)/10 W40 NF (Esfe et al., 2021) at different 
temperatures and SVFs in SR = 3999 s− 1 were compared. The MWCNT 
(20 %)-MgO (80 %)/10 W40 NF has the highest viscosity and the 
MWCNT(15 %)-CuO (85 %)/10 W40 NF has the lowest viscosity due to 
the different properties of MgO and CuO NPs and their different SVFs, 

which causes their difference in viscosity. 

3.4. Economic assessment 

Using an NF can be feasible if the changes made to it are cost- 
effective. The curve of price performance factor (PPF) versus SVF at T 
= 15 ◦C and SR = 3999 s− 1 to compare MWCNT (20 %) -MgO (80 %) / 
10 W40 NF performance with other results by Hemmat et al. (Mog-
haddam and Motahari, 2017; Esfe et al., 2021; Nadooshan et al., 2017), 
MWCNT(10–SiO2(90 %)/10 W40 NF (Nadooshan et al., 2017), MWCNT 

Fig. 15. MWCNT-MgO (20 % − 80 %)/10 W40 NF viscosity versus (a) temperature and SVF and (b) temperature and SR.  

Fig. 16. The viscosity of the various NFs versus (a) SVF and (b) temperature.  

M. Hemmat Esfe et al.                                                                                                                                                                                                                         
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(15 %)-CuO (85 %)/10 W40 NF (Moghaddam and Motahari, 2017) and 
MWCNT(55 %)-TiO2(45 %)/10 W40 NF (Esfe et al., 2021) is shown in 
Fig. 17. PPF is defined as the ratio of the relative viscosity of the NF to its 
cost as given in Eq.3: 

PPF =
RelativeViscosity

Price( $lit)
× 1000 (3) 

The relative viscosity of one fluid may be greater than that of the 
other NFs, but its PPF may be lower. As can be seen in Fig. 17, the 
MWCNT (10 %)-SiO2 (90 %)/10 W40 NF possesses the best PPF. 

3.5. Proposed correlation 

To curve-fitting the NF viscosity relation, a stepwise regression 
method was utilized. In this method, the effect of independent variables 
on the dependent variable is anticipated well, and the optimal value and 
portion of each variable are predicted. In the proposed equation (Eq. (4), 
the viscosity depends on SVF (φ), T, and SR (γ̇). 

μ =682.23+ 300.40 × φ − 34.61T − 0.03868γ̇ − 7.10582φT − 0.006 × φγ̇
+ 0.001Tγ̇ − 249.90φ2 + 0.68T2 + 1.22E − 06γ̇2 + 1.70φ2T
+ 0.060697φT2 + 4.04E − 07φγ̇2 − 1E − 07 × Tγ̇2 + 101.8389φ3

− 0.0054T3

(4) 

The matching of the results is shown in Fig. 18. The obtained data are 
in good agreement which shows the accuracy of the proposed relation. 

Tables 4 and 5 give the importance of each parameter and the pre-
cision Eq.4, respectively. The regression coefficient of the relation is 
0.9973 indicating high precision of the offered relation. 

The error and MOD curves versus SVF at different temperatures for 
SR = 6665 s− 1 are presented in Fig. 19. The results show good 
agreement. 

4. Conclusion 

In this study, the rheological behavior of MWCNT-MgO (20 %:80 
%)/10 W40 hybrid NF was measured and reported as laboratory analysis 
with different objectives at T = 5–55 ◦C at SVF = 0.05 % and 1 %. The 
main results of this study are classified as follows:  

• Changes in temperature and SVF caused changes in the dynamic 
viscosity of nanofluid in this study. The effects of temperature were 
greater than volume fraction.  

• It was obvious that NFs have non-Newtonian behavior in different 
temperature conditions and SVFs.  

• All NF data show non-Newtonian behavior similar to the shear- 
thinning model with n < 1.  

• The highest frequency of MOD values in different temperatures and 
SVFs were in the limit of − 50 % <MOD<+100 % and it is a sign of 
very low error of the mathematical relationship of viscosity.  

• A new theoretical relationship considering the effect of temperature 
and SVF parameters is presented to calculate the effective viscosity of 
NF.  

• A stepwise regression method was used to predict the NF viscosity 
relationship.  

• The results of comparing the PPF of different hybrid NFs show that 
the relative viscosity of this hybrid NF may be higher than other NFs, 
but its PPF is lower. 

• The studied NF will improve the quality and efficiency of the pro-
duced engine oil and prevent possible damage to the moving parts of 
the engine. It reduces the speed and increases the life of the engine, 
which will be of interest to the craftsmen. 

Fig. 18. Conformity of the results.  

Fig. 17. Comparison of a PPF of the various hybrid NFs.  
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Table 4 
Degree of the importance of terms of the proposed model.  

Source Sum of 
Squares 

df Mean 
Square 

F- 
Value 

p-value 
Prob > F 

Model  4.016E + 006 16  2.510E + 005  3591.29  < 0.0001 significant 
A-SVF  30.96 1  30.96  0.44  0.5067  
B-T  1.063E + 005 1  1.063E + 005  1520.98  < 0.0001  
C-SR  621.10 1  621.10  8.89  0.0033  
AB  7163.45 1  7163.45  102.50  < 0.0001  
AC  50.19 1  50.19  0.72  0.3981  
BC  132.61 1  132.61  1.90  0.1704  
A2  1860.56 1  1860.56  26.62  < 0.0001  
B2  1.357E + 005 1  1.357E + 005  1941.92  < 0.0001  
C2  2427.48 1  2427.48  34.73  < 0.0001  
A2B  1020.88 1  1020.88  14.61  0.0002  
AB2  3372.14 1  3372.14  48.25  < 0.0001  
AC2  174.42 1  174.42  2.50  0.1162  
BC2  3153.83 1  3153.83  45.13  < 0.0001  
A3  753.61 1  753.61  10.78  0.0013  
B3  38511.88 1  38511.88  551.06  < 0.0001  
C3  460.33 1  460.33  6.59  0.0112  
Residual  10692.67 153  69.89    
Cor Total  4.026E + 006 169      

Table 5 
ANOVA for the proposed model.  

Std. Dev. 8.36 R2 0.9973 

Mean  173.55 R2
adj  0.9971 

C.V. %  4.82 R2
pred  0.9966 

PRESS  13627.28 Adeq Precision  217.921  

Fig. 19. MOD versus the SVF.  
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