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ARTICLE INFO ABSTRACT

Keywords: One of the important properties of fluids is viscosity. In this research, the viscosity modeling of nano-lubricant
RSM (NLB) was done using RSM. Using the response surface methodology (RSM), several models including Cubic,
Viscosity . Quartic, 2FI and Quadratic, models were designed and the relevant statistical parameters were presented. The
gjq{l(?\jvefo Quartic selected model after checking the evaluation parameters R-squared, Adjusted R, Predicted R? and Std. Dev. is

Predicted R?

selected and the values are equal to the values of 0.9993, 0.9992, 0.9989 and 4.62, respectively. Statistical charts

including residual values, normal distribution, Box-Cox and predicted values in terms of real values also intro-
duce the best model. The trend of viscosity changes of the selected model was evaluated according to the basic
parameters T, solid volume fraction and shear rate , and the temperature parameter was introduced as the most

influential parameter.

1. Introduction

Today, nanotechnology has made great progress in various in-
dustries, including the automotive industry, because with the help of
this technology, special things such as improving viscosity and reducing
friction, etc., can be created in engine parts, which will suffer from de-
fects with other methods. One of the main parts of the car that plays an
important role in its movement is the car engine, which is very impor-
tant due to its health. The engine plays an essential role in the movement
of the car, from the fuel department to the transmission of energy or
power to the wheels. The power of the engine is the result of the
connection of its parts with each other (Vakili-Nezhaad and Dorany,
2009), but if there is friction between such parts, it means corrosion and
shortens the lifetime of the parts. Therefore, experts in this industry have
been looking for a way to reduce friction and increase engine life. Engine
oil plays an important role in the moving parts of the engine. In addition
to the lubrication of moving parts, engine oil should not lose its quality
and efficiency under the influence of atmospheric conditions and face a
drop-in efficiency. For this reason, experts are thinking of producing
motor oils with more capabilities and efficiencies (Aghaei et al., 2017).
Viscosity is one of the important indicators in choosing engine oil.
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Viscosity is the resistance of a fluid or liquid to movement or flow.
Viscosity in liquids is due to the presence of intermolecular attraction
that changes under the influence of temperature (Ghazvini et al., 2012).
Viscosity has an inverse relation with the temperature variable, and this
important principle should be considered in choosing a good engine oil.
Lubrication of parts with oil starts from the time of starting the car, it is
at this time that the engine oil must quickly lubricate all parts to avoid
serious damage (Stanciu, 2017; Esfe and Arani, 2018). To prevent such
problems and also to improve the viscosity of oils, researchers first used
millimeter or micrometer-sized particles, which noticed sedimentation,
low stability, and reduced viscosity changes, and looked for particles
with smaller dimensions (Meybodi et al., 2016; Ahmadi et al., 2013). For
the first time in 1995, Choi (Choi and Eastman, 1995) presented the idea
of using particles less than 100 nm with high thermal conductivity (TC)
and low volume ratio to normal fluids and preparing nanofluids (NFs) to
improve viscosity and TC. NFs are a new generation of fluids that by
adding oxide and non-oxide nanoparticles (NPs) and carbon nanotubes
(CNTs) to engine oil have had a significant effect on improving the
quality and viscosity of thermal oils (Saboori et al., 2017; Asadi et al.,
2016). Viscosity is one of the most important dimensions of rheological
behavior in the study of thermophysical properties of NFs, which can
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Table 1 Table 3
2FI model ANOVA regression table. Cubic model ANOVA regression table.
Source Sum of df Mean F-value P- Source Sum of df Mean F-value p-value
Squares Square value Squares Square
Model 4.203E + 6 7.005E + 385.47 < significant Model 4.493E + 19 2.365E + 2838.87 < significant
06 05 0.0001 06 05 0.0001
A-T 1.771E + 1 1.771E + 97.49 < A-T 36646.24 1 36646.24  439.90 <
05 05 0.0001 0.0001
B-SVF 21810.13 1 21810.13 12.00 0.0007 B-SVF 3163.15 1 3163.15 37.97 <
C-SR 50838.18 1 50838.18 27.98 < 0.0001
0.0001 C-SR 26.84 1 26.84 0.3221  0.5711
AB 6116.09 1 6116.09 3.37 0.0683 AB 1272.29 1 1272.29 15.27 0.0001
BC 6.066E + 1 6.066E +  333.85 < AC 5.98 1 5.98 0.0718  0.7891
05 05 0.0001 BC 1.60 1 1.60 0.0192  0.8900
BC 167.29 1 167.29 0.0921  0.7619 A? 14005.58 1 14005.58 168.12 <
Residual ~ 3.035E + 167 1817.14 0.0001
05 B? 2049.26 1 2049.26 24.60 <
Cor 4.506E + 173 0.0001
Total 06 c? 640.58 1 640.58 7.69 0.0062
ABC 411 1 4.11 0.0493  0.8245
A%B 778.17 1 778.17 9.34 0.0026
A%C 58.64 1 58.64 0.7039  0.4028
Table 2 AB? 166.32 1 166.32 2.00 0.1597
Quadratic model ANOVA regression table. AC? 176.38 1 176.38 2.12 0.1477
B%C 3.41 1 3.41 0.0410  0.8399
Source  Sum of df ~ Mean F- P-value BC? 0.5179 1 05179 00062  0.9373
Squares Square value A3 5913.33 1 591333 7098 <
Model 4.393E + 9 4.881E + 706.11 < significant 0.0001
06 05 0.0001 B® 1712.75 1 1712.75 20.56 <
AT 2.189E + 1 2.189E + 316.72 < 0.0001
05 05 0.0001 c® 25.56 1 25.56 0.3068 0.5804
B-SVF 3865.18 1 3865.18 5.59 0.0192 Residual 12828.99 154 83.31
C-SR 13337.87 1 13337.87 19.30 < Cor 4.506E + 173
0.0001 Total 06
AB 5997.43 1 5997.43 8.68 0.0037
AC 5332.83 1 5332.83 7.71 0.0061
BC 161.15 1 161.15 0.2331  0.6299 SVF. The results at a temperature between 5 and 55 °C and SVF =
A? 1.054E + 1 LOS4E+ 15255 < 0.05-1 % show that the behavior of the NF is a non-Newtonian behavior
) 05 05 0.0001 and the power-law index increases with the increase of the SVF. Chiam
B 542.49 1 542.49 0.7848  0.3770 " . . ] . .
2 249.94 1 249.24 0.3606  0.5490 et al (Chiam et al., 2017) investigated the viscosity of Al;O3 NPs in EG/
Residual 1.134F + 164 691.24 water base fluid (BF) in the temperature range of T = 30-70 °C and SVF
05 = 0.2-1 %. The results show that viscosity decreases with the increase of
C"Tr ol 4'5%66]5 + 173 the participation percentage of EG base fluid in NF. The highest increase
otal

improve the performance and work efficiency of using smart fluids. In
addition to engine oil lubrication, viscosity plays an important role to
pumping power and pressure drop in heating systems (Bafrani et al.,
2020). Also, NF viscosity affects the overall performance of the heat
transfer system, which was worked on by Azimi et al. (Azmi et al., 2014).
Various research was done in the field of the viscosity of NFs, but more
research is still needed. In recent years, NFs have attracted the attention
of many researchers (Du et al., 2020). The research group of Hemmat
Esfe et al. (Esfe and Sarlak, 2017) evaluated the thermophysical prop-
erties of CuO-MWCNT hybrid NF (85 %-15 %)/10 W40 in SVF = 0.05-1
% and T = 55-55 °C. NF has shown non-Newtonian Bingham behavior at
T < 45 °C. Finally, at T > 45 °C, a mathematical correlation with a
second-order accuracy of 0.9846 was presented to predict the dynamic
viscosity of NF. The result of this correlation shows that the predicted
data are in good agreement with the experimental data. In another study
(Alidoust et al., 2022), the relative thermal conductivity (RTC) for the
SWCNT (15 %)-Fe304(85 %)/Water NF was investigated in different
parameters such as temperature and SVF. The initial increase in TC for
NF compared to water ata T = 30 °C and SVF = 0.03 % is equal to 0.9 %,
but the highest value of RTC is reported as 32.20 %, which is a signifi-
cant value. Besides experimental studies, response surface methodology
(RSM) has been used as a mathematical method to predict TC. MOD and
RTC sensitivity are applied to check the accuracy of predictions. As a
result, the highest RTC sensitivity is reported at + 1.58 %. Hemmat et al.
(Esfe et al., 2018) investigated the viscosity of the ZnO-MWCNT/10 W40
NF in a laboratory as a result of the parameters of temperature, SR and

in viscosity occurs in the combined ratio of EG/water (40:60) at T =
60 °C and SVF = 1 %, which is more than 70 %. Hemmat et al. (Esfe
et al., 2018) investigated the dynamic viscosity of hybrid NF from
different combinations of carbon nanotubes (CNTs) with different per-
centages of TiOz NPs in 10 W40 BF under the influence of temperature
variables and different SVFs. Experimental results show that increasing
the percentage of CNT has a significant effect on the non-Newtonian
behavior of NF, and this increases the shear-thinning behavior of the
composition. Jeong et al. (Jeong et al., 2013) studied the viscosity and
TC of ZnO NPs on the effect of particle shape. First, the SVF and TC of
ZnO NPs with almost rectangular and spherical shapes were investigated
in SVF = 0.05-5 %. Hemmat et al. (Esfe et al., 2022) investigated the
rheological behavior of MWCNT (25 %)-MgO (75 %)/SAE40 NF in T =
25-50 °C and SVF = 0.0625 to 1 % and SR = 666.5 to 7998 s !
experimentally. The results of evaluating the rheological behavior of
NFs show that NFs exhibit non-Newtonian behavior. In addition today
scientists and engineers use various statistical and numerical models to
save money and time as well as speed up the solutions. In the last few
years, computational methods and the use of RSM have attracted the
attention of many researchers. Researchers use the RSM to predict
experimental data and optimize response function models (Chu et al.,
2021; Esfe, 2017; Khetib et al., 2021). Qualitative indicators of NF vis-
cosity modeling using the RSM have attracted the attention of many
researchers. Kazemi et al. (Kazemi-Beydokhti et al., 2013) investigated
the TC of CuO/Water NF by seven important parameters (T, SVF, par-
ticle size, pH, NP density, elapsed time, and ultrasound time) in a lab-
oratory manner. This study has used the factorial modeling method to
evaluate the main effects and their interaction on the ratio of heat
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Table 4
ANOVA regression table of Quartic model.
Source Sum of df Mean F-value P-value
Squares Square
Model 4.503E + 34 1.324E + 6197.17 < significant
06 05 0.0001
A-T 10570.55 1 10570.55 494.59 <
0.0001
B-SVF 1009.84 1 1009.84 47.25 <
0.0001
C-SR 6.63 1 6.63 0.3101 0.5785
aAB 599.38 1 599.38 28.04 <
0.0001
AC 5.42 1 5.42 0.2536 0.6154
BC 0.0444 1 0.0444 0.0021 0.9637
A? 1714.80 1 1714.80 80.23 <
0.0001
B? 439.75 1 439.75 20.58 <
0.0001
c? 18.48 1 18.48 0.8647 0.3540
ABC 2.99 1 2.99 0.1400 0.7088
A%B 133.45 1 133.45 6.24 0.0136
A%C 4.69 1 4.69 0.2193 0.6403
AB? 417.40 1 417.40 19.53 <
0.0001
AC? 3.73 1 3.73 0.1744 0.6769
BC 2.99 1 2.99 0.1398 0.7091
BC? 4.19 1 4.19 0.1959 0.6587
A3 485.24 1 485.24 22.70 <
0.0001
B® 197.98 1 197.98 9.26 0.0028
c® 64.02 1 64.02 3.00 0.0857
A%B? 12.14 1 12.14 0.5678  0.4524
A%BC 1.71 1 1.71 0.0798 0.7780
A%C? 0.8634 1 0.8634 0.0404  0.8410
AB%C 3.47 1 3.47 0.1623 0.6877
aBC? 0.3806 1 0.3806 0.0178 0.8940
B2C? 3.05 1 3.05 0.1428  0.7061
A°B 76.09 1 76.09 3.56 0.0613
A3C 0.1133 1 0.1133 0.0053 0.9421
AB® 361.46 1 361.46 16.91 <
0.0001
AC3 19.03 1 19.03 0.8902 0.3471
B%C 5.30 1 5.30 0.2479 0.6193
BC® 0.3047 1 0.3047 0.0143 0.9051
A4 295.27 1 295.27 13.82 0.0003
B4 80.74 1 80.74 3.78 0.0540
Cc4 18.15 1 18.15 0.8491 0.3584
Residual 2970.74 139 21.37
Cor 4.506E + 173
Total 06
Table 5
R-squared for different examined models.
Source 2F1 Quadratic Cubic Quartic
R? 0.9327 0.9748 0.9972 0.9993

transfers with the factorial modeling method and three other tests for
analysis of variance (ANOVA). By comparing the predicted data with the
experimental data, it is in good agreement with the experimental data.
Hemmat et al. (Esfe et al., 2017) used a factorial modeling method to
investigate the TC of MgO/Water NF with the effect of temperature, SVF
and NP diameter parameters. This evaluation was done in SVF = 0.01 to
0.03. Regression analysis shows that the laboratory data has a coeffi-
cient of determination value of RZ = 0.9994. The results of this inves-
tigation show that the parameters (temperature, SVF and NP size) affect
the TC. Malika et al. (Malika and Sonawane, 2021) prepared a hybrid NF
based on montmorillonite clay in different ratios of NPs (Cu: Ni) through
the hydrothermal process. RSM was used to investigate the photo-
catalytic decomposition of dye solution. Also, ANOVA was conducted to
evaluate the impact of input parameters on changes in the response

Table 6
Adjusted R? for different examined models.
Source 2FI Quadratic Cubic Quartic
Adjusted R? 0.9302 0.9935 0.9968 0.9992
Table 7
Predicted R? for different examined models.
Source 2F1 Quadratic Cubic Quartic
Predicted R? 0.9255 0.9715 0.9963 0.9989

variable. In this research, the RSM was used to predict the viscosity of
MWCNT (10 %)-CuO(90 %)/10 W40 HNL. First, different models were
investigated to predict the viscosity of HNLs. Then, the comparison
between different statistical models is presented according to quality
indicators and the best correlation model is introduced. This study will
be studied experimentally in Hemmat research group and will be pre-
sented at the right time.

2. Methodology

In this research, RSM was used to check the laboratory data. From
174 experimental data, different models and viscosity changes of
MWCNT (10 %)-CuO(90 %)/10 W40 HNL were presented.

2.1. RSM

Next to the artificial neural network (ANN) modeling method, the
RSM is one of the attractive methods for predicting data in order to
model different variables in laboratory and industrial scales. The RSM
method was first introduced in 1951 by Box and Wilson as a tool for
experimental design (Box, 1952). The study of Karami et al. (Karami
et al., 2016) proposed the RSM as a more suitable method compared to
classical and traditional modeling methods. RSM is a set of statistical
and mathematical techniques for designing and modeling experiments.
This method aims to optimize the output parameter which is affected by
several input parameters. RSM includes the following principles:

e Experiments to screen effective input parameters,

e Regression analysis to evaluate the fitting function of outputs

e Optimization of outputs to determine the optimal surface of input
parameters.

In the RSM, one or more independent variables are used for
modeling, which affects one or more dependent variables. This method
is used to design models with different orders such as first, second, etc.
As an example, the second-order model is in the form of Eq. (1):

=Py +hx1+ P2+ fpxixa (€8]
3. Results and discussion
3.1. Providing models with different orders

In this part of the research, various modeling of 174 experimental
data is presented to investigate the viscosity of HNL. The models selected
and presented for this work include 2FI, Quadratic, Cubic and Quartic
models, which are analyzed and checked based on the mathematical
functions and features listed in the ANOVA table, and the best model is

Table 8
Std. Dev. For different models.
Source 2FI Quadratic Cubic Quartic
Std. Dev. 42.63 26.29 9.13 4.62
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Fig. 1. Residual values versus Run.
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selected. Egs. (2) to (5) show the predicted viscosity of each of the
presented models. The dependence of viscosity on SR indicates the non-
Newtonian behavior of HNLs. Tables 1 to 4 present the values of
different terms related to Egs. (2) to (5). Various parameters affect the
viscosity of HNL, and the most important of which are analyzed in the
ANOVA regression table. Tables 1 to 4 show the effects of different
variables such as temperature (T), SR and SVF of HNL for all 4 models.
After examining in more detail, the features of the ANOVA tables, the
Quartic model was chosen because compared to other models. it pro-
vides a better-quality relation and superior features.

Viscosity (2FI) = +599.05902 — 13.91595 T + 78.58202 SVF
—0.651250 SR —1.60116 T * SVF 4+ 0.016784T* SR 2)
+0.019748 SVF* SR

Viscosity (Quadratic) = + 604.72318 —22.29461 T + 111.74777 SVF
—0.239778SR — 1.62424 T * SVF +0.006065 T * SR
—0.020277 SVF* SR+ 0.212623 T*?
—20.33162 SVF? — 0.000059 SR*
(3)

Viscosity(Cubic) = +687.16065 — 34.66348T +280.28869SVF
—0.5694025R — 6.41044T*SVF +0.016957T*SR
—0.014386SVF*SR+0.681711T2 —289.69100SVF>
+0.000375SR* 4-0.000520T*SVF*SR +0.054792T>*SVF
—0.000084T%*SR+1.05413T*SVF* —0.000011T*SR?
—0.011656SVF**SR 4 8.44406E — 06SVF*SR*
—0.0049427° +152.91453SVF? 4-1.30225E — 07SR?

C)]

Viscosity (Quartic) = + 725.74727 — 42.58457 T 4 492.80756 SVF
—0.938466 SR — 16.36006 T*SVF +0.035474 T * SR
+0.012118SVF* SR +1.17573 T* — 820.30052 SVF>
+0.001345 SR*> +0.001374 T * SVF* SR
+0.218562 T** SVF — 0.000213 T?* SR
+13.86736 T *SVF? — 0.000056 T * SR*

—0.109302 SVF?* SR +7.13923E — 06SVF * SR*
—0.017567 T® + 664.81453SVF* — 1.60911E — 07 SR*
—0.026537 T** SVF? +0.000044 T**SVF * SR
+ 1.40271E — 07 T** SR> — 0.001856 T*SVF>*SR
— 1.63766E — 06 T*SVF* SR* + 0.000082 SVF**SR?
—0.001687 T°* SVF — 4.87632E — 07 T°* SR
—6.62861 T*SVF® +3.53989E — 08 T* SR*
+0.061613 SVF** SR — 4.61288E — 08 SVF* SR®
+0.000113 T* — 159.39540 SVF* — 7.75707E — 10SR*
(5)
In the ANOVA analysis of Table 4, model 4 (Quartic) consists of 34
parameters (df = 34). This model was selected compared to other

models due to its low P-value and high F-value, which are smaller than
0.0001 and equal to 6197.17 respectively.

3.2. Choosing the best model

In this part, to select the best model, the statistical parameters and
accuracy graphs of the models were examined among different models.
Statistical parameters that are accurate for different models including R-
squared, Adjusted R, Predicted R? and Std. Dev. and the graphs of re-
siduals versus Run, normal probability, Box-Cox and residuals versus
actual were checked.

Arabian Journal of Chemistry 17 (2024) 105632

3.2.1. Examining the parameters related to the accuracy of the models

3.2.1.1. Interpretation of R-squared. Adjusted R-squared and predicted
R-squared values are analyzed to evaluate the accuracy of the presented
models. First, the R-squared values for different HNL viscosity models
were checked. The closer the R-squared values are to 1, the higher the
accuracy of that model. The values related to 2FI, Quadratic, Cubic, and
Quartic models are presented in Table 5. As reported in Table 5, the
values of all models are higher than 0.99, but the Quartic model has a
higher accuracy than the rest of the models.

3.2.1.2. Values of Adjusted R Adjusted R? is a type of R-squared,
which is the amount of change around the mean value. These values are
set based on the number of model parameters compared to the number
of design points. This parameter is shown in Eq. (6). In Table 6, the data
values related to Adjusted R? are reported. These values are equal to
0.9302, 0.9935, 0.9968, and 0.9992 for different 2FI, Quadratic, Cubic,
and Quartic models. As shown in Table 6, Adjusted R? values increase
with increasing order of equations.

SSresidual
N f residual
AR =1—
SSresiduat+SSmodel
4 resiaual+ A modet
=1 |:(Ssrexiduul> / (SSlr)taI - SSL'urva!me - SSbI(J('k) :| (6)
dfr(‘s[du{d dftoml - df(m'vature - dfblock

3.2.1.3. Values of pred. R%. Predicted R? values are calculated from Eq.
(7). It is a measure of how well the models predict the response value.
Predicted R? values for different models are presented in Table 7. Ac-
cording to Table 7, model 4 has the highest value compared to other
models and is close to 1, indicating the high accuracy of this model.

PRESS B PRESS o
SSresidual + SSmadrl B SSIomI - SScurmmm - SSblock

Pred.R* =1— {

3.2.1.4. Values of Std. Dev. Std. Dev. means the square root of the re-
sidual mean square. The values of different models are shown in Table 8.
The smaller this value is, the better this model is compared to other
models.

3.2.2. Examining the graphs related to the accuracy of the models

The graph of residual values for different experiments is drawn in
Fig. 1. In Fig. 1, the assumption of constant variance is tested. Random
dispersion should be present in all graphs, and if there is a meaningful
trend in each graph, more accurate evaluations are needed. Also, the
accuracy of modeling is higher when the amount of data values are
within the specified range. The reason for using the transfer function is
because of the high variance values in the chart. According to the dia-
grams in Fig. 1, the diagram related to the Quartic model is more ac-
curate than other models because it is in the specified range.

The normal probability diagram for different 2FI, Quadratic, Cubic
and Quartic models is drawn in Fig. 2. The purpose of drawing this graph
is that the residuals follow the normal distribution of the data and are a
straight line. Expect some scatter in the data, but if the data is s-shaped,
the function is needed. As you can see in the graphs of Fig. 2, almost all
of them are linear and there is very little deviation in the models.

Fig. 3 shows the Box-Cox diagram for 4 models for MWCNT-CuO(10
%-90 %)/10 W40 HNL viscosity data. The Box-Cox plot provides a kind
of guideline for choosing the correct transfer function. When the blue
line is on point one, it means the 95 % confidence interval is around this
lambda. According to the diagrams in Fig. 3, model 4 shows good
behavior compared to the rest of the models, and the lambda line dis-
tance is in the lowest part of the curve.

Fig. 4 shows the predicted response values versus the actual values.
With the help of this chart, it is possible to identify the big deviation in
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the predicted data compared to the real data. As the rank of the models
increases, the accuracy of each model increases. According to Fig. 4, the
Quartic model is well placed on the bisector line compared to other
models, and this indicates the high accuracy of this model.

3.3. Viscosity changes in the selected model

The viscosity of the nanofluid is presented using the available data
for the selected Quartic model. the viscosity at different points was
calculated and evaluated its trend. The process of viscosity changes is
drawn in Figs. 5 and 6. the trend of viscosity changes versus temperature
and concentration is shown in Fig. 5. An increase in temperature has led
to an decrease in the dynamic viscosity of the nanofluid. Viscosity
changes in terms of temperature and SR for this selected model are
plotted in the figure.Viscosity changes in terms of temperature and SR
for this selected model are plotted in Fig. 6.

4. Conclusion

One of the best methods for estimating material properties is the
RSM. In this research, the RSM was used to predict the viscosity of
MWCNT (10 %)-CuO(90 %)/10 W40 HNL and the selected model among
several models for HNL viscosity was presented. The analyzed models
for this work include 2FI, Quadratic, Cubic and Quartic models. Statis-
tical parameters and accuracy graphs were used to evaluate the models.
Statistical parameters include Adjusted R?, Predicted R? and Std. Dev.
Each of them evaluated the accuracy of the models in a different way. It
has been determined that the Quartic order model is more capable to
other models (R-Squared = 0.9993). The comparison chart between the
predicted data and the real data shows that the Quartic model is well
placed on the bisector line and this shows the high accuracy of this
model compared to other models.
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