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Abstract In this study, the rheological behavior of CeO,-CuO/10W40 hybrid nanolubricant with
several volume fractions (VFs) over the range of 0.25-1.5 vol%, temperatures over the range of 5—
55 °C, and shear rates varying from 20 to 1000 rpm are experimentally assessed. The viscosity mea-
surements at various shear rates (SRs), VFs, and temperatures demonstrated that the 10W40 engine
oil and hybrid nanolubricant behave non-Newtonian. The experimental results show that the max-
imum viscosity reduction with increasing SR occurs at T = 45 °C and VF = 1.25 %, which its value
is about 30.28 %. The experimental findings demonstrate that an increase in temperature results in
reduced viscosity (between 91.84 % and 93.10 %) while the viscosity increases with increasing VF.
To forecast the experimental data, two correlations (functions of three variables: temperature, VF,
and SR) are presented based on experimental data using curve fitting and the response surface
method (RSM). The results show that good concordance exists between experimental data and cor-
relation results to estimate the viscosity of CeO,-CuO/10W40 hybrid nano-lubricant. Additionally,
the correlation developed by the RSM is more straightforward than one derived from curve fitting.
This new hybrid nano-lubricant can be used as a coolant in the automotive industry.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hybrid nanofluids have emerged as a new class of colloidal fluids that
have attracted attention due to the potential adaptation of their ther-
mophysical properties to improve heat transfer through a combination
of more than one nanoparticle to address specific application require-
ments (Esfe et al, 2015; Asadi and Asadi, 2016; Dalkilig, 2018;
Ghaffarkhah et al., 2019). The rheological behavior of hybrid nanoflu-
ids has an important impact on the hydraulic and thermal resistances
and thermal capacity of the fluid (Huminic and Huminic, 2018). The
complex behaviors and characteristics of hybrid nanofluids have led
most research in this field to experimental work. The rheological anal-
ysis of hybrid nanofluids is necessary, taking into account the effect of
the nanoparticles volume fraction (VF), temperature (T), shear stress
(SS), and shear rate (SR) on the viscosity of the hybrid nanofluids
and investigated in several studies (Esfe et al., 2022; Mokarian and
Ameri, 2022; Cao et al., 2021; Giwa et al., 2021; Barkhordar et al.,
2021; Asadi et al., 2021; Asadi et al., 2021; Sepehrnia et al., 2022). Dur-
ing the past decade, surveys were conducted to ascertain the dynamic
viscosity of hybrid nano-lubricant. In the literature on hybrid nanoflu-
ids, hybrid nanofluids containing nanoparticles of cerium oxide (CeO5)
and copper oxide (CuO) have been less studied, which are reviewed in
this section.

The rheological behavior of CeO,-CuO/coconut oil hybrid nanolu-
bricants are experimentally and theoretically examined in various
weight fractions (wt%) over the range 0% to 1% for different mixture
ratios of CeO, and CuO, namely 25/75, 50/50, and 75/25 at the temper-
ature of 30-90°C and various SRs by Sajeeb and Rajendrakumar
(Sajeeb and Rajendrakumar, 2019). They observed non-Newtonian
behavior for higher concentrations and lesser SRs for each mixture
ratio of CeO, and CuO. But at higher SRs, Newtonian behaviors are
observed at all temperatures and concentrations. Sepehrnia et al.
(Sepehrnia et al., 2022) studied the rheological properties of the
Ce0,-Sn0,/SAES0 hybrid nanofluid at different temperatures of 25—
67 °C, as well as VFs of 0.25-1.5%, and the SRs of 1333-2932.6 s~ ..
The results demonstrated that the investigated hybrid nanofluid is a
non-Newtonian fluid. Their results showed that the maximum dynamic
viscosity occurs at a VF of 1.5%, and a temperature of 25 °C. Sajeeb
and Rajendrakumar (Sajeeb and Rajendrakumar, 2020) studied the tri-
bological performance of a new CeO,-CuO/coconut oil hybrid nanol-
ubricant in different mixture ratios of CeO,/CuO (25/75, 50/50, and
75/25) at different concentrations of 0.1 to 1.0 wt%. A decrease of
15.7% in average friction factor was detected using 0.25 wt% CeO,/
CuO (50/50). Sepehrnia et al. (Sepehrnia et al., 2022) analyzed the vis-
cosity of CeO,-GO-SA/10W40 ternary hybrid nanofluid over the VF
range restricted to 1.5% and over the temperature range of 5-55 °C.
Their results showed that the maximum dynamic viscosity occurs at
a temperature of 5 °C, and a VF of 1.5%. Also, rheological probations
showed that fabricated ternary hybrid nanofluid is non-Newtonian.

The dynamic viscosity measurement of CutO-MWCNTs (50-50%)/
SAE 5w—50 hybrid nanofluid is performed by Aghaei et al. (Aghaei
et al., 2018) over the range of 0.05% <VFs < 1%, at temperatures
of 5 to 55 °C. Experimental findings show that the viscosity increases
by increasing VF and reduces by increasing temperature, and nano-
fluid behaves like a Newtonian fluid. They predicted the hybrid nano-
fluid viscosity using an ANN model and established a novel viscosity
model. Abdollahi Moghaddam et al. (Moghaddam and Motahari,
2017) experimentally investigated the rheological behavior of CuO-
MWCNTs (70-30%)/SAE40 hybrid nanofluid over the range 0.0625
% <VFs < 1% and temperature of 20 °C to 50 °C. They found that
CuO-MWCNTs/SAE40 hybrid nanofluid is non-Newtonian. Esfe
et al. (Esfe et al., 2018) experimentally investigated the viscosity of
low concentration CuO-MWCNTs (90-10%)/10w40 hybrid nanofluid
in different VFs (0.01%, 0.1%, 0.25%, 0.5%, 0.75%, and 1%). They
discovered that when VF increases, the nanofluid viscosity also
increases. Additionally, their rheological experiments showed that
the fabricated hybrid nanofluid has a non-Newtonian behavior as like

pure oil (10w40). In another experimental study, Esfe et al. (Esfe et al.,
2023) experimentally studied the viscosity of CuO-MWCNTs (60—
40%)/10W40 hybrid nanofluid in the VF range of 0.5-1.0% at the tem-
peratures of 5-55 °C. Their results of the experimental study reveal the
non-Newtonian behavior of hybrid nanofluid. Esfe et al. (Esfe et al.,
2019) experimentally examined the rheological performance of CuO-
MWCNTs (70-30%)/SAES0 hybrid nanofluid over the range 0%
<VFs < 1%, at temperatures of 25-50 °C and the SRs of 666—
7998 s~'. They found that nanofluid can behave similarly to non-
Newtonian fluids. In addition, a mathematical relationship for the rel-
ative viscosity of hybrid nanofluid is developed, and the relative viscos-
ity sensitivity to temperature and VF is performed. In a laboratory
study on the ternary hybrid nanofluid, Mansourian et al.
(Mansourian et al., 2021) examined the rheological properties of
CuO-SiO,-CaP/crude oil ternary hybrid nanofluid in the VF range of
0.05-0.75% at temperatures of 25-55 °C. The results proved that the
base fluid behaves Newtonian. Newtonian performance was also
detected for the nanofluid with VFs up to 0.75%.

By reviewing the experimental studies performed by researchers, it
is found that the rheological performance of hybrid nanolubricants
containing CeO, is less studied, and there is a need for further study.
Therefore, in the present experimental work, the rheological perfor-
mance of CeO,-CuO/10W40 hybrid nanolubricant with a temperature
ranging from 5 °C to 55 °C, the VF ranging from 0.25 to 1.5%, and the
SR ranging from 20 to 1000 rpm is assessed. Additionally, two new
three-variable correlations are developed based on experimental data
using curve fitting and the response surface method (RSM) to precisely
anticipate the dynamic viscosity of CeO,-CuO/10W40 hybrid nanolu-
bricant. Furthermore, the sensitivity analysis of dynamic viscosity is
performed.

2. Experiments

In the present study, the base fluid is 10W40 engine oil manu-
factured by Castrol company. Fig. 1 shows the base fluid and
the nanoparticles of CeO, and CuO (supplied by the US
Research Nanomaterials, Inc.). The characteristics of
nanoparticles are also presented in Fig. 1.

The material size and purity of nanoparticles are obtained
via X-Ray Diffraction (XRD) results (Fig. 2). The pointed
and thin peak in the XRD diagram indicates that both
nanoparticles of CeO, and CuO have perfect crystal phase
structure. Moreover, impurity peaks are not observed at the
detection limit of XRD, which shows that this technique is
capable of generating CeO, and CuO powders in a single
phase.

2.1. Preparation of hybrid nanolubricant and measurement of
dynamic viscosity

The CeO,-CuO/10W40 hybrid nanolubricant is prepared at
different VFs of 0.25, 0.5, 0.75, 1.0, 1.25, and 1.5 %. The total
nanoparticle VF (¢) in the hybrid nanolubricant is evaluated
using Eq. (1).

M M
_ (p)CeOZ+(p)CLtO
G )
P/ oil P ) Ce0s P/ cuo

Where, M represents the mass (kg), and p denotes the den-
sity (kg/m®). The mass measurement of CeO, and CuO
nanoparticles is performed through a weight scale with an
accuracy of 1 mg. In brief, the two-step method and Brookfield
viscometer are applied for the preparation and the viscosity

x 100 (1)
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10W40 engine oil CeO:

Purity: 99.97%

Color: light yellow
Shape: nearly spherical
Size: 10-30 nm
Density: 7.312 g/cm?3
SSA: 30-50 m?/g

Fig. 1 Base fluid and the characteristics of the used nanoparticles.
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Fig. 2 XRD chart: (a) CeO, and (b) CuO.

measurement of hybrid nanolubricants, respectively. The nec-
essary amounts of nanoparticles are dispersed in the base fluid
to reach the desired VF. To prevent agglomeration of
nanoparticles and perform the suspension process, nanofluids
are rotated using a magnetic stirrer for 1 h and exposed to
ultrasonic waves for 1.5 h.

The measurement of the nanolubricant sample viscosities
with various VFs is accomplished in different nanolubricant
temperatures of 5 — 55 °C, and SRs of 20-1000 rpm. Samples
of nanolubricant are illustrated in Fig. 3. Additionally, after a
mogth of preparation.of nanofluids, no deposition or agglpm- Fig. 3 Samples of prepared hybrid nanolubricants (after a
eration was observed in the prepared samples and the stability
of the samples was ensured.

month).
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3. Results and discussion

3.1. Rheological properties

Evaluating the rheological properties of hybrid nanolubricants
is critical in fluid mechanics and heat transfer applications
(Dalkilig, 2018; Asadietal., 2016; Afrand et al., 2016). To recog-
nize how a nanofluid behaves Newtonian or non-Newtonian, its
viscosity needs to be measured at various SRs (Sepehrnia et al.,
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2022). The shear stress (SS) is plotted against SR for CeO,-
CuO/10W40 hybrid nanolubricant at various VFs and temper-
atures, in Fig. 4. It is pretty clear that the increase in SR results
in an increase in SS across all VFs. The hybrid nanolubricant SS
decreases under high temperatures at constant SR due to the
decrease of intermolecular forces of the hybrid nanolubricant.
Asshown in Fig. 4, the apparent dynamic viscosity of the hybrid
nanolubricant (slope of the tangent line to the SS-SR curve)
increases with decreasing temperature.
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Fig. 4 SS versus SR at different temperatures and VFs.
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Fig. 4 (continued)

Changes in the viscosity of the hybrid nanofluid relative to
SR at different VFs and temperatures are depicted in Fig. 5.
The nonlinearity of the curves indicates the non-Newtonian
property of the hybrid nanolubricant.

The quantitative results for the minimum and maximum
percentages of viscosity reduction with the SR for different
VFs and temperatures are summarized in Table 1. As shown
in Table 1, the maximum viscosity reduction is achieved with
hybrid nanofluid at VF and temperature of 1.25% and
45 °C, so by changing the SR from 100 to 900 rpm, the
dynamic viscosity is reduced by 30.28%. Consequently, the
hybrid nanolubricant under investigation acts as a pseudoplas-
tic fluid at all temperatures and VFs. This behavior can be
ascribed to heat production at elevated SRs. Moreover, it
can be seen that the hybrid nanolubricant behavior deviates
further from Newtonian behavior under low temperatures.

To ensure the non-Newtonian performance of CeO,-
CuO/10W40 hybrid nanolubricant, the consistency and
power-law indices (m and n) of the familiar Ostwald de Waele
relationship (Eq. (2)) are presented in Table 2 and Table 3,
respectively.

S 2)

It can be understood from Table 2 that the m declines with
increasing temperature from 5 to 55 °C, which is compatible
with decreasing dynamic viscosity due to the temperature
increase in Fig. 4. In addition, m values increase slightly from
45 to 55 °C at VFs of 1% and 1.25%, which indicates the pre-
vention of a drastic reduction in dynamic viscosity with rising
temperature. Additionally, based on Table 3, nis < 1 for all
temperatures and VFs, from which it can be inferred that the
hybrid nanolubricant has the same properties as pseudoplastic
fluid.

3.2. The effects of temperature and V'F on nanolubricant
dynamic viscosity

Awareness of changes in the lubricants dynamic viscosity with
temperature is particularly important in the industry. The
effect of temperature change on the hybrid nanolubricant
dynamic viscosity with various VFs at SRs of 100 and
500 rpm is shown in Fig. 6. It is detected that increasing the

temperature reduces the hybrid nanolubricant viscosity. For
example, with an SR of 100 rpm, the temperature change from
5 to 45 °C results in a 93.10% and 91.84% drop in dynamic
viscosity at VFs of 0.25% and 0.5%, respectively. In fact, with
increasing temperature, molecular motions increase, so cohe-
sive forces are reduced with a corresponding reduction in resis-
tance to motion. For high VFs, the temperature effect on
dynamic viscosity change becomes more vigorous. This behav-
ior can be ascribed to the more probable clustering of
nanoparticles at high VFs.

The dynamic viscosity changes of CeO,-CuO/10W40
hybrid nanolubricant in terms of VF are represented in
Fig. 7. in SRs of 100 and 500 rpm. As can be seen, the viscosity
increases with increasing VF at all temperatures. For example,
at an SR of 100 rpm and a temperature of 5 °C, with increasing
VF, the viscosity increases by 15.6%, and this increase is
14.48% at an SR of 500 rpm and a temperature of 25 °C. This
is because as the nanoparticles disperse into the base fluid, the
interactions of the base fluid molecules and the nanoparticles
are increased, which increases the fluid flow resistance and
increases the dynamic viscosity. Furthermore, with increasing
VF, more flow resistance is created as a result of increasing
nanoparticle intermolecular forces.

3.3. Effect of temperature and VF on the relative viscosity

The effect of temperature and VF on the relative viscosity of
Ce0,-CuO/10W40 hybrid nano-lubricant (i, = p,/ 1) is
illustrated in Fig. 8. The increase in viscosity of the hybrid
nanofluid compared to the base fluid can be observed at all
temperatures and VFs, which was also observed in previous
studies (Sepehrnia et al., 2022). Also, the results of Fig. 8 show
that the maximum increase in hybrid nanofluid viscosity com-
pared to the base fluid at a constant temperature is 35.85%,
which is related to hybrid nanofluid with a VF of 1.25% and
a temperature of 45 °C. In addition, the minimum increase
in hybrid nanofluid viscosity compared to the base fluid is
0.94%, which is related to hybrid nanofluid with a VF of
0.25% and a temperature of 45 °C.

3.4. Proposed correlations

Several familiar correlations have been established to estimate
nanofluid viscosity, such as the correlation of Einstein
(Einstein, 1911), Brinkman (Brinkman, 1952), Batchelor
(Batchelor, 1977), and Wang et al. (Wang and Mujumdar,
2007), which are given in Eqs (3) to (6), respectively.

u=1+25¢ (3)
po=010-) 4)
f=1+2.5¢+62¢ (5)
wo=14+73¢p+ 123¢> (6)

The relative viscosity of CeO,-CuO/10W40 hybrid nanolu-
bricant obtained from the experimental data of the present
work is compared with the results predicted by the Eqs (3)
to (6) at SR of 100 rpm in Fig. 9. Conventional models are
temperature independent and show a linear behavior, while
the results of the present study are completely temperature-
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Fig. 5 Viscosity versus SR at different temperatures and VFs.

dependent and have nonlinear behavior. It is observed that
Eqgs (3) through (6) cannot accurately forecast the dynamic vis-
cosity of the hybrid nanolubricant under investigation.

Hence, to correlate the studied hybrid nanofluid viscosity
according to experiments, an innovative correlation (7) is
established using curve fitting to predict the dynamic viscosity
of Ce0,-CuO/10W40 hybrid nanolubricant as a function of
VF (025% < ¢ < 1.5%), temperature (5 °C < T
< 55°C), and SR (20 rpm < 7 < 1000 rpm) with a determi-
nation coefficient (R?) of 0.9916.

I,y =2175.923+94.160¢ — 142.0507 — 0.325897 + 137.015¢°
+3.5141 72 +0.00113667 —22.323¢4° —0.0302997T°
—2.6648E — 77 —8.3412¢T —0.18571¢7 —0.010491 T
—2.7574¢* T+0.059742¢*9 +0.16275T%¢ + 3.3810E — 04>}
+7.8186E—059*¢ — 1.7339E—057°T

(7)

In addition to the curve fitting method, in this section,
RSM-based statistical analysis is used to model the dynamic
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Table 1 The minimum and maximum percentages of dynamic
viscosity reduction with the SR.

Minimum Maximum
viscosity viscosity
reduction (%)  reduction (%)
VF (%) 0 (10W40) 8.08 17.92
0.25 4.56 15.89
0.5 7.72 28.72
0.75 11.23 27.19
1 9.12 25.58
1.25 11.82 30.28
L.5 11.92 26.31
Temperature (°C) 5 4.56 26.31
15 10.80 15.95
25 10.28 19.09
35 11.93 26.50
45 15.89 30.28
55 10.44 24.85

viscosity of CeO,-CuO/10W40 hybrid nanolubricant. Experi-
mental data are employed as historical data for correlating
the mathematical formula. Independent input variables include
temperature, VF, and SR, and dynamic viscosity is taken into
account as the dependent output variable. Tables 4 and 5 rep-
resent the input and response variable levels and characteris-
tics, respectively.

Table 2 Consistency index (m) for hybrid nanolubricant.

Table 6 shows the statistical results of various functions. As
it turns out, a linear function has the best-adjusted R? and
therefore is used as the optimal function.

The analysis of variance (ANOVA) for the anticipated
model is summarized in Table 7. It is noteworthy that the lin-
ear model is used in this analysis. The F-value is 41200.00, and
it shows that this model is authentic.

According to fit statistics in Table 8, the coefficient of R? is
equal to 0.9976 by using the linear function. Indeed, it shows
the coincidence degree of the experimental data points and
the model data. The adjusted R? value is 0.9976, considering
the effect of the equation’s predicted constant coefficients. It
highlights the conformity degree of the model data over the
experimental data range. The predicted R* value is 0.9975,
which shows the predicted model data quality for data that
do not fall within the experimental data range. Additionally,
Adeq precision demonstrates that a signal-to-noise ratio higher
than four is favorable (Peng et al., 2020). In this equation, the
Adeq precision value is 597.5243, which shows a suitable
signal.

The transform function for data normalization is set as
V= (y—Q—k)}” with & = 0 and 2 = -0.22 as suggested by the
software in the box-cox graphic illustrated in Fig. 10.

The regression diagram is shown in Fig. 11. As can be seen,
an adequate consistency exists between the predicted model
and the experimental data.

Fig. 12 shows the 3D surface diagrams of the model
obtained via statistical analysis, where the effects of the tem-
perature, VF, and SR on the response are shown.

The dynamic viscosity correlation derived from RSM is
presented in Eq. (8).

7 =00+ o+ T + os) (8)

where, the constants oy, oy, o, and oz are + 0.181447,
— 0.0077247, + 0.0038901, and 2.0326657E-5, respectively.
To ensure the accuracy of our presented correlations in
Egs. (7) and (8), the forecasted results by both of the developed
correlations are compared with experimental data in Fig. 13. It
can be found that the presented correlations predict the exper-
imental data with relatively good accuracy. Since Eq. (8) is
more straightforward than Eq. (7), it is recommended to use
Eq. (8) to predict the dynamic viscosity of CeO,-CuO/10W40
hybrid nanolubricant. The proposed correlations in the present
work can be applied to various applications, including numer-
ical study (Shahsavar et al., 2018; Babu, 2022; Kavya et al.,
2022; Neethu et al., 2022; Shah et al., 2022; Bendrer et al.,
2021; Ahmed, 2020; Naderi and Mohammadzadeh, 2020;
Khorasanizadeh et al., 2017; Sepehrnia et al., 2019; Rahmati

Temperature (°C)  VF = 0% (10W40) VF = 025% VF =0.5% VF =075% VF =1% VF =125% VF = 1.5%
5 2.0924 1.872 2.1304 1.2155 2.4926 2.8584 6.3946
15 1.0719 0.09766 0.9833 1.0733 1.2477 1.1659 1.1892
25 0.4481 0.4609 0.5962 0.7013 0.6049 0.5978 0.5521
35 0.2696 0.2743 0.3951 0.45 0.4615 0.5392 0.3428
45 0.1917 0.1755 0.2892 0.3075 0.3467 0.4211 0.3158
55 0.01312 0.1342 0.1605 0.21 0.5308 0.6381 0.1881
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Table 3 Power law index (n) for hybrid nanolubricant.

Temperature (°C)  VF = 0% (10W40) VF = 0.25% VF =05% VF =0.75% VF =1% VF = 125% VF = 1.5%

5 0.9535 0.9737 0.954 0.9821 0.9413 0.9244 0.8121

15 0.932 0.9473 0.9487 0.9417 0.9253 0.935 0.9357

25 0.9527 0.9543 0.9229 0.9069 0.9298 0.9316 0.9444

35 0.9379 0.9407 0.8997 0.8805 0.8896 0.8777 0.9274

45 0.9167 0.9298 0.8746 0.8725 0.8625 0.845 0.8758

55 0.905 0.9056 0.887 0.854 0.7735 0.7551 0.8816
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Fig. 7  Viscosity changes versus VF at various nanolubricant temperatures.

et al., 2019), nano-lubricants (Afrand, 2016; Esfe et al., 2022; Khorasanizadeh and Sepehrnia, 2018; Sepehrnia et al., 2018;
Arif et al., 2021; Khan et al., 2019), microchannel heat sinks Sepehrnia et al., 2019), heat exchangers (Shahsavar et al.,
(Sepehrnia et al., 2021; Khorasanizadeh and Sepehrnia, 2017, 2019; Alazwari and Safaei, 2021; Davoudi et al., 2021), and
Khorasanizadeh and Seperhnia, 2018; Khorasanizadeh and automotive industry (Jamil and Ali, 2020; Abbas, 2020; Arif

Sepehrnia,

2016; Khorasanizadeh et al., 2019; et al., 2022).
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Fig. 8 Relative viscosity changes versus temperature and VF for SR of 100 rpm.

1.3 — .. . .
Einstein model Table 6 Statistical Results of Different Functions.
——  — Brinkman model
— - —  Batchelor model Source Sequential p- Adjusted  Predicted
Wang model value R? R?
¢ piperimenta data gjﬁg Linear < 0.0001 0.9976 0.9975 Suggested
12k P 2FI < 0.0001 0.9978 0.9978
2 Quadratic < 0.0001 0.9984 0.9983
g Cubic < 0.0001 0.9991 0.9990
RZ Quartic < 0.0001 0.9995 0.9993
> Fifth < 0.0001 0.9996 0.9995
E Sixth < 0.0001 0.9997 0.9995
= »
an!
e~
3.5. Sensitivity analysis
1= Sensitivity analysis is used to determine the sensitivity of
| | | | | | dynamic viscosity of the CeO,-CuO/10W40 hybrid nano-
0 0.25 0.5 0.75 1 1.25 1.5 1.75 lubricant to varying nanofluid VF. For this purpose, Eq. (9)
¢ (%) is used.
Fig. 9 p, versus VF at SR of 100 rpm using various models. fSen sitivity(%) = (HuﬁAﬂerchange - ﬂ:;/;Ba.vemndizion) % 100 9)
. Mnf.Basec()ndilion
Table 4 Input variables of the RSM model.
Factor Name  Units Type SubType Minimum  Maximum  Coded Low  Coded High Mean Std. Dev.
A VF % Numeric ~ Continuous 0.250 1.50 —1 < 0.25 +1 o 1.50 0.8460 0.4302
B T °C Numeric ~ Continuous 5.0 55.00 -1 5.0 +1 < 55.00 32.12 15.89
C SR rpm Numeric  Continuous  20.0 1000.00 -1 < 20.0 +1 < 1000.00 361.59 294.42
Table S Characteristic of the RSM model response.
Response  Name Units  Observations ~Minimum Maximum Mean Std. Dev.  Ratio  Transform  Model
R1 Dynamic viscosity mPa.s  302.00 54.4 2353 418.84  492.96 43.25  Power Linear
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Table 7 Analysis of variance for the linear model.

Source Sum of Squares df Mean Square F-value p-value
Model 1.31 3 0.4375 41200.00 < 0.0001 significant
A-phi 0.0033 1 0.0033 312.56 < 0.0001
B-T 0.6074 1 0.6074 57209.40 < 0.0001
C-SR 0.0057 1 0.0057 536.94 < 0.0001
Residual 0.0032 298 0.0000
Cor Total 1.32 301
Table 8 Fit statistics.
Std. Dev. 0.0033 R? 0.9976
Mean 0.3072 Adjusted R? 0.9976
C.V. % 1.06 Predicted R? 0.9975
Adeq Precision 597.5243
Box-Cox Plot for Power Transforms Predicted vs. Actual
24— 0.45 —
22 —
20—
ey e 0.35 4
n
L 1 5
< 7 4
:_5 '§ 0.3
[72]
Q - B
6 16
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=
0.2 4
12— L)
10.6646
0.15 —
107 T I | T
T T T T T T T 0.15 0.2 0.25 0.3 0.35 0.4 0.45
-3 2 1 0 1 2 3 A 1
Lambda ctua
Fig. 11 Regression diagram of the predicted values with

Fig. 10 The box-cox plot for determination of the modified
transform function.

experimental data.
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Fig. 12 Model output diagrams by RSM: (a) interaction within
SR and VF on dynamic viscosity; (b) interaction within temper-
ature and VF on dynamic viscosity.

The u,, sensitivity to the hybrid nanofluid VF is represented
in Fig. 14. It can be found that the u,, sensitivity increases with
increasing nanofluid VF, taking into account a constant SR of
100 rpm. According to Fig. 14, The p,, sensitivity to tempera-
ture and VF is generally low (below 3%). The highest viscosity
sensitivity occurs for the VF = 1.25% at a temperature of
55 °C, which is equal to —2.84%.

4. Conclusion

In the present work, the measurement of dynamic viscosity of CeO,-
CuO/10W40 hybrid nanolubricant is experimentally accomplished at
various VFs 0.25% < ¢ < 1.5%), temperatures
(5°C < T < 55°C) and SRs (20 rpm <7 < 1000 rpm). The main
results of this study are as follows:

1. 10W40 engine oil behaves non-Newtonian, so that with increas-
ing SR, its dynamic viscosity decreases between 8.08% and 17.92%,
and the maximum reduction in dynamic viscosity corresponds to a
temperature of 45 °C.

2. The Ce0,-CuO/10W40 hybrid nano-lubricant has a non-
Newtonian behavior in all VFs, so that with increasing SR, its dynamic

Experimental results

Fig. 13 Comparing the measured viscosity with developed
correlations.

3
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Fig. 14  Sensitivity analysis diagram for the CeO,-CuO/10W40
hybrid nano-lubricant.

viscosity decreases between 4.56% and 30.28%, which the most signif-
icant reduction in dynamic viscosity occurs at VF of 1.25% and tem-
perature of 45° C.

3. Two three-variable functional relationships are established to
precisely evaluate the dynamic viscosity of CeO,-CuO/10W40 hybrid
nanolubricant at different VFs, SRs, and temperatures.

4. The relation obtained from the RSM method is more straightfor-
ward than the relation obtained from the curve fitting method and its
accuracy is slightly higher, so it is recommended to use it to predict the
dynamic viscosity of CeO,-CuO/10W40 hybrid nanolubricant.

5 Based on sensitivity analysis, the u,, sensitivity increases with
increasing nanofluid VF, and g, is more sensitive to temperature
changes than volume fraction.
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