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Nanofluids have shown remarkable attraction in heat transfer community due to its reported
enhanced thermal properties. One factor which can restrict nanofluids in heat transfer application is
the increased viscosity value (compared to classical predictions). Particle aggregation occurring was
the major reason for this observation. Even though majority of the aqueous nanofluids prepared in
literature were stabilized electrostatically by adjusting the pH, studies on the effect of the electrical
double layer thus created and its influence on viscosity increase has not been investigated for these
nanofluids so far. Thus, in the present paper, rheological properties of alumina-water nanofluids,
which are electrostatically stabilized, are measured and the increase in suspension viscosity due to
presence of this electrical double layer causing additional electroviscous effects is brought out.
Based on dynamic light scattering studies, particle agglomeration and its subsequent effect in
increasing the viscosity of alumina-ethylene glycol nanofluid, where electroviscous effects are
absent, are also considered. It is noted that the understanding of electroviscous effect is equally
important as understanding the particle agglomeration effect and understanding both the effects is
central to revealing the physics of nanofluid rheology. Further, hydrodynamic experiments are made,
which show that nanofluids behaves almost like a homogeneous fluids under flow conditions, and by

knowing their properties, such as viscosity and density, pressure drop can be predicted.
© 2009 American Institute of Physics. [DOI: 10.1063/1.3182807]

I. INTRODUCTION

Nanofluids, which are dilute colloidal dispersions of
nanosized particles in a fluid, have exhibited some advanta-
geous features such as improved heat transfer, longer shelf
life, and control of suspension stability. However, accommo-
dation of these advantages into practical applications, such as
engine cooling, electronic chip cooling, heat exchangers, and
laser assisted drug delivery, requires a collective analysis of
both heat transfer as well as flow properties. Effective vis-
cosity of nanofluid is one among the dominant property as it
governs the ease of flow, pressure drop, and the consequent
pumping power involved during flow applications. Recently,
many researchers 10 investigated the rheological behaviors
of nanofluids. Many observations showed Newtonian behav-
ior under low particle loadingl_5 nanofluids, while a shear
thinning nature was shown for nanofluids with higher par-
ticle loading [above 10 vol % (Ref. 6)] as well as for oil-
based nanofluids.” It was also reported that the viscosity val-
ues were significantly higher than the classical prediction
theories for dilute suspensions. Aggregations of particles
were primarily the reason for the above observation. Even
though majority of the aqueous nanofluids prepared4’5’9’10
were stabilized electrostatically by adjusting the pH, discus-
sion on the effect of the electrical double layer thus created
and its influence on viscosity increase have not been inves-
tigated for nanofluids so far. Thus in the present work, an
effort to understand the influence of additional electroviscous
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effects due to presence of an electrical double layer caused
by electrostatic stabilization process in increasing the sus-
pension viscosity is made theoretically. Three types of nano-
fluids, viz., alumina-water, alumina-ethylene glycol, and cop-
per oxide—ethylene glycol are considered for the
investigation. Alumina-water nanofluids are stabilized by ad-
justing the pH value far away from isoelectric point (IEP)
and no stabilizers added to any of the nanofluids as it may
induce undesired effects in viscosity values.

Il. EXPERIMENTAL
A. Preparation of nanofluids

Nanofluids used in the present study were prepared by a
top-down approach. By this two categories of nanofluids
were produced. Category 1 corresponds to nanofluids pre-
pared by dispersing nanopowder bought from different pow-
der manufactures in a base fluid and category 2 belongs to
nanofluids procured as such in dispersion either in concen-
trated form or at a fixed low concentration. The concentrated
nanofluids were diluted with the base fluid when necessary.
Alumina-water and CuO-ethylene glycol nanofluid formu-
lated by diluting concentrated nanofluid (40 wt %) procured
from Nanophase, Inc., are denoted by Al,Os-water_ NP and
CuO-EG_NP, whereas alumina-water and alumina-ethylene
glycol nanofluid prepared by dispersing nanopowder pro-
cured from Sigma Aldrich are denoted by Al,O3-water_SA
and Al,O3-EG_SA, respectively, in the present communica-
tion. Four basic steps were involved in the preparation of the
above nanofluids. (a) After mixing nanopowder in a base

© 2009 American Institute of Physics
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FIG. 1. (Color online) Schematic of high pressure shearing setup.

fluid (or diluting the concentrated nanofluid with base fluid),
the suspension was homogenized using a high performance
disperser/stirrer (T25 digital ULTRA-TURRAX) for around
30 min, whereby the nanofluid was thoroughly mixed in a
turbulent motion through a rotor and stator structure. (b) The
above solution was further kept in an Ultrasonic bath (35
kHz) for about 2 h. Here microturbulences caused by fluc-
tuation of pressure and cavitations imparted energy for
deagglomeration of particles to its basic sizes. (¢) Following
this, a high power ultrasonication using an Ultrasonic disrup-
tor (KLN Sys 587), which was inserted into the nanofluid
solution, was carried out for about 1 h. The disruptor con-
sisted of a probe attached to a sonotrode, vibrating at 20 kHz
and 50 um amplitude. The temperature of the nanofluid dur-
ing the process of sonication was maintained at 22 °C by
external cooling. (d) Further deagglomeration was carried
out by passing the suspension through a high pressure shear-
ing process, whose significance in nanofluid production was
previously noted by some researchers.'""'? For this purpose, a
high pressure static mixer [Combi-mixer (101-10001-F) Ehr-
feld Mikrotechnik BTS GmbH] which was basically consist
of a chamber made of microchannels (with gap of 70 um
each) through which the fluid passes and the final shearing
occurring though a shearing plate of 60 wm width has been
used. Deagglomeration happens mainly due to high shear
forces as well as due to strong impact occurring in the mi-
crochannel chamber. The working pressure of about 100
bars, provided by a high pressure nitrogen cylinder, main-
tains the high pressure shearing flow. A schematic of the
above setup is shown in Fig. 1.

Five different volume fractions of 0.5, 1, 2, 4, and 6
vol % are considered for the analysis. Particle size distribu-
tion by percentage intensity, as well as number measured
using a Malvern Zetasizer Nano-ZS90 for alumina-water
nanofluid (Al,Os-water_SA) prepared by the above disper-
sion procedure [Sigma Aldrich powder (No. 544833) with
size of <50 nm and surface area of 35—-43 m?2/ g, is shown
in Fig. 2. Transmission electron microscopy (TEM) of the
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FIG. 2. (Color online) Particle size distribution for alumina-water nanofluid
(alumina-water_SA).

particles (obtained from a JEM 3010) is given in the inset
which shows the primary spherical morphology and sizes of
particles. As seen, the average particle diameter obtained is
around 100 nm, which is larger than the primary particle size
as claimed by the powder suppliers (50 nm), indicating that
some agglomeration also occurs while suspending particles
in base fluid. During experimentation, the pH value of the
above alumina-water nanofluid is maintained at around 4.5
(the TEP pH value for alumina-water nanofluid"?® is around
8.9) which gives a zeta-potential value of 54 mV, assuring
good electrostatic stability. The particle size distribution got
by dynamic light scattering (DLS) method for diluted
alumina-water nanofluid (named as Al,Os-water_NP) from
Nanophase (Nanotek A1112W, particle size of ~50 nm) also
showed similar behavior as that of Al,O;-water_SA nano-
fluid obtained by dispersing Sigma Aldrich alumina powder
in water. The concentrated nanofluid purchased was diluted
using de-ionized water and the average particle size and zeta-
potential obtained were 95 nm and 58 mV (at pH=4.3), re-
spectively. Copper oxide nanofluid in ethylene glycol (di-
luted from 40 wt % dispersion, Nanophase, named as CuO-
EG_NP) showed an average size of 152 nm.

B. Viscosity measurements

Viscosities of nanofluid samples prepared by the proce-
dure described above are measured using a Physica UDS 200
rheometer having a cone and plate geometry (cone diameter
of 75 mm and a cone angle of 1°). All experiments are con-
ducted at a constant gap of 0.05 mm and an initial stabiliza-
tion period of 2 min is given for achieving constant tempera-
ture, after which a variable shear rate ranging from 10/s to
1000/s is applied. As the torque applied during the experi-
ment is in the range of 1-150 uN m, the percentage error in
viscosity measurement as specified for the equipment is lim-
ited to 2%. Water and ethylene glycol, the base fluids used,
show a Newtonian behavior with viscosity values of approxi-
mately 1 and 21 mPa s, respectively, in the shear rate range
of 10—1000 s~' at 20 °C, which practically matches with
their theoretical values. The viscosity ratio (the ratio of the
viscosity of nanofluid to that of base fluid) versus shear rate
for the nanofluids presently studied is plotted, as shown in
Fig. 3. It is seen that with an increase in the particle concen-
tration, the viscosity ratio increases and this increase seems
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FIG. 3. Viscosity ratio variation with shear rate for alumina-water and
alumina-ethylene glycol nanofluids.

to be more predominant for water-based nanofluids than for
ethylene glycol-based ones. Newtonian behavior is also ex-
hibited for both water-based as well as ethylene glycol-based
nanofluids in the above shear rate regime. Figures 4(a) and
4(b) show the variation in nanofluid viscosities with tem-
perature at a constant shear rate of 200 s~'. It may be seen
here that the viscosities of the base fluid as well as that of
nanofluids decrease with an increase in temperature. Interest-
ingly, it may be noticed that at 50 °C, the viscosity of 6
vol % alumina nanofluid becomes almost equal to the viscos-
ity of water at 20 °C. The above observation reveals the fact
that an inappropriate use of viscosity value may give rise to
misleading results in pumping power and heat transfer char-
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FIG. 4. (Color online) Viscosity variation with temperature for alumina-
water and alumina-ethylene glycol nanofluids.
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FIG. 5. (Color online) Viscosity ratio variation with particle concentration
for nanofluids.

acteristics as they are highly dependent on fluid properties.
Comparing Figs. 4(a) and 4(b), it may be also noticed that
the effect of temperature in the reduction in viscosity is more
severe for ethylene glycol-based nanofluids than for water-
based ones. During experimentation, it was observed that
CuO-ethylene glycol nanofluid exhibited more agglomera-
tion than alumina-ethylene glycol nanofluids which necessi-
tated frequent ultrasonication to maintain a uniform disper-
sion. However, the trends in rheological behaviors (viscosity
variation with shear rate and temperature) for other nano-
fluids, namely, Al,O;-water_NP and CuO-EG_NP are ob-
served to be similar as that explained above and a detailed
description is not presented here. So as to compare the vis-
cosity enhancement observed, an increment in viscosity for
all nanofluids studied compared to their base fluids is de-
picted in Fig. 5. Here the relative viscosity values are plotted
against volume fraction at a given temperature of 20 °C and
shear rate of 200 s~!. A comparison with the theoretical pre-
diction by Einstein’s equation [Eq. (2), given later] is also
plotted in the figure.

Theoretically, viscosity ratios of colloidal suspensions or
nanofluids are generally written in a power series form'*
with volume fraction ¢ as

D 1 4[]+ K[y + O(d) + -+ (1)
Mot

Here 7,; and 7, indicate the viscosity of the nanofluid and
the base fluid, respectively, the term [ 7] is generally referred
to as the intrinsic viscosity and K is Huggins’ coefficient. It
is seen that the presence of solid particles in a fluid always
introduces additional disturbances in flow, distorting the flow
field, and giving rise to an increase in the dissipation of
energy. The ¢ term in the above equation takes care of such
disturbances,'” whereas the ¢? term accounts for the effect of
pair interactions between suspended par’ticles.14 Since par-
ticle concentration below 10 vol % is considered in the
present study, the effect of ¢’ term and hence Huggins co-
efficient may not be of much significance as particle-particle
interactions primarily occurs at higher particle concentra-
tions. For a suspension of uncharged particles, intrinsic vis-
cosity value is determined by the geometry of the suspended
particles (e.g., the value of [ 7] for spherical particles is 2.5).
Thus neglecting higher order terms, Eq. (1) reduces to
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which is popularly known as Einstein’s equation for dilute
suspensions. As seen from Fig. 5, the experimental viscosity
values of nanofluids are found to be much more than that of
the base fluid as well as that of theoretical predictions. It is
also observed that the increment in viscosity ratio is not so
linear at lower concentrations but becomes linear toward
higher concentrations. Many researchers attributed particle
agglomeration as the cause for the observed increment in
viscosity above the conventional theoretical predictions. It is
seen that at a fixed particle concentration, alumina-water
nanofluids exhibit higher viscosity ratios than alumina-
ethylene glycol nanofluids. Assuming similar trends in par-
ticle agglomeration for both water-based and ethylene
glycol-based nanofluids, one aspect that differentiates the
two nanofluids is the fact that the former is stabilized elec-
trostatically by adjusting the pH, while the latter is not.
Hence, the influence of electrostatic stabilization procedure
on the viscosity of nanofluids needs to be investigated and a
theoretical reasoning needs to be proposed.

C. Theoretical explanation

It is to be noted that the intrinsic viscosity value of 2.5 in
Einstein’s equation holds good only when the particles are
uncharged. Since in the present case nanofluids are electro-
statically stabilized, the presence of an electrical double layer
introduces additional increase in viscosity brought about by
electroviscous forces, in contrast to the case when particles
do not have surface charges. These additional effects on [ 7]
and K are known as the primary and the secondary electro-
viscous effects, respectively. Thus, the intrinsic viscosity
value for suspensions may be now modified and written as'®

[7]ey =[7](1+p). (3)

Here [ 77]gy denotes the intrinsic viscosity value when elec-
troviscous forces are present, [ 7] is the intrinsic viscosity
value with uncharged particles, and p is the primary viscous
coefficient. It may be noted that this coefficient basically
gives the percentage increment in intrinsic viscosity. Rigor-
ous mathematical formulations were done in the past to
evaluate p, starting with Smoluchowski,"” followed by many
researchers.'® " Adachi et al.' in their studies with dilute
suspensions of sodium montmorillonite showed that the
value of p would be proportional to k™!, which is the double
layer thickness, also known as Debye length. In their model
it is proposed that the increment in viscosity is due to the
effective excluded volume due to electrical double layer. The
schematic of an additional volume arising due to the pres-
ence of an ionic cloud, as described above, is shown in Fig.
6(a). Considering spherical particles with radius r sur-
rounded by an ionic layer of thickness «~!, the increment in
viscosity due the excluded volume of the ionic cloud, which
can be correlated with the primary viscous coefficient, p is
expressed as'®
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FIG. 6. (a) Schematic depicting increase in effective volume when an elec-
trical double layer is present over the particle surface. (b) Schematic show-
ing the presence of immobile additional liquid volume when particle aggre-
gation occurs.
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3 : 4)
For evaluating p, the double layer thickness has to be evalu-

ated. The Debye length for an electrolytic solution is given
by

o lsosrkgT’ 5)
2N el

where g, is the permittivity of free space (8.854
X 1072 C2 N~ m™), &, is the dielectric constant (for water,
78.4), kg is Boltzmann’s constant, T is the absolute tempera-
ture (300 K), N, is Avogadro’s number, e is the elementary
charge (1.602Xx107"), and I is the ionic strength
(moles/m?). When monovalent ions are present in the solu-
tion as in present case (with HCI acid only added to control
the pH), the above equation reduces to”!

K= (32.87 X 1031 (6)

The evaluation of ionic strength in a colloidal suspension is
not straightforward, and an estimation following the hypoth-
esis laid down by Rubio-Herndndez et al.* is adopted in the
present analysis. Rubio-Herndndez et al.” proposed that the
surface charge on a particle is entirely screened or neutral-
ized at the IEP and there is no electrical double layer that
surrounds the particles at this pH value. Thus the difference
in pH value of the suspension from the isoelectric pH value
(i.e., ApH=pH-pHgp) may be used for evaluation of ionic
strength. This indirectly suggests that the ionic cloud around
the particle will be more prominent as the suspension pH is
away from the isoelectric pH value. Converting this ApH
into ionic strength or moles/l (for, e.g., when ApH=3, I
=10"2"" moles/1=1000% 10> moles/m?) and substituting
it in Eq. (6), an approximate estimate of double layer thick-
ness can be made. Figure 7 shows the variation in the double
layer thickness with respect to the pH of a suspension, as-
suming the IEP is 8.7. In the present study, the pH of
alumina-water nanofluid was maintained approximately at
around 4.5, and so the value of «~! will be around 40 nm.
This distance determines the distance at which the particles
feel each others presence and may be noted to be depending
only on the properties of the suspending medium. Now plot-
ting the p values (primary viscous coefficient) for different
particle sizes as a function of pH, it may be noted that this
electroviscous coefficient will be lying between 2 and 4 (Fig.
8). Assuming an average value of 3 for p, the intrinsic vis-
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FIG. 7. (Color online) Electrical double layer thickness as a function of pH.

cosity with primary viscous effects may be evaluated from
Eq. (3) as

[7]ev=[7](1+p)=2.5(1+3)=10. (7)

It may be also noted from Fig. 8 that the value of p and
hence the viscosity may be higher for suspensions containing
smaller particles than for suspensions with larger particle
sizes. Including the primary viscous forces, the relative vis-
cosity for alumina-water-based nanofluids will take the form

Tt
Mot

=1+ lOd) (8)

As mentioned earlier, another important factor that can
increase the viscosity of nanofluids is the aggregation of par-
ticles in the suspension. It may be noted that when particle
aggregates are formed, they also include some stationary vol-
ume of the fluid [Fig. 6(b)], which, in fact, increases the
effective volume. The aggregation factor is also evident from
the DLS studies (Fig. 2) which show the average particle
sizes for alumina nanopowders to be around 100 nm even
though the basic particle sizes were less than 50 nm (as seen
from TEM). Thus, assuming a maximum increase in the vol-
ume fraction by a factor of 2 (which is the ratio of the ag-
gregated particle size to the basic particle size), the relative
viscosity may be written as
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FIG. 8. (Color online) Primary electroviscous coefficient p as a function of
pH.
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It 14254 x2=1+56. (9)

Mot

The above explanation can answer the increase in vis-
cosity values for ethylene glycol-based nanofluids where no
electrical double layers are formed as pH was not controlled
to maintain stability.

Now the experimental data from the present study, along
with results from literatures,"*>*'* are plotted in Fig. 9. It is
seen that the theoretical predictions considering electrovis-
cous effects [Eq. (8)] are able to predict viscosity increase in
water-based nanofluids not only for the nanofluids presently
investigated but also for other results from literature to some
extend. As the pH values, particle sizes, and methods of
preparation of nanofluids vary in literature and some are not
reported precisely, exact predictions are not possible. For ex-
ample, deviations for the results of Pak and Cho'® are due to
the fact that the particle size used is very small (13 nm) so
that the primary viscous coefficient value of p will be higher.
Pak and Cho'® in their rheological studies, observed a vis-
cosity increase of more than 350 times at 3.5 vol % concen-
tration. Assuming some agglomeration for the above par-
ticles, an average value of 60—80 is obtained for the primary
viscous coefficient of the present analysis which approxi-
mately predicts the above observation. It is seen that a ma-
jority of water-based alumina nanofluids results reported in
literature exhibit viscosity ratio variation as proposed in Eq.
(8). This is mainly due to the fact that majority of nanopar-
ticles used in literature fall under 50-150 nm size range and
also due to the fact that most of the commercial alumina
nanopowders have an acidic surface and mere mixing of
these with water would result in a stable solution electrostati-
cally. Similarly, in the case with ethylene glycol-based nano-
fluids where the viscosity increase is primarily due to the
aggregation of particles, a proper knowledge on the sizes of
aggregates present in the solution should be known. It may
be noted that in most cases particle aggregation occurs in a
suspension; the increase in viscosity may be due the com-
bined effects of electroviscous forces and particle aggrega-
tion. Thus from this analysis, it may be emphasized that the
understanding of electroviscous effect is equally important as
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FIG. 10. (Color online) Schematic of setup used for pressure drop measure-
ment studies.

understanding the particle agglomeration effect and it cannot
be neglected for suspensions that are electrostatically stabi-
lized.

It is seen from the present study as well as from litera-
ture observations that the nanofluids have higher viscosity
values when compared to their base fluids. So before putting
these fluids for flow applications, evaluation of pressure
drops occurring while using them as heat transfer is impor-
tant. In Sec. III, a flow behavior of nanofluids at room tem-
perature (20 °C) for different volume fractions along is ana-
lyzed.

lll. HYDRODYNAMIC EXPERIMENT

The test section used for evaluating pressure drop using
hydrodynamic experiments consists of a 1.3 mm inner diam-
eter tube with length of 600 mm through which the nanofluid
is circulated. The circulation loop consist of a vane pump
(Speck Pump DS-300), followed by a cooling chamber, tur-
bine flow meter (KEM, MH3E/4), and a collecting tank. The
schematic of the loop used is shown in Fig. 10. The turbulent
flow in the loop is maintained and varied with the help of a
pump whose flow rate is precisely controlled by a speed
controller (Danfoss VLT 2800) attached to the pump. Pres-
sure drop across the test section tube is measured using a
pressure transducer (Contrans ASD800, in three different
pressure ranges, viz., =400, *2.5, and 0-10 bars). A heat
exchanger is provided before the test section so as to main-
tain a constant inlet temperature and to negate any frictional
heating occurring at higher flow rates.

Figure 11(a) shows pressure drop values for alumina-
water nanofluids which shows that the pressure drop in-
creases with particle loading under the turbulent flow regime
(Reynolds number for present flow is in the range of 4500—
15 000). Nondimensional form of pressure drop variation
with velocity for the above alumina-water nanofluids is
shown in Fig. 11(b). Here the friction factor and the Rey-
nolds number are evaluated using the following expressions:

2APD
f= LV (10)

VD
Ren=p7, (11)

where p is density, V is the velocity, D is diameter of the
tube, and L is length of the tube. 7 is the effective viscosity
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FIG. 11. (Color online) (a) Pressure drop for alumina-water nanofluids with
varying velocities. (b) Nondimensional pressure drop and velocity variation
for alumina-water nanofluids.

of fluid and measured values from Sec. II C is used for cal-
culation. The density of nanofluids is evaluated using the
averaged volume fraction ratio which is generally acceptable,
which is given below,

Pat= (1 = P)ppe+ bp),. (12)

It may be noted in Fig. 11(b) that the Re value for nano-
fluid flowing at the same velocity will be lower than that of
the base fluid owing to the higher viscosity of the nanofluid.
Thus evaluation of flow characteristics at a constant Re value
may bring out misleading results as flow properties such as
density and viscosity are involved in the evaluation. So care
should be taken while interpreting data from nondimensional
plots of nanofluids and it would be preferred to have a di-
mensional plot rather than a nondimensional one as the latter
gives more physical insights. The maximum uncertainty in f
and Re were calculated to be 4% and 4.5%, respectively, for
the above case.

As physically observed, nanofluids are well dispersed
and stable, an approximation of its flow behavior to a homo-
geneous fluid is well acceptable. Thus efforts are now made
to predict the pressure drop based on conventional flow
equations. The theoretical evaluation of pressure drop is
done using Eq. (10) with friction factors for laminar and
turbulent flow regimes as
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64
f=—for Re <2300,
Re

£=(0.79 In Rep, — 1.64)"2  for Re > 2300. (13)

Figure 12 shows the parity plot between measured and
predicted pressure drops. It is seen here that the measured
values lie within 15% of the predicted values with all uncer-
tainties included. The above observation also reveals the fact
that nanofluids behaves almost like a homogeneous fluids,
and by knowing their properties, such as viscosity and den-
sity, pressure drop can be predicted accurately.

IV. CONCLUSIONS

Thus based on the experiments conducted and data col-
lected from literature, it is observed that the electroviscous
effects caused by stabilization procedure are important to be
considered and can influence viscosity increase for water-
based nanofluids and cannot be neglected at least for suspen-
sions that are electrostatically stabilized. Particle agglomera-
tion is also found to be important and proper particle size
distribution curve of the nanofluid should give an estimate of
it. Newtonian behavior is exhibited for both water-based and

J. Appl. Phys. 106, 034909 (2009)

ethylene glycol-based nanofluids for the particle concentra-
tion considered (0.5-6 vol %). Further from pressure drop
experiments it is seen that nanofluids behaves like homoge-
neous fluid and knowing the properties can help in estimat-
ing the flow characteristics.
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