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Abstract

Nanofluids are prepared by suspending the nanoparticles in the base fluid and can be substantially enhanced the heat transfer
rate compared to the pure fluids. In this paper, experimental investigation of the effects of volume concentration and tem-
perature on dynamic viscosity of the hybrid nanofluid of multi-walled carbon nanotubes and aluminum oxide in a mixture of
water (80%) and ethylene-glycol (20%) has been presented. The nanofluid was prepared with solid volume fractions between
0.0625 and 1%, and experiments were performed in the temperature range of 25-50 °C. The measurement results at different
shear rates showed that the base fluid and nanofluid samples with solid volume fractions of less than 0.5% had Newtonian
behavior, while those with higher solid volume fractions (0.75 and 1%) exhibit a pseudoplastic rheological behavior with a
power law index of less than unity. The results showed that viscosity has a direct relationship with solid volume fraction of the
nanofluid. The value of maximum enhancement is which occurred in 25 °C. Moreover, the consistency index and power law
index have been obtained by accurate curve fitting for samples with non-Newtonian behavior of nanofluids. The results also
revealed that the apparent viscosity generally increases with an increase in the solid volume fraction.

Keywords Viscosity - Non-Newtonian behavior - Nanofluids - Aluminum oxide - Multi-walled carbon nanotubes

List of symbols

d Diameter (nm)

m Mass (kg)

T Temperature (°C)

Greek letters

¢ Solid volume fraction (%)

y  Shear rate (s_l)

¢ Dynamic viscosity (kg m~' s7")
p  Density (kg m™)

T Shear stress (mPa)
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Subscripts

bf Base fluid

Exp Experimental data
nf Nanofluid

Pred Predicted value

MWCNT Multi walled carbon nanotubes
Al,O3 Alumina
EG Ethylene glycol

Introduction

A mixture of water and ethylene glycol (EG), called anti-
freeze coolant, is used for application in cooling systems,
heat exchangers, solar collectors, automobile radiators and
SO on.

Nanofluids are colloids made of nanoparticles sus-
pended in a base fluid. During the past decade, many
researches are mostly focused on thermal conductivity of
nanofluids and its applications [1-17]. However,
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nanofluid’s viscosity is as important as thermal conduc-
tivity in thermal application involving fluid flow.

Namburu et al. [18] studied viscosity of copper oxide
nanoparticles dispersed in ethylene-glycol and water mix-
ture. They developed an experimental correlation based on
the data, and related viscosity with particle volume percent
and the nanofluid temperature.

Chen et al. [19] investigated rheological behavior of
nanofluids. They found that the shear thinning behavior of
nanofluids depends on the effective particle concentration,
the range of shear rate and viscosity of the base liquid.
Chen et al. [20] investigated rheological behavior of
nanofluids containing Titanate nanotubes nanoparticles.
Their results show a very strong shear thinning behavior of
the Titanate nanotubes nanofluids and big influences of
particle concentration and temperature. Masoumi et al. [21]
presented a new model for calculating the effective vis-
cosity of nanofluids. They compared predicted results with
other published experimental results for different nanoflu-
ids and observed very good concordance between these
results. Fedele et al. [22] measured viscosity and thermal
conductivity of water-based nanofluids containing titanium
oxide nanoparticles. They concluded that the nanofluid at
1 wt.% shows a water-like behavior, but at the higher
concentrations the viscosity enhancement is not propor-
tional and surprising excessive. Mahbubul et al. [23]
investigated the viscosity of R123-TiO, nanorefrigerant.
They found that viscosity of nanorefrigerant increased
accordingly with the increase in nanoparticle volume
concentrations and decreases with the increment of tem-
perature. Mishra et al. [24] reviewed viscosity of nanoflu-
ids. They investigated the effects of shape and size,
temperature, volume concentration and pH of nanoparti-
cles. Anoop et al. [25] studied the rheology of mineral oil—
SiO, nanofluids at high pressure and high temperatures.
They found that the viscosity values of nanofluid and the
base fluid increased as the pressure increased. Also, the
nanofluid exhibits non-Newtonian behavior at high tem-
peratures and pressures. Nwosu et al. [26] investigated
nanofluid viscosity models. They observed inconsistencies
in the model formulations and the predicted data. Li et al.
[27] investigated rheological behavior of ethylene-glycol-
based SiC nanofluids. They concluded that viscosity of the
studied nanofluids increased with volume fractions but
decreased with temperatures. Ghozatloo et al. [28] inves-
tigated the nanoparticles morphology on viscosity of
nanofluids. They concluded that, the viscosity of nanofluids
increases with increasing of nanoparticle volume fraction.
Etaig et al. [29] investigated the new effective viscosity
model for nanofluids. Their simulations show that the
effective viscosity model increases with the increase in the
volume fraction. Issa [30] studied the effect of nanoparti-
cles size and concentration on thermal and rheological
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properties of Al,Os;—water nanofluids. He found that
Al,Os—water nanofluids viscosity increases with the
increase in the suspensions concentration. Auriemma and
lazzetta [31] modeled viscosity of Al,Oz;—water-based
nanofluids by artificial neural network (ANN). They com-
pared viscosity results ANN with the experimental data
points. Kavosh [32] studied the viscosity of CuO nanofluid
based on propylene glycol. He showed that there is a
decrease in viscosity of this nanofluid with increase in
nanoparticles concentration. Zhao and Li [33] predicted
viscosity ~ of  different  ethylene-glycol/water-based
nanofluids by using of a radial basis function Neural
Network.

Hemmat Esfe [34] investigated the effects of tempera-
ture and nanoparticles volume fraction on the viscosity of
copper oxide—ethylene-glycol nanofluids. He found that in
a given volume fraction when temperature increases, vis-
cosity decreases, but relative viscosity varies.

In this paper, the dynamics viscosity of hybrid nanofluid
of multi-walled carbon nanotubes (MWCNTSs) and alu-
minum oxide (Al,O3) in a mixture of water (80%) and
ethylene-glycol (20%) is examined experimentally. To the
author’s knowledge, there is no comprehensive and thor-
ough investigation to predict the dynamics viscosity of the
supposed nanofluid.

Preparation of nanofluid
Material preparation and specifications

The first stage of conducting experiments on nanofluids is
to prepare the nanofluid. For more precise experiments, the
nanofluid should be stable and homogeneous; that is, if the
prepared nanofluid is stagnant for a while, sedimentation
must not occur. In this study, two-stage method was used to
prepare nanofluid. First of all, Al,03 in a mixture of water
(80%) and ethylene-glycol (20%) in the range 0.0625% to
1% was prepared by mixing dry samples of MWCNTs and

Table 1 Specifications of MWCNTSs and Al,O5 nanoparticles

Specifications Value

MWCNTSs AlLO3
Purity/% > 97 > 99
Color Black White
Size/nm Outer diameter = 5-15 20

Inner diameter = 3-5

Length = 50 pm
Thermal conductivity/W m~" k=" 1500 30
Density/g cm ™ ~ 2.1 3.89
Specific surface/m> g~ > 233 > 138
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Table 2 Specifications of water
and ethylene-glycol

Specifications Value
Ethylene-glycol Water
Molar mass/g mol ™" 62.07 18.02

Appearance
Smell
Density/kg m~>

Melting point/°C

Boiling point/°C

Thermal conductivity/W m~" k™!
Viscosity/cP

Colorless transparent liquid
Smell-less

1113.20

- 129

197.3

0.224 in 20 °C

16.1 in 20 °C

Almost colorless transparent
Smell-less

998.21

0.00

100

0.6 in 20 °C

1in 20 °C

Al,O3 nanoparticles (50:50) in a certain amount of a dual
mixture of water and ethylene-glycol (20:80). Tables 1 and 2
show the specifications of MWCNTs and Al,O3; nanoparti-
cles and the specifications of water and ethylene-glycol that
are used in the experiments. The above nanofluid which
consists of MWCNTs and Al,O3 nanoparticles and water—
ethylene-glycol is injected into a 600-ml beaker. The solution
was then mixed with magnetic stirrer for 2 h and eventually
aggregates particles breakdown operation, and complete
dissolution of nanoparticles in base fluid is occurred by
ultrasonic process (Hielscher, Germany) with a 400-W power
and a frequency of 24 kHz for 6 h. Dynamics viscosity of
hybrid nanofluid of multi-walled carbon nanotubes
(MWCNTSs) and aluminum oxide (Al,O3) in a mixture of
water (80%) and ethylene-glycol (20%) are measured using
the DV-I PRIME Brookfield digital viscometer which has a
double-wall cylindrical container. It should be noted that in
order to measure the viscosity of low-volume liquids in UL
Adaptor at different temperatures and temperature adjust-
ments, it is necessary to have a bath of water. The temper-
atures used in this study are 25, 30, 35, 40, 45, 50 °C. The
water temperature was brought up to 50 °C, and then the
water is pumped back and forth into the UL Adapter unit. For
lower temperatures also the water temperature in the water
bath is brought to the desired temperature. After water
temperature reached the required temperature for the test, the
nanofluid is poured into the UL Adapter and the test is car-
ried out at various temperatures by using of a Brookfield
Viscometer. In order to ensure the structure of nanoparticles
and their size, dry samples of MWCNTs and Al,O3
nanoparticles were tested using X-ray diffraction method.
The size of the nanoparticles and their structure were proven
by the XRD diagram. The XRD diagrams of nanotubes and
nanoparticles are shown in Figs. 1 and 2. Also, samples of
nanoparticles and nanotubes are shown in Fig. 3.

Also, the required value of MWCNTs and Al,O;
nanoparticles in different volume fractions can be calcu-
lated using Eq. (1), where ¢ is volume fraction, p is den-
sity, and m is mass.

1504 t

100 1

Lin/counts

|
W e,

20 40 60 80
2 Theta scale

Fig. 1 XRD image of multi-walled carbon nanotubes nanoparticle

Stock#: US3023
Al,0;~Gamma

Intensity/a. u.

1

20 40 60 80 100
2 O/deg

Fig. 2 XRD image of aluminum oxide nanoparticle

M M
(P ) AL O3 + (P ) MWCNTs

(/) =
M M M M
(p)Waler+(p)EG+<p>Ale3+(p>MWCNTs

x 100

(1)
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Measurement of the viscosity

Table 3 shows the required value of MWCNTs and
Al,O3 nanoparticles in different volume fractions.

In this experiment, before measuring the dynamic viscosity
of the nanofluid, the viscometer was tested with ethylene-
glycol and water at room temperature. Also, in order to
investigate the rheological behavior (Newtonian or non-
Newtonian) of the nanofluid, all experiments were repeated

Fig. 3 Nanoparticles of nanotubes (right), aluminum oxide nanopar- at different shear rates for each volume fraction and

ticles (left)

Table 3 Required value of multi-walled carbon nanotubes and aluminum oxide nanoparticles in different volume fractions

No. Volume fraction/% Density/g cm™ Mass/g
AL O; MWCNT AL O3 MWCNT
1 1 3.89 2.1 11.67 6.3
2 0.75 8.75 4.72
3 0.5 5.83 3.15
4 0.25 291 1.57
5 0.125 1.45 0.78
6 0.0625 0.729 0.39
I;g:u:en?e;?ﬁﬁlz (z/folume Volume fraction/% Temperature/°C rpm Viscosity/cP Shear rate/s ™" Shear stress/Pa
fraction of 0.25% and a 35 025 20 1.68 24.46 0.0410
temperature of 35 °C
30 1.64 36.69 0.0601
40 1.62 48.92 0.07925
50 1.58 61.15 0.096617
60 1.56 73.38 0.0114472
;ahb(:fe SrarTgh: ;]r?(]iu:rsr(())rf the Volume fraction/% ’Ol“cemperature/ rpm Whole range/cP Error
1 0.0625 25 20 1.6 0.3159
2 20 1.59 0.2158
3 20 1.58 0.1657
4 20 1.56 0.1355
5 20 1.54 0.1153
;Zl?;ii?)rrigigze;;geglgzi d at Temperature/°C Shear rate Viscosity Shear stress/dyne cm ™2
25°C rpm s cP Poise
25 20 24.46 1.51 0.0151 0.3693
30 36.69 1.51 0.0151 0.5503
40 48.92 1.49 0.0149 0.7289
50 61.15 1.47 0.0147 0.8989
60 73.38 1.45 0.0145 1.06401
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Fig. 4 a Shear stress versus shear rate at different temperatures at
@ = 0, b viscosity versus shear rate at different temperatures at ¢ = 0

temperature. Table 4 shows a sample of measurements in a
volume fraction of 0.25% and a temperature of 35 °C.

Calculation of error value

In order to validate the experiment, the Brookfield vis-
cometer should be calibrated before use. The material used
in the Brookfield viscometer is Silicon. In the initial
experiments performed to determine the viscosity of the
silicon sample at 25 °C, it was found that the measured
viscosity is equal to the viscosity on the sample material
(484 mPs). This match shows that the viscometer is cali-
brated. In Table 5, the values of the whole range and error
are shown for the volume fraction of 0.625%, the tem-
perature of 25 °C, and in different revolutions.

Investigating the rheological behavior
of nanofluid

Base fluid

First, by measuring the viscosity of the base fluid in dif-
ferent revolutions of the viscometer according to Table 6,
the rheological behavior of the base fluid is evaluated at
25 °C. The conversion factor of shear rate from rpm to s~!
for the applied spindle is equal to 1.223.

Figure 4a shows the shear stress versus shear rate at
different temperature at ¢ = 0 and Fig. 4b shows the vis-
cosity versus shear rate at different temperature at ¢ = 0.
Figure 4 clearly shows that in this study, the base fluid has
a Newtonian behavior. As shown in Fig. 4, no change
occurred in the base fluid’s rheological behavior. It can
also be observed that by decreasing temperature and
increasing the shear rate, the apparent viscosity is constant.

The nanofluid sample with ¢ = 0.0625%

By measuring the nanofluid viscosity in different revolu-
tions according to Table 7 at 45 °C, the rheological
behavior of the nanofluid is evaluated. Figure 5a shows the
shear stress versus shear rate at different temperature at
@ = 0.0625%, and Fig. 5Sb shows the viscosity versus
shear rate at different temperature at ¢ = 0.0625%. Fig-
ure 5 clearly shows that in this study, nanofluid has a

Table 7 The value of nanofluid

. S . Temperature/°C Concentration/% Shear rate Viscosity Shear stress/dyne cm ™2
viscosity in different revolutions
of viscometer and rpm ! cP Poise
corresponding shear stress at
45 °C and ¢ = 0.0625% 45 0.0625 20 24.46 1.22 0.0122 0.2984
30 36.69 1.21 0.0121 0.4439
40 48.92 1.19 0.0119 0.5821
50 61.15 1.17 0.0117 0.7154
60 73.38 1.14 0.0114 0.8356
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Fig. 5 a Shear stress versus shear rate at

different temperatures at

¢@ = 0.0625%, b viscosity versus shear rate at different temperatures

at ¢ = 0.0625%

Newtonian behavior. As can be seen
small amount of solid nanoparticles

in Fig. 5, by adding a
to the base fluid, the

fluid’s rheological behavior was not changed. It can also be

(a) 200
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Fig. 6 a Shear stress versus shear rate at different temperatures at
@ = 0.125%, b viscosity versus shear rate at different temperatures at
¢ =0.125%

seen that by decreasing temperature and increasing the
shear rate, the apparent viscosity is constant.

Table 8 The value of nanofluid

. e . Temperature/°C Concentration/% Shear rate Viscosity Shear stress/dyne cm >
viscosity in different revolutions
of viscometer and rpm s cP Poise
corresponding shear stress at
45 °C and ¢ = 0.125% 45 0.125 20 24.46 1.25 0.0125 0.30575
30 36.69 1.24 0.0124 0.45495
40 48.92 1.22 0.0122 0.59682
50 61.15 1.20 0.0120 0.7338
60 73.38 1.17 0.0117 0.85854
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Table 9 The value of nanofluid

. o . Temperature/°C Concentration/% Shear rate Viscosity Shear stress/dyne cm™?
viscosity in different revolutions
of viscometer and rpm s cP Poise
corresponding shear stress at
45 °C and ¢ = 0.25% 45 0.25 20 24.46 1.48 0.0148 0.362008
30 36.69 1.45 0.0145 0.532005
40 48.92 1.43 0.0143 0.699556
50 61.15 1.40 0.0140 0.8561
60 73.38 1.37 0.0137 0.10053
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Fig. 7 a Shear stress versus shear rate at different temperatures at
¢@ = 0.25%, b viscosity versus shear rate at different temperatures at
¢ =025%

The nanofluid sample with ¢ = 0.125%

By measuring the nanofluid viscosity at different revolu-
tions, according to Table 8, nanofluids rheological behav-
ior is evaluated at 45 °C. Figure 6a shows the shear stress
versus shear rate at different temperature at ¢ = 0.125%,
and Fig. 6b shows the viscosity versus shear rate at dif-
ferent temperature at ¢ = 0.125%. Figure 6 clearly shows
that in this study, the nanofluid has a Newtonian behavior.

The nanofluid sample with ¢ = 0.25%

By measuring the nanofluid viscosity at different revolu-
tions according to Table 9, nanofluid rheological behavior
is evaluated at 45 °C. Figure 7a shows the shear stress
versus shear rate at different temperature at ¢ = 0.25%,
and Fig. 7b shows the viscosity versus shear rate at dif-
ferent temperature at ¢ = 0.25%. Figure 7 clearly shows
that in this study, nanofluid has a Newtonian behavior.

The nanofluid sample with ¢ = 0. 5%

By measuring the nanofluid viscosity at different revolu-
tions according to Table 10, nanofluid rheological behavior
is evaluated at 45 °C. Figure 8a shows the shear stress
versus shear rate at different temperature at ¢ = 0.5%, and
Fig. 8b shows the viscosity versus shear rate at different
temperature at ¢ = 0.5%. Figure 8 clearly shows that in
this study, nanofluid has a Newtonian behavior.

The nanofluid sample with ¢ = 0. 75%

By measuring the nanofluid viscosity at different revolu-
tions according to Table 11, nanofluid rheological behavior
is evaluated at 45 °C. Figure 9a shows the shear stress
versus shear rate at different temperature at ¢ = 0.75%,
and Fig. 9b shows the viscosity versus shear rate at dif-
ferent temperature at ¢ = 0.75%.

Figure 9 clearly indicated that in this study, nanofluid
showed a pseudoplastic non-Newtonian behavior (the
present nanofluid n < 1), and follows the Power Law model
shown in Eq. (2).
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Table 10 The value of

S e Temperature/°C Concentration/% Shear rate Viscosity Shear stress/dyne cm™?
nanofluid viscosity in different
revolutions of viscometer and rpm ! cP Poise
corresponding shear stress at
45 °C and ¢ = 0.5% 45 0.5 20 24.46 1.87 0.0187 0.457402
30 36.69 1.85 0.0185 0.678765
40 48.92 1.83 0.0183 0.895236
50 61.15 1.80 0.0180 1.1007
60 73.38 1.75 0.0175 1.28415
250 = .
@ - —mB—eem 9 =0.5%,T=25°C Tyx m(yyx) (2)
- ———— ©=0.5%,T=30°C . . .
i Z: 0.5%.7 = 35 °C Also apparent viscosity of Power Law fluid is calculated as
200k T = = ¢=05%T=40°C follows:
i —mB—m 9 =0.5%,T=45°C
: ——6—— 9=05%T=50°C A Tyx . \n—1
- . H=—-—= m(yyx) (3)
& B Yyx
E 150 . . N
2 - where 7 is shear stress (Pa), ) is shear rate (s™ ), m is fluid
o B . . . .
& L strength index (Pa s"), and n is the flow behavior index. As
g 100 - can be seen in Fig. 9, by adding a small amount of solid
7 - nanoparticles to the base fluid, the fluid’s rheological
: behavior changed and the apparent viscosity becomes a
5ol function of the shear rate. It can also be seen that an
i increase occurs in apparent viscosity as the temperature is
: decreased, and apparent viscosity decreases with increasing
oL ] ] ] shear rate.
0 20 40 60 80
1 . .
Shear rate/s The nanofluid sample with ¢ = 1%
(b4 B ing th fluid vi i diffi 1
L - A = = 0.5%,T=25°C ‘y measurn}g the nanotflui VISCOSI.ty at di t?rent rev0~u-
ssp T e 0.5%,7=30 °C tions according to Table 12, nanofluid rheological behavior
I S zig'ng”;ig g is evaluated at 45 °C. Figure 10a shows the shear stress
I - ¢:o:5%27:45 oC versus shear rate at different temperature at ¢ = 1%, and
3 F T 9 =0%T=30°C Fig. 10b shows the viscosity versus shear rate at different
<t temperature at ¢ = 1%.
F25F Figure 10 clearly indicated that in this study, nanofluid
2 F showed a pseudoplastic non-Newtonian behavior (the
S 2F present nanofluid n<1). As can be seen in Fig. 10, by
S f adding a small amount of solid nanoparticles to the base
15k fluid, the fluid’s rheological behavior changed and the
- apparent viscosity becomes a function of the shear rate. It
1 can also be seen that an increase occurs in apparent vis-
- cosity as the temperature is decreased, and apparent vis-
o5k | | | cosity decreases with increasing shear rate.
0 20 40 60 80
Shear rate/s!

Fig. 8 a Shear stress versus shear rate at different temperatures at
¢@ = 0.5%, b viscosity versus shear rate at different temperatures at
o =0.5%
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Effect of solid volume fraction

Figure 11 shows the effect of volume fraction on dynamic
viscosity at different temperatures. As can be seen in
Fig. 11, According to this figure, dynamic viscosity of fluid
increases with increasing the volume fraction, whereas the
diagram shows that the dynamic viscosity decreases with
increasing temperature.
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Table 11 The value of
nanofluid viscosity in different
revolutions of viscometer and
corresponding shear stress at
45 °C and ¢ = 0.75%

Temperature/°C

Concentration/%

Shear rate Viscosity Shear stress/dyne cm™?

rpm s7! cP Poise

45 0.75

5 6.115 6.25
10 12.23 5.13
20 24.46 3.87
30 36.69 3.26
40 48.96 2.87

0.0625
0.0513
0.0387
0.0326
0.0287

0.382187
0.627399
0.946602
1.196094
1.404004

(a)300

250

553
[=3
(=}

150

Shear stress /mPa

100

50

——A—-— @ =0.75%,T=25°C
——v—— ¢ =0.75%,T=30°C
©=0.75%,T=35°C A
— —— — ¢=0.75%,T=40°C Ra
—w—B—— 0 =0.75%,T=45°C e
—o— 0=0.75%,T=50°C ,.”

S
[y}
(=]

40 60

Shear rate/s!

Viscosity/mPa S

—r=BA—— 0 =0.75%,T=25°C
——— ¢ =0.75%,T=30°C

@ =0.75%,T=35°C
— —d— — ¢ =0.75%,T=40°C
—w=B—= @ =0.75%,T=45 °C
—O0—— ¢ =0.75%,T=50°C

40 60

Shear rate/s~!

Fig. 9 a Shear stress versus shear rate at different temperatures at
¢@ = 0.75%, b viscosity versus shear rate at different temperatures at

o =0.75%

Reasons for justifying this phenomenon are as follows:

Brownian motion This random motion of nanoparticles
in base fluid is one of the factors affecting the
viscosity. This random motion occurs due to contin-
uous collisions between nanoparticles and base fluid
molecules.

When nanoparticles are added to base fluid, these
nanomaterials are dispersed in base fluid and symmet-
rical and larger nanoclusters are formed due to van der
Waals force between the nanoparticles and base fluid.
These nanoclusters inhibit the movement of ethylene-
glycol on one another, resulting in an increase in
viscosity.

Since nanostructures have a super-high surface-to-
volume ratio, qualities such as density are changed due
to being nano, and floating forces and weight loose
their importance due to their ultra-small size and
super-low mass, and superficial and intermolecular
forces play an important role.

The presence of nanomaterials in the base fluid causes
an increase in intermolecular forces that increase
viscosity.

Effect of temperature

Figure 12 shows the effect of temperature on dynamic
viscosity in different volume fractions. As shown in
Fig. 12, by comparing the changes in viscosity with
changing the temperature in different volume fractions, it
can be observed that the nanofluid viscosity decreases with
increasing the temperature in a constant volume fraction.

Some reasons for justifying this phenomenon are as

follows:

1.

Viscosity is a property caused by intermolecular
cohesive forces in liquids which changes with temper-
ature change. Liquids’ viscosity reduces with increas-
ing the temperature. Molecules of liquids are under the
influence of more energy at higher temperatures and

@ Springer
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Table 12 The value of

L. e Temperature/°C Concentration/% Shear rate Viscosity Shear stress/dyne cm 2
nanofluid viscosity in different
revolutions of viscometer and rpm g ! cP Poise
corresponding shear stress at
45°Cand ¢ = 1% 45 0.1 5 6.115 14.5 0.145 0.886675
10 12.23 10.31 0.1031 1.260913
20 18.345 7.98 0.0798 1.463931
30 24.46 7.16 0.0716 1.751336
40 30.575 6.54 0.0654 1.999605
(a)300 14
i —emBmem 9 = 1%,T =25 °C i .
I ———— = 1%,T=30°C [~ A - T=25°C A
[ ¢ =1%,T=35°C 12
250 — == —=1%T=40°C i
i —emB—m @ = 1%,T =45 °C i
B ——— 0 =1%,T=50°C 10
< 200 - w |
e = |
= | T 8F
2150 2 |
17} - 7 |
5 | g °F
2 B R
% 100 | - L
i a
50 ,_ ) [
0 [ | | | O L I I I I | L
0 20 40 60 80 0 0.2 0.4 0.6 0.8 1 1.2
Shear rate/s™! Solid volume fraction/%
(b)25 Fig. 11 Effect of volume fraction on dynamic viscosity at different
- temperatures
- —mBmeem @ = 1%,T=25 °C
B g @ = 1%,T =130 °C
i ¢ =1%,T=35°C F —a— -0
0 — =1%,T=40°C 16 |- 4
i DA I ——o—— 0 =0.0625%
i —e—izlo/:rzswc i —r—em = 9 =0.125%
“ | 14 —>—0=025%
ﬁé 15 - v o ©=0.5%
S i 12 |- v e ¢ =0.75%
R | B v v ©=1%
s} 5 10F v
Z 10} s VT
= F z f M
i s 8F
s S L S
[ i TV
i 4 D g
ol ] ] - v
0 20 40 60 S kB o o a o
Shear rate/s™! :
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Fig. 10 a Shear stress versus shear rate at different temperatures at 0 25 30 35 40 45 50
¢ = i? b viscosity versus shear rate at different temperatures at Temperature/°C
¢ =17

Fig. 12 Effect of temperature on dynamic viscosity in different solid
volume fractions
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0.4
[ ———— ¢=0.75%, Curve-fitting @ T = 25 °C
B o} @ =0.75%, Experimental data @ T =25 °C
- 9 =0.75%, Curve-fitting @ T'= 235 °C
B A @ =0.75%, Experimental data @ 7= 35 °C
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50 m=0.0153
= | n=0.6447
0.1
0 1 1 1
0 20 40 60 80

Shear rate/s™!

Fig. 13 Curve fitting to laboratory data in volume fraction of 0.75%

04 | @ = 1%, Curve-fitting@ T = 25 °C
| o ¢ = 1%, Experimental data @ T'=25 °C
@ =1%, Curve-fitting @ 7=35°C
: A @ = 1%, Experimental data @ T'=35 °C
2
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m=10.0483
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& 2
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= n=0.4731
<
5]
=
wn
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Shear rate/s™!

Fig. 14 Curve fitting to laboratory data in volume fraction of 1%

can overcome the intermolecular cohesive forces. As a
result, energetic molecules move more easily. Reduc-
tion in intermolecular forces due to an increase in
temperature reduces the resistance to flow. As a result,
Newtonian nanofluid viscosity decreases with increas-
ing temperature.

2. The effect of the nanoparticle’s Brownian motion with
increasing temperature on nanofluid viscosity is also
justifiable.

3. As the temperature increases, the intermolecular
distance between nanoparticles and base fluid
increased, resulting in reduced flow resistance and
viscosity.

| — A= — T=250°
0.05 L T=25°C

[ | ————7=30°C P
[|—-—e=-—-T=35°C
[ |——>——T=40°C /,"

« 0.04fF|— —m- — T=45°C 7 -7

z [ |[——w—— T=50°C :

a9 |

E I

E 0.037

> [

Q |

=1

5 [

.2 0.02F

w0 |

=1

g [

U i o’

0o01f v

OTl‘H‘l‘H‘l‘H‘|HH|HH|HH|HH|‘

0.72 0.76 0.8 0.84 0.88 0.92 0.96 1
Solid volume fraction/%

Fig. 15 Fluid strength changes versus solid volume fractions at
different temperatures

0.7
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0.66
0.64
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0.6
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0.54
0.52

0.5
0.48
0.46
0.44
0.42

Power law index

0.75 0.8 0.85 0.9 0.95 1
Solid volume fraction/%

Fig. 16 Flow index changes relative to different volume fractions and
temperatures

Curve fitting

As seen in Figs. 4-8, the shear stress is a linear function of
the shear rate (Newtonian fluid). In Newtonian fluids, n is
equal to 1 and m is not defined, but it is observed in Figs. 9
and 10 that the shear stress is a nonlinear function of the
shear rate (non-Newtonian fluid), and in non-Newtonian
fluids, n is less than 1 and m is obtained. By analyzing
these figures, it can be observed that shear stress is also a
function of temperature and volume fraction; therefore, by
fitting the curve and using Eqs. 2-3, the values of m, n and
R? can be achieved for each temperature and volume
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Fig. 17 Comparison between laboratory results and the extracted
mathematical equation at 25 °C
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Fig. 18 Comparison between laboratory results and the extracted
mathematical equation at 30 °C

fraction (R* is coefficient which is an indicator of the
relationship between the variables. R? is an appropriate
criterion for determining the correlation between the two
quantitative variables. It should be noted that the closer this
coefficient to 1, the greater the correlation of the two
variables). Examples of fitting a power law curve to
experimental data in Figs. 13 and 14 are provided. As seen
in these figures, there is a great deal of accuracy in this
fitting. Curve fitting was performed for each nanofluid
sample at different temperatures, and the results are pro-
vided in Figs. 15 and 16. Since from volume fraction of

@ Springer
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Fig. 19 Comparison between laboratory results and the extracted
mathematical equation at 35 °C
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Fig. 20 Comparison between laboratory results and the extracted
mathematical equation at 40 °C

0.75% onward, the fluid was non-Newtonian, it can be seen
from the observation of m in Fig. 15 that m increases with
increasing volume fraction and decreases with increasing
temperature. In fact, according to Egs.2 and 3, the
apparent viscosity is directly related to m; so the result
shows a decrease in nanofluid viscosity with temperature
and its increase with volume fraction. As shown in Fig. 16,
the values of n are always less than 1, which means that
with increasing the shear rate, the apparent viscosity
decreases. Also, the value of n decreases with increasing
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Fig. 21 Comparison between laboratory results and the extracted
mathematical equation at 45 °C

10

- — Correlation outputs
B o Experimental data

Relative viscosity

| I | | |
0 0.2 0.4 0.6 0.8 1 1.2

Solid volume fraction/%

Fig. 22 Comparison between laboratory results and the extracted
mathematical equation at 50 °C

volume fraction; it means that the fluid behavior is getting
farther from Newtonian state.

Suggested relation

By fitting the diagram curve in SigmaPlot 12.3, relations
with the coefficients for each temperature (6 temperatures
in the experiment range) were extracted. In these equations,
¢ is the volume fraction of the nanoparticles to the base
fluid, uye is the viscosity of the base fluid, p, is the

10
B
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g 7’ ,/
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Fig. 23 Margin of deviation for all data

nanofluid viscosity, and p, is the relative viscosity (the
ratio of nanofluid viscosity to fluid viscosity).

The equation of relative viscosity at a temperature of
25 °C:
i =0 = 1.0560 + (8.56620° ") + (9%°°7)° ()

Mt

The equation of relative viscosity at a temperature of

30 °C:

U = @ =1.1262 + (9.0211(P3.3657) + ((p9.0211)5

Hpf

(5)

The equation of relative viscosity at a temperature of
35 °C:
p =0t = 11699 + (8.89399%4'%) + (¢5%)°  (6)
Mg
The equation of relative viscosity at a temperature of
40 °C:
j = E0 = 12045 4 (9.146807825%) 4 (p>1468)°  (7)
Hof
The equation of relative viscosity at a temperature of
45 °C:
i = B0 — 12013 1 (9.35800781%) 4 (9°3%)°  (g)
Hyf
The equation of relative viscosity at a temperature of
50 °C:
4 = % = 1.3038 + (9.5283¢*%7) + (>¥%).  (9)
bf
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Comparison of the experimental results
and the data obtained from the extracted
relation

Figures 17-22 represent the comparison of the experimental
results and the data obtained from the extracted relation. It
can be concluded that the obtained mathematical equation is
a suitable predictor model for estimating the desired nano-
fluid viscosity, which is in the range of volume fractions and
determined temperatures consistent with laboratory results.

Margin of deviation

The margin of deviation between laboratory results and
extracted experimental equations can be obtained using
following equation:

:uExp — Hpred

Dev = x 100% (10)

:uExp

The Rsqr value of each mathematical equation is close to
0.997, which is satisfactory for equations obtained from
curve fitting operation (Fig. 23). This figure also shows the
computed margin of deviation between laboratory results
and experimental equations in different volume fractions
and temperatures. According to the figure, the margin of
deviation is equal to 8%.

Conclusions

In this paper, experimental investigation of the effects of
solid volume concentration and temperature on dynamic
viscosity of the hybrid nanofluid of multi-walled carbon
nanotubes and aluminum oxide in a mixture of water (80%)
and ethylene-glycol (20%) has been presented. The nano-
fluid was prepared with solid volume fractions of 0.0625,
0.125, 0.25, 0.5, 0.75 and 1%, and experiments were per-
formed in the temperature range of 25-50 °C. Following
results were deduced:

e The nanofluid viscosity decreases with increasing the
temperature in a constant solid volume fraction.

e Dynamic viscosity of fluid increases with increasing the
solid volume fraction.

e For ¢ = 0.0625, 0.125, 0.25 and 0.5% nanofluid
showed a Newtonian behavior.

e For ¢ =0.75% and ¢ = 1% nanofluid showed a
pseudoplastic non-Newtonian behavior.

e The results also revealed that the apparent viscosity
generally increases with an increase in the solid volume
fraction.

e According to the experimental results a new mathe-
matical correlation was presented to predict the

@ Springer

nanofluid viscosity, which is in the range of solid
volume fractions and determined temperatures and has
a good accuracy.

The extension of this paper according our previous
works about nanofluid [35-51] affords engineers a good
option for micro- and nanoscale investigation.
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