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Abstract

This study investigates the viscosity of CuO/EG:W (20:80 v/v) nanofluid in the solid volume fraction from O to 1% and
temperatures between 15 and 50 °C. Examining the correlation between the shear stress and shear rate obtained from
experiment test at different temperatures and solid volume fractions revealed that the investigated nanofluid behaves much
very carefully like the Newtonian fluid behavior. Therefore, observing the independency of the viscosity to the shear rate
was not unexpected in the results. During analyzing, the authors found that the viscosity of investigated nanofluid has a
very low sensitivity to temperature changes but it is significantly influenced by changes in the solid volume fraction and
nanoparticle concentration. In this research, a new experimental correlation was suggested to predict the viscosity of the
investigated nanofluid in the expressed range of temperature and solid volume fraction to model the test results. In the
mentioned correlation, the viscosity is expressed as the relative variable to independent variables (temperature and solid
volume fraction). R> (R-squared) value for the expressed correlation was 0.9850, which shows the accuracy in the
presented experimental correlation to predict the nanofluid viscosity in the concentration and the temperature range.

Keywords Nanofluid - Dynamic viscosity - Newtonian fluid - New correlation - CtO/EG:W (20:80 v/v)

Introduction

A mixture of water and ethylene glycol (EG) is one of the
current and traditional fluids in the heat transfer topics, and
it is widely used in energy systems due to its high capa-
bility in improving the heat transfer rate at different tem-
peratures and working conditions. These mixtures are
widely used as they are a combination between the good
thermal capabilities of water and the protection against
corrosion using ethylene glycol. Many researchers inves-
tigated the effects of adding nanoparticles to the base fluid
of water, ethylene glycol, or a mixture of them on
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thermophysical properties [1-10]. The effect of different
nanoparticles like CuO [11], SiO, [12], MWCNTs (ex-
perimentally and numerically) [13-18], TiO, [19] on
thermophysical properties of oil based [20, 21] and water
based [22-29] nanofluids have been studied and some
optimizations have been done [30-33].

Li and Zou [34] have examined the experimental data of
heat transfer and viscosity of SiC nanofluid with 1% solid
volume fraction based on water/EG with 40:60 mass% in
the temperature range of 10-50 °C. Results demon-
strate that the viscosity of SiC nanofluid is decreased by
increasing the temperature and increased by increasing the
solid volume fraction. They identified two reasons for this
phenomenon, (A) the viscosity of water and ethylene gly-
col mixture decreases with increasing the temperature,
which can be considered as a natural feature. (B) When the
temperature increases, the speed of individual molecules
increases and the interaction between them is reduced,
which helps to reduce viscosity. Esfe et al. [35] conducted
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a study on the viscosity, thermal conductivity, and heat
transfer behavior of magnesium oxide nanofluid in water in
a circular tube under turbulent flow with the particle solid
volume fraction of 0.0625, 0.125, 0.25, 0.5, and 1% in the
base fluid. They observed that many conventional models
are not able to predict the thermal conductivity and vis-
cosity of MgO nanofluid in water, particularly the viscos-
ity. Thus, they proposed a new correlation based on their
results of experiments. Suganthi et al. [36] evaluated the
performance of heat transfer and nanofluid properties of
zinc oxide—ethylene glycol (EG) and zinc oxide—a mix-
ture of ethylene glycol and water as the coolant material.
According to the results of Suganthi et al. [36], 33.4%
increase in the thermal conductivity and 39.2% reduction
in viscosity were reported for zinc oxide nanofluid with EG
base fluid containing 4% nanoparticles by volume at 27 °C
and 17.26% increase in the thermal conductivity and
17.34% reduction in viscosity were reported for zinc oxide
fluid with a mixture of water and EG base fluid containing
2% nanoparticles by volume. Esfe et al. [37] studied the
dynamic viscosity of Mg(OH),—ethylene glycol (EG)
nanofluid. They measured the mentioned nanofluid at dif-
ferent concentrations (0.1-2 solid volume fraction range)
and at the temperature of 23-55 °C with the particle size
diameter of 10 nm. They proposed a new correlation for
the dynamic viscosity. Results indicated that the dynamic
viscosity has been increased by increasing the solid volume
fraction and this increase is much higher at lower tem-
peratures than the higher temperatures. They also showed
that increasing the solid volume fraction of nanoparticles at
the temperature of 55 °C does not have much impact on the
dynamic viscosity of the nanofluid. This subject can be
considered as a major achievement in engineering and
industrial applications. Yu et al. [38] surveyed the heat
transfer and viscosity of water (55% solid volume frac-
tion)—ethylene glycol (45%)-based Al,O3 nanofluid. They
found that the viscosity of nanofluids has increased
abnormally and it is beyond the expectations for the vis-
cosity in the classic models. They have stated that
increasing the concentration of nanoparticles directly
affects the inner shear stress. They argued that reducing
of viscosity with temperature is because of debilitating
effect of temperature on the intermolecular forces and
inner forces of particles. Increase in the viscosity of
nanofluids in their tests is greater than the theoretical pre-
dictions of Einstein dilute suspension effective viscosity
model because Einstein’s model only considers the solid
volume fraction and ignores the particle—particle and par-
ticle-fluid interaction. Akbarzadeh et al. [39] evaluated the
viscosity of zinc oxide in the ethylene glycol and propylene
glycol in the form of a mixture of ethylene glycol and
water (40:60 by mass) and a mixture of propylene glycol
and water (40:60 by mass) at the temperature range of
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25-60 °C. They revealed that the nanofluid viscosity
decreases and the performance of nanofluid heat transfer
increases with increasing temperature. Also they showed
that zinc oxide has a higher thermal conductivity in the
base fluid of ethylene glycol and water. Esfe et al. [40]
conducted an experimental research on the effect of tem-
perature and volumetric concentration of particles on the
dynamic viscosity of zinc oxide nanofluid at a concentra-
tion of 0.25-5% in the base fluid of ethylene glycol at the
room temperature of 50 °C. They found that the dynamic
viscosity of fluid generally increases significantly by
increasing the solid volume fraction of the particles, but no
significant change was observed in the viscosity (reduction)
by increasing the temperature. Azmi et al. [41] investigated
the forced heat transfer of Al,O5 nanofluid in the base fluid
of mixed water (W) and ethylene glycol (EG) in three
volume ratios of 60:40, 50:50, and 40:60 (EG:W) under
fixed heat flux and constant operating temperature of
30-70 °C and Reynolds number of 3000-25,000. Results
of Azmi et al. [41] experimental study revealed that the
dynamic viscosity of nanofluid increases by increasing the
nanoparticle concentration and decreases by increasing the
temperature. They found that nanofluids with the base fluid
of EG/W with 60:40 ratio in 1% concentration of
nanoparticle and a temperature of 70 °C have the best
performance in order to improve the forced heat transfer
coefficient with 24.6% increase. Yu et al. [42] studied the
viscosity and thermal conductivity of ethylene glycol
nanofluid containing copper nanoparticles. They showed
that the viscosity of nanofluid increases at 10 °C with the
solid volume fraction of 0.3 and 0.5% compared to the base
fluid and reaches 3.5 and 4.2 times with pure EG viscosity.
They also observed that the nanofluid viscosity decreases
with increasing the temperature in the temperature range of
10-30 °C. Zakaria et al. [43] studied Al,O5; nanofluid with
0.1 and 0.5% concentration in the base fluid of mixed water
and ethylene glycol by 60:40 and 50:50 mass% as a
coolant fluid in the PEM fuel cell. They observed 26%
increase in the viscosity of Al,O; nanofluid with 0.5%
concentration in the base fluid 50:50 (EG:W) as compared
to the base fluid while they reported 45% increase com-
pared with the base fluid for Al,O3 nanofluids with 0.5%
concentration in the base fluid 40:60 (EG:W). They stated
that the reason is the importance of the volume ratio of
hybrid base fluid comprising fluids. Chiam et al. [44]
analyzed the thermal conductivity and viscosity of dis-
persed Al,O5; nanoparticles in the base fluid with 40:60,
50:50, and 60:40 (W: EG) volume ratio of the mixture of
water (W) and ethylene glycol (EG), in the temperature
range of 30-70 °C and at the concentration of 0.2-1% by
volume. They found that the maximum average increase in
thermal conductivity is related to Al,O3 40:60 (W:EG).
They concluded that Al,O3 nanofluid with 1%
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concentration in the base fluid with a ratio of 40:60 (W:EG)
is suitable for heat transfer applications. According to their
results under the mentioned conditions, increasing the
thermal conductivity has the highest and increasing the
viscosity has the lowest value, which is a huge advantage
for heat transfer applications. Niknam et al. [45] evaluated
the thermal conductivity and rheological properties of
nanofluids  containing copper nanoparticles  with
0.4-1.6 mass% in the temperature range of 20-50 °C in the
base fluid of diethylene glycol. 7.2% heat conductivity
enhancement and 5.2% viscosity increase were reported for
nanofluid containing 1.6 mass% of nanoparticles. They
showed that the studied nanofluid has Newtonian behavior.
This means that viscosity is independent of shear rate,
which is an important criterion for using this type of
nanofluid in the convective heat transfer. Li et al. [46]
examined the natural and convective heat transfer charac-
teristics of zinc oxide nanofluid with 5.25% concentration
of the base fluid mixed with ethylene glycol and water with
the solid volume fractions of 75:25, 85:15, and 95:5 (EG/
DW) in the temperature range of 15-55 °C. They stated
that the thermal conductivity of nanofluid with larger DW
(deionized water) is greater because there is a significant
thermal resistance in EG that makes restricted nuclear
movement and thus, heat transfer. They also found that the
fluid viscosity increases with increasing EG concentrations.
The other result of their work is that increasing the tem-
perature leads to an increase in thermal conductivity due to
the failure of the relatively weak hydrogen bonds. They
also stated that when the temperature rises, the inter-
molecular gap becomes larger and leads to reduction in
viscosity, but the presence of EG can greatly reduce the
fluidity of nanofluids increasing the viscosity of nanofluids.
Table 1 presents some experimental correlations for ethy-
lene glycol and water-based nanofluids viscosity. The
presented correlations in Table 1 in some cases depend
solely on the solid volume fraction and dependon the
temperature and solid volume fraction in some other cases.
The temperature range of the presented correlations per-
formance proposed by different researchers is different
from each other. For example in some research results -
there are some correlations for subzero temperatures for
estimating the viscosity [47].

Few basic types of research have been conducted to
determine the specific viscosity of CuO/EG:W nanofluid.
In addition to conventional method of studying the rheo-
logical behavior of the aforementioned nanofluid, the pre-
sent research has proposed suggestions to reduce costs in
time and financial costs to achieve the general rheological
behavior of CuO/EG:W nanofluid with fewer experiments
using the sensitivity analysis. Choosing volume proportion
of 80 to 20 for a mixture of water and ethylene glycol as a
base fluid in this study because of the better properties of

water to polyethylene glycol [36] was one of the cases that
have led the present research to achieve more suitable and
more efficient nanofluids in industries.

Experimental

In this work, a two-step method was used to prepare the
nanofluid samples (0.05, 0.1, 0.2, 0.5, 1 vol%). To prepare
the stable samples, suitable mechanisms such as mixing
and sonication were used. In this way, after magnetic
stirring for 2 h, the samples were exposed to an ultrasonic
processor (Ultrasonic Homogenizer Development of
Ultrasonic Technology, Iran). The photograph of all sam-
ples is displayed in Fig. 2. Also integrated temperature
control is done with connecting the viscometer to a
Brookfield TC series bath and AP controller. It should be
noted that temperature information about experimental
study is available at touch screen display of the viscometer.

In this study, model DV3T viscometer made by
Brookfield Company was used. This device is based on a
cone-plate geometry. Figure 1 shows the viscometer and
nanofluids images. The cone is connected to the spindle
drive, and the plate is mounted in the sample cup. As the
spindle is rotated, the viscous drag of the fluid against the
spindle is measured by the deflection of the calibrated
spring. Thus, the digital system calculates the torque acting
on the spindle with the help of a coil spring by entering the
spindle rotational speed of the device.

Table 2 shows the technical specifications of viscometer
used in this study. Considering the measurement range of
DV3T viscometer, the viscometer is used for measuring the
fluid viscosity with low viscosity (the viscosity range of
water and ethylene glycol).

Validation of experimental results

In order to more accurately investigate on accuracy of
viscometer, the measured data (water and mixture of
ethylene glycol and water) by DV3T compared with Nist
Data base [51] and Sunder et al. [48] and results are pre-
sented in Fig. 2.

In order to achieve a characterization of the sample, the
structural properties of the dry CuO nanoparticle were
measured by using X-ray diffraction as shown in Fig. 3.

Results and discussion
Linear or nonlinear behavior

The fitness of linear and power functions on the values of
shear stress and rate of shearing strain obtained from
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Table 1 Review on experimental correlations for viscosity of water and EG-based nanofluid

Experimental correlation Limitation Nanoparticle Base fluid Year Scholar

ﬁ—z‘f =14+Cy- o, 0<p<1% SiC EG:W (40:60) 2016 Li and Zou [34]
10°C<T<50°C

Z_xl:f =(1+ %)32 (7_70)*0-001(0.1 + BR)" 02<¢0<1% ALO; EG:W (40:60) 2016 Chiam et al. [44]
30°C<T<70°C

i%; = AeP?, A = 0:9396 and B = 24:16 03%<¢p<15% Al,O4 EG:W (20:80) 2016 Sundar et al. [48]
25°C<T<60°C

Z—:‘f = Ael? A =0:9299 and B = 67:43 03%<p<15% Al,O4 EG:W (40:60)
25°C<T<60°C

Z—:j = AeP? A =1:1216 and B = 77:56 03% <9 <1.5% ALO; EG:W (60-40)
25°C<T<60°C

W =1+5.9765¢ — 518.979¢T 02014 0<p<4% ZnO EG 2014 Suganthi et al. [36]
(For EG base fluid)
27°C<T<140°C
0<p<2% ZnO EG:W
(For EG:W base

fluid)

27°C<T<140°C

U = 18.89 + 614.4¢ + 14526¢> 0<<2% Mg(OH), EG 2014 Hemmat et al. [37]
23°C<T<55°C

Hpf—e(AsT+B) 0<¢p<3% Zn0O PG 2014 Akbarzadeh et al.

A=-0.028 4 1.82¢ — 112.92¢% + 1996.52¢> 25°C<T<60°C [39]

B =2.16 — 19.86¢ + 2029.56¢° — 30245.91¢>

Upr—eavmmA = —0.0337 4 0.4423¢ 0<¢p<3%

B =2.836+14.271¢ 25°C<T<60°C

Z_z; — 0.9118e(5499-0.0000135972) | () (303 Ln(T) 025<9p<5% ZnO EG 2014 Esfe et al. [40]
25°C<T<50°C

Log(u,) = Ae BT 0<p<6.12% CuO EG:W (By mass) 2007 Namburu et al.

A = 1.8375(¢)> — 29.643 (o) + 165.56 ~35°C<T<50°C (60-49) [47]

B=4%10"%(¢p)* —0.001 (¢) 4 0.0186

Z—:; =2.1275 — 0.0215 x T + 0.0002 x T2 ¢ =4% CuO Water 2007 Nguyen et al. [49]
T =20-70°C

Ln(y,) = A(%) B @ =5-15% CuO DI water 2006 Kulkarni et al. [50]

A = 20587¢” + 15857¢ + 1078.3 I'=5-5°C

B = —107.12¢% + 53.548¢ + 2.8715

experimental test results were investigated in two stages,
respectively, in order to determine the behavior of nano-
fluid in terms of Newtonian and non-Newtonian. R? coef-
ficient for fitted linear and power functions on shear stress
and rate of shearing strain data is shown in Tables 3 and 4.
It is clear that the values of R-squared for the linear
function are closer to 1 compared to the values of R-
squared for power functions in almost all cases. Accord-
ingly, it can be said that the compliance linear curve data
values with shear stress and shear rate are much better than
the power curve data with shear stress and rate of shearing
strain. Therefore, the investigated nanofluid has a Newto-
nian behavior due to the linear relation between the amount
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of shear stress and shear rate of shearing strain. Data in
Table 5 have been provided in order to measure the simi-
larity of the behavior of the investigated nanofluid in terms
of Bingham fluid behavior, in which the value of the initial
shear stresses, i.e., 7o is given. As this table shows 7 values
are very small and close to zero in almost all cases. Given
that the yield stress 7o values are very close to zero at all
investigated temperatures and solid volume fractions, the
behavior of investigated nanofluid in the present study is
very little similar to Bingham fluid behavior.

Figure 4 shows the shear stress curve based on the rate
of shear strain at different temperatures and solid volume
fractions. As the set of figures shows, the shear stress and
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Fig. 1 Viscometer and
nanofluid samples

Table 2 Technical specifications of viscometer

Type DV3T

Spindle type CPE-40
Allowed range of measurement 0.1-3000 cp
Range of rotational speed 0.01-250 rpm
Precision 1% of range
Repeatability 0.2%

Range of temperature — 10 to 100 °C
Spindle coefficient 75N

the shear rate of shear strain have a linear relation with
each other at all temperatures and solid volume fractions,
and the passing line of the points of experiments passes the
origin with a proper approximation. This is an intuitive
reason for being a Newtonian fluid. The mixture of water
and ethylene glycol is mentioned as Newtonian fluid in
ASHRAE Handbook [52].

2.4
—-—@—-— Peresent Data (EG:Water (20:80))

22 m — —A—-— L. Syam Sundar et al. (EG:Water (20:80))

Viscosity/mPa s7!

0.8

LI LA LA L I I I O B B
7

0.6

10 15 20 25 30 35 40 45 50 55

Temperature/°C

Completed Viscosity Test

e et

Viscosity analysis

Figure 5 shows the viscosity changes with temperature
changes in the base fluid and CuO/EG:W (20:80 v/v)
nanofluid at different solid volume fractions. According to
80:20 volume ratio of water to ethylene glycol in the base
fluid and the greater share of water in the base fluid, the
viscosity changes in the made nanofluid are very close to
the viscosity of pure water in all solid volume fractions
(volume fraction range of zero to 1%). In addition, the high
sensitivity of ethylene glycol viscosity at lower tempera-
tures up to 40 °C is evident. Ethylene glycol viscosity
decreased with increasing temperature and became almost
stable at temperatures from 40 to 50 °C. The heavy
dependence of viscosity to external effective factors such
as the solid volume fraction and temperature is an advan-
tage in industrial applications. In order to achieve this
importance in the present research, adding water to ethy-
lene glycol as a part of the base fluid and forming a base

1.2
- A —-—m—-— Peresent Data (Water)
- \ —-—A—-— Nist Data base (Water)
L LY \
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Fig. 2 Comparison of experimental data with Nist Data base [51] and Sundar et al. [48]
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Fig. 3 XRD pattern of CuO nanoparticles

Table 3 R-squared of linear function fitted on the shear stress—shear
rate

R-squared  Solid volume fraction/%

1/°C 1 0.5 0.2 0.1 0.05 0

15 0.9999 0.9999 09974 1 1 0.9998
20 0.9993 09999 1 1 0.9999  0.9993
25 0.9983  0.9999 0.9999 1 0.9975  0.9993
30 0.9999 0.9999 0.9998 1 0.9987  0.9981
35 0.9997 0.9999 0.9993 0.9996 0.9997 0.9979
40 0.9892  0.9999 0.9997 0.9999 1 0.9974
45 0.9998 1 0.9998 0.9994 0.9999 0.9992
50 0.9997 0.9994 0.9996 0.9997 0.9994 0.9997

Table 4 R-squared of power law function fitted on the shear stress—
shear rate

R-squared  Solid volume fraction/%

T/°C 1 0.5 0.2 0.1 0.05 0

15 09790 09799 09784 0.9886 0.9985 0.9699
20 0.9793 09699 0.9897 0.9979 0.9999 0.9393
25 0.9783 0.9599 0.9597 0.9485 0.9873 0.9583
30 0.9597 0.9689 0.9898 0.9786 0.9877 0.9992
35 0.9389 0.9796 09493 1 0.9497  0.9399
40 0.9688 0.9596 0.9897 0.9689 0.9985 0.9974
45 0.9680 0.9896 0.9798 0.9684 0.9499 0.9994
50 0.9797 0.9994 09896 0.9786 0.9694 0.9596

fluid consisting of water and ethylene glycol (80% water—
20% ethylene glycol) led to achieve a better balance in the
process of change in viscosity with temperature. The mass
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ratio importance of the base fluid ingredients in past
research has been widely studied [43, 44]. The lack of
viscosity’s heavy dependence on the temperature of the
base fluid (water + ethylene glycol) and nanofluid is evi-
dent in Fig. 3 in all solid volume fractions.

Figure 6 shows the relative viscosity changes in the
investigated nanofluid CuO/EG:W (20:80 v/v) to the tem-
perature at different solid volume fractions. As Fig. 6
shows, the relative viscosity changes can be ignored with
temperature in all solid volume fractions because a little
change has been created in the relative viscosity of nano-
fluid with increasing temperature at the fixed solid volume
fraction that Esfe et al. [40] found in their study. The slight
increase in the relative viscosity with increasing tempera-
tures in the solid volume fractions can be due to less drop
in the viscosity of nanofluids at different solid volume
fractions compared with the base fluid as the temperature
increases. Figure 7 also shows it in another way. In Fig. 7,
the relative viscosity changes at different temperatures are
shown in terms of the solid volume fraction. The fig-
ure shows the differences between the Lundgren [53] and
Einestein [54] model estimation with the conducted
experimental results. In fact, Lundgren and Einestein
models considered the relative viscosity changes indepen-
dent of solid volume fraction changes, while the results of
this study showed significant changes in relative viscosity
with temperature, which caused differences in the results.
The reason for this difference is that Einstein’s theory
model [54]only considers the solid volume fraction and
ignores particle—particle and particle—fluid interactions.

According to the results in Fig. 7, the relative viscosity
increased with increasing the solid volume fraction. The
reason is that increasing the concentration of nanoparticles
directly affects the inner shear stress. This increases fric-
tion and thus, viscosity [38].

The relative viscosity values of the nanofluid for all
examined temperatures and solid volume fractions are
shown in Fig. 8 for better assessment in 3D bar chart. It is
observed that 1% volume nanofluid has the most viscosity
and 0.05% volume nanofluid has the lowest viscosity. The
relative independence of temperature is clearly visible at
all solid volume fractions.

In Fig. 9, the dynamic viscosity changes in temperature
and solid volume fraction are displayed. As is clear,
increasing the solid volume fraction at all temperatures
increases the viscosity. The reason is increasing the friction
between the particles and nanofluid layers (due to the
increasing the solid volume fraction and adding solid par-
ticles to the base fluid) compared to the base fluid. 30%
increasing and changes in the Nanofluid viscosity with 1%
solid volume fraction compared to the base fluid are evi-
dent in the figure below.
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Ijrb:?nzarYfl;lit?;fsgnce%eiﬁnmem R-squared Solid volume fraction/%

shear stress—shear rate T/°C 1 0.5 0.2 0.1 0.05 0
15 0.00029 — 0.00026 0.00021 0.00012 0.00022 0.00021
20 0.00024 0.00022 0.00011 0.00011 0.00019 0.00022
25 0.00022 — 0.00019 0.00017 0.00008 0.00016 0.00024
30 0.00018 — 0.00017 0.00015 — 0.00010 — 0.00015 — 0.00024
35 0.00016 0.00015 0.00013 0.00011 — 0.00013 0.00022
40 — 0.00018 — 0.00014 0.00011 — 0.00013 0.00011 — 0.00021
45 — 0.00014 0 0.00011 0.00013 0.00011 0.00027
50 — 0.00014 0.00012 0.00011 0.00014 0.00009 0.00025

Thermal conductivity analysis

Also Esfe et al. [55]. conducted an experimental study on
thermal conductivity of CuO/EG:W (40:60 v/v) at tem-
perature range of 20-50 °C and solid volume fraction
range of 0.1-2%. As it is clear in Fig. 10 at solid volume
fraction of 2%, the thermal conductivity enhanced by 15.84
and 97.36% at temperatures of 20 and 50 °C, respectively.
Considering low impact of temperature on viscosity of
CuO/EG:W (40:60 v/v) nanofluid and highly remarkable
thermal conductivity enhancement, ChO/EG:W (40:60 v/v)
nanofluid could be introduced as one of the main candi-
dates of working fluids in cooling systems.

Proposing a new two variable correlation

Obtaining a proper correlation in order to accurately pre-
dict nanofluid viscosity changes in different temperature
and solid volume fraction is a favorite case of many sci-
entific community and researchers. Therefore, the present
study was performed on experimental data of the viscosity
curve fitting, and a correlation was provided for the
nanofluid viscosity in terms of the solid volume fraction
and temperature independent variables, which is presented
below (Table 1). R? value in the mentioned correlation is
0.9850, and the R value is 0.9925. In addition, the tolerance
of numerical parameters A, B, and C related to the proposed
correlation is equal to 0.1 x 1077,

top =(A+@)/(B+C xT)
A =0.03264
B =0.006214
C =0.0005517

(1)

Figure 11 shows the acceptable compliance of results
and predictions with experimental results of the present
study. The quality of results is clear in all solid volume
fractions.

Margin of deviation

According to the proposed correlation to report the nano-
fluid viscosity in terms of temperature and solid volume
fraction of nanoparticles, the margin of deviation from the
experimental data is evaluated according to Eq. (2):

MODY% = :urel,exp - :urel,prop % 100 (2)
ﬂrel,prop

The margin of deviation in terms of solid volume frac-
tion of nanoparticles at different temperatures is reported in
Fig. 12. As shown in this figure, the maximum deviation
from the predicted values by Eq. 1 is related to 0.05% solid
volume fraction at 40 °C and water—ethylene glycol fluid
(zero solid volume fraction) at 40 °C, which differs 3.5%
from the predicted values. This difference is less than 3.5%
in other investigated solid volume fractions and
temperatures.

Sensitivity analysis of viscosity

Figure 13 shows the investigation of the nanofluid vis-
cosity sensitivity in terms of the solid volume fraction of
nanoparticles added to the base fluid and temperature
parameter. For this purpose, the effect of 10% increase in
the solid volume fraction of nanofluid was studied com-
pared to the initial solid volume fraction on the viscosity
and the viscosity change rate of the nanofluid was calcu-
lated. The viscosity sensitivity analysis is achieved by
Eq. (3):

Sensitivity = <M - 1> x 100 (3)
(:unf)Base Condition

As can be seen in Fig. 13, the dynamic viscosity sen-
sitivity of the nanofluid is almost the same at all temper-
atures compared to the small changes in the solid volume
fraction (10% change). With increasing the volume fraction
of nanoparticles, the dynamic viscosity sensitivity increa-
ses by small changes in the solid volume fraction, but as
the low solid volume fractions, the nanofluid viscosity is
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Fig. 4 Shear stress versus shear rate in different temperature and solid volume fractions

sensitivity rates in the seventh or eighth decimal (in fixed
solid volume fraction and different temperatures).

much less sensitive to temperature changes, which is
almost negligible at high solid volume fractions. In addi-

tion,

calculations
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Accordingly, the nanofluid viscosity can be considered
as a function of solid volume fraction in the feasibility
process of industrial applications of investigated nanofluid
in this study.

Conclusions
In the present study, the viscosity of CuO/EG:W (20:80 v/

v) nanofluid was investigated in 0.05, 0.1, 0.2, 0.5, and 1%
solid volume fraction and at 15, 20, 25, 30, 35, 40, 45, and
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Fig. 7 Relative viscosity changes versus solid volume fraction, at
different temperatures
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Fig. 8 3D viscosity changes versus temperature and solid volume
fraction

50 °C. A new correlation was proposed for the viscosity
based on the independent variables of the volume fraction
and temperature in order to predict the viscosity of the
investigated nanofluid in the temperature and solid volume
fraction range. According to the observations and surveys,
the following results were obtained:

1. The relation between shear stress and rate of shearing
strain obtained from experiments at different temper-
atures and solid volume fractions reveals the Newto-
nian behavior of the investigated nanofluid and thus,
the independence of the viscosity from the shear stress.

2. The R? value for the proposed correlation was as much

as 0.9850, which reveals the proper accuracy of the
proposed correlation to estimate the amount of
viscosity based on the independent variables of
temperature and solid volume fraction.

@ Springer



70

M. H. Esfe, S. Esfandeh

DVE/%

Fig.

B O ¢e=1%
60 |- A 9=0.5%
| Vv ¢=02%
@ ¢=0.1%
r @ ¢=0.05%
40 |-
3 O
] a o 0O
| o B O
i L A A
A
20 A A A A
v
i v v
S DD I S ¢
o ¢ 4
(0] (@) (©)
o @
| | | | I | | | | I | | | | I | | | | I | | | |
10 20 30 40 50 60
Temperature/°C

9 Dynamic viscosity enhancement percent versus solid volume

fraction and temperature

Thermal conductivity enhancement/%

Fig.

60
[ @ ¢p=0.1%
L A 0=02%
0 0=04%
4OF ¢ 0=06%
- <4 0=08%
[ > 0=1.0% °
30 ®¢=15% e ©
[ ©® ¢=2.0% ® o
[ o e >
20 - L] . -] . > <
- ® a >
i : > : : < b v
10 « 3 v g 8 3 2
L g ¢ ¢ 4 o+t
B A - A ) o °
0 [ (] ° ) ()
_10'....1....|....|....|..|.
10 20 30 40 50 60
Temperature/°C

10 Thermal conductivity enhancement percentage versus tem-

perature at different solid volume fractions

3.

The sensitivity analysis showed that the viscosity of
CuO/EG:W nanofluid is very sensitive to changes in
the solid volume fraction, but the viscosity of the
mentioned nanofluid is very little sensitive to temper-
ature changes at a fixed solid volume fraction.

Because of imperviousness and very low sensitivity of
the investigated nanofluid viscosity to temperature
changes, the CuO/EG:W nanofluid has a very good
performance in industrial applications with wide
temperature ranges. The low sensitivity to temperature
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also makes the rheological behavior testable, observ-
able, and predictable at high temperatures and ambient
temperature conditions.
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