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ARTICLE INFO ABSTRACT

Keywords: Many scholars are attracted to nano-lubricants due to their unique properties. In the present
Cha""’“erizaﬁon i study, the rheological behavior of a new generation of lubricants has been investigated. SiO2
Hybrid nano-lubricants nanoparticles with an average diameter of 20-30 nm along with MWCNT with an internal
Z;Z?filzy diameter of 3-5 nm and the external diameter of 5-15 nm has been dispersed in 10W40 engine oil

RSM Modeling as base-lubricant and MWCNTs-SiO2 (20%-80%)/10W40 hybrid nano-lubricant has been pro-

Nanofluid duced. Nano-lubricant behavior agrees with the Herschel-Bulkley model and is of Bingham
pseudo-plastic type below 55°C. Also, in the temperature of 55°C, nano-lubricant behavior has
changed to Bingham dilatant. The viscosity is increased by 32% in the proposed nano-lubricant
compared to base lubricant (Dynamics Viscosity Enhancement). Finally, a new correlation with
a precision index of R-squared >0.9800, Adj. R-squared >0.9800, and the maximum margin of
deviation of 2.72% has been presented, increasing the applicability of this nano-lubricant.
Eventually, the sensitivity analysis of nano-lubricant has been conducted, studying the compar-
ative effect of volume fraction and temperature on viscosity.

1. Introduction

Nanofluid refers to a stationary fluid in which particles in nanoscale are suspended and dispersed [1]. Today, nanofluids are used in
thermal issues in various cases, which is due to the presence of intra-fluid solid nanoparticles which greatly affect thermal performance
in heat transfer applications [2-8]. But the important point of nanofluids application in thermal equipment is their appropriate pro-
duction to overcome some problems namely corrosion, agglomeration, erosion, and instability [9-14].

Recently scholars, considering unique thermal properties of nanofluids, have focused on nanofluids. Thus, determining the ther-
mophysical properties and rheological behavior of nanofluid to make them applicable in the industry becomes very important. The
lubricating power of nanofluids in addition to their unique thermal properties [15-20] are the reason for using them in different in-
dustries such as thermal transformers, military, and electronic [21-24]. One substantial parameter affecting nanofluids
thermo-physical properties is their viscosity. Viscosity means friction resistance against shear stress. The resistance lies between the
adjacent layers of a fluid. The rheological behavior of nanofluids, which is, in fact, the behavior of fluid transformation in mechanical
stress conditions, has a determining role in their application since whether a fluid is Newtonian or not greatly affects its
thermo-physical properties [25-27]. The more volume fraction of nanoparticles in base fluid, the more thermal conductivity and
viscosity. Also, increase in nanofluid temperature greatly promotes thermal conductivity [28-32]. On the other hand, increasing
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nanoparticle density and decreasing nanofluid temperature, boost the nanofluid viscosity [14,25,33-40]. Therefore, nanofluids
rheological behavior can be considered as a significant factor affecting heat transfer, efficiency, and also costs.

In Table 1, a summary of studies on nanofluids non-Newtonian behavior has been presented.

In Table 2, a summary of studies on nanofluids thermo-physical properties has been presented.

Today, researchers extensively conduct studies on carbon nanoparticles such as graphite SWCNT [41-44], CNT [27,45,46],
MWCNT [47,48] and graphene [49-53]. The reason is significant thermal and rheological properties of this type of nanoparticles.
However, due to the high costs of carbon nanoparticles production, their usage is not recommended. In the recent years, one of the
most challenging issues for researchers has been the commercialization of nanofluids in different applications. The studies of re-
searchers in the last decade have moved toward using a combination of oxide and carbon nanoparticles since this type of nanofluids
which is known as hybrid nanofluids, as well as keeping thermal performance and high lubricating properties, has lower production
costs compared to carbon nanofluids. The review of the literature reveals that examining thermo-physical properties and rheological
behavior of this type of nanofluids has not been seriously considered. In the present study, the rheological behavior of MWCNTs-SiO,
(20%-80%)/10W40 hybrid nano-lubricant with a change of temperature and nanoparticles volume fraction has been investigated, and
acceptable results have been obtained. In this research, for the first time, hybrid nano-lubricant MWCNTSs-SiO5 (20%-80%)/10W40
with non-Newtonian (Bingham) behavior from pseudo-plastic type has been introduced. Studying the interaction between the particles
in nanofluids leads to a nonlinear relationship between viscosity, volume fraction and temperature [54-57]. Eventually, due to the
non-Newtonian behavior of nano-lubricant, a new correlation as modeling and sensitivity analysis has been presented, increasing
engineering applicability.

2. Experiments

Engine oil is used to reduce friction and improve the heat transfer in moving parts. The nano-lubricant, with engine oil as the base
fluid, are used to increase the viscosity at high temperatures along with improving thermal features. Viscosity and lubrication are the
primary functions of the nanofluids’ application. On the other hand, nanofluid could improve thermal efficiency at high temperatures.

Spherical nanoparticles, e.g., SiO2, play a vital role in promoting lubrication, while cylindrical nanoparticles, such as MWCNT, far
less can improve the lubrication in rolling mode. Cylindrical nanoparticles are mainly used to increase the thermal conductivity co-
efficient in addition to the benefits of lubrication. Furthermore, compared to SiO2 and the performance, MWCNT has a high production
cost.

From a cost point of view, the production of nano-lubricants with 100% of carbon nanotubes individually has no economic
feasibility at all that has not been done in any research. Since, it does not have the desired lubrication, which is the main function of
nano-lubricants. On the other hand, the production of nano-lubricants by 100% of SiO2 nanoparticles will not have the thermal ef-
ficiency of hybrid ones. Consequently, it is clear that the use of hybrid nano-lubricants will be more efficient and feasible.

Accordingly, SiO2 was used together with MWCNT in the ratio of 80-20% in this research regarding the importance of lubrication
efficiency, thermal conductivity and the cost of production. Hybrid nano-lubricant was prepared by dispersing 80% SiO, oxide
nanoparticles and 20% multiwall carbon nanotube (MWCNT) in 10w40 lubricating oil. The question may arise as to what is the main
reason behind the use of 80-20% of SiO2-MWCNT in this study.

As discussed, carbon nanotubes cannot take the higher share, so it is used as an additive to the lubricants. Therefore, 50-50% and
60-40% are not feasible considerations and the experiments can be done on 90-10, 80-20, and 70-30 percentages. The large amount of
the experimental data related to each of these feasible compositions could be analyzed through individual research, then the com-
parison between the results and choosing the most optimal combination would be a good research question in a further study.
Accordingly, we could assess one these feasible compositions (90-10, 80-20, 70-30) through this study. Among these, we choose
80-20 as the average percentage, which can be a reasonable choice.

Table 1
Summary of studies on the non-Newtonian rheological behavior of nanofluids.
Author(s) Base fluid Dispersed particle Conc. (vol Temp. Diameter (nm) Rheological behavior
%)
Jamal-Abad et al. Oil CuO 1&2 15.6 40 Shear thinning
[66] Al;,03 15
TiO2 20
Wang et al. [67] [Bmim] MWCNT 0-0.1 wt% Ambient Diameter: 20—40 nm Low concentration: shear
[PF6] temperature thinning
Length: 5-15 pm High concentration:
Newtonian
Abareshietal. [68]  glycerol Fe;03 0.25-0.8 25 26 Shear thinning
Chen et al. [69] EG TINT 0-8 20-60 10 Shear thinning
Afrand et al. [70] EG Fes04-Ag 0.0375-1.2 25-50 Shear thinning
Kole and Dey [71] EG-water Al;03 0.1-1.5 10-50 50 Bingham plastic
Tseng et al. [59] water TiO2 5-12 25 7-20 Shear thinning
Eshgarf et al. [72] EG-water COOH functionalized MWCNTs  0.0625-2 Ambient 20-30 nm Shear thinning
-Si02 temperature Inner diameter
5-15 nm
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Table 2

Summary of studies on the thermos-physical properties of nanofluids.
Ref. Base fluid Nanoparticle Temp. (°C) Conc. (%)
Sun et al. [73] water Si02 21 1.96-12.85
Ettefaghi et al. [60] SAE20W50 MWCNT 40-100 0.1,0.2,0.5 wt
Fakoor Pakdaman et al. [17] Heat transfer oil MWCNT 40-100 0.4 wt
Pakdaman et al. [17] Heat transfer oil MWCNT 40-70 0.1,0.2,0.4 wt
Glory et al. [74] water MWCNT 15-75 0.24
Hemmat esfe et al. [75] Water MWCNT 25-55 0.05-1
Pang et al. [76] Methanol Si02 20 0.01-1

On the one hand, the 70-30% SiO2-MWCNT nano lubricant, due to the presence of more carbon nanotubes, reduces the stability of
the suspension and increases the issues related to sedimentation and agglomeration. On the other hand, the 90-10% combination
decreases the thermal benefits of MWCNTSs. Over all, the 80-20% can be considered as a reasonable assumption for this study and the
other two feasible combinations (70-30% and 90-10%) and their comparison could be a proper research question for further individual
studies.

In order to calculate volume fractions, equation (1) has been used. The properties of nanoparticles and lubricant oil 10w40 have
been presented in Tables 3-5.

w 4l
;)‘MWCNT ﬂ}SIOZ (€D)]

¢ %{MWCNT + %‘Sioz + %| 10W40

Stabilization process is necessary to achieve the optimal performance of the nano-lubricant in different laboratory conditions. For
this purpose, initial dispersion and homogenization were performed using a magnetic stirrer for 3 h. The agglomerated nanoparticles
were then removed by an ultrasonic homogenizer. The required equipment for the stabilization process of nano lubricant is illustrated
schematically in Fig. 1a.

Estimating the relative stability of nanofluids benefits from different methods and tools, e.g. densitometry test (sediment imaging),
spectrophotometer, sediment balance method, TEM, and SEM. This study enjoys densitometer to evaluate the deposition of nano-
particles in the base fluid and the stability of the nano lubricants. Hence, the lower and the upper parts of the samples were examined in
different volumes, three times a week. It comes to the conclusion that the percentage of sediment in all volume fractions of the samples
was negligible (0.01%). The reason for the and acceptable stability quality of the samples could be the Initial homogenization using a
magnetic stirrer as well as decomposition of residual cluster using an ultrasonic homogenizer.

In Fig. 1b, samples of XRD and transmission electron microscopy (TEM) of SiO5 oxide nanoparticles and MWCNTSs nanoparticles are
exhibited. The average diameter of SiO5 as oxide nanoparticles has been 20-30 nm and internal and external diameters of MWCNTs
have been obtained 3-5 and 5-15 nm, respectively.

First, SiO3 and MWCNTSs nanoparticles are weighed, considering the percentage of their mixture (80% and 20%, respectively) and
maximum volume fraction (1%) by a digital scale with the precision of 0.01 gr. After combining nanoparticles with each other, the
sample is mixed with 10w40 lubricant oil. To have a better mixture of nanoparticles and oil solvent, MWCNTSs-SiOy (20%-80%)/
10W40 nano-lubricant has been prepared in a two-step method. First, the mixture was processed with a magnetic processor for 75 min.
In order to break down the clustering and agglomerations between nanoparticles inside the solution, a 800 W ultrasonic processor in
the frequency of 20 kHz was used for 265 min. In Fig. 2, densitometer, SiO3 and MWCNT nanoparticles, Scanning Electron Microscope
(SEM) of them, and stable samples prepared in different volume fractions have been shown.

2.1. Viscosity measurement

The viscosity of the pure oil and hybrid nano-lubricant in volume fractions of 0.05%-1% was measured. In this experiment, the
dynamic viscosity of samples was measured with changing the shear rate from 666.665s~! to 13333.3s~! in temperatures of 5 to55°C.
In order to perform the experiment, Brookfield viscometer (Cap 2000+), made in the U.S., has been used, which has the precision of +
1.0% and repeatability of +0.5%.

Table 3
Physicochemical property of silicon dioxide (Si02)
nano-powder.

Property Value

Purity 99.5%

APS 20-30 nm
Color White

SSA 180-600 m?/g
Bulk density <0.10 g/cm®
True density 3.4 g/cm®
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Table 4
Physicochemical characteristics of MWCNTs.
Parameter Value
Color Black
Purity >95 wt% (carbon nanotubes) (from TGA & TEM)
>97 wt% (carbon content)
Length ~50 pm (TEM)
Tap density 0.27 g/cm®
True density ~2.1 g/cm®
Outside diameter 5-15 nm (from HRTEM, Raman)
Inside diameter 3-5nm
SSA >233 m?/g (BET)
Thermal conductivity 1500 W/m K
Electrical conductivity >100 s/cm

Table 5

Engine oil (10W40) characteristics.
Parameter Value
Density at 60 °F (15.6 °C) 827 kg/m®
Sulfated ash 0.86%
Neutralization No. (TBN-E) 7.1
Viscosity index 149
CCS viscosity at —13 °F (—25 °C) 6270 cP
Kinematic viscosity at 100 °F (38 °C) 108.5 cSt
Kinematic viscosity at 210 °F (99 °C) 15.4 cSt
Flashpoint 220 °C
Pour Point -33°C

3. Result and discussion

3.1. Rheological behavior investigation

One of the factors affecting the thermal conductivity of fluids, convection heat transfers of fluids, and also pressure drop and
pumping power is the rheological behavior of that fluid. Lubrication power of fluids is a function of their rheological behavior.
Therefore, recognizing the behavior of fluids is of great importance.

In order to recognize the rheological behavior type of each fluid, the amount of apparent viscosity and shear stress of that fluid are

investigated with changes in shear rate. Apparent viscosity and shear stress of nano-lubricant MWCNTs-SiO2 (20%-80%)/10W40 and
pure oil 10W40 are illustrated as in Fig. 3. According to non-linear changes in apparent viscosity and shear stress in terms of shear rate,
it can be mentioned with certainty that this nano-lubricant has shown non-Newtonian behavior. However, due to lack of sufficient
precision in the figure, non-Newtonian type of nano-lubricant is not recognizable.

As a result, in order to have a precise recognition of non-Newtonian behavior of nano-lubricant, Herschel-Bulkley model [58] and
Ostwald de Walde function are used as equation (2).

Tow = my"
m = Consistency index 2)
n = Power law index

Equation (2) can be used for the fluids that lack yield stress, and the change of shear stress in terms of shear rate is drawn from the
origin of coordinate. If n = 1, the fluid is Newtonian since its shear stress variations in terms of shear rate are linear. Ifn > 1 orn < 1, it
shows the non-Newtonian behavior of pseudo-plastic (shear thinning) and dilatant (shear thickening), respectively.

If the fluid has a non-Newtonian behavior and yield stress, when shear stress variations begin after yield stress, equation (3) is used.

Tug = Ty + K| 7

7, = Yield stress

t,K = Structure — dependent parameters
y = Shear rate

(3)

This type of behavior is referred to as Bingham. If t < 1, it is called Bingham non-Newtonian fluid with pseudo-plastic type, and if
t > 1, it is called Bingham non-Newtonian fluid with dilatant type. If t = 1, shear stress changes in terms of the shear rate will be linear
and with initial yield stress. In order to exactly determine the type of behavior of MWCNTs-SiO2 (20%-80%)/10w40 nano-lubricant,
these two models must be fitted on the data of shear rate graphs in terms of shear stress (Fig. 3). By investigating the amount of
precision and agreement of each of the two models with the data, the exact behavior of nano-lubricant is determined. In order to
examine the agreement of the two models with the data, their R-squared values have been presented in Tables A and B (appendix).
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Fig. 1. a) The required equipment for the stabilization process of nano lubricant b) XRD pattern and TEM analysis for MWCNTs and SiO,

nanoparticles.

Also, in T. C, the difference in R-squared values obtained from these two models has been shown. According to Table C, the number of
positive numbers in this table are more than that of negative ones. This means that, in the most part of the data, fitting process of
Herschel-Bulkley model has a better agreement compared to Waele Ostwald de model. So, the behavior of MWCNTs-SiO (20%-80%)/
10W40 nano-lubricant can be considered as Bingham.

In Tables 6-8, the coefficients related to Bingham model (structure-dependent parameters and yield stress values) have been
presented. According to Table 8, the exact behavior of MWCNTSs-SiO2 (20%-80%)/10W40 nano-lubricant is of pseudo-plastic type. In
order to show the percentage of behavior deviation of nano-lubricant from Bingham linear behavior to pseudo-plastic non-linear
behavior, Table 9 has been presented.

As observed in Fig. 4, change in yield stress with increasing volume fraction and the temperature of 5-45°C is small. In this part, the
coefficients are almost zero. With increasing temperature up to 55°C, yield stress becomes positive. Also, in 55°C, increasing volume
fraction has shown a great change in yield stress to over 100 Pa. This great change occurs due to a change in the level of energy of
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Fig. 2. a) Nano-lubricant samples and densitometer b) SiO, nanoparticles and MWCNTs SEM.

nanoparticles inside the nano-lubricant. In the study of Tseng and Lin [59], similar results have been obtained for TiO2/water
nanofluid.

For the shear stress lower than yield stress, nano-lubricant can be resistant against it. This behavior is due to the three-dimensional
structure of the material. In fact, by dispersing nanoparticles in oil, some contact appears inside nano-lubricant. Owing to the contacts,
a false body of nanoparticles, which is a solid and weak structure, is formed inside nano-lubricant. For the nano-lubricant to move, this
structure has to be broken down. In fact, yield stress is for breaking down this structure. As shown in Fig. 4, yield stress is not zero in
any of the experiment samples. This is the reason for non-Newtonian (Bingham) behavior of nano-lubricant.

As observed in Fig. 5, changes in “K” have been shown in different temperatures and volume fractions. “K”, in temperatures of
5-55°C has decreased while increasing temperature. Also, with increasing volume fraction, almost no change is seen in “K”, while in
different temperature, decreasing volume fraction to 0.1% shows an increase in “K”. In this volume fraction, the second term of
Herschel-Bulkley model, (Kj'), has the greatest effect on nano-lubricant stress. In 55°C, due to small values for K, the effect of the
second term of Herschel-Bulkley model, (K}"), is so small. In other words, nano-lubricant yield stress is equal to shear stress (tyg = 7).
In this condition, yield stress has significant impact on determining the rheological (non-Newtonian) behavior of hybrid nano-
lubricant.

Fig. 6 shows variations of “t” index in terms of volume fraction and temperature. As seen in the figure, “t” index is less than one
except in 55°C. These values show Bingham non-Newtonian behavior of pseudo-plastic type. In this temperature, “t” values have
become greater than 1 and hybrid nano-lubricant behavior has suddenly turned to dilatant behavior. In this figure, the effect of
temperature and volume fraction on the rheological (non-Newtonian) behavior of nano-lubricant is properly demonstrated.

3.2. The effects of concentration and temperature on dynamic viscosity

In Fig. 7, viscosity variations in terms of different temperatures and volume fractions have been shown in a certain shear rate. van
der Waals intermolecular forces caused SiO; oxide nanoparticles and MWCNTSs carbon nanotubes to lie next to each other and form
nanoclusters. The presence of these nanoclusters in base lubricant increases friction between the layers of lubricant. Therefore,
lubricant moves with more difficulty. So we can expect that with increasing volume fraction, viscosity increases.

Also, viscosity decreases with increasing temperature because increasing temperature increases the speed and movement of par-
ticles and as a result decreases adhesion force between nanoparticles and molecules. So the friction between the layers of nano-
lubricant is reduced and this will decrease the viscosity.

In addition, as observed in Fig. 7, nano-lubricant viscosity in each temperature and volume fraction is greater than base oil vis-
cosity. For instance, nano-lubricant viscosity in the highest volume fraction (1%) and lowest temperature (5°C) is over 1.3 times as big
as that of pure oil. And in the lowest volume fraction (0.05%) and highest temperature (55°C), it is equal to pure oil.

To investigate the variations of the viscosity of MWCNT-SiO5 (20%-80%)/10W40 nano oil due to volume fraction and temperature,
equations (4) and (5) can be used.

Ay =ty — Ho, “
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Table 6

Yield-stress (mPa.s) factor Herschel-Bulkley model for hybrid nano-lubricant.
Yield stress Solid volume fraction (%)
T (°C) 1 0.75 0.5 0.25 0.1 0.05 0
5 0.7981 15.31 16.7 4.064 0< 0< 0<
15 5.393 11.61 6.189 0< 0< 0< 0<
25 0< 0< 0< 0< 0< 0< 0<
35 0< 0< 0< 0< 0< 0< 0<
45 0< 0< 0< 0< 0< 0< 0<
55 32.54 64.63 90.12 99.85 0< 0< 47.74

Equation (4) evaluates the difference between the viscosity of the highest volume fraction and the viscosity of the lowest volume
fraction in each temperature.

Aty = i, — K, (5)

Also, equation (5) calculates the difference between the viscosity of the highest temperature and viscosity of the lowest temperature
in each volume fraction.

In Fig. 8, the effect of temperature and volume fraction on dynamic viscosity of nano-lubricant in a certain shear rate (as an example
3999.99571) has been shown. The difference in dynamic viscosity has increased with increasing volume fraction. Also, increasing
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Table 7
K INDEX (mPa.s") factor Herschel-Bulkley model for hybrid nano-lubricant.
K INDEX Solid volume fraction (%)
T (°C) 1 0.75 0.5 0.25 0.1 0.05 0
5 1.402 1.242 1.217 1.252 1.35 1.24 1.236
15 0.7811 0.7119 0.7487 0.7778 0.7788 0.713 0.9634
25 0.5315 0.4842 0.4933 0.4736 0.5004 0.434 0.4041
35 0.3418 0.3246 0.3146 0.2952 0.2699 0.02856 0.2627
45 0.2651 0.25 0.2464 0.2302 0.2328 0.0355 0.171
55 0.0585 0.0872 0.02673 0.01644 0.302 0.4485 0.1047
Table 8
t INDEX factor Herschel-Bulkley model for hybrid nano-lubricant.
T INDEX Solid volume fraction (%)
T (°C) 1 0.75 0.5 0.25 0.1 0.05 0
5 0.893 0.9033 0.9036 0.8873 0.8724 0.8724 0.8749
15 0.8889 0.8957 0.8887 0.8723 0.8673 0.8681 0.8721
25 0.8717 0.8796 0.8755 0.8694 0.8579 0.8648 0.8743
35 0.8695 0.8719 0.873 0.8706 0.8762 1.107 0.8707
45 0.8515 0.8549 0.8539 0.8519 0.8461 1.024 0.872
55 0.9686 0.9103 1.027 1.063 0.7747 0.716 0.8626
Table 9
Percentage of non-Newtonian (pseudo-plastic) rheological behavior.
Pseudo-plastic (%) Solid volume fraction (%)
T (°C) 1 0.75 0.5 0.25 0.1 0.05 0
5 10.7 9.67 9.64 11.27 12.76 12.76 12.51
15 11.11 10.43 11.13 12.77 13.27 13.19 12.79
25 12.83 12.04 12.45 13.06 14.21 13.52 12.57
35 13.05 12.81 12.7 12.94 12.38 10.7- 12.93
45 14.85 14.51 14.61 14.81 15.39 —2.4 12.8
55 3.14 8.97 2.7- 6.3- 22.53 28.4 13.74
125 o
100 |~ 4 > - v T=5"C
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Fig. 4. Yield stress coefficient in terms of a) temperature and b) solid volume fraction.
temperature has decreased the difference in dynamic viscosity. In fact, with increasing temperature, the sensitivity of viscosity to

volume fraction decreases. In other words, in high temperatures, adding nanoparticle to lubricant does not show a great change in
viscosity, while the effect of volume fraction in lower temperatures cannot be ignored.
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Fig. 6. Variation of t index in terms of a) temperature and b) solid volume fraction.

Fig. 9 shows variations of Dynamic Viscosity Enhancement (DVE) in temperatures and volume fractions in the experiment. Adding
nanoparticle to the oil has increased the DVE value in nano-lubricant. This is due to the increase in the friction between the layers of
nano-lubricant, which is caused by the extensive presence of nanoparticles in the lubricant. In fact, friction increase has led to an
increase in the viscosity of nano-lubricant and in turn DVE has increased. As observed in the figure, the highest DVE has difference of
about 32% compared to the base lubricant. This great increase can be used in some parts of industry which require a lubricant with
high viscosity [60].

3.3. Proposed correlation

In order to predict and estimate nano-lubricant relative viscosity exactly (Fig. 10), a new experimental correlation has been
proposed, due to the weakness of data prediction of the existing theoretical models. This correlation model, equation (6), predicts the
relative viscosity in terms of temperature and volume fraction of nano-lubricant.

Foi /g, =0+ 1o+ byp® + bs3g’ (6)
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Fig. 8. The dynamic viscosity differences in terms of temperature and solid volume fraction at constant shear rate.

In this correlation, y,, is nanofluid viscosity, u;, is base fluid viscosity, % is relative viscosity, ¢ is nanoparticle concentration (%).

This correlation has been obtained using ANOVA analyzes. In Table 10, the value of precision of each of the parameters in the cor-
relation and also the precision of correlation in terms of different indexes of R-squared and Adj. R-squared have been shown. Table 7
shows the constant variables of the correlation.

According to Fig. 10, the theoretical models of Brinkman [61], Chen et al. [62], Wang et al. [63], and Einstein [64] have been used
to predict the relative viscosity of hybrid nano-lubricant. Also, in this figure, the experimental data in 35 °C have been compared with
the present theoretical models and the proposed experimental model in this study. Seemingly, none of the present theoretical models
can predict experimental data, while the proposed correlation agrees with the experimental data with a high precision.

Relationship 6 is acceptable for temperatures of 5-55 °C and volume fractions of 0.05%-1%. Equation (7) has been used to
calculate Margin of Deviation (MOD) of the predicted data.

= Hrll pred.

MOD(%) _ l’lrellExp.

Hretl pxp.

x 100 @

In Fig. 11a, MOD values in terms of temperature and volume fraction of nanoparticles have been shown. According to this figure,
the maximum of MOD is 2.72% in 55°C and volume fraction of 0.1%. According to this figure, the proposed correlation has a high
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Table 10
Constant of variable for relative viscosity correlation of MWCNTs-Si02(20-80)/10W40.
T ag a; as as
5 1.07845 0.9042 1.5319- 0.90614
15 1.08095 0.89177 1.57606- 0.93644
25 1.05788 1.34815 2.67134- 1.59605
35 1.09853 0.6678 1.07499- 0.64122
45 1.011047 0.55568 0.76709- 0.4435
55 1.09656 0.48617 0.55539- 0.33584
R-Squared >0.9800
Adj. R-Squared >0.9800

precision to predict the experimental data.

Fig. 11b has been drawn to show the precision of agreement between the predicted data and the experimental data. As the data get
closer to the Equality line, it shows the high precision of the correlation for prediction. In this figure, a limited number of data are
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Fig. 11. a) Margin of deviation and b) Comparison between experimental data and correlation outputs.

located in a short distance from the bisector.
3.4. Sensitivity analyze

The dynamic viscosity values of different samples of the nano-lubricant in the study show a unique sensitivity to volume fraction

variations. By using equation (8) [65], the sensitivity of MWCNT-SiO3 (20%-80%)/10W40 hybrid nano-lubricant has been examined
for 10% increase in nanoparticles.

%Sensitivity = (M, 1) x 100 ©)
Hiret.| Base—Condition
In Fig. 12, the sensitivity of nano-lubricant viscosity has been drawn after increasing the volume fraction of 10%. As shown in the
figure, the sensitivity of viscosity to volume fraction is much higher than temperature and it shows a variation of 0.3 unit of viscosity
with increasing volume fraction. Nano-lubricants sensitivity analysis is effective of their design and utilization. When temperature
variations are important, the nano-lubricants sensitivity with increasing volume fraction must be considered by designers.

4. Conclusion

In this study, the rheological behavior of hybrid nano-lubricant MWCNT-SiO (20%-80%) 10W40 has been studied experimentally.
Oxide nanoparticle has an average diameter of 20-30 nm and internal diameter of the carbon nanotube is 3-5 nm and its external
diameter is 5-15 nm. For the homogeneous production and proper suspension of nano-lubricant, the usual two-step method and an
ultrasonic device of 1200 W were used. The viscosity of samples in volume fractions of 0.05%, 0.1%, 0.25%, 0.5%, 0.75% and 1% and
in temperatures of 5-55°C was analyzed. The study showed the following:

mT=5°C mT=15°C mT=25°C = T=35°C mT=45°C mT=55°C
15,

MN“N“‘
II II ||I || Inn

©=0.75% =0.5% ©=0.25% ©=0.1% ©=0.05%
Solid volume fraction (%)

Sensitivity of viscosity (%)

Fig. 12. Sensitivity of nano-lubricant versus solid volume fraction at various temperatures.
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1.

The rheological behavior of nano-lubricant follows Herschel-Bulkley model and it has non-Newtonian behavior of Bingham
(pseudo-plastic) type in all temperatures except 55°C. Sometimes the behavior of nano-lubricant changes to dilatant.

. Maximum percentage of deviation of nano-lubricant behavior from the ideal state of Bingham has been 15% toward pseudo-plastic

and 10% toward dilatant.

. In 55°C, increasing the volume fraction results in great changes in yield stress over to 100Pa. Also, at this temperature, “K” index

value is close to zero in Herschel-Bulkley model and the behavior of nano-lubricant is just a function of yield stress.

. The viscosity of nano-lubricant in the highest volume fraction (1%) and lowest temperature (5°C) is over 1.3 times as big as that of

pure oil and in the lowest volume fraction (0.05%) and highest temperature (55°C) it is equal that.

. Due to the small amount of viscosity sensitivity to volume fraction, adding nanoparticles to the lubricant in high temperatures does

not show great changes in viscosity.

. The maximum increase in dynamic viscosity of nano oil compared to pure oil (DVE) is about 32%. Increase in volume fraction leads

to an increase in DVE.

. Since relative viscosity data were not predicted by the present theoretical models, a new correlation with a very high precision was

proposed. In this correlation, precision measurement index of R-squared is > 0.9700 and Adj. R-squared equals >0.9700. The
maximum MOD in 55°C and volume fraction of 0.1% is 2.72%.

. Sensitivity analysis was conducted for engineering and systems designing applications, which shows an increase of 0.3 for increase

in volume fraction.
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Nomenclature

K Structure-dependent parameters
t Structure-dependent parameters
T Temperature (°C)

w Weight (gr)

Greeks symbols

y Shear rate (s 1)

il Dynamic viscosity (poise)

p Density (kg/m>)

T Shear stress (dyne/cmz)

@ Nanoparticle volume fraction
Subscripts

bg Base fluid

ng Nanofluid
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HB Herschel-Bulkley
ow Ostwald de Waele
Y Yield-stress

Appendix E. Supplementary data
Supplementary data related to this article can be found at https://doi.org/10.1016/j.heliyon.2023.e12942.

Appendix (Supporting information)

Table A
The R-squared value of Herschel-Bulkley equation fitted on shear stress-shear rate diagram.

R-squared Solid volume fraction (%)

T (°C) 1 0.75 0.5 0.25 0.1 0.05 0

5 1 1 1 1 1 1 1

15 1 1 1 1 1 1 1

25 1 1 0.9999 1 1 1 0.9999
35 1 1 1 0.9998 1 0.9987 0.9999
45 0.99994 0.9998 0.9997 0.9997 0.9992 0.9959 0.9995
55 0.9963 0.9964 0.9943 0.9763 0.9793 0.874 0.9994

Table B

The R-squared value of Ostwald de Waele equation fitted on shear stress-shear rate diagram.

R-squared Solid volume fraction (%)

T (°C) 1 0.75 0.5 0.25 0.1 0.05 0

5 1 1 1 1 1 1 1

15 1 1 1 1 1 1 1

25 1 1 0.9999 1 1 1 0.9999
35 1 1 1 0.9998 1 0.9987 0.9999
45 0.9994 0.9998 0.9997 0.9997 0.9992 0.9956 0.9995
55 0.996 0.9963 0.9939 0.9756 0.9793 0.874 0.9988

Table C

Difference R-squared value of Ostwald de Waele and Herschel-Bulkely equation

R-square (HB)- R-squared (OW) Solid volume fraction (%)

T(°C) 1 0.75 0.5 0.25 0.1 0.05 0

5 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0

25 0 0 0 0 0 0 0

35 0 0 0 0 0 0 0

45 0 0 0 0 0 0.0003 0

55 0 0.0001 0.0004 0.0007 0 0 0.0006
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