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Abstract

In this study, effective parameters on viscosity of a suitable oil for lubrication of heavy-duty engines (vehicles that are in
use in construction, farm, and logging equipment, semi-trucks, delivery trucks, etc.) are studied. SAES0 as a single-degree
engine oil is examined in present experimental work. The mentioned engine oil is enriched by MgO and MWCNT
nanoparticles (NPs). The nanofluid was prepared in six solid volume fractions (SVF) and in temperature range of
25-50 °C. The results showed the viscosity dependence on shear rate, so nanolubricant has a non-Newtonian behavior.
2-4% Viscosity reduction in concentrations of 0.0625% and 0.125% reported in comparison with viscosity of pure fluid.
Also sensitivity analysis of viscosity measurement was lower than 1% for all investigated conditions. To lower experi-
mental costs, a mathematical correlation was proposed to predict the viscosity. The R* was considered as criterion for
accuracy of proposed correlation. Having amount of 0.9995 for R* shows accommodation of correlation predictions with
experimental results. Also maximum deviation of < 3% indicates that the proposed correlation has a high accuracy.
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Introduction

Nanofluids are an evolution in fluid science. NPs have
unique mechanical, thermal, magnetic and electrical
properties. Actually, nanofluids are obtained by suspending
particles with sizes below 100 nm in common fluids such
as water and oil. By adding insignificant amounts of
nanoparticles into the base fluids, an improvement in
thermophysical properties is considered. Nanofluids are the
term used by Choi (1995) for first time. The purpose of
nanofluids is a significant increment in thermal properties
of fluids by adding small amounts of nanoparticles. So
thermophysical properties such as thermal conductivity,
viscosity and density were examined. In recent decades,
many studies have been implemented to measure and study
the thermophysical properties of nanofluids like viscosity
[1-26], thermal conductivity [27-60] and thermal

@ Springer

convection [61-72]. Nanofluids are used in various fields
such as air-conditioning [73], solar cell [74], automotive
[75], nuclear reactors [76], lubrication [77], electrical
systems [78], heat exchangers [79] and microchannels [80].

One of the important parameters in fluids is viscosity,
which has important role in calculating Reynolds number,
Prandtl number and heat transfer coefficient. Many studies
have been conducted on the viscosity of nanofluids. Studies
show that different parameters such as VF, particle size,
temperature, base fluid properties, surfactant, etc., are
affected on viscosity of nanofluids. Asadi et al. [§1] exam-
ined the influence of temperature and particle volume con-
centration on the dynamic viscosity of MWCNT-MgO/
SAESQ hybrid nanofluid. Results indicated that with increase
in the temperature and concentration, the dynamic viscosity
decreases and increases, respectively. They presented an
empirical correlation for dynamic viscosity of nanofluid as a
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function of temperature and particle volume concentration.
Hemmat et al. [82] examined the influence of temperature
and particle volume concentration on the dynamic viscosity
of SWCNTSs-ZnO/EG nanofluid. This study determined that
dynamic viscosity increases significantly by changing VF
from 0.25 to 5%, while diameter of NP is 18 nm and tem-
perature is 50 °C, whereas it does not change with increase in
temperature. As well as, they presented an empirical corre-
lation for dynamic viscosity of nanofluid as a function of
temperature and particle volume concentration. Soltani and
Akbari [83] examined the effect of temperature and particle
volume concentration on the dynamic viscosity of MWCNT-
MgO/EG hybrid nanofluid. This study conducted in volume
concentration from O to 1% and temperature from 30 to
60 °C. Results of this study showed that hybrid nanofluid has
the behavior such as Newtonian fluid in mentioned VFs and
temperatures. The experiment indicated that with increase in
the SVF from 0.1 to 1%, the relative viscosity increases up to
168%. Hemmat et al. [84] performed an experimental study
on the dynamic viscosity of Mg(OH),-EG nanofluids in VF
range of 0.1-2.0% under the temperatures ranging from 23 to
55 °C. The results showed that the viscosity rises with
growth in the concentration values and relative viscosity
increases with rise in temperature. They also suggested a new
correlation. Many studies have been done to predict a new
correlation for nanofluid viscosity. Some correlations for
predicting nanofluids viscosity are presented in Table 1.

In some cases, experts have tried to improve viscosity
index of engine lubricants. Hemmat Esfe et al. [90] con-
ducted an experimental study on a nanolubricant enriched
by MWCNT and ZnO NPs to control viscosity of
nanofluids after adding nanoparticles.

In regard to importance of the viscosity of oil, the vis-
cosity of the hybrid nano-oils would be of great impor-
tance. Adding NPs into hybrid fluids of nano-oils in
different temperatures and VFs has a major impact. In this
study, rheological behavior of MWCNT-MgO (50-50%)/
SAES0 hybrid nano-oil under the temperature and con-
centration variations examined exactly for first time. As
well as, a new correlation was suggested to estimate rela-
tive viscosity of hybrid nano-oil.

Experimentation
Sample preparation

In this study, MWCNT and MgO NPs were blended in
50:50 volume percent and they were dispersed in SAES0
oil with VFs of 0%, 0.125%, 0.25%, 0.5%, 0.75% and 1%
by the use of two-step method. MWCNT/MgO properties
are presented in Table 2. For the purpose of identifying
specifications of nanofluids, it is necessary to disperse

nanoparticles in base o0il uniformly and gain a
stable nanofluid. To create stable nanofluid samples, a
magnetic stirrer device was used for 2 h. An ultrasonic
device (Ultrasonic Homogenizer Development of Ultra-
sonic Technology, Iran) was applied for 3 h to create a
great dispersion and stop formation clusters of NPs. In this
way, a stable nanofluid was made and deposition was not
observed with the naked eye.

The size was measured using X-ray diffraction (XRD).
The results of XRD pattern for MgO and MWCNT
nanoparticles are displayed in Fig. 1.

Dynamic viscosity measurement

Dynamic viscosity of nano-oils samples of MWCNT-MgO
(50-50%)/SAES0 hybrid nanofluids with SVFs of 0.0625,
0.125, 0.25, 0.75 and 1% was measured at temperatures
between 25 and 50 °C by using Brookfield viscometer.
Brookfield viscometer properties are listed in Table 3.
SAESO0 oil was used for calibrating the viscometer at room
temperature. In order to ensure the results of the experi-
ments, each experiment with different shear rates, tem-
peratures and VFs was repeated several times, and then,
the average of the measured data was recorded.

Results and discussion

In this study, the viscosity variations of MWCNT-MgO
(50-50%) hybrid nanofluid are examined experimentally in

SVFs between 0.0625 and 1% and in temperatures between
25 and 50 °C.

Newtonian behavior

In fluid mechanics, a non-Newtonian fluid is a fluid in
which viscosity depends on shear rate. For determination of
Newtonian, non-Newtonian and Bingham behavior usually
uses Ostwald—de Waele equation that is considered as
follows:

T=my" (1)

Figure 2 displays n as a function of different tempera-
tures for all samples. A value n is close to unity indicates
nanofluid behavior close to Newtonian behavior. By
enhancing SVF, n values decreases. That means non-
Newtonian behavior is clearer in concentrated samples.

In Fig. 3, consistency index (m) of hybrid nanofluids is
displayed against temperature. The results show that the
random motion of NPs in the base fluid increases by ris-
ing VF and van der Waals force causes major nanoclusters
which prevent motion of fluid layers on each other.
Therefore, m index of nanofluids increases to create a more
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Table 1 Some of recent new correlations for viscosity

Authors Year Deviation Correlation

Hemmat Esfe et al. [85] 2014 <2 tior = (15.89 + 614.40 — 1452697)

Hemmat Esfe et al. [86] 2014 <1 o = (14 11.610 + 1099% )

S. Aberoumand et al. [35] 2016 1 g = (1.15 4+ 1.061¢ — 0.5442¢ + 0.1181¢%) ¢

Moghaddam [87] 2017 <21 tor = (1.017 + 0.647 1 exp(p) — 1.886¢% + 0.4045¢° ) ¢

Hemmat Esfe et al. [88] 2017 < 1.5 Uop = —744.8 + 7180%10”“

Hemmat Esfe et al. [89] 2017 1.8 o = (1.0382 4-0.5376¢ — 0.5013¢? + 0.261¢%) 1,

Lafl)) Isrjpxi\gsCNT Parameter SWCNT MgO
Purity > 95 mass% (carbon nanotubes) (from TGA and TEM) 99+%
Outside diameter 5-15 nm (from HRTEM, Raman) 40 nm
Inside diameter 3-5 nm 40 nm
Color Black White
True density ~21gem™ 3580 kg m™>

viscous fluid. It has been reported that intermolecular
interactions decrease with increase in temperature and it
cause to decrease consistency index. It should be noted that
some visible fluctuations in amounts of consistency index
have no important reason. In this figure, the trend of
changes is more important than fluctuations.

Effective parameters on viscosity

The viscosity of fluid is the measure of its resistance to
relative motion. On the other hand, the viscosity is known
as an inhibition force and measure of the frictional prop-
erties of fluid. The viscosity of fluids is due to inter-
molecular force which is the van der Waals force.

In Fig. 4, variations of MWCNT-MgO (50-50%) hybrid
nanofluid versus shear rate are presented for different VFs.

- MWCNT(d,, =3-5nm,d,, =5-15nm)
1500 |- MgO

1000 |-

Lin/counts

500

L]

N | N

0 20 40 60 80 100
20-scale

Fig. 1 XRD pattern of MgO and MWCNT NPs
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Temperature increment leads to viscosity reduction in
nanofluids. Low viscosity variations at higher temperatures of
SAES0 base oil and MWCNT-MgO nanofluid are more sig-
nificant in all volume fractions. The variation of viscosity versus
shear rate illustrates non-Newtonian behavior of nanofluids.

Concentration of NPs effect on viscosity at a certain
temperature is investigated, and results are depicted in
Fig. 5. In a specific temperature, while shear rate enhances
and VF reduces, the viscosity of nanofluid decreases. It
seems that intermolecular force decreases by increase in
temperature and viscosity of nanofluid reduces accordingly.
The variation trends illustrate dependency of viscosity to its
shear rate and a non-Newtonian behavior of nanofluids.

Figure 6 displays the variation of relative viscosity of
MWCNT-MgO (50-50%)/SAES50 nanofluid versus temper-
ature in different VFs. As seen in Fig. 6, increase or decrease
in shear rate at a constant temperature leads no noticeable
change in relative viscosity. Considering low variations in
relative viscosity of nanofluids by increasing temperature in a
constant VF, the independency of the relative viscosity
changes to temperature is possible. The optimum concentra-
tion of dispersed NPs in oil depends on the expected appli-
cation by user. For applications that pressure drop in operating
cycle is not important or applications with only heat transfer
goals, higher SVFs are suitable. On the other hand to reach a
fluid with improved thermal characteristics and also minimum
enhanced pressure drop in comparison with basefluid, users
can select lower solid VFs like 0.0625% or 0.125%. As it is
clearin Fig. 6, SVF of 0.0625% caused viscosity reduction in
comparison with pure basefluid that gives users a fluid with
modified thermal characteristics and also reduced viscosity
that causes pumping cost saving.



Viscosity analysis of enriched SAE50 by nanoparticles as lubricant of heavy-duty engines 83

Table 3 Properties of used viscometer (CAP 2000+)

Parameter Value

Input voltage 115-230 V

Input frequency 50-60 Hz

Power <345 W

Torque range 18,100 RPM

speed 5-1000 RPM
Temperature 5-55 °C

Material Conical spindles and

temperature plates made
of tungsten carbide. The
sample holder made of

Teflon
Effect of environment
Temperature 5-20 °C
Humidity 20-80%
- New tonian
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Fig. 2 Effect of temperature and VF on n index

Figure 7 displays the variation of viscosity of MWCNT-
MgO (50-50%)/SAES50 nanofluid versus different VFs.
The results show that by rising temperature, the inter-
molecular van der Waals force decreases and it causes low
viscosity. In higher temperatures, the variation of viscosity
is fewer and it means that the viscosity has low dependency
on effective parameters such as VF and temperature. The
random motion of NPs in the base fluid increases by rising
volume fraction and possibility of agglomeration in
nanofluids increases. Therefore, the variation of viscosity is
significant in higher volume fractions. The results show
that the viscosity of nanofluid decreases to 329.6% by
rising temperatures in a constant volume fraction of 1%
and shear rate 200 1 s~'. As well as, the viscosity of
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Fig. 3 Effect of temperature and VF on m index

nanofluid increases to 10.66% by rising VFs at a constant

temperature of 25 °C and shear rate 200 1 s .

Proposed correlation

RSM method is used as a fast and economic method for
prediction of viscosity of nanofluids based on mathematics.
According to this method, a three variable mathematical
correlation is proposed as a function of shear rate, SVF and
temperature. By this formula, researchers can predict the
viscosity of MWCNT-MgO (50-50%)/SAES0 nanofluid
without needing any experimental setup.

Ly = 2240.02 4 346.13¢ — 112.92T — 0.055y — 11.03¢T
—0.002¢7 + 0.00175 — 109.11¢> + 2.117>
+3.01E — 06} + 4.19E — 05¢T7j + 1.71¢*T
—0.0004¢%) + 0.099T? + 1.03E — 07¢j* — 1.67E
— 0572y — 9.50E — 09Ty? + 14.97¢> — 0.0137>

(2)

The coefficients of correlation for desired nanofluid are
shown in Table 4. The P value less than 0.05 shows non-
removable parameters in proposed correlation. By remov-
ing these coefficients, the order of correlation is eliminated.
As shown in F values, there is only 0.01% probability of
variance in the correlation, which indicates a valid relation
in determining viscosity of nanofluid. Also Table 5 gives
some information about the accuracy of the proposed
model.

To check the accordance of predicted results by RSM
method with empirical results, Fig. 8 is drawn up. As seen
in Fig. 8, experimental data are laid on the bisector line or

@ Springer



84 M. Hemmat Esfe, M. H. Kamyab
700 700 -
650 F-| @ = 0.0625/% —8— T=25°C 650 - | @ =0.125/% - T=05°C
cook —&— T=30°C s —&— T=30°C
— el wk it
550 - 3 P T=40°C
3 ¢ T=45°C SO E o To45C
500 - '\-\.\- —O0— T=50°C 500 - 'ﬁ\‘\. —@— T=50°C
o 450 C9.54% o 450 B
g 3 g g
£ 400 E_ c 400
> - = =
= 350 ‘\A\‘N\‘ 2 350 F L\‘\‘\L\_‘
a g G D E
8 300F 8 300 |
2 - L o
> 250 o M—H Gz > 250 3 h%_v_—"vh—v
3 = P
200F vy CEEE 200 e =T
150 |- * * * 'S o F298%] 150 * * Ny
3 o—O——C——0—0 3 O——O—-—O—Q_O
100 o 100 F z11d
50 L 1 1 1 1 50 E M I T T R
2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Shear rate/s™ Shear rate/s™
700 700 [
F El 0 =05/° —@— T1=25°C
650 F @ =0.25/% —®— T7=25°C 650 | P = 05% —&— T=30°C
600 B A T=30°C 600 E —%— T=35°C
s ——— T=385°C E . T=40°C
550 - : T=40 g 550 '\\'\1 ®  T-=45°C
E =45° F —O— T=50°C
" 5005— .\'\-\. —@— T=50°C 500 F
S 450 ® 450
o F © F
E 400 T 00
= F = 3 ‘\‘\‘__‘__‘
g S0F L\‘\‘\A—H £ 350 F
£ 300 S 300 F
S 3 2 3 H_V__H
oso b V\-v__v__v_v > 20 F Caetd
] e = 200 F >
150 * * * * N 150 * ¢ o o=
100 | ¢ @ O———Oe 100 Cosrd
50 E | | | | 50 E ] ] ] 1 ]
0 2000 4000 6000 8000 10000 —2000 0 2000 4000 6000 8000 10000
Shear rate/s™ Shear rate/s™
700 F 700 [
650 || @ =075/% B— T=25°C 650 F | 9= 1/% —8— T=25°C
3 —&—— T=30°C E —a&—— T=30°C
600 _- —3— T=35°C 600 e —p— T=35°C
= T=40°C E [ T=40°C
550 E
5 .\\.\I [=TRED ¢ T=45°C S50 F .\.\'\. Ciosad ®  T=45°C
500 —G— T=50°C 500 —@— T=50°C
« E E
& 450 : g 450 E_
% 400 A\‘\_‘\“—‘ DE- 400 F ‘\ﬂ\—‘ﬂﬂ
= F AR £ F Fezd
g 80F 2 350 F
o 3 7] =
2 300 F h‘“‘ﬁv——v—__v S 300 F H'V_—V——v——v
= Eo69%) 2 E 503
250 £ > 250 F
200 [ > > > v Ea72%] 200 F > - p banazd
150 | * e o o oETm 150 E * e e o oEmm
3 O——O——-Q—._Q_O = = O“—-O——()——Q—_O
100 £ 100 E Ez1a%]
50 3 1 1 1 1 50 E ] ] ] ]
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

Fig. 4 The variation of viscosity versus shear rate at different temperatures and VFs
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Table 4. Analysis of proposed Source Sum of squares daf Mean square F value p value prob > F
correlation parameters
A—phi 15.28631 1 15.28631 1.858978 0.1747
B—temp 204.4679 1 204.4679 24.86546 < 0.0001
C—shear rate 1.033323 1 1.033323 0.125663 0.7235
AB 205.2937 1 205.2937 24.96589 < 0.0001
AC 1.03238 1 1.03238 0.125548 0.7236
BC 4.616796 1 4.616796 0.561451 0.4548
A? 15.33101 1 15.33101 1.864414 0.1741
B? 472.2483 1 472.2483 57.43041 < 0.0001
c? 2.145187 1 2.145187 0.260877 0.6102
ABC 4.410527 1 4.410527 0.536367 0.4651
A’B 206.0954 1 206.0954 25.06339 < 0.0001
A’C 1.03154 1 1.03154 0.125446 0.7237
AB? 457.2751 1 457.2751 55.6095 < 0.0001
AC? 2.07509 1 2.07509 0.252353 0.6161
B*C 242.0784 1 242.0784 29.4393 < 0.0001
BC? 3.668394 1 3.668394 0.446116 0.5052
A’ 15.37591 1 15.37591 1.869874 0.1735
B’ 4094.097 1 4094.097 497.8856 < 0.0001
c 112.0901 1 112.0901 13.63134 0.0003
Residual 1266.337 154 8.222966
Cor total 3,051,649 173

at least deviating from it. According to Fig. 8, dynamic =~ maximum deviation is less than 3% that shows high
viscosity data are predicted well by proposed  accuracy of the correlations.
correlation (2) and the correlation error is acceptable.
Figure 9 displays mean square errors of two shear rates
in different VFs and temperatures. As shown in Fig. 9,
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Table 5 Analysis of variance for proposed correlation

SD 2.867571514 R? 0.999585032
Mean 260.1701149 Adj R? 0.999533835
CV% 1.10219097 Pred R? 0.999454446
Press 1664.838531 Adeq precision 488.79978
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Fig. 8 Matching analysis of correlation results with experimental
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@ Springer

Sensitivity analysis

Sensitivity analysis is performed to analyze the effect of
adding unwanted amounts of NPs to base fluids (because of
laboratory errors and human mistakes) on viscosity of
nanolubricant. Change by 10% in each certain SVF and
investigating the effect of this change on viscosity is
studied for the introduced nanolubricant. Equation (3) was
used for sensitivity analysis:

Sensitivity of dynamic viscosity(% )
_ ( (:u'nf)AfterChange
(

runf) Base condition

— 1> x 100 (3)
Sensitivity of viscosity in different temperatures and shear
rates versus different VFs is illustrated in Fig. 10. At
temperatures higher than 30 °C, the sensitivity of viscosity
and their shear rates increases by adding VF and consid-
ering 10% extra NP to the sample. Increasing VF at a
constant temperature resulted in increase in sensitivity of
nanofluids. Increasing NPs collisions with base fluid
molecule in higher VFs causes it to happen. The sensitivity
rises more at 45 °C and 50 °C. Because of high sensitivity
of viscosity at higher temperatures, more accuracy for
supplying nanofluid is necessary.
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Conclusions

In present experimental work, rheological behavior of
MWCNT-MgO (50-50%) hybrid nanofluid based on SAE50
oil was examined experimentally. For this purpose, nano-
fluid samples were prepared in six solid VF under the tem-
peratures ranging from 25 to 50 °C. According to results,
adding NPs to base fluid causes viscosity dependency to
shear rate and it is a sign of non-Newtonian behavior.
Therefore, MWCNT-MgO (50-50%) hybrid nanofluid
shows a non-Newtonian behavior. The examination of
experiments shows below results:

1.

The results show that the viscosity of nanofluid
decreases to 329.6% by rising temperatures in a constant
VF of 1% and shear rate 200 1 s~!. As well as, the
viscosity of nanofluid increases to 10.66% by rising
VFs at a constant temperature of 25 °C and shear rate
200 1 s~

Increase or decrease in shear rate at a constant
temperature leads no noticeable change in relative
viscosity.

In higher temperatures, the variation of viscosity is fewer
and it means that the viscosity has low dependency on
effective parameters such as VF and temperature. This
trend causes a better balance in the variation of viscosity
versus temperature.

By enhancing VF, power law index decreases and
nanofluids behavior would become closer to non-New-
tonian behavior.

Dynamic viscosity of nanofluid is predicted by the
mathematical model well. Maximum deviation is less
than 3% that shows high accuracy of the correlations.
Sensitivity of viscosity at higher temperatures is more
than lower temperatures, because the sensitivity of
viscosity to different VFs at higher temperatures rises.
SVF of 0.0625% causes 2—4% viscosity reduction in
comparison with pure SW50.

Concentrations of 0.0625% and 0.125% cause no
excess pressure drop in operating cycle, and in some
cases, it lowers the pumping cost.
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