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Abstract In this study, nanofluids of tungsten oxide
(WO;) nanoparticles (0.5-4 % mass fractions) in ethylene
glycol (EG) and glycerol (G) as base fluids were prepared
and their rheological properties were measured as func-
tions of mass fraction, temperature, and shear rate. G and
WO;-G fluids show nearly Newtonian behavior while EG
and WO;-EG fluids display shear-thinning behavior espe-
cially at higher temperatures. The experimental data were
fitted to classical fluid models (power law, Bingham plastic,
and Herschel-Bulkley models). The rheological behavior
of both nanofluids and base fluids was fitted well with the
Herschel-Bulkley model. A 9 and 14 % increase in viscos-
ity of ethylene glycol and glycerol was observed when 4 %
WO; nanoparticles were loaded at 20 °C and shear rates of
105 and 4 s~!, respectively. The viscosity of the nanoflu-
ids decreases exponentially with increasing temperature.
The viscosity data as a function of temperature were fitted
with six empirical models. To the best of our knowledge,
this research is the first report on the rheological properties
of nanofluids of tungsten oxide nanoparticles in EG and G.
The colloidal stability of both WO3;—EG and WO;-G nano-
fluids was measured using UV-Vis method. It was found
that the stability of WO;—G is more than that of WO;-EG
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nanofluids. The WO; nanoparticles with an average particle
size of 22 nm were prepared using hydrothermal method
and subsequently characterized using seven techniques
including X-ray diffraction, transmission electronic micros-
copy (TEM), high-resolution TEM, energy-dispersive
X-ray spectroscopy, UV-Vis, FT-IR spectroscopy, and
Doppler light scattering technique.
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1 Introduction

Nanofluids are nanoscale colloidal suspensions consisting
of nanometer-sized solid particles, fibers, rods, or tubes
suspended in different base fluids such as water, ethylene
glycol (EG), glycerol (G), and engine oil (Li et al. 2009).
The study of nanofluids is an important branch of nano-
technology since they have important applications in vari-
ous areas such as transportation and electronics cooling,
biomedicine, and oil drilling. Nanofluids have been found
to possess superior thermal conductivity compared with
their base fluids (Goharshadi et al. 2013; Mahbubul et al.
2012; Nguyen et al. 2008; Rao 2010).

Most published studies have focused on the heat trans-
fer behavior and stability of nanofluids (Abareshi et al.
2010; Abbasian Arani and Amani 2013; Ho and Chen
2013; Moosavi et al. 2010; Yeganeh et al. 2010) while
very few studies have been performed on the rheological
properties of nanofluids (Abareshi et al. 2011; Bobbo et al.
2012; Goharshadi and Hadadian 2012; Mariano et al. 2013;
Vakili-Nezhaad and Dorany 2012). Rheological measure-
ments are important in revealing the flow characteristics
of materials and in helping formulators to select materials
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with optimal qualities. Parameters such as temperature,
particle size and shape, particle size distribution (PSD),
shear rate, surfactant, and mass fractions are known to
affect the viscosity of nanofluids. Pastoriza-Gallego et al.
(2011) investigated the viscosity of nanofluids consisting
of CuO nanoparticles (NPs) in water for different particle
sizes and mass fractions. Samples containing smaller NPs
were found to exhibit higher viscosity for the same mass
loading. Servais et al. (2002) and Genovese (2012) showed
the effect of increasing the PSD for a given particle mass
fraction is to increase the effective maximum packing frac-
tion and thus decrease the viscosity. Namburu et al. (2007a)
showed that the viscosity of the nanofluids containing SiO,
NPs in EG and water as base fluids decreases exponen-
tially with increasing temperature for a temperature range
of 35-50 °C. They also found that the nanofluids demon-
strate non-Newtonian behavior at low temperatures and
behave as Newtonian fluids at high temperatures. Abareshi
et al. (2011) investigated the effect of temperature and mass
fraction on the viscosity of colloidal a-Fe,O; NPs in G
and found that although G shows Newtonian behavior, the
nanofluids are non-Newtonian fluids with shear-thinning
behavior. Nguyen et al. (2008) found that the nanofluid vis-
cosity increases considerably with NPs mass fraction but
decreases with increasing temperature.

Oxide nanomaterials are the key ingredients for the
development of many advanced functional materials and
smart devices. In particular, WO; NPs have unique opti-
cal, electrical, and structural properties and wide variety of
applications in chemical and selective catalysis, mechanical
sensors, electrochemical industry, antimicrobial, and envi-
ronment (Cui et al. 2008; Deb 2008; Georgieva et al. 2011;
Gondal et al. 2009, 2010; Patzke et al. 2011; Svensson
and Granqvist 1984; Wang et al. 2008; Zheng et al. 2011).
Much of these applications require the dispersion of WO;
NPs in a base fluid to form a nanofluid.

Ethylene glycol is used in a variety of consumer and
industrial applications. The compound is frequently used
as basic building block for some chemicals, anti-freeze
fluids, polyester fiber, polyester resins, the manufacture of
asphalt emulsion paints, heat transfer agents, brake fluids,
in miscellaneous industrial applications such as solvents,
floor and wall adhesives, automotive wax/polish, and floor
wax/polish (Staples et al. 2001; Taherzadeh et al. 2002).
Glycerol is used in foods and cosmetics, tobacco, wrapping
and packaging materials, lubricants, urethane polymers,
gaskets, cork products, cement compounds, soldering com-
pounds, compasses, cleaning materials, detergents, wet-
ting agents, emulsifiers, skin protectives, asphalt, ceramics,
photographic products, leather and wood treatment, and
adhesives (Taherzadeh et al. 2002).

The main goal of the present work is to prepare the
nanofluids of WO; NPs in EG and G and measure their
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rheological properties as functions of temperature, mass
fraction, and shear rate. For this purpose, WO; NPs were
prepared using sodium tungstate as a precursor by a fac-
ile hydrothermal method. Then, WO; nanofluids were pre-
pared and characterized by a variety of methods. Also, the
stability of WO; nanofluids was estimated using UV-Vis
method.

2 Experimental
2.1 Synthesis procedure

The amount of 30 ml hydrochloric acid aqueous solution
(4 M) was added dropwise to 20 ml aqueous solution of
sodium tungstate, Na,WO,-2H,0 (0.05 M), and stirred for
1 h at room temperature. The solution was then introduced
into a Teflon tube and autoclaved at 60 °C for 24 h. The
yellow precipitate was separated by centrifuging, washed
several times with double distilled water, and air-dried in a
furnace at 250 °C for 3 h. All chemicals were of analytical
grade and used as received without further purification.

2.2 Characterization techniques

The XRD measurements were carried out with a Bruker/
D8 ADVANCED diffractometer using Cu Ko radiation
(A = 0.15406 nm) in the range of 260 = 10°-70° by the step
of 0.05. The size and shape of the WO; NPs were examined
by a LEO 912 AB transmission electron microscope. The
electron beam accelerating voltage was 120 kV.

The Fourier transform infrared (FT-IR) spectrum was
recorded at room temperature with a KBr pellet on a Shi-
madzu 4300 spectrometer ranging from 500 to 4000 cm ™.

The high-resolution TEM (HRTEM) was used to inves-
tigate the crystalline nature of NPs by FEITecnai F20 Field
emission with the acceleration voltage of 200 kV. The
energy-dispersive X-ray (EDX) analyses were provided
using the LEO 1450 VP Model.

The UV-Vis absorbance spectra were obtained using
an Agilent photodiode-array Model 8453 equipped with
quartz cell of 1 cm path length. The spectra were recorded
at room temperature in air within the range 200-1100 nm.
The DLS measurements were obtained using a particle size
analyzer CORDOUAN model VASCO3.

2.3 Preparation of nanofluids

WO; NPs were dispersed in EG and G with the help
of an ultrasonic processor (Sonicator 4000) with a fre-
quency of 20 kHz for 20 min. The power transferred to
the solution was 33 W cm ™2 as measured by the calori-
metric method.
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Fig. 1 X-ray diffraction pattern of the WO, NPs

The viscosity were measured using a Brookfield Vis-
cometer (LV DV-II 4+ Pro EXTRA, spindle: SC4-18) with
a small sample adaptor. The temperature was controlled by
circulating water through the cylindrical jacket (BL 7100,
Major Science). The measurements were performed on
nanofluids of different WO; mass fraction between 0 and 4
and the temperatures between 20 and 60 °C.

3 Results and discussion
3.1 Characterization

Figure 1 shows the XRD pattern of WO; NPs. The diffraction
peaks can be assigned to both monoclinic (ICDD No. 00-043-
1035) and orthorhombic (ICDD No. 00-020-1324) phases
since the peaks overlap with each other (Zheng et al. 2010).
The strong intensity and narrow width of WO; diffraction
peaks indicate that the resulting products are of high crystallin-
ity. The XRD pattern shows no extra diffraction peaks, indicat-
ing that the WO, NPs were prepared to a high level of purity.

The average crystallite size was estimated using the
Scherrer formula:
D k x A

" Baaa x cos O )
where D, is the crystallite size of (hkl) plane, k is a con-
stant (0.9), B, is the full width at half maximum of the
(hkl) diffraction peak, 6, is the Bragg angle of (hkl) peak,
and A is the wavelength of X-ray (A = 0.154056 nm for
Cu Ko radiation). The average crystallite size of WO; NPs
according to the Debye—Scherrer equation was around
19 nm.

Figure 2 shows the FT-IR spectrum of WO; NPs. The
FT-IR spectrum of WO; NPs shows three strong absorption
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Fig. 2 FT-IR spectrum of WO; NPs

bands at 755, 815, and 920 cm™! which overlap. The peaks
can be assigned to O-W-0O stretching vibrations (Daniel
et al. 1987; Goodenough et al. 1984).

The TEM image and the PSD histogram of WO; NPs
are shown in Fig. 3a. The average particle size obtained
was around 22 nm which is in reasonably close agreement
with the XRD result. The HRTEM images of WO; NPs
(Fig. 3) show the presence of regular sets of lattice fringes
corresponding to interplanar spacings that are character-
istic of WOj crystallites. The interplanar distance values
of 0.322 and 0.306 nm can be assigned to the (120) and
(112) crystal planes of monoclinic or orthorhombic WO;,
respectively.

The energy-dispersive X-ray (EDX) analysis showed
four high-intensity peaks at 1.4, 1.8, 8.4, and 9.6 keV cor-
responding to the presence of W, a single peak for O at
0.5 keV. The W/O atomic ratio of 1:3 is consistent with a
pure WO; phase.

Figure 4a shows the measured UV-visible spectrum of the
WO; NPs; a main absorbance peak at about 380 nm (Smith
et al. 2007) is observed. The absorbance peak of WO; NPs
was shifted to smaller wavelength compared with WO; bulk
(480 nm) (Goodenough et al. 1984). It is widely accepted that
this observed blueshift can be attributed to the quantum con-
finement effect. This causes indirect perturbation of the elec-
tronic wave function due to Coulomb effects and results in
more subtle changes in the band gap energy (Yoffe 1993).

The band gap, E,, of WO; NPs (it is an indirect semi-
conductor) was calculated using Tauc equation (Tauc et al.
1966):

(@hv)'/? = K(hv — Ey) )

where « is the absorption coefficient, hv is the incident
photon energy, and K is a constant. The band gap value of
WO; was found to be 3.03 eV (inset of Fig. 4a). The same
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Fig. 3 a PSD calculated
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value was obtained by plotting the derivation of logarithm
of Eq. 2 versus hv;
dlIn(ahv)] 2

d(h) v —E, 3)

and set equal to zero (Fig. 4b). Due to the quantum size
effect, the energy band gap of the WO; NPs is larger than
that of the WO; bulk (2.6 eV) (Goodenough et al. 1984).

The PSD of both nanofluids was measured by DLS tech-
nique (Fig. 5). The average particle size is about 50 and
2 nm in WO;-EG and WO;-G nanofluids, respectively.

3.2 The rheological data

A flow curve (the curve of viscosity, 7, vs. shear rate, 1°) can
provide important information about storage stability, optimal
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pumping, and transferring. The viscosity values of both base
fluids, namely EG and G, were measured as a function of
shear rate between 20 and 60 °C as shown in Fig. 6. The vis-
cosity values of both fluids decrease with the shear rate at
lower shear rates and at lower temperatures, indicating non-
Newtonian behavior but act as Newtonian fluid at higher shear
rates. The viscosity of G is greater than that of EG at constant
temperature and shear rate because the hydrogen bonds in G
are stronger than those of EG. The viscosity values of both
EG and G decrease as the temperature increases because the
hydrogen bonds between the molecules become weaker.

3.2.1 Influence of shear rate

Figure 7a and b shows viscosity versus shear rate for
the nanofluids containing 4 % WO; NPs in EG and G,
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0.06

(a)

0.05 -
0.04 -

0.03 -

Distribution (%)

0.02 -

0.01 -

0.00 - T
40 50 60 70 80 90

Particle size (nm)

0.06

100

(b)

0.05 4
0.04

0.03 A

Distribution (%)

0.02 -

0.01 -

0.00 -
20 25 3.0 3.5 4.0 4.5

Particle size (nm)

Fig. 5 PSD of 0.01 % a WO;—EG and b WO;—G nanofluid

30
(a) —0— T=20°C
—0— 30
25 - —Oo— 40
—0— 50
—— 60
20 A o
o
L 15
- -5 5 00 g o0 o000
101 M—O—O—O—O—o—o—o—o—o
A\H—A——A—A—A—A—A—A—A
54 V—
0 T T T T
0 50 100 150 200
-1
¥°(s7)
1400
(b)
1200 -
1000 - o o
~ 800 -
o)
)
600 -
B g0 cooon I
400 -
200 - =000 ORI
DD AIANDLINNNIIIVYIIN
VAR
0 T T
1 10
Y™

Fig. 6 Viscosity versus shear rate at different temperatures for a EG

and b G

@ Springer



1196

Microfluid Nanofluid (2015) 19:1191-1202

_
o
O
RS2
=
10 o O —C—— < O—< >
''''''' Ve ———————7
5 oD A A A A A A A
0 T T T T
0 50 100 150 200
0 (a1
Y (s7)
1400
(b) ]
1200
Yo Yoo
1000
~ 800
o
o
600 - oo
COoonro o armnm
400
200 A

Fig. 7 Viscosity versus shear rate of the nanofluids containing 4 %
WO, NPs at different temperatures in a EG and b G

respectively at different temperatures. The existence
of Newtonian or non-Newtonian behaviors in nanoflu-
ids depends strongly on many factors such as the type,
size, shape, mass fraction of NPs, and temperature. At
lower shear rates, the viscosity of nanofluids decreases
with increasing shear rate, indicating shear-thinning
behavior. As shear rate increases, the individual particles
which make up the aggregate give up their intermolecu-
lar forces, start to break apart, and align in the direction
of increased shear rate. This loss or decline in resist-
ance to flow results in a decreased viscosity of the fluid
(Aladag et al. 2012). At high shear rates, the viscosity of
nanofluids attains a limiting and constant value, suggest-
ing that the interactions become relatively weak. Also,
nanofluids are well known as structured materials with
particles or aggregates even at low mass fraction. By
increasing shear rate, the structure and the flocculants of
the nanofluid break down and hence viscosity decreases.
Inversely, reducing the shear rate can cause a growth of
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the flocculants and/or allow the particulate network to
rebuild (Aladag et al. 2012). The strong non-Newtonian
behavior of WO; nanofluids at low shear rates is similar
to those of observed by Aladag et al. (2012) for Al,O5—
water nanofluids, He et al. (2007) for TiO,—water nano-
fluids, and Abareshi et al. (2011) for a-Fe,0;—G nanoflu-
ids. As Fig. 7 shows, the influence of temperature on the
viscosity of the WO;—G nanofluid is greater than that for
the WO3-EG nanofluid.

In order to the study the flow behavior of both base flu-
ids and nanofluids, the experimental data were fitted to the
classical fluid rheological models (power law model, Bing-
ham plastic model, and Herschel-Bulkley model) at differ-
ent temperatures (20, 30, 40, 50, and 60 °C). The rheologi-
cal models considered are given below:

3.2.1.1 Power law model
T =Ky" “

where K is the consistency index (Pa s"), n is the flow
behavior index (dimensionless), and y is the shear rate
(s~!). Three cases may occur: n may be equal to, less than,
or greater than one. In these cases, the nanofluid is Newto-
nian, pseudoplastic (the plot of shear stress against shear
strain passes through the origin), or Bingham (fluids that
have a linear shear stress/shear rate relationship and require
a finite yield stress before they begin to flow), or dilatant,
respectively.

3.2.1.2 Bingham plastic model
T =To+ UpY 5)

where 7, is the yield stress and w,, is the plastic viscosity
(cP).

3.2.1.3 Herschel-Bulkley model
T=1,+Ky" 6)

Tables 1 and 2 give the fit values of constants of the models
(Egs. 4-6) considered in this study. As these tables show
that the Herschel-Bulkley model fits better with the experi-
mental data compared with other models. The fluids of this
work show non-Newtonian behavior and hence their vis-
cosity dependent on shear rate, and exhibit shear-thinning
behavior at low shear rates, i.e., their viscosity decreases
with increasing shear rate. The power law model underesti-
mates the low shear rate viscosity of fluids since it consid-
ers zero value for the shear stress at zero shear rate. The
Bingham model considers the fluids to have a yield value.
The Herschel-Bulkley model is a hybrid of power law and
Bingham models.

Lower values of n are an indication of a more non-
Newtonian behavior or a shear-thinning fluid. In general



Microfluid Nanofluid (2015) 19:1191-1202 1197
Table 1_ Constants for S T(°C)  Power law Bingham plastic Herschel-Bulky
rheological models for EG and
WO,-EG K n R’ T, 14, R’ T, K n R?
0 20 020 098 09997 042 018 09997 0.78 0.16 1.023  0.9998
30 015 096 09996 054 012 09999 080 0.10 1.025  0.9999
40 0.12 094 09994 055 008 09997 063 0.08 1.012  0.9997
50 0.10 091 09985 059 006 0991 0.66 0.05 1.014 0.9992
60 009 088 09957 0.60 0.04 09961 044 0.05 0962  0.9962
05 20 021 098 09996 055 018 09998 133 0.14 1.050  0.9999
30 016 096 09995 054 013 09998 096 0.10 1.039  0.9999
40 013 093 09989 0.62 0.09 09995 094 0.07 1.043 0.9996
50 0.11 090 09979 0.68 0.06 09990 0.89 0.05 1.040 0.9991
60 0.10 0.88 0995 0.65 005 09977 070 0.04 1.013 0.9977
1 20 021 098 09998 039 019 09999 089 0.16 1.031  0.9999
30 0.16 096 09997 051 013 09999 0.84 0.11 1.030  0.9999
40 012 095 09995 047 009 09998 074 0.07 1.035 0.9999
50 0.10 093 09991 052 006 09997 064 0.06 1.022  0.9997
60 0.08 090 09989 050 005 09995 050 0.05 1.001  0.9995
2 20 021 099 09999 030 019 09999 054 0.17 1.015  0.9999
30 0.15 097 09998 041 013 09999 0.66 0.11 1.023  0.9999
40 0.11 096 09998 038 0.09 09999 032 0.09 0992  0.9999
50 0.09 094 09998 037 006 09997 0.07 0.08 0950  0.9998
60 007 093 09993 035 005 0995 027 005 0981 0.9995
4 20 021 099 09998 028 020 09999 091 0.16 1.038  0.9999
30 0.16 097 09997 047 013 09999 0.76 0.11 1.026  0.9999
40 012 094 09995 054 009 09999 075 0.08 1.027  0.9999
50 0.10 093 09994 047 006 09996 042 0.07 0992 0.9996
60 0.10 090 09993 052 005 09995 036 0.06 0964 0.9996

as Table 1 shows, by increasing temperature the value of
n decreases for EG and WO;-EG, i.e., by raising tempera-
ture, the shear-thinning behavior of the fluids increases. As
Table 1 shows, EG and WO;-EG fluids exhibit non-New-
tonian behavior with shear-thinning behavior for all mass
fractions, especially at 60 °C, while G and WO;—G fluids
display somewhat nearly Newtonian behavior. The non-
Newtonian behavior was also observed by Abareshi et al.
(2011) for a-Fe,03;—G nanofluid, Moosavi et al. (2010) for
ZnO-G and ZnO-EG nanofluids, and Aladag et al. (2012)
for Al,O;—water nanofluids.

3.2.2 Influence of nanoparticles mass fraction

Figure 8 shows the values of nanofluid viscosity as a func-
tion of shear rate for different mass fractions. The non-New-
tonian character of the fluids is more obvious at higher NP
mass fractions and lower shear rates. The viscosity of the
WO;-EG nanofluid increases when mass fraction increases
(Fig. 8a) in agreement with previous studies (Abareshi et al.

2011; Moosavi et al. 2010; Nguyen et al. 2008). By increas-
ing the concentration of solid particles in a suspension, the
nanofluid becomes progressively chaotic and aggregate
form and hence the viscosity increases. Figure 8b shows the
flow curve at 20 °C for the WO;—G nanofluids at shear rate
of 4 s™!. The viscosity of nanofluids containing 1 and 2 %
WO; due to lubricating effect of NPs (Chen et al. 2008) is
lower than that of 0.5 % WOs;. It means the WO;—G nano-
fluids show different behavior with respect to WO;-EG
nanofluid. Certainly, the interactions of WO; NPs with G
molecules differ with EG molecules. The increase in viscos-
ity, L0 5 100 (1 and 1, are the viscosity of base fluid
and nanofluid at the same temperature and shear rate), of
the WO,—EG and WO,;—G nanofluids at different tempera-
tures and mass fractions under constant shear rate is sum-
marized in Table 3. A maximum of 8.7 % (14.3 %) increase
in the viscosity of EG (G) at 20 °C is observed when the
mass fraction of WO; NPs was 0.04. As this table shows,
the increase in viscosity for WO;—G is more than that for
WO,;-EG due to stronger interactions between WO; and G.
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Table 2 Constants of

. S T(°C) Power law Bingham plastic Herschel-Bulky
rheological models for G and
WO,-G K n R? T, Iy R’ T, K n R?

0 20 9.61 099 09995 0.17 9.49 0999 0.79 8.86 1.042  0.9997
30 439 1.00 09998 0.01 439 09998 0.05 436 1.003  0.9998
40 221 098 09998 0.32 2.08 09998 0.20 213 0992 0.9998
50 1.14 099 09997 0.18 .11 09998 0.83 094 1.044  0.9999
60 066 1.00 09997 0.09 0.65 09997 0.65 055 1.038 0.9998

05 20 10.65 099 09998 024 1044 09999 048 10.19 1.015 0.9999
30 470 098 09999 0.29 4.52  1.000 0.45 441 1.010 1.000
40 235 098 09995 048 218 09997 1.28 1.84 1.055 0.9999
50 1.24 098 09999 0.30 1.17 09999  0.66 1.07  1.023  0.9999
60 0.70 099 0.9999 0.17 0.67 09999 031 0.65 1.009  0.9999

1 20 10.87 098 0.9996 0.51 1041 09997 090 10.01 1.024 0.9997
30 492 097 09998 0.50 4.62 09999  0.67 4.50  1.010  0.9999
40 241 098 09997 043 225 09998 0.85 2.07 1.026 0.9999
50 1.03 098 0.999% 0.49 1.16  0.9998 1.22 1.00 1.046  0.9999
60 072 099 09998 0.19 0.70 09999 0.80 059 1.038 1.000

2 20 10.68 099 09992 035 1040 09993 1.08 9.66 1.046  0.9994
30 487 097 0.9990 0.69 448 09993 148 396 1.050 0.99%4
40 239 097 09992 0.9 218 09995 151 1.79  1.063  0.9998
50 126 098 09997 0.37 1.18 09998  0.67 1.10 1.019  0.9998
60 074 098 09998 0.35 0.69 09999 0.75 0.62 1.025 0.9999

4 20 1140 1.00 09996 0.12 11.35 09996 090 10.56 1.045 0.9997
30 534 097 09997 0.8 500 09998 1.10 466 1.029  0.9999
40 267 097 09993 0.70 242 09996 1.69 2.00 1.061 0.9998
50 1.40 098 09998 045 1.30 09999 1.02 1.15  1.033  0.9999
60 080 099 09998 0.32 0.76  0.9999 0.88 0.66 1.033 0.9999

3.2.3 Influence of temperature

As temperature increases, the viscosity of both base flu-
ids and the nanofluids decreases exponentially (Fig. 9)
in agreement with previous studies (Abareshi et al.
2011; Haisheng et al. 2007; Namburu et al. 2007b).
The decrease in viscosity with raising temperature is
somewhat compromised by increasing the mass frac-
tion of WO;. The results show that with 10 °C increase
in temperature, the values of viscosity of the nanoflu-
ids decrease approximately 0.7 and 0.5 times for EG
and G, respectively. The difference between viscosity
of the nanofluids reduces at high temperatures because
the interactions between the NPs and base fluid mol-
ecules become weaker. When the temperature increases,
the interaction time between neighboring molecules of a
fluid decreases due to increased velocities of individual
molecules. High temperature also influences the Brown-
ian motion of NPs and hence decreases the viscosity of
nanofluids. As Fig. 9 shows, the influence of temperature

@ Springer

on viscosity for WO;—G nanofluids is greater than that
for WO3-EG nanofluids.

The temperature dependence of the viscosity of nanoflu-
ids is described reasonably by different empirical correla-
tions (Table 4). The experimental data were fitted with six
empirical models, namely Vogel-Fulcher—-Tammann (Chen
et al. 2007), White (2005), Reid et al. (1977), Yaws (1997),
Kulkarni et al. (2006), and Namburu et al. (2007b) equa-
tions. The data presented here were found to fit well with
the Namburu equation:

log(nnf) = A exp(BT) (7)

where A and B are functions of particle mass fraction
(Table 5) and fitted with the following equations:

A=a+af,+ agf,ﬁ 8)

B = by + bafyn + baf, 9
The constants of Eqs. 8 and 9 are given in Table 6.
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3.3 Colloidal stability

The colloidal stability of nanofluids is a challenging
subject. Nanoparticles tend to aggregate with the time
elapsed for its high surface activity. The UV-Vis meas-
urements have been used to quantitatively characterize
colloidal stability of the dispersions (Jiang et al. 2003).
Figure 10 shows the UV-Vis absorption spectra of both
nanofluids versus sedimentation time for WO; mass
fraction of 0.01 %. As this figure shows, the absorption
of WO;-EG nanofluid with sediment time changes to
some extent but the changes for WO;—G nanofluid are
very little. Hence, the WO;—G nanofluid is much more
stable than WO;—G nanofluid. The maximum absorption
wavelength of the WO;-EG and WO;-G nanofluids is
around 269 and 265 nm, respectively. Since there was a
linear relation between the WO; mass fraction and the
absorbance of the nanofluids, the relative stability was
estimated with sediment time as 14 and 75 % for the

Table 3 Increase in viscosity of the WO3;—EG and WO;-G nanoflu-
ids for the shear rates 105 and 4 s~!, respectively

T (°C) fn Enhancement in viscosity
WO,-EG WO,-G
20 0.005 39 10.7
0.010 6.0 94
0.020 6.8 11.4
0.040 8.7 14.3
30 0.005 6.1 8.4
0.010 7.0 9.2
0.020 6.1 9.8
0.040 8.2 12.4
40 0.005 5.6 4.6
0.010 6.0 5.1
0.020 5.6 8.0
0.040 74 8.4
50 0.005 5.7 3.8
0.010 5.7 7.6
0.020 3.8 8.4
0.040 7.0 10.7
204 (a) o f,=00
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a 20
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Fig. 9 Viscosity versus temperature at different mass fraction for the
nanofluids of a WO,~EG at shear rate of 105 s~!, b WO,~G at shear
rate of 4 s~
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Table 4 Temperature
dependence of the nanofluid
viscosity equations

Equation®

Constant parameters

References

n(1) =exp (27
2
nf T T
ln% _a-i-b(%) +C(%)

nf = A exp <B/ T>

log (1af) = A+ BT~! 4+ CT + DT?

In (nef) = AT~! - B
log (1nnf) = Aexp (BT)

Table S Namburu parameters

B, T, Chen et al. (2007), Haisheng et al. (2007)
a, b, T, White (2005)

A, B Reid et al. (1977)

A,B,C,D Yaws (1997)

A, B Kulkarni et al. (2006)

A, B Namburu et al. (2007b)

* ny¢ and 7, represent the viscosity of base fluid and nanofluid, respectively

I WO,-EG WO,-G
(Eq. 7) for WO5-EG and
WO;-G at the constant shear A B Ry A B Ry
rates 105 and 4 s, respectively
0.000 1.686 —0.0147 0.9999 3.834 —0.0119 0.9997
0.005 1.701 —0.0143 0.9996 3.909 —0.0121 0.9994
0.010 1.713 —0.0144 0.9997 3.910 —0.0120 0.9993
0.020 1.726 —0.0146 0.9999 3911 —0.0120 0.9993
0.040 1.730 —0.0145 0.9999 3.921 —0.0120 0.9994
Table 6 Constants of Egs. 8 Nanofluid @,  a,x 107>  ayx 107 Ry, b, x102 byx107° byx 105 R,
and 9 sqr sqr
WO;-EG 1.69 29.9 —4.80 1.00 —1.41 —40.00 6.99 0.98
WO;-G 391 —1.0 1.00 1.00  —1.19 —8.59 1.59 0.98

WO;-EG and WO;-G nanofluids, respectively within e

15 days.

4 Conclusions

Tungsten oxide NPs were successfully prepared by the
hydrothermal method. The NPs were characterized by
seven techniques which confirmed the presence of pure
nanocrystals. The rheological properties of nanofluid pre-
pared from WO; NPs suspended in EG and G were meas-
ured as functions of temperature and mass fraction. This

study contains the following main points:

e Both base fluids and nanofluids behave as shear-thinning

The viscosity of the nanofluids is strongly influenced by
the NPs mass fraction. The viscosity of the WO;-EG
nanofluids increases with increasing mass fraction of
NPs. The viscosity of WO5-G does not follow a specific
behavior with mass fraction.

The rheological properties of both base fluids and the
nanofluids decrease exponentially with increasing tem-
perature. The experimental data of nanofluids viscosity
as a function of temperature were fitted by six empiri-
cal models. The Namburu equation gave a reasonable
prediction of rheological properties of WO5;-EG and
WO;-G nanofluids.

A 9 and 14 % increase in viscosity of EG and G was
observed at 20 °C by loading of 4 % WO; NPs at shear
rate 105 and 4 s™!, respectively.

fluids especially at lower shear rates. G and WO;-G flu- e

ids show somewhat nearly Newtonian behavior while
EG and WO;-EG fluids display shear-thinning behavior
especially at higher temperatures.

@ Springer

The stability of both nanofluids was measured by UV—
Vis method. The UV-Vis analysis reveals that stability
of WO5-G nanofluid is much more than that of WO;—
EG nanofluid.
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