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Abstract - Experiments were carried out on the preparation and characterization of dispersions of sand in
ethylene glycol-water (50-50%) mixture. The dispersions were prepared by stirred bead milling of 20-30 pm
sand (in water) followed by dilution with water and ethylene glycol. The influence of temperature (31-45 °C),
particle concentration (< 2 vol %) and ultrasonication on the viscosity of sand-ethylene glycol-water
dispersions was studied. The thermal conductivity of dispersions as a function of particle concentration and
ultrasonication has also been investigated. Correlations were developed for the prediction of relative viscosity
and thermal conductivity ratio of the dispersions. Our results indicate that the sand-ethylene glycol-water
dispersions, prepared by stirred bead milling and ultrasonication, have potential as coolants.
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INTRODUCTION

Heat exchangers form an essential component in
maintaining the energy efficiency of an industry.
Some examples include the use of hot flue gas to
preheat the solid raw material in cement industries
(Rajan et al., 2007b; Rajan et al., 2008; Rajan ef al.,
2010), heat exchange between hot reaction products
and precursors in petrochemical industries, etc.
Research in the field of heat transfer is directed
towards increasing the heat transfer rate for the same
coolant inventory and pumping power or for fixed
heat exchanger geometry. One of the methods to
improve heat transfer is to utilize liquids with high
thermal conductivity. Water, ethylene glycol (EG)-
water mixtures, propylene glycol (PG)-water
mixtures, Therminol®-VT, Therminol®-55, etc are
some of the heat transfer fluids widely used for
cooling or heating applications. These heat transfer
fluids possess lower thermal conductivities when
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compared to solids like metals and metal oxides
(Wang and Mujumdar, 2007; Wen et al., 2009;
Palabiyik et al., 2011). However these solids cannot
be directly used as heating or cooling medium.
Following Maxwell’s pioneering theoretical work
(Maxwell, 1881) several experimental and
theoretical studies on the thermal conductivity of
suspensions containing solid particles have been
carried out (Wang and Mujumdar, 2007). However,
the millimeter and micrometer-sized particles settle
due to gravity and hence their suspensions cannot be
maintained in a static liquid. The properties of
nanoparticle dispersions in common coolants have
been widely reported and reviewed (Wang et al.,
2008a; Wang et al., 2008b).

The velocity with which micrometer-solid
particles settle in a fluid can be estimated by Stoke’s
law, which predicts the settling velocity to be
directly proportional to the square of the particle size
and the difference in density between the solid
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particles and liquid and inversely proportional to the
fluid viscosity (Mc Cabe et al., 1993). If dispersion
of sub-micron particles of density comparable to that
of the liquid is made in a slightly viscous liquid, the
settling velocity of particles can be reduced.
Similarly, Brownian motion, which is effective for
smaller particle sizes, retards settling (Sivasankar
and Pramod Kumar, 2010). Following the pioneering
work of Choi et al. (1995), efforts have been made to
prepare dispersions of nanoparticles (1-100 nm) in
common coolants, leading to nanofluids with higher
thermal conductivity than the liquid in which the
nanoparticles are dispersed. However, a certain degree
of agglomeration takes place when nano-particles are
dispersed, leading to a wide hydro-dynamic size
distribution (Wen and Ding 2005; He et al., 2007,
Longo and Zilio 2011; Ghadimi ef al., 2011).

In the present work, sub-micron dispersions of
sand were prepared in an ethylene glycol (50 vol %)
- water (50 vol %) mixture through stirred bead
milling followed by ultrasonication. The choice of
sand is due to its ready availability and its low density.
Assuming free settling, the terminal settling velocity
of 300 nm sand particles (density ~ 2650 kg/m’) in
ethylene glycol (50 vol %) — water (50 vol %) mixture
calculated using Stoke’s equation is ~3x10™ my/s.
Hence, the time taken for these particles to travel 1 cm
through settling in a static EG-water mixture is ~ 92 h.
In case of hindered settling without particle
agglomeration, the settling velocity would be lower
than that corresponding to free settling and hence
would require a longer time to settle (McCabe et al.,
1993). Hence, it is possible to prepare stable
dispersions of sub-micron particles in an ethylene
glycol-water mixture. Despite containing particles on a
nanometer scale, these dispersions are different from
nanofluids, which are prepared by dispersing
engineered nanoparticles of a specific size and shape.
However, these dispersions can also be expected to
possess higher thermal conductivity if the colloidal
stability can be maintained. The influence of particle
concentration and ultrasonication on viscosity and
thermal conductivity of sand-ethylene glycol-water
dispersions prepared by stirred bead milling were also
studied and are reported here.

MATERIALS AND METHODS
Preparation of Sub-Micron Dispersions
The sub-micron suspensions were first prepared

by stirred bead milling of properly-ground and
sieved river-bed sand with an average particle size of

20-30 um, in water. The dimensions of the stirred
bead mill and the operating conditions are given in
Table 1. These conditions were optimized for
preparation of sub-micron suspensions in water, after
identifying the controlling variables through a
literature survey (Pradeep and Pitchumani, 2011;
Stenger et al., 2005) and experiments. Stirred bead
milling was performed for 6 hours with 0.4 mm
Yttrium-stabilized Zirconia (YSZ) beads, followed
by milling for another 6 hours using 0.2 mm YSZ
beads. At the end of 12 hours of milling, about
250 mL of suspension containing 60 g of sand in
water was obtained. Various concentrations of sub-
micron dispersions were prepared by serial dilution
of the sand-water sub-micron suspension with water
and then with ethylene glycol, in such a way that the
liquid represented an ethylene glycol (50 vol %)-
water (50 vol %) mixture. This led to preparation of
sub-micron dispersions of sand-ethylene glycol-
water containing different volume fractions of sand.
To ensure homogeneity, the dispersions were
homogenized in a high-shear homogenizer (T25,
UltraTurrax, Germany). Two sets of dispersions were
prepared — One set of dispersions was characterized
after shear homogenization; the other set was
subjected to probe ultrasonication for 6 hours before
the characterization studies were carried out. This
enabled the investigation of the role of ultrasonica-
tion in altering the agglomerate size distribution and
its influence on transport properties.

Table 1: Specification of the stirred bead mill and
operating conditions.

Specification Value/Material
Material of construction Stainless steel
Diameter of the mill 125 mm
Height of the mill 200 mm

Number of pins (attached to
the stirrer)

16 (4 at each axial location;
4 axial locations)

Length of pins 40 mm
Cooling Jacket Mild steel
Feed concentration (g/mL) 0.12
Ball loading, J (-) 0.8
Stirrer tip velocity (m/s) 9.24

Laser and X-Ray Diffraction

The particle size distributions of dispersions were
determined using the laser diffraction technique
(Microtrac Bluewave, Japan). Since the measurement
was made in liquid, the distribution of hydrodynamic
diameters was obtained, which also provides
information on the extent of agglomeration of the
sub-micron particles dispersed in ethylene glycol-
water mixture. The measurement of particle size
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distribution through laser diffraction is advantageous
on two accounts: (i) ease of the sample preparation
procedure; (ii) the state of dispersion is unmodified
during sample preparation or analysis.

A small quantity of the dispersion was freeze-
dried and analyzed using a Bruker D8 Focus X-ray
Diffractometer to identify possible crystalline phases
present in sand, apart from the estimation of the
minimum crystallite size using Scherrer’s equation.
The zeta potential was measured using a Zetasizer
(Nano-ZS, Malvern Instruments, USA).

Viscosity and Thermal Conductivity Measurements

The viscosity of dispersions and that of the
ethylene glycol-water (50 - 50%) mixture was measured
using a digital viscometer (LVDV Pro-II, Brookfield
Engineering, USA). The viscosity measurements
were reproducible within £0.5 % error. The thermal
conductivity of dispersions and that of ethylene
glycol-water (50 — 50%) mixture was measured by
transient hot-wire technique (KD-2 Pro, Decagon
Devices, USA) using a KS-1 probe. Sufficient care
was taken to eliminate convection effects. The
instrument was able to provide reproducible values
of the thermal conductivity of water with a +1 %
error in the temperature range of 31-45 °C. A constant
temperature bath (TC-502, Brookfield Engineering,
USA) capable of maintaining set temperature within
+0.1°C, was utilized to maintain the temperature of
the samples during the measurement of viscosity and
thermal conductivity.

Uncertainty Analysis

The measurements of viscosity and thermal
conductivity were repeated thrice to estimate their
standard deviation. Relative viscosity and the thermal
conductivity ratio were calculated from the
viscosities and thermal conductivities of ethylene
glycol-water (50 - 50%) and the dispersions. Hence,
the uncertainty in the estimation of the relative
viscosity (Uy) and thermal conductivity ratio (Uy,)
was calculated as follows using methods reported in
literature (Rajan et al., 2007a):
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At a confidence level of 95%, the ranges of
relative viscosity and thermal conductivity ratios are
u Uy and k= Uy, respectively.

RESULTS AND DISCUSSION
Particle Size Distribution

The particle size distribution of sub-micron
dispersions of sand in the ethylene glycol-water
mixture is shown in Figure 1 for both the
ultrasonicated and non-ultrasonicated dispersions. In
the initial periods of stirred bead milling, a gradual
size reduction of micron-sized precursors took place,
resulting in a shift of the product size distribution
towards lower particle sizes (Fadhel et al., 1999).
Once the sub-micron particles are formed, attractive
forces between particles begin to influence the
product size distribution. With finer particles, the
attractive forces between the particles are high owing
to the larger surface area (Phuoc and Massoudi,
2009) and hence the tendency to agglomerate is also
high (Phuoc and Massoudi, 2009). Hence, the size
distribution of the dispersion obtained after stirred
bead milling is expected to consist of aggregates
formed from small particles as well as the relatively
large single particles. The product size distribution of
the non-sonicated dispersion (Figure 1) has a mode
of 243 nm with 28% of the particles/aggregates less
than 100 nm. Upon probe sonication for 6 hours, the
size distribution of the dispersion (Figure 1) exhibits
two modes, one at 86 nm and the other at 204 nm.
The shift in the particle size distribution towards
lower values due to ultrasonication is also evident
from Figure 1. The role of ultrasonication in
breaking loose agglomerates of particles has been
well established, with the latest reports being those
of Garg et al. (2009) and Longo and Zilio (2011).
However, it is also understood that ultrasonication
cannot cause primary particle breakage or reduce the
size of primary particles. Hence, we believe that
probe sonication resulted in breakage of some of the
particle agglomerates, resulting in the two modes.
The mass percentage of particles/agglomerates less
than 100 nm also increased to 59.3% as a result of
probe sonication, apart from the reduction of mass
percentage of particles/aggregates larger than 250 nm
to about 4%.

The powder X-ray diffractogram of the dried sand
sample is shown in Figure 2. The peaks corresponding
to 20 values of 27 © and 50.5 ° are representative of
(011) and (001) faces of quartz. The broad nature of
the peaks supports the presence of nanograins in the
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milled sample. The minimum crystallite size was
calculated to be 45.17 nm from the Scherrer formula,
which correlates reasonably well with the smallest
particle size measured by the laser diffraction. The
zeta potential was found to be -24.8 mV.
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Figure 1: Influence of ultrasonication on the particle
size distribution of a sand-ethylene glycol-water
dispersion.
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Figure 2: X-ray diffraction pattern of milled powders
showing the presence of quartz phase.

Influence of Ultrasonication on Viscosity

The dispersions as well as the ethylene glycol-
water mixture exhibited Newtonian characteristics
over a shear rate range of 73-245 s™', for which the
accurate measurement of viscosity was possible with
the viscometer utilized. The Newtonian characteristics
may be attributed to the low concentration of the
dispersions employed in the present study.

The influence of probe ultrasonication on the
viscosity sand in EG-water dispersions is shown in
Figure 3 for different concentrations. It may be
observed that the wviscosity of the dispersions
decreased as a result of ultrasonication, for all
concentrations of dispersion. This result can be
interpreted along the lines as for nanofluids. Longo
and Zilio (2011) observed a difference in viscosity of

nanofluids formulated using ultrasonication and
those formulated by simple mixing of nanoparticles
in water. The higher viscosity of non-sonicated
nanofluids was attributed to the presence of
aggregates of relatively larger sizes compared to
those in the sonicated nanofluids, in spite of the same
primary particle size in both the sonicated and non-
sonicated nanofluids. The average particle sizes in
the sonicated and non-sonicated nanofluids of Longo
and Zilio (2011) were 155 nm and 220 nm,
respectively. As discussed in the previous section,
the non-sonicated sand dispersion contain a higher
mass fraction of particle agglomerates compared to
those in sonicated dispersions. Accordingly, the
average aggregate/particle sizes of the sonicated and
non-sonicated sand-EG-water dispersions were 99 nm
and 130 nm, respectively. Hence, the reduction of
viscosity of the dispersions due to ultrasonication
may be attributed to the lower average aggregate/
particle size of sonicated dispersions, though the
minimum crystallite size in both the sonicated and
non-sonicated dispersions are the same.
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Figure 3: Effect of ultrasonication on the viscosity
of sand-ethylene glycol-water dispersions.

Influence of Particle Concentration on Viscosity
and Relative Viscosity

The measurement of viscosities of sub-micron
dispersions of sand in EG-water mixture was carried
out at different particle concentrations (0 — 2 vol %)
to elucidate their influence on nanofluid viscosity.
Figure 4 shows the influence of particle
concentration on the viscosity of sonicated sub-
micron dispersions at 31 °C. It is evident that the
viscosity of sub-micron dispersions increases with
particle concentration. Dispersion of particles in a
liquid influences the rheology of liquids by altering
the shear stress-shear rate relationship. The influence
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of particles is reflected in the higher viscosity values
for dispersions compared to that of the EG-water
mixture in which they were dispersed. Also, the
progressive increase in the viscosity of the dispersion
with particle concentration may be attributed to the
increase in number of particles in the dispersion
(with concentration) which would influence its
viscosity.
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Figure 4: Influence of particle concentration on the
viscosity of ultrasonicated sand-ethylene glycol-
water dispersions.

Relative viscosity indicates the viscosity of a
liquid relative to that of another liquid. It has been
widely used to compare the viscosity of polymer
solutions with that of the solvent and the viscosity of
nanofluids with that of the base fluid (Chen et al.,
2007). Similarly, relative viscosity may also be
defined for sub-micron dispersions as the ratio of the
viscosity of the sub-micron dispersions to the
viscosity of the base fluid.

Figure 5 shows the influence of particle
concentration on the relative viscosity of sand-
EG-water dispersions at 31 °C, from which a linear
increase in relative viscosity with particle concen-
tration may be observed for both the sonicated and
non-sonicated dispersions. Since relative viscosity is
directly proportional to the viscosity of the sub-
micron dispersion, relative viscosities of mnon-
sonicated suspensions are higher than those of
sonicated dispersions. The linear increase of relative
viscosity with nanoparticle concentration has been
widely observed (Heris et al., 2006; Garg et al.,
2008; Chen et al., 2009; Lee et al., 2010) when there
are no interactions between particles. The sub-
micron dispersions reported here are dilute, with
particle volume fractions less than 0.02. Hence the
distance between the particles or between the particle
agglomerates is high, minimizing the particle-particle

interactions or aggregate-aggregate interactions,
leading to a linear variation of relative viscosity with
particle concentration. Though the formation of
aggregates itself is a result of particle-particle inter-
actions, they were formed during the preparation of
the sub-micron suspension by stirred milling where
the particle concentration is relatively high (~ 9 vol %).
A certain degree of de-agglomeration was achieved
through ultrasonication as discussed in the particle
size distribution section.
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Figure 5: Influence of particle volume concentration
on relative viscosity for ultrasonicated and non-
sonicated dispersions of sand in the ethylene glycol-
water mixture.

The Einstein equation, as cited in Phuoc and
Massoudi (2009), relates the relative viscosity (L)
with particle concentration (¢) via:

w,=1+2.5¢ (3)

Ghadimi et al. (2011) observed that the Einstein
equation was applicable to particle volume fractions
less than 0.02. Several other equations, like those of
Mooney (1951), Brinkman (1952), Krieger and
Dougherty (1959), Frankel and Acrivos (1967),
Nielson (1970), Lundgren (1972), Brenner &
Condiff (1974), and Batchelor (1977) have been
proposed for the prediction of relative viscosities of
dispersions of nanoparticles in a liquid. All the above
equations, except that of Einstein, predict a non-
linear variation of the relative viscosity with particle
concentration. The relative viscosity-particle con-
centration relationship for the sub-micron dispersions
of the present study is as follows:

For sonicated sand-EG-water dispersions:

w=1+13.1¢ 4
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For non-sonicated sand-EG-water dispersions:
p,=1+17.2¢ %)

Comparison of Egs. (4) and (5) with the Einstein
equation show that the constants in these equations
(13.1 and 17.2) are higher than those proposed by
Einstein (2.5), which is applicable for spherical, non-
interacting particles in a dilute dispersion (Nguyen
et al., 2007). When the dispersion contains an
appreciable amount of agglomerates, the particle
volume fraction (¢) may be replaced by aggregate
volume fraction (¢,). Chevalier et al. (2007) and
Chen et al. (2007) have proposed modifications of
the Kreiger-Dougherty equation, by replacing the
particle volume fraction (¢) by the aggregate volume
fraction (¢,).

Hence, Egs. (4) and (5) may be rewritten as in the
form of Einstein equation with ¢ replaced by ¢,:

= 1+2.5, ©)

Chen et al. (2009) provided a relationship
between ¢ and ¢, through the primary particle size
(a), the average aggregate size (a,) and the fractal
dimension (D) as follows:

a, 3-D
(I)a = ¢(_] (7)

a

The particle size distributions show the volume
fraction (x;) of clusters/particles of each size (a),
which implies that a nanofluid with nanoparticle
concentration (¢) contains aggregates/particles of
several sizes whose volume fractions are (0x;).
Accordingly, ¢, may be related to particle size
distribution as follows:

n Q. 3-D n a. 3-D
=Yoo %) o3 [) ®

Substituting Eq. (8) in Eq. (6) gives:

n 3-D
M =1+2.50D x; (%) 9)
i=1

With the size distribution information obtained
from laser diffraction and the minimum crystallite
size from the Scherrer formula, Eq. (9) was solved
with relative viscosity-particle concentration data to
determine ‘D’ for sonicated and non-sonicated

i

dispersions. Accordingly, ‘D’ was found to be 1.51
and 1.71 for sonicated and non-sonicated nanofluids,
respectively.

Hence, it is clear that the fractal index has
decreased as a result of ultrasonication. Higher
values of ‘D’ indicate the presence of dense and
compact aggregates, compared to lower values of
‘D’ indicating loose and open aggregates (Saltiel
et al., 2004). Hence, probe sonication would have
resulted in loosening of dense aggregates. Saltiel
et al. (2004) observed a reduction in the fractal index
with ultrasonication for nanoparticle dispersions in
water.

The value of fractal index also throws light on the
optimum ultrasonication time or energy required for
obtaining lower values of relative viscosity. For two
dispersions with identical size distribution, lower
relative viscosity will be observed for dispersions
that have higher value of D, i.e., the dispersion with
dense and compact aggregates, as understandable
from Equation (9). For the dispersions of the present
study, although reduction in the aggregate size
distribution towards lower values as a result of
sonication is advantageous for reducing the relative
viscosity, this is partly offset by the formation of
loose and open aggregates. Hence, the parameters of
sonication, including time of sonication, time
between successive cycles, etc., must be optimized to
produce compact aggregates with a size distribution
in the lower range.

Influence of Temperature on Viscosity

The viscosity measurements were carried out at
different temperatures between 31 and 45 °C to study
the influence of temperature on the viscosity of
dispersions. Figure 6 shows the influence of tempe-
rature on viscosity of sand-ethylene glycol-water
dispersions. It may be observed that the viscosity of
the dispersions decreases with temperature. To
understand the relative rate at which the viscosity of
dispersions and that of the EG-water mixture
decrease with temperature, a plot of u'(dwdT) vs T,
as shown in Figure 7, was made for all dispersions. It
is evident from Figure 7 that the viscosity of the
0.9% dispersion declined more rapidly with
temperature, than that of the EG-water mixture or the
other dispersions. Hence, the relative viscosity of
0.9% dispersions decreases with temperature, as
observed in Figure 8. For other dispersions, the
viscosity decrease with temperature is less rapid than
that of the EG-water mixture (Figure 7). Hence, the
relative viscosity of 1.36% and 1.81% dispersions
increases with temperature (Figure 8).
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Figure 6: Effect of temperature on the viscosity
of sand-ethylene glycol-water dispersions.
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Figure 8: Effect of temperature on the relative viscosity of sub-micron dispersions of sand in ethylene

glycol-water mixture.

The literature data on the temperature influence
on relative viscosity is scattered, with a majority of
them indicating negligible influence of temperature
on relative viscosity (Longo and Zilio, 2011; Vajjha
et al., 2010; Chen et al., 2007), while a few others
observed an influence of temperature (Nguyen et al.,
2007; Duangthongsuk and Wongwises, 2009; Lee
et al., 2011). Interparticle forces, Brownian motion and
hydrodynamic forces determine the viscosity of a
colloidal dispersion (Genovese et al., 2007). At low
shear rates, interparticle forces and Brownian motion
dominate (Genovese et al., 2007). Brownian motion
and interparticle forces are temperature-dependent.
While higher temperature facilitates Brownian
motion, the attractive component of interparticle
force decreases with temperature (Lee, 2008).
Brownian motion randomizes particle orientation
(Bicerano et al., 1999), which increases relative
viscosity. The increase in relative viscosity with

temperature for dispersions with particle concentra-
tions >0.96% of the present study may be attributed
to this. At particle concentrations < 0.96%, the decrease
in attractive forces with temperature probably
dominates over the increase in Brownian motion and
hence, for such dispersions, a decrease in relative
viscosity with temperature is observed.

Influence of Ultrasonication on the Thermal
Conductivity of Dispersions

The influence of probe ultrasonication on the
thermal conductivity of sub-micron dispersions of
sand in EG-water is shown in Figure 9 for different
concentrations at 31 °C. It may be observed that the
thermal conductivity of the dispersions increased as
a result of ultrasonication, for all concentrations of
dispersion. The surface area of dispersed particles is
one of the parameters that influences thermal
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conductivity of dispersions (Chopkar et al., 2008).
The total surface area of agglomerates/particles in
dispersions is inversely proportional to their size.
The increased thermal conductivity for sonicated
dispersions may be partly attributed to the higher
surface area of the sonicated dispersion due to lower
agglomerate/particle sizes. However, the role of
particle size in influencing various thermal
conductivity enhancement mechanisms is discussed
in the next section.

Influence of Particle Concentration on Thermal
Conductivity

The influence of particle concentration (< 2 vol %)
on thermal conductivity of non-sonicated dispersions
at 31 °C is also shown in Figure 9, from which
increase in thermal conductivity with particle
concentration is evident. As discussed earlier, with
an increase in particle concentration, the number of
particles in the dispersion increases. Hence, the
contribution of particles to the thermal conductivity
of the dispersion is greater, leading to increased
thermal conductivity of dispersions at higher particle
concentrations.

0.47
£ Temperature = 31°C R
B 0.45 ¢ Sonicated g
[
% <
5 0.43 O Non-sonicated
= [m)
o _ [

% a]

? X o4
S E
g3 g
2~ 039
o
2 g
£ 037
-
(]
£

0.35

0 0.5 1 15 2

Particle volume concentration (%)

Figure 9: Influence of ultrasonication and particle
concentration on the thermal conductivity of sand-
ethylene glycol-water dispersions.

The thermal conductivity ratio, defined as the
ratio of thermal conductivity of the dispersions to
that of the EG-water mixture, is an indicator of
enhanced thermal conductivity of the dispersion and
hence provides an idea of its possible application for
thermal management. The influence of particle
concentration on the thermal conductivity ratio at
31 °C is shown in Figure 10 for both the sonicated and
non-sonicated dispersions. It is evident from Figure
10 that the thermal conductivity of both the sonicated

and non-sonicated dispersions increases linearly with
the particle concentration.
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Figure 10: Influence of particle concentration on the
thermal conductivity ratio of sonicated and non-
sonicated sand-ethylene glycol-water dispersions at
31 °C.

For dilute dispersions of nanoparticles in a liquid
(nanofluids), a linear increase in thermal conductiv-
ity with particle concentration has been reported
(Lee et al., 1999; Masuda et al., 1993; Vajjha and
Das, 2009). Brownian motion, particle clustering,
interfacial layering and ballistic transport of energy
carriers are considered to be responsible for
improved thermal conductivity of nanoparticle
dispersions, apart from the contribution from
effective medium approximation (Keblinski et al.,
2002). Brownian motion is predominant for
particles/clusters of smaller sizes, as is evident from
models for thermal conductivity enhancement
incorporating Brownian motion (Xuan et al., 2003;
Koo and Kleinstreuer, 2004). However, a certain
degree of controlled aggregation is considered to be
advantageous for obtaining dispersions of higher
thermal conductivity by particle clustering (Wen
et al., 2009). Aggregates of too large sizes would
result in poor colloidal stability of the dispersions.
Interfacial layering refers to the thin layer of liquid
surrounding the particles that is more ordered than
the liquid bulk bridging particles and the liquid, with
a thermal conductivity greater than that of the liquid
(Yu and Choi, 2003). However, interfacial layering
is effective only for extremely small particles (Yu
and Choi, 2003). The contribution of Brownian
motion and particle clustering to the thermal
conductivity ratio (k;) is a function of particle/
aggregate size and may be termed k,. If Kyjaxwen 18 the
contribution from Maxwell’s effective medium
theory for the thermal conductivity ratio, then the
total thermal conductivity ratio is given by:
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kr = kMaxwell + ka (10)

Within the range of particle concentrations
studied here, the contribution from effective medium
theory is found to be linear as follows, using the
thermal conductivity of sand and the EG-water
mixture as 1.3 and 0.378 W/mK respectively:

k =1+1.3¢ (11)

Maxwell

Since the thermal conductivity ratio-particle
concentration relationship is linear, the contribution
of Brownian motion and particle clustering to the
thermal conductivity ratio may be represented as

KMaxwell = f[LmJ(I) (12)
a

a

When aggregates of different sizes (a,;) with mass
fractions (x;) are present, Eq. (12) may be modified
using the relationship between average aggregate
size (a,) and the aggregate sizes (a,;) as:

K axwell = f{zx_;]]d) (13)

i=] “ai

The analysis of the present data yields the
following equation for Kypaxwen:

n
X.
K facwell = 103-593[273]¢ (14)

i=] “ai

Substituting Eq. (11) and Eq. (14) in Eq. (10) gives:

k, :1+1.3¢+103.593[Z%}¢ (15)

i=]l “ai

The above equation predicts the thermal
conductivity data for non-sonicated and sonicated
dispersions of the present study with a correlation
coefficient of 0.985 and a standard deviation of
0.0071.The model of Xuan et al. (2003) predicts the
contribution of Brownian motion and interfacial
interactions to thermal conductivity enhancement to
be inversely proportional to the square root of the
cluster radius. The results of the present study,
developed into a correlation (Equation (15)), are in
line with the model proposed by Xuan et al. (2003).

Sand-Ethylene Glycol-Water Dispersions as Potential
Coolant?

The ability of sand-ethylene glycol-water disper-
sions to function as coolant can be understood from
the estimation of the heat transfer coefficient while
using them as coolants. The heat transfer coefficient,
defined as the ratio of heat flux to the driving force,
is a useful parameter in the analysis of heat
exchangers. The heat transfer coefficient depends on
the transport and thermal properties of the fluid,
apart from the flow conditions and geometry. When
comparing two coolants with different thermal and
transport properties, but under similar flow condi-
tions and geometry, the respective heat transfer
coefficients are functions of their viscosities and
thermal conductivities as follows:

hokp?? (16)

Equation (16) can be rewritten for sand-EG-water
dispersions and the EG-water mixture as follows:

hg o k§' pg? (17)
he o k2 pd? (18)

The ratio of the heat transfer coefficient with a
sub-micron dispersion as coolant to the heat transfer
coefficient with the EG-water mixture as coolant
may be called as ‘Enhancement factor’ (E), a term
analogous to enhancement factor used for denoting
the enhancement in the mass transfer coefficient
while using nanoparticle dispersions over that of the
pure liquid alone (Olle et al., 2006).

_h_d_ kgl “32 — kAl 22 (19)

T T

he ki pf?

Under laminar flow conditions, ‘a;’ and ‘a,” are
0.667 and O respectively, as is evident from the
Seider-Tate and Shah equations cited in Heris et al.
(2006) and He et al. (2007), respectively. Different
values of ‘a;” and ‘a,” have been reported for
turbulent flows in the literature (Pak and Cho
correlation (1998), Xuan and Li, Dittus-Boelter,
Gnielinski correlations as cited in Vajjha et al.
(2010), Vajjha et al. (2010) equation). Particle
dispersions may enhance the heat transfer coefficient
through thermal dispersion effects, apart from their
higher thermal conductivity. Hence, the use of
correlations developed for conventional fluids to
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evaluate particle dispersions represents a conservative
approach that provides a minimum enhancement
factor achievable through better thermal conductivity
alone.

Figure 11 shows the influence of particle
concentration of the dispersion on the enhancement
factor for laminar and turbulent flows. The values of
‘a;” and ‘a,’ for the individual correlation are also
given. It is clear that the enhancement ratio increases
with particle concentration. However, under turbulent
flow conditions, the degree of enhancement is lower
when compared to that in laminar flow conditions,
where an enhancement factor of 1.14 can be realized
with a 1.8% sand-EG-water dispersion. In turbulent
flow, the thermal conductivity increase of the
dispersion over that of the EG-water mixture is
partly offset by its viscosity increase, whereas in
laminar flow viscosity does not influence the heat
transfer coefficient, as is evident from the value of
zero for ‘a,” in the correlations. This indicates the
higher suitability of these dispersions for laminar
flow conditions.

1.16
©Xuan & Li Equation {a1=0.6; a2=-0.5238)
1.14 ) °
. O Dittus-Boelter Equation (a1=0.6; a2=-0.4)
g 1.12 " 2 Gnielinski Equation (a1=0.6; a2=-0.47)
& 1.1 |xVajjhaetal. (a1=0.448; a2=-0.108) o
-
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Figure 11: Effect of particle volume concentration
on enhancement of the heat transfer coefficient.

Colloidal Stability of Dispersion

To ascertain the colloidal stability of sand-EG-
water dispersions, 20 mL of each concentration of
dispersion were taken in long, narrow test tubes.
Although the colloidal stability can be judged by
visually observing them over a time period, a
quantitative approach was followed in the present
work. A scan of the absorbance of the dispersions in
the UV-Visible region showed peak absorbance at a
characteristic wavelength (Ama.x) for the dispersions.
Hence, the absorbances of all dispersions were
measured at different time periods at the

corresponding Ay Figure 12 shows that the
difference in absorbance values measured at different
time periods is negligible, which indicates that the
dispersion concentrations remained nearly the same,
even after 7 days. This highlights the colloidal
stability of the dispersions.
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Figure 12: Absorbance at various time periods,
highlighting the uniformity of concentration in
sonicated sand-ethylene glycol-water dispersions.

Particles in a colloidal dispersion experience
various forces, depending upon the interparticle
separation, surface charges on the particles and
macromolecules grafted on the particle surface (Lee,
2008). Van der Waals, a long-range weak force, is
attractive and decays with the increase in
interparticle separation. Electrostatic repulsion is a
strong, long range-force (Lee, 2008). These two
forces are called DLVO forces, which determine the
colloidal stability of dispersions in the absence of
any macromolecule or polymer grafted on the
particle surface. As discussed in the Introduction, the
settling velocity of particles of a sub-micron
dispersion is too low to allow particle settling in real-
time. Brownian motion of the particles brings them
closer and, depending upon the relative magnitude of
van der Waals and electrostatic repulsion forces,
particles may aggregate. In the present study, the
dispersions exhibited a zeta potential of -24.8 mV, an
indication of higher magnitude of the electrostatic
repulsive force. This acts over a long-range and
exceeds the magnitude of van der Waals forces,
preventing particles from aggregating.

The Brownian velocity may be related to particle
size, temperature and dispersion viscosity as follows
(Savithiri et al., 2011):

vg=—xBT (20)
g Dy
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The Brownian velocity for a 300 nm sand particle
(maximum size in the present study) in ethylene
glycol-water mixture at 31 °C, calculated using Eq. (20),
is 1.14 x 10° mVs, nearly three-orders of magnitude higher
than the settling velocity. Hence, particles would
move in this dispersion randomly by Brownian motion
compared to downward movement by gravity. This
also contributes to stability of the dispersions.

CONCLUSIONS

The following conclusions can be drawn from the
present study on the preparation and characterization
of sub-micron dispersions of sand in an ethylene
glycol-water mixture:

(i) Stirred bead milling followed by ultrasonication
is a promising method for preparation of sub-micron
dispersions of sand in ethylene glycol-water mixtures
with higher thermal conductivity ratio;
(if)Ultrasonication results in improved transport
properties and colloidal stability of the dispersions;
(iii)) The thermal conductivity enhancement can be
predicted using the contributions from effective-
medium theory and Brownian motion;

(iv) These dispersions can enhance the heat
transfer coefficient appreciably under laminar flow
conditions.
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NOMENCLATURE
a Minimum crystallite or nm
particle size
a, Average aggregate size nm
Ay Size of aggregates of a class ‘i’ nm
a; Exponent in Equation (14) ()
a Exponent in Equation (14) )
D Fractal index )
D, Particle size in Eq. (20) m
E Enhancement in heat transfer (-)
coefficient
h Heat transfer coefficient W/m’K
k Thermal conductivity W/mK

k, Contribution to the thermal )
conductivity ratio due to
particle size

kg Boltzmann constant (=1.381 J/K
x 107)
k; Thermal conductivity ratio ()
Kmaxwenn  Thermal conductivity ratio )
by the effective medium
approximation
J Ball loading ~ Volume )
occupied by beads/volume of
feed slurry
m Exponent in Equations (10) )
and (11)
n Number of size classes )
T Temperature °CorK
Xj Mass fraction of particles of -)
size a,;
U Uncertainty in estimation )
Vg Brownian velocity m/s
Greek Symbols
[ Viscosity of the base fluid Ns/m’
U, Relative viscosity -
0} Particle volume fraction -
b, Particle volume fraction due -
to aggregates
A Wavelength corresponding nm

to maximum absorbance

Subscripts

f Ethylene glycol-water
mixture (base fluid)

d Dispersion
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