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Abstract

An Experimental and Theoretical Study of Electric-Field Induced
' Particle Segregation in Concentrated Suspensions

by

Anil Kumar

Advisor; Prof. Andreas Acrivos

This thesis describes an experimental and theoretical investigation of electric-
field-induced particle segregation in concentrated suspensions of particles having
different electrical properties from that of the suspending fluid. When such a suspension
is subjected to a spatially nonuniform electric field, the particles migrate toward the
region of high- or low-field, depending on the relative polarization of the suspending
fluid and the particles. This phenomenon, known as dielectrophoresis, finds numerous
applications in processes involving the collection/trapping, selective filtration and
manipulation of individual particles.

We begin by briefly summarizing the theory of the dielectrophoretic force in Chapter 1.
In Chapter 2, we present the experimental setup and the suspension physical properties
along with a brief description of the various instruments and the methods being employed
for the measurement of the various suspension properties. Chapter 3 is devoted to the

description of the theoretical model for non-dilute suspensions.
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In Chapter 4, we present an experimental study demonstrating the influence of a
relatively weak, rotating gravity force on the field-induced particle interactions in a
“clinostat” using a positively polarized suspension of heavy particles.

In Chapter 5, we study the behavior of concentrated suspensions (Cinitiar~5-15%),
comprised of neutrally buoyant, negatively polarized particles, subject to a spatially non-
uniform electric field. We find that, following the field exposure, the suspension
undergoes a field induced phase transition in which the particles concentrate in the low
field region. The process was modeled using an electrohydrodyanamic model, developed
by Khusid and Acrivos. In chapter 6, we analyze the electrohydrodynamic model in thé
special case when, via a similarity transformation, the model equations reduce to ordinary
differential equations for the particle concentration. Chapter 7 is devoted to an
experimental study of the particle aggregation in neutrally buoyant suspensions subject to
a spatially uniform ac electric field in which a new, and hitherto unexplained, pattern

formation has been observed.
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Preface

This thesis describes an experimental and theoretical investigation of electric-field-
induced particle segregation in concentrated suspensions of particles having different
electrical properties from that of the suspending fluid. When such a éuspension 1s
subjected to a spatially nonuniform electric field, the particles migrate toward the region
of high- or low-field, depending on the relative polarization of the suspending fluid and
the particles. This phenomenon, known as dielectrophoresis, finds numerous applications
in processes involving the collection/trapping, selective filtration and manipulation of
individual particles.

In Chapter 1, we begin by briefly summarizing the theory of the dielectrophoretic force.
In Chapter 2, we present the experimental setup and the suspension physical properties
along with a brief description of the various instruments and the methods being employed
for the measurement of various suspension properties. These measurements were
essential before any comparison could be made between the theoretical results and the
experimental data. In Chapter 3, we describe the theoretical model for non-dilute
suspensions. This continuum model was developed by Khusid and Acrivos, and was
based on a generalization of their earlier theory for the thermodynamics of field-induced
phase transitions in suspensions of polarized particles [Phys. Rev. E, 52, 1669(1995), 54,
5428(1996), and 60, 3015(1999)], which treats the suspension as an effective continuum
fluid with concentration dependent physical properties and also includes the effects of
Brownian motion.

In Chapter 4, we present the experimental results that demonstrate the influence of a

relatively weak rotating gravity force on the field-induced particle interactions in a
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vii
“clinostat”, an electric chamber slowly rotating about its horizontal axis. This study
involved conducting experiments in microgravity (aboard NASA’é research aircraft KC-
135) and on the ground in a horizontally rotating electric chamber capable of generating a
spatially non-uniform electric field. The experiments were conducted with a dilute
suspension of heavy, positively polarized aluminum particles after exposing it to a high-
gradient ac electric field. This experimental and theoretical study has demonstrated that
the clinorotation did not produce the zero gravity morphology of the aggregation pattern,
indicating that even a relatively weak, rotating gravity could lead to a pronounced effect
on the morphology of the field-induced aggregation pattern.
In Chapter 5, we extend the earlier studies, on dilute suspension behavior under non-
uniform electric fields employing dielectrophoresis [Dussaud et. al., Qiu et. al.,
Markarian et. al. JAP], to the case of concentrated suspensions (Cinitiai~5-15%) where the
particles not only affect each other’s motions but the local electric field distribution as
well. We performed a series of careful experiments for a wide range of concentrations
(Cinitia=5%-15%) with a suspension of Mazola corn oil and Poly alpha-olefin particles
having the same density (~0.92g/cc) as that of the oil and which exhibit negative
dielectrophoresis. A characteristic feature of all these experiments was the presence of a
propagating distinct front between the regions enriched with and depleted of particles.
Such a front was not seen at low concentrations (Cinitiai<l1%), where an undulating
boundary was found instead. The experimental results for the front propagation were
tested against the predictions of a continuum model, described in Chapter 3, and the
theoretical predictions for the front position were found to be quantitatively consistent

with the experiments.
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viii
In Chapter 6, we focus on eclucidating the mechanism of the concentration front
formation, as discussed in chapter 5, by examining analytically and numerically the
electro-hydrodynamic model in the special case when, via a similarity transformation, the
model equations reduce to an ordinary differential equation for the particle concentration.
We establish the existence of “shock solutions” to these equations and determine the
location of the concentration front and the dependence of the front velocity on the bulk
particle concentration of the suspension, the particle polarizability, and the field strength.
In particular, we demonstrate that the appearance of the front can be caused either by the
electric field induced local phase separation of a suspension or by the rapid local growth
of the suspension viscosity due to a field-driven particle accumulation in a certain area.
In Chapter 7, we present the results of an experimental study conducted under spatially
uniform electric field conditions, in contrast to our earlier work reported in Chapters 4
and 5 where the field was spatially non-uniform. We report a series of events which
occurs beyond the chain/column formation in a suspension exposed to a spatially uniform
ac electric field (~1.1-2.2kV/mm, 0.1-3kHz) where, via a new electric field induced bulk
phase transition, a cellular pattern is found to evolve. We study the influence of various
parameters, such as the field strength, the confinement, the initial suspension
concentration, the particle size, the frequency, and the geometrical shapes and sizes, on
the morphology and kinetics of the cellular structure growth.
To summarize, this thesis describes many facets of electric-field induced phenomenon,
both in spatially uniform and non-uniform ac electric fields, and lists several unanswered

questions that could form the basis for future work in this research area.
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Relaxation in the dielectric with a single relaxation time (Daniel, 1967): (a) the real

part of g as a function of log(an‘)according to the Debye equations; (b) the

imaginary part of g" for the same dielectric.

The dielectric permittivity of a non-perfect dielectric and a perfect dielectric: (a)
Non-perfect dielectric, where 6 is the phase shift between the electric displacement
D(t) and the applied electric field E(t); (b) Perfect dielectric showing no phase shift
between D(t) and E(t).

Comparison of the (a) real and (b) imaginary part of the complex dielectric
permittivity for the case of pure corn oil and a 10%(v/v) suspension of polyolefin
particle in corn oil [Calibration factor is taken from Ref. 4]. The decrease in the
dielectric permittivity when particles are added to the corn oil shows that this
suspension will exhibit negative dielectrophoresis.

When a dielectric particle having zero net charge is placed in an electric field, a
dipole moment p = qa is formed as a result of a dielectric mismatch between the
fluid and the particle, and when the applied field strength is spatially non-uniform,
the particle experiences a net force.

(a) Dielectrophoretic chamber, having 16 electrodes and Teflon spacer used to
maintain gap of 3mm above the electrodes with the inset showing the top view of the
4 electrodes along with their dimensions (HV and GR refer to the high-voltage and
the grounded electrode respectively). (b) The distribution of the square of the field
strength, E* (expressed in units of V2 ,/d” on a base 10 logarithmic scale) fbr a pair
of electrodes. Half of the high-voltage electrodes are on the left (0 < x <0.8) and on
the right (6.4<x<7.2) while the grounded electrode is in the middle
(2.8 £ x £4.4). The top (y=3.0) is also grounded.

The transformation used to apply a symmetry boundary condition within the region

located between the adjacent edges of the neighboring electrodes.
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4.2.

4.3.

The relative particle polarization for suspension of aluminum oxide particles in corn
oil; (a) shows the dependence of the real part of (S,S* -& f* )/ (as* +2¢ f* ), measured

by using the BDS 80 dielectric spectrometer, on the particle volume concentration,

¢ ;(b) shows the frequency dependence of the real part of the particle polarization,
Re(,B ), which inturn was obtained by taking the slope of the straight line in (a).
[Data taken from Ref. 4].

The frequency dependence of the particle polarizability for a suspension of polyolefin
particles in corn oil. The particle concentration ranged from 1% to 15%(v/v).
Schematic showing the working principle of the Laser Diffraction method (Image
taken from the Beckman Coulter website [23]).

The phase diagram of the “particle concentration vs. the field strength” of

suspensions subjected to electric fields for  =0.1: the metastable and unstable
domains are denoted by M and U, respectively, A =3B°A where
X=808f<E2 >Vp/ kpT is the relative strength of the field, and c is the particle

volume concentration [Ref. 3]; 1 and 2 are respectively, the coexistence and spinodal
curves. The Single-phase region is shown by the shaded area.

(a) Experimental setup. (b) Cross sectional and (c) top view of the channel (6 ¢cm
wide, 12 cm long, 3 mm high) showing 3 of 16 electrodes alternately connected to
the high-voltage and ground outputs of a high-voltage amplifier. The channel top
made of a glass coated with a conducting indium titanium oxide is grounded.

(a)(c) Photos of the aggregation patterns formed during 10s and (d) the average
length of the bristles growing on the high-voltage (HV) electrodes in the flight and in
the ground-based experiments following exposure to the field; (¢) The field-driven
particle accumulation on the electrodes: the curves are computations for the flight
and ground-based experiments for different positions of the chamber when the field
was applied and the triangles are the experimental data for the flight; (f) Initial
positions of the air bubbles and (g) their accumulation above the grounded electrode
(GR) following a 15-s exposure to the field. The electrode width is 1.6 mm.

(a)-(c) show photos of the structures formed on the channel bottom: (a) shows the
settled particles on the channel bottom achieved by keeping the chamber position
horizontal for 2 min in the absence of the field; [(b) and (c¢)] show the structures

formed after exposing the suspension shown in (a) to the electric field for 2 min
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53

54
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(while keeping the chamber in the horizontal position) and then rotating the

energized chamber for 16 revolutions. The average bristle length in (b) and (c) is 0.4
mm and 0.7 mm, respectively. The plot shown in (d) is the variation of I(X, t) in the

x direction between the edges of the adjacent grounded (GR) and high-voltage (HV)
electrodes (with and without flow): (i) prior to the field application; (ii) following the
exposure to the field for 2 min without rotation; (iii) after rotating the chamber, with
the field on, for 1 revolution; and (iv) same as (iii) but after 16 revolutions. The
electrode width is 1.6 mm.

(a) The experimental setup with a dielectrophoretic chamber, having 16 electrodes
pairs alternately connected to the high-voltage and ground of the power supply (b)
The distribution of the square of the field-strength, E* (expressed in units of Vi, /d’
in base-10 logarithmic scale), for a pair of electrodes. Half of the high voltage
electrodes are on the left (0 < x <0.8) and on the right (6.4 < x<7.2) and the
grounded electrode is in the middle (2.8 <x<4.4). The top (y=3.0) is also
grounded. \

The particle distribution in a suspension with 10%(v/v) particle concentration (a)
before and (b)-(f) following the application of a field SkV ,,,,, 100Hz at t= (b) 45s, (¢)
90s, (d) 150s, (e) 300s, and (f) final state, ~39min. The electrode width is 1.6mm. HV
and GR refer to the high-voltage and grounded electrodes, respectively.

The final position of the concentration front in suspensions with (a) 5%, (b) 10%, and
(c) 15% (v/v) particle concentrations following the application of a field 5kV s,
100Hz. The exposure times: (a) 41min, (b) 38min, and (¢) 30min. The electrode
width is 1.6mm. HV and GR refer to the high-voltage and grounded electrodes
respectively.

The effeet of the field strength and frequency on the front sharpness in a suspension

with 10%(v/v) particle concentration: (a) 5kV,n, 100Hz, t=20.5min, ¢/7, = 63.4;
(b) 3kV,m, 100Hz, t=54.5min,' t/t, =60.8; and (c) 3kVyy, 2kHz, t=52.5min,
t/t, =58.6. The electrode width is 1.6 mm. HV and GR refer to the high-voltage

and grounded electrodes, respectively.

(a) The photographs illustrates how the front position L was measured; HV and GR
refer to the high-voltage and grounded electrodes respectively; D=3.6mm. (b) The
experimental data (symbols) and computational results (solid lines) of the

electrohydrodynamic model presented in Chapter 3 for the front propagation in
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suspensions with 5%, 10%, and 15% (v/v) particle concentrations for different

voltages and frequencies of the applied fields. The experimental data and the

simulation results are plotted against a non-dimensional time t/1,, with T, given by

Eq. (5.1). 68
5.6 Numerical simulations of the concentration contours, the suspension velocities, and

the particle fluxes for the 10% (v/v) suspension under the action of a field of SkV s

and 100Hz. Time is (a) 1 min, (b) 5min, and (c) 20 min. The computed values for

Cuax i the low-field region [in %(v/v)] are (a) 40.3, (b) 54.7, and (c) 60.9. The arrows

show the relative magnitudes of the suspension velocities and the particle fluxes,

respectively. In (a)-(c), the maximum values for Vn.x are (a) 45.1 pm/s, (b) 5.7 um/s,

and (c) 1.6 pm/s and the maximum values for (cv + j,)m are (a) 0.123 um/s, (b)

0.019 pm/s, and (c) 0.003 pum/s. Half of the grounded (GR) and high-voltage

electrodes (HV) are on the left (0 < x < 0.8 mm) and on the right (2.8 <x <3.6

mrm), respectively. The top (y=3.0 mm) is also grounded. 69
5.7 The computed time variation of the particle concentration profile averaged along the

vertical direction, c,y, for a 10(v/v)% suspension following the application of a field

of 5kVs and 100Hz. The locations x = 0 mm and x = 3.6 mm correspond

respectively, to the centers of the adjacent ground (GR) and high-voltage (HV)

electrodes. 1-4 correspond to concentration profiles at times = 0, 45, 120, and 2370 s,

respectively. | 70
5.8 An experimental pictures taken after 210 sec following the application of an electric

field, 5kV.., 100Hz for a suspension having an initial particle concentration

10%(v/v) showing the particle accumulation in the centerline of the high-voltage

(HV) electrode surface. 71
5.9 A schematic showing the various forces acting on a particle located close to the high-

voltage (HV) electrode surface. ‘ 72
5.10 The computed boundary of the region (defined by Eq. 5.7) near the high-voltage

electrode where the vertical component of the dipolar force exceeds that of the

dielectrophoretic force; x/d =0.0, 0.5, and —0.5 refer to the center, and the two edges

of the high-voltage electrode respectively; a is the particle radius. 72
6.1 Schematic of the geometry under investigation. The left and the right of the bottom

electrodes are maintained at ground and high voltage respectively in an infinite
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domain. Before the application of the electric field, the domain is filled with a
suspension of uniform concentration ¢, . 89

6.2 -Plot showing the trajectories starting with various initial concentrations for (a)

B =0.1 and (b)p = —0.1; 1 corresponds to the coexistence curve, 2 is the limiting
trajectory, 3 and 4 correspond to the cases when we start with an initial concentration

on cither side of ¢, . Curve 3, refers to the first case discussed in the text, where the

equilibrium particle concentration changes abruptly when it intersects the coexistence
curve, while for curve 4, which refers to the second case in the text, the spatial

variation of the equilibrium particle concentration is smooth because the trajectory

lies entirely within the single phase region. Here A =3B\ where
A=¢g,g; <E2>Vp /k,T is the relative strength of the field. 90

6.3  Plot showing the behavior of the trajectories for (a) p <0, and (b) £ > 0 along with

=0.606,c. =0.32. The isoclines

m

an enlarged section close to & =&, , where &

of Eq. (6.8) (aside from the horizontal and vertical lines) are shown by curve 1;

curves 2,3.4 represent the solution of Eq. (6.8) with c¢,= 0.445, 0.30, and 0.60,
respectively, as & — oo. Curve 5, refers to the limiting trajectory passing through
£, =0, ¢, =c,. Curve 6, refers to the family of curves starting from &, =0, and
¢, =c,,, which lie to the left of the limiting trajectory and after intersecting the
isoclines approach £, =0, and ¢, =0. Q, specifies the location of the shock and
the magnitude of the concentration jump for <0, Q, specifies the location of the
shock and the magnitude of the concentration jump for >0, ¢, <c,, . Note fchat;
for ¢, >c;,, the trajectory, curve 4, after intersecting the upper branch of the
isocline (curve 1) falls vertically until it reaches Q,; thereafter it proceeds

accordingly to the solution of Eq. (6.8) until it intersects Q, and then jumps upwards

until it intersects curve 5. This is shown in Fig. 6.6b in for a specific case. 91

6.4 Plot showing the concentration profile for the case B <0, for an initial concentration
¢, =0.3. 1 denotes the curve (), , 2 is the isocline given by Eq. (6.8) and 3 is the

trajectory from the solution of Eq. (6.8) originating from &, — oo, with ¢, = 0.3.
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The shock is located at " =0.42, where the concentration suddenly drops from

¢t =037 to 0. 92
6.5 (a) Plot showing the variation of F, vs. c, at different values of & for 3 >0 . Notice

that, in Regions 1 and 3, lying respectively, below and above the isocline given by

trajectory 1 in Fig. 6.3b, F, decreases monotonically with increasing ¢, at a fixed

value of &, in contrast to Region 2 (the region bounded by the isocline in Fig. 6.3b)

where F, decreases with increasing c;. Also, there exist a single and unique point,

which lies on the transition from Region 2 to Region 3 and lies on the isocline given

by trajectory 1 in Fig. 6.3b, corresponding to which another point could be found in

Region 1 having the same value of F; which forms the curve Q, described in the text.

Also since trajectory 5 lies inside the Region 2, hence the curve Q,, which

corresponds to same value of F, as on trajectory 5 in Fig. 6.3b, lies at higher value of

c; then on Q,, i.e. Q, is located above Q, as shown in Fig. 6.3b. (b) Shows the
93

enlarged section of the boundary between region 2 and region 3.

6.6 Plot showing the concentration profiles for >0 and for initial concentrations
¢, = 0.3, 0.445 (on the left) and ¢, = 0.6 (on the right), respectively. Trajectories
shown by 1-2, corresponds to isocline given by Eq. (6.8) and trajectory starting with
c=c,,y,=0 from & =0. For ¢, <0.445, the solution is constructed by
matching the trajectory originating from &, — oo, with the trajectory given by curve
2 at the point where the trajectory originating from ¢ =c,,&, = o intersects the
curve (,, while ¢, >0.445, the solution is constructed by jumping from the
intersection of the trajectory originating from ¢ = ¢,,&, — oo, with isocline onto
Q, followed by continuation using the solution of the equation, then taking a jump
from the intersection of the cgntinued solution with curve ), followed by jumping

onto the trajectory starting with c =¢,,y, =0 from &, =0. o4

6.7 Plot showing the solution of the concentration profile for the case of  =-0.1, for

an initial concentration ¢, =0.3. The shock is located at £* =0.42, where the

concentration suddenly drops from ¢ = 0.37 to 0. For the case of <0, a unique

solution always exists. 9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.8 Plot showing the solution of the concentration profile for the case of S =0.1, for
initial concentrations of ¢, =0.3(A) and ¢, =0.6 (B and C), respectively.
Trajectory 1 refers to the trajectory starting with ¢ =c¢,,,y, =0 from §=0. For
¢, =0.3, the solution is constructed by matching the trajectory originating from
& — o, with curve 1 by matching the jump condition. For ¢, < ¢y, , where
¢y, ~ 0.446, there exist a unique solution of the concentration profile (shown in A).

For ¢, = 0.6, there exist two possible locations where the jump condition can be

satisfied (shown in B and C). At this point one need to have an extra condition to
determine the physical solution. 96
6.9. Schematic showing the snapshot of the concentration profile for a fixed time, ¢ > 0,

for the case of f=0.1 and S =-0.1, starting from an initial concentration
¢, =0.3. 97

7.1.  (a) Schematic of the experimental setup; (b)-(h) show the particle arrangement in the
plane perpendicular to the applied field; (b) and (c) refer to the macroscopic particle
arrangement within the experimental cavity before and 30min following the
application of the field, respectively, while (d)-(h) show the enlarged sections at 0, 1,
5, 15, and 24min, respectively, following the field application. The inset in (d)-(h)
shows the twice-zoomed images of the aggregates inside the wall regime. The
experiment was conducted for: ¢=0.03(v/v), L=1.79mm, 3kV/100Hz, d,=90pm,
D=1.5 inch. The particles are seen as white spots and a black region refers to a region
devoid of particles throughout the length of the cavity along the field direction. 109

7.2 (a)-(k) refer to the experimental pictures taken ~30min following the field
application; where (a)-(j;) shows the particle arrangement as seen in the plane
perpendicular to the applied field while (k) illustrates the structure observed at an
angle (~30°) to the horizontal plane. In all photographs, the particles are seen as white
spots and a black region refers to a region devoid of particles throughout the length of
the cavity along the field direction. Figs. (a) and (b) shows the effect of varying the
shape of the cavity from (a) a cylindrical with diameter, D=2" to (b) a cuboid having
dimensions of 2” by 27, respectively. Experimental parameters: 3kV/100Hz,
L=1.79mm, c=0.05(v/v), d,=45um. The aerial average number density of the cells in
(a) and (b) are 50.32 and 46.75 cells/inch?, respectively. Figs (c)-(d;) shows the effect
of varying the diameter of the cylindrical cavity for D= (c) 1.5 inch, (d) 2.02 inch,
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and (d;) 2.5 inch, respectively. Experimental parameters: 3kV/100Hz, L=1.79mm,
c=0.02, d,=90um. The aerial average number density of the cells for (c)-(d:) are
17.54, 16.86, and 21.6 cells/inch’, respectively. Figs. (¢)-(f;)) shows the effect of
changing the confinement between the electrodes for L= (e) 3.53mm, (f) 2.3mm, and
(f) 1.7mm, respectively. Experimental parameters: E=1.7kV/mm, f=100Hz,
¢=0.02(v/v), D=2.02", d,=90um. (e)-(f;) corresponds to Ny, = 17, 37, and 66,
respectively. Figs. (g)-(h;) shows the effect of changing the initial particle
concentration for ¢= (g) 0.01, (h) 0.03, and (h;) 0.05 (v/v), respectively. Experimental
parameters: E=1.7kV/mm, f=100Hz, D=2.0", L=2.3mm, d,=90um. (g)-(h;)
corresponds to N.s = 28, 45, and 63, respectively. Figs. (i)- (j;) shows the effect of
varying the particle diameter, d,, where (1) and (j) are for d,=90um whereas (i;) and
(1) are for d;=45um. (i) and (i;) corresponds to ¢=0.01, L=1.7mm while (j) and (j;)
corresponds to ¢=0.02, L=2.3mm. Experimental parameters: E=1.7kV/mm, f=100Hz,
D=2 inch. (i)-(j;) corresponds to Neais= (1) 54, (i1) 59, (§) 36, and (j;) 37, respectively.
Fig. (k) shows the particle columns spanning the gap between the electrodes when
observed from an angle ~30° to the horizontal plane. Experimental parameters:
¢=0.02(v/v), L=1.79mm, 3kV/100Hz, d,=90pum, D=1.5 inch.

Shows the effect of varying the frequency [(a)-(c)], the magnitude of the field
strength [(d)-(f)], and the ramp of the applied field [(g)-(h)] on the final structural
morphology. Figs. (a)-(c) correspond to frequencies, f= (a) 100Hz, (b) 1kHz and (c¢)
3kHz, respectively. The experimental pictures were taken ~30min following the field
application. Experimental parameters: E=1.7kV/mm, D=1.5 inch, L=1.79mm,
¢=0.01, d;=90um. (a)-(c) corresponds to N.is = 24, 26, and 23 respectively. Figs. (d)-
(f) were taken after 60min, 30min and 20min, respectively following the application
of the electric field of strength, E= 1.2, 1.7, 2.2kV/mm. f=100Hz, D=1.5 inch,
L=1.79mm, ¢=0.02, d,=90um. (d)-(f) corresponds to Ny = 39, 29, and 24
respectively. Photos, (g) and (h) were, taken after 55min following the application of
an applied field, for increasing and decreasing ramp, respectively. The experiment for
increasing ramp was conducted by applying an instantaneous field of 0.28V/mm
followed by an increase at 0.028V/(mm.min) at steps of one minute, till the final
value of 1.82kV/mm was reached over a period of 55 min, while for decreasing ramp,
we applied 1.82kV/mm followed by a decrease at 0.028V/(mm.min) at steps of one
minute, till the final value of 0.28kV/mm over a period of 55 min was achieved.

D=1.5 inch, L=1.79mm, ¢=0.02, d,=90um, f=100Hz.
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74 (a) and (b) shows the average radius of the cell, R, = 1/ J7N_ , and that of the cell

core, R,, defined respectively as shown schematically in the inset on (b), for

L=0.61-3.53mm, ¢=0.005-0.10(v/v), for a fixed strength (E~1.7kV/mm) and
frequency (f=100Hz) of the ac applied field in the cylindrical cavity of diameter, D=2
inch. (c) Shows the computed volume average particle concentration inside the wall

region,c,, =cR?/ (Rﬁ ~ R?) for various initial concentrations. The legends in (a) and

(b) refer to the various initial concentrations whereas in (c) they refer to the gap
between the electrodes. Filled and hollow symbols refer to the data for 90 and 45um

particles, respectively. A regression analysis yieldsR, ~1.22L""E"*/c"*mm and
R, ~L"E”/c®*, where a series of additional experiments for D=1.5 inch were

considered wherein the field strength was varied from 1.25 to 2.83kV/mm and the
frequency from 100Hz to 3kHz. 112
7.5. Temporal evolution of the cellular structure in the plane perpendicular to the applied
field; (a)-(f) corresponds to structures at initial, 5min, 7min, 9min, 12min, and 30min,
respectively, following the exposure of the suspension to an applied ac electric field
of 3kV/100Hz; ¢=0.02(v/v), D=1.5 inch, L=1.7mm,d,=90um. The particles are seen
as white spots and a black region refers to a region devoid of particles throughout the
length of the cavity along the field direction. 113
7.6. The average growth kinetics of nuclei for various experiments with E=1.1-
2.2kV/mm, ¢=0.01-0.05, d,=45 and 90pm, f=0.1-3kHz, D=1.5 inch [with detailed
description in [Table 7.1], is shown by various symbols. Red and black lines are the
predictions of Avrami’s hypothesis in non-interacting and interacting regions of
nuclei’s growth. The plot in the inset shows the effect of different strengths of
applied field on the growth, where t, signifies the appearance of the first nucleation
site and the initial linear slope is the growth rate, G. A regression analysis yields
t, ~4.21/(E"*c") sec andK ~0.02344E" /""" (sec)” - 114
7.7. Plot depicting the aggregate size distribution for (a) ¢=0.03, L=0.61mm; (b) ¢=0.10,
L=3.53mm where f represents the relative fraction of the aggregate size. A regression
analysis based on data, for which ¢=0.01-0.1(v/v), 1.=0.61-3.53mm, d,=45 and 90pm,
E~1.7kV/mm, yields (R, ) ~ L******c®#*°% and (o

__ 70.62£0.09 _0.46£0.11 115
agg> L c .

5A1. Distillation apparatus, showing all the details, (1) Sample flask, (2) Heater along with
a water bath, (3) Temperature controller, (4) Thermocouple, (5) Condenser, (6) Flask

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



S5A2.
5A3.

5A4

SAS.

7Al.

TA2.

7A3.

TAA4.

for collecting the condensed vapors, (7) Extra condenser for trapping the vapors and
preventing them from going into the vacuum pump, (8) Vacuum pump.

Particle size distribution using (a) Coulter N4 Plus and (b) SEM image of particles
Plot showing the effect on the refractive index of the suspension by adding the
Titanium compound.

Photographs showing the final suspensions: (a) with (1) and without (2) the addition
of the Titanium compound (b)-(c) shows a layer of settled particles containing Ti at
the bottom.

Experimental results showing positive dielectrophoresis for a pair of needles
geometry. The green color in between the needles confirms the presence of particles
accumulation in that region.

Experiments conducted with heavy aluminum oxide particles (d,=90pum) suspended
in Mazola Corn Oil with ¢=0.002(v/v), sedimentation time, te4~11sec (much shorter
than the time required to start the experiment after pouring the suspension inside the
cavity, tyocess~9-10min); (a) particles initially settled at the bottom electrode before
the field application; (b)-(e) correspond to the structures seen in the plane
perpendicular to the applied field of magnitude 1.4kV/mm and frequencies (b) 1Hz
(Sinusoidal), (c) 1Hz(Pulse), (d) 10Hz(Sinusoidal), and (e) 100Hz(Sinusoidal),
respectively. The experiment was started with an applied frequency of
1kHz(Sinusoidal). The particles are seen as the white spots and a black region refers
to the absence of particles throughout the length of the cavity along the field
direction. The experiment was conducted for fixed experimental geometry with
dimensions of L=2.79mm, and D=1.5 inch. '
Experimental pictures for 1-2um sized Al,O; particles suspended in corn oil,
¢=0.001(v/v), and subjected to a ~1.4kV/mm ac electric field at various frequencies
shown in the inset of each photograph. The electric field was turned on at 4:22PM
with the applied field at a 1kHz frequency. No significant changes were discerned at
1kHz, while a decrease in the frequency to 10 and 100Hz led to the formation of a
pattern as a result of charge transfer. L=2.79 mm, and D=1.5 inch.

A schematic showing the principle of charge transfer phenomenon observed in
Figures 7A1 & TA2.

A plot showing the critical frequency vs. the maximum amplitude of the vertical

excursion of particle for 90 pm sized particle.
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7B1 Showing phase separation on application of the electric field, as well as formation of
the ring pattern at the three-phase interface.

7B2 Experimental pictures showing the effect of an increase in the dielectric mismatch
between two suspending fluids. Increasing the dielectric mismatch leads to the
accumulation of more particles at the three phase contact line.

7B3 Figures showing two states, in which the free energy for state (b) is lower than that of
(a), implying that the system will try to go towards, the cylindrical column formation.

7B4 Showing the electric field calculations (i) the electric field minima is located at the
lower electrode, exactly at the three-phase interface. (ii) There is an increase in the
electric field as we proceed from the high to the lower dielectric medium, i.e. from

medium 1 to medium 2.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

141

142

143

143

XXiv



Chapter 1

Introduction to Dielectrophoresis

1.1 Introduction

In this section we will explain some of the basic concepts, to be applied to a suspension
containing uncharged particles having electrical properties (permittivity and conductivity)
different from those of the fluid. When such a suspension is subjected to an electric field,
the particles become polarized and if the electric field is spatially non-uniform, the
particles (even if uncharged) experience a net force, known as the dielectrophoretic force
[7]. i“he origin of this force can be understood using the simple concept of a dipole being
placed in a spatially non-uniform electric field. Under these conditions, the positive
charge on the dipole experiences a different force than the negative charge, and hence a
net force is exerted on the particle, which is proportional to the product of the dipole
moment and the gradient of the applied field. But since the dipole moment is proportional
to the strength of the applied field, the dielectrophoretic force appears, in turn, to be
proportional to the product of the particle polarization times the gradient of the square of
the applied field. This implies that, under the action of an AC eclectric field, the

dielectrophoretic force on a particle, being proportional to the square of the field, does
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not change its sign during the field oscillations and therefore attains a nonzero time-
average value.

This dielectrophoretic force moves the particle to regions of either high field (positive
dielectrophoresis) or low field (negative dielectrophoresis), depending on the sign of the
polarizability of the particles relative to the suspending fluid. There are several ways in
which the dielectrophoretic force acting on the particle can be changed. First, it can be
controlled by changing the geometry of the system in which the experiment is being
performed, thereby tailoring the electric-field distribution to whatever suits the
requirements. Secondly, by changing the frequency of the applied electric field, which
changes the relative particle polarization and therefore the dielectrophoretic force.

One major advantage of diclectrophoresis over electrophoresis, which refers to the
motion of charged particles in a uniform dc field, is its applicability to both charged and
uncharged particles. Another advantage of AC dielectrophoresis, as compared to
electrophoresis, is that it eliminates undesirable eclectrolytic effects in the suspending
fluid and does not depend on the particle charge, which is difficult to control. In many
cases these advantages are more important than the fact that the use of relatively high
electric fields in dielectrophoresis could generate an undesirable degree of heating within
the suspension. Because of numerous advantages of dielectrophoresis, it has been applied
in a great variety of processes involving the control and manipulation of particle motions,
such as separation [8], filtration [8], orientation, sorting, levitation and particle
characterization. Also, it is currently receiving increased attention because of its potential

application in miniaturized analytical instrumentation for biological systems.
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The focus of the theoretical and experimental research on dielectrophoretic phenomena
has varied throughout the years. Specifically, the theoretical studies have focused on
deriving the expression for the dielectrophoretic force acting on a single dielectric
particle (not perfectly insulbating or perfectly conducting, layered, non-spherical etc.), and
a detailed account of this work has been compiled in reference [7]. In contrast, most of
the earlier experimental investigations on dielectrophoresis in suspensions have dealt
with the design and fabrication of dielectrophoretic filters for removing particles from the
fluid [8-11]. But, due to the complexity of such filters because of their complicated
geometry and associated flow patterns, the studies referred to above were mostly
concerned with the issue of the collection efficiency of these devices as measured by the
inlet and outlet concentration of the particles in the suspension, as a function of the
applied voltage, field frequency, flow rate, and the type of particles.

Recent investigations of diclectrophoretic phenomena in suspensions focus on the
development of microdevices for the separation of biospecies [12-16]. In these series of
experiments, it has been shown that dielectrophoresis is able to separate two populations
of particles which exhibit positive and negative dielectrophoresis [12,13]. In addition, it
has been found that different particles, all of which exhibited negative dielectrophoresis,
could be separated by means of an original combination of dielectrophoretic and
gravitational field flow fractionation [16]. Most studies on biological suspensions used a
flat, transparent horizontal microchannel equipped with an array of miniature electrodes
at the bottom, in which the particle motions were observed by looking from the top under
a microscope. But due to the small size of these devices and the complexity of the flow

pattern involved as well as the difficulty of ascertaining the position of the particles, their
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velocities etc., none of the authors [14, 15] tried, to our knowledge, to investigate the
motion of the particles in microdevices. One such attempt was undertaken in Prof.
Khusid’s research group at NJIT, the description of which can be found in recently
published articles [6,17,18].

Recently, two studies have appeared dealing both theoretically and experimentally with
the motion of individual particles for the case of dilute suspensions subjected to high-
gradient strong electric field [4, 5]. The results of these studies showed good agreement
between theoretical predictions and the experimental data.

In what follows, we will present the basic theoretical background pertaining to the
particle response to an applied ac electric field along with derivation of the expression for
the dielectrophoretic force acting on these polarized particles when exposed to a spatially

non-uniform electric field.

1.2 'Theoretical Background

If the particle is perfectly dielectric, the particle polarization will follow instantaneously
the time variation of the applied electric field, but there are numerous mechanisms which
can lead to energy disstpation in suspensions when placed in an electric field including
conduction and dielectric relaxation phenomena. Specifically when energy dissipation is
present in the system, the basic assumption of a loss-less dielectric (or of a perfect
dielectric) fails and the particle dipole moment does not follow the same time variation as
that of the applied field. The polarization of such a suspension exhibits a time delay when
an electric field is suddenly applied and has a phase lag when the electric field is a
sinusoidal function of time. Our research, presented in the following chapters, deals with

suspensions whose polarization cannot be described by the model of a perfect dielectric
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with the result that the dielectric permittivity of the suspensions, when exposed to an ac
electric field, is a complex number the imaginary part of which characterizes the loss of
the electric energy during a cycle of the field oscillation. In this section we will focus on
understanding the theoretical basis for characterizing the behavior of these non-perfect

dielectric particles and their subsequent response to an AC electric field.
1.2.1 Dielectric Response of Materials

The macroscopic response of an isotropic dielectric exposed to a time varying relatively

weak electric field, E(t), can be described (in SI units) by the following equation [19]:
D(t) = £,E(t) + &, [f(DE(t - 1)dr (LD
0

where D(t) is the electric displacement, €, is the dielectric constant of a vacuum and

f(t), which is a scalar function, characterizes the history dependence of the material

polarization. This function accounts for some inertia of the displacement of charges when
the material is subjected to a field. The linearity of Eq. (1.1) with respect to the electric
field strength enables one to decompose the polarization of a material subjected to an AC

electric field, E(t) = E(w)exp(iot), into Fourier components such that
D(®) = g(0)E(®) (1.2)
where o is the frequency of the applied field and €, is included, for brevity, into &(®).

D(®), in general, is out of phase with E(w) and the complex number &(w), the
proportionality factor between them, is called the complex diclectric permittivity.

Splitting €(w) into its real and imaginary part yields:

g(0) =& () —ig" (o) (1.3)
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where €'(®) determines the polarization of the dielectric, whereas € () accounts for the
energy loss. As an example, the widely used Debye model for the polarization of a non-

perfect dielectric [20] leads to the following expressions for £ (o) and € (o) :

' g —&,
e(@=¢, +————— —
1+w°t (1.4)
. T
c(w=( - )——
( ) (s 00)1-}-(02‘[2

where &, and ¢ refer to the static and optical dielectric constants, respectively, and <

denotes the time constant characterizing the relaxation time of the dipole moment of the
particles or molecules. These functions are illustrated in [Fig. 1.1].

For the model of a perfect dielectric with f(t)=y%5(t), where 3(t) being the delta
function and 7 being the electric susceptibility of the dielectric, Eq. (1.1) yields

D(t) = g,E(t) + g, xE(t) = ¢,(1+ x)E(t) or D(t) = €E(t) | (1.5)
where € =¢,(1+%) is the dielectric constant of the material. For an AC field, Eq. (1.5)

can be written as

D(w) = eE(w) (1.6)
This expression shows that the dielectric displacement of a perfect dielectric does not
depend on the frequency of the applied field. Moreover, the dielectric constant, €, does
not contain an imaginary part, so that there is no phase shift between the electric
displacement and the applied field. The model of a perfect diclectric is only applicable
for insulating liquids such as transformer oils, when the real part of the dielectric constant
does not vary over a wide range of frequencies and its imaginary part can be neglected. A
schematic for the plots of the dielectric constants for both, i.e., a perfect and a non-perfect

dielectric is depicted in [Fig. 1.2]. Recall that, in our work we shall be using mostly the
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model of a non-perfect dielectrié. For example, [Fig. 1.3] shows the values of the real and
imaginary parts of the complex dielectric permittivities of the corn oil and of a 10%(v/v)
suspension of polyolefin particles in corn oil. As can be seen from [Fig. 1.3] the model of
a perfect dielectric, which generally is of very limited use for colloidal suspensions,
cannot describe this system [21].

1.2.2 Theory of the Ponderomotive Force

In this section we will focus on deriving the expression of the dielectrophoretic force on a
freely suspended single sphere in the presence of a spatially non-uniform ac electric field.
Recall from the previous section that, when a dielectric particle, having no net charge, is
placed in a spatially non-uniform electrostatic field, E , the particle become polarized and
a dipole is formed consisting of equal and opposite charges7 +q and —q, which are located
at 7+d and 7 respectively, as depicted in [Fig. 1.4]

If the applied field is spatially non-uniform, these two charges (+q and —q) will
experience different values of the vector field E and, thus, the dipole will experience a
net force. Summing the forces acting on these charges, we have [7]

F = qE(f + d) - qE(F) (1.7)
Eq. (1.7) can be simplified for the case when ‘a| is small compared to the characteristic

dimension of the electric field nonuniformity. In this case, the electric field can be

expanded about r using a Taylor series expansion.
EG+d)=E(@{)+deVE(®) +....... (1.8)
where all the additional terms, of order higher than d, have been neglected, this being a

good approximation for the case when [H\ is small relative to the length scale over which
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E varies. Combining Eq. (1.7) and Eq. (1.8), the force acting on the particle can be
written as
F=qdeVE +.... (1.9)

If the limit ‘a\ >0 is taken in such a way that the dipole moment p = gd is finite then

the following expression for the force acting on an infinitesimal dipole results:
Fipoe =D*VE | (1.10)
where p is the vector starting from the location of the —q charge and ending at that of +q.
For the special case of a homogeneous, dielectric single sphere, with its center at 7,
immersed in a perfectly dielectric medium, the expression for the effective dipole
moment is [7]:

Py =4ne, PR'E (1.11)
where R is the radius of the particle, £ is the applied field and 3, known as the Clausius-

Mossotti function which characterizes the effective polarization of a spherical particle as

a function of &, (the permittivity of the suspending medium) and ¢, (the permitivity of

the particles), is defined as

E —&
f
ﬂ(‘c"p’gf): £

- 1.12
g, +2¢e, ( )
Combining Eqgs. (1.10-1.12) and taking into the account that Vx E = 0, where the effect
of the magnetic field was neglected (which is the case for all our experiments because

there is no free charge moving in the system), we obtain the following expression for the

dielectrophoretic (DEP) force acting on a perfect dielectric spherical particle [19]
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& —¢

Il S 2

Frep = 27:ng3[————” jVE (1.13)
£, + 25f

A careful examination of Eq. (1.13) reveals some of the important features of the
dielectrophoretic force acting on the particle some of which can be summarized as
follows:

1. F,, is proportional to the particle volume.

2. F,p is proportional to &, the dielectric permittivity of the medium in which the

particles are suspended.

3. F,,, depends on the magnitude and the sign of the Clausius-Mossotti function,
[ . The latter is a very important parameter the sign of which determines whether
we have positive or negative dielectrophoresis.

4. F,,, is directed along the gradient of the electric field intensity VE?, which in

general is not parallel to the electric field vector E (7).
As mentioned above, we can distinguish two special cases of dielectrophoresis depending
on the sign of the Clausius-Mossotti coefficient, 3 :

Positive Dielectrophoresis: when >0 (or ¢, > &), the particles are attracted into the

region of high electric field and are repelled from the region of low field intensity.
Negative Dielectrophoresis: In contrast, when S<0 (or £, <g,), the particles are
attracted inté the region of low electric field and are repelled from the region of high field
intensity.

Now, lets consider the case of a leaky dielectric, i.e. a non-perfect dielectric, in which

both the fluid and the spherical particle have finite energy losses depending on the
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frequency of the applied signal. In the presence of an AC electric field E of frequency
o, the equation for the complex effective dipole moment of a single sphere becomes [7],
in lieu of Egs. (1.11) and (1.12):

p o =4ne, f RE | (1.14)
where the complex Clausius-Mossotti factor is now

* *
E, —&
* * * f
ﬁ (8/; ’gf )= :

—t (1.15)
£, +25f

with the complex permittivities of the particle and the suspending medium being given

? (1.16)
g, =g —ig",

where ¢£'; and €', are the frequency dependent dielectric loss terms. Hence, the time-
averaged dielectrophoretic force in such case can be written as [7]

(Foep) = 275 ,R* Re[" WE? s (1.17)
where E, is the root mean-square magnitude of the imposed AC electric field. The real

part of the Clausius-Mossotti function Relﬁ*J determines the frequency dependence of

the time-averaged dielectrophoretic force. According to the expression given above, the
existence of a dielectrophoretic force requires that two essential conditions be satisfied,
namely that the relative particle polarization be non-zero and that the electrode

configuration be capable of generating a spatially non-uniform electric field.

10
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Figure. 1.1: Relaxation in the dielectric with a single relaxation time (Daniel, 1967): (a) the real

part of & as a function of log(a)r)according to the Debye equations; (b) the imaginary part of

& for the same dielectric.
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Figure 1.2: The dielectric permittivity of a non-perfect dielectric and a perfect dielectric: (a)
Non-perfect dielectric, where 6 is the phase shift between the electric displacement D(t) and the
applied electric field E(t); (b) Perfect dielectric showing no phase shift between D(t) and E(t).
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Figure 1.3: Comparison of the (a) real and (b) imaginary part of the complex dielectric

permittivity for the case of pure corn oil and a 10%(v/v) suspension of polyolefin particle in corn

oil [Calibration factor is taken from Ref. 4]. The decrease in the dielectric permittivity when

particles are added to the corn oil shows that this suspension will exhibit negative

dielectrophoresis.
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Figure 1.4: When a dielectric particle having zero net charge is placed in an electric field, a
dipole moment P = qd is formed as a result of a dielectric mismatch between the fluid and the

particle, and when the applied field strength is spatially non-uniform, the particle experiences a

net force.
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Chapter 2
Experimental Setup and Procedures for the Suspensioh

Characterization

2.1 Introduction

Recall from Eq. (1.17) that, in order to study the dielectrophoretic behavior of a
suspension, we need to satisfy two conditions, namely a non-zero relative particle
polarization, Re(ﬁ*)v& 0 and an electrode assembly capable of generating a spatially non-

uniform electric field. In this chapter, we first describe the electrohydrodynamic
experimental setup used in our research to study the dielectrophoretic behavior of
suspensions to be presented in Chapter 4 and 5, and the subsequent electric field
distribution. This will be followed by a brief description of the various instruments being

used for the suspension characterization and the results thereby obtained.

2.2 Experimental Setup

2.2.1 The Electric Chamber

The electric chamber used for generating the non-uniform electric field consisted of a
horizontal parallel-plate chamber (6 cm wide, 12 cm long, and 3 mm high) [Fig. 2.1(a)].

The bottom of the Plexiglas chamber was equipped with 16 linear, flat, brass electrodes
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(1.6 mm wide and 11 cm long) having smoothed edges, which were embedded into 1.6-
mm-deep groves at 2 mm intervals. The electrodes were alternately connected to the high
voltage and to the ground. The top of the chamber, consisting of a transparent glass
coated with a conducting layer of indium tin oxide (ITO), was grounded. A Teflon spacer
was used to keep a gap between the chamber top and bottom. The chamber was
illuminated through the transparent top plate using a spread beam light source so as to
visualize the particles. The particle segregation was recorded through the top by a digital
camera fixed above the chamber. The applied ac field, the amplitude and frequency of
which varied from 1 to 5 kV rms (root mean square) and 0.1 to 3 kHz, was produced with
a high voltage amplifier (model 10/40, Trek Inc., Medina NY). These frequency and
voltage ranges were selected in order to suppress the effects of electro-convection and,
for an occasionally charged particle its oscillatory motion due to the sinusoidal nature of

the ac-field.

2.2.2 Computation of the Electric-Field Distribution in the absence of
particles

To compute the VE’ms in the absence of particles, we need to solve the Laplace’s
equation V?¢ =0 where ¢ refers to the voltage. Since the gap between the electrodes (2

mm) Was small compared to the length of the channel (11 cm), the field was taken to be
two-dimensional and to vary only within the cross section of the channel. In addition,
because of the symmetry and the periodicity of the electrode assembly, the electric field
was computed only for the element enclosing two adjacent halves of the high-voltage
electrodes along with one full ground electrode in between. The sides were considered as

insulating boundaries (by symmetry) and the top was taken as being grounded. The
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similar dielectric properties of the corn oil, ¢, = 2.87, and the acrylic sheet, ¢, =3.0,

permits simplification of the problem to the one shown in [Fig. 2.2], where a symmetry
boundary condition in the region, located between the electrodes, is imposed. The effect
of taking this assumption at the bottom of the chamber between the electrodes was
reported [4] to change the field strength in the corn oil, the suspending fluid, by less than
2% and therefore justifies the simplification just described.

Laplace’s equation was then solved using a finite element code from a library of C++
finite element subroutine called DIFFPACK (version 1.4), developed at the University of
Oslo, Norway [22]. All the variables were rendered dimensionless using the rms value of
the voltage applied to the energized electrodes, (Vms), as the characteristic voltage, and
the distance, d, between the electrodes as the characteristic length scale in both the
horizontal (x) and vertical (y) directions. To match the experimental conditions, the
electric field distribution shown in [Fig. 2.1(b)] was computed for a channel of electrode
gap ratio (center to center distance) equal to 3.6 with the range [0< x <0.8and
6.4<x<7.2] corresponding to the two halves of the high-voltage electrode and
[2.8 < x <4.4] being the full ground electrode. Notice the appearance of two regions of
high field strength near the electrode edges and a wide region of low strength above the
center of the grounded electrode near the midplane of the channel, in which the

negatively polarized particles are expected to accumulate.
2.3 Suspension Characterization

Before any comparison could be made between the experimental data and the theoretical
results is was essential that the suspension properties, specifically the relative particle

polarization and particle size distribution, be first measured In this section, we will
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describe the various instruments which were used for this purpose along with a brief
description of their operating principles.
2.3.1 Dielectric Spectroscopy: BDS 80 Dielectric Spectrometer

This instrument can be used for measuring both the dielectric and magnetic properties of
the suspensions over a broad range of frequencies and temperatures. Recall from Chapter
1, that the frequency of the applied field is an important parameter, which can be used for
tuning the electrical properties of the material by changing the polarization of its
molecules as well as for studying the felaxation process in the molecules. This instrument
can also be used for measuring the properties of a material as a function of five
independent variables: the frequency, temperature, AC voltage, time and DC bias, out of
which any four free variables can be arranged in an arbitrary order. For each independent
variable, the user can create a value list containing up to 1000 points with linear,
logarithmic or arbitrary distance between the points. In addition to fixed setpoints, an
arbitrary series of temperature ramps or time intervals for continuous measurements can

be defined. Some of the basic features of this instrument include:

e A Frequency range: 10 uHz - 1.8GHz
g »

e Accuracy: tan(d) =— <10
£

e An Impedance range: 10hm — 10" Ohm
This instrument is connected to a computer by mean of which the user is able to control
various operating parameters (such as the temperature conditions, the applied field, the
frequency range etc.) for any measurement online. During the measurement, the data are

displayed on-line in the form of a graph as well as in the form of a numerical table in a

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



log window. In addition, all the activities of the software and the state of the device are
presented in a message window. Finally, the actual system state is graphically displayed
in a status window.

Recall, from Chapter 1, that to compute the dielectrophoretic force we need to determine

the real part of the relative polarization, Re[ﬂ *J which requires measuring the dielectric

permittivity of the particle, £ ,. This is hard to achieve directly given that &, is

sensitive to the medium in which the measurements are being performed. We employed
an alternative way in which the complex permittivity of a suspension of randomly
distributed spherical particles was first measured for different suspension concentrations
¢, along with the complex permittivity of the pure fluid and then the Maxwell-Wagner

expression Eq. (2.1) was applied to determine the real part of the relative polarization

Re|p’ |: [18]

Re(es";&l}m(ﬁ*)

g, +2¢;

. @.1)
Relp)= Re[uj

* *
g, +2¢

where ¢ is the volume concentration of the particles, £, and & are the complex
dielectric permittivities of the suspending fluid and the suspension, respectively, and S

is the relative particle polarization. The value of Relﬂ J was determined from the slope

of Re(ii—_-zf%j vs. ¢ after fitting the data with a line passing through zero over a
g, +2¢;

frequency range. The result of such measurements for the suspension of aluminum oxide

particles in Mazola Corn oil is shown in [Fig. 2.3] [S]. Notice that for the suspension,
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Re[B*] > 0, therefore these particles would be expected to accumulate in regions of high-
field strength as a result of positive dielectrophoresis. In contrast the measurements for
the suspension of polyolefin particles in corn oil showed that Re[B*]< 0 therefore we

would expect these particles to accumulate in regions of low-field strength [Fig. 2.4]. In

addition, as seen in [Fig. (1.3)], the dielectric permittivities of the corn oil was found to
be constant, e, =2.87, over the frequency range from 1 Hz to 3 MHz. The dielectric

sample cell used in all these measurements consisted of a round plate capacitor (20 mm
in diameter) filled with a suspension and the cell constant was determined with pure
hexadecane (Aldrich Chemical Co., St. Louis, MO, 99%). During all the measurements,
the temperature of the cell was controlled at 22.0 + 0.05°C. All these measurements were
- performed at a low electric field ~ 4 V/mm due to the limitation of the measuring device,
in contrast to our dielectrophoretic experiments which were conducted at a much higher
strength of the applied electric field ~kV/mm. So a valid question is whether these values
for the electrical permittivity, which were measured at low field, are accurate enough for
predicting the behavior of the suspensions under high fields. In our work we will show
that even though the measurements were conducted at low field strengths, they are able to
capture accurately the behavior of the suspensions even at the higher field strengths of
several ~kV/mm.
A series of steps which were taken to perform measurements on this device are briefly

outlined in APPENDIX 2A.
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2.3.2 Particle Counters

These analytical instruments were used for the characterization of the particle size
distribution in the suspensions. We used two separate instruments, specially designed for
two different particle size ranges:

e COULTER® LS™ 230 Enhanced Laser Diffraction Particle Size Analyzer.

o COULTER® N4 Plus™
2.3.2.1 COULTER® LS™ 230
The basis of COULTER® LS™ 230 is the Laser Diffraction method, which relies on the
optical principle that small particles in the path of a light beam scatter the light in a
characteristic, symmetrical pattern that can be viewed on a screen. The distribution of the
particle sizes can then be deduced by studying a certain pattern of the scattered light
intensity (“flux pattern™) as a function of the angle betweeﬁ the incident beam and the
reflected light [Fig. 2.5]. The simplest flux pattern, for a dispersion of equi-Sized spheres,
consists of a central bright spot (known as the airy disk), surrounded by concentric dark
and bright rings whose intensity diminishes further from the center of the pattern, i.e. at
higher scattering angles. The scattering angle, at which the first dark ring, or the
diffraction minimum, occurs depends on the size of the particles, in that the smaller the
particle the higher is the angle of the first dark ring (or, alternatively, the larger is the size
of the airy disk).
These flux patterns obey the rule of linear superposition. In other words, the pattern from
a mixture of two (or more) monomodal dispersions of the particles can be constructed by
adding the intensity functions of the constituent particles in the mixture. The goal of a

Laser Diffraction particle size measurement is to measure the flux pattern accurately
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enough to determine the distribution of particle sizes in suspensions. This instrument is
capable of measuring particle sizes ranging from 0.04pm to 2000um in a single scan,
using 116 size channels. A brief description of the various steps for performing the
measurements on this device is summarized in Appendix 2B.

2.3.2.2 COULTER® N4 Plus™

The COULTER® N4 Plus™ Submicron Particle Size Analyzer is based on the Photo-
Correlation Spectroscopy method, which is also referred to as dynamic light scattering or
quasi-elastic light scattering. This technique is applicable to particles, suspended in a-
liquid, which are in a state of random motion due to Brownian fluctuations (i.e., particles
generally 2-3um in diameter or smaller). The instantancous velocity of these particles is
inversely proportional to the particle size (i.e., the smaller the particle, the faster they
move, or diffuse) and can be detected by analyzing the time dependency of the light
intensity fluctuations scattered from the particles when they are illuminated with a laser
beam. The analyzer has one 80-channel multi-tau correlator (the hard-wired computation
circuit which characterizes the rate of fluctuations in the scattered light intensity) and
optimizes the resolution across the dynamic range of the instrument. This instrument is
capable of measuring particle sizes ranging from 3nm to 3um.

We used this mstrument for measuring of the size distribution of the nanoparticles
[Appendix 5A], synthesized in our laboratory. A brief description of the various steps

required for performing the measurements on this device is given in Appendix 2C.
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6.4 7.2

Figure 2.1: (a) Dielectrophoretic chamber, having 16 electrodes and Teflon spacer used to -
maintain gap of 3mm above the electrodes with the inset showing the top view of the 4 electrodes
along with their dimensions (HV and GR refer to the high-voltage and the grounded electrode
respectively). (b) The distribution of the square of the field strength, E* (expressed in units of
V’ms/d> on a base 10 logarithmic scale) for a pair of electrodes. Half of the high-voltage
clectrodes are on the left (0<x<0.8) and on the right (6.4 <x <7.2) while the grounded
electrode is in the middle (2.8 < x < 4.4). The top (y=3.0) is also grounded.
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 Comoil i

Figure 2.2: The transformation used to apply a symmetry boundary condition within the region

located between the adjacent edges of the neighboring electrodes.
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Figure. 2.3: The relative particle polarization for suspension of aluminum oxide particles in corn

oil; (a) shows the dependence of the real part of (es* —-& f* )/ (85* +2¢ f* ), measured by using the

BDS 80 dielectric spectrometer, on the particle volume concentration, ¢ ;(b) shows the frequency

dependence of the real part of the particle polarization, Re(ﬂ), which inturn was obtained by

taking the slope of the straight line in (a). [Data taken from Ref. 4]
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Figure 2.4: The frequency dependence of the particle polarizability for a suspension of polyolefin

particles in comn oil. The particle concentration ranged from 1% to 15%(v/v).
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Figure 2.5: Schematic showing the working principle of the Laser Diffraction method (Image

taken from the Beckman Coulter website [23]).
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Chapter 3

Theoretical Model for non-Dilute Suspensions

3.1 Introduction

In this chapter we shall present the basic features of the theoretical model for studying the
behavior of concentrated suspensions. In earlier studies [4-6], a single particle model was
used for predicting the behavior of dilute suspensions which was based on the assumption
that the electric field distribution is unaffected by the presence of the particles and that
the particles could overlap. Consequently, this earlier model, which is briefly described
below in Section 3.2.3 of this Chapter and then used in Section 4.4 of Chapter 4, is
appropriate oniy for infinitely dilute suspensions and is unable to predict the final
morphology of the particle distribution once the particles accumulate in the high or low
field regions.

But, given that the primary aim of this thesis is to study the behavior of non-dilute
suspensions, it becomes necessary to seek a model which would be expected to apply, at
least approximately, beyond the dilute regime. To this end, we return to a model,
developed by Khusid and Acrivos and referred to henceforth as the

“Electrohydrodynamic Model”, which is based on a generalization of their previous
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theory for the thermodynamics of the field-induced phase transition in suspensions of
polarized particles [1-3].

3.2 The Electrohydrodynamic Model

3.2.1 Thermodynamics and The Phase Diagram
In [‘Refs. 1-3], Khusid and Acrivos described a theory for the free energy of a suspension

of polarized spherical particles subject to an ac electric field, E = E,(r)coswt, based on

the Maxwell-Wagner model for the interfacial polarization of a particle and the Lorentz-
Lorenz model for the local field acting on a particle. This theory yields the following
expressions for the chemical potential, p1, and the osmotic pressure, [T, of the particles
averaged over the period of the field oscillations under conditions when the

Im(B) << |Re(B) (which is the case in our experiments):

1 2 ¢ —
p, =SeTdh 108} (B with  f, =c1n3'+cj——z(°) Lo
v, dc 0 Jo \ 2 e g ¢
' 2 '
I, = KeT cZ+¢g,l €. —c(agsj E ,  with [88 Sj ~ 3P > 3.1)
v, oc ot, 2 oc o, [1 - c[3]

where ff = Re(B*), € = Re(s’;), k;T is the thermal energy, c¢ is the particle volume

fraction, c,, is the concentration of the spheres at random close packing, and (g’ / 60)0)t

1s the derivative of the real part of the complex dielectric permittivity of the suspension,

e, =¢'(0,¢)—ie" (o, ¢), taken at a constant value of ot, with t, being the relaxation

time of the dielectric phenomena [Ref. 3]. Also, the dependence of €, on ¢ is assumed to

be given by the Maxwell-Wagner expression [Eq. (2.1)]. The first term in Egs. (3.1)
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refers to the free energy and the osmotic pressure of the particles in the absence of the
electric field whereas the other represents the contribution due to the field.

The concentration dependence of the compressibility factor is described by the Carnahan-
Starling equation for a suspension of spheres in the disordered state [Ref. 19] where
Z= (1+c+c2 —-03)/(1—0)3 when 0<c<0.5 and Z~A/(c, —c)\ for 0.5<c<c,, . The
value of the constant A was determined by requiring that the function, Z(c) be
continuous at ¢ =0.5. A=1.85 if c¢_ is set equal to 0.64. Making use of the expressions

for Z(c) given above yields:

fl ~ Inc+8c+15¢c* for ¢ —~ 0 and

fy ~ A ——A—ln(cm ~c)+y(c) for c >c,,
Cm - c m
0.5
with g = éln[20(cm ~0.5)]-1n2e + J‘Edc , 3.2)
Cpn 5 c

Based on the expressions for the chemical potential and for the osmotic pressure given by
Eqgs. (3.1), a phase diagram for a suspension subject to a spatially uniform ac electric field

can be constructed for "the particle concentration, c, vs. the relative field strength,

A= 808f<E2>Vp /kBT ". A characteristic plot for such a diagram is shown in Fig. 3.1 for

B =0.1. This phase diagram appears to be similar to "the concentration vs. temperature"
phase diagrams for the first-order phase separation in a mixture of two liquids which are
completely miscible only above a certain temperature [Refs. 1, 3]. This phase diagram
can be subdivided into two regions: a single-phase region and a two-phase region. Within
the single-phase region (shown by the shaded area in Fig. 3.1), the particles are randomly

distributed but, for A >A_, this random arrangement becomes unstable when

cr?
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N, / oc = 0, which represents the spinodal curve in the phase diagram (shown by curve 2

in Fig. 3.1) with M and U denoting the metastable and unstable domains, respectively. A
field-induced separation is thereby predicted to result leading to the creation of a two-

phase region with phases 1 and 2 consisting, respectively, of dilute and concentrated

suspensions. The critical point on the spinodal curve, c,, and A , which is located on the

inflection point of p ~as a function of ¢, is determined from equations

7402 =D and 27/ 402" = All+26c) where A =3B’*A. With increasing B

(1-Bc) (1-pe)'
from —0.5 to 1, A_(B) decreases from 25.24 to 11.7 whereas c_ (B) increases from 0.11
to 0.27 with ¢ (0)=0.13 and A_(0)=22.2 for p =0 [3]. Moreover, on the coexistence
curve in the phase diagram (shown by curve ‘1 in Fig. 3.1), the corresponding values of
the two chemical potentials, K, and of the two osmotic pressures, IT ,» of the particles in
the coexisting phases having particle concentrations, ¢, and c,, respectively, are equal:
1,(6)=1,(c;) and T1,(¢,)=11, . 63

By taking the asymptotic form of Egs. (3.1) and (3.3) as B°A — oo, one can deduce, for

the particle chemical potential in the two-phase region,

3B A A 2(-cp)
TS gosf<E2>[— i—cp) + o In (3CmBZ7¥) }, for c,(A)>c>c,(A), (3.4

m

while, within the single-phase region,

T gogf<E2>|:—2—(1—i—%3—)—2—+%(lnc +8c)} for ¢ <c, (1), (3.5)

and
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w, ~ gogf<E2>{_ 5(_1_3_%;)_2 + %(cmA— . Cﬁln(cm - c)ﬂ for c>c, (X), (3.6)

m

where, along the coexistence curve,

2 2
3o, % A 2(1—cn;;3) LA (c
2(1 - CI’HB) cﬂ'l 3CI]]B 7\" Cm
2A(L-c,B) _4A%(1-c,p)(1+c,p)
C, ®Cy — 3 2 - 2 y4n2 +
c, BA 9c BN

The detailed derivation of these asymptotic forms is provided in Appendix 3A. The
phase diagram described above provides a consistent interpretation of the experimental
data on the field-induced aggregation phenomena in electro-rheological fluids and
aqueous suspensions [Refs. 1, 3]. To explore the effect of spatially non-uniform fields on
the particle distribution, Khusid and Acrivos [Ref. 2] considered a quasi-equilibrium
condition for the spatial distribution of the particle concentration caused by
dielectrophoresis. This can be achieved when the chemical potential of a particle

becomes independent of position so that
Vi, ler) (B2 ()= 0 (3.7)
Equation (3.7) represents ¢ as a function of <E2> along the curve p =const on the

suspension phase diagram, Fig. 3.1. It was shown in [Ref. 2] that, under certain
conditions, this curve crosses the coexistence‘ curve, Egs. (3.3) in which case,
dielectrophoresis is accompanied by a phase separation leading to an abrupt change in the
spatial particle concentration distribution and, as a result, to the formation of a
concentration front across which the particle concentration is discontinuous. Using the
continuity equation for the particles, Egs. (3.11), the continuity equation at the front

becomes:
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(v =U)+ifn=[c (v -U)+j |n, (3.8)
where U is the front velocity, j, is the particle flux in the reference frame moving with

the suspension, v is the bulk velocity of the suspension, n is a vector normal to the
concentration front, and the superscripts “+” and “~” denote, respectively, the values
before and after the discontinuity.

Now, to understand the front formation and its propagation kinetics, the thermodynamic

theory presented above needs to be combined with the field and flow equations.

3.2.2 Electro-Hydrodynamic Model

The theory encompasses the field and flow equations for both the single-phase as well as
the two-phase states of a suspension. The single-phase or two-phase equations should be
used depending on whether the point representing the local values of the particle
concentration and the electric field in the suspension phase diagram is located below or

above the coexistence curve [Fig. 3.1]. First, let us consider the equations for the one-

phase region for which du, /80>0. Since the time scale of the hydrodynamic

phenomena is significantly larger than the period of the field oscillations, we can average
the equations for the suspension flow over the field oscillations. Next, because of the
small suspension velocity, we can neglect any difference between the electromagnetic
fields in the laboratory system and in the instantaneous reference system moving with the
suspension. Furthermore, we limit the analysis to the case when any magnetic effects
associated with a time varying electric field are negligible. Under these conditions, we
can write the quasi-steady electrodynamic equations [Refs. 24, 25] for the suspension,

averaged over the field oscillations, in terms of the complex Fourier components of the

electric field, E (r), the electric potential, ¢, and the electric displacement, D’ (r), as:
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V-D,(r)=0, VxE, (r)=0 with D =¢,[e! (0, ¢)-ig"(o,c)E] (3.9)
or V-|el (0,c)Vo,, |= 0 with E| =-Vg/, (3.10)

In addition, we have for the hydrodynamic, continuity, and mass conservation equations:

V.ove0 (3.11a)
aV vis

pS(E+V-VVj:—Vp+V-G —cVup+c(pp—pf)g (3.11b)

% v-leve],)=0 3.11

S Vv, )= (.11c)

where v is the bulk velocity of the suspension, p, :(1—c)pf +cp, is the suspension

density with p, and p; being the densities of the particles and of the fluid, g is the

S

gravitational acceleration, p is the pressure, 6" is the viscous stress tensor, and j, is the
particle flux in the réference system moving with the suspension. For the concentration
dependence of ¢, Eq. (2.1) was used in which the frequency dependence of B(OJ) was
taken from the measurements, at low electric fields, using the dielectric spectroscopy

technique described in Chapter 2. The spatial variation of s:((o, c) in Eq. (3.10) is caused

by the spatial variation of the particle concentration, ¢, due to their motion following the
application of a spatially non-uniform ac electric field. The fourth term on the right-hand
side of Eq. (3.11b) refers to the bulk gravity force which vanishes for neutrally buoyant

particles, whereas the term -—cVp , with p, being given by Eq. (3.1) with

)3

applied ac field. This approximation for the bulk electric force is appropriate only when

E, (rr, represents the bulk electric force exerted on the suspension by the

‘Im(B){ << ]Re(ﬁ)‘ , which is the case with our suspension of polyolefin particles in corn oil
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shown by Fig. 1.3. For a spatially uniform particle concentration, the bulk electric force
equals the total force exerted on the particles per unit volume of the suspension, so that,

on account of Eq. (3.1):

=nF

dep

-cV

Mp c=const

€,V !
with  F,, = °2P(%j v(E?), (3.12)
ot

where n defines the number density of the particles and F,, is the dielectrophoretic

force exerted on a single particle in a suspension. Since, from the Maxwell-Wagner

expression [Eq. (2.1)], (88; / ac)mc —> 38fRe(B) for c—> 0, Bq. (3.12) for F,, generalizes

the expression, Eq. (1.17), for the dielectrophoretic force acting on a test particle in the
suspension by accounting, in an approximate way, for the effect of the other particles on
the coefficient multiplying the gradient of the magnitude of the applied field.

For calculation purposes, the analysis developed by Khusid and Acrivos was limited to
the specific case of low particle Reynolds numbers and relatively high particle Peclet
numbers associated with a weak Brownian diffusion of the particles, which is relevant to
the experiments referred to in Chapter 5. The suspension was treated as an effective
Newtonian fluid with a concentration dependent viscosity [Ref. 26]. Under these

conditions, the equations for the effective viscous stress and the particle flux become:

; ov. 0v, c(i—c)'v
0" =nlc) —+— and j =———1-Vu, +lp, — 3.13
ij nﬂ( {BXJ GXIJ Jp 67tans(c) [ “p (pp pf)g] ( )
where 1, =n,f(c) is the suspension viscosity, with 7, being the suspending fluid

1.5¢
I-c¢/c,

2
viscosity and )= (1+ j the Leighton-Acrivos expression for the concentration

dependence of the suspension viscosity [Ref. 26]. Also, the factor (l—c)2 in the
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expression for the particle flux represents the hindrance function [Ref. 26]. The
hydrodynamic equations, Eqgs. (3.11) and (3.13), are coupled with the electrodynamic

equations, Egs. (3.9) and (3.10), through the field dependence of p, for the former and

the concentration dependence of €, for the latter and need to be solved simultaneously.

We next turn to the task of modifying the electro-hydrodynamic model, Egs. (3.1), (3.9)-
(13), in order to treat the two-phase region of the suspension phase diagram, Fig. 3.1.

Recall from Chapter 3, that, since (6pp / ac)E < 0, these equations are unstable within the

unstable domain, U, in the phase diagram (Fig. 3.1). But under special conditions, when
the field-induced phase separation occurs significantly faster than typical hydrodynamic
phenomena, a quasi-equilibrium approximation for the local values of the particle
concentration and of the electric field in the two-phase region can be employed. In that
case, the value of the chemical potential in both phases remains the same and is specified

by the coexistence curve, Egs. (3.3), in the phase diagram as é function of A, i.e.,
B, = p.p(k). In addition, the particle concentrations in the two phases, ¢, and c,, will be
specified by the coexistence curve, Egs. (3.3), as functions of A, while the volume
fraction of the high concentration phase, y, is computed using the lever rule,
c,y+c,(I-y)=c, as a function of ¢ and A. Within this approximation, the two-phase

state of the suspension could be viewed as a “mushy” zone. For simplicity, the complex
dielectric permittivity, the viscosity, and the hindrance function for this zone were
assumed to be determined only by the total particle concentration, ¢, through the use of
the same functions as those for the one-phase region, even though they are in fact

functions (unfortunately, unknown at present) of both ¢ and . Under these conditions,
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the two-phase model consists of Egs. (3.9)-(3.11) and (3.13) in which the chemical
potential is specified as a function of the field strength, p = up(k), through the solution
of Egs. (3.3).

3.2.3 The Single-Particle Model

For the limiting case of a dilute suspension, for which ¢— 0 and of,/dc —1/c, Egs.
(3.9)-(3.11) reduce to the field and flow equations for the suspending fluid while Egs.
(3.1), (3.11) and (3.13) yield:

8 . v, [3
—ati +V-Je(v+u,)]=D,Vc with u, = = [Egosf Re(B)V(E*)+(p, —pf)g:|, (3.14)

ane

where u, is the velocity of a particle relative to the suspending fluid under the action of

the dielectrophoretic, Eq. (1.17), and gravity forces, and D, =k,T/6man, is the particle

Brownian diffusion coefficient. When Brownian effects are insignificant, Eq. (3.14)

reduces to the single-particle model {4-6]
oc
~a—t—+V-[c(v+ue)]=O, (3.15)

The predictions of Eq. (3.15) with Eq. (3.14) for u, were found to be consistent with the

experimental data for dilute suspensions of negat'ively and positively polarized particles
subject to a high-gradient electric field (~kV/mm) and a shear flow even though the value
of the particle polarizability, 3, was measured at low-field strengths (~V/mm).

Another limiting case is that of the quasi-equilibrium state of a suspension of neutrally
buoyant particles subject to a spatially nonuniform ac field, for which Egs. (3.1), (3.11)—

(3.13) yield v=0 and Vp =0, while the particle distribution satisfies Eq. (3.7).
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Figure 3.1: The phase diagram of the “particle concentration vs. the field strength” of

suspensions subjected to electric fields for 3 =0.1: the metastable and unstable domains are

denoted by M and U, respectively, A =3B*A where k:sosf<E2>Vp/ k,T is the relative

strength of the field, and c is the particle volume concentration [Ref. 3]; 1 and 2 are respectively,

the coexistence and spinodal curves. The Single-phase region is shown by the shaded area.
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Chapter 4
Positive dielectrophoresis and effect of clinorotation on

suspensions of heavy particles

4.1 Introduction

In this Chapter, we shall present experimental results which illustrate the influence of a relatively
weak, rotating gravity force on field-induced particle interactions within a range of parameters
typical of clinostats. The experiments, in which a dilute suspension of heavy, positively polarized
spheres was exposed to a high-gradient strong ac electric field, were conducted in microgravity
(aboard NASA'’s research aircraft KC-135) as well in a ground-based environment in the electric
chamber described in Chapter 2. The latter will be referred to as a “clinostat” due to the fact that
it was slowly rotated around its horizontal axis to prevent the particles from settling. Although
one might have expected, that by rotating the chamber about it axis, one should be able to
simulate, on average, microgravity conditions, this experimental study showed that this is not so
as far as the morphology of the aggregation pattern is concerned. In this work, the experiments
under microgravity conditions were carried out by Dr. Nikolai Markarian, Mike Yeksel, Prof.
Boris Khusid, and Tin Padeta, whereas my contribution consisted in performing all the ground

based experiments, as well as quantifying the experimental data and doing the theoretical
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modeling. This combined team effort lead to a publication in the Physics of Fluids, 16,

1826(2004) [27].

4.2 Experimental Procedures

4.2.1 Materials

The suspension consisted of a fraction of sieved aluminum oxide spherical particles (AL-604,
99.9%, AEE, NJ) suspended in Mazola corn oil. The particle size distribution on a number basis
was measured with the Beckman-Coulter LS 230 device described in Chapter 2. The average

diameter of the particles was 89.6 pm, and 50% of the particles had diameters between 69 and

107 pm. The particles (pp= 3.75 g/em’) were dispersed in corn oil (p; =0.92 g/em’, viscosity

N, =59.7cp, and dielectric constant g, =2.87 at 23°C). The measured complex permittivities
using the BDS 80 Dielectric Spectrometer are shown in [Fig. 2.2]. Due to the time constraint
under microgravity (only 4 flights were available with each flight having 40 microgravity
parabolas each lasting ~20sec followed by ~40sec under ~2g before coming back to microgravity
again), all the microgravity experiments were conducted by exposing the suspension, having a
fixed particle volume fraction, ¢ =2-107, to a fixed magnitude and frequency of the applied ac
electric field. We chose the values of the field strength, 4kV, and for the frequency, 100Hz, so as
to have the characteristic dielectrophoretic time be smaller than 20sec which is the duration of
each experiment under microgravity. The 'Value of the relative particle polarization, Re (B), at
this frequency was measured to be 0.34, showing the positive dielectrophoretic behavior of this

suspension under electric field. The details of the suspension properties have been described in

Ref. 5.
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4.2.2 Experimental Setup and Working Conditions

The experimental setup constituting the electric chamber [Fig. 2.1(a)] is shown in [Fig. 4.1(a)].
During this study, since the particles were heavier than the suspending fluid and therefore to
diminish the effects of the gravitational force, the chamber was rotated about its horizontal axis
using a step motor with a step controller (SmartStep, IDC, CA), which was programmed to bring
the channel instantaneously at preset positions. The details about the workings of the device have
been described in Ref. 5. Energizing the chamber with an ac voltage of several kV generated a
spatially nonuniform field of order kV/mm with the regions of the highest field strength located
at the edges of the energized electrodes [Figs. 4.1(b) and (c)] and that of its lowest strength
above the centers of the grounded electrodes near the midplane of the channel [Fig. 2.1(b)]. An

ac voltage of V__ =4 kV (root mean square) and 100 Hz was used to energize the electrodes

ms

giving for the dielectrophoretic time [5] t, = 3d"n, /a’sg,[Re(B)V2, =10.3s, where ¢, is the

NS

vacuum permittivity and d = 2mm is the gap between adjacent electrode edges. 1, is a measure

of the time required for a particle to move over a length of d under the action of a
dielectrophoretic force [S]. In all the experiments, with the flowing suspension, the flow rate

through the channel was set at 20 ml/min giving for the shear rate at the wall y, = 3.7s™ and for
the average fluid residence time T =L/U, =59.4s, where L =11lcm is the electrode length and
U, is the average fluid velocity. Under these conditions: (a), the Reynolds numbers for the fluid
flow and for the relative particle motion are Re; ~0.08 and Re, ~ 107, respectively; (b), the

ratios between the gravity, F,, and dielectrophoretic, F,  , forces acting on a particle and the

ep ?

dipolar force between two touching particles, Fy. are

F, /F, ~ G =2(p, —p; Jed® /3c,6,[Re(B) V2, =1.07 and F,/F,, ~S=8aG/3Re(B)d =0.19; and
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(¢c), the Mason number [Ref. 5], which represents a ratio between the shear stress at the wall and
the interparticle dipolar interactions, is Ma = 8n,7,d*/3g,6, V2, Re(B) = 0.05.
4.2.3 Image Analysis

The images were analyzed using the VISILOG-5 (Noesis, Inc.) software which collects the
readings of the gray level (GL) of individual pixels, defined as the relative brightness with a
value of the GL ranging from 0 (black) to 255 (white), over a selected rectangular box on an

image and calculates the average brightness for this box. The relative change of the GL,

I= [GL(x,t)—GLoyZ[GL(x’,t)—GLO] with GLo being the value for the area without the

particles, taken on a set of consecutive images was shown [5] to provide an estimate of the

variation in the particle accumulation at the location x with time t.

4.3 Experimental Data

The microgravity experiments were performed aboard the aircraft KC-135 flying along a
parabolic trajectory that provides a zero-gravity period for approximately 25s followed by ~40s
under a gravity of ~2g before returning to the zero-gravity conditions. The experiments were
repeated during four flights, each providing about 40 parabolas. The chamber was loaded with a
suspension before the flight and was kept rotating (4 rpm) with the suspension being cycled
through the channel until the aircraft had reached the zero gravity part of the trajectory. Then the
rotating chamber was brought into the position with its top facing the camera fixed above it [Fig.
4.1], the rotation was stopped, and the electrodes were energized while the suspension continued
to be cycled through the channel. At the end of the zero gravity period, the chamber was de-
energized and brought into rotation until the next round of zero gravity where, the same

experiment was repeated. The observed aggregation patterns did not vary from parabola to
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parabola, indicating that the combined rotation of the de-energized chamber and the cycling of
th¢ suspension was sufficient to re-suspend the segregated particles between the zero gravity
periods. The photos were taken in the middle of the channel where the flow entrance and exit
effects were less pronounced. The exposure of the flowing suspension to the electric field under
zero gravity for 20s caused the particles to segregate mainly on the edges of the high-voltage
electrodes forming long bristles directed along the electric field lines [Fig. 4.2]. In the ground-
based experiments, the chamber was loaded with the suspension and maintained rotating at 4
" rpm for about 30 min while the suspension was cycled through the channel. When the plane with
the electrodes formed a certain angle with the vertical, the voltage was applied to the electrodes
while the suspension continued to be cycled [Fig. 4.2(e)]. A photo of the middle part of the
channel was taken when the chamber was passing through the horizontal position with its top
facing the camera fixed above. We varied the angle of the chamber at which the voltage was
applied so as to take photos of the structures formed on the electrode edges following the
exposure of the suspension to the field for 5s, 10s, 15s, and 20s. Experiments under similar
conditions were also conducted without cycling the suspension through the channel. Photos of
the field-induced aggregation patterns and data on the average length of the growing bristles are
presented in Fig. 4.2. As can be seen from Fig. 4.2, a relatively weak gravity force (S=0.19)
exerts an unexpectedly pronounced effect on the field-driven aggregation pattern driven by the
interparticle interactions, whereas a slight change due to the presence of the flow is in line with
expectations for Ma=0.05 [5]. Specifically, the bristles formed in the ground-based
experiments appear to be significantly shorter and tighter packed than those formed in

microgravity [Figs. 4.2 (a) — 4.2(d)].
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The flight experiments also indicated that ac dielectrophoresis provides a reliable method in
microgravity for manipulating air bubbles trapped in suspensions. While filling the chamber with
a suspension, a small population of air bubbles was trapped inside the channel and released
during the flight along the parabolic trajectories. Following the application of the field, these
bubbles were attracted toward the low field regions above the grounded electrodes by the
negative dielectrophoretic force and then traveled along the channel with the flow [Fig. 4.2(f)
and Fig. 4.2(g)]. The time required for the air bubbles to travel to the low field region, as

predicted by the single-particle model for Re(B)~ (1-g,)/(1+2¢,)=-0.27 and a ~ 0.16mm, is

consistent with the experimental observations.

To understand and compare the effects of the electric, gravity, and shear forces on the re-
suspension of the particles (with and without flow), ground-based experiments were performed
by stopping the chamber rotation when its top was horizontal facing the camera and maintaining
it in this position for about 2 min to allow all the particles to settle. The surface concentration of

the particles in the sediment formed on the channel bottom was rather small, ¢, = 3c H/4a = 0.1

with H = 3mm being the channel height, giving ~1/c!’> = 3.2 particle diameters for the average

distance between the particle centers. Once the particles settled [Fig. 4.3(a)], the voltage was
applied while the chamber was maintained in the same position. It was found that the distribution
of the particles located between the electrodes remained essentially unaffected even if a flow of
20ml/min was applied for 2 min. Next, the energized chamber was brought into rotation. First,
the rotation of the chamber caused the particles to re-suspend slightly and form chains spanning
the gap between the electrodes similar to those formed in electrorheological fluids [28, 29] under

the action of a spatially uniform electric field. As the time progressed, the particles slowly drifted

toward the high-voltage electrodes and formed bristle-like structures typical of positive
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dielectrophoresis [Fig. 4.3(b) and 4.3(c)]. To estimate the kinetics of the particle redistribution,
we tracked the value of I(x, t) between the adjacent electrodes [Fig. 4.3(d)]. As can be seen from
Fig. 4.3(d), most of the particles were re-suspended during the first revolution. The presence of
the flow facilitates the particle re-suspension [Fig. 4.3(d)] and leads to the formation of longer

bristles on the high-voltage electrodes [0.7 mm for Fig. 4.3(b) and 0.4 mm for Fig. 4.3(c)].

4.4 Simulation Results

To simulate the particle accumulation on the electrodes in line with our experimental conditions,
we distributed 596 particles uniformly over the channel cross-section and computed their
trajectories using the single-particle model, Eq. (3.15) [4], which neglects the effect of Brownian
motion due to the large size of the particles [d,~O (100um)] used in experiments. As said earlier,
this model assumes that the electric field distribution, shown in Chapter 2, is unaffected by the
presence of the particles and that electro-hydrodynamic interactions between particles can be
neglected, both being good approximations in dilute suspensions. One major assumption
underlying this model is the possibility of particle overlapping which prevents this model from
predicting the final morphology of the particle distribution once they accumulate in the high or
low field regions.

To compute the relative particle velocity, u,, Eq. (3.14) is presented as:
— 3 2 4 3 -
omnRu =2ne R° Re(B)VE ms + gn(pp - pf)R- gé(t) “4.1)

where 7, is the viscosity of the suspending medium, p, and p, are the densities of the fluid
and the particle, respectively; e (t) is the rotating unit vector along the orientation of the gravity

force. Then given that VE?msis O(Vme/d’), we obtain that, in a quiescent suspension, u is
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O(d/7,) where, on account of Eq. (4.2), 7,, the characteristic time of the dielectrophoresis, is
given by [4]

3d*n
T(/ = R2 2
£,V ms[Re(f)

(4.2)

Since the electric field configuration is two-dimensional, it affects only the components of the
particle velocity along x and y directions. The field-induced dimensionless displacement r(t) of a
particle being initially at ro(xo, yo) is thereby obtained by solving

dr

a =u =T, (4'3)

where t refers to the time i rendered dimensionless by . - The particle motion was computed

using an interpolation method from the software DIFFPACK, which provides the value of VE?
at any point. The initial distribution of the particle locations was assumed to be random and the
simulations were carried out by varying the number of particles until the results were insensitive
to the choice of the number of particles.

For the case of a flowing suspension, since the fully developed flow is always perpendicular to
the plane of the electric field lines, the velocity components in the x and y directions are the
same as those in a quiescent fluid, although now the particles will be having an additional
velocity component in the z direction (along the flow direction), where they will travel with the
local fluid velocity. The particle velocity component in the z direction, u,, is given by well-
known expression for the fully developed velocity profile of a fluid flowing through a parallel-

plate channel [30]

z a

u, =6U %(1--}9 (4.4)
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where H, equal to 1.5 in our case, is the channel height rendered dimensionless with d, and U, is

the dimensionless average velocity Qt, / Ad with Q being the volumetric flow rate and A being

the channel cross sectional area. So, using this model we can track the motion of individual
particles.

The simulations were conducted both for a rotating gravity force as well as for zero gravity. The
former were carried out starting from different initial chamber positions shown in [Fig. 4.2(e)],
while for zero gravity, the chamber position was held fixed [Fig. 4.2(e)]. The simulation results,
depicted in Fig. 4.2(e), demonstrate that in all cases the exposure of the particles to the electric

field for 20 s (greater than t, but smaller than the average fluid residence timeT =59.4s) is

sufficient to collect about 85% of them on the electrodes and that the maximum computed length
necessary for these particles to travel along the channel axis in order to reach the electrode edges

was about 33 mm (~ 0.3L). Moreover, the simulations with rotating gravity, indicate that the

variation of the angle at the instant when the rotating chamber was energized, significantly
affected the particle trajectories, as expected, since the gravity force was comparable with the
dielectrophoretic force for the ground-based experiments (G =1.07). Also, as expected, the
particle trajectories were significantly different for a rotating chamber (under gravity) and for
zero gravity. Despite the variation in the particle trajectories, however, we found that in the
ground-based experiments conducted under rotating gravity conditions, the aggregation patterns
that formed on the electrode edges had similar features regardless of the orientation of the
chamber at the instant when the electric field was applied. To characterize the field-induced

particle accumulation on the electrodes under zero gravity, we tracked the variation of the GL

between adjacent electrodes and then calculated Zl(x,t) over the layers formed by the particles

close to the electrode edges which provide a quantitative measure of the relative change in the
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particle amount in this region. As can be seen from Fig. 4.2(e), the predictions of the single-
particle model for the total accumulation of the particles on the electrodes in the course of their
heterogeneous aggregation under zero gravity are consistent with the experimental data even
though the model does not contain any fitting parameters. For ground-based conditions, this fact

was demonstrated in [5, 6].
4.5 Summary and Conclusions

In conclusion, the data which we have presented demonstrate that dielectrophoresis provides a
powerful method for the manipulation and concentration of particles in clinostats. However,
clinorotation does not simulate the zero gravity morphology of the aggregation pattern because a
relatively weak, rotating gravity force exerts a pronounced effect on the field-driven interparticle
interactions. This fact may be explained as follows. The formation of bristle-like aggregates on
the electrodes is caused by the interplay of the dielectrophoretic force that tends to confine the
particles near the electrodes and strong dipolar forces between the nearby particles that either
pull them together or push them away depending on their relative orientation. In a ground-based
environment, the rotating gravity force causes those particles which are loosely connected to the
growing bristles by the anisotropic electric forces to be released and to travel along the electrode
edges thereby forming finer clusters and covering the edges more uniformly than in
microgravity. In the same way, the rotating gravity causes the settled particles subjected to a
strong field to re-suspend and then to rearrange themselves by first forming head-to-tail chains

due to the prevailing interparticle anisotropic interactions and then drifting toward the electrode

edges under the action of the dielectrophoretic force. The predictions of the single-particle model

for the kinetics of the particle accumulation on the electrodes in the course of their
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heterogeneous aggregation under zero gravity are shown to be consistent with the experimental

data.
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LIGHT SOURCE

MOTOR { ROTATING CHAMBER

Figure 4.1: (a) Experimental setup. (b) Cross sectional and (c) top view of the channel (6 cm wide, 12 cm
long, 3 mm high) showing 3 of 16 electrodes alternately connected to the high-voltage and ground outputs
of a high-voltage amplifier. The channel top made of a glass coated with a conducting indium titanium

oxide is grounded.
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Figure 4.2: (a)-(c) Photos of the aggregation patterns formed during 10s and (d) the average length of the
bristles growing on the high-voltage (HV) electrodes in the flight and in the ground-based experiments
following exposure to the field; (¢) The field-driven particle accumulation on the electrodes: the curves
are computations for the flight and ground-based experiments for different positions of the chamber when
the field was applied and the triangles are the experimental data for the flight; (f) Initial positions of the
air bubbles and (g) their accumulation above the grounded electrode (GR) following a 15-s exposure to

the field. The electrode width is 1.6 mm.
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Figure 4.3: (a)-(c) show photos of the structures formed on the channel bottom: (a) shows the settled
particles on the channel bottom achieved by keeping the chamber position horizontal for 2 min in the
absence of the field; [(b) and (c)] show the structures formed after exposing the suspension shown in (a)
to the electric field for 2 min (while keeping the chamber in the horizontal position) and then rotating the
energized chamber for 16 revolutions. The average bristle length in (b) and (¢) is 0.4 mm and 0.7 mm,

respectively. The plot shown in (d) is the variation of I(X, t) in the x direction between the edges of the

adjacent grounded (GR) and high-voltage (HV) electrodes (with and without flow): (i) prior to the field
application; (ii) following the exposure to the field for 2 min without rotation; (iii) after rotating the
chamber, with the field on, for 1 revolution; and (iv) same as (iii) but after 16 revolutions. The electrode

width is 1.6 mm.
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Chapter 5

An experimental and theoretical study of combined
negative dielectrophoresis and phase separation in
concentrated suspensions subject to a high-gradient ac

electric field

5.1 Introduction

In this Chapter, we focus our attention on investigating yet another side of
dielectrophoresis, namely negative dielectrophoresis. Recall that, experimental studies
with negative dielectrophoresis previously published [4] dealt mainly with very dilute
suspensions. To extend the work further, we chose to work with concentrated suspensions
[~5-15%(v/v)] of neutrally buoyant polyolefin particles suspended in corn oil. Following
the application of a high-gradient ac field (~kV/mm), we found that, due to interparticle
electric and hydrodynamic interactions, these suspensions underwent a phase separation
and formed a propagating distinct front between the regions enriched with and depleted
of particles. The purpose of this chapter is to study quantitatively, both experimentally
and theoretically, this field induced phase separation. Clearly, as expected, at such high

concentrations, the basic assumptions of the single particle model, which works nicely for
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dilute suspensions, are no longer applicable since it becomes necessary to account for
interparticle interactions, the effect of the particles on the electric-field distribution, as
well as for the concentration dependence of the suspension physical properties, such as
the viscosity and the dielectric permittivity. Therefore, a new model was introduced by
Khusid and Acrivos, which was described in Chapter 3.

The organization of the chapter is as follows: In Sec. 5.2, the suspension properties and
the experimental setup being used will be described with a more detailed description of
the experimental procedures found in [Refs. 5, 31]. Sec. 5.3 contains the experimental
data on the field-induced formation and propagation of the concentration front. The
comparison of the theoretical predictions with the experimental data is given in Sec. 5.4.
In Sec. 5.5, a méchanism is proposed for the experimentally observed accumulation of
the particles in the region of high-field strength near the high-voltage electrodes where,
according to Eq. (1.17), the particles should have been repelled. The main conclusions
are summarized in Sec. 5.6.

My contribution consisted in carrying out the experiments (Sec 5.3) and their
interpretation and comparison with the theoretical predictions. The experiments were
conducted in collaboration with Dr. Zhiyong Qiu. On the other hand, Dr. David Jacqmin
carried out the simulation work at NASA’s Glenn Center while Professors. Khusid and
Acrivos deserve the credit for developing the theoretical basis for this work. This

combined team effort led to a publication in Physical Review E 69, 021402(2004)[31].
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5.2 Experimental Procedures

5.2.1 Materials
The suspension consisted of neutrally buoyant spherical polyalphaolefin particles
(AVEKA, Woodbury, MN) suspended in Mazola corn oil (p; = 0.92 g/ cm’,m, =59.7cp

at 23°C). The particle size distribution on a number basis was measured with a Beckman-
Coulter laser diffraction particle size analyzer LS 230 and the average diameter of the

particles was found to be 87 pm with 80% of them having diameters between 68 to 116
pum. The dielectric permittivities of the suspension, ¢, and that of the corn oil,

e, = 2.87, were measured using the standard technique of dielectric spectroscopy. The

detailed description of the dielectric measurement is described in Chapter 2. The value

Re(B) was found to equal —0.15 over the frequency range 0.1- 3.5 kHz (used in the

experiments) whereas Im(B) was found to decrease rapidly with frequency from

1.8-107 for 0.1 kHz to less than 2-10™* for frequencies greater than 1 kHz (Fig. 2.3).

5.2.2 Electric chamber

The experiments were performed in a horizontal parallel-plate electric chamber described
in Chapter 2 and Chapter 4. The photograph of the experimental setup as well as the
electric field distribution in the channel is shown in [Fig. 5.1]. In contrast to the
experimental study reported in Chapter 4, the chamber was always kept in the horizontal
position with its top facing the camera since the particles were density matched with the

suspending fluid.
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5.2.3 Suspension Preparation

The suspensions were freshly prepared before each experiment and were continuously
stirred for ~30 min with a magnetic stirrer to disperse the particles uniformly. The
suspension thus formed was kept for about 2 hours to allow those few particles which
were either heavier or lighter than the fluid to settle down or float on the surface, and
only that fraction of the suspension consisting of neutrally buoyant particles was used in
the experiments. This suspension was then pumped into the chamber at a very low flow
rate to prevent the trapping of air bubbles inside it. Once the chamber was filled without
any air having been trapped within it, the flow was stopped and an ac electric field was
applied. Typical experiments lasted about 30-90 min. Once the experiment was
completed, the chamber was flushed with pure corn oil and the electrodes were gently

cleaned.
5.3 Experimental Data

The photos presented in Fig. 5.2 show the time evolution of the particle distribution in the
10%(v/v)-suspension following the application of an electric field of 5 kV;ys and 0.1
kHz. The particles (seen as white spots in the photos) were initially uniformly distributed
above the grounded and high-voltage electrodes [Fig. 5.2(a)]. As expected, the
dielectrophoretic force, Eq. (1.17), caused the particles to move from the regions of high
field strength towards those of low strength [Fig. 5.1(b)]. It took about 45 s for the
particles, which were initially located near the high-voltage electrodes, to move away so
that the electrodes became visible [Fig. 5.2(b)]. Following a 90-s exposure to the applied
field, most of the particles traveled along the channel cross section from the regions near

the high-voltage electrodes toward the low field region located above the grounded
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electrode [Fig. 5.2(c)]. After about 150 s a distinct front formed along the channel
between the suspension and the suspending fluid with the latter containing very few
particles [Fig. 5.2(d)]. As time progressed, the front slowly moved away from the high
field regions and the particles became progressively confined to a thin column above the
grounded electrode [Fig. 5.2(e)]. After a sufficiently long exposure to the field, ~1 hr,
nearly all the particles accumulated in the region above the grounded electrode, and the
concentration front stopped moving. At that point the experiment was terminated given
that no further changes could be discerned [Fig. 5.2(f)].

A similar type of field-driven particle redistribution was observed in suspensions having
particle concentrations 5%, 10%, and 15% (v/v) and the photos presented in Fig. 5.3
demonstrate the final location of the concentration fronts for these suspensions. The
sharpness of the front, as seen from the top of the channel, was found to increase with an
increase in the magnitudes of the applied ac voltage and of the frequency (Fig. 5.4). We
found that the use of the characteristic time for dielectrophoresis [Refs. 4, 5] 1,, Eq.
(5.1), makes it possible to combine the data on the time dependence of the front position

for different voltages and frequencies into one band for t/t, <20 (Fig. 5.5). Here,

.- 3d*n,
‘o azgogf‘Re(B]Vrfns

) (.1

where m, 1s the viscosity of the suspending fluid, d is the electrode width, a is the

particle radius, and V__ is the root mean square of the applied ac voltage.

S

Note that a distinct concentration front, as seen in Fig. 5.3, does not form in dilute
suspensions. This is evident from the photographs shown previously in Fig. 3.2, which

depict the redistribution of the particles in the 0.1% (v/v)-suspension following a 90-s
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exposure to the applied field of 5 kVns and 0.1 kHz. There the particles are seen to
accumulate above the grounded electrodes and to form a poorly defined undulating
boundary between the suspension and the suspending fluid along the channel. Also, as
can be seen from the photos in Figs. 5.2 and 5.3, another feature of the concentrated
suspensions, ~ 5%-15% (v/v), is the appearance of a thin stripe of particles in the region
of high-field strength along the centerline of the high-voltage electrode, where they
should have been repelled by the dielectrophoretic force, Eq. (1.17). The stripe is roughly
one particle thick and two or three particles wide. Its width was found to increase slightly
with an increase in the initial particle concentration of the suspension. Such an
accumulation of the particles in that region was not observed in dilute suspensions,

~0.01%-0.2% (v/v) [Ref. 4].
5.4 Simulation Results and Comparison with Experiments

The simulations were conducted using the data on the fluid and particle properties
reported in Sec. 5.2. The simulations for the 5-15% (v/v)-suspensions were conducted
using the electro-hydrodynamic model, Egs. (3.9)-(3.13). The field-driven suspension
flow was computed only within a périodic cell containing two halves of the high-voltage

and grounded electrodes [Fig. 5.1(b)] with the appropriate boundary conditions Eqs. (5.2)

and (5.3):
[Esu =0, [ll=0. Relorf) =ea. i) =0 (52)
v, =0, jp,L}s =0, and v|_ =0, ¢, =S, (5.3)

where the brackets denote the change in the respective variable along the tangential (1I)

and normal (L) directions to the channel wall S, @, cosot is the potential applied at the
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electrode surface S, and c, is the initial particle concentration. The ac field was applied

at time t=0.

The pictures presented in Fig. 5.6 show the computed evolution of the concentration
distribution along the channel cross section following the application of an ac field of 5
kVims and 0.1 kHz to the 10%(V/v)-suspensiqn at t =0. After 5 min, the region above the
high voltage electrode appears to be nearly free of particles (i.e., ¢ ~0), whereas the
concentration in the region above the ground electrode is gradually increasing, forming a
distinct front, consistent with the experimental observations for concentrated suspensions
(Fig. 5.2). The pictures presented in Fig. 5.6 indicate that the field-induced particle
redistribution is accompanied by the formation of two vortices in the channel cross
section separated by the concentration front. The suspension flows clockwise in the
particle enriched and counter-clockwise in the region which has been depleted of
particles. Depicted in Figs. 5.6 are the variations of the suspension velocity and of the

total particle flux, cv+j,, which demonstrate that the convective term dominates,

causing the particles to move mainly along the flow streamlines. As a result, only the
particles close to the concentration front travel with the front towards the low field region
due to the presence of the component of j, directed perpendicular to the front. The
simulations showed that due to the relatively low magnitude of the particle polarization,
[Bl ~0.15, any changes of the electric field caused by the particle redistribution were

within 10-30 % and were mainly located in the region close to the concentration front.
Thus, for our experimental conditions, the field distribution away from the front region

remained unaltered from that depicted in Fig. 5.1(b).
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To compare the theoretical predictions with the experimental data, the computed particle

concentration profile was averaged along the vertical direction to obtain

av

h
c, = % '[c(x, y,t)dy which characterizes the particle distribution as seen on a photo taken
0

through the channel top. As an example, the plots presented in Fig. 5.7 illustrate the

computed time variation of c,, between the centers of the ground (x =0) and the
adjacent high-voltage electrodes (x =3.6 mm) for the 10%(v/v)-suspension following

the application of the electric field of 5 kViys and 0.1 kHz. Such figures were used to
simulate the position of the concentration front as a function of time for suspensions
having particle concentrations 5%, 10%, and 15%(v/v) for the range of voltages and
frequencies used in our experiments. As can be seen from Fig. 5.5(b), the simulation
résults for the propagation of the concentration front are in a reasonable agreement with

experimental data for t/t, <20 even though the model contains no fitting parameters. As

time progresses, the simulations of the front positibn are found to overestimate the data
for the high voltages and frequencies and to underestimate the data for the low voltages
and frequencies. Also, the simulations do not predict that the front sharpness, as seen
from the channel top (Fig. 5.4), increases with an increase in the magnitudes of the
applied voltage and of the frequency. These drawbacks of the model might be related to
the fact that this is a continuum model which operates on scales substantially larger than
the particle size. Also, this model ignores any electrophoretic phenomena the significance
of which increase with a reduction in the magnitude and frequency of the applied voltage
and neglects the field-induced solid-like behavior of concentrated suspensions (the

appearance of a yield stress, in particular) under the action of a strong electric field. As a
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result, the model, Egs. (3.1), (3.9)-(3.13), accounts for the influence of the field

frequency on the particle motion only through the frequency dependence of the particle

polarizability, B((o).
5.5 Particle Accumulation On the High-Voltage Electrode

In this section, we shall propose a plausible mechanism for the particle accumulation
along the centerline of the high-voltage electrode shown in [Fig. 5.8], which was
observed in experiments with concentrated suspensions (~5-15%(v/v)). {Note that such a
particle accumulation had not been reported or observed previously for dilute suspensions
(~0.1%-1%(v/v)) [4, 5]}. Using Laplace’s equation and accounting for the symmetry and
periodicity of the electrode array [Fig. 5.1(a)], we find that the electric potential near the

high-voltage electrode, y — 0, can be expressed as

3 2
A
o~ \/Evm{HAy—%d ;
X

+O(y5) cosot, (5.4)

where A(x) is symmetric about the electrode center, x,. A numerical solution of
Laplace’s equation indicates that A >0 and d’A/dx’ >0 at x = x_ [Fig. 5.1(b)]. Using
Eq. (5.4), we therefore obtain that

(B2)~ V2, 1A% +[(@A/dx) - AdA/dx 2, (B2) = V2 [AT - Al@a/axt )] (5.9)
Since dA/dx -0 for x — x_, the distribution of the field strength has a saddle point at

X, . Substitution of <E2> into Eq. (1.17) yields the dielectrophoretic force acting on a

particle near this point

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



K,

ep ~
dA 1(dAd’A  &A dAY _, A 6)
3 2 A+ = - A e+ | —| —A ¢
dg g ma Re(B)Vrms{[ x 2[dx ax2 d*x jy } " K dx) ax [

Polarized particles located near an electrode also experience an attraction force toward

the electrode, which equals approximately the dipolar force between the particle and its
image. The equation for this dipolar force [Ref. 1], taking the case of a negligibly small

imaginary component of 3, yields the following expression for the attraction force acting

on a particle whose center is located at the distance y from the electrode surface:
F, ~ —nsosf[Re(B)]2<E§>(3a°/ 2y4)ey. Therefore, a particle will be trapped near the high-

voltage electrode when the attraction force exceeds the y component of the
dielectrophoretic force [Fig. 5.9]. Using Eqs. (5.5), we find that this condition is met for

32°Re(B)[A? - Ald?A/dx? *]> 8y°[A(a2A/dx?) - (dA/ax)?| (5.7)

The shape and size of the region defined by Eq. (5.7) is independent of the applied
voltage. Having the maximum height near the centerline of about one particle diameter, it
occupies a thin layer near the surface of the high voltage electrodes (Fig. 5.10), which
constitutes about 0.45% of the channel volume. Following the application of an electric
field, the x component of the dielectrophoretic force, Eq. (5.6), will cause the negatively
polarized particles, which were initially located in this region, to move toward the
centerline of the high-voltage electrode. When the number of these particles is
sufficiently large they will form continuous stripes along the high-voltage electrodes.
This explains the fact that such stripes are only observed for sufficiently concentrated
suspensions. The characteristics of the particle accumulation along the centerlines of the

high-voltage electrodes are qualitatively consistent with the experimental data reported in
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Sec. 5.3. The prediction of the particle aggregation patterns on the high voltage electrodes
is well beyond the scope of the continuum model presented in Chapter 3, which operates

on scales substantially larger that the particle diameter.
5.6 Summary and Conclusions

We reported that, when concentrated suspensions of neutrally buoyant, negatively
polarized particles were subjected to a high-gradient ac field, a distinct front was formed
separating a suspension from a region of essentially particle-free fluid which moved away
from the high field regions and eventually confined the particles to a thin column in the
low field region. This phenomenon owed its existence to the interparticle electrical
interactions. A theory was proposed by Khusid and Acrivos, for the front propagation
which generalizes their earlier theory for the thermodynamics of the field-induced phase
transitions in suspensions of polarized particles. The electro-hydrodynamic model
| encompasses the coupled quasi-steady field equations and the momentum and continuity
balance equations for one- and two-phase states of a suspension, which are averaged over
the field oscillations. The suspension is viewed as an effective Newtonian fluid with a
concentration dependent effective viscosity. The bulk electric force exerted on a
suspension and the particle velocity relative to the suspending fluid are expressed in
terms of the chemical potential of the particles. Simulations were conducted using the
data for the fluid and particle properties which were measured independently. The
simulation results for the front propagation are quantitatively consistent with the
experimental data even though the model contains no fitting parameters.

We also observed the appearance of a thin stripe, roughly one particle thick and two or

three particles wide, in the region of the high-field strength, which should have been
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repelled from this region by the dielectrophoretic force. The formation of such a thin
stripe in the high-field region was explained by considering the balance of the various
forces exerted on a particle located close to the high voltage electrodes.

The results of our studies demonstrate that by combining field-induced dielectrophoresis
and phase separation one can create a new method for strongly concentrating particles in
focused regions of a dielectrophoretic chamber. The proposed electro-hydrodynamic

model can simulate the basic characteristics of these coupled phenomena.
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Figure 5.1: (a) The experimental setup with a dielectrophoretic chamber, having 16 electrodes
pairs alternately connected to the high-voltage and ground of the power supply (b) The
distribution of the square of the field-strength, E* (expressed in units of V,u/d* in base-10
logarithmic scale), for a pair of electrodes. Half of the high voltage electrodes are on the left

(0<x<0.8) and on the right (6.4 <x<7.2) and the grounded electrode is in the middle
(2.8 <x<4.4). The top (y=3.0) is also grounded.
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Figure 5.2: The particle distribution in a suspension with 10%(v/v) particle concentration (a)
before and (b)-(f) following the application of a field 5kV,,s, 100Hz at t= (b) 45s, (c) 90s, (d)
150s, (e) 300s, and (f) final state, ~39min. The electrode width is 1.6mm. HV and GR refer to the
high-voltage and grounded electrodes, respectively.
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Figure 5.3: The final position of the concentration front in suspensions with (a) 5%, (b) 10%, and
(¢) 15% (v/v) particle concentrations following the application of a field 5kV,y,s, 100Hz. The
exposure times: (a) 41min, (b) 38min, and (¢) 30min. The electrode width is 1.6mm. HV and GR
refer to the high-voltage and grounded electrodes respectively.

Figure 5.4: The effect of the field strength and frequency on the front sharpness in a suspension
with 10%(v/v) particle concentration: (@) 5kVims, 100Hz, t=20.5min, ¢/7, =63.4; (b) 3kV s,

100Hz, t=54.5min, ¢/7, = 60.8; and (c) 3kV s, 2kHz, t=52.5min, ¢/7, = 58.6 . The electrode

width is 1.6 mm. HV and GR refer to the high-voltage and grounded electrodes, respectively.
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Figure 5.5: (a) The photographs illustrates how the front position L was measured; HV and GR
refer to the high-voltage and grounded electrodes respectively; D=3.6mm. (b) The experimental
data (symbols) and computational results (solid lines) of the electrohydrodynamic model

presented in Chapter 3 for the front propagation in suspensions with 5%, 10%, and 15% (v/v)

particle concentrations for different voltages and frequencies of the applied fields. The

experimental data and the simulation results are plotted against a non-dimensional time t/ T, with

T, given by Eq. (5.1).
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Figure 5.6: Numerical simulations of the concentration contours, the suspension velocities, and
the particle fluxes for the 10% (v/v) suspension under the action of a field of 5kV,,,s and 100Hz.
Time is (a) 1 min, (b) 5min, and (c) 20 min. The computed values for ¢y, in the low-field region
[in %(v/v)] are (a) 40.3, (b) 54.7, and (c) 60.9. The arrows show the relative magnitudes of the
suspension velocities and the particle fluxes, respectively. In (a)-(c), the maximum values for v,
are (a) 45.1 pm/s, (b) 5.7 pm/s, and (c) 1.6 um/s and the maximum values for (cv + j,)ny are (a)
0.123 pm/s, (b) 0.019 pm/s, and (c) 0.003 pm/s. Half of the grounded (GR) and high-voltage
electrodes (HV) are on the left (0<x<0.8 mm) and on the right (2.8 <x <3.6 mm),

respectively. The top (y=3.0 mm) is also grounded.
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Figure 5.7: The computed time variation of the particle concentration profile averaged along the
vertical direction, c,,, for a 10(v/v)% suspension following the application of a field of 5kV s and
100Hz. The locations x = 0 mm and x = 3.6 mm correspond respectively, to the centers of the
adjacent ground (GR) and high-voltage (HV) electrodes. 1-4 correspond to concentration profiles
at times = 0, 45, 120, and 2370 s, respectively.
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Figure 5.8: An experimental pictures taken after 210 sec following the application of an electric
field, 5kV s, 100Hz for a suspension having an initial particle concentration 10%(v/v) showing

the particle accumulation in the centerline of the high-voltage (HV) electrode surface.
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Figure 5.9: A schematic showing the various forces acting on a particle located close to the high-

voltage (HV) electrode surface.
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Figure 5.10: The computed boundary of the region (defined by Eq. 5.7) near the high-voltage
electrode where the vertical component of the dipolar force exceeds that of the dielectrophoretic
force; x/d =0.0, 0.5, and —0.5 refer to the center, and the two edges of the high-voltage electrode

respectively; a is the particle radius.
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Chapter 6
Study of some limiting cases of the high concentration

equation for positive and negative dielectrophoresis

6.1 Introduction

Recall that, in Chapter 5, we showed that, when exposed to an electric field, a concentrated
suspension of negatively polarized particles underwent an electric field induced phase transition
forming a concentrated front, with regions enriched with particles separated from those without
particles. In this chapter, we will focus on elucidating the mechanism of the concentration front
formation by examining, both, analytically and numerically, the electro-hydrodynamic model
(Chapter 3) for the special case when, via a similarity transformation, the model equations reduce
to ordinary differential equations for the particle concentration. I analyzed the singular points of
these ordinary differential equations and carried out the numerical simulations with the help of

Profs. Khusid and Acrivos.
6.2 Problem Description

In this study, we considered the special case (Fig. 6.1) when, at time t=0, a suspension of
neutrally buoyant particles (i.e., p, =p;) having bulk concentration ¢, is exposed to an ac

12

electric field generated by the application of a voltage V =Br’” coswt to the right electrode S,
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with the left electrode S, being grounded. Under these conditions, equations (3.9)-(3.11) are

subjected to the standard boundary and initial conditions for the quasi-steady electrodynamic and

flow equations [Chapter 3] which, in this geometry, become:

(P:Js,:Br”z’ (p’;sz=0, Vlsm:O’ jp,isu:()’ v—>0and j, -0 for r—0,

E, >0, v>0,c—>csand j, >0 for r>wand v =0, d_ =c,, (6.1)

t=0 =
where L denotes the normal component to the electrodes. We consider analytically the case of
‘B’ <<1 when &, ~¢;, so that the electric field is unaffected by the presence of the particles. In

this case, the solution of Laplace’s equation, Eq. (3.10), subject to our boundary conditions, Eqs.

(6.1), is ¢, =Br?cos(8/2) in cylindrical coordinates giving, for the field strength
<E2> =B’ / 8r . Consequently when the field strength and the particle concentration ¢ are both

independent of the angle, 6, Egs. (3.9) and (3.13) ﬁeld

(6.2)

_g. PRP__ He € 10
Yoo o ' 6man,(c) or

op Gup oc 10 c(l—c)zvp 6up _0
or or ot ror ’

where 1_(c) =n,MN(c) is the suspension viscosity, with 7, being the suspending fluid viscosity

-2
. c ) . . .
and n= [1—-—] is chosen as the expression for the concentration dependence of the
c

m

suspension viscosity with ¢ =0.68, being the maximum concentration beyond which the

suspension is unable to flow. On account of Eq. (6.2), the steady state concentration distribution,

to be referred to as the “equilibrium”™ profile ceq(r), satisfies the equation Op, /0r=0

everywhere within the single-phase domain of the suspension phase diagram (Fig. 3.1); hence, in
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view of the expression for p  given by Eq. (3.1) and the boundary condition, ¢ — ¢, as r - =,

given in Egs. (6.1),

B2
f'(ceq)— 3P =f!(c,) with p=

= ——t 6.3
’ 2(1- Ceof3 ) 8k, Tr (63)

As expected, and, as can be seen from Eq. (6.3), the particle concentration in the region r — 0 is

greater or smaller than ¢, depending on whether 3 is positive or negative. In fact, by making
use of the asymptotic expression for f, given by Eq. (3.2) we find that, for ‘BM —

_2A(1=c,B)

Inc,, ~ f(c,)+3pA/2 for B<0 and c, ~c, 0

for f>0.

In the phase diagram of the suspension, shown in Fig. 3.1, equation (6.3) determines a line of a
constant chemical potential. As can be seen from Fig. 6.2, these lines form two families

separated by the limiting trajectory passing through the critical point on the spinodal, which

corresponds to the bulk (i.e. for A =0) particle concentration c, given by the expression

fi(c,)= fé(ccr)—'z‘ﬁ}%g“)? Those of the first, (i.e. curve 3), ¢, <c, for >0 and ¢, >c, for

B <0, will intersect the coexistence curve, but those of the second family (curve 4) will not. In
the former case, the equilibrium particle concentration, c,, (r), will change abruptly when the

line of a constant chemical potential, Eq. (6.3), intersects the coexistence curve in the phase

diagram while, in the second case, the spatial variation of c,, (r) will be smooth because the

trajectory lics entirely in the single-phase region. We note, parenthetically, that for |[3| — 0, we
have Inc, ~fl[c, (0)]-A,(0)/2B for B>0 and c, ~c, —A/[f;[c..(0)]- A, (0)/2B] for B<0.

These abrupt changes in the particle concentration result from an “electric-field induced phase
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transition”, when the trajectory enters from a single-phase to a two-phase region after crossing

the coexistence curve, which corresponds to the boundary between the two phases.

6.3 Self-Similarity Solutions

6.3.1 | Asymptotic analysis

We next return to Eq. (6.2) and study the time variation of the particle concentration in regions

of high, , moderate, 1 <|BA|< A, /3

, and low,

Bk| <1, field strengths, where, as

Br|< A, /3P

mentioned earlier (Thesis, Page 31), Acr(B) ranges from 25.24 to 11.7 for values of B varying
from —0.5 to 1. First of all we note that, depending on the local concentration, the suspension in
the high field region could be either in the two-phase or the single-phase state depending on
whether or not ¢ lies, respectively, within or outside the range ¢,(A)<c <c,(A), where c, (1)
‘and c,(A) lie on the coexistence curve in the suspension phase diagram (Fig. 3.1). Recall, that

the particle chemical potential for high field strengths is given by Eqgs. (3.4)—(3.6). On the other
hand, in regions of moderate and low field strengths, the suspension is in the single-phase state

with the chemical potential given by Eqgs. (3.1) and (3.2) as

3BSOSf<E2> k,T .,
BT f(c) (6.4)

Hy =

As can easily be seen from Eq. (6.3), c,, (r)zco within the region of low field strengths,
‘BM << 1, hence Egs. (6.2) and (6.4) can be linearized about c, giving, for the deviation of the

particle concentration from equilibrium, ¢ =c—c,, (r)

o _ 12[1@‘,(00)%} with D, = ks T D(c,) for ¢ _ =c,-c (6.5)

ot ror 6man,
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2 cn
where, from Eq. (6.3), (co _Ceq)= _ S 3[;(7;(1‘) 57 and D= C(l__f())fL(C)’ with D=1 for
o\Co AL —Cy e

¢c=0and D=(1-c¢,) A/cm for ¢ =c_ . As can be seen from Eq. (6.5), the rate at which the
particle concentration profile approaches ¢, (r) is governed by weak Brownian diffusion and is

unaffected by the electric field.
In contrast, the kinetics of the particle redistribution within the regions of high and moderate

field strengths is governed by the electric field, with the contribution of the steric factor generally

being negligible. Under these conditions, Eq. (6.2) together with Egs. (3.4) and (6.4) for p yield

the following equations for the two-phase and single-phase domains in the suspension phase

diagram (Fig. 3.1), respectively:

dc ﬁSOSprB?‘ 18 0(1—0)2 B
a 327Taﬂf(1—cmﬁ)r8r{ A©)r }_O for ¢, (k) <c <c,(4) and[BA| < A, /3| (6.6)

2o BB 10 rell-cf & 1
ot 32man, ror| flc) or (1-cp

5 }: 0 for I<[BA|<A, /3B (6.7)
T

Unfortunately as can be seen from Eq. (3.6), the steric factor cannot be neglected outside the

two-phase regionc, () <c <c,(x) when [BA|< A, /3| and the analysis requires the use of the

full Eq. (6.2). Now, dimensional analysis shows that both Egs. (6.6) and (6.7) with our boundary

conditions, Egs. (6.1), have a similarity solution of the form ¢, (&,) with & =r/g,t"*, and c (&)
) 3 . 31BI808prB2 " g )

with &=r1/gt'”, respectively, where g_ =[W} and g, :@TSB)IF’ with ¢, (&,)

and c; (@) satisfying:

(a) For [BA| < A, /3| and ¢,(A)<c,(&,)<c, (%), i.c. for the two-phase region,
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2
~ &l de + sign(B)ilh =0  where y, = —M (6.8)

de, dé, Alc e,

with boundary conditions y, =0 for £, >0 and ¢, > ¢, for § — 0, and

(b) for 1 <[BA|< A, /3B

, 1.e. for the single-phase region,

Cgadeg dy, _ B é;cs(l—cs)zi 1
& i +s1gn([3) i =0 where y, = ﬁ(CS) d&[(l—csB)ZJ’ (6.9)

with boundary conditions y, -0 for £ =0 and ¢, > ¢, for { > .
In the special case when ¢, -0 and c, - 0, Eqgs. (6.8) and (6.9) can be simplified into a

common linear equation which, as will be shown presently, has the important general property
that only a solution with a discontinuity (i.e. a solution with a shock) can satisfy all our boundary
conditions. Specifically, it is easy to show that the solution of the (common) linearized version of

Egs. (6.8) and (6.9) is, with the subscripts being omitted,

R
[£2 +sign(®)]”

As can be seen from these expressions, our boundary conditions are satisfied only for & — .

Co

B [@3 + sign(ﬁ)}”3

and y =

On the other hand, when <0, c > o and y - — for & -1, while when >0, ¢ > 0 and
y = —c, for & > 0. This suggests, therefore, that we should seek a discontinuous solution (i.e.,

a shock solution) to Eqs. (6.8) and (6.9) in order to be able to satisfy the remaining boundary

condition y - 0 as £ > 0.

6.3.2 Two-Phase Region

Figures 6.3 (a) and 6.3 (b) show the behavior of the trajectories of Eq. (6.8) starting from various

locations in the phase plane for f <0 and B >0, respectively, in the region 0<c¢, <c¢, and
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E,>0. A brief description of the behavior of these trajectories as well as the local expansions
are summarized in Table 6.1 and 6.2 for B <0 and >0, respectively.

The phase planes of Eq. (6.8), depicted in Figs. 6.3(a) and 6.3(b) for negative and positive 3,
respectively, clearly demonstrate that there exist no continuous trajectories satisfying our
boundary conditions for which ¢, approaches a constant value for &, -, and y, >0 for
&, — 0. Instead all the trajectories originating from &, -, end up at £, -0 with y, #0.

Thus, in order to construct a discontinuous solution (i.e. a shock solution) that satisfies our

boundary conditions for a particular value of c,, we need to take part of the trajectory (Figs.
6.3), which approaches c, for £, — o, and combine it with part of another trajectory for which
y, =0, as & — 0, provided that the relative particle flux, F, =-£’c, + sign(B)yt , 1s continuous
along the composite trajectory. For 3 >0 [Fig. 6.3(b)], both the trajectories passing through the
fixed point &, =0, ¢, =c, with y =0[trajectory 5] as well as the isocline ¢, =c_, meet the
requirement y, — 0 for §, — 0. However, the latter is inappropriate because ¢, > cz(k) for any
finite value of X(r), thus violating the condition that the trajectories of Eq. (6.8) fall within the
two-phase region in the suspension diagram (Fig. 3.1). On the other hand, for p <0 [Fig. 6.3(a)],
only the isocline ¢, =0 meets the requirement y, -0, as & — 0, which appears to be

appropriate since c, (k) becomes exponentially small as r — 0 given that, in this case, A —> .

(Fig. 3.1)
To construct a composite trajectory which produces a traveling shock discontinuity, we need to

consider the variations of the relative particle flux, F, =-£c, +sign(f))yt along the trajectories
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of Eq. (6.8) as well as along the verticals in the phase plane (Figs. 6.3). The derivatives of F, are,

respectively:

dF, . OF, 1| . ovd(cli-c)
&, =—2¢& c, (equivalent to Eq. (6.8)), and ., = 3 {ét +51gn(B)dCt (—ﬁ(ct) H (6.10)

with F| _ =0, F,

=-Elc, ,and F, —>—Elc, for &, —> . As indicated in the first of the two

Egs. (6.10), F, decreases monotonically with increasing &, along a trajectory of Eq. (6.8),
whereas OF,/dc, changes its sign along the vertical in intersections with the isocline of the
vertical direction (Figs. 6.3). Taking into account these properties, we find that, for f <0, every
trajectory of the second family [Fig. 6.3(a)], originating at the fixed point £, =0, ¢, =c_ and
approaching c, for & —>oo, intersects once the curve Q; along which F =0, ie.
g =(-c,) / f(c,), since along, this trajectory F,, is positive for &, — 0 but becomes negative
as &, — . Hence, for every c, there exists only one composite trajectory of Eq. (6.8) for <0

that satisfies our boundary conditions. To construct it, we need to take part of the trajectory

approaching c, for £, — oo located to the right from its intersection with the curve Q,, and then
combine it with the isocline ¢, =0 to the left from this point [Fig. 6.3(a)]. Thus, the curve Q,

specifies the location of the shock and the magnitude of the concentration jump for f<0. A
typical example of such a solution is shown in Fig. 6.4.

Now, we consider the case of B> 0. With increasing c, for fixed &, along a vertical in the phase

plane [Fig. 6.3(b)], the value of F, increases monotonically inside the domain bounded by the

1-c,
de | fle,)

2
isocline &7 + —d—[M} =0 [shown by Region 2 in Fig. 6.5] and decreases monotonically

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



outside [shown by Regions 1 and 3 in Fig. 6.5]. Hence, we can construct two curves, namely Q,
and Q, as follows. For the curve Q,, we march along the upper branch of the curve 5 (shown in
Fig. 6.3b) starting from the point &, = ()-,ct =c, with y, =0 and first evaluate the value of the
function F, (£, ). Now, since the upper branch of curve 5 (shown in Fig. 6.3b) lies entirely within

the domain bounded by the isocline (shown by Region 2 in Fig. 6.5). Hence, for every point

along the upper branch of curve 5, we can find another value of c, (lying in the Region 1 in Fig.
6.5) such that the value of F; is the same. The locus of these points is referred to as curve Q,.
Curve Q, was constructed in a similar fashion starting from the upper branch of the isocline in
place of curve 5. Note that, as shown in Fig. 6.3(b), the curve Q,always lies above Q, for any
fixed &, .

Now, to construct the composite trajectory of Eq. (6.8) for B > 0, we next considered separately
two cases depending on whether c, is less than or greater than ¢, . For the first case, when
¢y < Cyn» (shown in Fig. 6.6, left), we need to take part of the trajectory approaching c, for
§, = », located to the right from its intersection with the curve Q,, and combine it with the

upper branch of the limiting trajectory (trajectory 5) on the left from this point [Fig. 6.3(b)].

Thus, the curve Q, specifies the location of the shock and the magnitude of the concentration
jump for ¢, <c, . An example of the concentration profile for the case ¢, <c;, is shown in

[Fig. 6.6, left].

On the other hand, when ¢, >c, , we need to be more careful because the function ¢, vs. &,
along a trajectory of Eq. (6.8) for >0, which approaches ¢, 2c,,, as &, — o (trajectory 4),

becomes multivalued inside the domain bounded by the isocline due to the negative sign of
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dc,/dE, within that region [Fig. 6.3b]. This leads to the formation of a shock at the intersection
of this trajectory with the upper branch of the isocline shown by trajectory 1 in [Fig. 6.3(b)].

Since OF,/dc, >0 between the two branches of the isocline, whereas OF,/dc, <0 below the

lower branch and Ft]c _, =0, there exists only a single value of ¢, along the vertical passing

through the intersection for which the value of F, becomes equal to that at the intersection. The
curve Q, specifies the location of the first shock and the magnitude of the concentration jump
for ¢, > ¢, . Since the value of F, for any &, along the upper branch of the isocline is greater
than that at the point with the same &, on the upper branch of the limiting trajectory passing
through the fixed point &, =0, ¢, =c,, Q, is located to the right from the curve Q, [Fig.
6.3(b)]. Hence to construct a composite trajectory of Eq. (6.8) for B > 0, which will be the only
one satisfying our boundary conditions for c, >c, , we need to take part of the trajectory
approaching c, for &, — o located to the right from its intersection with the upper branch of the
isocline where it jump down vertically onto curve Q,, combine it with the part of the appropriate
trajectory bounded by the curves Q, and Q,, followed by a Veftical upward jump onto the upper
branch of the limiting trajectory at the point where Q, and the trajectory between Q, and Q,
intersects, followed by continuation of the limiting trajectory towards left until £, =0,c, =c_,
[Fig. 6.3(b)].

6.3.3 Single Phase Region

To analyze Eq. (6.9), we begin with considering the intersections of its trajectories with the

boundaries of the region 0 <c <c  and £ >0. When & — o, the trajectories are given by the

asymptotic expansions
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~c s1gn([3)c (1 c,)’ and ¢ (1~ ¢y) 6.11)
C 3R N1 -eB)E BTN (e

The trajectories which pass through the point £ =0, ¢, =0 are given by the expansion
c, * ME +2M*(1+1/c, )&’ with y, > -M,as & — 0, forany M >0, (6.12)
while the trajectories passing through the point § =0, ¢, =c,, are given by

~c, (1 — Lci”z) with y, > —c_(1—c, Y I*/(1-c,B),as £— 0, forany L>0 (6.13)
In addition, a set of trajectories intersecting the line ¢, =0 at a point &' >0 is given by the

—&|" with y, > PNZsign(—£'), as £ — &', for any N>0

SN_WE,(E)‘(& £') with y, ~ éi +;3gn(l3)(§ g') for (§ —é’)——)O but positive,

while a set of trajectories intersecting the line ¢, =c,, at a point £'>0 for & — &' is given by

the asymptotic expansions ¢, ~c,, [1 —P(&- i’)m] with y, - —2Bc, (1-c, ) P3/3(1 - cmB)3 for

a/ :]/12( —BC )3/2 N éla 1/2( BC )3/2 N2
any P20 and c, = c - m/__(£-¢')"? with y, ~ —sign(B) - E-E
- e

(6.14)

Finally, when B >0, Eq. (6.9) has also another trajectory [in addition to (6.13)] passing through

the point £ =0, ¢, =c,, given by

2 2
¢, ~cp =3l BfE [s(l-c,) with y, ~—9c, (1-c,Bf& /25(~c,), a6 >0 (6.15)
Next, we consider the conditions under which the derivative dc,/d& along a trajectory of Eq.

(6.9) changes its sign. In view of Eq. (6.9), we find that wherever dc_/d§ =0:
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d’c

S

agt

:_(1—%3} for £50 (6.16)
de, /dE=0 25—'26 de, /dE=0

Hence, with increasing &, dc_ /d& can change its sign continuously along a trajectory only from
positive to negative for >0 and from negative to pqsitive for B <0. Eq. (6.11) shows that, for
£ — o, dec,/dE is positive for p >0 and negative for f <0. This facf taken together with Eq.

(6.16) and the asymptotics presented above for cs(c";) near the intersections of the trajectories

* with the lines ¢, =0, ¢, =¢,,, and & =0 indicates that trajectories approaching a constant value
of ¢, for £ —> 0, Eq. (6.11), can, for f >0, originate only on the line ¢, =0 with a positive
value of dc,/d&, whereas, for B <0, they can originate only on the line ¢, = ¢ with a negative
value of dc,/d&. In particular, along these trajectories and for any finite &, dc,/d€ will be
positive for B >0 and negative for B < 0. The use of this fact in Eq. (6.9) shows then that y,
should be increasing monotonically with £ along these trajectories and, since, on account of Eq.
(6.11), it is negative for & — oo along trajectories approaching a constant value of c_ it also has
to be negative on these trajectories for & — 0. By making use of the asymptotics presented

above for y (€) near the intersections of the trajectories with the lines ¢, =0, ¢, =c,,, and

m?

& =0 we therefore demonstrate that only the trajectories originating at the point ¢, =& =0 for

>0, Eq. (6.12), and at the point c,=c, , £=0 for p <0, Eq. (6.13), meet this additional

requirement. This clearly shows that, as was the case for Eq. (6.8), there exist no continuous

trajectories of Eq. (6.9) satisfying our boundary conditions for which ¢, approaches a constant
value for £ > o, and y, — 0 for £ — 0. Therefore, as was the case considered earlier with

two-phase region, in order to construct a discontinuous solution (i.e., a shock solution) that
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satisfies our boundary conditions for a particular value of c,, we need to take part of the
trajectory which approaches ¢, for & - o, Eq. (6.11), and combine it with part of another
trajectory for which y, —0 when &—>0, provided that the relative particle flux,
F, =-&%c, +sign(B)ys, is continuous along the composite trajectory. The expression for the
derivative of F, given by Eq. (6.9),

(2112 =-2&c,, (6.17)

indicates that F, decreases monotonically with increasing & along a trajectory.
Now let us consider separately the two cases B >0 and 3 <O0.
Case A: >0

When >0, the lines ¢, =c,, c, =0, and the trajectory passing through the point £=0,

c, =c,, with y, =0, Eq. (6.15), meet the requirement of y, -0 for £ - 0. But, since for the
latter, dc,/d& <0 at the point £=0, ¢, =c,, Eq. (6.15), dc,/d¢ is always negative along the
entire trajectory for &> 0. It follows then that this trajectory will intersect the line ¢, =0
according to the asymptotic expression for cs(?;) near this intersection, say &, given by
c, ~N(¢ —&)"* and y, > —BN’ with a positive N and therefore will never be able to satisfy
the condition ¢, > ¢, as § —> .

Now let us consider the variation of F, along trajectories to be taken to form a discontinuous
solution of Eq. (6.9). Along a trajectory originating at the point ¢, =& =0, Eq. (6.12), this
function, denoted by FW(¢), varies from F(0)=-M with M>0 to E") ~ —£%, for & —> =,

Eq. (6.11). In particular, this rules out the line ¢, =0 for which F, =0 given that, in that case
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M=0. Next we consider the trajectories originating at the points £=0, ¢, =c,,, Eq. (6.15), and
c, =&=0, Eq. (6.12). Since dc,/d¢ is negative along the former whereas dc,/d¢ is positive
along the latter, two trajectories intersect only once at a certain point, say &., so that
c§2) = CS) =c, at & =&, , where the superscripts 2 and 1 denote, respectively, the functions ¢, vs.
€ along these two trajectories. Let us compare the variation of F, along the trajectory originating

at the point £=0, ¢, =c_, to be denoted by F®(g), with F(g). Since dc/de>0 and

dc? /de < 0, we find that at the intersection of these trajectories

Fs(])(a* )— FS(Z) (‘C;* )

- ﬁ(c,,)(l—c*[_%)3 B

_ 2Be.(t-c.) (dcg) dcgz)j 0
s dg ),

Because FP(0)=0 is greater than F¥(0), there exists a point & <&, where FY =F® . As

)

follows from Eq. (6.17), 4 FO —F®)=2¢(c? V) and since ¢® >c, >c for £<&,,
q da S S N S S

:E(FS(‘) - Fs(z)) is positive for € <&, and negative for £ > £, . This shows that there could exist

only one root of the equation F)=F® for £<&, at £=§,. On the other hand, this also
indicates that (Fs(l) - Fs(z)), as a function of &, attains a maximum at the point &., hence another
root of this equation, &, <&, could also exist. Consequently, we can construct one or two (if &,

exists) composite trajectories satisfying our boundary conditions for > 0, by taking part of the
trajectory, which originates at the point ¢, = § =0 and approaches ¢, for £ — o, to the right of
£, or &, and then combining it with the trajectory, which originates at the point £=0, ¢, =c_,

on the left of &, or &,, respectively.
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Along the line ¢, =c¢

m?

F, equals —&’c,, which is greater than Fs(l)(O) for £=0 and smaller
than FS(‘)(Q) for & > w0, Eq. (6.11). Since, moreover, dFS(l) /de > —2&c,, there exists only one
point at which FS(])(§)= —£%c, . Hence, we can construct another composite trajectory, which
satisfies our boundary conditions for 3 > 0, by taking part of the trajectory, which originates at
the point ¢, =& =0 and approaches c, for & - o, to the right of the point referred to earlier
and combining it with the line ¢, =c, to the left. A similar analysis indicates that the
requirement that F, be continuous can be also satisfied by taking part of the trajectory, which
approaches a constant value of ¢, for £ — o, and combining it on the left with part of a
trajectory originating at the line ¢, =c,, with y_ =0, Eq. (6.14) within a certain range of &', and
later on with the line ¢, =c . However, we have to rule out all composite trajectories which
include the line ¢, =c,, because Eq. (6.9) neglects the contribution of the compressibility factor,

Z in Eq. (3.1), to the chemical potential in Eq. (6.2) for the single-phase region of the phase

diagram, Fig. 3.1, that prevails in the vicinity of this line.
Case B: p<0.
When <0, only the lines ¢, =0 and ¢, =c,, meect the requirement that y, -0 for £ —> 0.

£=0, Eq. (6.13),

m 2

But F, (@) taken along any trajectory, which originates at the point ¢, =c¢
and approaches a constant value of ¢, for & — o, varies from c (I—c,, )12 / (1—cm[3)3 at
£=0, forany L, to —&’c,, as £ — o, Eq. (6.11). Therefore, since F, decreases monotonically

with increasing &, there is only one point on this trajectory where F, =0. Hence, we can

construct only one composite trajectory, which satisfies our boundary conditions for p <0, by
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taking part of this trajectory approaching a constant value of c_, as £ — o, on the right of this

point and combining it with the line ¢, = 0 on the left. Making use of the range of the variation

of F, (&) presented above and the expression for the slope of F, (E,), Eq. (6.17), demonstrates that
the requirement that F, be continuous cannot be satisfied for # <0 on the line ¢, =c,, where
F, equals —&°c .

Typical solutions for |,B[ =0.1 for <0 and B>0 are shown in Figs. 6.7 and 6.8, respectively.

Notice that the location of jump is very close to the one found for the case of the two-phase

region as reported in the previous section.
6.4 Conclusions

In this chapter, we examined, both, analytically and numerically the electro-hydrodynamic model
when, via a similarity transformation, we first reduced the model equations to ordinary
differential equations for the particle concentration. We found that a continuous solution of the
model equations does not exist for either positive or negative dielectrophoresis and that only a
discontinuous or “shock solution” is possible. We established the existence of shock solutions to
these equations and determined the location of the concentration front and the dependence of the
front velocity on the bulk particle concentration of the suspension, the particle polarizability, and
the field strength. In particular, we demonstrated that the appearance of the front can be caused
either by the electrically induced local phase separation of a suspension or by the rapid local

growth of the suspension viscosity due to the field-driven particle accumulation in a certain area.
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Figure 6.1: Schematic of the geometry under investigation. The left and the right of the bottom electrodes

are maintained at ground and high voltage respectively in an infinite domain. Before the application of the

electric field, the domain is filled with a suspension of uniform concentration ¢, .
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Figure 6.2: Plot showing the trajectories starting with various initial concentrations for (a) = 0.1 and
(b)B =—0.1; 1 corresponds to the coexistence curve, 2 is the limiting trajectory, 3 and 4 correspond to
the cases when we start with an initial concentration on either side of ¢,.. Curve 3, refers to the first case

discussed in the text, where the equilibrium particle concentration changes abruptly when it intersects the
coexistence curve, while for curve 4, which refers to the second case in the text, the spatial variation of

the equilibrium particle concentration is smooth because the trajectory lies entirely within the single phase

region. Here A =3B%A where A =¢g, <E2>Vp /kyT is the relative strength of the field.
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Figure 6.3: Plot showing the behavior of the trajectories for (a) f <0, and (b) >0 along with an

= 0.606, ¢,

mn

enlarged section close to &, =&, , where & = 0.32 . The isoclines of Eq. (6.8) (aside from

the horizontal and vertical lines) are shown by curve 1; curves 2,3,4 represent the solution of Eq. (6.8)
with ¢,= 0.445, 0.30, and 0.60, respectively, as £ —> . Curve 5, refers to the limiting trajectory

passing through &, =0, ¢, =c¢,. Curve 6, refers to the family of curves starting from &, =0, and

¢, =c_, which lie to the left of the limiting trajectory and after intersecting the isoclines approach

t m?

=0,and ¢, =0. specifies the location of the shock and the magnitude of the concentration jum
t t 0 jump

for B <0, Q, specifies the location of the shock and the magnitude of the concentration jump for 8 >0,

¢, <¢;, - Note that, for ¢, >c,,, the trajectory, curve 4, after intersecting the upper branch of the
isocline (curve 1) falls vertically until it reaches Q, ; thereafter it proceeds accordingly to the solution of

Eq. (6.8) until it intersects Q, and then jumps upwards until it intersects curve 5. This is shown in Fig.

6.6b 1n for a specific case.
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Figure 6.4: Plot showing the concentration profile for the case [ <0, for an initial concentration

¢, =0.3. 1 denotes the curve (J,, 2 is the isocline given by Eq. (6.8) and 3 is the trajectory from the
solution of Eq. (6.8) originéting from &, — oo, with ¢, = 0.3 . The shock is located at £* = 0.42, where

the concentration suddenly drops from ¢* = 0.37 to 0.
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Figure 6.5: (a) Plot showing the variation of F, vs. c, at different values of & for 3 > 0. Notice that, in

Regions 1 and 3, lying respectively, below and above the isocline given by trajectory 1 in Fig. 6.3b, I,
decreases monotonibally with increasing ¢, at a fixed value of &, in contrast to Region 2 (the region
bounded by the isocline in Fig. 6.3b) where F, decreases with increasing c. Also, there exist a single and
unique point, which lies on the transition from Region 2 to Region 3 and lies on the isocline given by
trajectory 1 in Fig. 6.3b, corresponding to which another point could be found in Region 1 having the
same value of F, which forms the curve Q, described in the text. Also since trajectory 5 lies inside the
Region 2, hence the curve Q;, which corresponds to same value of F, as on trajectory 5 in Fig. 6.3b, lies at
higher value of ¢, then on Q,, i.e. Q, is located above Q, as shown in Fig. 6.3b. (b) Shows the enlarged

section of the boundary between region 2 and region 3.
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Figure 6.6: Plot showing the concentration profiles for >0 and for initial concentrations ¢, =0.3,
0.445 (on the left) and ¢, = 0.6 (on the right), respectively. Trajectories shown by 1-2, corresponds to
isocline given by Eq. (6.8) and trajectory starting with c=c¢,,y, =0 from &, = 0. For ¢, < 0.445, the
solution is constructed by matching the trajectory originating from £, — oo, with the trajectory given by
curve 2 at the point where the trajectory originating from ¢ = ¢,,&, — o intersects the curve (,, while
¢, > 0.445, the solution is constructed by jumping from the intersection of the trajectory originating
from ¢ = ¢,,&, — o, with isocline onto (), followed by continuation using the solution of the equation,
then taking a jump from the intersection of the continued solution with curve (), followed by jumping

onto the trajectory starting with c=c¢,,,y, =0 from &, =0.
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¢'=0.37, £'=0.42

c»{»- | S 0330.30

0.0
0.00 E: 1/3

E=r/(3t)

Figure 6.7: Plot showing the solution of the concentration profile for the case of £ =—0.1, for an initial
concentration ¢, = 0.3 . The shock is located at £* = 0.42, where the concentration suddenly drops from

¢ =0.37 to 0. For the case of £ <0, a unique solution always exists.
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Figure 6.8: Plot showing the solution of the concentration profile for the case of £ =0.1, for initial
concentrations of ¢, = 0.3 (A) and ¢, = 0.6 (B and C), respectively. Trajectory 1 refers to the trajectory
starting with c¢=¢,,,y, =0 from £ =0. For ¢, =0.3, the solution is constructed by matching the
trajectory originating from & — oo, with curve 1 by matching the jump condition. For ¢, < ¢,,,,, where
¢y, ~ 0.446, there exist a unique solution of the concentration profile (shown in A). For ¢, = 0.6, there

exist two possible locations where the jump condition can be satisfied (shown in B and C). At this point

one need to have an extra condition to determine the physical solution.
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Figure 6.9: Schematic showing the snapshot of the concentration profile for a fixed time, ¢ > 0, for the

case of f#=0.1 and S =-0.1, starting from an initial concentration ¢, = 0.3.
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Table 6.1

Expansions for 8 <0

ISOCLINES

- .
g +sign(B)dd {Ct( ~c,) }:0 [Shown by 1, Fig. 6.3()], £, =0, ¢, =0, ¢, =c,, [where
Ct

file.)
1/ﬁ(ct ) =0]

Starting from Expansion for c, Expansion for y, Comments

¢, =06, =0 | c ~ME +2M*(1+1/c, ! | v, =M M >0, Finite y,
except for M=0 where
=0and y, >0,

shown by 6 in Fig.
6.3(a).

Ct :Cm’ét :O ct z0111(1_]"’E.>!:/2) Yt _—)_cm(l_cm)2L2 LZO’ Fll’llte y’
except for L=0 where
c,=c, and y, >0,
shown by 2,346 in

Fig. 6.3(a)
€, =¢Cy, & >© c ~c _Sign([-)’)co(l_co)2 z_co(l_co)2 ¢ =6y, >0 as
T S NS £, = 0, shown in

2,3,4 for cy=0.445, 0.3
and 0.6, respectively in
Fig. 6.3(a)

=0,¢& =1 ~— -1/l ~ —-1)/l1 Shown in 5, this line
Ct ét Ct Cm (gt )/( + Cm) Yt cm (Z:Vt )/( + cm diVidCS the trajectories
approaching

¢, = C,, into two parts,
those above it
approaches &, —
with ¢, = ¢, and

y, = 0, while those
on the left goes to
c,=0, &, =0 after

intersecting the isocline
given by curve 1.

* Clearly no continuous solution exist which satisfy ¢, = ¢, as &, — o« with y, > 0 to be
matched with any expansion starting from &, =0 with y, — 0. M and L are the constants

determining the initial slope of the trajectory.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 6.2

Expansions for >0

ISOCLINES
d|c(l-c )y
g2 +sign(B)—| “— | = 0 [Shown by trajectory 1, Fig. 6.3(b)], &, =0, ¢, =0, ¢, =c,,
de, | file,)
[where 1/f(c,)=0]
Starting from | Expansion for c; Expansion for y;

¢, =0, =0 ¢, ~ME, +2M*(1+1/c, JE? | y, > M

*M 20, Finite y, except for M=0 where ¢, =0 and y, — 0, shown by trajectory 6 in Fig. 6.3b

¢ =¢85 =0 | ¢ e, —3c,8 /5(l-c,f |y ~-9c,E/25(-c,f

*Start from ¢, = ¢,, withy, = 0 as £, — 0, shown by 5 in Fig. 6.3(b). This trajectory separates the
trajectories originating from ¢, =0, &, =0 given above into two parts, those originating with smaller
M, approaches ¢, = ¢,as &, —> o (shown by trajectories 2,3,4) from those originating with larger M,

approaches ¢, = ¢,, with finite value of y, (shown by trajectory 6) shown on Fig. 6.3(b).

¢, =€y, & >© ~C _Sign(B)co(l"Co)2 - Co(l—co)2

C = A ~ T4
T 3iley S Y3

*c, > ¢,,y, >0 as £, = oo, shown in trajectories 2,3,4 for ¢,=0.445, 0.3 and 0.6, respectively in

Fig. 6.3(b). Trajectories with ¢, < 0.445 approach ¢, — 0 with finite value of y, without

intersecting the isocline given by trajectory 1 except for the special case when trajectory originating
from ¢, = 0.445 touches the isocline at its inflection point [A] with the coordinates ¢,, = 0.32 and

d? | e (l-c,)
., = 0.606 where c,, is the root of the equation : L~ =0 and

de; | ile,)
d |cll-c) . o
E) = ——r M for ¢, =c,, , while for ¢, > 0.445, the trajectories intersect curve 1,
de,| fle,)

changes the sign of the derivative and crosses again the isocline before approaching ¢, — 0 with

finite value of y,.

* Clearly no continuous solution exist which satisfy ¢, — ¢, as £, —> o with y, - 0 to be
matched with any expansion starting from £, =0 with y, - 0. M is a constant determining

initial slope of the trajectory originating from ¢, =0,§, =0.
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Chapter 7
Novel electric-field-driven mesoscale phase transitions

in polarized suspensions subject to a uniform ac field

In contrast to the earlier Chapters, here we shall describe a phenomenon of pattern

formation in suspensions subjected to a spatially uniform ac electric field.
7.1 Introduction

The eclectric and magnetic manipulation and assembly of tiny polarized particles
dispersed in a host fluid is widespread in industrial applications. Important examples
include the field-controllable ferrofluids [32] and electro-rheological (ER) [33] and
magneto-rheological (MR) suspensions [34] for interfacing mechanical systems to
electronic controls; electric and magnetic techniques for handling and separating particles
in micro-fluidics [35]; creating well aligned structures in block copolymers [36] and
ceramics [37] for the designed control of materials properties; photonic devices, optical
switches, and modulators for affecting the propagation of electromagnetic waves [38-40];
and sensors for environmental monitoring and biodetection [18]. While each of these
applications is independently unique, from the physical point of view all of them share
the common feature of utilizing highly interesting and still obscure phase separation

phenomena that are driven by the anisotropic long-range dipole-dipole interactions. In
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addition to their technological applications, the fundamental significance of these so-
called dipolar fluids is that they constitute the simplest examples that can yield insight
into dipolar interactions occurring throughout nature.

The natural scale of the interparticle dipolar interactions, A, is the ratio of the interaction
energy between two parallel dipoles in contact relative to the thermal energy [41, 42].
Despite of the fact that the energy of two dipoles averaged over their relative orientation
equals zero, the average of such dipolar interactions over a random arrangement of
polarized spheres appears to be attractive due to their long-range nature [1] thereby
rendering unstable the gas—li.ke distribution of the particles above a threshold value of A
which depends on the particle volume fréction(p. This is because, when dipole-dipole
interactions exceed Brownian forces, the dipolar potential favors the arrangement, in
which dipoles self assemble head-to-tail in polymer-like chains aligned in the field
direction that minimizes their free energy [41]. The chaining of polarized particles, a
well-known phenomenon for hundreds of years [7, 9], is well understood. It constitutes,
however, only the initial stage of the field-driven micro-structural transitions in polarized
suspensions. The next stage, termed the lateral aggregation of dipolar chains, has become
the subject of inten'sive theoretical and experimenfal investigations in the past decade [43]
because it eventually determines the suspension properties and, furthermore, presents a
model for studying the structural evolution in an ensemble of interacting one-dimensional
structures that arises in various different contexts, ranging from Abrikosov’s flux lines in
superconductors to molecular crystals. The surfaces confining the specimen affect the
interchain interactions through the relative strength of an image dipole formed by a given

dipole located near them because another “real” dipole sees the field created by this
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dipole and its image [44-46]. In the magnetic case, these surfaces are often made of low
permeability materials which do not affect dipoles at the chain ends. In equilibrium, thin
films of magnetic fluids confined between two glass plates and subjected to a magnetic
field display two-dimensional labyrinthine stripes and hexagonal arrays of columns in the
plane perpendicular to the field [32]. Their non-equilibrium structures, which are formed
when the time it takes for the particles to aggregate together is comparable with the
ramping rate of the field or when the column motion is frozen, range from a glassy state
of separate columns and sheet-like stripes to labyrinthine patterns [47, 48]. Although
detailed questions still remain, the pattern formation in magnetic suspensions is similar to
the domain shapes of modulated structures that are observed in many other systems with
dipolar interactions (such as Langmuir films of polar molecules, ferromagnetic garnet

films, and type-I superconductors), which are governed by the competition between the

field-induced long-range dipolar repulsion, ~1/r’, and a variety of short-range forces
favoring a spatially uniform concentration of particles that can be described within the
framework of the Ginzburg-Landau model [49].

In the electric case, a specimen is typically confined with conducting electrodes which
screen dipoles at the chain ends via images having the same dipole moment [44]. This
determines the ground states (A — o) of ER suspensions to be a body-centered-
tetragonal (BCT) crystals [46]. It is generally believed that screening the chain ends
favors the formation of BCT domains within columns but does not affect substantially the
aggregation at a larger scale in a relatively thick layer of an ER suspension. Experiments
on ER suspensions [50-52] demonstrate the appearance of chains and interconnected

labyrinthine sheets similar to that in magnetic fluids, which then evolve slowly into
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collections of BCT structures [52]. Direct computer simulations of the field-driven
particle motions [53-55] and modeling the field-driven pattern formation in dielectric
suspensions within the Ginzburg-Landau model [56] also do not reveal significant
differences between in MR and ER suspensions. Theories for the long-range lateral
electric interaction of two infinite dipolar chains [44, 55] appear to be consistent with
experiments on the dynamics of finite magnetic chains [53].

Our study was motivated by an unsuccessful attempt to combine various patterns reported
in the literature on electric and magnetic transitions into a universal “A vs. ¢” map,
assuming that the large-scale aggregation is only governed by the interparticle
interactions. In fact, we found that a number of other factors (gravity, fluid surface
tension, electro-convection, charge transfer, etc.) strongly affected the patterns observed
in the literature. Our experiments on the electric-field driven aggregation in both
microgravity (aboard the NASA KC-135 aircraft) and ground-based environments [27]
also demonstrated that gravity, even if relatively week in comparison with the
interparticle dipole-dipole forces (~ 19%), exerts an unexpectedly pronounced influence
on the chain formation by releasing loosely connected particles and forming finer and

shorter structures.
7.2 Suspension Properties
To eliminate all artifacts, we, therefore, conducted experiments on suspensions of

polyolefin spheres in comn oil (p, =0.92 g/ cm®, n, =59.7¢cp) at 23°C whose densities

were precisely matched to suppress gravity decomposition on a millimeter scale for
several hours. The particle size distribution on a number basis was measured with a

Beckman-Coulter laser diffraction particle size analyzer LS 230 and the average diameter
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of the particles was found to be 87 um with 80% of them having diameters between 68
and 116um. We carried out experiments on suspensions of particles 90pum and 45pm

in diameter and varied the particle volume fraction from 0.5% to 10%. The experimental
setup is shown in Fig. 1a. The gap between the electrodes varied from 0.69 mm to 3.53 ‘
mm. The frequency range of the applied field, 0.1-3.0 kHz, was chosen to suppress any
effects due to electro-convection, electrophoresis, and charge transfer whose contribution
decreases with increasing field frequency. Since the particle polarizability did not vary
within this frequency range [31], the insensitivity of the patterns to the frequency

provides a rigorous test that only interparticle interactions are involved. The magnitude of
A varied from approximately 7-10° to 2-10°. The quantification of images was carried
out utilizing image analysis software SIGMASCAN Pro 5 (SYSTAT Software Inc.,
[linois).

7.3 Experimental Data

To our surprise, we observed a new class of electric field driven mesoscale phase
transitions in polarized suspensions in the plane perpendicular to the field. Specifically,
we found that, within a certain range of parameters, the application of a sufficiently
strong field (~kV/mm) to a suspension (Fig. 7.1b) generated a stable cellular pattern of
fluid domains surrounded by chain-enriched walls (Fig. 7.1c). The time evolution of this
pattern is illustrated in (Figs. 7.1d-h). To start with (Fig. 7.1d) shows the initial random
particle arrangement in the gap. Following the application of the field, these particles
rearrange themselves rapidly (~ms) into an ensemble of chains and columns bridgihg the
electrodes, which are uniformly distributed over the plane perpendicular to the field

(Figs. 7.1e and 7.1f). After several minutes, particle-free domains began to appear (Fig.
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7.1g) which expanded gradually as the surrounding chains and columns moved away
from the core of these particles depleted regions (Figs. 7.1g and 7.1h). Eventually, the
growth of the particle-free domain ceased and the final cellular pattern emerged (Fig.
7.2¢). The insert in (Figs. 7.1e-h) shows how the process of the cellular structure
formation is accompanied by the lateral coalescence of the chains and columns.

The photos presented in Figs. 7.2a, 7.2b demonstrate that the shape of a container affects
only the formation and growth of nuclei adjacent to its boundary. To quantify the cellular

pattern, we measured the aerial number density of cells, N_, and the average area of
chain-depleted domains, A,, which formed in cylindrical containers (Figs. 7.2). The
values of N, and A, measured under the same conditions were found to be reproducible

to within £5-7% and with all other parameters maintained fixed also remained
unaffected (again within +5 — 7% ) by changes in the diameter of the container from 1.5”
to 2.5” (Figs. 7.2c-d), and the sizes in the particles diameter (Figs. 7.2i-j;). However, the
particles of smaller size formed the sharper cellular pattern (Figs. 7.2i- 2j;). The average
size of the cells is seen to decrease with a decrease in the gap size L (Figs. 7.2e-2f}) and
an increase in the particle concentration (Figs. 7.2g-2h;). The photo in Fig. 7.2k, taken at
an angle of ~30° to the horizontal plane, illustrates the structure and arrangement of the
columns surrounding the fluid domains. Varying the field frequency (Fig. 7.3) and the
ramping rate of the field application (Fig. 7.3) does not affect the average cell size and
the nucleation kinetics while, increasing the field strength, increases only slightly the cell
size (Figs. 7.3) but, as we shall see, reduces the time for the appearance of first nucleus as
well as accelerates significantly the nucleation and growth rate of the particle-depleted

domains.
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To characterize the cellular pattern, we calculated the average radii of the cells,

R, = 1/ 7N, , and that of the fluid domains, R, = /A, /n, plus the thickness of the
chain-enriched wall of a cell, W =2(R_ —R,), and the concentration of the particles in

the wall ¢ = c/ [1 -R,/ Rc)z] and plotted them as functions of the gap size, L, and ¢ in

Fig. 7.4. Regression analysis of these data yields

Rc - 1'22L].Oj:O.]EO.3iO.1/CO.3j:O.1 : 1{f — 018 Ll.liO.lEO.SiO.l/C0.45i0.05 :

¢, ~c/[1-(0.10)c"*+* | (7.1)
where R,, R;, W, and L are measured in mm, the root-mean-square (rms) field

strength, E, is given in kV/mm, and c is the volume fraction of the particles. The scale
of the cellular pattern increases with an increase in the gap size L (nearly proportional)
and, only slightly, with the field strength but decreases with increasing initial particle
concentration. Notice that c,, appears to be insensitive to the gap size and the field
strength. As it follows from Egs. (7.1), the wall width at the particle concentration ¢ is
always smaller than the cell diameter, as if it were as the concentration cy, i.c.,

WL <2R| . Therefore, once the cellular pattern has been formed, it becomes impossible

w

for the field-driven phase transition to proceed further because new cells cannot form
inside the walls.

The photos presented in Fig. 7.5 illustrate the formation of a typical cellular pattern
through the nucleation and growth of the fluid domains at random sites until the columns
stop moving. As can be seen from these photos, all nuclei form over a short period of
time (~ 2min) which is substantially shorter than the period of their growth (~20min). To

quantify the dynamics of the pattern formation, we measured the time variation of the
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fraction of the specimen area occupied by fluid domains. We found that the relative size

of such domains, R(t)/R , increases linearly with time up to about R(t)/R, =0.6 beyond

which it gradually stops growing owing to the presence of other nuclei (Fig. 7.6). It

appears that both successive processes can be represented by the so-called Avrami
~ equation (Fig. 7.6)

R?/R? =1-expl-G*(t—t, ' /R2| with R=G(t-t,) for R <<R,, (71.2)

where t, is the average time it takes nuclei to form and G is their initial growth rate. A

regression analysis of the data on the linear part of the evolution of the fluid domains

(Fig. 7.6) demonstrates that G and t, depend only on the field strength and the particle
concentration as G (mm/s) ~ 0.007 El.SiO.}/COJSiO.Zl and

t, (s) ~ (4.21£1.27)/B"4*02 c®4! ith the rms E being given in kV/mm. The success

of using the Avrami equation indicates that there exists a close similarity between the
field-driven formation of the cellular patterns and nucleation phenomena in solid and
liquid solutions triggered by a change in the temperature and/or the composition [66].

The quantify the lateral coalescence of the chains and columns (inserts in Figs. 7.1e-1h),
we selected randomly ~ 100-200 aggregates in the plane perpendicular to the field, which
were located inside the cell walls of the stable cellular pattern, and measured their area
and shape factors. Since their average aspect ratio was found never to exceed 2, we
and the width of the size distribution, &

computed their mean radius, R (Fig. 7.7).

agg ? age
A regression analysis demonstrates that the average size of these aggregates is increasing

and their size distribution is broadening with an increase in the gap, L, and the particle

volume fraction but the both parameters are not affected by the diameter of the suspended
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particles ~ and  the  field  strength R, (mm)~ [ 4620060412005 and

agg

L0.62i(),09C0.46i0.] 1

(mm) ~ , where L is measured in mm. These results correlate

Gagg
qualitatively with the data on the lateral coarsening of the magnetic field induced

structures in ferrofluid emulsions [47].
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(a) TOP VIEW

N\

SIDE VIEW ) )
Suspension

PECY ghie

Figure 7.1: (a) Schematic of the experimental setup; (b)-(h) show the particlel arrangement in the

plane perpendicular to the applied field; (b) and (c) refers to the macroscopic particle arrangement
within the experimental cavity before and 30min following the application of the field,
respectively, while (d)-(h) show the enlarged sections at 0, 1, 5, 15, and 24min, respectively,
following the field application. The inset in (d)-(h) shows the twice-zoomed images of the
aggregates inside the wall regime. The experiment was conducted for: ¢=0.03(v/v), L=1.79mm,
3kV/100Hz, d,=90um, D=1.5 inch. The particles are seen as white spots and a black region refers
a region devoid of particles throughout the length of the cavity along the field direction.
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Figure 7.2: (a)-(k) refers to the experimental pictures taken ~30min following the field application; where
(2)-(j1) shows the particle arrangement as seen in the plane perpendicular to the applied field while (k)
illustrates the structure observed at an angle (~30") to the horizontal plane. In all photographs, the particles
are seen as white spots and a black region refers to a region devoid of particles throughout the length of the
cavity along the field direction.

Figs. (a) and (b) shows the effect of varying the shape of the cavity from (a) a cylindrical with diameter,
D=2" to (b) a cuboid having dimensions of 2” by 2”, respectively. Experimental parameters: 3kV/100Hz,
L=1.79mm, c=0.05(v/v), d,=45um. The aerial average number density of the cells in (a) and (b) are 50.32
and 46.75 cells/inch’, respectively.

Figs (c)-(d;) shows the effect of varying the diameter of the cylindrical cavity for D= (¢) 1.5 inch, (d) 2.02
inch, and (d;) 2.5 inch, respectively. Experimental parameters: 3kV/100Hz, L=1.79mm, ¢=0.02, d,=90um.
The aerial average number density of the cells for (c)-(d,) are 17.54, 16.86, and 21.6 cells/inch?
respectively.

Figs. (e)-(f;) shows the effect of changing the confinement between the electrodes for L= (¢) 3.53mm, (f)
2.3mm, and (f;) 1.7mm, respectively. Experimental parameters: E=1.7kV/mm, £=100Hz, ¢=0.02(v/v),
D=2.02”, d,=90um. (e)-(f;) corresponds to N5 = 17, 37, and 66, respectively.

Figs. (g)-(h,) shows the effect of changing the initial particle concentration for c= (g) 0.01, (h) 0.03, and
(hy) 0.05 (v/v), respectively. Experimental parameters: E=1.7kV/mm, £=100Hz, D=2.0", L=2.3mm,
d,=90um. (g)-(h,) corresponds to N.is = 28, 45, and 63, respectively.

Figs. (i)- (ji1) shows the effect of varying the particle diameter, d,, where (i) and (j) are for d,=90pm
whereas '(i;) and (j;) are for d,=45pm. (i) and (i,) corresponds to ¢=0.01, L=1.7mm while (j) and (j,)
corresponds to ¢=0.02, L=2.3mm. Experimental parameters: E=1.7kV/mm, f=100Hz, D=2 inch. (i)-(j,)
corresponds to Ney= (1) 54, (i1) 59, (§) 36, and (j;) 37, respectively.

Fig. (k) shows the particle columns spanning the gap between the electrodes when observed from an angle
~30° to the horizontal plane. Experimental parameters: ¢=0.02(v/v), L=1.79mm, 3kV/100Hz, d,=90um,
D=1.5 inch.
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Figure 7.3: Shows the effect of varying the frequency [(a)-(c)], the magnitude of the field
strength [(d)-(f)], and the ramp of the applied field [(g)-(h)] on the final structural morphology.
Figs. (a)-(c) correspond to frequencies, f= (a) 100Hz, (b) 1kHz and (c) 3kHz, respectively. The
experimental pictures were taken ~30min following the field application. Experimental
parameters: E=1.7kV/mm, D=1.5 inch, L=1.79mm, ¢=0.01, dp=90urﬂ. (a)-(c) corresponds t0 Neeys
= 24, 26, and 23 respectively.

Figs. (d)-(f) were taken after 60min, 30min and 20min, respectively following the application of
the electric field of strength, E= 1.2, 1.7, 2.2kV/mm. f=100Hz, D=1.5 inch, L=1.79mm, ¢=0.02,
d,=90um. (d)-(f) corresponds to N = 39, 29, and 24 respectively.

Photos, (g) and (h) were, taken after 55min following the application of an applied field, for
increasing and decreasing ramp, respectively. The experiment for increasing ramp was conducted
by applying an instantaneous field of 0.28V/mm followed by an increase at 0.028V/(mm.min) at
steps of one minute, till the final value of 1.82kV/mm was reached over a period of 55 min, while
for decreasing ramp, we applied 1.82kV/mm followed by a decrease at 0.028V/(mm.min) at steps
of one minute, till the final value of 0.28kV/mm over a period of 55 min was achieved. D=1.5

inch, L=1.79mm, ¢=0.02, d,=90um, f=100Hz.
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Figure 7.4: (a) and (b) shows the average radius of the cell, R = 1/ 7N, , and that of the cell

core, R, defined respectively as shown schematically in the inset on (b), for L=0.61-3.53mm,

¢=0.005-0.10(v/v), for a fixed strength (E~1.7kV/mm) and frequency (f=100Hz) of the ac applied

field in the cylindrical cavity of diameter, D=2 inch. (c) Shows the computed volume average
particle concentration inside the wall region,c, =cR?/ (Ri —R?) for various initial

concentrations. The legends in (a) and (b) refer to the various initial concentrations whereas in (c)
they refer to the gap between the electrodes. Filled and hollow symbols refer to the data for 90
and 45um particles, respectively. A regression analysis yieldsR_~1.221'°E®*/c** mm and
R, ~L'"E®/c**, where a series of additional experiments for D=1.5 inch were considered

wherein the field strength was varied from 1.25 to 2.83kV/mm and the frequency from 100Hz to
3kHz.
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Figure 7.5: Temporal evolution of the cellular structure in the plane perpendicular to the applied
field; (a)-(f) corresponds to structures at initial, 5min, 7min, 9min, 12min, and 30min,
respectively, following the exposure of the suspension to an applied ac electric field of
3kV/100Hz; ¢=0.02(v/v), D=1.5 inch, L=1.7mm,d,=90pm. The particles are seen as white spots
and a black region refers to a region devoid of particles throughout the length of the cavity along

the field direction.
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Figure 7.6: The average growth kinetics of nuclei for various experiments with E=1.1-
2.2kV/mm, ¢=0.01-0.05, d,=45 and 90um, =0.1-3kHz, D=1.5 inch [with detailed description in
[Table 7.1], is shown by various symbols. Red and black lines are the predictions of Avrami’s
hypothesis in non-interacting and interacting regions of nuclei’s growth. The plot in the inset
shows the effect of different strengths of applied field on the growth, where t, signifies the
appearance of the first nucleation site and the initial linear slope is the growth rate, G. A

regression analysis yields t, ~4.21/(E'*#¢**) sec andK ~0.02344E" /c*L" (sec)” .
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Figure 7.7: Plot depicting the aggregate size distribution for (a) ¢=0.03, L=0.61mm; (b) ¢=0.10,
L=3.53mm where f represents the relative fraction of the aggregate size. A regression analysis

based on data, for which ¢=0.01-0.1(v/v), L=0.61-3.53mm, d,=45 and 90pum, E~1.7kV/mm,

: 0.46+0.06 , 0.41+0.05 .62+0.09 _ 0.460.11
yields <Raug> ~ [ A0 04005 and <0‘agg> ~L ¢t
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Table 7.1

Experimental Parameters for Kinetic Study [Fig. 7.6]

Expt. No. c (v/v) L [mm] d,(nm) f [Hz] E[KV/mm]
1 0.01 1.79 90 100 1.12
2 0.01 1.79 90 100 1.68
3 0.01 1.79 90 100 2.23
4 0.01 1.79 90 1000 1.68
5 0.01 1.79 90 3000 1.68
6 0.02 1.79 45 100 1.12
7 0.02 1.79 45 100 1.68
8 0.02 1.79 45 100 2.23
9 0.02 1.79 90 100 1.12
10 0.02 1.79 90 100 1.68
11 0.02 1.79 90 100 2.23
12 0.02 3.20 90 100 1.25
13 0.02 3.20 90 100 1.56
14 0.05 3.20 90 100 1.25
15 0.05 3.20 90 100 1.56

All the experiments refer to above were performed in a cylindrical cavity of diameter,

D=1.5 inch.
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Chapter 8

Future Work

This thesis focuses on various aspects of electric field positive and negative
dielectrophoresis. We demonstrated that dielectrophoresis could be used as a means of
concentrating particles in prespecified locations. We also demonstrated that the common
belief of “clinorotation” to simulate microgravity conditions on the ground, fails under
some conditions. The theoretical modeling provided in Chapter 6, provides an
understanding of yet another mechanism of concentration front formation, as observed in
Chapter 5, other than well-know electric field induced phase transition. Our work toward
manufacturing suspensions of silica nanoparticles could be utilized in testing such
suspensions in microdevices, wherein high-gradients (~kV/mm) could be utilized while
working at relatively higher frequencies of the applied field strength, where the effect of
fluid conductivity could be substantially reduced. This suspension could be used to study
various features such as the particle behavior at relatively higher concentrations by
studying the tracers. In Chapter 7, we present a new electric field induced phase
transition, which happens over much longer time scale than the chain/column formation.
It would be worth studying this phase transition using computer simulations starting from
a system of particle chains spanning the gap between the electrodes having defects inside
them so as to interact them with the neighboring chains. The experimental results for the

kinetics and morphological aspects of the pattern formed could be utilized to understand
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the scaling behavior for computational purposes. Yet another extension of this work
could to study the process by studying time variation of the three-dimensional structures
by mean of confocal microscopy. It would also be interesting to study the “particle ring
formation” at the three-phase interface as presented in the Appendix 7B. This work
would require one to investigate the development of model for first finding the shape and
thereafter solving the electric field distribution using Maxwell equations and I believe
that this transition could be explained by a combined phenomenon of “electric field
induced phase transition” followed by “negative dielectrophoresis” exhibited by the
polyolefin particles.

In brief, this thesis presents a good starting point for a reader to understand the basics of

dielectrophoresis and field-induced phenomenon.
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Appendix 2A

Measurement procedure for the Dielectric Spectrometer BDS-

80 with temperature control at 20°C

1. Put the sample in the cell and place the cell in between the electrodes.
2. Turn on main switch and the pump.
3. Start the WinDETA software.
4. Set measurement files.
5. Set Sample specifications:
e Thickness of cell=0.27mm
e Diameter of cell=19.21mm
6. Click on List order and choose permittivity’ [] and permittivity”[].
7. Click on Value list:
e Set temperature=20"C

e Specify the frequencies of interest.

8. Specify start and end conditions.
9. Initialize the temperature controller.
10. Specify temperature controller stabilization conditions

11.  Activate temperature controller:
e Set point 20°C
e Temperature derivation 10°C
e Temperature control of the sample

12. Start the measurements.
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Appendix 2B

Measurement procedure for COULTER LS230 device
1. Clean the sample cell with fresh DI water, and then put the fresh water

into the cell.

2. Put the pump off.
3. Click on the LS230 Control program icon on the desktop.
4. Click on run->run sample:

e For new samples make sure that Auto rinse, Repeat cycle, and Include
PIDS data options are off, for particles size >0.4 microns, otherwise
choose PIDS options on.

e (lick on start.

5. A window with graph will appear. During this time prepare the particle
suspension

6. A message will appear which will indicate to add sample.

7. Add sample and adjust the value of the obscuration (range~8-12%) to such

a value, till OK appears on the title of the graph window.
NOTE: in order to increase the obscuration add more sample and to reduce

it, just dilute the sample.

8. Press done when obscuration value is in right range.
9. Click on run->run cycle
10. Fill sample information and run information.
11. Wait until the measurement is done and the result window appears.
12. Save the information and exit.
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Appendix 2C
Procedure for working with COULTER N4 Plus

1. Load the sample in the sample cell.
2. Start the program by clicking on N4Plus icon.
3. Click on the 123 icon and fill the basic information and click next.
4. In the preparation parameters window: enter preparation name and click: edit
diluent button.
e Choose water and temperature greater than 20°C (viscosity and refractive
index data will automatically appear).
e Click on the close button and then on Next in the preparation window.
5. N4Plus-Instrument Settings window will appear. Enter some comments and click
more>> button.
e Set run time to 90 sec.
e Change the value for the temperature to the one that was entered in
previous section.

6. Click on the start to begin the measurement.
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Appendix 3A

1. Deriving the expression for the critical point

The critical point on the phase diagram corresponds the inflection point of p (c) asa

function of ¢, hence:

0 o’u. (e ' 2
Mp(C): upz( ):O,where Mp(c)=kf3;T%_go(88sj E” (1)
oc oc v, dc 0C Joe \ 2
= L+ 2 , where €', = Re(s*s), and B = Re(ﬁ*), yield (%) - 2eb > (2)
1-Bc o ), (1-Bc)
‘ 2 3
Irerc —c  §ec<05
c 1- C)
C Z(c)-1 . (
o f =cln - +cj—dc,w1th Z(c)= 3)
¢ o © A
05<c=<c,
(cm - C)
. f'0=1n(c)+2(c)—1+j5(9;ldc; o=z 2, (4)
g c c
Using these expressions we can write
ou (¢
o (©) =[z'+§}—% ~ 0, which
oc c| (1-Bc)
h implies the first condition
Zrez= D (5)
(1-pc)
o’u, (¢ '
and hence sz( ) = [Z’ '+ z_ gz} - —3B—/—\—4 = 0 ; which on simplification and using
oc c c (1-Bc)
Eq(1) gives:
VAR A 3BA o .
't ——— —03 —-cZ'p— —B——T = 0, multiplying with c throughout we obtain:
c ¢ (l—Bc) (I—Bc)
24247 = DOBCHIBO 1 g g AL+ 200) ©6)
(1-Be) (1 -Bc)

Equations (5) and (6) have been shown in the text for determining the location of the
critical points.
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2. Derivation of the asymptotic forms of ', for the special
limits, ¢, >0 and ¢, > ¢,
Close to the low values of ¢, ¢, - 0:

Substituting the expressions of f', from Eq. (4) and using the expression of Z (c) from
Eq.(3) for small values of ¢ — 0, we have:

c 2 3
f',=In(c)+ Z(c) -1+ IZ(C) ! dc , where Zzl_t_c+c—39_
0 ¢ (1 - C)

hence

f'y=In(e) +(1+c+c’ —c’)(1-c)” _1+](1+°+02 —’)-(1-0)

: dc, neglecting O(c?)
o (1 - c) c

terms inside this equation we end up:

f',=In(c) + (4c +10c> +..) + dc, and upon integration we get:

](40 +10c¢” +..)
; c

f', = In(c) + (4c +10c® +..) + (4c + 5¢* +..) = In(c) + 8c + 15¢* + O(c’) (7

For the limit ¢, = ¢ :

dc ; where

0.5 c
Z=L;wehave f',=1In(c) + -1+ J.Z(c)_ldc+ I(A_c“’)+c
0.5

A
(cn—0) Cn-c) 4§ ¢ (cn —c)e

for the integral for 0 < ¢ < 0.5, we need to use the appropriate expression for Z given by
Eq. (3).

Upon integrating the above expression could be reduced to:

c

0.5

f'o=ln(g)+ Ay ]Z(C)_ldu(A_cm)ln(c)
e) (c,-¢c) J ¢ c

Upon substituting the values we get:

0.5
f',= ln(gj + A + IZ(C) -1 dc + (A — C“‘)ln(ZC) + —éln hic— which can be
€ (cm - c) o € c c c,— 0.5

m m m

35 +A1n(cm —c)|
Cc

§¥ m m

written as;

0.5
f'y = —1In(2e) + A + IZ(C) -1 de + A In(2c) + A In| Sm —° (8)
(cm - c) POV c,—0.5

m m

Egs. (7) and (8) have been provided in the text.
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3. Detailed derivation for the expressions for the Chemical
Potential in the two-phase region

The basic condition for defining the coexistence curve is that the chemical potential as
well as the osmotic pressure in the two phases should be equal, 1.e.

up(cl) = Mp(CZ) and Hp(cl) = Hp(CZ)
On letting B*A —> oo, we find that ¢, > 0 and ¢, > ¢,,:

This leads to the two equations:

£ (o) P ()

: _2(1_[301)2 - 2(1 2)2 ©)
and
3B _3c,’BA
¢, Z(c,)- ey (c.) o] (10)

where, ', (c,)=1In(c,) +8¢c, +15¢," +.......;

A $Z(c)—1 c
f' =—In(2e) + + dc +—1n2c +—1 —m 72
o(cz) n(2e) (m_ 2) J. c ¢ (2¢,) e { _05]
and
2 3
Z(c])=1+cl+c’ - A

(1 - c1 )3 ! Z(CZ) ) (Cm - CZ)

Clearly for ¢, — 0, we can eliminate left hand side of Eq. (10) and thereby obtain:

A 3c,’B A
P Cn-c) 20-Be,)

= 0 which for ¢, — c_, becomes to a first approximation:

c _ 2A(1 — ch )2
2om 3¢ BA

It

e where ¢, > 0.5 (11)

Upon substituting the above expression for ¢, into Eq. (9) we thereby obtain that:

In(c,) - Br___A + Aln m — % 3pA - ; which can further be
2 (Cm “CZ) Cm Cm _05 2(1 BC )

simplified into:
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Or
A A (c, —c 3B%Ac 1 1
1 = ] m 2 | 2
n(C]) (Cm _CZ) * Cm n(cm ——05] 2 {(1_BC2)2 ’ (1_[302)}

where, from Eq. (11), ¢,, —¢, =

Therefore,
— 2
ln(cl) = Jﬂ—+ All’l Cn =6y _ 3B 7\,C2 1 _ A
©n-c) ey e, -05 2 |(1-Bey)) (o —c,)
or
_ 2 |
In(c,) = A 1nf Sn =2 |_3B%e, |1 "
m Cm - 05 2 (1 _—BCZ)

These equations have been used in Chapter 3 for determining the expression of the
chemical potential in, both, the single phase as well as the two-phase regions, i.e. Egs.
(3.3-3.6), of the suspension phase diagram shown in Fig. (3.1).
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Appendix SA
A Novel Approach for studying the behavior of concentrated

suspensions

5A.1 Introduction

In this section we shall present a brief overview of the experimental procedure along with
our preliminary experimental results for the rﬁanufacturing of a suspension in which the
particles are refractive index matched with the suspending fluid. This study was
motivated by the fact that, when we applied the electric field to the concentrated
suspensions (~5%-15%(v/v)) discussed in Chapter 5, we were unable to use any optical
technique for studying the motion of the particles and their subsequent distribution
because of the opacity of the suspension. To this end, we started looking for a system in
which the particles had a narrow size distribution plus the same refractive index but quite
different electrical properties than the suspending fluid. The idea was to subsequently
change the refractive index of some of these particles, without affecting their electrical
properties, so as to use them as tracers for observing the details of the particle motions
and their distribution in concentrated suspensions. In what follows, we shall describe the
experimental procedure and present our preliminary experimental results on the
suspension behavior under the action of an ac-electric field.

5A.2 Experimental Procedures

We grew, in a controlled fashion, colloidal spherical particles of nearly uniform size

[dy~600nm] following the recipe of Dr. James Martin [57]. These particles were
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synthesized via the base catalyzed nucleation and growth of colloidal silica from
Tetraethyl orthosilicate (TEOS). The synthesis was conducted in the mixed organic
solvent system which includes a 75% benzyl alcohol/ 25% formamide mixture that
closely index-matches the growing spheres and reduces Keesom interactions. The latter
are due to the fact that polar molecules try to arrange themselves from head to tail,
positive to negative, an orientation, which leads to a further increase in the intermolecular
interactions thereby promoting aggregation. In one batch, 200 ml of the sample was
manufactured using the following amount of chemical reagents:

e 21.2 mlof NH,OH.

e 39.2 ml of Formamide

e 117.2mlof Benzyl Alcohol

e 22.4 ml of Tetraethyl orthosilicate (TEOS)
All the chemicals were added to the beaker very gently along the wall of the beaker, in
the sequence mentioned above. The chemical synthesis was performed under a fume-
hood, because ammonia and the other chemicals had a strong stingy smell. Once TEOS
was added, which contained the silicon which was the major chemical substance for the
formation of these nanoparticles, the reaction started. At that point the solution was
mixed very gently without greatly disturbing the reaction mixture because, otherwise, a
gel like structure would form which eventually would give rise to a wider particle size
distribution, clearly an undesirable state of affairs for our purpose. Once the gentle
mixing of the chemicals was completed, the reaction mixture was kept for about 2 hours
under the fume-hood without disturbing it. Initially, the chemical mixture was transparent

but as the particles started to form, the color of the solution began to change from
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transparent to pink thereby giving us an initial indication that the chemical reaction was
taking place. After 2 hours, 5 ml of 3-(trimethoxyl) propyl methacrylate was added to the
chemical mixture. This chemical was used specifically for coating the surface of the
particles, which had already been formed in the initial 2 hours of the reaction, to yield the
desired surface/electrical properties of these particles. 15 minutes after the 3-
(trimethoxyl) propyl methacrylate had been added, the sample was taken out and placed
in the distillation set-up [Fig. 5A1], designed specifically for removing the extra amount
of liquid, i.e., mostly water and ammonia, which was present during the reaction in the
system. During the distillation, which lasted 24 hours, the sample was maintained at a
constant temperature of ~50°C with a temperature controller and under a vacuum of
~0.1millitorr, using a vacuum pump (Vector Inc.). Following this ~24 hour distillation, a
significant amount of liquid (~30ml) had evaporated from the sample leaving a
concentrated suspension along with (~1-2 grams) of particles settled at the bottom of the
flask. The latter were then re-suspended into the concentrated portion of the liquid.

Subsequently, this concentrated suspension was placed in a centrifuge for ~7 hours at 30g
to separate the particles from the parental fluid. At the end of that period, the sample was
taken out showing a clear demarcation between the pure liquid and the particles which
had settled at the bottom of the centrifuge tube. The liquid from the sample was then
drained and a small amount of 4-methylcyclohexanol, whose refractive index matched
that of the already grown particles, was added and the particles were re-dispersed by
shaking. This new suspension was kept for 16 hours in the centrifuge at 30g after which,
the sample was taken out and the top liquid layer was decanted leaving a concentrated

layer of particles. The procedure of resuspendihg the particles in 4-methyl cyclohexanol
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Figure 5A1: Distillation apparatus, showing all the details, (1) Sample flask, (2) Heater along
with a water bath, (3) Temperature controller, (4) Thermocouple, (5) Condenser, (6) Flask for
collecting the condensed vapors, (7) Extra condenser for trapping the vapors and preventing them
from going into the vacuum pump, (8) Vacuum pump.

was repeated 3-4 times to remove most of the original parental fluid which had remained
in the suspension. At the end of the procedure described above, we observed that the
particles were perfectly refractive index matched with 4-methyl cyclohexanol. The
suspension thereby prepared was then used for measuring its dielectric properties and
particle size characterization, as a prelude for the dielectrophoresis experiments.

The size distribution of these particles, measured using a Coulter N-4 device [Chapter 2],
showed a mean particle diameter of 553nm, with polydispersity of 0.116 [Appendix
5B1]. The plot shown in [Fig. 5A2a] indicates that the particles are definitely not
monodisperse, as we were hoping, with their diameters ranging from 200nm to 2000nm,
clearly an undesirable state of affairs for our experiments. We also employed an alternate
method of measuring the particle size by taking an image of the solid particles after

drying them for 2 days under a fume hood. The image, shown in [Fig. 5A2b], was taken
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Figure 5A2: Particle size distribution using (a) Coulter N4 Plus and (b) SEM image of particles.

using SEM (scanning electron microscope) to characterize the particles, as concerns their
size and shape. From the image, it is clear that we have spherical particles with a wide
size distribution consistent with the measurements performed using the COULTER
N4Plus. Although, admittedly, the size distribution is quite wide, this in principle should
not be a serious issue since with filtration techniques available today one could easily
narrow down this size distribution, if needed.

In the work described above, we were able to make a suspension of silica nanoparticles
having a refractive index that matched with that of the 4-methylcylohexanol. Now our
objective was to change the refractive index of some of these particles so as to detect
them by optical means. Hence, following the recipe given by [58], we sought to replace
some of the silica in the particles by a colored transition metal element Titanium (Ti). It
was shown by [59], that 62% of the silanols were removed by the addition of only 0.025

equivalents of TET (Titanium ethoxide), and that, with 10% TET no silanol groups could
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Figure 5A3: Plot showing the effect on the refractive index of the suspension by adding the

Titanium compound.

be detected inside the particles. The change in the refractive index as a function of the
fraction of TiO, being present inside the particles formed in the solution is shown in [Fig.
5A3].

As can be seen from the plot, a 62% molar fraction of TiO, with a 38% molar fraction
Si0; will have a refractive index of ~2.0, compared to that of 100% SiO,, 0% TiO, used

previously which was of ~1.4. So while preparing the initial reaction mixture we added

the volume required for the 62% TiO, ~ 0.025( 224 Prsgs )[ 227.867

cc of Titanium
208.086 J

Pricoc,Hy),

ethoxide. The subsequent steps following the addition of the Ti(OC,Hs),4 to the reaction
mixture were the same. In the end we could see that the final suspension containing Ti, as
one of the component inside the particles, showed a greenish color. The density of the
particles was expected to be little higher (because Ti is heavier than Si) but no change in
the electrical properties (coming from the coating layer on the particles), and of the
particle size distribution (depending on the time how long we let the reaction mixture go)
was expected. A photograph of the final suspensions formed, with and without the

addition of the Ti group is shown in [Fig. 5A4].
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Figure 5A4: Photographs showing the final suspensions: (a) with (1) and without (2) the addition

of the Titanium compound (b)-(c) shows a layer of settled particles containing Ti at the bottom.

5A.3 Dielectrophoresis Experiment

We conducted some preliminary experiments to test the dielectrophoretic behavior of
these suspensions. The experiments were conducted using a very simple electrode
configuration shown in [Fig. 5AS], in which the suspension was placed in the gap
between two needles, connected to the high-voltage and the ground, respectively, of an ac
electric field power supply. The strength of the electric field near the edges of the needles
is highest and decays as we go away from them. So, if the particles are positively
polarized, they would be expected to accumulate near the needle tip, while the negatively
polarized particles, should be repelled from those high field regions. Once the field was
turned on, the particles, seen as green due to the presence of the Ti group, were attracted
toward the electrode edges showing the positive dielectrophoretic behavior of the
suspension.

But we found that even though we worked in the SkHz frequency range of the applied ac
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Figure SAS5: Experimental results showing positive dielectrophoresis for a pair of needles
geometry. The green color in between the needles confirms the presence of particles

accumulation in that region.

field, a spark was generated at the end probably due to the high conductivity arising from
the presence of water inside the system. Unfortunately, with the facilities available to us,
we were unable to work with very high frequencies, where the effect of the fluid
conductivity could be substantially suppressed, and with ac field gradients ~kV/mm, in
macro devices. But if resources could be made available, this could be achieved in micro
devices where even with voltage of several volts, we could generate field strengths
several ~kV/mm while still permitting us to work within the frequency range of several

MHz where fluid conductivity would be expected to play a negligible role.
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5A.4 Results and Discussions

We presented here a novel method of manufacturing a suspension composed of ~600nm
particles, with the majority of them having a refractive index matched equal to that of the
suspending fluid. This suspension could be used to study electric field induced particle
aggregation in concentrated suspensions in micro devices. This suspension was unique
because it could allow us to observe the details about the particle kinetics and their
distribution even at very high concentration. Changing the coating material provides
flexibility in controlling the electrical properties of the particles and changing the
material from Ti to any other transition metal group would impart a different color to the
particles. In addition, changing the duration of the chemical reaction would lead to
different particle sizes, 1.e. the longer the duration of the reaction the larger will be the
particle size. A possible extension of this work could be to test this suspension in a micro

device.
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Appendix 5A

POLYDISPERSITY

> (x, -7

=

'means =0.116x, X is the mean particle diameter, N being the number of

measurement points.

RELATION BETWEEN THE INTENSITY TO THE NUMBER
CONCENTRATION OF THE PARTICLES IN THE SUSPENSION:

? The Intensity of the scattered light follows:

2 2 2
I, _ 27’ (1+cos’ O)(dn/de)’ Mc N
I, N A'r?

M with N, being

A

which is proportional to the number of particles N given that ¢ =

Avogadro’s number and M the molecular weight of the particles. Also n is the refractive
index of the particles, r is the distance of the particles from the measuring sensor, 0 is the

scattering angle and A is the wavelength of the applied beam of intensity Iy [60]
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Appendix 7A

Effect of Charge Transfer: Behavior of positively polarized

aluminum oxide particles under low frequency ac electric field

These experiments were conducted in the experimental geometry shown in Fig. 7.1a,

where the cylindrical cavity was filled with a 0.2% (v/v) particle concentration
suspension of heavy Al,O; particles (of two different diameters, d,=1-2um and 90um,

pp=3.75g/cc) with relative particle polarization, Re(B)~O.3, suspended in Mazola corn

Oil (p=0.92g/cc, &=2.87). The suspension details are in Chapter 4. Before the field
application, these particles, owing to the density mismatch, initially settle at the bottom
electrode forming nearly a single particle thick layer. Following the field application, the
amplitude of which was held constant at ~1.4kV/mm while its frequency (sinusoidal) was
varied from 1 to 1000 Hz, we observed that these particles had no discernable vertical
motion, for applied frequencies greater than ~100Hz, except for a slight re-arrangement
among themselves in the plane of the bottom electrode due to the well-known dipolar
interaction. But, on decreasing the frequency to 10 or 1Hz, we noticed that these particles
acquired a vertical motion and interacted among each other forming particle clusters as
shown in [Fig. 7A1 & 7A2], in the same fashion as observed by Aranson et. al. [61, 62].
The height to which the particles rose was found to depend on the frequency of the
applied ac field. Specifically, at 1 Hz, the particles were seen to hit the upper electrode;
but on increasing the frequency, the particles rose to progressively lower heights and, for
frequencies above 100Hz, their vertical motion ceased completely. This experiment

shows that by
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Figure 7A1: Experiments conducted with heavy aluminum oxide particles (d,=90um) suspended
in Mazola Corn Oil with ¢=0.002(v/v), sedimentation time, t;4~11sec (much shorter than the time
required to start the experiment after pouring the suspension inside the cavity, tyrcess~5-10min);
(a) particles initially settled at the bottom electrode before the field application; (b)-(e)
correspond to the structures seen in the plane perpendicular to the applied field of magnitude
1.4kV/mm and frequencies (b) 1Hz (Sinusoidal), (c) 1Hz(Pulse), (d) 10Hz(Sinusoidal), and (e)
100Hz(Sinusoidal), respectively. The experiment was started with an applied frequency of
1kHz(Sinusoidal). The particles are seen as the white spots and a black region refers to the
absence of particles throughout the length of the cavity along the field direction. The experiment

was conducted for fixed experimental geometry with dimensions of L=2.79mm, and D=1.5 inch.

Duitiad Condition : 00 Sine wave)

LOH Sine wave

Figure 7A2: Experimental pictures for 1-2pum sized Al,O; particles suspended in corn oil,
¢=0.001(v/v), and subjected to a ~1.4kV/mm ac electric field at various frequencics shown in the
inset of each photograph. The electric field was turned on at 4:22PM with the applied field at a
1kHz frequency. No significant changes were discerned at 1kHz, while a decrease in the
frequency to 10 and 100Hz led to the formation of a pattern as a result of charge transfer. L=2.79

mm, and D=1.5 inch.
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Figure 7A3: A schematic showing the principle of charge transfer phenomenon observed in

Figures 7A1 & 7A2.

tuning the frequency of the applied ac field we could eliminate electrophoretic effects in
the vertical direction implying that the patterns formed due to charge transfer. We also
found that varying the shape of the frequency from sinusoidal to a pulse led to a different
kind of pattern [Fig. 7A1].

A simple calculation shows that the minimum electric field strength required to lift a

conducting metallic charged particle from the bottom electrode surface [Fig. 7A3] is

1/2

- a

E,. = ((%—pfkij , where k=1.36 for the metallic particles [7]. When the applied field
€

E exceeds E_, the particle will start moving vertically upwards and leave the surface of

the electrode, at which point it will experience a viscous drag force owing to the

hydrodynamic resistance of the fluid and will eventually move with a velocity
U = 2ag,e,E’k/3n,, assuming that E >> E_. Assuming that the field does not change its

sign while this particle travels a distance, H, before exchanging its charge with another

oppositely charged particle or with the upper electrode, the characteristic time and
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Figure 7A4: A plot showing the critical frequency vs. the maximum amplitude of the vertical

excursion of particle for 90 pum sized particle.

frequency at which its charge is being transferred is given by, t=H/u and

f 2 2me,e, B’k (%
ot 3N, H

j. Therefore by applying uniform ac electric field
E=E, sin(2nft) with E, >E_ and adjusting its frequency, f, allows one to control the
vertical excursion of the particles by turning them back before they collide with the upper
electrode [Fig. 7A4].

Similar experimental results were seen with suspensions of 1-2um Al,Os particles, shown
in [Fig. 7A2], and polyalphaolefin particle suspensions in Mazola Corn Oil where no

particle motion was observed for frequencies as low as ~10Hz, suggesting that a

frequency ~100Hz or higher is sufficient to eliminate the effect of charge transfer.
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Appendix 7B

Particle Ring Formation at the Three-Phase Contact Line

Here we will report the discovery of a particle ring formation at the three-phase contact
line arising from an electric-field induced phase separation followed by negative
dielectrophoresis.

We conducted two different types of experiments. In the first type, we established the
occurrence of a phase separation when two immiscible fluids initially forming layers one
on top of another were subjected to a spatially uniform ac electric field at frequencies ~O
(10*Hz) where electro-convection and electrophoretic effects inside the system could be
neglected [31]. Before the field application, the liquid layers stayed one on top of the
other, with heavier fluid being at the bottom but, once the field was turned on, a phase
separation took place leading to the formation of columnar structures [63, 64]. Now, to
make the story more interesting, we replaced one of the fluids on the top with a corn oil
(er =2.87, pr =0.92g/cc, ur~60cp at 23°C) suspension containing neutrally buoyant,
negatively polarized poly alpha-olefin paﬁicles (ep =2.30, pp =0.92¢g/cc, d;~87.6um). The
bottom consisted of a layer of Silicon Qil (¢ =2.02, p =1.03g/cc). Once the field was
turned on, we observed a phase separation with the Silicon Oil forming conical structures
as shown in [Fig. 7B1]. But interesting enough, we noticed that the particles which were
initially uniformly suspended in the corn oil, migrated to the lower (grounded) electrode
as seen from the top, forming a 2-3 particle wide layer at the three-phase contact line. In
contrast no particles wefe observed at the three-phase contact line in the conical ring

region, on the upper electrode (High-voltage). We also observed a convective radial flow
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Figure 7B1: Showing phase separation on application of the electric field, as well as formation of

the ring pattern at the three-phase interface.

pattern, around this particles ring, in which the particles from the bulk region migrates
toward the interface of the two fluids in the region somewhere inbetween the gap and
either migrated to the three-phase contact point located on the bottom electrode or
returned to the bulk and repeated this motion continuously. The phase separation for two
different fluid systems as well as the particle ring formation at three-phase contact line is
shown in [Fig. 7B1].

In the third experiment, we varied the dielectric contrast between two fluids, using air (g
=1.0) as one medium along with the polyolefin suspension. We noticed that an increase in
the dielectric constants between the fluids led to an increase in the number of particles
accumulating in the ring at the three-phase contact point [Fig. 7B2]. But this time, the
particles mainly accumulated on the upper (high-voltage) electrode contrary to the

previous experimental observation with the polyolefin suspension and the Silicon Oil.
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Figure 7B2: Experimental pictures showing the effect of an increase in the dielectric mismatch
between two suspending fluids. Increasing the dielectric mismatch leads to the accumulation of

more particles at the three phase contact line.

To provide a plausible explanation for this phenomenon, we need to split the problem
into two steps. First to predict the phase separation we recall that a simple analysis based
on the free energy calculation [65] shows that the arrangement of [Fig. 7B3b] has low
free energy compared to that of [Fig. 7B3a], for a fixed volume ratio of the two phases.
Assuming as a first estimate a conical structure for the shape of the columnar structure in
accordance with [Fig. 7B1b], we solved the Laplace’s equation and computed the electric
field distribution [EZ], shown in [Fig. 7B4], for this conical structure. We imposed the
symmetry boundary conditions at the far ends along with the continuity of electric
displacement, i.e. D, at the two fluid interfaces, i.e. €, E, =¢,E,.

As is evident from the electric field distribution, there exists an electric field (E®)
minimum at the three-phase contact line at the bottom electrode (i.e. 2.25, 0) and by the
virtue of negative polarization of the polyolefin particles in corn oil (Phase 1), they will

be attracted toward the minimum field region as a result of negative dielectrophoresis
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Figure 7B3: Figures showing two states, in which the free energy for state (b) is lower than that

of (a), implying that the system will try to go towards, the cylindrical column formation.

Top View

2.45mm

‘f’:t s 2;132

2.3

e
1.13mm
Side View
Figure 7B4: Showing the electric field calculations (i) the electric field minima is located at the

lower electrode, exactly at the three-phase interface. (ii) There is an increase in the electric field

as we proceed from the high to the lower dielectric medium, i.e. from medium 1 to medium 2.

forming a particle-ring structure as seen from the top at the three-phase contact point on
the bottom electrode. Also the three-phase contact line at the upper electrode has a
maximum in the electric field, hence no particle accumulation in the interfacial region on

the upper (high-voltage) electrode would be expected, consistent with the experimental
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observations. Another observation from the electric-field distribution suggests that, at the
interface of the two fluids, an olefin particle coming from the left, will not be able to
penetrate the surface of the two fluids at any fixed vertical location because E»>E;, 1. e.
negatively polarized particle will not wish to go towards regions of higher electric field,
and hence either will join the region, where the field is lowest, at the three-phase contact
line on the bottom electrode or will return back to the bulk as observed experimentally,
i.e. by convection around this conical structure as can be seen from a movie. From this
simple picture of the electric field distribution we are able to capture the physics behind
this process. On the other hand, it might be desirable to conduct a more detailed study by
solving the full Maxwell equations to first predict the shape of the interface, followed by
simulations for predicting the motion and subsequent accumulation of these particles in

the regions of minimum field.
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