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Abstract
Nowadays, various types of engine oils are widely used in lubricating and cooling internal combustion engines. In this

study, the behavior of MWCNTs–SiO2 (30–70)/10W40 hybrid nanofluid as part of a new generation of engine oil is

investigated experimentally. A mixture of SiO2, with 20–30 nm particle diameter, and MWCNT, with 3–5 nm inner and

5–15 nm outer nanoparticle diameter was dispersed into a base fluid of 10W40 engine oil. Then, the viscosity of the

product was measured at nanofluid concentrations and temperatures, respectively, ranging from 0.05 to 1% and 5 to 55 �C,

for different values of shear rate. Also, a sensitivity analysis to the solid volume fraction was performed at different

temperatures. The results show that the behavior of the samples is well fitted with the pseudo-plastic Ostwald de Waele

non-Newtonian model. The viscosity of the produced hybrid nano-lubricant is found to be 35% greater than that of pure

engine oil. Because of the significant deviation between the measured viscosity and the values predicted by existing

classical viscosity models, a new regression model is obtained. The R2 and adj. R2 for the model are computed as 0.988 and

0.977, respectively, signifying strong predictability with ± 3% margin of deviation.

Keywords Nano-lubricants � Thermophysical properties � Rheological behavior � Sensitivity � MWCNTs–SiO2 �
Regression modeling

List of symbols
a The distance between any two nanoparticles (m)

h Nanoparticle diameter (m)

K Structure-dependent parameters

m Consistency index

n Power-law index

t Structure-dependent parameter

T Temperature (�C)

w Mass (g)

Greeks symbols
_c Shear rate (s-1)

l Dynamic viscosity (poise)

q Density (kg m-3)

s Shear stress (dyne cm-2)

u Nanoparticles volume fraction

Subscripts
bf Base fluid

nf Nanofluid

HB Herschel–Bulkley

OW Ostwald de Waele

Y Yield stress
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Introduction

The term nanofluid refers to a base fluid in which

nanoparticles under 100 nm are suspended. The study of

nanofluids has attracted considerable attention because of

its wide applications, including cooling systems, energy

harvesting, cooling electronic chips, heat exchangers,

microelectronics, microfluidics, automotive industry,

biomechanics, etc. [1–5]. According to the literature,

researchers have attempted to better understand the

underlying physics of thermophysical properties that dis-

tinguish nanofluids from other traditional fluids.

The dispersion of nano-additives within a base fluid is

why nanofluids have higher thermal conductivity compared

to traditional fluids and have become a popular subject of

research [6–11]. On the other hand, this leads to viscosity

enhancement of the mixture, which is an unfavorable

effect. Rheological properties are as important as thermo-

physical characteristics. Viscosity is an important property

of a nanofluid, indicating the resistance force against the

flow. It plays an important role in convection heat transfer

and the pumping power of systems. Clearly, the efficiency

of devices is directly linked to fluid viscosity. Hence, there

is compensation between the unfavorable increase in the

viscosity and favorable thermal conductivity enhancement.

Of course, a cooling device will be economically com-

petitive in the energy market if it has low pumping power.

Although an increase in viscosity is inevitable, fortunately,

the rectifying effects of thermal conductivity, convection

heat transfer coefficient, and the critical boiling heat flux

are much larger. Seemingly, the production of such fluids

has enormous potential for use in the next generation of

cooling systems [3, 4, 12]. There are fewer published

studies on nanofluids dealing with examining dynamic

viscosity than thermal conductivity simultaneously [11].

Many classical correlations have been proposed to predict

the viscosity of nanofluids; however, they are neither general

nor usable for a wide range of nanofluids [13–15]. Almost all

of them were obtained based on curve fitting over experi-

mental data. Thus, contradictions among the models have

been reported in the literature [15–19]. These might occur

because of different nanoparticle sizes and morphologies,

purity, uncertainties, the range of shear rate, agglomeration,

suspensions, and/or preparation methods [11].

Rheological behavior of nanofluids

The rheology of nanofluids is an important issue in engi-

neering applications since it defines the flow pattern and

affects the pressure drop. Therefore, there is a need for

accurate measurement of the rheological behavior of

nanofluids. This can be done by examining the shear

stress–shear rate dependency and studying the apparent

viscosity of nanofluids.

Rheological studies show that multiphase flows can be

classified into two classes of Newtonian and non-Newto-

nian fluids [1, 14, 16–22]. Additionally, a nanofluid might

reveal Newtonian behavior at a low solid volume fraction,

while it might be non-Newtonian at a high solid volume

fraction. Some of the characteristics determining this

behavior include the nanoparticle volume fraction, tem-

perature, fluidity of base fluid, and size of nanoparticles

[16, 23, 24]. In addition, the effect upon rheology of the use

or non-use of surfactant in nanofluids must not be disre-

garded. A study was conducted on the viscosity of silicone

oil suspended with TiO2 and SiO2 by Murshed et al. [23].

They showed that the shear stress of the investigated sili-

cone oils varies linearly with the shear rate. In fact, the

apparent viscosity was found to be shear rate independent,

namely the investigated nanofluid shows Newtonian

behavior. Similar results were reported earlier by Chen and

Xie [24] for silicon oil-based MWCNT nanofluid. Another

study was conducted on ethylene glycol-based titania

nanofluids by Chen et al. [16]. They found that the vis-

cosity varies strongly with temperature and solid volume

fraction. The mixture displays non-Newtonian behavior in

shear rates lower than 100 (s-1), beyond which Newtonian

behavior becomes apparent [25]. The variations of vis-

cosity with respect to solid volume fraction and tempera-

ture were experimentally studied by a number of

researchers [26–31]. All of them have noted nonlinear

relations for viscosity with nanofluid concentration and

temperature. This is because of the interaction between the

suspended nanoparticles.

Classic and empirical models

In spite of the presence of a large number of studies on the

viscosity prediction, establishing theoretical correlations

has been rarely investigated in the open literature due to

their complexity [17, 32, 33]. It can be stated that the lack

of such models to accurately calculate viscosity is very

sensible. Therefore, researchers use those obtained by

themselves via curve fitting to their experimental data, for

calculating viscosity.

Einstein’s model is the oldest and the most well-known

model among the theoretical models, which is the basic

correlation for viscosity prediction [34]. The model was

expressed based on a linear relationship between the vis-

cosity and the volume fraction of suspended spherical

nano-additives in diluted mixtures. Modified Einstein

models were proposed by Frankel and Acrivos [35] and

Nielsen [36], which are valid for low-concentration

nanofluids. Mooney [37] made another modification for

extremely diluted mixtures containing spherical particles.

1824 M. Rejvani et al.

123



The Graham dynamic viscosity model extended the model

of Frankel and Acrivos by considering the nanoparticle

diameter, the distance between two nanoparticles, the van

der Waals forces effect, and the Brownian motion of

spherical nanoparticles [38]. The model already shows an

excellent agreement with the Einstein model at low con-

centrations. Nowadays, concentrated suspensions are more

used in engineering applications than diluted systems. De

Bruijn [39] modified the Einstein model to provide a better

agreement at higher concentrations. The Einstein model

was also modified by Brinkman [40] for mixtures with a

solid volume fraction larger than 4%. Taking the Brownian

motion of spherical nanoparticles into account, Bachelor

[41] proposed a model able to accurately predict the vis-

cosity of high-concentration mixtures, even up to 10%

solid volume fraction.

Considering the probability of forming agglomerates

and appearing new structures within dispersed systems,

Krieger et al. [42] established their power-law-based semi-

empirical effective viscosity model as follows.

leff ¼ lf 1 � u
um

� �� l½ �um

ð1Þ

where l (= 2.5) is the intrinsic viscosity of hard spherical

particles, and the maximum concentration, um, is equal to

0.605 at high shear rates and takes values in the range of

0.495–0.54 in the quiescent condition. The above relation

is usable for any volume fraction of monodisperse

nanoparticles suspended in a base fluid.

Hemmat Esfe et al. [19] obtained a regression model for

the viscosity prediction of nano-lubricant containing zinc

oxide nanoparticles (ZnO) in terms of concentration

(Tables 1, 2).

lnf

lbf

¼ a0 þ a1uþ a2u
2 þ a3uLn uð Þ ð2Þ

where the subscripts nf and bf denote nanofluid and base

fluid, respectively, and u denotes the nano-lubricant

concentration. The constants ai are calculated at distinct

temperature intervals ranging from 5 to 55 �C in order to

offer a more accurate model [19].

Nanofluids containing CNT

Nanofluids suspended with CNTs are the most popular

among other types of nanofluids because of the high ther-

mal conductivity of CNTs as compared to other nanopar-

ticles. However, few studies have been conducted on

viscosity measurement [16–18].

Estelle et al. [50] studied the effect of shear rate on the

nanofluid flow behavior of water-based MWCNT. They

reported that such a nanofluid shows viscoelastic and

pseudo-plastic behavior at low and high shear rates,

respectively. In another study, Halelfadl et al. [51] con-

sidered the impact of temperatures ranging from 0 to 40 �C
in various MWCNT concentrations. A summary of rheo-

logical properties and important outcomes is gathered in

Table 3. Some of the studies show a decreasing trend of

viscosity with shear rate [52]; in contrast, an inverse trend

has been reported by many studies [53–55]. Reference [56]

reported that viscosity depends on the duration of sonica-

tion, so that the viscosity increases as sonication is

increased, reaches a peak point, then decreases after about

7-min sonication.

Nanofluids containing silicon dioxide

Regardless of the properties of the base fluid, nanofluids

containing SiO2 reveal Newtonian behavior at a vast range

of shear rates. Richmond et al. [57] found that adding TiO2

nanoparticles to water-based SiO2 nanofluids change the

shear stress–shear rate relation from linear to nonlinear. As

a matter of fact, the suspension of SiO2 into any base fluid

causes the mixture to behave as Newtonian [58, 59].

Rheological properties of various types of nanofluids

containing SiO2 are listed in Table 4. Since the current

Table 1 A brief list of

theoretical models for effective

nanofluid viscosity

References Viscosity models

Einstein [34] leff ¼ lf 1 þ 2:5uð Þ
de Bruijn [39] leff ¼ lf= 1 � 2:5uþ 1:552u2ð Þ
Mooney [37] leff ¼ lf exp 2:5u

1�u=um

� �

Brinkman [40] leff ¼ 1

1�uð Þ2:5 lf

Frankel and Acrivos [35] leff ¼ 9
8

u=umð Þ1=3

1� u=umð Þ1=3

h i
lf

Nielsen [36] leff ¼ lf 1 þ 1:5uð Þ exp u
1�um

� �

Bachelor [41] leff ¼ lf 1 þ 2:5uþ 6:2u2ð Þ
Graham [38]

leff ¼ lf 1 þ 2:5uþ 4:5 1= H
dp

� �
2 þ H

dp

� �
1 þ H

dp

� �2
� �� �
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study has mainly emphasized viscosity measurement,

examining the viscosity of both the base fluid and the

mixture shows how viscosity is affected by other factors.

The dispersion of CNT, SWCNT, and MWCNT in pure

liquids has been the subject of numerous studies, due to

their attractive thermophysical and rheological properties

[60–64]. However, nanofluid merely suspended by CNT is

not widespread or commonplace for industrial purposes

because of its high production costs. One of the current

challenges in front of scientists is the production of

nanofluids for various applications. The simultaneous use

of more than one type of nanoparticle might reduce pro-

duction costs and provide better heat transfer efficiency and

lubricating performance. This is why, in the last decade,

studies have tended to focus on oxide nanoparticles, e.g.,

SiO2 and CNT as hybrid nanofluids.

Hybrid nanofluids

Given the importance of the rheological properties of

water-based drilling fluids, Baghbanzadeh et al. [66] car-

ried out a comparative examination of four different water

suspensions containing SiO2, MWCNT, MWCNTs–SiO2

(30–70), and MWCNTs–SiO2 (50–50) nanoparticles.

According to the results, the viscosity and density of

nanofluids increase with concentration while decrease with

temperature. It was shown that the viscosity of MWCNTs–

SiO2 (50–50)/water nanofluid increases (at least up to

8.2%) at high nanofluid concentration (1 mass%). The

results also indicated that the density of base distilled water

of MWCNTs–SiO2 (80–20) nanoparticles was almost

independent of solid volume fraction; the figure for

MWCNTs–SiO2 (50–50) nanoparticles did not exceed of

Table 2 A brief list of empirical models for effective nanofluid viscosity

References Correlation d/nm Temp./�C Conc./% Material

Wang et al. [43] leff ¼ lf 1 þ 7:3uþ 123u2ð Þ 28 Ambient temperature 0–6

0–3.5

Al2O3/water

Al2O3/EG

Hemmat Esfe et al. [44] leff ¼ lf 38:158u� 0:0017357Tð
þ1:1296Þ

Inside diameter

5–10

25–55 0.05–1 COOH-functionalized

MWCNTs/water

Hemmat Esfe et al. [45] leff ¼ lf 0:9118 exp 5:49uðð
�0:00001359T2Þ þ 0:0303Ln Tð ÞÞ

18 25–50 0.25–5 ZnO/EG

Hemmat Esfe et al. [46] leff ¼ lf 1 þ 3:575uð
þ6032:93u2 � 1153669u3Þ

Inside diameter

1–3

26.8 0.01–0.4 COOH-functionalized

DWCNTs/water

Esfe et al. [47] leff ¼ 15:89 þ 614:4u� 14526u2 10 23–55 0.1–2 Mg(OH)2–EG

Hemmat Esfe et al. [48] leff ¼ lf 1 þ 0:1008u0:69574d0:44708
p

� �
37

71

98

Ambient temperature 0.0313–1 Fe

Hemmat Esfe et al. [49] leff ¼ lf 1 þ 32:795u� 7214u2ð
þ7146u3 � 0:1941 � 103u4Þ

25

40

Ambient temperature 0–2 Ag–MgO/water

Table 3 Brief experimental results of the viscosity of nanofluids containing CNT

References CNT/base fluid Rheological behavior Results

Phuoc et al. [52] MWCNT/W Non-Newtonian @ 0.5 mass% CNT, lr = 0.80

Hung and Chou [54] MWCNT/W – @ 0.25 mass% of CNT, lr = 2.27;@ 1.5 mass%

of CNT, lr = 3.33

Harish et al. [55] SWCNT/W – @ 0.3 vol% of CNT, lr = 1.30

Halelfadl et al. [51] and

Estellé et al. [53]

MWCNT/W Both Newtonian and

non-Newtonian (pseudo-plastic)

@ 0.055 vol% of CNT, lr = 0.92;

@ 0.55 vol% of CNT, lr = 5.2 and 1.5 with

SDBS and lignin

Sadri et al. [56] MWCNT/W Both Newtonian and

non-Newtonian (pseudo-plastic)

Viscosity has increasing trend for the sonication

time less than 7 min. The trend is

reversed for more than 7-min sonication
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0.9% even at high concentrations. The rheological behavior

of Al2O3–MWCNT (65–35%)/5W50 hybrid nano-lubricant

was studied by Hemmat Esfe et al. [67] to facilitate its use

in the automotive industry. Aluminum oxide nanoparticles

with an average diameter of 50 nm combined with

MWCNTs with the internal diameter of 3–5 and an outer

diameter of 15–15 nm. The dynamic viscosity of the hybrid

nano-lubricant samples was measured for solid volume

fraction, temperature, and shear rate, respectively, in the

ranges of 0–1%, 5–55 �C, and 10.664–666.5 s-1. As a

result, it turned out that the investigated hybrid nano-lu-

bricant behaves as a non-Newtonian pseudo-plastic (shear

thinning) nanofluid. Engine oil is used to reduce friction

between moving elements. The rheological behavior of the

TiO2–MWCNT (45–55%)/10W40 composite nano-lubri-

cant was investigated by Hemmat Esfe et al. [22]. The base

fluid (10W40 engine oil), as well as the nano-lubricant,

behaves non-Newtonian at temperatures ranging from 5 to

55 �C and at a high shear rate of 12,000 s-1.

It is favorable that the viscosity of a nano-lubricant

whose base fluid is an oil engine increases with tempera-

ture. Accordingly, viscosity is an important property in

engine oil. Researchers have increased the viscosity of

ZrO2–MWCNT/10W40 hybrid nano-lubricant by dispers-

ing nanoparticles in engine oil at high temperatures [21].

Viscosity determination and optimization of thermophysi-

cal properties of nano-oils have attracted the attention of

many researchers; however, many questions still remain

unanswered [68, 69].

Although extensive research has been conducted on

rheological behavior of nanofluids, to the best of our

knowledge, very few studies have been carried out exper-

imentally for the case of oil-based suspensions containing

MWCNT and SiO2 nanoparticles. The main purpose of the

current paper is to study the rheological behavior of

MWCNT–SiO2/10W40 nano-lubricant with the relative

fraction of 30:70 (30% corresponds to the MWCNT and

70% corresponds to the SiO2 nanoparticles). All of the

experiments were performed in nanofluid concentrations

and temperatures, respectively, ranging from 0.05 to 1%

and 5 to 55 �C, for different values of shear rate. The

results were compared against pure 10W40 engine oil. The

nonlinear feature of viscosity with temperature has been

tackled through the development of a third-order polyno-

mial regression correlation with temperature-dependent

coefficients. So that six set of coefficients associated with

5, 15, 25, 35, 45, and 55 �C have been obtained. Then, the

sensitivity of viscosity to solid volume fraction and tem-

perature was discussed.

Experiments

Samples were prepared by dispersing SiO2 nanoparticles

with diameters ranging from 20 to 30 nm and MWCNT

nanoparticles with inner and outer diameters ranging from

3 to 5 nm and 5 to 15 nm, respectively, into 10W40 engine

oil. They were mixed together at the fraction of

MWCNT=SiO2 ¼ 3=7. Equation (3) was used to calculate

the nanofluid concentration.

u ¼
w
q

���
MWCNT

þw
q

���
SiO2

w
q

���
MWCNT

þw
q

���
SiO2

þw
q

���
10W40

ð3Þ

Table 4 Brief rheological properties of nanofluids containing SiO2

References Base fluid Nanoparticle

size (nm)

Shear

rate/s-1
Concentration Morphology Results

Richmond

et al. [57]

Deionized

water

0.16 0–500 0.468 Prismatic

irregular

prism

Newtonian fluid

Mondragon

et al. [58]

Distilled

water

12 0.1–1000 0.002–0.132 Spherical Newtonian behavior for the nanofluid concentration less

than 0.069%

Non-Newtonian behavior (shear thinning) for very

concentrated nanofluids

Chevalier

et al. [59]

Ethanol 10–100 1–1000 0.4, 0.7, 1.1,

1.3

1.6, 2.6, 3.1

Spherical The investigation of suspension rheology behavior in

extremely high shear rate

Newtonian behavior throughout the range of shear rate

Anoop et al.

[65]

Paraffin

mineral

oil

1–1000 20 1–2 Spherical Newtonian behavior of the base fluid and nanofluid at

30 �C
Non-Newtonian behavior of the base fluid and nanofluid

with increasing pressure and temperature till 100 �C
Dynamic viscosity of the base fluid is increased with

pressure
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where w, q, and u denote the mass, density, and volume

fraction of nanoparticles, respectively (Tables 5, 6).

Figure 1 shows the morphology identification and

structural specifications of SiO2 and MWCNT. The phase,

shape, and size of a crystal could be determined via X-ray

diffraction (XRD) along with other structural characteris-

tics including the distance between the crystal layers, the

orientation, and position of the crystal, the crystallinity

measurement of the sample, and the composition of the

crystal atoms and its structure. It works based on X-ray

radiation to sample at various angles and analyze the pat-

tern of diffraction or reflection. Figure 1 also shows a

magnified image provided by transmission electron

microscope (TEM). The basis of TEM is similar to that of

optical microscopes, except that electron beam is used

instead of light. The use of light is limited to transparent

structures while using electrons remove this restriction. As

a matter of fact, TEM is a nano-sized slide show projector

in which the beam of electrons passes through the image.

The electrons that pass through the object collide with the

phosphorescent curtain, causing the image of the object to

appear on the curtain. Darker parts indicate that fewer

electrons have crossed this part of the body (this part of the

sample has a higher density), and the lighter areas are

places wherein the electrons pass through (low-density

parts).

In the first step, using digital mass scales, MWCNT and

SiO2 nanoparticles corresponding to their mixing ratio

(3:7) and based on 1% maximum concentration were

weighted with the maximum error of 0.0001 g. They were

well mixed together prior to being suspended into 10W40

engine oil. Using a magnetic blender, the suspensions

containing the hybrid nanoparticles dispersed into the

engine oil were perfectly blended for 75 min. Because of

the high probability of agglomeration and clustering even

in nanoscale, an ultrasonic processor (Kimia Nano Danesh

(KND), I. R. Iran), with a power of 800–1200 W and fre-

quency of 20 kHz, was utilized to crush them. The

stable and homogeneous samples, with volume fractions of

0.05%, 0.1%, 0.25%, 0.5%, 0.75%, and 1%, are depicted in

Fig. 2.

Viscosity measurement

The dynamic viscosity of the samples was measured by

changing the shear rate from 666.50 to 11997 s-1 at tem-

peratures of 5 �C, 15 �C, 25 �C, 35 �C, 45 �C, and 55 �C.

A Brookfield viscometer, made by Brookfield engineering

laboratories (USA), was utilized to measure the viscosity of

samples. The instrument measured the viscosity with a

maximum uncertainty and reliability of 0.2%.

Accuracy of measurements

Apparatus calibration was performed prior to sample test-

ing by examining the viscosity of glycerin at room tem-

perature, 300 K. After doing three tests, it was measured as

9.26 poise, while the figure was documented as 9.5 poise.

Therefore, it can be said that the viscometer works with

2.5% uncertainty. The tests were repeated at all of the

nanoparticle volume fractions and temperatures, and then,

mean values were reported to reduce the noise of the setup.

Results and discussion

Rheological behavior investigation

The rheological behavior of fluids, particularly nanofluids,

is an important factor affecting thermal conductivity and

pressure drop. In other words, the convection heat transfer

coefficient and pumping power exhibit significant sensi-

tivity to viscosity. Many studies have reported that the

increase in heat transfer due to adding nanoparticles is

associated with an increase in viscosity. Needless to say,

the former is favorable and the latter is unfavorable

although the heat transfer enhancement is more than the

increase in viscosity [7, 8, 70, 71].

Bearing in mind that the lubrication efficiency of fluids

is a function of their rheological behavior, it is clear that

Table 5 Physicochemical characteristics of MWCNTs

Parameter Value

MWCNTs SiO2

Color Black White

Purity [ 97% [ 99%

Length *50 um (TEM) –

Diameter Outer diameter: 5–15 nm

Inner diameter: 3–5 nm

20–30 nm

Thermal conductivity 1500 Wm-1 K-1 1.3 Wm-1 K-1

Bulk density 0.27 g cm-3 \ 0.10 g cm-3

True density * 2.1 g cm-3 5.4 g cm-3

Table 6 The properties of engine oil (10W40)

Parameter Value

Density at 60 �F (15.6 �C) 827 kg m-3

Kinematic viscosity at 100 �F (38 �C) 108.5 cSt

Kinematic viscosity at 210 �F (99 �C) 15.4 cSt

Viscosity index 149

CCS viscosity at - 13 �F (- 25 �C) 6270 cP

Flashpoint 220 �C
Pour point - 33 �C

1828 M. Rejvani et al.
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the prediction of rheological behavior is key to designing

efficacious cooling devices. The rheological behavior of

fluids can be studied by exploring the responses of the

apparent viscosity and the shear stress with respect to

changes in the imposed shear rate. The apparent viscosity

and shear stress of pure oil 10W40 and MWCNTs–SiO2

(30–70)/10W40 were examined at various temperatures

and solid volume fractions, as depicted in Fig. 3. Nonlinear

variations of the apparent viscosity and shear stress with

respect to the shear rate are seen in Fig. 3. From this, it can

be inferred that the nano-lubricant is sorted as a non-

Newtonian fluid. Since various types of non-Newtonian

fluids exist and are widely utilized in industry, it is

important to find out which of the non-Newtonian models

best describes the behavior of the present nano-lubricant.

We must compare the experimental data against well-

known models and establish the best correlation, if

necessary.

Using the Herschel–Bulkley model [72] and the Ostwald

de Waele relationship, the function followed by the nano-

lubricant can be explored.

sOW ¼ m _cn ð4Þ

sHB ¼ sy þ K _ct ð5Þ

where _c is shear rate and m and n are consistency and

power-law indexes, respectively. Equation (4) is used

when the mixture has no minimum yield stress, in other

words, when the variation of the shear stress with respect to

the shear rate starts from the origin. According to Eq. (4),

the fluid is Newtonian if n is equal to 1, since the shear

stress would be in linear relation to shear rate. n[ 1 and

n\ 1 correspond to pseudo-plastic (shear thinning) and

dilatant (shear thickening) fluids, respectively. Also, t and

K are structure-dependent parameters. Equation (5) is used

for the so-called Bingham fluids, in detail, when a fluid

behaves as a solid until a minimum yield stress, sy, is

exceeded. A summary of the models and their corre-

sponding correlations are tabulated in Table 7.

Passing on all the curves of Table 7 on the experimental

results illustrated in Fig. 3, the behavior of the nano-lu-

bricant would be cleared. The R2 values for the four models

are listed in Tables 8–11 in order to analyze the accuracy

and the deviation of the models.

Tables 10 and 11 show that the Ostwald de Waele and

Herschel–Bulkley models are well fitted to the experi-

mental data in comparison with the Newtonian and Bing-

ham plastic models. The difference R2 data are gathered in

Table 12 to provide a better insight into how the Ostwald

de Waele and Herschel–Bulkley models work, and which

one is better. According to Table 12, the positive values are

more than the negative values, which means that Ostwald

de Waele model is more capable of capturing the true

behavior as compared to the Herschel–Bulkley model.

Disregarding the uncertainties, the rheological behavior

of MWCNTs–SiO2 (30–70)/10W40 nano-lubricant can be

estimated by the power-law model with a high desirability.

The rheological behavior of MWCNTs–SiO2 (30–70)/
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10W40 nano-lubricant follows the pseudo-plastic model as

shown in Tables 13 and 14.

The constants m and n were calculated by the following

equation. The slope and y-intercept are denoted by n and m,

respectively.

Ln sð Þ ¼ Ln mð Þ þ nLn _cð Þ ð6Þ

Figure 4 graphically shows the logarithmic variation of

shear stress with respect to the logarithmic variation of

shear rate. Similar behavior for zinc oxide nano-lubricant

has been reported by Hemmat et al. [19].

Figure 5 shows how the consistency index, m, varies

with the solid volume fraction and temperature. The con-

sistency index has a decreasing trend, reaching a trough

near 45 �C before increasing. As is seen from Fig. 5a, the

sensitivity of m to temperature becomes less as the tem-

perature is increased. It can be concluded that increasing

the temperature hampers the severe decreasing trend of the
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Table 7 Summary of constitutive equations for fluid behavior

Fluid Yield stress Flow behavior index Constitutive equation Parameters

Newtonian sy ¼ 0 n ¼ 1 s ¼ l � du
dr

	 

¼ l _cð Þ l

Bingham plastic sy [ 0 n ¼ 1 s ¼ sy þ K � du
dr

	 

¼ sy þ K _cð Þ sy;K

Ostwald de Waele

Pseudo-plastic sy ¼ 0 n\1 s ¼ m � du
dr

	 
n¼ m _cð Þn m; n

Dilatant sy ¼ 0 n[ 1

Herschel–Bulkley

Yield pseudo-plastic sy [ 0 t\1 s ¼ sy þ K � du
dr

	 
t¼ sy þ K _cð Þt sy;K; t

Yield dilatant sy [ 0 t[ 1

Table 8 R2 value of Newtonian equation fitted on shear stress–shear

rate diagram

R2 Solid volume fraction/%

T/�C 0 0.05 0.1 0.25 0.5 0.75 1

5 0.9891 0.9898 0.9923 0.9922 0.99 0.9891 0.9911

15 0.9876 0.9879 0.9884 0.9886 0.99 0.9879 0.9887

25 0.9847 0.986 0.9899 0.9697 0.99 0.9871 0.9878

35 0.9817 0.9843 0.9847 0.9814 0.99 0.9785 0.9227

45 0.9806 0.982 0.9723 0.975 0.97 0.908 0.9753

55 0.8814 0.9193 0.9288 0.9285 0.96 0.9617 0.9546

Table 9 R2 value of Bingham plastic equation fitted on shear stress–

shear rate diagram

R2 Solid volume fraction/%

T/�C 0 0.05 0.1 0.25 0.5 0.75 1

5 0.999 0.9993 0.9995 0.9995 0.9994 1 0.9995

15 0.9989 0.9991 0.999 0.999 0.9992 1 0.9991

25 0.9992 0.9995 0.999 0.9997 0.9989 1 0.9988

35 0.9994 0.9989 0.9992 0.9992 0.9994 1 0.9993

45 0.9992 0.9994 0.9986 0.9996 0.9983 1 0.9995

55 0.9999 0.9854 0.9896 0.996 0.9953 1 0.9908

Table 10 R2 value of Ostwald de Waele equation fitted on shear

stress–shear rate diagram

R2 Solid volume fraction/%

T/�C 0 0.05 0.1 0.25 0.5 0.75 1

5 1 1 1 1 1 1 1

15 1 1 1 1 1 1 1

25 0.9999 1 1 0.9999 1 1 1

35 0.9999 0.9998 0.9999 0.9999 1 1 1

45 0.9995 0.9999 0.9996 0.9999 0.9993 1 0.9999

55 0.9988 0.9858 0.991 0.9955 0.9990 1 0.9933

Table 11 R2 value of Herschel–Bulkley equation fitted on shear

stress–shear rate diagram

R2 Solid volume fraction/%

T/�C 0 0.05 0.1 0.25 0.5 0.75 1

5 1 1 1 1 1 1 1

15 1 1 1 1 1 1 1

25 0.9999 1 0.9957 1 1 1 0.9999

35 0.9999 0.9998 0.9999 0.9999 1 0.9998 1

45 0.9995 0.9999 0.9996 0.9999 0.9993 1 0.9999

55 1 0.9854 0.991 0.996 0.9953 0.9975 0.9933
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viscosity by the temperature. Therefore, the interaction of

temperature with itself is negative. Although m is highly

affected by temperature, it is a weak function of the solid

volume fraction, which is more evident at higher values of

u.

The variation of the power-law index, n, with respect to

the temperature in various solid volume fractions is illus-

trated in Fig. 6. As previously depicted in Table 13, the

investigated nano-lubricant behaves like a pseudo-plastic

fluid. The inference is better supported by Fig. 6. As

shown, a higher temperature is associated with a larger

deviation from Newtonian behavior. The departure

becomes higher with a maximum of 25% at 55 �C. Also,

55 �C is the temperature at which n experiences a signifi-

cant variation, and the sensitivity of n to the temperature

became highest at high temperature and low volume

fraction.

The impacts of concentration and temperature
on dynamic viscosity

Nano-lubricant viscosity at various solid volume fractions

and temperatures and at a special shear rate is depicted in

Fig. 7. Generally speaking, the viscosity of the nano-lu-

bricant is higher than that of the base fluid, the engine oil.

The dynamic viscosity is in a direct and in an inverse

relationship with the temperature and solid volume frac-

tion, respectively. The monotonically increasing impact of

the solid volume fraction on dynamic viscosity is evident.

The interaction forces between the SiO2 and MWCNT

molecules are responsible for the changes in viscosity.

Nanoparticles adhering together leads to cluster forma-

tion. The existence of clusters in the suspension is followed

by increasing the friction between the solid surfaces and

oil, so that the more the number of clusters, the rougher the

flow. Consequently, concentration plays an important role

in viscosity enhancement. On the other hand, the effect of

temperature on viscosity is inevitable. As expected and

Table 12 Difference R2 value

of Ostwald de Waele and

Herschel–Bulkley equation

R2 (OW) - R2 (HB) Solid volume fraction/%

T/�C 0 0.05 0.1 0.25 0.5 0.75 1

5 & 0 & 0 & 0 & 0 & 0 & 0 & 0

15 & 0 & 0 & 0 & 0 & 0 & 0 & 0

25 & 0 & 0 0.0043 - 1E-04 & 0 & 0 1E-04

35 & 0 & 0 & 0 & 0 & 0 & 0 &0

45 & 0 & 0 & 0 & 0 & 0 & 0 &0

55 - 0.0012 0.0004 & 0 - 0.0005 0.00037 & 0 & 0

Table 13 m-index (mPa st)

factor Ostwald de Waele model

for hybrid nano-lubricant

m index Solid volume fraction/%

T/�C 0 0.05 0.1 0.25 0.5 0.75 1

5 1.236 1.321 1.321 1.312 1.406 1.59 1.533

15 0.6933 0.7578 0.7908 0.8188 0.824 0.8728 0.8875

25 0.4041 0.4295 0.4403 0.7373 0.4748 0.5295 0.5382

35 0.2627 0.2844 0.2973 0.3381 0.3034 0.3819 0.3568

45 0.171 0.1906 0.2508 0.2456 0.2472 0.3014 0.2693

55 0.3935 0.2783 0.276 0.3028 0.2111 0.2175 0.2408

Table 14 n-index factor

Ostwald de Waele model for

hybrid nano-lubricant

n INDEX Solid volume fraction/%

T/�C 0 0.05 0.1 0.25 0.5 0.75 1

5 0.8749 0.8786 0.8928 0.892 0.8859 0.8747 0.8854

15 0.8721 0.8736 0.8759 0.8766 0.8769 0.8734 0.8771

25 0.8743 0.879 0.8831 0.8317 0.8791 0.87 0.8732

35 0.8707 0.8735 0.8743 0.8632 0.877 0.8547 0.8673

45 0.872 0.8718 0.8461 0.8519 0.853 0.8356 0.8526

55 0.7353 0.7866 0.7917 0.7859 0.8275 0.8314 0.8258
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mentioned before, the viscosity has an inverse relation with

the temperature. The reason is that temperature increases

Brownian motion, which is followed by the reduction in

adhesion forces between nanoparticles and fluid molecules,

resulting in weaker friction.

Figure 8 shows the difference in dynamic viscosity at

the highest and the lowest solid volume fractions of

MWCNTs–SiO2 (30–70)/10W40 nanofluid. The increasing

trend of viscosity with respect to solid volume fraction is

more significant at lower temperatures, as shown in

Figs. 7b and 8. In fact, the interaction between these two
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variables is negative, and the viscosity becomes less sen-

sitive to the solid volume fraction at higher temperatures.

Focusing on Fig. 7a, it can be seen that the highest and the

lowest values of the viscosity of hybrid nano-lubricant

MWCNT–SiO2/10W40 are 1.4 times and 1.1 times greater

than that in the figure for pure engine oil. It is worth noting

that the maximum and minimum values occurred at 5 �C
with 1% solid volume fraction and 55 �C with 0.05% solid

volume fraction, respectively.

Proposed correlation

A comparison between the current experimental data

against some of the accurate theoretical and empirical

models has been carried out and illustrated in Fig. 9. The

figure reveals that the models are not even able to provide

an acceptable estimation for the relative viscosity. Mean-

while, the results are predicted precisely by the obtained

regression correlation. Also, it is obvious that the power-

law model cannot predict the relative viscosity precisely at

different temperatures. One of the main reasons for the

weakness of the four prescribed models might be neglect of

Brownian motion, which is implicitly taken into in the

coefficients of Eq. (7). To overcome this issue, a typical
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regression model in the form of a single-variable polyno-

mial function is considered while the variable is the solid

volume fraction and the coefficients are temperature-

dependent.

lnf=lbf ¼ a0 þ a1uþ a2u
2 þ a3u

3 ð7Þ

where lnf , lbf , and lnf=lbf are the nanofluid viscosity, base

fluid viscosity, and relative viscosity, respectively. The

constants, along with the values of R2 and adj. R2, are

tabulated in Table 15. It is obvious that the constants are

temperature-dependent.

The margins of deviation (MOD) and residuals are

illustrated in Fig. 10. The MOD were calculated in order to

evaluate the accuracy of the established correlation. Fig-

ure 10b shows a scatter plot around a 45� line, indicating

the goodness of fit: The closer to the line the dots are

placed, the more capable the model is of predicting the

design points [73]. Equation (7) predicts viscosity within a

temperature range of 5–55 �C and a solid volume fraction

range of 0.05–1%, with a maximum error of 3%.

MOD %ð Þ ¼
lreljExp:�lreljPre:

lreljExp:

� 100 ð8Þ

Figure 11 shows the dynamic viscosity enhancement

(DVE) versus the temperature and the nanoparticle volume
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Table 15 Constants values and statistical indicators of the obtained

correlation for different temperatures

a3 a2 a1 a0 Temperature/�C

0.90614 - 1.5319 0.9042 1.07845 5

0.93644 - 1.57606 0.89177 1.08095 15

1.59605 - 2.67134 1.34815 1.05788 25

0.64122 - 1.07499 0.6678 1.09853 35

0.4435 - 0.76709 0.55568 1.11047 45

0.33584 - 0.55539 0.48617 1.09656 55

R2 \ 0.98

Adj. R2 [ 0.97

Pred. R2 [ 0.97
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fraction. Adding nanoparticles to the oil leads to DVE, as

depicted in Fig. 11a. This result is supported by the fact

that it leads to a friction increase between the nano-lubri-

cant flow layers, due to a large number of nanoparticles.

Needless to say, the friction increases the viscosity of the

nano-lubricant, and consequently the DVE. As shown in

Fig. 11b, the maximum of DVE with respect to base

lubricant is about 35%, which corresponds to the highest

values of both solid volume fraction and temperature. Such

a significant enhancement meets the demands of various

industries for the lubrication of machinery with high-vis-

cosity oils.

Conclusions

In the current study, the rheological behavior of MWCNT–

SiO2 (30–70%)/10W40 hybrid nano-lubricant has been

investigated experimentally. Since oils are widely used to

cool engines and as lubricant for moving mechanical parts,

this paper has explored ways to improve their efficiency.

The average, inner, and outer diameters of oxide

nanoparticles were considered in the range of 20–30 nm,

3–5 nm, and 5–15 nm, respectively. In order to prepare

stable and homogeneous suspensions, the two-step method

was used. The viscosity of the samples was measured at the

solid volume fractions of 0.05%, 0.1%, 0.25%, 0.5%,

0.75%, and 1%, and in the temperature range of 5–55 �C.

The main outcomes of this study are summarized as

follows:

• The rheological behavior of the investigated nano-

lubricant obeys a non-Newtonian power law (or

Ostwald de Waele) model for all values of solid

volume fraction and temperature. Also, measurements

show that the non-Newtonian behavior of the nano-

lubricant flows similar to a pseudo-plastic fluid.

• The temperature and the solid volume fraction have a

decreasing and an increasing impact on the nanofluid

viscosity and the cooling efficiency of the mixture,

respectively.

• The viscosity of the produced nano-lubricant is higher

than that of the pure engine oil, as the pure base oil, for

all values of solid volume fraction and temperature. For
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instance, the viscosity of MWCNTs–SiO2 (30–70)/

10W40 hybrid nanofluid is 1.4 times greater than that in

the figure for pure 10W40 engine oil at T = 5 �C and

u = 1%. In addition, the viscosity of MWCNTs–SiO2

(30–70)/10W40 is 1.1 times that of pure oil at the

lowest and highest values of solid volume fraction

(0.05%) and temperature (55 �C), respectively.

• The impact of adding nanoparticles to the engine oil is

much more significant at lower temperatures. In fact,

the changes in viscosity are not remarkable at high

temperatures.

• DVE rises as the solid volume fraction is increased. The

maximum difference between the viscosity of the

produced nano-lubricant and engine oil is about 35%,

which occurs at the maximum values of temperature

and nanofluid concentration.

• Since the measured viscosity could not be predicted

with high desirability by the existing models, a new

regression model with R2 = 0.988, adj. R2 = 0.977, and

MODmax = ±3% is established and proposed for future

studies.
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11. Murshed SMS, Estellé P. A state of the art review on viscosity of

nanofluids. Renew Sustain Energy Rev. 2017;76:1134–52.

https://doi.org/10.1016/j.rser.2017.03.113.

12. Prasher R, Song D, Wang J, Phelan P. Measurements of nanofluid

viscosity and its implications for thermal applications. Appl Phys

Lett. 2006;89:67–70. https://doi.org/10.1063/1.2356113.

13. Vajjha RS, Das DK. A review and analysis on influence of

temperature and concentration of nanofluids on thermophysical

properties, heat transfer and pumping power. Int J Heat Mass

Transf. 2012;55:4063–78. https://doi.org/10.1016/j.ijheatmas

stransfer.2012.03.048.

14. Sundar LS, Sharma KVV, Naik MTT, Singh MK. Empirical and

theoretical correlations on viscosity of nanofluids: a review.

Renew Sustain Energy Rev. 2013;25:670–86. https://doi.org/10.

1016/j.rser.2013.04.003.

15. Meyer JP, Adio SA, Sharifpur M, Nwosu PN. The viscosity of

nanofluids: a review of the theoretical, empirical, and numerical

models. Heat Transf Eng. 2016;37:387–421. https://doi.org/10.

1080/01457632.2015.1057447.

16. Chen H, Ding Y, Tan C. Rheological behaviour of nanofluids.

New J Phys. 2007;9:367–367. https://doi.org/10.1088/1367-2630/

9/10/367.

17. Mahbubul IMM, Saidur R, Amalina MAA. Latest developments

on the viscosity of nanofluids. Int J Heat Mass Transf.

2012;55:874–85. https://doi.org/10.1016/j.ijheatmasstransfer.

2011.10.021.

18. Mishra PC, Mukherjee S, Nayak SK, Panda A. A brief review on

viscosity of nanofluids. Int Nano Lett. 2014;4:109–20. https://doi.

org/10.1007/s40089-014-0126-3.

19. Hemmat Esfe M, Saedodin S, Rejvani M, Shahram J. Experi-

mental investigation, model development and sensitivity analysis

of rheological behavior of ZnO/10W40 nano-lubricants for

automotive applications. Phys E Low-Dimens Syst Nanostruc-

tures. 2017;90:194–203. https://doi.org/10.1016/j.physe.2017.02.

015.

20. Mondragón R, Segarra C, Martı́nez-cuenca R, Juliá JE, Carlos J.
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