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Abstract
Cryogenic laser targets used for inertial confinement fusion experiments are
prepared from hollow, low-density polymer foam shells. For effective implosion,
these foam shells must meet very rigid requirements on their dimensions. They must
be concentric within ≤ 5% of the average shell thickness and the inner surface
root-mean-square (RMS) roughness must be on the scale of microns. In this
dissertation, a voltage-controlled scheme for centering double-emulsion droplets is
developed based on dielectrophoresis (DEP). This technique has potential
application in a scalable microfluidic assembly-line process for the formation of
highly concentric foam shells for laser targets.
The DEP centering effect, utilizing a uniform AC electric field, originates
from the interactions between the induced dipoles of the inner droplet and the
surrounding liquid. Double-emulsion droplets can be centered only when the
dielectric constant of the outer shell is higher than that of the suspension medium.
The dielectric constant of the inner droplet has no effect on the centering stability.
The AC frequency of the applied electric field must be sufficiently high (~20
MHz) to overcome electrostatic shielding due to the electrical conductivity (>10-3
S/m) of the liquid forming the outer shell. To minimize gravity and buoyancy, the
densities of the liquids must be closely matched to ~0.1%.
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Preliminary demonstration of the centering effect was performed with a
thin ITO glass plate to support the droplets midway between the two parallel
electrodes. Fairly good centering results for 3~6 mm diameter droplets were
obtained within ~60 s using an electric field of magnitude >104 V/m in liquids of
viscosity ~10 centipoise. The physical support, however, caused a systematic
~10% vertical offset between the two centers. The droplets also exhibited some
distortion on the lower side adjacent to the glass plate. To reduce these offset and
distortion problems, double-emulsion droplets were suspended in a density gradient
established from two or more miscible fluids. The centering error then dropped to
less than ±5% and the net droplet distortion was less than ±2%. An energy-based
perturbation model shows that the electric field and the density gradient can both
influence droplet distortion but these two effects counteract each other.
DEP-based droplet centering is readily achievable for a wide range of
liquids. Four sets of liquids have been tested for their centering behavior with
density gradient suspension — dimethylacetamide (DMA) shells, water-based
shells, resorcinol-formaldehyde (RF) shells, and tri(propylene glycol) diacrylate
(TPGD) shells. To fabricate concentric solid foam shells, electric field droplet
centering is first performed and followed by the step of polymerization initiated by
a ultra-violet (UV) source. Droplet concentricity must be maintained with the
electric field until polymerization has fixed the inner droplet in place.
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plate and (b) suspended in a density gradient. Note the
difference in vertical scales for (a) and (b). The DMA

Figure 8.5

shells have dimensions of (a) Router ~ 3.3 mm and  ~
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450 m, and (b) Router ~ 2.3 mm and  ~ 260 m. They
are subjected to an electric field of (a) E0 ~ 3×104 Vrms/m
at f = 200 kHz, and (b) E0 ~ 4×104 Vrms/m at f = 2 MHz.
Evolution in time of the RMS roughness of the outer and
inner surfaces of a DMA shell (outer diameter = 4.7
mm) enclosing a silicone oil droplet (inner diameter =
4.2 mm) suspended in a density gradient. The applied
AC electric field has magnitude 4104 Vrms/m and

Figure 8.6

frequency 4 MHz. The suspending fluid with the density
gradient is silicone oil. The solid circles (
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) are RMS

roughness data for the outer surface, while the squares
(

), represent the concentricity of the shell. The

concentricity improves because the electric field is
driving the inner oil droplet toward the center in ~100 s.
Unwrapped plots of the inner (red) and outer (blue)
surfaces of a liquid DMA shell (a) before the AC voltage
is applied, and (b) after applying the electric field for

Figure 8.7

~100 s. (c) The power spectra of the two surfaces after
centering has occurred and with the electric field
remaining on.
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Experimental deformation and centering data for
water-based liquid shells at f = 20 MHz. (a) Deformation
ratio for several electrical conductivity values. Points

Figure 8.8

marked, respectively, with red and green denote the
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outer and inner surfaces. (b) Vertical centering
dynamics. Optical resolution = 6 m/pixel; frame rate =
1.5 fps; E0 = 5 ~ 6104 Vrms/m.
Selected frames showing the approach to concentricity
for a water-shell double-emulsion droplet using the
high-pass spatial filter shown in Fig. 8.1. The outermost
bright ring denotes the outer shell surface. The surface

Figure 8.9

of the inner droplet is the outer edge of the thick white
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circle. Experimental conditions: E0 = 6104 Vrms/m; f =
20 MHz; 2 = 2.410-3 S/m. Optical resolution = 6
m/pixel.
Evolution in time of the RMS roughness of the outer and
inner surfaces of a surfactant-doped water shell (outer
diameter = 4.7 mm) enclosing a silicone oil/HFE-7100
droplet (inner diameter = 4.2 mm) suspended in a
density gradient. The applied AC electric field has

Figure 8.10

magnitude 6104 Vrms/m and frequency 20 MHz. The
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suspending fluid with the density gradient is silicone oil
doped with HFE-7100. The solid circles (

) are RMS

roughness data for the outer surface, while the squares
(

), represent the concentricity of the shell.

Two-step process for preparing acid-accelerated RF

Figure 9.1

aerogels [19].
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xxv

Centering behavior of the RF-shell double-emulsion
droplets upon the application of a fixed AC voltage of
500 Vrms at 20 MHz. The tests are for (a) and (d) an
RF-based shell with outer radius Router = 2.38 mm and
shell thickness  = 260 m; (b) an RF-based shell with
outer radius Router = 2.38 mm and shell thickness  =

Figure 9.2

700 m, (c) a single RF droplet with radius of 2.38 mm.
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The RF solution was prepared with standard amount of
acid and base catalysts. The density gradient column in
(a) ~ (c) was established with 10 cS silicone oils mixed
with different percentage of HFE-7100; while the
suspension medium in (d) was changed to 1000 cS
silicone oils doped with different amount of HFE-7100.
Classical example of electrical shear stress induced
convection [32]. (a) A dielectric sphere with radius b is
immersed in a conductive liquid and subjected to a
uniform DC electric field E0. (b) Symmetric vortex flow
patterns result from the field-fluid configuration of (a).

Figure 9.3

(c) Entrained powder particles visualize the flow pattern
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inside a silicone oil droplet suspended at the interface of
castor oil and corn oil with DC electric field applied
vertically. (d) Entrained powder particles visualize the
flow pattern in the exterior liquid. (Copyright permitted
by Annual Review of Fluid Mechanics)
Centering behavior of the RF-shell double-emulsion

Figure 9.4

droplets upon the application of a fixed AC voltage of
800 Vrms at 20 MHz. The RF solution was prepared with
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reduced amount of base and no acid catalyst. All the
droplets have outer radius Router = 2.38 mm and shell
thickness  = 260 m. The tests are for RF-based shells
with electrical conductivities of (a) 8.310-3 S/m, (b)
6.210-3 S/m, and (c) 5.110-3 S/m. The suspending
density gradient was built with 1000 cS silicone oils
mixed with different percentage of HFE-7100.
Image analysis results of the experiment for the
RF-based shell with lowest conductivity 2 5.110-3
S/m. Blue and cyan: centering dynamic plots for vertical

Figure 9.5

(z) and horizontal (x) motions; Red and orange:
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elongation ratio of the two surfaces. Optical resolution =
6 m/pixel, frame rate = 1.5 fps.
Sketch of the centering system for the experiments with

Figure 9.6

TPGD shell.

158

Sequential frames of the centering behavior of a TPGDbased shell with Router = 2.38 mm and shell thickness 

Figure 9.7

= 260 m. E0 = 6104 Vrms/m, f = 20 MHz. The magenta
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and green curves are generated by image analysis.
Image analysis results of the TPGD shell centering
experiment as shown in Fig. 9.7. Blue and cyan:
centering dynamic plots for vertical (z) and horizontal

Figure 9.8

(x) motions; Red and orange: elongation ratio of the
two surfaces. Optical resolution = 6 m/pixel, frame rate
= 1.5 fps. Non-concentricity (NC) of the centered TPGD
shell is calculated to be 1.36%.
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xxvii

Centering and UV polymerization process of a
TPGD-based double- emulsion droplet with Router = 2.38
mm and shell thickness  = 260 m. The electric field
of 6104 Vrms/m at 20 MHz was applied throughout the

Figure 9.9

whole process. The UV curing lasted for 25 s after the
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TPGD liquid shell achieved centering in 30 s. The cured
shell became an egg shape with a very thin layer of shell
on the top. The top thin layer eventually ruptured and
left an uncapped solid TPGD shell.
Centering and UV polymerization process of a
TPGD-based double- emulsion droplet with Router = 2.38
mm and shell thickness  = 260 m. The electric field
of 6104 Vrms/m at 20 MHz was applied throughout the

Figure 9.10 whole process. The UV irradiation with lower intensity
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lasted for 25 s after centering the TPGD liquid shell for
60 s. The TPGD shell was only partially polymerized
since the inner droplet still moved to the top when the
electric field was removed at 180 s.
Microscopic image of one intact solid TPGD shell. It
was obtained when the UV source was occasionally
adjusted at a right incident angle and intensity level for a

Figure 9.11

right period of curing time. The average non-
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concentricity (NC) is evaluated to be 7.85% by
examining it at four viewing aspects during 3D rotation.
Sketch of (a) a point charge q located inside a dielectric

Figure A.1

sphere and (b) its image charge qe outside the sphere.
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xxviii

Geometric sketch of the leading image dipole for a

Figure B.1

dipole located inside a dielectric sphere.
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A compound double-emulsion droplet lies in a uniform
stream of velocity U parallel to the line of centers of the

Figure C.1

two spheres. The inner spherical interface also moves at
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a velocity V relative to the outer interface.
Circuit design diagram of the RF matching network with

Figure E.1

resonant frequency at 1 MHz.
Circuit design diagram of the RF matching network with

Figure E.2

resonant frequency at 2 MHz.
Circuit design diagram of the RF matching network with

Figure E.3

resonant frequency at 4 MHz.
Circuit design diagram of the RF matching network with

Figure E.4

resonant frequency at 20 MHz.
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203
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Case (a): a uniform electric field E0 is initially
established between two parallel electrodes across a

Figure G.1

dielectric medium ε1. Case (b): a foreign body of

208

arbitrary shape with dielectric permittivity of ε2 is
introduced into this medium ε1.
(a) A dielectric sphere of radius R and dielectric
permittivity ε2 is embedded in a uniform electric field E0
across a dielectric medium ε1. (b) A dielectric ellipsoid

Figure H.1

with semi-major axes a, b, c and dielectric permittivity
ε2 is embedded in a uniform electric field E0 across a
dielectric medium ε1.
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CHAPTER 1
Introduction
Supplying energy has become a global problem due to the fact that the main
sources of energy create pollutants and greenhouse gases and are gradually running out.
New, clean and safe sources of energy are needed. Nuclear power, involving both
fusion and/or fission, might be ideal energy sources, as long as the nuclear power
stations can avoid accidents and if nuclear waste can be safely disposed of.
The fusion reaction, as illustrated in Eq. (1.1), has a number of advantages over
fission reaction. For example, the deuterium (D2) reactant is abundant in sea water. The
waste product is helium (4He), which is inert, safe and not radioactive.
T, 
D  T high

 4 He  n  18 MeV

(1.1)

To achieve deuterium-tritium (DT) fusion, extremely high temperature
(>10,000,000 °C) and DT fuel densities (1000 times liquid density) are required. Such
extreme conditions can be achieved by imploding a cryogenic DT nuclear fusion target
using powerful laser beams. Since mid-2010, the National Ignition Campaign (NIC)
has begun to perform large-scale DT fusion experiments. The construction of National
Ignition Facility (NIF) was completed at the Lawrence Livermore National Laboratory
(LLNL) in mid-2009. The NIF employs 192 neodymium glass laser beams and is
designed to deliver 1.8 MJ at 500 TW at 351 nm. For a DT fusion target imploded in
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the NIF, densities are expected to achieve 103 g/cm3 and temperatures are expected to
exceed 108 K, along with over 3.5×106 K radiation temperatures [1].
For successful DT fusion ignition, the cryogenic laser fusion targets must meet
certain stringent requirements. All inertial confinement fusion (ICF) targets are
composed of a spherical capsule containing a solid cryogenic shell of DT ice layer,
which is over-coated with an outer ablator layer and surrounds a low-density DT
vapor bubble at or slightly below the triple point. Refer to Fig. 1.1. Since any small
perturbation in the target quality will adversely affect the implosion performance,
there are a number of dimensional restrictions during the target fabrication processes.
For example, the DT ice layer inner surface must have less than ~1m root-meansquare (rms) roughness; meanwhile, the wall thickness nonuniformity, as indicated by
non-concentricity (NC), must be limited to ≤ 5% for experiments on NIF [2,3].

NC 

offset of wall thickness
2 avg. wall thickness 

(1.2)

Here, the offset of wall thickness is defined to be the 3D center-to-center displacement.
The fabrication of cryogenic laser fusion targets usually starts with the
formation of low-density foam shells of high spherical symmetry. These foam shells are
typically formed from concentric double-emulsion droplets. A polymerization reaction
is used to generate solid foam shells. Then, the inner sphere is voided by the subsequent
steps of solvent exchange and supercritical fluid drying. Special care has to be taken in
fabrication due to those rigid dimensional restrictions imposed on cryogenic targets [4].
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For the conventional batch-processing method, the yield of high-quality shells is
relatively low (<30%). Currently, the wall thickness uniformity, or the double-emulsion
droplet centering, is controlled entirely by density matching and droplet rotation. There
is no effective means to control how well or how quickly the centering occurs. Thus, a
new method that improves yield and offers better control would eliminate the
bottleneck that currently impedes the fabrication process.

Fig. 1.1 Capsule schematics for the direct- and indirect-drive ICF ignition targets
for the NIF design [5].
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Research motivation
The practical implementation of laser fusion technology as an energy source

depends on the development of a facility design to mass produce cryogenic targets. To
avoid the need for huge inventories of radioactive tritium, these targets will have to be
produced on-site and then immediately consumed. The target fabrication facility of a 1
GW electric generating power plant must supply about 500,000 DT cryogenic targets
per day. The long-term cost goal for target fabrication is about $0.25 per target, which is
about 104 times less than current costs [6]. Thus, the feasibility of developing
successful fabrication methodologies at lower cost is a crucial issue for inertial
confinement fusion.
The biggest target fabrication bottleneck is the low yield of high-quality foam
shells using the conventional fabrication techniques. Implementing an externally
controlled centering force seems to be a promising solution. In this dissertation, we use
a uniform external AC electric field to induce liquid dielectrophoresis (DEP) of the
double-emulsion droplet system, which centers the interior oil droplet. This technique
is a critical component of a novel microfluidic fully-automated assembly-line for
concentric foam shell fabrication [7~9].
Figure 1.2 sketches the proposed scheme based on a microfluidic doubleemulsion droplet generator and the subsequent DEP droplet centering process. After the
formation of an individual double-emulsion droplet, it is expelled from the droplet
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generator and delivered to an open oil phase. A uniform AC electric field is then
imposed on the double-emulsion droplet to achieve the concentricity requirement,
before it gets polymerized to be solid foam shells. More details about the fabrication
procedures will be described in Chapter 2. This scheme provides the prospect of
automatically assembling high-quality shells to meet the needs of routine fusion
experimental shots. In particular, the AC electric field droplet centering process
distinguishes it from conventional batch-processing techniques. Though foam shells
are to be produced individually, each shell will be assured to fulfill the laser fusion
target specifications.
Lab-On-Chip Double-Emulsion
Droplet Generator
Foam Shell

Top View
Reservoir

Reservoir

Foam-forming
Solution

Interior Oil Phase

Side View
Transparent, Coated
Upper Electrode

Dielectric Coating
Drying w/
Supercritical CO2

3Φ

Substrate

IPA

Addressable Electrodes

Expulsion from
“Pancake” Structure

Exterior
Oil Phase

Solvent
Exchange

External
Uniform E

Droplet
Centering

Photo-initiated
Polymerization

Uniform E

Fig. 1.2 Conception of microfluidic scheme for concentric foam shell fabrication
based on a “lab-on-chip” double-emulsion droplet generator and the subsequent
droplet centering process by DEP centering force.
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Dissertation outline
This dissertation focuses on the fundamental research and experiments on

double-emulsion droplet centering based on the mechanism of liquid DEP induced by a
uniform external AC electric field. Well-controlled droplet centering is crucial in the
microfluidic scheme to fabricate spherical foam shells with highly uniform wall
thickness. We will discuss the related centering topics as follows:
Chapter 2 provides a more detailed background about the laser fusion target
dimensional specifications, the problems in the conventional foam shell fabrication
methods, and the specific fabrication procedures in our microfluidic scheme for
concentric foam shell fabrication.
Chapter 3 presents the theory of DEP induced double-emulsion droplet
centering. After a brief review of the well-known DEP phenomenon, the mechanism of
droplet centering is validated by finite element analysis, using the Maxell stress tensor
to calculate the force on the inner sphere with Comsol® Multiphysics. The conditions
for effective droplet centering are listed in details in Section 3.3. In particular, stable
centering occurs only when the dielectric constant of the shell liquid is higher than that
of the ambient fluid. This prediction is confirmed by the image dipole theory in Section
3.4. Analytical expressions of DEP force exerted on the inner droplet are derived from
the Washizu-Jones multipolar re-expansion theory in Section 3.5. The last Section 3.6
provides the estimation of a single droplet deformation caused by the electric field, to
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predict the maximum electric field that could center the droplets without significant
droplet deformation.
Chapter 4 discusses a simple, reduced-order, dynamic model which considers
the electric field induced DEP force and the hydrodynamic viscous drag. The prediction
of centering dynamics from this model is corroborated by the preliminary centering
experiments described in Chapter 5. In these proof-of-concept demonstrations, doubleemulsion droplets were supported on an indium-tin-oxide (ITO) glass plate, which
seems to have certain effect on the droplet centering. Quantitative image analysis is also
provided using a Matlab® program to evaluate the centering behavior.
The frequency dependence of the centering effect, originated from MaxwellWagner interfacial polarization, is fully discussed in Chapter 6. We employ an RC
high-pass filter circuit model to derive a critical frequency which defines the threshold
value needed to circumvent the electrostatic shielding problem caused by the electrical
conductivity of the shell liquid.
In Chapter 7, a density gradient model is introduced to replace the ITO glass
plate for suspending the double-emulsion droplets during centering process. The total
energy is calculated for a single droplet suspended in a linear density gradient and
subjected to a uniform external electric field. The net droplet deformation is therefore
estimated by seeking for the energy minimum state.
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Chapter 8 demonstrates more experimental results for double-emulsion droplets
suspended in a density gradient column. We examine two types of shell liquids with
different electrical conductivities and verified the frequency dependent phenomena
concluded in Chapter 6. Furthermore, Chapter 9 describes the centering effect of those
double-emulsion droplets assembled with polymer precursors as the shell liquids. In
some experiments, polymerization test was initiated by ultra-violet (UV) irradiation as
soon as the droplets appeared to be concentric upon the electric field.
Chapter 10 contains concluding remarks and suggestions for the future research
work in this area. Note that all the centering experiments in this dissertation employ
double-emulsion droplets with 3~6 mm diameter and >250 m shell thickness,
relatively larger than the standard NIF target size. We temporarily used these
large-sized droplets because, for testing convenience, we assembled double-emulsion
droplets simply by manual injection and pipetting at this stage. Also, hydrodynamic
simulation indicates that large-sized ICF targets can generate higher energy gain. A
cryogenic target with >4.5 mm diameter is simulated to achieve high energy gain
exceeding 100 by a laser driving energy of 3~4 MJ at 351 nm wavelength [10,11].
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CHAPTER 2
Background
Laser-driven inertial confinement fusion is proposed to be potentially
promising as a new, clean and safe energy source. It is estimated that over 1011 fusion
targets would supply a 1000 MW(e) power plant for more than 500 years! [6] However,
for successful DT fusion ignition, the laser fusion targets must meet certain stringent
requirements. In Section 2.1, we will discuss these restrictions in more details and
state what kind of features a high-quality laser fusion target must have. Conventional
batch-processing methods, as reviewed in Section 2.2, are possible for mass
producing fusion target foam shells; however, the lack of active control over shell
concentricity results in a relatively low yield (<30%) of high-quality shells. We put
forward a novel microfluidic scheme for assembling concentric foam shells. The
detailed fabrication procedures will be described in the following Section 2.3.

2.1

Laser fusion target dimensional restrictions
As seen in Fig. 1.1, there are two basically different schemes of ICF ignition:

direct-drive and indirect-drive. Accordingly, the laser fusion targets for these two
ignition modes have slightly different dimensions. In the direct-drive scheme, the
spherical cryogenic target filled with D2 and DT fuels is directly illuminated by a
large number of laser beams to provide the optimal coupling of laser energy into
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hydrodynamic motion and thus to initiate a spherically symmetric implosion [12]. In
indirect-drive scheme, the laser energy is focused onto the inside walls of a cylindrical
hohlraum, and then converted to X-rays which in turn drive the target capsule with
possible advantages for the hydrodynamic stability of the implosion [1,5].
The NIF-scale indirect-drive targets use a ~2 mm diameter capsule with a
thick (~160 m), copper-doped beryllium ablator layer surrounding a relatively thin
(~75 m) solid DT ice layer [1]. The initial ignition experiments at the NIF facility
beginning in 2010 will employ X-rays generated from a gold/uranium cocktail
hohlraum to power the above target capsules [1,5].
The NIF-scale direct-drive targets are typically ~3.4 mm in diameter, with a
relatively thick (~330 m) solid cryogenic shell of DT ice layer, surrounded by a very
thin layer (~10 m) of plastic (CH) outer ablator [13].
Since direct-drive ignition is the leading concept for inertial fusion energy
(IFE), the approach to ignition conditions and the physics of cryogenic capsule
implosions are being validated by the OMEGA laser facility in the Laboratory for
Laser Energetics (LLE) at the University of Rochester [5]. The dimensions of the
direct-drive cryogenic targets imploded on the OMEGA laser are approximately 0.3
times the NIF-scale direct-drive target designs. The target capsules are ~0.9 mm in
diameter with a 3 m thick outer plastic ablator and an inner DT ice layer ranging
from 80 to 100 m thick [12].
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When the target capsules are illuminated by either the laser in direct-drive
mode or the X-ray field in indirect-drive mode, the outer ablator layer is rapidly
heated and driven away from the capsule. The resulting shock wave compresses the
DT ice layer to reach very high pressure (several Mbar) at the central DT gas region.
Then, the laser or X-ray illumination ceases, and the DT fuel shell begins to
decelerate, but still compressing the core and converting the kinetic energy to thermal
energy which heats the core to be a “hot spot”. Once the temperature at the “hot spot”
approaches 10~12 keV and the areal density of the core and surrounding fuel shell
exceeds 0.3~0.4 g/cm2, a “spark” is generated at the “hot spot” to initiate the
thermonuclear burn wave, propagating through the compressed DT fuel shell in a few
tens of picoseconds and leading to significant energy gain [5,12].
Throughout the entire ignition process, various target and laser beam
nonuniformities can degrade the implosion performance and disrupt the nuclear burn.
These sources include poor laser power balance, single-beam nonuniformity, target
misalignment, drive asymmetry, outer-surface roughness of the capsule, etc [5,12]. In
particular, the wall thickness uniformity and inner surface smoothness of the DT ice
layer are critical to both drive concepts. When the DT ice layer decelerates and further
compresses, any existing inner surface perturbations grow due to the Rayleigh-Taylor
instability [14]. If the wall thickness nonuniformity and the inner surface
perturbations are too large at the beginning of the deceleration, the conditions for
thermonuclear burn cannot be achieved. Thus, the root-mean-square (RMS)
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roughness scale of the inner surface of the DT ice layer must be ~1m, and the wall
thickness non-concentricity must be limited to NC ≤ 5% for NIF experiments [2,3].

2.2

Conventional foam shell fabrication methods
The fabrication of cryogenic laser fusion targets usually starts with the

formation of low-density foam shells of high spherical symmetry. Hollow polymer
foam shells are attractive since the low atomic number and mass density allow the
foam to achieve high-density compression during the implosion. Standard foam shells
of cryogenic target quality typically have a density of 0.05~0.1 g/cm3, and a small
average pore size <100 nm [2,3]. Once the solid foam shells are prepared, they are
filled with cryogenic liquid DT fuel on the inside surface of the shell. Then, the
temperature is reduced to below the triple point and a solid DT ice layer is formed,
occupying the shell space and surrounding a low-density DT vapor at the central
region. For direct-drive targets, the thin CH ablator layer is over-coated around the
porous foam shell. This layer also serves as a pinhole-free permeation barrier to
contain the loaded DT fuel [3]. For indirect-drive targets, due to the thick beryllium
ablator layer, fabrication requires precise manufacturing of double-shell foam shells
[15], which is beyond the scope of this dissertation. The completed cryogenic targets
are eventually transported in a cryostat to the target chamber, ready for different
diagnoses and final implosion experiments.
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In this dissertation, we focus on the foam shells designed especially for
direct-drive cryogenic targets. Many conventional fabrication methods have been
reported to create such hollow polymer shells of cryogenic target quality [16~21]. For
example, Takagi et al first developed an encapsulation technique based on a density
matched emulsion method using a methacrylate-based chemistry to initiate
copolymerization in the oil phase of the emulsion. These foam shells have sphericity
>99%, wall uniformity >97%, and surface smoothness <0.1 m [16,17]. In their
scheme, the first water/oil (W/O) emulsion is generated by shaking the immiscible
fluids of a surfactant-added water solution and a mixed oil phase. The methacrylate
monomer for three-dimensional copolymerization dissolves in the organic oil phase.
In order to obtain uniform wall thickness, the densities of the oil and water phase are
carefully adjusted to be equal, so that the effect of gravity and buoyancy can be
eliminated. The above W/O emulsion is subsequently poured into another continuous
aqueous phase to generate the second emulsification. After formation of the
water/oil/water (W/O/W) double emulsions, the free radical polymerization is
initiated by heating and rotating the container for the above double-emulsion. The
crosslinking created by the gelation process fills the shell space of the oil phase. Once
the shells are completely polymerized, the water and oil phase are extracted and
exchanged with some miscible solvents (e.g., toluene and dioxane), which is
eventually removed by supercritical CO2 to create dry foam shells.
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More recently, a number of ICF target suppliers and research groups, such as
General Atomics (GA) and LLNL, begin to investigate resorcinol-formaldehyde (RF)
aerogel to prepare low-density foam shells fulfilling the target requirements. The RF
aerogel is formulated by a polycondensation reaction of a precursor solution using a
two-step (base/acid catalysis) gelation process [3,19]. In contrast to the opaque
methacrylate-based foam shells, RF aerogel has good optical transparency due to the
characteristically small pore size (<100 nm) [3], which facilities optical observation
for subsequent target diagnoses and fuel injection.
The RF foam shell process has many differences compared to the
methacrylate-based foam shells [19]. First, the polymerization initiator is added to the
RF precursor solution rather than the oil phase; therefore, the RF system is based on
oil/RF/oil (O/RF/O) double-emulsions instead of W/O/W droplets. Second,
double-emulsion droplets are not generated by agitation and shaking. Instead, a triple
orifice droplet generator [20,21] is employed to encapsulate oil inside the RF shell –
two concentric orifices are inserted into a tube where there is a flow of an exterior oil
phase. To form O/RF/O double-emulsion in the tube, an interior oil phase droplet is
surrounded by the RF solution, and they are pinched off at the tips of the two
concentric orifices by the exterior oil flow, which delivers the O/RF/O droplets to a
rotating container filled with the exterior oil phase. In this scheme, the diameter of the
resultant foam shell is precisely controlled by adjusting the exterior oil flow rate in the
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tube; the wall thickness is controlled by changing the flow rate ratio between the
interior oil phase and the RF solution.

RF
Solution
Exterior
Oil Phase

Interior
Oil Phase

Foam Shell

Exterior
Oil Phase

Drying w/
Supercritical CO2

IPA

Rotate

Solvent
Exchange
Gelation
70ºC

Fig. 2.1 Fabrication process for foam shells based on resorcinol-formaldehyde
(RF) aerogel and a triple orifice droplet generator.

Figure 2.1 illustrates the fabrication process. Once the double-emulsion
droplets arrive in the agitator, polymerization of the RF solution is thermally initiated
by heating the container to 70ºC. Meanwhile, the container is gently rotated to promote
centering of the O/RF/O droplets to achieve uniform wall thickness. Subsequent steps
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are similar to those of the methacrylate-based foam shells – isopropanol alcohol (IPA)
is used to replace all the interior water and oil phase solvents, and then the shells are
ready for supercritical drying with CO2. The interior oil phase in the droplet generator
also has to be closely matched in density to the aqueous shell phase containing the
ungelled RF solution. In that way, the gravity and buoyancy effects can be eliminated to
minimize the wall thickness nonuniformity. The density of the exterior oil phase can be
slightly lower than the oil/RF (O/RF) emulsion droplets so that they can remain
suspended in the exterior oil phase by gentle agitation.

2.3

Microfluidic scheme for concentric foam shell fabrication
The current target fabrication bottleneck stems from the low yield of high-

quality foam shells using the conventional batch-processing methods. For example, the
triple orifice droplet generator creates approximately 200~300 RF shells per batch, but
only one third to two thirds of them survive the following curing step [19]. Of the
survivors, only a small percentage meets the fusion target requirements. Statistical
reports show that the yield of standard density (~0.1 g/cm3) RF shells with acceptable
wall thickness uniformity (NC ≤ 5%) is only ~30% [2,3]. Since a large number of RF
shells are fabricated in each production batch, despite the apparently low yield, the
absolute number of high-quality shells is sufficient for the present experiments on
OMEGA (typically 10 shells per campaign). Nevertheless, a very labor intensive and
time-consuming sorting process is required to identify those RF shells that meet the
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concentricity specification [3]. Such sorting work increases the cost of target
fabrication and a manufacturing process evolution is therefore desired.
In our microfluidic assembly scheme, double-emulsion droplet centering using
AC electric field is proposed to realize an active control of the wall thickness
uniformity during the fabrication procedures. Refer to Fig. 1.2. A droplet of aqueous
precursor solution and a droplet of interior oil, with closely matched densities, are
respectively dispensed from two reservoirs on a microfluidic chip in air. The monomer
and initiator for posterior polymerization are loaded in advance in the precursor
solution. The droplet volumes must be precisely controlled in the dispensing step. The
dispensed droplets are transported along the electrode arrays by electrowetting (EWOD)
and/or liquid DEP. Once they are in contact with each other, spontaneous emulsification
combines them into an oil/water/air (O/W/A) double-emulsion droplet. Similarly,
water/oil/air (W/O/A) droplets can also be produced using this method, but other
liquids must be used for such a process.
The microfluidic device used for double-emulsion droplet formation is actually
a horizontal “pancake” structure, a side view of which is included in Fig. 1.2. Typically,
the bottom plate contains a patterned array of individually addressable aluminum
electrodes, while the top electrode is a plate of ITO-coated glass. Dielectric and
hydrophobic layers (Teflon-AFTM) are spin-coated on both of these two surfaces,
between which the liquids are sandwiched. Figure 2.2 shows an experimental
demonstration of the formation and transport of both O/W/A (named “barge”) and
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W/O/A (named “tugboat”) double-emulsion droplets. We will discuss in Chapter 3 that
the electric field mediated droplet centering is only possible with O/W/A doubleemulsions. Hence, we will only focus on the case of O/W/A droplets.

Fig. 2.2 Sequential frames of the formation and transport of (a) O/W/A (“barge”)
and (b) W/O/A (“tugboat”) double-emulsion droplets in a “lab-on-chip” droplet
generator. (a) The oil phase is a 0.26 L mixed droplet of mineral oil and
tetrachlorethylene (TECE). The aqueous phase is a 0.75 L DI water droplet
doped with surfactant (Silwet L-77 and Tween 80) and dye (Mordant Blue 9). The
operational AC voltage is 101 Vrms at 100 kHz. (b) The oil phase is a 0.25 L
decane droplet and the aqueous phase is a 0.50 L DI water droplet doped with
dye (Mordant Blue 9). The operational AC voltage is 102 Vrms at 100 kHz. To
transport a “barge” successfully, it is necessary to switch on the adjacent electrode
closest to the front edge of the aqueous phase and not apply voltage to the
electrodes beneath the oil phase.
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After dispensing, emulsification, and transport of the individual O/W/A droplet
by the microfluidic chip, the next step is to expel it from the “pancake” structure and
deliver it to a continuous medium containing the exterior oil phase. These processes are
the focus of other research and are not considered here. Thereafter, the resultant
oil/water/oil (O/W/O) droplet undergoes the electric field induced centering in a
uniform external AC electric field. Once the concentricity requirements are met,
polymerization is initiated by ultra-violet (UV) illumination or other initiation methods.
The subsequent procedures of solvent exchange with IPA and foam drying with
supercritical CO2 are similar to those conventional fabrication protocols.
This dissertation is focused on the fundamental research and experiments on the
electric field mediated double-emulsion droplet centering based on the mechanism of
liquid DEP phenomenon. We start the discussion from the classical theory of DEP
induced droplet centering as to be presented in the next Chapter 3.
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CHAPTER 3
Theory of DEP Double-Emulsion Droplet
Centering
Dielectrophoresis, abbreviated as DEP, refers to the phenomenon in which a
force is exerted on an uncharged dielectric and/or conductor when it is subjected to a
non-uniform electric field [22]. This uncharged dielectric or conductor can be a small
rigid particle or deformable liquid droplet, ranging from micron- to millimeter-scale.
The DEP force usually causes the particle or the liquid drop to demonstrate
macroscopic motion such as translation and/or deformation. Especially for liquid
dielectrophoresis, as suggested by Melcher [23] in order to distinguish from particle
dielectrophoresis, the accumulated effect on individual liquid molecules manifests
itself as fluidic motion and surface distortion.
In this chapter, we present the theory of double-emulsion droplet centering
based upon the liquid DEP phenomenon. Note that we designate “DEP” to be liquid
DEP throughout this dissertation unless stated otherwise. Section 3.1 presents a brief
review of both particulate and liquid DEP, including the phenomenological definitions,
the electric polarization of a neutral material, the effective dipole moment and the
resultant DEP force on a lossless sphere. Section 3.2 and 3.3 cover the mechanism and
prerequisites for stable droplet centering by DEP force. The centering conditions are

Theory of DEP Double-Emulsion Droplet Centering

22

explained in Section 3.4 and 3.5 by an image dipole theory and the Washizu-Jones
multipolar re-expansion theory. Finally, Section 3.6 describes how to estimate the
droplet deformation caused by the electric field.

3.1

Review of dielectrophoresis (DEP)

3.1.1 Particle dielectrophoresis
The term “dielectrophoresis” was first put forward by Herbert A. Pohl in 1951
[24~26] when he discovered in his early experiments that small plastic particles would
move in insulating dielectric liquids in response to a non-uniform AC or DC electric
field. He combined the Greek word for force, “phoresis”, with the word “dielectric” in
order to describe the force exerted on uncharged dielectric particles as the result of their
electric polarization.
In Pohl’s definition of “dielectrophoresis” [26], he referred to the particle DEP
phenomenon which is caused by polarization effects in a non-uniform electric field.
The phenomenological bases of his definition are listed as follows.


The DEP force exists only when the particles are in a non-uniform electric field.
The non-uniformity of the applied field distinguishes the DEP phenomenon from
the classical electrophoresis. Electrophoresis is a polarity-dependent phenomenon
which is related to electrical double-layer at the surface of certain particles
suspended in aqueous media. The particles themselves behave as mobile charges
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attracted or repulsed by the applied field. Electrophoresis does not require the
electric field to be non-uniform and should not be confused with DEP [22].


The DEP force does not depend on the polarity of the electric field, thus, the
phenomenon can be observed either with AC or DC excitation.



The particles are attracted to regions of stronger electric field when their dielectric
permittivities 2 exceed that of the surrounding medium 1, i.e., 2 > 1. This is
called positive particle DEP, as illustrated by the red particles in Fig. 3.1.



The particles are repelled from regions of stronger electric field when their
dielectric permittivities are less than that of the suspension medium, i.e., 2 < 1.
This is called negative particle DEP, as indicated by the blue particles in Fig. 3.1.



Particle DEP is most readily observed for neutral particles with diameters ranging
from approximately 1 to 1000 m. When above 1000 m, gravity usually
dominates; and when below 1 m, Brownian motion starts to become significant.

3.1.2 Liquid dielectrophoresis
Analogous to particle DEP, the phenomenology of liquid DEP, as put forward
by Melcher and Jones [27,28], can be summarized by the following Fig. 3.2.


Dielectric liquid with permittivity 2 higher than that of the surrounding medium 1
tends to collect in regions of stronger electric field, as shown in Fig. 3.2 (a).
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Particles with higher permittivity
 > , positive DEP effect
Particles with lower permittivity
 < , negative DEP effect

Fig. 3.1 Positive and negative particle dielectrophoresis in different electrode
structures [22]. Red particles: with higher permittivity than the suspension medium
2 > 1, exhibiting positive DEP; Blue particles: with lower permittivity than the
suspension medium 2 < 1, showing negative DEP.



A gas or vapor bubble within this dielectric liquid is always repelled from regions of
stronger electric field. See Fig. 3.2 (b).



Since the liquid is deformable, its free surface tends to be shaped parallel to the
electric field lines to keep the preferred hydrodynamic equilibrium. See Fig. 3.2 (c).
In fact, both particle and liquid DEP physically originate from the

ponderomotive force [24,29] exerted on induced dipoles polarized by non-uniform
electric fields. In liquid DEP, the effective dipoles of individual liquid molecules,
created by the non-uniform electric field, establish a hydrodynamic equilibrium that
drives the liquid from regions of low electric field intensity to regions of high electric
field intensity. In this respect, one should not confuse liquid DEP with the classical

Theory of DEP Double-Emulsion Droplet Centering

25

electro-osmosis, electroconvection, and other electrohydrodynamic phenomena which
are based on the pressure-pumping mechanisms [30~37].
Note that liquid DEP is not just observed in dielectric liquids. Slightly or
moderately conductive liquids can also be actuated by non-uniform AC electric field as
long as the applied frequency is sufficiently high. At high frequencies, the conductive
liquids behave more like a “dielectric” so that the electric field lines penetrate the liquid
body and constrain the liquid surface.




V





V








(a)

(b)

V






(c)
Fig. 3.2 Phenomenology of liquid dielectrophoresis: (a) dielectric liquid with
permittivity 2 > 1 is driven into region of stronger electric field; (b) gas or vapor
bubble is repelled from region of stronger electric field; (c) constrained liquid
profile with its free surface parallel to the electric field lines.
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3.1.3 Electric polarization of a neutral material

When a neutral body is placed in an external electric field E 0 , there is a
separation of charges induced by this field. Refer to Fig. 3.3 (a). Then, this neutral body
becomes an electric dipole with the dipole moment of



p  qd

(3.1)


where q is the amount of separated charge, and d is a vector pointing from negative

to positive. The neutral body will experience a DEP force f DEP if the surrounding


electric field is non-uniform. It will also generate a torque  which depends on the


orientation of p with respect to the electric field E 0 .



  
f DEP   p   E0 and   p  E0

(3.2)

The application of an electric field can induce a dipole moment in most neutral
materials, no matter whether they are electrically conductive or insulative [38,39]. For
example, consider a metallic sphere in an external electric field as shown in Fig. 3.3
(b). In a metal, there are a large amount of free electrons drifting around inside it.
Under an electric field, these free electrons are attracted to one end of the metal,
leaving the atomic nuclei and their net positive charge at the other end. Thus, an
electric dipole is induced in the body.
For a non-metallic material made from polarizable molecules, in some cases it
may have permanent dipole moment on each individual molecule, such as pure water.
As illustrated in Fig. 3.4 (a), the permanent dipole moments are randomly oriented
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when there is no electric field; however, the imposition of an external field will exert a
torque on the molecules, and all the dipole moments are aligned in the same direction.
See Fig. 3.4 (b). The positive and negative charges in the bulk material will cancel out
each other, leaving only two opposite charge layers on the surface. Thus, the bulk
material will acquire a dipole moment as shown in Fig. 3.4 (c).

E0

E0

 p








(a)




























(b)

Fig. 3.3 (a) Electric polarization of a neutral body in an external electric field; (b)
Electric dipole formation in a metallic sphere surrounded by an electric field.

In some other cases, the material is made from polarizable molecules which do
not have any permanent dipole moment. The bulk material can still be polarized, since
the external electric field will push the electrons inside each individual molecule
toward one end, thus inducing a net dipole moment. The induced dipole moment may
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not be as strong as the permanent dipole moment, but will still enable the bulk material
to form an electric dipole.
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Fig. 3.4 Electric dipole moment formation in a non-metallic sphere made from
polar molecules with permanent dipole moments: (a) non-aligned molecules, (b)
aligned molecules under electric field, and (c) effective bound charges at surface.
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(c)

Fig. 3.5 Electric dipole moment formation in a non-metallic sphere made from
non-polar molecules: (a) unpolarized molecules, (b) induced dipoles under electric
field, and (c) effective bound charges at surface.
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3.1.4 Effective dipole moment and DEP force on a lossless sphere
In this section, we discuss the effective dipole moment and the resultant DEP
force exerted on a lossless neutral sphere of radius R polarized in an external electric


field. For simplicity, assume that the electric field is uniform E 0  E 0 zˆ . The more
general case of a non-uniform electric field is discussed elsewhere [22]. We first
assume that the lossless sphere is an insulating dielectric with permittivity 2 suspended
in a lossless dielectric medium of permittivity 1. Refer to Fig. 3.6.

z

P


E 0  E 0 zˆ



r

R

y

2

1

x
Fig. 3.6 A lossless, neutral, dielectric sphere with radius R and permittivity 2
suspended in a lossless dielectric medium of permittivity 1. It gets polarized in a
uniform external electric field E0 along z-axis.
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The electrostatic potential must satisfy Laplace’s equation everywhere, so we
assume that the solutions for the potential outside and inside the sphere have the general
form of
 out (r ,  )   E 0 r cos  

A cos 
,
r2

 in (r ,  )   Br cos  ,

rR

rR

(3.3)
(3.4)

where A and B are two unknown coefficients to be determined by the boundary
conditions. The first term of  out is the external uniform electric field, while the
second term is the potential of the induced dipole of the polarized sphere. Note that
the potential inside the sphere  in is also uniform.
We have two boundary conditions at the surface of the sphere r = R. First, the
electrostatic potential must be continuous across the boundary:

 out (r  R)   in (r  R)
Second, the normal component of the electrical displacement vector  

(3.5)


must be
r

continuous across the boundary as well:

1

 out
 in
(r  R )   2
(r  R)
r
r

(3.6)

Applying Eqs. (3.3) and (3.4) to Eqs. (3.5) and (3.6), we can solve the two unknown
coefficients to obtain
A

 2  1 3
3 1
R E 0 and B 
E0
 2  2 1
 2  2 1

(3.7)
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As deduced in many classical textbooks of electromagnetic theory [40~45],


the electrostatic potential generated by a point dipole of moment peff in a dielectric
medium of permittivity  1 is

 dipole



p eff  r
p eff cos 

 3  4 r 2
4 1 r
1

(3.8)

Comparing the above Eq. (3.8) to the induced dipole term in Eq. (3.3), we can express
the magnitude of effective dipole moment p eff with respect to the coefficient A:

peff  4 1 A

(3.9)

For the homogeneous dielectric sphere in this case, the effective dipole
moment is
p eff  4 1

 2  1 3
R E 0  4 1 KR 3 E 0
 2  2 1

(3.10)

The coefficient K is the Clausius-Mossotti function [22, 46~48]. It measures the
strength of the effective polarization of the dielectric sphere.
K ( 2 ,  1 ) 

 2  1
 2  2 1

(3.11)

Thus, the net DEP force acting on this polarized dielectric sphere can be easily
figured out by reference to its general expression [22, 46~48].



f DEP   p eff   E 0  2 1 KR 3 E 02

(3.12)


The uniform electric field E 0 in this special case enables the dielectric


sphere to form an effective dipole moment peff ; however, there is actually no DEP
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force exerting on this sphere due to the uniformity of the field. The following
conclusions may be made from Eqs. (3.10) through (3.12):



The net DEP force exerted on the dielectric sphere is proportional to the sphere
volume



4 3
R and the dielectric permittivity of the suspension medium  1 .
3

The DEP force vector is directed along the gradient of the electric field intensity


E02 , which, in general, is not parallel to the electric field vector E 0 .


The DEP force is determined by the magnitude and sign of the Clausius-Mossotti

function K. When K  0 , or  2   1 , the effective dipole moment p eff is

colinear with the applied electric field E 0 , and we have the positive DEP effect,
i.e., the sphere is attracted to electric field intensity maxima and repelled from

minima if the electric field is non-uniform. When K  0 , or  2   1 , p eff is

antiparallel to E 0 , and we have the negative DEP effect, i.e., the sphere will be
repelled from electric field intensity maxima and attracted to minima.

In some cases, the sphere may have electrical conductivity  2 . Assume the
conducting sphere is suspended in a medium of conductivity  1 and subjected to a


uniform DC electric field E 0 . To solve this problem, the assumed solutions for
electrostatic potential still take the same form as in Eqs. (3.3) and (3.4). The
continuity condition for the potential at the boundary r = R is also valid as in Eq.
(3.5). The only change will be a replacement of Eq. (3.6) with a new continuity
equation for the normal component of the current density at the surface of the sphere.
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r
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(3.13)

Thus, the effective dipole moment of this conducting sphere is similar to the
expression in Eq. (3.10), except that the Clausius-Mossotti function K is now
dependent on the conductivities.
p eff  4 1 KR 3 E 0 , K ( 2 ,  1 ) 

 2 1
 2  2 1

(3.14)

For a perfectly conducting sphere, i.e.,  2  1   , in which case K  1 , the
effective dipole moment gets to the maximum possible value p eff  4 1 R 3 E 0 . Note
that Eqs. (3.13) and (3.14) are valid only for DC electric field.

3.2

Mechanism of DEP droplet centering
The lossless sphere in the above Section 3.1.4 is polarized by a uniform electric

field; however, it does not experience any DEP force because the external electric field
is uniform. In this section, we will consider the more complicated case that another
smaller sphere is introduced into it to create a double-emulsion droplet. The
double-emulsion droplet is still subjected to a uniform electric field, and initially it is
not necessarily concentric. It turns out that, although the entire double-emulsion droplet
experiences no net force in the uniform external field, the smaller inner droplet is
subjected to a DEP restoring force and can be centered by the uniform external field if
certain conditions are fulfilled.
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Double-emulsion droplets are important in many fields of science and
technology. There are many hydrodynamic models reported for double-emulsion
droplets with or without external electric field [49~54], but most of these deal with the
special case of concentric core-shell structures. In this dissertation, the interest is
focused on DEP centering of eccentric double-emulsion droplets.
The basic centering problem is described in Fig. 3.7. A dielectric sphere with
radius Rinner is eccentrically located within another sphere of larger radius Router . The
droplet is suspended in a surrounding dielectric medium and subjected to a uniform AC

electric field E 0 . The center-center displacement can always be considered as the
superposition of the offsets in two orthogonal directions: z , parallel to the external
electric field in z-direction; and x , perpendicular to the electric field. The dielectric
constants of the inner sphere, the outer sphere and the surrounding medium are κ3, κ2,
and κ1, respectively. For convenience, we here define three variables:
The ratio of the two radii,

R '  Rinner Router

(3.15)

and the center-to-center eccentricities,

z 

z
,
Router  Rinner

x 

x
Router  Rinner

(3.16)

The eccentricity is equal to 0 when the two spheres are concentric, and equals to 1 when
the inner sphere just touches the edge of outer one.

Theory of DEP Double-Emulsion Droplet Centering



Z



35

FX
Z


FZ


E 0  E 0 zˆ

X







X

Fig. 3.7 Sketch of the DEP centering problem. The centering motion can be
decomposed to be parallel to the external electric field ( z ) and perpendicular to
the field ( x ).

Refer to the discussion of electric polarization in Section 3.1.3. When the
double-emulsion droplet is immersed in an electric field, polar or non-polar liquid
molecules are influenced by the external field. Permanent or induced dipoles become
aligned inside the spheres and manifest themselves as effective charge layers along the
two interfaces. These charge layers impose an electric field perturbation upon the

primary uniform field E 0 . If the two spheres are concentric, the symmetric distribution

of the entire electric field has no effect on the inner sphere; however, if the inner sphere
is displaced from the center of the outer one, either parallel or perpendicular to the

imposed electric field E 0 , the perturbation field induced by the charge layers causes the

electric field distribution to become asymmetric and non-uniform. Thus, a DEP
restoring force is exerted on the eccentric inner sphere which moves it either toward or
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away from the center. If certain conditions are met, this DEP force actually centers the
double-emulsion droplet.
To study the DEP force imposed on the inner sphere, we employed the method
of finite element analysis (FEA) with Comsol® Multiphysics. A geometric structure is
first created to describe the centering system. The material properties and boundary
conditions are also defined. After generating the meshes, we can solve the 3D
distribution of the electric field vectors E x , y , z using a conjugated solver. The Maxwell
stress tensor at the surface of the inner sphere is then calculated [29,55,56]:
1


Tij   0  Ei E j   ij E 2 
2



(3.17)

where  0 is the vacuum permittivity and  ij is the Kronecker delta. To obtain the
DEP restoring force imposed on the inner sphere, we need only integrate the Maxwell
stress tensor over the entire surface of it [22,57].
 

f DEP   T  ds
s

(3.18)

Figure 3.8 (a) illustrates the FEA result of the entire space distribution of the
electric field vector for a concentric double-emulsion droplet with Rinner = 2.12 mm
and Router = 2.38 mm, subjected to a uniform electric field E0 = 104 V/m. The
dielectric constants of the three phases are 1 = 3 = 2, 2 = 80. Figure 3.8 (b) shows
the Maxwell stress tensor on the surface of the concentric inner sphere. At all points,
the stress tensor is directed inward. Since the distribution is perfectly symmetric, the
net DEP force exerted on the inner sphere is zero. Figure 3.8 (c) and (d) present the
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FEA results of the Maxwell stress tensor on the surface of an inner sphere with the
eccentricities of  x = 0.77 (Fig. 3.8 (c)) and  z = 0.77 (Fig. 3.8 (d)). It is obvious that
the stress tensors are always denser at the side where the inner sphere is closest to the
outer shell wall. Thus, the electrical force pushes the inner sphere back toward the
center. The effect is stronger for z-directed displacements.

(a)

Electric field vector (concentric)

z
x
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(b)

Maxwell stress tensor (concentric)

z
x

Maxwell stress tensor (x)

(c)

z
x
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Maxwell stress tensor (z)

(d)

z
x

Fig. 3.8 FEA results for (a) the entire space distribution of the electric field vector
for a concentric double-emulsion droplet with Rinner = 2.12 mm and Router = 2.38
mm subjected to a uniform electric field E0 = 104 V/m; (b) the Maxwell stress
tensor on the surface of the concentric inner sphere; (c) the Maxwell stress tensor
on the surface of an eccentric inner sphere with x-directed displacement ( x = 0.77);
(d) the Maxwell stress tensor on the surface of an eccentric inner sphere with
z-directed displacement ( z = 0.77).

3.3

Effective droplet centering conditions
The DEP centering force imposed on an eccentric inner sphere is effective only

under certain conditions. The stability of DEP centering was first studied by the FEA
results of the simulated DEP force according to the above Eq. (3.18).
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Figure 3.9 plots the numerically computed DEP force f DEP  z versus z-directed
displacement, expressed in terms of eccentricity  z for selected values of 1, 2 and

3. The slopes of these curves actually determines the centering stability – negative
slope indicates a stable centering effect, i.e., the DEP force has the opposite sign of the
displacement and pushes the inner sphere back toward the center. A close examination
of Fig. 3.9 reveals that the sign of the slope depends on the relative dielectric constants
of the outer shell 2 and the surrounding medium 1, but does not depend on 3. Only
when 2 > 1 is the slope negative.
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Fig. 3.9 Representative FEA results for the DEP force on the eccentric inner sphere
with respect to the eccentricity  z in z-direction for selected values of 1, 2, and 3
(Rinner = 1.0 mm, Router = 1.5 mm, E0 ~ 104 V/m).

Theory of DEP Double-Emulsion Droplet Centering

41

Figure 3.10 collects the simulated force plots for several different ratios of radii
of the two spheres. The radius of inner droplet is varied from 0.6 mm to 1.32 mm, while
the radius of outer sphere is fixed at 1.5 mm. All the other system parameters are fixed.
It is clear that the absolute value of the slope is augmented by increasing the inner
droplet size. Therefore, for constant outer sphere size, larger inner droplets experience
higher DEP centering forces. This result is encouraging for laser fusion target
applications because the dimensional specifications require large ratio of radii for foam
shells, i.e., Rinner Router ~ 1 .
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Fig. 3.10 Representative FEA results for the DEP centering force fDEP-x versus the
eccentricity  x in x-direction for different ratios of radii of the two spheres (1 = 3
= 2, 2 = 80, Router = 1.5 mm, E0 ~ 104 V/m).
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A second important condition for effective droplet centering is that the densities
of the liquids need to be closely matched. It is very straightforward to understand, since
we need to minimize gravity and buoyancy. We also need to consider the elongation
effect [58,59] of outer shell under the different scale of imposed field. A tradeoff exists
in the electric field used for droplet centering: if it is large enough to alleviate the strict
density match requirement, elongation of outer sphere becomes excessive. In Section
3.6, we will further discuss such electric field induced droplet deformation in detail.
The current field strength used in our experiments is ~104 V/m, and the maximum
density mismatch in the system must be limited to the scale of ~10-3 Kg/m3.
There is another important condition imposed on the electrical conductivity of
the liquid constituting the outer shell. For shell liquids having higher conductivity, the
frequency of applied AC electric field must be sufficiently high so that the conductive
outer shell will behave more like a “dielectric” and the electric field lines can penetrate
it. At lower frequencies, the inner droplet is shielded from the external field by the
conductive shell and the DEP force is significantly reduced. The frequency dependence
of centering effect will be separately discussed later in Chapter 6.
In summary, the necessary conditions for effective droplet centering are:


Dielectric constant requirement: 2 > 1; 3 can have any value.



All densities have to be closely matched.
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Electrical conductivity of the outer shell should be low; otherwise the AC
frequency of the external field must be very high.

3.4

Image dipole theory
A simple physical interpretation of the 2 > 1 centering requirement is to

consider the theory of induced image dipoles.

3.4.1 The effective dipole moment of the inner droplet
An image dipole interpretation for the centering effect can be formulated using
a double-emulsion droplet with a relatively small inner droplet. As sketched in Fig. 3.11,
the double- emulsion droplet is immersed in a uniform external electric field parallel to
the z direction and with magnitude of E0. The total electric field distribution inside the

outer shell can be considered to be a summation of two terms: (a) a uniform field E '


induced by the uniform external field E 0 , and (b) the perturbation field induced by the

existence of the smaller inner droplet.
As already presented in Eqs. (3.4) and (3.7), the electrostatic potential inside a
lossless, neutral, dielectric sphere as in Fig. 3.6 is solved to be:
 in (r ,  )   Br cos  ,

B

3 1
E0
 2  2 1

(r  R)

(3.19)


Thus, the uniform induced field E ' inside the outer shell of the double-emulsion

droplet takes the form of
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3 1
3 1
E 0 zˆ 
E 0 zˆ
 2  2 1
 2  2 1

(3.20)

z



E0

E'

r

3

x
Router

2

off-center
droplet

1

Fig. 3.11 Sketch of the effective dipole moment of the small inner sphere in a
double-emulsion droplet, which is immersed in a uniform external field E0.

As for the second term – the perturbation field induced by the small inner
droplet, we can apply the multipolar expansion method [60~64] to expand it as a
summation of the equivalent field caused by a series of monopole, dipole, quadrupole,
and higher terms. Since the polarized inner droplet is neutral, the effective monopole
is zero. The first order approximation of the expansion is a dipole. Thus, the small
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inner droplet can be approximated as an effective dipole with the moment peff . Refer

to Eq. (3.10) and Fig. 3.6. For a double-emulsion droplet with a small inner droplet,
the effective dipole moment is


 

3
peff  4 2 3 2 Rinner
E'
 3  2 2
3
 12 2 0 Rinner

1 ( 3   2 )
E0 zˆ
( 2  21 )( 3  2 2 )

(3.21)

3.4.2 The leading term of the image dipole
To discuss the image dipole problem, first consider the simple case of an image
charge enclosed by a conductive spherical boundary at radius of R. If a point charge +Q
is located within the sphere at a distance b from the center, there will be an image point
charge of value  Q'  (b R )  Q positioned outside the sphere along the center line at
a distance d  R 2 b from the center [65]. If it is dielectric instead of conductive,
however, the image solution is not that simple for the point charge. The spherical
harmonics must be involved to solve this problem [66], and, instead of a single image
charge, a convergent series is involved. Since the series decays rapidly after the first
several terms, the leading image term can be used to approximate the solution.

As for a double-emulsion droplet, for any effective dipole peff within the

dielectric outer shell, the leading image term is an image dipole p' eff located outside

the shell. As indicated in Eq. (3.21), the effective dipole moment of the small inner
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droplet is always parallel to E 0 . For simplicity, it can be regarded as two point charges

 q separated by distance d .


peff  qd  zˆ

(3.22)



Refer to Fig. 3.12. If peff has a displacement r from the origin of the outer sphere,



the image dipole p' eff can be characterized by q' and r ' (see Appendix A).

q '  ( 2   1 )

( 2  2 1 ) Router q
,
2 12 r

r'

2
( 2  2 1 ) Router
2 1r

(3.23)

z

r'+


E0

r'



E'

r'-

r+
r
r-

Router



x

2
1

Fig. 3.12 Geometric sketch of the effective dipole moment of the small inner
droplet and the leading image dipole. The size of the effective dipole and its image
are greatly exaggerated in this sketch.
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From Appendix B, the distance d ' separating  q ' in the leading image
dipole is derived from a geometric analysis:
2

(  2 1 ) Router
d '  2
d cos( 2 ) zˆ  sin( 2 ) xˆ 
2 1r 2

(3.24)



Therefore, the leading image term p' eff of the effective dipole peff is:
3

(   1 )( 2  2 1 ) 2 Router

p 'eff  q ' d '   2
peff cos( 2 ) zˆ  sin( 2 ) xˆ  (3.25)
4 13
r3

z

z


1


1


p' eff

2

peff

(a) 2 > 1


p' eff

2

x


peff

x

(b) 2 < 1

Fig. 3.13 Orientation of the effective dipole and its leading image dipole at
different azimuth angle  when (a) 2 > 1 and (b) 2 < 1.


As indicated in Eq. (3.25), the image dipole p' eff is determined by both the
polar angle  and the relative dielectric constant of the outer shell and the surrounding



medium. Figure 3.13 plots the orientation of both peff and p' eff when  2   1 (Fig.
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3.13 (a)) and  2   1 (Fig. 3.13 (b)) according to Eq. (3.25). For  2   1 , if the


effective dipole peff is on z-axis (   0  ), the image dipole p' eff is colinear on z-axis


but has opposite sign. If peff is on x-axis (   90  ), the sign of p' eff is the same.

These two dipoles always repel each other, irrespective of the position of peff . On the
other hand, the situation is reversed for  2   1 .

3.4.3 Dipole-dipole interactions
One way to interpret the centering phenomenon is to invoke dipole-dipole
interactions. The radial force between the two dipoles – the effective dipole of the inner



droplet peff and its leading image term p' eff is [67,68]:

Fradial 

3 peff p 'eff
4 2 0 r 4

sin 1 sin  2 cos   2 cos 1 cos  2 

(3.26)

where: Fradial is defined as positive when there is a repulsive force between the two

  
dipoles and negative when the force is attractive. As sketched in Fig. 3.14, r  r 'r



is the vector from peff to p' eff . These moments make angles 1 and  2 with r ,
respectively. With no loss of generality, we may assume that 1   and  2   .

In addition,  is the angle between the two planes intersecting in r which


contain peff and p' eff . Since the two dipoles share a common plane,   0 , the
above Eq. (3.26) is simplified to be:

Fradial 

3 peff p 'eff
4 2 0 r

4

 sin

2

  2 cos 2  

(3.27)
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Substituting Eq. (3.25) for p' eff into Eq. (3.27), the radial force between the
effective dipole and its leading image term is

Fradial  

3
3( 2   1 )( 2  2 1 ) 2 Router
2
peff
 sin 2   2 cos 2 
3
4
3
16 1  2 0 r
r




p' eff

z



(3.28)

2

r
1


peff
Fig. 3.14 Sketch of the dipole-dipole interactions.



Eq. (3.28) reveals that the sign of the interaction between peff and p' eff
depends only on ( 2   1 ) . When  2   1 , the radial force is positive: Fradial  0 . The
effective dipole of the small inner droplet is repelled by its leading image dipole,
driving the inner droplet back towards the center. When  2   1 , on the other hand,
Fradial  0 . The effective dipole of inner droplet is then attracted by its image dipole,
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which pulls the inner droplet further from the center. The dielectric constant of inner
sphere  3 has no effect on the droplet centering stability.

3.5

Washizu-Jones multipolar re-expansion theory
The image dipole theory physically interprets the dielectric constant

requirement for the stable DEP droplet centering, but it cannot be used to estimate the
centering force magnitude with any accuracy. To estimate this force, we use the
Washizu-Jones multipolar re-expansion method [69~72].
Consider the inner droplet displaced by small z in z-direction as shown in Fig.
3.15. The dielectric constants 3, 2 and 1 are defined as in the sketch. A uniform

electric field E 0  E 0 zˆ is applied along z-direction. For the re-expansion method, two
sets of coordinate systems are used:



At the center of inner sphere with radius Rinner: Cartesian coordinates (x, y, z) and
Spherical coordinates (r, θ, φ);



At the center of outer sphere with radius Router: Cartesian coordinates (x', y', z') and
Spherical coordinates (r', θ', φ').

The spherical harmonic functions with the singularities at infinity and at zero are,
respectively,

n ,m ,cs  r n Pnm (cos  )cs ( m )

(3.29)
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 n ,m ,cs  r  n1 Pnm (cos  )cs (m )

(3.30)

where cs represents either cos or sin.
The potential outside and inside the outer sphere can be written in (r', θ', φ')
system as follows:

 out 

 E



n , m ,cs n , m ,cs



n , m ,cs

 in 

 A

 D

 n ,m ,cs

(3.31)

n , m ,cs

n , m ,cs



n , m ,cs n , m ,cs



n , m ,cs

 B

 n ,m ,cs

(3.32)

n , m ,cs

n , m ,cs

where En ,m ,cs , Dn ,m ,cs , An ,m ,cs and Bn ,m,cs are the coefficients in (r', θ', φ') system. In
particular, En ,m ,cs is the applied electric field E0.

z, z'
1

2

3

Rinner

x

z


E'

E0

x'
Router

Fig. 3.15 For the multipolar re-expansion, two independent sets of coordinate
systems (x, y, z), (r, θ, φ) and (x', y', z'), (r', θ', φ') are defined for the inner and outer
spheres of the double-emulsion droplet immersed in a uniform z-directed electric

field E 0  E 0 zˆ . These two spheres are displaced by small z in z-direction.
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The potential outside and inside the inner sphere can be represented in (r, θ, φ)
system as follows:

 out 

A



n , m ,cs n , m ,cs



n , m ,cs

 in 

C

B

 n ,m ,cs

n , m ,cs

(3.33)

n , m ,cs



(3.34)

n , m ,cs n , m ,cs

n , m ,cs

where An ,m ,cs , Bn ,m ,cs , Cn ,m ,cs are the coefficients in (r, θ, φ) system. The
term

B

 n,m,cs in Eq. (3.33) or

n ,m ,cs

n ,m ,cs

 B

 n ,m,cs in Eq. (3.32) is the electrostatic

n ,m ,cs

n ,m ,cs

potential induced by the effective multipolar moments of the inner sphere. The
term

A



n , m ,cs n ,m ,cs

in Eq. (3.33) or

n , m ,cs

 A



n ,m ,cs n , m ,cs

in Eq. (3.32) is the potential

n ,m ,cs

experienced by the inner droplet and due to the external applied field E0. The DEP force
imposed on the inner droplet results from the interaction between these two terms.
The boundary conditions on potential and electrical displacement at the two
surfaces, that is,

1

 ' out ( r '  Router )   'in (r '  Router )

(3.35)

 in
 out
(r '  Router )   2
(r '  Router )
r 
r 

(3.36)

 out (r  Rinner )   in (r  Rinner )

2

 in
 out
( r  Rinner )   3
( r  Rinner )
r
r

(3.37)

(3.38)

yield the following two sets of relations:

An ,m ,cs 

(n  1)( 1   2 )  2 n 1
( 2n  1) 1
Router Bn ,m ,cs 
E n ,m ,cs
( n  1) 1  n 2
(n  1) 1  n 2

(3.39)
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(3.40)

For compactness, these relations can be written in the form of matrices

A'  K A   B'  K E   E , B  N   A

(3.41)

On the other hand, if we apply the Washizu-Jones multipolar re-expansion
method, n,m ,cs around (x', y', z') = (0, 0, 0), i.e. (x, y, z) = (-z, 0, 0), can be
re-expanded in a series of n ,m ,cs around (x, y, z) = (0, 0, 0).
n

 n,m,cs   z k
k 0

Similar for  n ,m ,cs :



(n  m)!
 n k ,m ,cs
(n  m  k )!k!

 n ,m,cs   (z ) k
k 0

(n  k  m)!
 n  k ,m,cs
(n  m)!k!

(3.42)

(3.43)

Orthogonality dictates that there will be no interactions between terms having
different m values or between sine and cosine terms. Also, n,m,cs is a finite series,
while  n ,m,cs is infinite. Actually, in in Eq. (3.32) and  out in Eq. (3.33)
represent the same potential, just expressed in the two different coordinate systems, so
they are related by Eqs. (3.42) and (3.43):

A  M A  A, B  M B   B

(3.44)

From Eqs. (3.41) and (3.44), the coefficients An ,m,cs and Bn ,m,cs can be explicitly
expressed in terms of En ,m,cs .

B  M A1  N 1   K A   M B1 1  K E   E , A  N 1  B

(3.45)
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is the inverse of X  . For simplicity, we only include terms to second

order (n = 2), the minimum needed to calculate the DEP force. The higher order terms
are neglected in the re-expansion with regard to z. The solutions for An ,m,cs and
Bn ,m,cs are calculated to be:


3
3Router
1 (2 2   3 )
,
3
3
2
(

)(

 Rinner 1  2  2  3 )  Router ( 21   2 )( 2 2   3 )

A  


3
inner

(2 R

3
3

 z  1 (1   2 )( 2   3 )(3 2  2 3 )
18Router
Rinner
 E0
5
5
(1   2 )( 2   3 )  R (21   2 )(2 2   3 ))(6 Rinner
(1   2 )( 2   3 )  Router
(31  2 2 )(3 2  2 3 )) 
3
outer

(3.46)


B   

 2R



(2 R

3
inner

3
inner

3
3
Rinner
 1 ( 2   3 )
3Router
,
3
( 1   2 )( 2   3 )  Router
( 2 1   2 )( 2 2   3 )

( 1   2 )( 2   3 )  R

3
outer

3
8

 z   1 ( 1   2 )( 2   3 ) 2
36 Router
Rinner
 E0
5
5
(2 1   2 )(2 2   3 ))(6 Rinner
( 1   2 )( 2   3 )  Router
(3 1  2 2 )(3 2  2 3 )) 

(3.47)
The electrostatic potential produced by the equivalent dipole of the inner
droplet takes the form of
 dipole  B1 1,0,cos  B1

z
r3

(3.48)

Comparing it to the general expression of dipole potential in Eq. (3.8), the effective
dipole moment of the inner droplet is:
peff  4 2  0 B1

(3.49)

Due to the x-y symmetry, the DEP force only has a z-component, therefore, we
can easily derive the DEP force exerted on the inner droplet which is displaced in
z-direction and experiences a z-directed external field.
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 2 (  An ,m ,csn ,m ,cs )
n ,m ,cs

z 2

 4 2  0 B1  (2 A2 )  8 2  0 B1 A2

(3.50)


where E ' is the uniform induced field inside the outer shell as derived in Eq. (3.20).

Substitute in the expressions for A2 and B1 in Eqs. (3.46) and (3.47), we then have an
analytical expression for the z-directed DEP force that is proportional to z and has a
negative coefficient when  2  1 .

f DEP z  ( 2  1 )

6
6
Router
432  o 12  2 Rinner
( 2   3 ) 2 (3 2  2 3 )Eo2
z
X 2Y

(3.51)

3
3
X  2 Rinner
( 1   2 )( 2   3 ) Router
(2 1   2 )( 2 2   3 )

(3.52)

5
5
Y 6 Rinner
( 1   2 )( 2   3 ) Router
(3 1  2 2 )(3 2  2 3 )

(3.53)

For the case that the inner droplet has an x-directed displacement x with the applied
field still in the z-direction, the DEP force is x-directed and proportional to x. The
coefficient is ¾ that of Eq. (3.51).

f DEP x  ( 2  1 )

6
6
Router
324  o 12  2 Rinner
( 2   3 ) 2 (3 2  2 3 )Eo2
x
X 2Y

(3.54)

The above Eqs. (3.51) through (3.54) reveal how the DEP centering force is
related to the radii of the two spheres and the dielectric constants of the three media. As
expected, the force is proportional to the square of the applied electric field E0. When
the external field is fixed, for a specific centering system, the DEP force exerted on the
inner droplet is a linear function of z or x for small displacements. The
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proportionality coefficient, denoted as  here, quantitatively characterizes the DEP
force. Note in particular that the sign of  is determined by the relative values of 1 and

2. This observation has crucial implications for the dielectric constant requirement for
stable DEP centering and is consistent with the image dipole theory.
Figure 3.16 superimposes the analytical expression in Eq. (3.51) on a plot of
points calculated using finite element analysis by Comsol® Multiphysics. The model
and calculated results correspond very closely for | z | < 0.4 (Router − Rinner). This result
gives us confidence that the multipolar re-expansion model is a reliable method to
estimate the DEP centering force especially for small center-to-center displacements.
-7
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FEA simulation
Analytical solution

-7

DEP force f DEP-z (N)

4 x 10
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-4 x 10
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-8 x 10
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Fig. 3.16 DEP centering force versus eccentricity. Solid: DEP force simulated
using FEA method from Comsol® Multiphysics; Dashed: DEP force calculated
from the analytical expressions in Eqs. (3.51) through (3.53) which are derived
from Washizu-Jones multipolar re-expansion method. 1 = 3 = 2.5, 2 = 37.5, Rinner
= 2.21 mm, Router = 2.36 mm, E0 = 3  104 V/m.
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Electric field induced droplet deformation
The electric field centers an inner droplet within an outer droplet as long as 2 >

1; however, another important phenomenon accompanying centering behavior is the
deformation of the outer sphere due to the external field. Actually, liquid droplets or gas
bubbles are easily distorted and even broken up by various excitations, such as external
shear flows [73,74], pressure difference [75], or electric field [76~79]. Some of them
may also demonstrate small-amplitude oscillatory behavior when supported on a solid
surface [80,81], perturbed in a viscous fluid [82~84], or triggered by an electrical signal
[85~88]. Because significant droplet deformation is not acceptable for fabricating laser
fusion targets, we have to minimize it in the centering process. To study how the
deformation is related to the field strength, we can refer to the model of Garton and
Krasucki [58,59].
For simplicity, we ignore the inner sphere and consider a single spherical


droplet of radius R subjected to a uniform electric field E 0  E 0 zˆ . In general, a droplet
will be elongated under the external field as shown in Fig. 3.17. The direction of this
elongation is independent of the relative dielectric constants (  2 and  1 ) or electrical
conductivities of the two media [58]. In the absence of induced droplet motion, the
resultant ellipsoid always has its long axis parallel to the field in order to minimize the
total free energy of the system [78].
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Garton and Krasucki [59] solved the deformation problem by assuming that
the deformed sphere becomes a prolate spheroid with the elongation ratio defined as:



a
c

(3.55)

where a is the semi-major axis along x-direction and c is the semi-minor axis
along z-direction. Note that   1 for prolate spheroid shapes. They used an
expression for surface tension versus electrical force at the droplet/fluid interface to
obtain a mathematical expression for the deformed surface shape. Using the
depolarization and geometrical factors of an ellipsoid, they eventually derived the
expressions relating the elongation ratio   a c to the applied uniform field E 0 . We
only need to consider the case of incompressible droplets. Thus, the elongation
ratio  depends on the external field, but not the pressure.

z

E0
c
R

a

2
1

Fig. 3.17 Elongated liquid droplet in a dielectric surrounding fluid subjected to a
uniform external electric field E0.
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For an incompressible dielectric droplet:
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(3.56)

For an incompressible conducting droplet:
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(3.57)

(3.58)

(3.59)

Here,  is the interfacial tension between the droplet and the surrounding fluid; and

 0 = 8.85  1012 F/m is the permittivity of free space.
Figure 3.18 plots elongation versus the applied electric field according to the
above Eq. (3.56), (3.58) and (3.59) for three values of interfacial tension. Solid lines
represent the elongation of droplets with IFE target dimensions, i.e., R  Router  2.38
mm, while dashed lines are for the droplets with NIF target dimensions, i.e.,
R  Router  1.60 mm. It is evident that smaller droplets exhibit less elongation.
The three colors indicate different interfacial tension values between the
deformed droplet and the ambient fluid. Specifically, red curves illustrate the
elongation of a droplet containing N,N-dimethylacetamide (DMA) with 0.1 g/L
Mordant blue dye and suspended in the fluid of 10 cS silicone oil. The interfacial
tension was measured to be 15.4  0.1 mN/m using a KRÜSS EasyDyne tensiometer.
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Green lines represent a droplet of deionized (DI) water doped with 0.1% v/v Silwet
L-77 suspended in 10 cS silicone oil. The interfacial tension was measured to be 28.0 
0.1 mN/m. Blue lines present the data for a DI water droplet suspended in decane,
between which the interfacial tension is reported to be 48.2  0.1 mN/m [89]. As
expected, higher interfacial tension reduces the droplet deformation under the electric
field [90,91]. From the plots, the deformation is 1   ~ 7  10 3 at E 0  5  10 4 V/m
for a droplet with IFE target dimensions and with   15.4 mN/m.
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5
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Applied electric field E0 (V/m)
Fig. 3.18 Elongation (1) vs. the applied field E0 for droplets with IFE (solid)
and NIF (dashed) target dimensions. The three colors represent different
interfacial tensions between the droplet and the ambient fluid.
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Summary
A uniform electric field can be applied to achieve centering of double-

emulsion droplets under the mechanism of liquid DEP phenomenon. Polar or
non-polar liquid molecules are affected by the external field to generate permanent or
induced dipoles along the two interfaces. For a concentric double-emulsion droplet,
the symmetric distribution of the dipoles has no effect on the inner droplet; however,
if the inner droplet is eccentric, either parallel or normal to the imposed field, the nonuniform and asymmetric distribution of the dipoles will contribute to a DEP force on
it. Such DEP force was first studied using FEA method with Comsol® Multiphysics
by integrating the Maxwell stress tensor over the entire inner droplet surface.
The FEA analysis indicates that the DEP force exerted on the eccentric inner
droplet can move it either toward or further away from the center. Only when certain
conditions are met, can the DEP force successfully center the double-emulsion
droplet. First, the dielectric constant of the outer shell must be larger than that of the
surrounding fluid: 2 > 1, although the dielectric constant of the inner droplet 3 is
indifferent. A second important condition is that the densities of the liquids must be
closely matched to minimize gravity and buoyancy influence. In addition, the
electrical conductivity of the outer shell should be low; otherwise the frequency of the
imposed field must be sufficiently high to avoid the shielding problem.
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The 2 > 1 requirement can be simply interpreted by the theory of image
dipole assuming a double-emulsion droplet with a relatively small inner droplet. The

small inner droplet can be approximated as an effective dipole with the moment peff .

It turns out that the sign of the interaction between peff and its leading image dipole

p' eff depends only on ( 2   1 ) . When  2   1 , the effective dipole is repelled by

its leading image dipole, driving the inner droplet back towards the center.
A more accurate way to estimate the DEP force magnitude is to use the
Washizu-Jones multipolar re-expansion method based on two sets of coordinate
systems. The analytical solutions show that the DEP force is determined by the radii
of the two surfaces and the dielectric constants of the three media. When the external
field is fixed, for a specific centering system, the DEP force exerted on the inner
droplet is a linear function of z or x for small displacements. The sign of the
proportionality coefficient  has crucial implications for the 2 > 1 requirement. The
FEA analysis proves that the multipolar re-expansion method is reliable to estimate
the DEP centering force especially for small displacements. For constant outer sphere
size, larger inner droplets experience higher DEP centering forces.
To minimize the electric field induced droplet deformation accompanying
with centering effect, we have employed the model of Garton and Krasucki [58,59] to
estimate how the deformation is related to the field strength. Plots of elongation ratio

 versus the applied uniform field E0 indicate that higher interfacial tension reduces
the droplet deformation and smaller droplets exhibit less elongation.
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CHAPTER 4
Droplet Centering Dynamics
The last chapter presented the mechanism and prerequisites for stable DEP
droplet centering, with physical interpretation by an image dipole theory and a
theoretical model provided based on the Washizu-Jones multipolar re-expansion
method. Droplet deformation induced by the electric field is predicted by the theory of
Garton and Krasucki. In this chapter, we develop a full dynamic model for electric field
driven droplet centering to predict the time required for centering. The prediction of
centering time is important because the effect is influenced by the physical properties of
foam forming precursors, which usually change with time during polymerization.

4.1

The governing equation
Consider a droplet with viscosity μ3, density ρ3 and radius Rinner surrounded by

another larger droplet with viscosity μ2, density ρ2 and radius Router. These constituents
form a double emulsion drop immersed in a third fluid with viscosity μ1 and density ρ1.
A uniform electric field E0 along the z-axis is imposed upon this system. The inner
droplet is off-center and has a velocity V relative to the outer sphere, which is assumed
to be stationary in the surrounding liquid. The velocity V is co-linear to the
displacement between the two centers. See Fig. 4.1.
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μ3, ρ3
E0

μ2, ρ2
V

μ1, ρ1

Fig. 4.1 Schematic of the physical model for centering dynamics of an eccentric
inner droplet translating within the outer sphere at a velocity of V and under a
uniform electric field E0.

The equation of motion for the off-center inner droplet moving within the outer
sphere under a uniform electric field has a general form in z-direction [92]:

f DEP z  Fdrag 

4
3
3   2 Rinner
g  meff  z
3

(4.1)

where: f DEP z is the z-directed DEP force exerted on the inner droplet due to the
external field; Fdrag is the force of viscous drag on the inner droplet due to the relative
translation with regard to the outer sphere;

4
3
 3   2 Rinner
g reflects the gravity
3

and buoyancy effect, which is zero when the densities are closely matched; meff is the
effective mass of the inner droplet considering the effect of fluid pressure [92,93]:

meff 

4 
1  3
  3   2  Rinner
3 
2 

(4.2)

The equation of motion in x-direction is similar except for the gravity and buoyancy.
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Due to the low translational velocity V, we can neglect the inertia term meff  z .
Therefore, the governing equation simply reduces to:
f DEP z  Fdrag  0

4.2

(4.3)

Viscous drag calculations
To solve Eq. (4.3), we need an expression for the viscous drag Fdrag . A complete

physical model sketched in Fig. 4.1 has been presented by Sadhal and Oguz [94,95],
who assume that the interfacial tension forces (  ) are much larger than the viscous
shear (  ), so that the small capillary numbers (Ca) in the system guarantee a fixed
spherical shape for the interfaces.

Ca 

V
 1


(4.4)

In Sadhal and Oguz’s model, the compound double-emulsion droplet lies in a
uniform stream of velocity U moving parallel to the line of centers of the two spheres.
The inner droplet also has a translational velocity V parallel to the line of centers
relative to the outer sphere. They do not consider electrical forces. The governing
equations and boundary conditions in the limit of Stokes flow are listed in Appendix C.
To solve this problem, Sadhal and Oguz [94,95] employ a bipolar coordinate
system (  , ) by carrying out the following set of transformations

z

c sinh 
,
cosh   cos

r  x2  y 2 

c sin 
cosh   cos

(4.5)
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The interface between the inner droplet and the outer sphere is defined by    inner ,
and the interface between the outer sphere and the surrounding liquid is defined by

   outer . The radii of the two interfaces are
Rinner 

c
,
sinh  inner

Router 

c
sinh  outer

(4.6)

where c is one half the distance between the points defined by    and   
on the z-axis. The distance between the two centers is

  Router cosh  outer  R cosh  inner , where R  Rinner / Router

(4.7)

With a little algebra, the following forms for  inner and  outer are derived in
terms of R' and  :
1  R 2   / Router 2 

 2 / Router R 

(4.8)

1  R2   / Router 2 
 cosh 

2 / Router 



(4.9)

 inner  cosh 1 

 outer

1

The geometries of the compound double-emulsion droplet is fully defined by
specified values of R' and  / Router . The eccentricity of the double-emulsion droplet is

 


Router  Rinner

(4.10)

For given values of radii and eccentricity, according to Stimson and Jeffery [96], the
viscous drag on each sphere is a linear function of U and V. We are more interested in
the viscous drag on the inner sphere which is in the form
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(4.11)
(4.12)

The negative signs indicate the frictional nature of the viscous drag. It is convenient to
set  and  in dimensionless forms:

* 

* 


1 Router

1 Router

2 2

2
sinh  outer S1
1

(4.13)

2 2

2
sinh  outer S 2
1

(4.14)

The expressions of S1 and S2 are summarized in Appendix D.
Based on Sadhal and Oguz’s model, we conclude that the viscous drag on the
inner sphere consists of two parts. One is the “primary” viscous force which is exerted
on the entire double-emulsion droplet and proportional to U. The other is the
“secondary” viscous force which is proportional to V. In droplet centering scenario, the
outer sphere is assumed to be stationary with respect to the surrounding liquid, so U = 0.
The viscous drag on the inner droplet is thus a function of the velocity V:

Fdrag    ( 1 ,  2 , 3 , R,  )  V

(4.15)

The drag coefficient, , is a function determined by the system configurations.
It must be pointed out that, during centering, the velocity V changes along with
the eccentricity, which varies with the motion of the inner droplet. The expression for V
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refers to the instantaneous steady-state velocity and is only valid in the approximation
of low Reynolds number (Re).

Re 

 V  L
 1


(4.16)

In Fig. 4.2, we plot the drag coefficients for different ratio of radii R' against the
eccentricity  in the dimensionless form *. The viscosities used for the plots are
those of a decane/water/decane double-emulsion droplet, with 1   3  0.92 cP
(decane at 25°C) and  2  0.89 cP (water at 25°C). As indicated in the plots, the drag
coefficient is almost invariant with respect to eccentricity for small inner droplets until
they approach the outer surface. For larger inner droplets, however, viscous drag
increases dramatically with eccentricity (note the semi-log scale). The dimensional
specifications of our foam shells require a ratio of radii of 0.98 for NIF targets. For this
case,  is strongly dependent on  . Fortunately, for modeling purpose, we can
accurately correlate the drag coefficient plot for large R' by a power law curve when
eccentricity is small. See Fig. 4.3.

 * ( )  b0  c0   d

(4.17)

0

Since we can express both the eccentricity  and the velocity V as functions of the
displacement z, the viscous drag on the inner droplet becomes a non-linear function of
the displacement z.





Fdrag    ( z )  V   b0  c0  z d0  z

(4.18)
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Dimensionless Drag Coefficient β*
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Fig. 4.2 Plots of dimensionless drag coefficient β* against the eccentricity ζ at
different ratio of radii R' (0.40~0.88) of the double-emulsion droplet. The
viscosities are μ1 = μ3 = 0.92 cP, μ2 = 0.89 cP.
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Fig. 4.3 Power law fitting for the dimensionless drag coefficient plot for large ratio
of radii R' = 0.88.
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Centering time prediction for ideal centering system
In this section, we examine the dynamics of inner droplet centering motion in

the limit of small eccentricities and large ratio of radii ( R  1 ). Our “ideal” centering
system assumes that (a) 2 > 1, (b) the densities of the entire system are closely
matched, and (c) the interfacial tensions are sufficiently large for the droplets to
maintain sphericity. Further, a small capillary number ( Ca << 1) enables us to ignore
the viscous shear induced droplet deformation compared to the electric field distortion.
Finally, we assume that the outer sphere is stationary relative to the surrounding fluid,
and the external electric field is uniform. Under these assumptions, the solutions for the
centering dynamics can be readily derived from the equation of motion, Eq. (4.3).
Two dominant forces govern the inner droplet motion. First, the DEP centering
force f DEP  z in z-direction is a linear function proportional to the displacement z,
especially for small eccentricities.

f DEPz    z

(4.19)

where the proportionality coefficient  is determined by Eq. (3.51) in Section 3.5.

  ( 2   1 )

6
6
432  o  12  2 Rinner
( 2   3 ) 2 (3 2  2 3 ) Eo2
Router
X 2Y

(4.20)

3
3
X  2 Rinner
( 1   2 )( 2   3 ) Router
(2 1   2 )(2 2   3 )

(4.21)

5
5
Y 6 Rinner
( 1   2 )( 2   3 ) Router
(3 1  2 2 )(3 2  2 3 )

(4.22)
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Second, the viscous drag Fdrag is a function of the relative velocity V  z and
the drag coefficient  can be approximated by the power law of Eq. (4.18). See Fig. 4.3.
Substituting Eqs. (4.19) through (4.23) into the governing equation gives a non-linear,
homogenous differential equation.

  z  (b0  c0  z d )  z  0
0

(4.23)

We can derive an implicit analytical solution from Eq. (4.23) by integration. The
constant  0 is determined by the initial conditions.

t

b0



ln z 

c0 d0
z  0
  d0

(4.24)

Figure 4.4 plots the centering motion for both parallel (z) and perpendicular
(x) displacements in the external electric field. The centering dynamics normal to the
field is solved with the same method as the parallel motion. The inner droplet moves
back towards the center more rapidly for parallel displacement (z) due to the larger
DEP centering force along this direction. The table imbedded in Fig. 4.4 shows the
influence of ratio of radii R' upon the centering time under the assumption of a
constant outer sphere radius of 1.5 mm. The centering time constant is defined as the
time when the center-to-center displacement is reduced to

1

/e of the initial

displacement. As expected, larger inner droplets usually take less time to achieve
centering for fixed size of the outer shell.
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Fig. 4.4 Dynamic plots of the centering motions parallel (z) and perpendicular (x)
to the applied electric field for the double-emulsion droplets with ratio of radii of R'
= 0.88. Embedded table: Centering time estimation at different ratio of radii R'
(0.40~0.88) for the motions parallel (z) and perpendicular (x) to the external
electric field. System parameters: κ1 = κ3 = 2, κ2 = 80, μ1 = μ3 = 0.92 cP, μ2 = 0.89 cP,
Router = 1.5 mm, E0 = 104 V/m.

4.4

Discussion
For a double-emulsion droplet with large ratio of radii R' = 0.88, as shown in Fig.

4.4, the inner droplet takes ~63 s to achieve centering in z-direction and ~89 s in
x-direction. For those double emulsions with smaller ratio of radii, e.g., R' = 0.4, the
centering time is prolonged to almost 20 min. The ratio of radii R' of a NIF-scale
cryogenic target is typically in the range of 0.89~0.98. Based on this model, the
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centering process would take less than 60 s. Thus, the DEP-based droplet centering is a
feasible solution for the microfluidic assembly-line to form concentric foam shells.
On the other hand, the above dynamic model is based on an ideal centering
system. All the electric field lines penetrate through the outer shell and contribute to a
strong DEP force acting on the inner droplet. Practically, the outer shell liquid may have
relatively high conductivity (> 10-3 S/m), which shields the external electric field if the
applied frequency is low. In that case, a much weaker DEP force is generated on the
inner droplet and the centering dynamics will deviate from the prediction. In Chapter 6,
we will discuss the influence of the outer shell conductivity upon the centering
dynamics in more details.

Preliminary Centering Demonstration

74

CHAPTER 5
Preliminary Centering Demonstration
In the previous chapters, we presented the basic concept of double-emulsion
droplet centering scheme. Chapter 3 contained an intensive review of the droplet
centering theory by application of the liquid DEP phenomenon. Chapter 4 discussed a
simple, reduced-order, dynamic model to study the centering behavior on theoretical
level. In this chapter, we describe some preliminary proof-of-concept experiments.

5.1

Experimental methods

5.1.1 Materials selection
Materials selection for a realistic centering system is a complicated issue.
Restrictions and limits upon a number of physical and chemical properties of the oil and
water phases of the double-emulsion systems must be accommodated. For example, the
two phases must be immiscible to each other, and they must be transparent for
experimental observation.
The most critical requirement for stable droplet centering involves the relative
values of the dielectric constants of the outer shell (2) and the external suspension
liquids (1): namely, 2 > 1. This condition guarantees that the inner droplet will be
nudged to the center of the outer sphere and then maintained in stable equilibrium there
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when the electric field is applied. The 2 > 1 condition is readily achieved in an
oil/water/oil (O/W/O) double-emulsion droplet. For generality, we denote such doubleemulsion system as O/S/O, where S refers to any shell liquid with higher 2 value than
oil (e.g., water). In the proof of concept experiments, no polymerization process was
involved. For simplicity, an organic solvent without any polymerization initiator or
monomer, N, N-dimethylacetamide or DMA (Alfa Aesar), was selected as the liquid for
the outer shell. To improve the visualization, a small amount of Mordant Blue dye
(Acros Organics) was introduced. The two oil phases were mixtures of 10 and 50
centistoke DC-200 silicone oils (Dow Corning).
To prevent coalescence of the double-emulsion droplets, we doped the DMA
shell with surfactant Span 80 (Sigma-Aldrich). It was essential to control the amount
of surfactant because the interfacial tensions between all liquid phases must be large
enough, typically > 0.015 N/m, so that both the inner and outer surfaces remained
spherical within ~2% when the electric field was applied.
A third important requirement is that the densities of the three phases – inner
droplet (3), outer shell (2), and suspending medium (1) – be ordered as 3 > 2 > 1
and matched to within ~0.1%. If this requirement is met, then the electric field
magnitude used for centering can be kept in the range of E0 ~104 Vrms/m. The mass
density of the DMA shell liquid was measured to be 0.936 g/cm3, which is bracketed by
the 10 and 50 cS silicone oils whose densities are 0.934 g/cm3 and 0.960 g/cm3,
respectively. The recipe of our O/S/O double-emulsion system is provided in Table 5.1.
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The densities of the mixtures are estimated from the weight percent of each component
in the total volume of mixture. The density mismatch is approximately of 0.1%. To
assure density matching, we place a droplet of oil phase into a small container of DMA
solution and observe its behavior. It is considered to be density matched if the droplet
wanders randomly and takes a long time (> 10 min) to sink or float.
The final requirement for materials selection is the limit imposed on the
electrical conductivity of the shell liquid: 2 ≤ 10-3 S/m. If this limit is not met, the
electric field is shielded from the inner droplet and the DEP centering force is reduced.
The strong dependence of centering effect on the applied frequency and shell
conductivity is discussed in the next chapter.

Table 5.1 Materials selection and mass densities of the three phases in the O/S/O
double-emulsion droplet systems for the preliminary centering experiments
System component

Surrounding medium

Shell liquid

Inner droplet

Materials (v/v)

2.9% 50 cS silicone oil
97.1% 10 cS silicone oil

99.75% DMA
0.25% SPAN 80

9.9% 50 cS silicone oil
90.1% 10 cS silicone oil

Mass density (g/cm3)

0.9347

0.9361

0.9368

5.1.2 Experimental apparatus
Figure 5.1 (a) shows the experimental apparatus utilized in the preliminary
centering experiments. The droplets were contained in a small, silicone oil-filled
chamber fitted at top and bottom with parallel aluminum electrodes to impose a vertical
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applied electric field. The chamber was constructed of PEEKTM, a chemical resistant
polymer, with two BK7 glass optical windows and two optical viewing ports on the side
walls. The spacing between the two electrodes is typically ~14 mm, so a voltage of ~1
kVrms can achieve a field strength of E0 ~7104 Vrms/m.

(a)

(b)

Fig. 5.1 (a) Picture for the experimental apparatus. (b) Top: sketch of the liquid
chamber with dimension of 52 mm (L)  30 mm (W)  25 mm (H); Bottom: an
interior oil droplet is injected into the DMA outer shell. The formed doubleemulsion droplet is supported on a 1 mm thick glass plate.

In the preliminary demonstration, nearly buoyant droplets were gently
supported on a 1 mm thick Indium-tin-oxide (ITO) glass plate, situated parallel to and
midway between the electrodes, as illustrated in red in Fig. 5.1 (b). To keep the outer
shell as spherical as possible, a hydrophobic layer of Teflon-AFTM was coated on the
ITO side in contact with the DMA shell. Before each experiment, a DMA droplet was
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first dispensed onto the holder with a micropipette; then, a silicone oil droplet was
carefully injected into it using a micro-tip syringe mounted on a micromanipulator
(WPI Model HS6). Droplet volumes were monitored to within ±6%.
The AC electric field for the system was produced by a standard function
generator (Wavetek Model 148A) with a maximum frequency output of 20 MHz. In
the preliminary experiments, it was connected to a Fluke 5205A precision power
amplifier to provide up to 1 kVrms in a low frequency domain ranging from 10 Hz to
100 kHz. The centering effect is highly dependent on the applied frequency due to the
shell conductivity. Thus, for more conductive liquid shell media, we need voltages up
to ~1 kVrms at frequencies as high as 20 MHz. Because the chamber impedance is
purely capacitive, the current requirement is very low. Thus, we used an RF power
amplifier (ENI Model A150) to drive a set of high-Q resonant matching networks
designed to operate at frequencies of 1, 2, 4, and 20 MHz. The circuit diagrams for
these custom-designed matching networks are included in Appendix E. Each
matching network has a 100:1 voltage dividing test point so that voltage output can be
monitored with a standard digital oscilloscope (Tektronix TDS 340A).
Figure 5.2 provides schematic diagrams of the arrangements for providing
high voltage output in the two different frequency domains: (a) 10 kHz ~ 100 kHz and
(b) 100 kHz ~ 20 MHz. The resonant matching networks used for the high frequency
experiments are very sensitive to cable capacitance and other parasitics. The output is
easily degraded by different positions of the network or different lead connections.
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Wavetek Model 148A
function generator
20 dB attenuator

Tektronix TDS 340A
digital oscilloscope

Fluke 5205A precision
power amplifier

100:1 voltage divider
(custom-made)

Up to 1 kVrms
10~100 kHz

Tektronix TDS 340A
digital oscilloscope

ENI Model A150 RF
power amplifier

100:1 test point

RF high frequency
matching network
(custom-made)

Up to 800 Vrms
100 k~1 M, 2M,
4M, 20 MHz

Fig. 5.2 Schematic diagrams of the power supply setups for providing high voltage
output in the two different frequency domains: (a) 10 kHz ~ 100 kHz and (b) 100
kHz ~ 1 M, 2 M, 4 M, and 20 MHz.

5.1.3 Characterization
We use a video capture system to acquire real-time images of the droplet
centering motion and distortion under the external electric field. In the preliminary
experiments, a color video camera (JAI CV-S3200) was employed to produce the
movies; however, it did not have adequate resolution, and the backlight illumination
was inadequate. The captured images provided a first demonstration of the centering
effect; however, they were not of sufficient quality for quantitative image analysis. To
solve this problem, a high resolution (1024 x 1024) monochromic camera (Imperx
IPX-4M15-L) and a 6× objective lens were used to replace the low resolution setup.
Using a collimated, focused beam from a high intensity blue LED to back-light the
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droplets, we were able to obtain videos adequate for quantitative data analysis. The
LED is driven by a BK Precision® 1651 DC power supply.
To quantitatively evaluate the centering behavior, captured video files are
uploaded to a PC through a Pleora IP engine (IPORT PT1000-CL). A Matlab® program
analyzes individual video frames captured by the optical system. Image analysis
consists of two steps for each frame: (i) edge pixel detection on the outer shell surface
and the bright ring (caustic) of the inner droplet; (ii) edge data fitting using a
least-squares routine to ellipsoids, locating their centers and determining the elongation
ratio   a / c as defined in Section 3.6. In the post-processing step, we export the edge
pixel coordinates to an Excel spreadsheet and superimpose the fitted ellipses upon the
original video frames. The centering dynamics is described by the time-dependent
offset between the two ellipsoidal centers. To smooth the original data, a fast Fourier
transform (FFT) is performed to filter out the high frequency noise.

5.2

Results and discussion

5.2.1 Proof of concept
The early experiments recorded by the low resolution camera provide the first
demonstration of the DEP induced double-emulsion droplet centering effect. For
example, Fig. 5.3 contains a sequential series of video frames for a double-emulsion
droplet having outer radius ~2.9 mm and shell thickness ~656 µm. The droplet rests on
the ITO glass holder with a thin layer of Teflon-AFTM coated on the upper ITO surface.
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Centering occurs within ~80 seconds after applying an electric field E0 = 1.8  104
Vrms/m (400 Vrms) at 110 kHz.

0s

10 s

20 s

80 s

Fig. 5.3 Sequential series of video frames showing the centering behavior of a
double-emulsion droplet sitting on the Teflon-AFTM coated ITO glass holder and
subjected to an external field E0 = 1.8  104 Vrms/m at 110 kHz.

As discussed in Section 3.6, the droplet elongation due to the electric field is an
important consideration in centering experiments. Elongation depends on the applied
electric field strength, the droplet size, and the interfacial tension [58,59]. In general,
smaller double-emulsion droplets with higher surface tension exhibit less elongation.
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Significant elongation of the outer shell is unacceptable for laser targets;
however, this distortion might be exploited beneficially to reduce centering time simply
by modulating the voltage. In one experiment with a double emulsion with ~2.9 mm
outer radius and ~640 µm wall thickness, ~500 Vrms at 100 kHz was initially applied for
~15 sec, then, the voltage was reduced to ~280 Vrms, still at 100 kHz. Refer to Fig. 5.4.
During the initial 10 sec, the droplet elongated very noticeably, but simultaneously the
inner droplet moved quickly toward the center. After the voltage was reduced, the outer
shell returned to spherical shape, while the inner droplet approached the center in ~45
sec and remained there indefinitely, compared to ~80 sec when the initial high voltage
sequence was not used. The dominant centering mechanism here is certainly the strong
viscous shear force enlisted when the droplet elongates.

0 Vrms

(a)

500 Vrms

(b)

280 Vrms

(c)

Fig. 5.4 Sequence of video frames showing accelerated centering of inner silicone
oil droplet by intentionally inducing elongation of the outer shell. (a) Before
application of voltage. (b) A strong electric field E0 = 2.3  104 Vrms/m at 100 kHz is
applied for ~15 sec. (c) Field strength is reduced to 1.3  104 Vrms/m. The time
required for the inner droplet to achieve centering is reduced from ~80 sec to ~45
sec and this lower field strength sustains the concentric condition indefinitely.
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5.2.2 Quantitative image analysis
High resolution images of the double-emulsion droplets permit quantitative
investigation of the centering effect. Figure 5.5 shows a pair of such images after image
analysis using the Matlab® program. The ellipses fitted to the edges of the inner droplet
and outer shell are delineated in green and magenta. The images are side views of an
O/S/O droplet created by injecting 75 L mixed silicone oil into a 55 L droplet of
DMA solution doped with surfactant. The applied voltage is held constant at 460 Vrms at
200 kHz. In this experiment, the inner droplet responds promptly to the applied electric
field and approaches the center of outer shell in approximately 13 second.

(a)

0s

(b)

13 s

Fig. 5.5 Double-emulsion droplet images after the image analysis using a Matlab
program. Systems parameters: 1 = 3 = 2.5, 2 = 37.8, Router = 3.14 mm, Rinner =
2.62 mm, E0 = 3  104 Vrms/m at 200 kHz.
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Figure 5.6 (a) plots the FFT-smoothed experimental data for parallel (z) and
perpendicular (x) center-to-center displacements of another double-emulsion droplet
having outer radius ~3.3 mm and shell thickness ~450 m. Recall that the electric
field is z-directed. We define the center of the outer shell as the coordinate origin.
Since the inner droplet starts from the upper left corner of the outer sphere, x starts
from a negative value and z has a positive initial value.
Centering occurs within ~60 sec after applying electric field E0 = 3.2  104
Vrms/m at 200 kHz. Superimposed on the experimental data are predictions from the
reduced-order, dynamic model as described in Chapter 4. Ignoring initial turn-on
transients, we used the actual initial values of z and x for initial conditions, but no
other adjustable parameters. The measured motion in the equatorial plane, x, is
reasonably consistent with the theoretical predictions. On the other hand, there are
discrepancies between experiment and prediction for centering along the vertical axis.
Chief among these is that the inner droplet seems to settle about 45 m below the
center, equivalent to a ~10% systematic offset between the two centers. This offset is
probably caused by distortion of the electric field due to the conductive ITO glass
holder. This effect diminishes as the wall thickness of the shell is reduced.
Figure 5.6 (b) shows the original and FFT-smoothed ellipsoidal deformation
data for the same double-emulsion droplet. The elongation ratio   a / c settles to

the range from 1 to 1.01 for the outer shell and from 0.99 to 1 for the inner droplet,
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revealing ellipsoidal distortions on the order of a few percent for droplets of outer
radius ~3 mm and electric field strengths of 3  104 Vrms/m.
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Fig. 5.6 (a) Axial (z) and equatorial (x) dynamic centering data versus time t with
comparison to predictions of the reduced-order dynamic model as described in
Chapter 4. These curves are plotted using, as initial values, data points at a time
shortly after transients associated with voltage turn-on have died out. (b)
Ellipsoidal distortion of the inner droplet (green) and outer shell (red). Original data
points from the Matlab® program are shown. To suppress unavoidable noise due to
resolution limits of the camera, experimental data are smoothed using a FFT
low-pass filter. Systems parameters: 1 = 3 = 2.5, 2 = 37.8, Router = 3.33 mm, Rinner
= 2.88 mm, E0 = 3.2  104 Vrms/m at 200 kHz, optical resolution = 9 m/pixel,
frame rate = 1.53 fps.

5.2.3 Effect of the ITO glass holder
The predictive curves in Fig. 5.6 (a) are based on the dynamic model for an ideal
centering system with no physical supporter. The double-emulsion droplet is thus
assumed to be suspended due to perfect density matching. In this experiment, however,
a 1 mm thick ITO-coated glass holder was used to support the O/S/O droplets. To
alleviate droplet distortion due to the holder, a thin coating (~100 m) of Teflon- AFTM
was applied on the ITO surface contacting the droplet. Nevertheless, the ITO glass
holder still has certain influence on the centering behavior, as indicated from the
discrepancies between the experimental data and the prediction for z-directed motion.
To explore the effect of the ITO glass holder, we re-calculated the axial ( f DEP  z )
and equatorial ( f DEP  x ) DEP forces imposed on the inner droplet accounting for the
holder plate, using the same FEA method described in Section 3.2. Figure 5.7 plots the
DEP centering force calculated for the same double-emulsion droplet considered in Fig.
5.6. Solid lines are for the system with the ITO glass holder, while dashed lines indicate
the ideal case without any holder. As shown in the blue and green lines, the presence of
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the ITO glass holder has little influence on the equatorial force f DEP  x . Thus, the
experimental data for x-directed centering motion is consistent with the theoretical
prediction in Fig. 5.6 (a). On the other hand, there is a strong influence of the ITO
holder on the axial DEP force. The plot of f DEP  z has an evidently larger slope and a
pronounced positive offset compared to the ideal case delineated by the yellow line.
This offset is consistent with the observation that the z-directed equilibrium position of
the inner droplet is below the predicted point.
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Fig. 5.7 FEA simulation of the axial (z) and equatorial (x) DEP forces on the same
double-emulsion droplet as studies in Fig. 5.6, in the presence of an ITO glass
holder (solid) and without any holder (dashed).
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For double-emulsion droplets with smaller ratio of radii (R' = 0.64), as
exemplified in Fig. 5.8 (a), the ITO glass holder has an even more significant
influence on the axial centering. Figure 5.8 plots data for an O/S/O droplet having
outer radius ~2.62 mm and inner radius ~1.68 mm. It is immersed in an AC electric
field E0 = 3.4  104 Vrms/m at 900 kHz.
The experimental data for z in Fig. 5.8 (b) show that the smaller inner droplet
sitting on the ITO glass holder responds rapidly in the vertical direction to the electric
field. It eventually reaches an equilibrium point at ~360 m above the center of outer
sphere. This large systematic offset is presumably due to the ITO glass holder, as
demonstrated by the red and yellow lines in Fig. 5.8 (a).
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Fig. 5.8 (a) FEA simulation of the axial (z) and equatorial (x) DEP forces on a
double emulsion with smaller ratio of radii (R' = 0.64), in the presence of an ITO
glass holder (solid) and without any holder (dashed). (b) Axial and equatorial
centering dynamics versus time t compared to predictions of an ideal centering
system neglecting the existence of the ITO glass holder. Systems parameters: 1 =
3 = 2.5, 2 = 37.8, Router = 2.62 mm, Rinner = 1.68 mm, E0 = 3.4  104 Vrms/m at 900
kHz, optical resolution = 9 m/pixel, frame rate = 1.53 fps.

A slightly weaker DEP force f DEP  x is predicted for motion in the equatorial
plane, as implied by the blue and green lines in Fig. 5.8 (a), for the system using the ITO
glass holder. The theoretical prediction in Fig. 5.8 (b) correlates well with the
experimental data for x over the first 50 sec; however, the inner droplet eventually
stops ~90 m to the left of the center, possibly due to the weaker equatorial force
induced by the ITO glass holder.
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In summary, the conductive surface of the ITO glass holder has a considerable
influence on droplet centering, especially for axial centering parallel to the external
electric field. This explains why most dynamic plots of inner droplets in the preliminary
experiments show equilibria that are systematically offset from the center of the outer
spheres. This effect is less significant for O/S/O droplets with larger ratio of radii.

Table 5.2 Centering response of the double-emulsion droplets sitting on physical
supporters made from different materials and with different thickness

Holder materials

Holder thickness Centering
(mm)
response

ITO glass plate
(Teflon-AFTM coated on
upper ITO surface)

1

Yes

1

No

1.6

Yes

0.7

No

0.8

No

Aluminum plate
(Teflon-AFTM coated on
upper Al surface)

Glass plate
(Teflon-AFTM coated on
upper glass surface)

PTFE sheet
(polytetrafluoroethylene )

Holder thickness Centering
(mm)
response

0.8

No

0.5

No

N/A

No

N/A

No

Silicon wafer

ITO glass plate
(Teflon-AFTM coated on
upper glass surface)

Holder materials

(Teflon-AFTM coated on
upper silicon surface)

Silicone oil / FC-70
interface
Silicone oil / FC-70
interface
(with ITO surface 1mm
beneath the interface)

Plexiglas plate
(Teflon-AFTM coated on
upper Plexiglas surface)

Ideally, any physical support of the droplets should be very flat, as thin as
possible, with no conductive property, and having the same dielectric constant as the
surrounding medium. As summarized in Table 5.2, we have tested holders made from
different materials and with different thickness. Most of the holders are coated with a
thin layer of Teflon-AFTM on the upper surface that contacts the droplets. We have also
tried droplet supporters created by the liquid/liquid interface between silicone oil and
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Fluorinert® electronic liquid FC-70. Good repeatable centering was observed only for
the ITO holder or the aluminum plate with Teflon-AFTM coated on the upper ITO
surface or the upper aluminum surface. The failure of other holder plate materials such
as PTFE and silicon wafer is not understood.

5.2.4 Effect of inner droplet size and applied voltage
The FEA results in Fig. 3.10 reveal that the DEP centering force depends on the
dimensions of double-emulsion droplets. For constant outer shell diameter, the DEP
centering force acting on larger inner droplets is greater. To test this prediction, we
conducted experiment in which the outer DMA shell was fixed at a constant volume
~55 L while the volume of interior silicon oil varied from 10 L to 40 L. Figures 5.9
(a) and (b) plot the original data (dashed) and FFT-smoothed curves (solid) for
double-emulsion droplets with a 10 L and 40 L inner oil droplet, respectively. Both
axial (z) and equatorial (x) motions are presented. The applied AC voltage was in the
range from 450 to 500 Vrms at frequency of 900 kHz.
For the larger inner droplet in Fig. 5.9 (b), the equatorial displacement x decays
to zero from its initial position in ~60 sec. The centering response of the droplet in the

z-direction is even faster due to a larger axial DEP force. It eventually settles at a
position ~250 m above the center of outer shell. As discussed in the last section, such
systematic offset is most likely attributable to the disturbance of the electric field by the
ITO glass holder. On the other hand, the smaller inner droplet shown in Fig. 5.9 (a)
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exhibits relatively poorer centering motion than does the larger one. It drifts past the
center in the equatorial plane and oscillates in the axial direction. These results are at
least consistent with the FEA simulation in Fig. 3.10 – a stronger DEP force is imposed
on larger inner droplets. For smaller inner drops, even at the same electric field strength,
the DEP force is not sufficiently strong to achieve good centering.
Besides the inner droplet size, the DEP centering force is also influenced
strongly by the applied electric field. As revealed by the analytical expressions in Eqs.
(3.51) and (3.54), the DEP force is proportional to E 02 . To qualitatively investigate the
effect of applied field strength, another set of experiment was performed for a 20 L
inner oil droplet contained in a 55 L DMA outer shell. The axial (z) and equatorial
(x) centering motions were monitored under different applied AC voltages at 900 kHz.
At an AC voltage of 350 Vrms and 900 kHz, the inner droplet cannot be stably
centered in the equatorial plane, as shown by the blue line in Fig. 5.10 (a). Better
centering is achieved in the vertical z-direction. At this voltage value, the equatorial

f DEP  x is apparently not strong enough to center the inner droplet horizontally.
When the voltage is raised to 475 Vrms at 900 kHz, the DEP force components in
2

 475 
both the x and z directions are increased by the factor 
  1.8 . As displayed in
 350 
Fig. 5.10 (b), the inner droplet is now subjected to a larger f DEP  x so that it shows a
horizontal centering behavior. In the axial direction, it is rapidly moved to the center by
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a stronger f DEP  z , and eventually resides at a position ~360 m above the center of
outer shell, presumably due to the influence of the ITO glass holder.
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Fig. 5.9 Axial (z) and equatorial (x) dynamic centering data for (a) 10 L and (b)
40 L inner droplet. System parameters: 1 = 3 = 2.5, 2 = 37.8, E0 = 3.2~3.6  104
Vrms/m at 900 kHz, optical resolution = 9 m/pixel, frame rate = 1.53 fps.
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Fig. 5.10 Axial (z) and equatorial (x) dynamic centering data for a 20 L inner
droplet at the AC voltage of (a) 350 Vrms and (b) 475 Vrms at 900 kHz. System
parameters: 1 = 3 = 2.5, 2 = 37.8, Router = 2.62 mm, Rinner = 1.68 mm, optical
resolution = 9 m/pixel, frame rate = 1.53 fps.

5.3

Summary
We have presented preliminary proof-of-concept experiments for the centering

effect of DMA-shell double-emulsion droplets sitting on an ITO glass holder. A
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uniform AC electric field ~2104 Vrms/m at 110 kHz can form highly concentric DMAshell double-emulsions of diameter ~6 mm within ~80 sec. By modulating the applied
voltage, the elongation of the outer surface can be exploited to reduce the centering
time from ~80 sec to ~45 sec. The dominant mechanism for accelerated centering is
certainly the strong viscous shear force enlisted when the outer surface elongates.
Quantitative image analysis enables us to verify the dependence of centering
effect on droplet dimensions and applied field strength. The results are generally
consistent with the predictions in Chapter 3 – for constant outer shell size, larger inner
droplet size and higher electric field strength result in higher DEP centering force. On
the other hand, there are discrepancies between the experimental centering data and the
theoretical predictions from the dynamic model described in Chapter 4. The ITO glass
holder distorts the lower side of the droplets and slightly biases the equilibrium
especially on the z-axis. To solve this problem, we will introduce a density gradient
suspension method in Chapter 7 to replace the ITO glass holder.
Another remaining challenge is to perform centering experiments using shell
liquids with conductivity 10-3 S/m. Frequencies at least ≥1 MHz are required for these
more conductive liquids to avoid the shielding problem. Ohmic heating and electrical
shear convection may also adversely affect droplet centering as conductivity is raised to
this value. In the next chapter, we will reveal the relationship between the electrical
conductivity of the shell liquid and the applied AC frequency.
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CHAPTER 6
Frequency Dependence of the Centering Effect
Due to electrostatic shielding, the droplet centering effect depends on frequency
if the liquid in the outer shell is conductive. Because the monomer solutions used to
form polymer foams can be expected to be at least somewhat conductive, it is important
to study and understand this frequency dependence. In one preliminary experiment, we
examined the centering behavior for a 670 m thick DMA shell of radius 2.9 mm and
conductivity 2 ~ 9  10-4 S/m, varying the AC frequency at fixed electric field strength.
Figure 6.1 shows a sequence of frames from a droplet centering experiment where the
frequency was changed back and forth between 20 kHz and 200 kHz with the field
strength fixed at E0  1.3  104 Vrms/m. At 20 kHz, the inner silicone oil droplet resided
near the bottom of the outer shell, but when the frequency was raised to 200 kHz, it
immediately rose to the center where it resided stably for nearly 4 minutes. Upon
reducing the frequency back to 20 kHz, the droplet sank back to the bottom.
This behavior corroborates the third important condition for effective droplet
centering mentioned in Chapter 3, namely that the frequency of the external electric
field must be sufficiently high to overcome electrostatic shielding due to the electrical
conductivity of the outer shell. Shielding intercepts electric field lines and reduces the
DEP force acting on the inner droplet.
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Fig. 6.1 Video frames revealing frequency dependence of the centering effect for a
silicone oil droplet in DMA outer shell containing a dye (Mordant Blue 9, Acros
Organics). The radii of the outer shell and inner droplet were, respectively, ~2.9
mm and ~2.2 mm. The fixed electric field strength was 1.3  104 Vrms/m while the
AC frequency was changed back and forth between 20 kHz and 200 kHz.

The liquids containing the monomers needed to form the foam shells are likely
to be electrically conductive. Their electrical conductivities could be as high as ~10-2
S/m due to the existence of acid and base catalysts. Thus, it is critical to establish the
minimum value of the frequency needed to achieve good centering. The objective of
this chapter is to reveal the quantitative relationship between the outer shell
conductivity, the thickness, and the minimum frequency.
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Maxwell-Wagner interfacial polarization
Maxwell-Wagner interfacial polarization, also known as Maxwell-Wagner-

Sillars polarization, is responsible for the frequency-dependent nature of the centering
effect [97]. The phenomenon is characterized by the build-up of free charge at
dielectric interfaces when there is ohmic conduction [98]. The earliest investigation of
this phenomenon was performed by Maxwell [99]. He considered a basic geometric
model for a plate capacitor of n dielectric layers with dielectric permittivities 1, 2,
…n and conductivities 1, 2, …n. This model helped to explain the observed data
for relaxation in dielectrics. Wagner extended Maxwell’s analysis by considering
small spheres with dielectric permittivity 2 and conductivity 2 dispersed in a
medium with permittivity 1 and conductivity 1 [100]. This model was further
developed by Sillars [101], who simplified the analysis by assuming the ambient
medium to be a perfect dielectric (1 = 0) and then considered dispersals of prolate
spheroids with their major axes aligned along the external field direction.
During the interfacial polarization process of a particle, the build-up of free
charges influences the induced dipole moment. For a spherical particle, the relaxation
time constant  MW is [102]:

 MW 

 2  2 1
 2  2 1

(6.1)

where 2, 2, 1, 1 are defined as above.  MW is the time required for the interfacial



free charges to build-up to 1  e 1



or 63.2% of its final value. The overall
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frequency-dependent DEP behavior of a particle is determined by the magnitude and
temporal dynamics of the build-up of the interfacial free charges [47].
For the double-emulsion systems of interest here, Maxwell-Wagner interfacial
polarization can occur at both the outer and inner liquid-liquid interfaces. The
interfacial free charges accumulated at the inner surface contribute to the induced
dipole moment of the inner droplet, and thus influences the DEP force acting on the
inner droplet. The build-up of free charges on the outer surface, however, shields the
electric field from the interior of the droplet. As mentioned above, interfacial
polarization is a frequency-dependent phenomenon. The accumulation of interfacial
free charge occurs only at low frequencies. At very high frequencies, the polarity of
applied field alternates so rapidly that interfacial free charge does not have sufficient
time to build up. Therefore, to avoid shielding and to achieve centering for conductive
outer shells, it is necessary to employ AC frequencies higher than a critical value.

6.2

Electrical conductivity and critical frequency
This section presents a derivation of the expression for the so-called critical

frequency which represents the limit we must exceed to circumvent shielding. The
analysis starts from the expression of the electric field inside the inner droplet.

Frequency Dependence of the Centering Effect

100

According to the layered spherical dielectric particle model put forward by
Jones [103], the electric field inside the inner droplet is uniform and the electrostatic
potential can be expressed in terms of a coefficient D:
 in (r ,  )   Dr cos  , r  Rinner

(6.2)

3 1 (1  K ) R3
E0
( 2  2 1 )( R 3  K )

(6.3)

D

where K is the Clausius-Mossotti factor defined as K  ( 3   2 ) ( 3  2 2 ) ; 3, 2,
and 1 are the dielectric permittivities of inner droplet, outer shell, and ambient
medium, respectively; R  Rinner Router is the ratio of radii; E0 is the magnitude of
the external AC electric field; and  2 is the effective homogeneous dielectric
permittivity of an equivalent sphere that produces the same external electric field
distribution:
 R3  2 K 



 2  2  3
 R  K 

(6.4)

For the case of dielectric materials with ohmic conductivity in an AC electric
field, the dielectric permittivities and the Clausius-Mossotti factor have to be replaced
by their complex forms

 i  i 

i
,
j

K

3  2
 3  2 2

( i = 1, 2, 3)

(6.5)

where 3, 2, and 1 are the electrical conductivities of inner droplet, outer shell, and
ambient medium, respectively;  is the radian frequency, and j   1 . In typical
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O/S/O centering systems, the inner droplet and ambient suspension phase are silicone
oils with permittivities and conductivities (~10-6 S/m) well below the values for the
outer shell. In such case, the following approximations may be used:

 1   1 ,  3   3 ,  2   3 , K  

1
2

(6.6)

The effective dielectric permittivity of the substitute sphere  2 also has to be
written in complex form
 R3  2 K 

3
 R  K 

  2   2 

(6.7)

where the ratio of radii R can be expressed in terms of the thickness of the shell  :
R 

Rinner

 1
Router
Router

(6.8)

For the thin shell layers relevant to laser targets,  Router  1 , so we can further
simplify the effective dielectric permittivity:


3
 1 
 2  
1  3 R

Router
  2
 2 
outer
2
   2  2  
 2   2 
3
3

j  Router
 1 



   
 1 3 R
2 Router
 2 
outer


(6.9)

Appendix F exploits the previous Washizu-Jones multipolar re-expansion
method introduced in Chapter 3 to verify the expression of the coefficient D, as a
measure of the electric field magnitude inside the inner droplet. In complex form,
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3 1 (1  K ) R3
E0
( 2  2 1 )( R3  K )

(6.10)

Using the above expressions for  1 , K , R and   2 :

D

3 1 1   1 2  1  3 Router 
3 1   Router 
E0   1
E0

( 2  2 1 )  1  3 Router   1 2
  2  2 1



 
 
 E0
 E0
3 1 1 
3 1 1 
Router 
Router 






 2  2
2  2 2  Router
 2 1   2 

  2 
 
 2 1
j  Router
Router 
j



(6.11)

Close examination of the above Eq. (6.11) reveals that D has the basic form of
the voltage transfer function of an RC high-pass filter circuit [104,105]. See Fig. 6.2.
H ( j ) 

Vo
R0

Vi R  1
0
jC0



R0  2  1   2 
Router


where

(6.12)


R
, C0  outer
2 2 


(6.13)

RC high-pass filter

Vi

C0

R0

Vo

Fig. 6.2 Circuit diagram of an RC high-pass filter.
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In general, an RC high-pass filter circuit has a time constant  RC and critical
frequency crit defined as:

 RC  R0C0 , crit 

1
R0C0

(6.14)

When   crit , H ( j )  1 ; when   0 , H ( j )  0 . Comparing Eq. (6.12)
to (6.11), we can identify the desired critical frequency
f crit 

 crit
 2
, crit 
 1 Router   2 
2

(6.15)

Figure 6.3 plots the real part, imaginary part, and absolute value of the complex
coefficient D( ) as functions of the operational AC frequency f, according to the
above Eqs. (6.5), (6.7) and (6.10). At frequencies lower than 104 Hz, the absolute value
of D ( ) is close to zero. This is the shielding phenomenon – a very weak electric field
inside the inner droplet at low frequencies. As the operational frequency is raised, the
magnitude of D increases dramatically. It climbs to a plateau when the frequency
exceeds 107 Hz. In Fig. 6.3, we have also labeled the critical frequency f crit = 1.02
MHz, which is calculated from Eq. (6.15) using the experimental parameters of this
specific centering system. The critical frequency f crit is the frequency at which the
real part equals to the imaginary part of the complex coefficient D ( ) .
The critical frequency, as expressed in Eq. (6.15), depends on the shell
thickness  , outer surface radius Router, dielectric permittivity of the outer shell 2 and

Frequency Dependence of the Centering Effect

104

the ambient medium 1, and, most importantly, the electrical conductivity of the shell 2.
Lower shell conductivities lead to lower critical frequencies. This relationship is
reflected in the frequency dependence plots of the absolute value of coefficient D( )
in Fig. 6.4. As the shell conductivity increases from 2.4  10-4 S/m to 2.4 S/m, the curve

Complex coefficient D (% of E0)

keeps shifting to the high frequency regime, indicating a higher critical frequency.

0.6
0.5

fcrit = 1.02 MHz
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0.3
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Frequency of applied voltage (Hz)
Fig. 6.3 Frequency dependence of the real part Re(D), imaginary part Im(D), and
absolute value Abs(D) of the complex coefficient D(), which indicates the
magnitude of electric field inside the inner droplet. The critical frequency fcrit is
labeled on the plot. Rinner = 2.12 mm, Router = 2.38 mm, 1 = 3 = 2.5, 2 = 37.8, 1 =
3 = 2  10-6 S/m, 2 = 3.3  10-3 S/m.
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Fig. 6.4 Frequency dependence of the absolute value of the complex coefficient
D() with different electrical conductivities of the shell 2. Rinner = 2.12 mm, Router
= 2.38 mm, 1 = 3 = 2.5, 2 = 78.4, 1 = 3 = 2  10-6 S/m, 2: from 2.4  10-4 S/m
to 2.4 S/m.

6.3

More frequency dependence plots
The coefficient D in Eq. (6.11) discloses the percentage of external AC electric

field distributed inside the inner droplet; however, the frequency dependence of the
effective dipole moment of the inner droplet and the DEP force exerted on it are really
more relevant. In the Washizu-Jones multipolar re-expansion method (Section 3.5), the
general form of the effective dipole moment of the inner droplet can be determined by
substituting into Eq. (3.49) the expression of coefficient B1 from Eq. (3.47), that is,
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peff  4 2  0 B1





2 ( Rinner

3
12 2  0 Rinner
 1 ( 2   3 )
E0
3
R outer ) ( 1   2 )( 2   3 )  ( 2 1   2 )( 2 2   3 )

(6.16)

2( R inner

3
12 2 R inner
 1 ( 2   3 )
E0
3
R outer ) ( 1   2 )( 2   3 )  ( 2 1   2 )( 2 2   3 )

(6.17)

In the limit of very small inner droplet ( Rinner  Router ), the general form Eq. (6.16)
reduces to the special case of Eq. (3.21).
To generalize the frequency-dependent nature of peff when a spatially
uniform AC electric field is externally imposed, we only need to modify the above
Eq. (6.17) by replacement of  1 ,  2 and  3 with their complex equivalents, that is,

 1 ,  2 and  3 , as defined in Eq. (6.5).
p eff 

2( R inner

3
12 2 Rinner
 1 ( 2   3 )
E0
3
R outer ) ( 1   2 )( 2   3 )  ( 2 1   2 )( 2 2   3 )

(6.18)

It is important to note that the  2 in the factor 12 2 in Eq. (6.18) for p eff is not
complex. It is incorrect to use the complex permittivity  2 in this multiplier [102].
The DEP force exerted on the inner droplet can also be deduced analytically
from the Washizu-Jones multipolar re-expansion method, as in Eq. (3.50):


f DEP   p eff   E '  8 2  0 B1 A2

(6.19)

The frequency dependence of f DEP can be determined by considering the real part of
the following complex expression:
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f DEP  Re[ 8 2  0 B 1 A 2 ]

(6.20)

where A 2 and B 1 are the complex equivalents of A2 and B1 , as calculated from


Eqs. (3.46) and (3.47); A 2 is the complex conjugate of A 2 .
Based on Eq. (6.18) and Eq. (6.20), we plot the frequency dependence of
and f DEP , respectively, with the red and blue curves in Fig. 6.5. They are

p eff

similar in appearance to the frequency dependence of D in Fig. 6.4. The critical
frequency is calculated from Eq. (6.15) using the specific system parameters.

-7

-13

8x10

4.8x10

(N)

-13

3.6x10

fcrit = 436 kHz

DEP force f

P
E
D

-7

2.4x10

-13

-7

1.2x10

4x10

-13

2x10

00

Effective dipole |peff| (C·m)

-7

6x10

0
0.0
2

10

4

10

6

10

8

10

10

10

Frequency of applied voltage (Hz)

Fig. 6.5 Frequency dependence of the complex effective dipole moment of inner
droplet peff  (red) and the DEP force on the inner droplet fDEP (blue). Rinner = 2.12
mm, Router = 2.38 mm, 1 = 3 = 2.5, 2 = 78.4, 1 = 3 = 2  10-6 S/m, 2 = 2.4 
10-3 S/m, E0 = 5  104 Vrms/m,  = 0.88.
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Corroboration of the predicted frequency dependence of droplet centering is
provided in Fig. 6.6, which plots the z-directed experimental centering dynamics of
three different double-emulsion droplets. In all the three experiments, droplets were
suspended in a density gradient column which will be discussed in Chapter 7. The
applied AC electric field was fixed at 5.7  104 Vrms/m (800 Vrms) at 20 MHz. The three
double-emulsion droplets had identical dimensions: Rinner = 2.12 mm and Router = 2.38
mm. In each experiment, the inner droplet and suspension medium were prepared from
similar oil phases with dielectric constant around 2.5~7.4. The only difference among
these experiments was that different liquids were used in the outer shell phase in order
to obtain different electrical conductivity values, and thus, different critical frequencies.
Here, we define a normalized frequency f , as the ratio between the applied frequency f
(20 MHz) and the critical frequency f crit , that is,
f 

f
f crit

(6.21)

The inserted table lists the measured conductivity values and critical
frequencies for the three different shell liquids. The critical frequencies were calculated
accordingly from Eq. (6.15). For the shell liquid with conductivity as low as 1.1  10-4
S/m, critical frequency ~34 kHz is very low and the normalized frequency ~588 is very
high, for f = 20 MHz. The corresponding dynamic plot (blue) analyzed from its
real-time images demonstrates rapid and stable centering. In contrast, centering was
slowed with relatively higher shell conductivity value ~5.1  10-3 S/m (red). The inner
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droplet approached the center with a non-zero velocity, which means no stable

Center-to-center
Center-to-center displacement
displacement (pixels)
(μm)

equilibrium can be established at the center.
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z
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Fig. 6.6 Experimental z-directed centering dynamic plots for three different
double-emulsion droplets with different conductivities of the outer shell phase.
Rinner = 2.12 mm, Router = 2.38 mm, 1 = 3 = 2.5~7.4, 1 = 3 = 2  10-6 S/m, E0 =
5.7  104 Vrms/m @ 20 MHz.

6.4

Discussion
The yellow curve shown in Fig.6.6 represents the centering response of a

water-based shell with the electrical conductivity ~2.410-3 S/m. The critical frequency
is calculated to be ~429 kHz and the normalized frequency is ~46 when the external
field was applied at 20 MHz. The inner droplet approaches to the center in equilibrium
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within ~60 s. This result reveals that fairly good centering behavior can still be
achieved as long as the shell conductivity is limited to ~210-3 S/m.
In general, it is rather challenging to formulate shell liquids that contain
monomers and precursors to have very low electrical conductivity. The conductivity
values are typically as high as ~10-2 to 10-1 S/m for those thermal-initiated monomer
solutions with high concentrations of acid and base catalysts to accelerate the
polymerization process. An effective method is desired to reduce the shell conductivity
to less than ~210-3 S/m. Monomer solutions based on photo-initiation might be a
better choice, since no acid or base catalysts are involved. In Chapter 9, we will present
the centering and polymerization results for different polymer precursor shells with a
wide range of conductivity values.
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CHAPTER 7
Density Gradient Suspension and Droplet
Deformation
In the initial proof-of-concept experiments in Chapter 5, the double-emulsion
droplets were supported on a 1 mm thick glass plate, coated on the upper side with
ITO (Indium-tin-oxide) and a spin-coated layer of Teflon-AF™ [9]. While the glass
support facilitated a first demonstration of the centering effect, it also introduced a
systematic ~10% offset between the two centers. In addition, the droplets exhibited
some distortion on the lower side adjacent to the glass holder plate.
To reduce these offset and distortion problems, we replaced the glass holder
plate by a liquid density gradient column to suspend the droplets [106~111]. Without
physical support, electric field mediated centering is dramatically improved and the
distortion near the bottom disappears. This chapter presents a perturbation model for
predicting the maximum out-of-round of the suspended droplets under the combined
influences of the AC electric field and the density gradient column.

7.1

A linear density gradient model
For modeling simplicity, we ignore the inner sphere entirely, considering

instead a homogeneous droplet suspended in a vertical linear density gradient and
then subjected to a uniform electric field parallel to the density gradient. The outer
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surface of the double-emulsion droplet in contact with the suspending liquid deforms
into oblate spheroidal shape because of the density gradient [112]. The electric field
has the opposite effect on shape, elongating the droplet into a prolate spheroid
[58,59]. In the modeling exercise presented here, we are able to identify a relationship
between the density gradient and the electric field magnitude that, in theory,
eliminates distortion altogether.
The model is based on that of Cook et al. [112], who assumed a density
gradient with a linear profile, i.e.,

 ( z)  d  0  z

(7.1)

where z is the vertical elevation and  d is the density of the suspending liquid at z = 0.
Note that stable suspension requires that the liquid be heavier at the bottom, and
therefore, the density gradient coefficient β0 > 0.
Consider a liquid droplet of density  d , dielectric constant κ2, and interfacial
tension  . The droplet is suspended at z = 0 in the linear density gradient column as
defined by Eq. (7.1) and subjected to a vertically directed, uniform electric field



E0  E0  z . The present model ignores contributions to droplet distortion due to any
gradient of the dielectric constant of the suspending medium, κ1. This approximation
seems reasonable because κ2 >> κ1. Let the droplet volume be

4
3

 R 3 , where R is the

radius of an equivalent sphere. Then, assume the droplet has an oblate spheroidal
shape, with semi-major axes a  b  R   and c  R 3 /( R   ) 2 , where δ > 0 is the
small deformation. See Fig. 7.1. These expressions amongst a, b, and c guarantee
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constant volume for the droplet, that is,

4
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 abc 43  R 3 . The maximum out-of-round

(MOOR) is a metric used to characterize the total deformation along all the three
principal axes. For an oblate spheroid, we have positive deformation δ in the x and y
planes, and compression along the z axis of 4δ, so that MOOR ≈ 6δ.

z

ρ = ρd @ z = 0
ρ (z) = ρd − β0 · z

E0

ρ < ρd
ρd c
κ2

a
κ1

ρ > ρd

Fig. 7.1 A dielectric droplet of density  d , dielectric constant κ2, and interfacial



tension  is embedded in a uniform electric field E0  E0  z , and suspended in a
linear density gradient  ( z )   d   0  z , with isotropic dielectric constant κ1.

7.2

Total energy of a droplet in density gradient and E-field
To determine the net droplet deformation due to the combined influences of

the electric field and the density gradient, we need to express the total energy of the
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droplet in terms of δ. This energy quantity is the sum of the buoyancy-corrected
gravitational potential energy (G.E.), the surface energy (S.E.), and the electrostatic
energy (E.E.). From Cook et al. [112], the first two energy terms are
G .E . 

S .E.  4R 2 

2
R9
 0 g
15
(R   )4

32 2 352 3
 
  O ( 4 )
5
105 R

(7.2)

(7.3)

where  is the interfacial tension of the droplet and g = 9.81 m/s2 is the acceleration
rate due to gravity.
To obtain the electrostatic energy term, we use an approach based on Stratton
[113,114]. Refer to Appendix G. The electrostatic energy of an arbitrary dielectric
body embedded in a dielectric medium may be expressed very simply in terms of an


integral over its own volume, rather than over all space. This integral uses Ein , the

field inside the body, and E0 , the applied uniform field.

E.E. 

 
1
(



)
E
1
2
in  E0 dv
2 V0

(7.4)

Here, V0 is the body volume, and  2 ,  1 are the dielectric permittivities of the body
and the ambient medium, respectively.
Appendix H contains expressions of the electrostatic potential and the electric
field vector inside a dielectric sphere with radius R and a dielectric ellipsoid with


semi-major axes a, b, and c, embedded in a uniform external field E0 [114]. For the
case of a dielectric ellipsoid, the internal uniform electric field vector is
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Ein  Ein , x x  Ein , y y  Ein , z z
where

Ein , x 

Ein , y 

Ein , z 

(7.5)

E0 x
abc  2   1 
ds
1

2
 1 0 ( s  a 2 ) Rs
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abc  2   1
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0

ds
( s  b 2 ) Rs

E0 z
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2
1





0
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ds
( s  c 2 ) Rs

Rs  ( s  a 2 )( s  b 2 )( s  c 2 )

(7.6)

(7.7)

(7.8)

(7.9)


Suppose that the external field E0 is arbitrarily oriented with respect to the reference
system and has components E0x, E0y, and E0z along the three axes of the ellipsoid. As



long as E0 is initially uniform, the resultant field inside the ellipsoid Ein is also


uniform, irrespective of orientation; however, Ein is not in general parallel to E0 .
Consider the two special cases illustrated in Fig. 7.2: (a) an oblate spheroid
with its longest axes (a = b > c) perpendicular to the applied field, and (b) a prolate
spheroid with its longest axis (a > b = c) parallel to field.


Special case (a): E0 along z-axis, oblate spheroid



Ein  Ein , z z 

where

E0

1

abc  2   1
A3
2
1


z

(7.10)
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 a2  c2

 tan 1

c


a2  c2
c






(7.11)



E0  E0  z

ε1
ε2



E0  E0  x

z
x

ε1

c

ε2

a

z

c
a

a=b>c

a>b=c

(a)

(b)

x

Fig. 7.2 Two special cases for a dielectric ellipsoid with semi-major axes a, b, and c

embedded in a uniform external electric field E0 : (a) an oblate spheroid with its


longest axes (a = b > c) perpendicular to the applied field E0 which is along z-axis;


(b) a prolate spheroid with its longest axis (a > b = c) parallel to the field E0 which
is along x-axis.


Special case (b): E0 along x-axis, prolate spheroid



Ein  Ein, x x 

where

E0

1

abc  2   1
A1
2
1


x

(7.12)
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ds
ds
1 
1 e 

  3 3  2e  ln

2
2
2 32
0
( s  a ) Rs
(s  b )(s  a )
ae 
1 e 

(7.13)

is the eccentricity.

From Eqs. (7.4) to (7.9), the electrostatic energy of a dielectric ellipsoid


embedded in a uniform external field E0 becomes

E .E . 

 
2
abc ( 1   2 ) Ein  E0
3

(7.14)

where
 
Ein  E 0 

E 02x
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2
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ds
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E 02y
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2
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0

ds
( s  b 2 ) Rs

E02z


1

abc  2   1
2
1





0

ds
( s  c 2 ) Rs

(7.15)


For the special case of an oblate spheroid with E0 aligned along the z-axis, i.e.,
E0 x  E0 y  0 ,
 


Ein  E0  Ein , z z   E0 z   Ein , z E0 

abc  2   1
1
2
1

E02





0

ds
2
( s  a )( s  c 2 ) 3 2

(7.16)

The electrostatic energy of the dielectric ellipsoid is then
( 1   2 ) E02
2
E.E.  abc
abc  2   1 
ds
3
1
2

0
2
1
( s  a )( s  c 2 ) 3 2

(7.17)

Now, assume that the ellipsoid is only slightly deformed from a sphere of
radius R. The semi-major axes a, b, and c can be expressed as:
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R3
(R   )2

(7.18)

where δ is the small deformation. Substituting these into the integral in Eq. (7.11) gives
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 tan 1
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3



2
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(7.19)
Since δ << R, we can use a Taylor expansion to approximate the above expression with
respect to δ around δ = 0:





0

ds
2
8
4
 3  4
 2  O[ ]3
2 32
( s  a )( s  c )
3R
5R
35 R 5
2

(7.20)

Neglecting terms of O[ ]3 and higher, and substituting Eq. (7.20) into the energy
expression Eq. (7.17), the electrostatic energy becomes

E.E. 

2R 3 ( 1   2 ) E02
   1 4
2


 2 
31  2 1  
2
1  3 5R
35 R



(7.21)

Eq. (7.21) can be expanded in another Taylor series expansion around δ = 0:
E.E. 

2 1 ( 1   2 ) 3 2 24 1 ( 1   2 ) 2 2 2
12 1 (158 1  173 2 )( 1   2 ) 2
R E0 

R
E


RE02 2  O[ ]3
0
2 1   2
5(2 1   2 ) 2
175(2 1   2 ) 3

(7.22)
To test the above electrostatic energy term, consider the limit of a sphere with
radius R embedded in the uniform external field, in which case δ = 0, or, a = b = c =
R. Then, Eqs. (7.21) and (7.22) both reduce to:
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(7.23)

Eq. (7.23) is the electrostatic energy for a dielectric sphere embedded in a uniform


electric field E0 , where Ein 

31 
E0 is the electric field inside the sphere.
21   2

To calculate the total energy (T.E.) of the droplet, we combine the electrostatic
term in Eq. (7.22) with the other two terms in Eq. (7.2) and Eq. (7.3).

T .E.  G.E.  S .E.  E.E


 24 1 ( 1   2 ) 2

2
2 (   2 ) 3
8
 0 gR 5  4R 2  1 1
R  0 E02  
R 2 0 E02   0 gR 4 
2



15
2 1   2
5
(
2
)
15
1
2



4

32
12  1 (158  1  173  2 )(  1   2 ) 2
   0 gR 3 
 
 R  0 E 02  2  O [ ]3
3
5
175 ( 2 1   2 )
3


(7.24)
where  2 ,  1 are the dielectric constants of the suspended droplet and the ambient
medium, respectively.  0  8.854  10 12 F/m is the permittivity of free space.

7.3

Net droplet deformation
To determine the net droplet deformation due to the external electric field and

the density gradient, consider the total energy (T.E.) of the droplet in this system. In the
equilibrium state, the total energy seeks the minimum, which we obtain by taking the

Density Gradient Suspension and Droplet Deformation

120

derivative of T.E. with respect to , and then setting it to zero. The corresponding
deformation e is what we wish to evaluate in this model. Neglecting terms O[]3 and
higher, and then solving for the deformation e, we obtain

e 

35 0 gR 4 (21   2 ) 3  3151 (1   2 ) 2 (21   2 ) 0 E02 R 2
35(5 0 gR 3  24 )(21   2 ) 3  91 (1   2 ) 2 (1581  173 2 ) 0 E02 R

(7.25)

Note that, just as required, in the limits of either E0 = 0 or  1   2 , Eq. (7.25) reduces
to the result of Cook et al [112], namely,

e 

 0 gR 4

5 0 gR 3  24

(7.26)

The gravitational and electrostatic terms in the numerator of Eq. (7.25) are of
opposite sign, meaning that the electrical and density gradient effects are opposed,
opening up the possibility that the deformation can be minimized or even avoided
entirely by choosing the right set of values for the density gradient coefficient  and
the electric field E0. To explore this idea, we solved Eq. (7.25) for  as a function of
the normalized deformation /R and electric field E0.





9 01 (1   2 ) 2 E02 R (1581  173 2 )   35(21   2 ) 
24 
R


R
(7.27)

0 


3
3
3
gR 1  5  
35(21   2 ) gR 1  5  
R
R


The coefficient 0 is the sum of two independent terms: one is determined by the
external field E0, denoted as E:
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9 01 (1   2 ) 2 E02 R (1581  173 2 )   35(21   2 )
R
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35(21   2 ) 3 gR 3 1  5  
R
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(7.28)

The other term is related to the interfacial tension , denoted as :

 

24 


R



gR 1  5  
R


(7.29)

3

For typical values that  ~10 mN/m, δ/R ~0.001, g ~10 m/s2 and R ~10−3 m, from Eq.
(7.29),  is of the order of ~10−1 g/cm3·cm. Substituting these values into Eq. (7.28)
teaches that the electric field related coefficient E is much smaller than the interfacial
tension related term  unless the applied field exceeds 104 V/m.
The most convenient way to investigate Eq. (7.27) is to plot the density gradient
coefficient  as a function of the external field E0 for different fixed positive (solid)
and negative (dashed) values of /R. See Fig. 7.3. The straight line in the figure
represents the case of no distortion ( = 0) and so the regions to the left and right side
are, respectively, oblate and prolate deformations.
According to this plot, we expect the deformation to be controlled by the
density gradient when E0 ≥ 104 V/m. For typical experimental conditions using
electric field values in the range of 104 ~ 105 V/m, the droplet elongation contributed by
the electric field is comparable to the density gradient compression when  is
sufficiently large. The droplet is initially oblate and, as the electric field is turned up, it
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tends toward prolate. Therefore, it should be possible to minimize droplet deformation
by adjusting E0 and . If E0 = 5×104 Vrms/m, then, to achieve zero out-of-round, the
requirement is  = 6.5×103 kg m-3·m-1. The parameters used to plot this figure are: κ1 =
2.5, κ2 = 37.8, g = 9.81 m/s2, R = 2300 μm, and  = 26.65 mN/m. Here, the interfacial
tension  is estimated from the surfaces tensions of N,N-dimethylacetamide (36.3

5

10

-3

-1

m-3·m
· m)-1)
Density gradient coeff. (Kg m

mN/m) [115] and 10 cS silicone oil (20.1 mN/m).
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Fig. 7.3 Density gradient coefficient  vs. the applied electric field E0 for both
oblate (solid) and prolate (dashed) droplet deformations at various values of 6δ/R.
The parameters used to plot the figure are: κ1 = 2.5, κ2 = 37.8, ε0 = 8.854×10−12 F/m,
g = 9.81 m/s2, R = 2300 m, and  = 26.65 mN/m.
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Discussion
Figure 7.3 indicates that we can minimize the distortion of the suspended

droplet by adjusting the density gradient coefficient and the applied electric field E0.
For example, if E0 = 5×104 Vrms/m, the density gradient coefficient required to achieve
zero net distortion is  = 6.5×103 kg m-3·m-1. This is a practically attainable value. The
density gradient can be simply formed by two liquids: (a) 10 cS silicone oil with
density ~0.934 g/cm3, and (b) a liquid solution with density ~1.025 g/cm3, which is
composed of 1000 cS silicone oil and some miscible heavy fluid. Assuming that the
density gradient is linear over the length scale between the two electrodes (14 mm),
then, we can estimate the coefficient to be:

0 

(1.025  0.934) g  cm -3
 6.5  103 Kg m -3  m -1
14 mm

(7.30)

Therefore, offsetting distortion of the suspended droplet by modulating the density
gradient and the applied electric field is possible with realistic conditions.
For simplicity, this density gradient model does not consider the inner droplet
inside a suspended droplet. Ignoring the inner droplet is acceptable because the
density gradient has much greater influence on the outer surface than the inner
surface. The conclusion should be similar for the suspended droplet no matter the
inner droplet exists or not.

Centering Experiments with Density Gradient Suspension

124

CHAPTER 8
Centering Experiments with Density Gradient
Suspension

The early droplet centering experiments used a thin glass plate to hold the
droplet midway between the electrodes, but this plate caused a systematic ~10%
vertical offset of the centers of the inner and outer droplets. To circumvent this problem,
we eliminated the glass plate and suspended O/S/O double-emulsion droplets in a
liquid density gradient column. Chapter 7 has presented an energy-based perturbation
model that predicts the maximum distortion of a suspended single droplet under the
combined influence of the AC electric field and the density gradient. This model
predicts that the electric field and the density gradient both influence the droplet
distortion but these two effects counteract each other. In this chapter, we present
experimental results showing the centering for two kinds of double-emulsion droplets,
DMA shell and surfactant-doped water shell, both suspended in density gradient
columns. The gradient suspension approach reduces the centering error to less than
±5% and the droplet distortion to less than ±2%.
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Experimental methods

8.1.1 Materials selection and experimental setup
The density gradient is set up in the liquid chamber as shown in Fig. 5.1. The
initial tests of the density gradient suspension method used the organic solvent DMA as
the liquid for the outer shell. To adjust electrical conductivity, the DMA was doped at
0.1 g/L Mordant Blue dye (Acros Organics). The density gradient column for DMA
shells was established by layering ~7 mm each of 10 cS and 1000 cS silicone oils (Dow
Corning DC-200). These oils have slightly different molecular chain lengths and are
miscible. Initially, there was a visible narrow interface between the two silicone oils. It
became broader and broader gradually with time, indicating certain mixing between the
silicone oils, presumably due to diffusion. The density gradient was finally established
when the interface completely disappeared after ~20 hours. We were not able to
investigate the spatial distribution of the resulting density gradient. The liquid used for
the inner droplet phase was a 12.5:1 mixture of 10 cS and 50 cS silicone oils.
Because the monomers most commonly used for foam shell chemistry are
water-based, we also tested double-emulsion droplets using aqueous media. To avoid
coalescence and make it possible to create double-emulsion droplets, the water was
doped with a surfactant, Silwet L-77 (GE Silicones), at 0.1% by volume. The densities
of the oils are lower than water, so it was necessary to formulate a suspending medium
by mixing 8.0% v/v Novec™ Engineered Fluid HFE-7100 (3M), which has a density of
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1.5 g/cm3, with 1000 cS silicone oil. HFE-7100 (C4F9OCH3) is a segregated,
hydrofluorous ether with one perfluorinated and one fully hydrogenated component. To
create the density gradient column, a ~7 mm layer of the silicone oil/HFE-7100
solution is poured into the container and then covered by ~7 mm of pure 1000 cS
silicone oil. Presumably again due to diffusion, the visible interface disappears after ~5
hours. As with the density gradient used for the DMA experiments, we did not
investigate the spatial variation of the resulting density gradient.
Table 8.1 collects the physical properties of the fluids used for the two
double-emulsion droplet systems. Densities are measured using an Anton PaarTM DMA
4500M density meter. Electrical conductivities are obtained using a conductance meter
(YSI model #35, with model #3403 glass conductance cell). We use a tensiometer
(KRÜSS EasyDyne) to measure the interfacial tensions between the shell and the oil
phases. Table 8.2 lists the chemical structure and basic properties of the Novec™
Engineered Fluid HFE-7100. Since it is a volatile liquid with relatively low boiling
point, liquid doped with it usually generates gas bubbles when the electric field is
applied. One may consider replacing it with commercial heavy silicone oils [116].

8.1.2 Characterization
Figure 8.1 shows the new droplet-centering experimental setup. The droplet is
backlit with collimated light from a high intensity, blue LED, powered by a BK
Precision® 1651 DC power supply. A lens focuses the light passing through the
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double-emulsion droplet before it reaches the camera. A high resolution, 10241024
pixel, monochromic video camera (Imperx IPX-4M15-L) captures images of the
droplets suspended in the density gradient during centering experiments. Video files are
uploaded to a PC through an IPORT PT1000-CL Pleora IP engine.

Table 8.1 Typical materials selection and their properties in the two density gradient
systems for suspension of DMA shell and water shell double-emulsion droplets.
DMA shell system

inner core phase

outer shell phase

density gradient suspension

liquids

10 cS + 50 cS
silicone oil
(12.5:1 v/v)

pure DMA
or
DMA + 0.1 g L-1
Mordant Blue dye

upper:
10 cS
silicone oil

lower:
1000 cS
silicone oil

density (g cm-3)

0.936 ± 0.001

0.937 ± 0.002

0.934*

0.971*

dielectric constant

2.5

37.8

2.5

10-4

conductivity (S/m)

2.0 × 10-6

5.0 ×
or
3.3 × 10-3

2.0 × 10-6

interfacial tension (mN/m)

---

15.4 ± 0.1

---

Water shell system

inner core phase

outer shell phase

density gradient suspension

liquids

10 cS silicone oil
+ 12% v/v

DI water
+ 0.1% v/v

HFE-7100
density (g cm-3)

Silwet L-77

upper:
1000 cS
silicone oil

lower:
1000 cS
silicone oil +
8% v/v
HFE-7100

1.002 ± 0.001

1.004 ± 0.002

0.971*

1.016 ± 0.001

dielectric constant

> 2.5

78.4

2.5

> 2.5

conductivity (S/m)

---

2.4 × 10-3

---

interfacial tension (mN/m)

---

28.0 ± 0.1

---

* …from Dow Corning datasheet for DC-200 silicone oils
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Table 8.2 Chemical structure and basic properties of Novec™ HFE-7100 (3M)

Chemical structure

◦

Vapor pressure

202 mmHg (25 C)

◦

Density

1.50 g/cm3

Boiling point

61 C

Dielectric constant

7.39

Percent volatile

100%

Viscosity

0.40 cS (23 C)

Solubility in water

<12 ppm

◦

Wavetek Model 148A
function generator
Tektronix TDS 340A
digital oscilloscope

RF high frequency
matching network

IPORT PT1000-CL
Pleora IP engine
Imperx IPX4M15-L camera

ENI Model A150 RF
power amplifier

Black spot
high-pass filter

BK Precision® 1651
DC power supply
Collimated ray

Refracted ray
14 mm

Light source
30 mm
Small angle diffuser

Fig. 8.1 Schematic diagram of the droplet-centering characterization system used
for real-time observation and video recording of centering dynamics.

For DMA shells, the refractive index is nD22 = 1.438, which is higher than the
nD22 = 1.399 value of the silicone oils used for the suspension medium and the inner
droplet phases. As a consequence of internal reflection within the liquid shell, the inner
surface manifests itself as an easily observed bright ring (caustic). On the other hand,
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the net refractive index of the water-based shell (nD22 = 1.333) is lower than the other
two phases (nD22 = 1.378). Thus, there is no total internal reflection and no bright ring.
In fact, the edge of the inner droplet is obscured by its own shadow. To make the inner
droplet visible, we positioned a 5 mm diameter opaque circular spot, printed on
transparency stock, on the optical axis at the focal point. Because it is mounted at the
Fourier plane, this spot serves as a high-pass filter, sharpening the edge of the inner
droplet sufficiently for observation of centering. The different appearances of the DMA
and water-based shells are shown in Figs. 8.2 (a) and (b).
Because the two types of shell liquids are electrically conductive, their
centering effect is strongly dependent on the AC frequency. Voltages up to ~1 kVrms at
frequencies from 2 MHz to 20 MHz are required. These voltages are high but the
chamber impedance is purely capacitive and small, so the current requirement is low.
To supply the required voltages, we use a standard signal generator (Wavetek model
#148A) with an RF power amplifier (ENI model #A150) to drive high-Q resonant
matching networks, three in all, designed to operate at 2, 4, and 20 MHz. The two lower
frequency networks are used for experiments with the DMA-based shells, while the 20
MHz network is needed for experiments with the water-based liquid. Each matching
network has a 100:1 voltage dividing test point to monitor output by an oscilloscope
(Tektronix TDS 340A).
The experiments were limited to O/S/O droplets of diameter, 4.6 ± 0.1 mm and
shell thickness, 260 ± 10 m. The primary tool for analyzing captured images was the
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same Matlab™ routine used in Chapter 5, which detects the edges of the two surfaces on
individual video frames and then fits these surfaces to ellipses. As before, these fitted
ellipses provide estimates for the center location and the distortion of the two surfaces.

(a)

(b)
Caustic ring of
Inner surface

Inner surface

Fig. 8.2 Appearances of concentric double-emulsion droplets with DMA and
water-based shells. (a) The image of the DMA shells exhibits a bright caustic ring
that represents the inner surface. (b) The water-based shell requires the spatial
filtering scheme of Fig. 8.1 to make visible the inner surface, which appears here as
the distinct circular boundary line between dark and light regions.

8.2

Density gradient suspension results

8.2.1 Dimethylacetamide (DMA) shells
The simplest metric for ellipsoidal distortion of the inner and outer surfaces is
the semi-major axis ratio,  = a/c. Figure 8.3 summarizes data for fourteen different
DMA shell centering experiments with applied electric field E0 in the range 3 ~ 5×104
Vrms/m at frequencies of 2 MHz and 4 MHz. The deformation ratio  is plotted versus
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normalized frequency f  f f crit , as defined in Eq. (6.15) and Eq. (6.21), for the outer
(red) and inner (green) surfaces of the shell. The critical frequency fcrit is calculated
using shell liquid conductivity values measured before each experiment. Seven of the
experiments used the dyed DMA solution (0.1 g/L), with 2 = 3.3×10-3 S/m, so that fcrit
~1.02 MHz. The frequency used was f = 4 MHz. Both inner and outer surfaces are
slightly oblate:  = 1.00 to 1.02. In the other seven experiments, using pure DMA with

2 = 2 ~ 7×10-4 S/m and fcrit = 60 ~ 200 kHz, the inner surface is nearly spherical, i.e., 
= 0.99 to 1.01, while the outer surface is slightly oblate, i.e.,  = 1.01 to 1.02.
1.03

Deformation ratio

 a c

f = 4 MHz
σ2 ~ 3 x 10-3 S/m

1.02

OBLATE
1.01

1
f = 2 MHz
σ2 ~ 7 x

10-4

f = 2 MHz
σ2 ~ 2 x 10-4 S/m

S/m

0.99

PROLATE
0.98
Outer surface
Inner surface

0.97
0

10

20

30

40

Normalized frequency f = f /f crit

Fig. 8.3 Deformation ratio data for DMA shell double-emulsion droplets obtained
at 2 and 4 MHz with uniform AC electric field E0 ~ 3 to 5104 Vrms/m. Red and
green data denote, respectively, the outer and inner surfaces.
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Figure 8.4 plots the vertical separation z(t) between the centers of the fitted
ellipses versus time. Horizontal centering is always similar; therefore, no x(t) data are
presented here. For clarity and to emphasize the centering effect, we suppress from Fig.
8.4 the initial and final transients associated with turning the applied voltage on and off.
The vertical centering is also interpreted in terms of the normalized frequency. For f
>>1, the vertical motion exhibits a monotonic, apparently exponential decay toward
zero, z  0, consistent with the prediction of the centering dynamic model discussed
in Chapter 4. On the other hand, when f ~ 1, the inner droplet exhibits fluctuating
motion about the center, presumably due to the weaker operative centering force that
exists when the frequency is close to the critical value. At the lower frequencies,
electrostatic shielding reduces the electric field inside the shell, and the weaker DEP
centering force leaves the inner droplet to be buffeted by possible fluid convention.
The preliminary experiments with DMA shells, as described in Chapter 5, used
a solid glass plate to support the double-emulsion droplets, but as confirmed by finite
element analysis, this plate distorted the electric field and introduced systematic, ~10%
vertical offset between the two centers. It also introduced high-spatial-frequency
distortion near the bottom of the droplet. The plot of z versus time t in Fig. 8.5 (a)
reveals ~45 m centering error for a DMA-shell double-emulsion droplet supported by
the glass plate with Router ~ 3.3 mm,  ~ 450 m, E0 ~ 3×104 Vrms/m and f = 200 kHz.
As shown in Fig. 8.5 (b), concentricity and sphericity are greatly improved when a
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DMA shell with Router ~2.3 mm and  ~ 260 m is suspended in a density gradient;
the vertical centering offset drops to ~10 m (or < 5%).
10
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Fig. 8.4 Vertical centering dynamics z versus time t for DMA shell
double-emulsion droplets at 2 and 4 MHz. (a) Experiments with higher
operational frequencies f >> fcrit. (b) Experiments with operational frequencies f 
fcrit. Optical resolution = 6 m/pixel; frame rate = 1.5 fps; E0 = 3 ~ 5104 Vrms/m.
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Fig. 8.5 Captured images and dynamic plots for DMA-shell double-emulsion
droplets (a) supported by a solid glass plate and (b) suspended in a density
gradient. Note the difference in vertical scales for (a) and (b). The DMA shells
have dimensions of (a) Router ~ 3.3 mm and  ~ 450 m, and (b) Router ~ 2.3 mm
and  ~ 260 m. They are subjected to an electric field of (a) E0 ~ 3×104 Vrms/m
at f = 200 kHz, and (b) E0 ~ 4×104 Vrms/m at f = 2 MHz.
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8.2.2 Power spectral density analysis
Power spectral density (PSD) analysis provides far more comprehensive and
quantitative information about the uniformity and concentricity of shells than the
simple ellipse-fitting method presented above.* The power spectra result from a fast
Fourier transform (FFT) performed on a minimum of ~60 data points for radius versus
polar angle extracted from shell images. The first step in the procedure is to establish
the radius and center location of an “ideal” reference circle that minimizes the
root-mean-square (RMS) deviation of the actual outer shell surface from this circle.
The spectral content of the outer surface is then extracted by an FFT performed on the
deviation. The same reference circle is also used to extract the spectral content of the
inner surface. For our experiments, RMS magnitudes calculated from the FFT spectra
yield a more comprehensive description of the competing effects of buoyancy and
electric field driven centering than is provided by the elliptical fits. The power density
spectra are also a more meaningful descriptor of the circularity of the droplet and the
uniformity of the shell thickness.
Figure 8.6 shows the time evolution of the RMS values of spectra for the outer
and inner surfaces of a DMA/silicone oil double-emulsion droplet. Before the electric

* … PSD is the standard method for inspecting and qualifying laser targets before
they are used in experiments. The wall uniformity and inner surface smoothness of a
target are key indicators of the success of an individual laser fusion experiment.
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field is applied, the RMS value of the outer surface is ~5 m, which is rather small.
Presumably, the origin of this RMS roughness is the density gradient in the surrounding
fluid. It remains small after the AC voltage is applied, indicating minimal elongation by
the electric field. In contrast, the initial ~35 m RMS roughness of the inner surface is
unacceptably large. This spectral content, concentrated in the first mode, reflects initial
center-to-center offset caused by the density mismatch before the electric field is
applied. When the voltage is turned on, the dipole/dipole force overcomes this
mismatch and drives the inner droplet toward the center. The RMS roughness decreases
dramatically, approaching ~8 m within ~100 s, the same time scale for the observed
motion of the inner droplet, z(t), as shown in Fig. 8.4 (a).
Figure 8.7 (a) shows an unwrapped plot of the inner and outer surfaces of a
liquid DMA shell (the red and blue curves, respectively) before the voltage is applied.
The bottom and top of the droplet correspond, respectively, to -90° and +90°. Figure 8.7
(b) shows the two surfaces after centering occurs within ~100 s. The outer surface of
the shell is slightly oblate, both before and after the electric field is applied. This oblate
distortion is the origin of the ~5.2 m outer surface RMS roughness seen in Fig. 8.7 (c)
and Fig. 8.6. After ~100 s, the inner oil drop has settled to its stable equilibrium near the
center of the shell. Note that the DMA fluid is ~20 m thicker at the top. This small
centering error, presumably due to a density mismatch between the DMA and silicone
oil, is responsible to the ~8.5 m inner surface RMS value in Fig. 8.7 (c) and Fig. 8.6.
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Fig. 8.6 Evolution in time of the RMS roughness of the outer and inner surfaces
of a DMA shell (outer diameter = 4.7 mm) enclosing a silicone oil droplet (inner
diameter = 4.2 mm) suspended in a density gradient. The applied AC electric field
has magnitude 4104 Vrms/m and frequency 4 MHz. The suspending fluid with the
density gradient is silicone oil. The solid circles ( ) are RMS roughness data
for the outer surface, while the squares (
), represent the concentricity of the
shell. The concentricity improves because the electric field is driving the inner oil
droplet toward the center in ~100 s.
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(b)
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(c)

Outer surface 5.20 m RMS
Inner surface 8.50 m RMS
1.00 m RMS

Fig. 8.7 Unwrapped plots of the inner (red) and outer (blue) surfaces of a liquid
DMA shell (a) before the AC voltage is applied, and (b) after applying the electric
field for ~100 s. (c) The power spectra of the two surfaces after centering has
occurred and with the electric field remaining on.
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8.2.3 Surfactant-doped water shells
For centering experiments with the more conductive water-based shells, we
used stronger electric fields, >5104 Vrms/m, and a higher frequency, 20 MHz. Because

fcrit = 0.35~0.85 MHz, all data thus obtained met the condition f >> 1. Figure 8.8 (a)
summarizes deformation ratio data from fourteen experiments. The inner surface is
very slightly prolate,  = 0.99 to 1.00, while the outer surface is slightly oblate,  = 1.01
to 1.02. Figure 8.8 (b) plots the vertical centering dynamics. There is no initial transient
when the voltage is turned on. Initially rapid motion toward the center is observed;
however, in some cases the inner droplets come to rest at a position either above or
below the center. Time-dependent density changes of the inner droplet, which is doped
with the relatively volatile HFE-7100, are probably responsible for this offset.
Figure 8.9 shows selected video frames from a typical centering experiment
with a water shell-based double-emulsion droplet. The outermost bright circle is the
outer surface of the water shell. The prominent black/white boundary, made visible by
the opaque circle at the focal plane, is the inner surface of the double-emulsion droplet.
With E0  6104 Vrms/m at 20 MHz, the inner droplet becomes centered in ~30 s and
remains stable there for at least 60 s. The electric field lifts the entire double-emulsion
droplet upward almost 500 m from its original position. The origin of this effect is
unknown, but it may be related to modest non-uniformity of the dielectric constant of
the suspending liquid caused by the density gradient.
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Fig. 8.8 Experimental deformation and centering data for water-based liquid
shells at f = 20 MHz. (a) Deformation ratio for several electrical conductivity
values. Points marked, respectively, with red and green denote the outer and inner
surfaces. (b) Vertical centering dynamics. Optical resolution = 6 m/pixel; frame
rate = 1.5 fps; E0 = 5 ~ 6104 Vrms/m.
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Fig. 8.9 Selected frames showing the approach to concentricity for a water-shell
double-emulsion droplet using the high-pass spatial filter shown in Fig. 8.1. The
outermost bright ring denotes the outer shell surface. The surface of the inner
droplet is the outer edge of the thick white circle. Experimental conditions: E0 =
6104 Vrms/m; f = 20 MHz; 2 = 2.410-3 S/m. Optical resolution = 6 m/pixel.

PSD analyses were also performed upon the images of water-based shells. The
time evolution of the RMS values of spectra is shown in Fig. 8.10 for the outer and
inner surfaces of a water shell double-emulsion droplet. The RMS roughness of the
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outer surface slightly changes from ~16 m to ~13 m upon application of electric
field, indicating a relatively larger deformation of the outer surface when compared to
the results of DMA shells. On the other hand, before the voltage is applied, the RMS
roughness of the inner surface is ~180 m. Once the voltage is applied, the inner
droplet is quickly centered by the electrical force in ~50 s, and the RMS roughness
approaches ~13 m. In comparison to the PSD analyses for DMA shells, water-based
shells center more rapidly in the applied electric field, but the ellipsoidal deformation of
the outer surface is slightly larger.
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Fig. 8.10 Evolution in time of the RMS roughness of the outer and inner surfaces
of a surfactant-doped water shell (outer diameter = 4.7 mm) enclosing a silicone
oil/HFE-7100 droplet (inner diameter = 4.2 mm) suspended in a density gradient.
The applied AC electric field has magnitude 6104 Vrms/m and frequency 20
MHz. The suspending fluid with the density gradient is silicone oil doped with
HFE-7100. The solid circles (
) are RMS roughness data for the outer surface,
while the squares (
), represent the concentricity of the shell.
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Summary
Electric-field driven centering is improved if the droplets are suspended in a

density gradient instead of being held on the rigid, physical support used in earlier
experiments. Using a density gradient reduces the centering offset from ~10% to less
than 5%. In addition, distortion near the bottom is virtually eliminated. Experiments
with two different sets of liquids having very different electrical conductivities in the
outer shell demonstrate good double-emulsion droplet centering in the density
gradient suspension system.
The expected frequency dependence of the centering effect is further validated
by the DMA shell experiments performed with density gradient suspension. For DMA
shells with conductivities satisfying the f >>1 condition, the vertical motion exhibits a
monotonic, apparently exponential decay toward zero, under electric field values of 3
to 5×104 Vrms/m at frequencies of 2 MHz and 4 MHz. The inner surface is nearly
spherical, while the outer surface has oblate distortion of <2%. For DMA shells with
higher conductivity ~3.3×10-3 S/m, i.e., f ~1, the applied frequency does not meet the
critical frequency requirement, and thus oscillatory behavior is observed around the
center. Both inner and outer surfaces are slightly oblate <2%. Power spectral density
analyses, providing far more detailed quantitative information about the smoothness
and concentricity of the droplets, largely confirm the results of the cruder
ellipse-fitting method.
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For surfactant-doped water shells with conductivity >10-3 S/m, electrostatic
shielding is avoided by applying an electric field at a frequency ~20 MHz.
Centering a ~4.6 mm diameter water-based double-emulsion droplet occurs within
~30 s after application of an electric field of magnitude ~6×104 Vrms/m at 20 MHz.
The ellipse-fitting analyses discover that centered water-based shells in the density
gradient have oblate distortion of <2% for the outer surface and prolate distortion of
<1% for the inner surface. In some cases, the inner droplets come to rest at a position
either above or below the center. This is probably due to the time-dependent density
changes of the liquid in the inner droplet, which is doped with the relatively volatile
Novec™ HFE-7100. In addition, the density gradient doped with the Novec™
HFE-7100 usually generates gas bubbles when the electric field is applied, since it is a
volatile liquid with relatively low boiling point. Thus, we expect new density gradient
schemes without any volatile constituents to suspend heavier shells like water.
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CHAPTER 9
Centering Experiments for Polymer Precursor Shells
The experimental results presented in the last chapter confirmed the feasibility
of density gradient suspension for two different sets of liquids. These test liquids,
however, do not contain the chemical components required for polymerization.
Because the ultimate objective is the formation of concentric solid foam shells for laser
target fabrication, we conducted some preliminary tests using liquids containing the
monomers and precursors essential to polymer foam formation. This chapter describes
these experiments for centering and polymerization of polymer precursor shells.
Two polymer precursor liquids were investigated. One is resorcinolformaldehyde (RF) solution, the liquid usually employed by ICF target suppliers to
prepare low-density foam shells. The gelation process typically uses thermal-initiated
polymerization. The second liquid is tri(propylene glycol) diacrylate (TPGD), a
monomer solution that uses photo initiation to form the polymer foam shells.

9.1

Resorcinol-formaldehyde (RF) shells

9.1.1 Materials selection and experimental setup
RF resin chemistry was first investigated to form low-density microcellular
foams by Pekala et al [117~119]. The RF aerogel is formed by a poly-condensation
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reaction of a precursor solution using a two-step gelation process [19]. When the
aqueous precursor solution is heated to 60–95C, resorcinol and formaldehyde react
to form crosslinked nanometer-sized particles by means of base catalysis of sodium
carbonate (Na2CO3). After the first step of RF cluster formation and growth, the
colloidal particles begin to aggregate and assemble into a stiff interconnected
structure which fills the original volume of the aqueous solution. In this step, benzoic
acid can be added to reduce the gelation time from several hours to 10~15 min by the
mechanism of acid catalysis. Figure 9.1 sketches the two-step process for preparing
acid-accelerated RF aerogels [19].

Step 1: RF cluster formation and growth
Mix
17.16 g Resorcinol

Stir and Heat

Chill

23.5 mL Formaldehyde

Stir in rotary evaporator
and heat in water bath at
70 C for 45 min

Chill in ice bath for
10~15 min

30 mL 3.2 g/L Na2CO3 solution
114 mL DI water

Step 2: Gelation by RF cluster aggregation

Cure
in 70 C water
bath for 2 hours

Gelation
in 70 C water bath
for 10~18 min

Add
Filter

60 mL DI water

≤ 0.45 m

45 mL 1.8 g/L Benzoic
acid solution

Fig. 9.1 Two-step process for preparing acid-accelerated RF aerogels [19].

We attempted centering experiments with different RF solutions prepared
with (a) standard acid and base catalyst amount, (b) standard base amount but no acid,
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and (c) reduced base amount and no acid. Before each experiment, electrical
conductivities of the sample RF solutions were measured using a conductance meter
(YSI model #35, with model #3403 glass conductance cell). Table 9.1 shows that the
RF solution with standard acid and base concentrations has a rather high conductivity
of the order of ~10-2 S/m. Recall from Section 6.2 that the electrical conductivity
influences the electrostatic shielding; higher conductivity requires a higher electric
field frequency. The base catalyst, Na2CO3, is primarily responsible for elevating the
precursor conductivity. In other words, the RF solution might be made less
conductive (~10-3 S/m) if less base catalyst and no acid could be used.

Table 9.1 Electrical conductivity measurements of the chemical components of RF
precursor and the RF solution with different acid and base catalyst amount
Sample liquid 2 (S/m) fcrit (MHz)
2.3  10-4

0.04

Formaldehyde
3.3  10-3
(Formalin)

1.4

Base catalyst
(Na2CO3)

250

DI water

3.6  10-1

Sample liquid
RF solution with
standard acid and
base amount
RF solution with no
acid and standard
base amount
RF solution with no
acid and 25%
standard base amount

2 (S/m) fcrit (MHz)
2.2  10-2

4.0

2.0  10-2

3.6

8.3  10-3

1.5

The experiments with the RF solutions are performed in the liquid chamber
described in Chapter 5. The RF solution, prepared from the recipe described in Fig. 9.1,
has a density value of ~1.02 g/cm3. Thus, the silicone oils are again mixed with
Novec™ Engineered Fluid HFE-7100 (3M) to achieve the required density matching.
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The density gradient in initial tests was established by pouring a ~7 mm layer of 10 cS
silicone oil mixed with 20% v/v HFE-7100 into the chamber, and then covering it by ~7
mm of 10 cS silicone oil doped with 15% v/v HFE-7100. Presumably due to diffusion,
the initially visible interface between them disappears just after ~1 hour. To increase
the viscosity of the suspending medium, we investigated a second scheme, replacing
the 10 cS silicone oil with 1000 cS silicone oil. The percentage of HFE-7100 was
accordingly changed as shown in Table 9.2. In this scheme, the visible interface of the
fluids disappears after ~5 hours. As before, we did not investigate the spatial profile of
the resulting density gradient. In both schemes, the liquid used for the inner droplet was
a mixture (~1.03 g/cm3) of 83% v/v 10 cS silicone oil and 17% v/v HFE-7100.

Table 9.2 Two density gradient schemes for suspending RF-shell double-emulsion
droplets (densities of the mixed liquids are estimated from the weight percent of each
component in the total volume of mixture)
RF shell system

liquids
density (g cm-3)

Density gradient 1

Density gradient 2

upper:
lower:
upper:
lower:
10 cS silicone 10 cS silicone 1000 cS silicone 1000 cS silicone
oil + 15% v/v oil + 20% v/v
oil + 8% v/v
oil + 15% v/v
HFE-7100
HFE-7100
HFE-7100
HFE-7100
1.018

1.047

1.016

1.053

To record the general performance of RF-shell double-emulsion droplets, we
used the same video recording setup as in Chapter 5. For quantitative analysis, the
optical system described in Chapter 8 was utilized without the opaque circular spot
(high-pass filter). Image analysis was performed with the same Matlab™ routine
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described previously. Since the RF solutions usually have electrical conductivity
higher than ~10-3 S/m, we used the external AC voltage in the range of 500 to 800 Vrms
at frequency ~20 MHz.

9.1.2 Results and discussion
Figure 9.2 consists of video frames from experiments performed using RF
liquids at fixed applied voltage of 500 Vrms at 20 MHz. The RF solution was prepared
with standard percentages of acid and base catalysts, which has a very high electrical
conductivity ~2.2×10-2 S/m. The density gradient in Fig. 9.2 (a) ~ (c) was established
with 10 cS silicone oils mixed with different percentage of HFE-7100.
The entire droplet in Fig. 9.2 (a), with outer radius Router = 2.38 mm and shell
thickness  = 260 m, initially rises ~1.75 mm after the external electric field is
imposed. The inner droplet does not leave the bottom until the levitation motion slows
down after 30 s. It passes the center at 40 s with non-zero velocity, and quickly reaches
the top at 50 s. Thereafter, the inner droplet stays at the top while the outer shell rises by
another 1.11 mm until the AC voltage is switched off at 120 s. During the experiment,
complex fluid patterns are clearly observed starting at 40 s. The fluid pattern in the last
frame of Fig. 9.2 (a) is rotationally symmetric. Two vortex flows can be distinguished.
To study this phenomenon, we tested another double-emulsion droplet with the
same outer radius Router = 2.38 mm but a larger shell thickness,  = 700 m, as shown
in Fig. 9.2 (b). Similarly, the inner droplet fails to center, and the entire RF-based shell
has a vertical displacement ~2.58 mm from the original position when the external field
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is removed at 144 s. Complex flow patterns show up within ~45 s. In fact, the last frame
has two vortex flows surrounding the droplet and one jet flow at the bottom.
A single RF droplet with radius of 2.38 mm is shown in Fig. 9.2 (c). This
droplet, interestingly, wanders in horizontal direction but only has a very small vertical
displacement (~0.41 mm). A very faint flow pattern becomes visible after ~110 s.
Figure 9.2 (d) exhibits an RF-based shell of the same size as that in Fig. 9.2 (a), but with
the density gradient based on more viscous 1000 cS silicone oil. The high viscosity of
suspending medium seems to suppress the flow and the vertical levitation (~2.06 mm)
is smaller when compared to the case in Fig. 9.2 (a). Nevertheless, the inner oil droplet
still cannot be centered within the RF shell by the electric field.
One possible explanation for the poor centering response may still be the
electrostatic shielding caused by the high conductivity of the RF shell liquid. Table 9.1
shows that the critical frequency is fcrit ≈ 4 MHz for such liquid with conductivity
~2.2×10-2 S/m. The requirement that f >> fcrit is not entirely met when the operational
frequency f = 20 MHz was applied during the experiments. On the other hand, the
complex flow patterns as shown in Fig. 9.2 indicate that the centering behavior may
also be influenced by electrical shear stress induced flow convection.

9.1.3 Possible influence of electrical shear convection
The observed flow patterns in the suspension liquid may be caused by
electro-thermal convection, e.g., Joule-heating, or electrical shear convection. Both of
these effects are related to the electrical conductivity of the RF shell. In particular, the
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formation of electrical shear convection depends on two factors: tangential component
of the electric field at the droplet surface, and free charges induced on the same surface.

AC voltage on

(a)

0s

AC voltage off
30 s

40 s

50 s

120 s

2 mm

(b)

0s

45 s

80 s

120 s

144 s

2 mm

(c)

0s

50 s

110 s

170 s

230 s

2 mm

(d)

0s

20 s

26 s

38 s

130 s

2 mm

Fig. 9.2 Centering behavior of the RF-shell double-emulsion droplets upon the
application of a fixed AC voltage of 500 Vrms at 20 MHz. The tests are for (a) and
(d) an RF-based shell with outer radius Router = 2.38 mm and shell thickness  =
260 m; (b) an RF-based shell with outer radius Router = 2.38 mm and shell
thickness  = 700 m, (c) a single RF droplet with radius of 2.38 mm. The RF
solution was prepared with standard amount of acid and base catalysts. The density
gradient column in (a) ~ (c) was established with 10 cS silicone oils mixed with
different percentage of HFE-7100; while the suspension medium in (d) was
changed to 1000 cS silicone oils doped with different amount of HFE-7100.
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Melcher and Taylor [32] described a classical example of this type of
convection. Refer to Fig. 9.3 (a). A dielectric sphere having radius b (region b) is
immersed in a much more conductive liquid (region a), and subjected to a uniform DC
electric field E0. Due to the conductivity of the surrounding medium, free charges are
induced by the electric field on the sphere surface, interacting with the tangential
component E to create the shear-force density Te . This field-fluid configuration
results in the flow patterns as shown in Fig. 9.3 (b), i.e., symmetric vortical flows both
inside and outside the sphere. Experiments have been performed to verify such
convection with a silicone oil droplet suspended at the interface of castor oil and corn
oil with DC electric field applied vertically [32]. The streak lines in interior of droplet
(Fig. 9.3 (c)) and in exterior liquid (Fig. 9.3 (d)) are demonstrated with entrained
powder particles and have an appearance similar to the stream lines in Fig. 9.3 (b).
For the case of a single RF droplet suspended in a silicone oil-based density
gradient and subjected to a 20 MHz AC electric field, as shown in Fig. 9.2 (c), the
situation is the opposite of that shown in Fig. 9.3. The droplet is conductive and the
external liquid is electrically insulating. Thus, only the normal components of the DC
electric field will exist at the surface of a conductive body in equilibrium, and the
electrical shear convection would vanish for the conductive RF droplet; however, with
a 20 MHz AC electric field, there still exists a tangential field penetrating the
conductive shell. Thus, some symmetric electrical stress driven convection, similar to
Fig. 9.3 (b), may exist for the RF droplet in Fig. 9.2 (c).
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Fig. 9.3 Classical example of electrical shear stress induced convection [32]. (a) A
dielectric sphere with radius b is immersed in a conductive liquid and subjected to a
uniform DC electric field E0. (b) Symmetric vortex flow patterns result from the
field-fluid configuration of (a). (c) Entrained powder particles visualize the flow
pattern inside a silicone oil droplet suspended at the interface of castor oil and corn
oil with DC electric field applied vertically. (d) Entrained powder particles
visualize the flow pattern in the exterior liquid. (Copyright permitted by Annual
Review of Fluid Mechanics)
For the double-emulsion droplets in Fig. 9.2 (a) and (b), a tangential field
component exists in the conductive RF shell and interacts with free charges at the
surface of the inner droplet. Thus, some electrical shear convection may occur in the
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shell region. The convection flow is asymmetric due to the initial eccentric position of
the inner droplet. Such asymmetric convection pushes the inner droplet upward to the
top and immobilizes it there. The more viscous suspending fluid used in Fig. 9.2 (d)
may suppress such electrical shear convection in the exterior liquid; however, this
effect may still exist in the shell region and the inner droplet behaves similarly.
This shear convection might be suppressed by applying higher frequency or
reducing the electrical conductivity of the shell liquid. In either case, the MaxwellWagner interfacial polarization is effectively reduced and free surface charge
accumulation is minimized. For example, Fig. 9.4 displays a set of experiments for the
RF-based shells prepared with reduced base concentration and no acid. The electrical
conductivities are on the order of 10-3 S/m. The applied AC voltage was fixed at 800
Vrms still at 20 MHz. The suspending density gradient was made from 1000 cS silicone
oils mixed with different amount of HFE-7100. For comparison, all the droplets have
outer radius Router = 2.38 mm and shell thickness  = 260 m.
As shown in Fig. 9.4 (c), the RF-based shell with lowest conductivity exhibits
the smallest levitation displacement, ~0.66 mm, and the inner droplet responses to the
external field in ~10 s. The conclusion is that RF shells with higher conductivity
experience greater vertical levitation of the droplet and slower centering response.
Figure 9.5 shows the image analysis results of the experiment for the RF shell with
lowest conductivity ~5.110-3 S/m. The inner droplet still passes the center but with a
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relatively low velocity ~1.96 m/s. The outer surface has prolate distortion within 1%
while the inner surface within 2%.

0
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30

60

0
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(a) 2 = 8.3 10-3 S/m

90
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90

120

90

120

(b) 2 = 6.2 10 S/m
-3

0

10

30

60

(c) 2 = 5.1 10 S/m
-3

Fig. 9.4 Centering behavior of the RF-shell double-emulsion droplets upon the
application of a fixed AC voltage of 800 Vrms at 20 MHz. The RF solution was
prepared with reduced amount of base and no acid catalyst. All the droplets have
outer radius Router = 2.38 mm and shell thickness  = 260 m. The tests are for
RF-based shells with electrical conductivities of (a) 8.310-3 S/m, (b) 6.210-3 S/m,
and (c) 5.110-3 S/m. The suspending density gradient was built with 1000 cS
silicone oils mixed with different percentage of HFE-7100.

9.2

Tri(propylene glycol) diacrylate (TPGD) shells
Photo-initiated polymerization offers promise for microfluidic fabrication of

laser target foam shells, because of its rapid, controllable polymerization, relatively
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low temperatures, and neutral pH requirement. Additionally, it does not interfere with
the suspending density gradient as thermal-initiated polymerization usually does. In
this section, we report some preliminary polymerization tests with a photo-initiated

20

1.03

2 = 5.1 10-3 S/m

1.02

x
0

1.01

z
Outer surface

-20

1

0.99

Inner surface

-40

Elongation ratio (   a  c)

Center-to-center displacement (pixels)

monomer shell using electric field centering and ultra-violet (UV) irradiation.

0.98

-60

0.97
0

50

100

150

200

Time elapse (frame)

Fig. 9.5 Image analysis results of the experiment for the RF-based shell with lowest
conductivity 2 5.110-3 S/m. Blue and cyan: centering dynamic plots for
vertical (z) and horizontal (x) motions; Red and orange: elongation ratio of the
two surfaces. Optical resolution = 6 m/pixel, frame rate = 1.5 fps.

9.2.1 Materials selection and experimental setup
Tri(propylene glycol) diacrylate (TPGD) is a photo-initiated monomer
solution with chemical structure:

. The polymerization process is

usually triggered by UV irradiation using a precursor prepared by mixing TPGD

Centering Experiments for Polymer Precursor Shells

157

monomer solution (Sigma-Aldrich) with 4% w/w photo-initiator 1-hydroxycyclohexyl phenyl ketone (HCH, Sigma-Aldrich). For the present experiments, the liquid
for outer shell of the double-emulsion droplets are made from 25% v/v precursor and
75% v/v DMA (Alfa Aesar). Table 9.3 displays the basic physical properties of these
three constituents. One advantage of this polymerization system is that the electrical
conductivity of the shell liquid is fairly low, ~10-4 S/m, thus facilitating droplet
centering at modest frequency. The commercial TPGD monomer solution is ready to
use after the hydroquinone inhibitors are removed by chromatographic methods. The
procedures are described in details in Appendix I.

Table 9.3 Basic physical properties of TPGD monomer, TPGD precursor and the
shell liquid of double-emulsion droplets

Sample liquid

 (g/cm3)

2 (S/m)

fcrit (MHz)

TPGD monomer

1.030

5  10-6

--

1.049

--

--

0.965

1  10-4

0.03

Precursor:
TPGD + 4% w/w HCH
Shell liquid:
25% v/v precursor + 75% v/v DMA

The experiments with the TPGD precursors are performed in the liquid
chamber used in previous experiments. The suspending density gradient is prepared
by placing a ~4 mm layer of 1000 cS silicone oil at the bottom, a ~5 mm layer of 100
cS silicone oil in the middle, and finally a ~5 mm layer of 50 cS silicone oil. Refer to
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Fig. 9.6. Since the shell liquid prepared from TPGD precursor and DMA has
relatively low density, ~0.965 g/cm3, Novec™ HFE-7100 is not necessary in this
density gradient scheme. It usually takes ~5 to 10 hours for the initially visible
interfaces to disappear, probably due to diffusion among the different species of
silicone oils. The spatial profile of the resulting density gradient was not investigated.
We used 350 cS silicone oil as the inner droplet fluid, which has a slightly higher
density than the liquid of the outer shell.

TPGD w/ HCH (25% v/v)
+ DMA (75% v/v)
(0.965 g/cm3)

50 cS
(0.959 g/cm3)

350 cS

100 cS

(0.968 g/cm3)

(0.964 g/cm3)

1000 cS
(0.975 g/cm3)

Fig. 9.6 Sketch of the centering system for the experiments with TPGD shell.

The experimental setup is similar to that described in Chapter 8, except that
no opaque spot high-pass filter is needed. The same Matlab™ image analysis routine
is utilized to quantify the centering behavior. Despite the relatively low electrical
conductivity of the TPGD shell, we still used the 20 MHz high-Q resonant matching
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network to supply 800 Vrms at frequency ~20 MHz. To conduct experiments, we first
confirmed that the TPGD liquid shell had been centered, and then applied UV
irradiation to the suspended droplet using a 100 W, 365 nm, high intensity UV lamp
(UVP B-100AP). The droplets were irradiated, directly or indirectly, by angling the
UV lamp to partially reflect the UV radiation off the polished bottom electrode. Note
that a 580 nm longpass filter was placed in front of the LED light source during the
centering process to avoid undesired photoinitiation and polymerization. In addition,
all experiments were performed in low ambient light.

9.2.2 Results and discussion
Typically observed centering behavior of TPGD liquid shells is revealed by the
sequence of video frames shown in Fig. 9.7. All the TPGD-based experiments were
performed with double-emulsion droplets having outer radius Router = 2.38 mm and
shell thickness  = 260 m. They were subjected to an external electric field of 6104
Vrms/m at 20 MHz. Unlike the experiments with RF shells, the TPGD shells respond to
the electric field rapidly and achieve excellent centering in ~30 s. The duration for
stable centering is another important issue to concern. The inner droplet can usually be
centered stably for at least 60 s, although the experiment shown in Fig. 9.7 ended ~30 s
after centering occurred. In contrast to the RF shell experiments, the droplet
experiences only a slight rise. Some layering in the suspending fluid is observed in Fig.
9.7 between the two silicone oils, indicating incomplete diffusion.
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0s

160

6s

33 s

20 s

63 s

Fig. 9.7 Sequential frames of the centering behavior of a TPGD-based shell with
Router = 2.38 mm and shell thickness  = 260 m. E0 = 6104 Vrms/m, f = 20 MHz.
The magenta and green curves are generated by image analysis.

Figure 9.8 presents ellipsoidal image analyses for the centering experiment
with the TPGD-based shell shown in Fig. 9.7. The observed vertical (z) and horizontal
(x) centering behavior is fairly consistent with the centering dynamic model of
Chapter 4. In particular, both curves settle to equilibrium within ~30 s. Initially, the two
surfaces have oblate distortion, presumably due to the density gradient, but they
elongate to slightly prolate shape upon application of the electric field. The distortion is
limited to 1% throughout the experiment. For the centered TPGD shell, we have
measured the net offset between the two centers from those movie records. The
non-concentricity (NC) is calculated to be 1.36% according to Eq. (1.2).
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Fig. 9.8 Image analysis results of the TPGD shell centering experiment as shown in
Fig. 9.7. Blue and cyan: centering dynamic plots for vertical (z) and horizontal (x)
motions; Red and orange: elongation ratio of the two surfaces. Optical resolution =
6 m/pixel, frame rate = 1.5 fps. Non-concentricity (NC) of the centered TPGD
shell is calculated to be 1.36%.

In one set of experiment, we attempted to form a concentric solid TPGD shell
by applying UV irradiation to cure the pre-centered liquid shell. See Fig. 9.9. A Router =
2.38 mm,  = 260 m TPGD-based double-emulsion droplet was suspended in the
density gradient and subjected to an electric field of 6104 Vrms/m at 20 MHz. For
preliminary polymerization tests, the droplets were illuminated by UV light through the
clear optical window from one side of the liquid chamber. The 100 W UV lamp was
held by hand 3~4 cm away from the optical window. The intensity was controlled
crudely by tilting the lamp.
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centering
0s

10 s

UV on
30 s

60 s

63 s

UV off
78 s

83 s

88 s

96 s

Fig. 9.9 Centering and UV polymerization process of a TPGD-based doubleemulsion droplet with Router = 2.38 mm and shell thickness  = 260 m. The
electric field of 6104 Vrms/m at 20 MHz was applied throughout the whole process.
The UV curing lasted for 25 s after the TPGD liquid shell achieved centering in 30
s. The cured shell became an egg shape with a very thin layer of shell on the top.
The top thin layer eventually ruptured and left an uncapped solid TPGD shell.

The TPGD-based shell achieved centering ~30 s after application of the electric
field. We waited another 30 s for the droplet to stabilize and then applied the UV lamp
for 25 s. After ~15 s, the droplet began to elongate. This elongation became significant
after 20 s and the inner droplet started to float. When the UV light was removed after 25
s, the cured shell assumed an egg shape with a very thin layer of shell on the top and
much thicker layer on the bottom. The thin layer eventually ruptured near the top
leaving an uncapped solid TPGD shell. The external electric field was applied
throughout the whole process.
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The rupture of the shell may have resulted from the non-uniform UV irradiation
directed from one side of the liquid chamber. The reaction energy released from
polymerization increases the pressure inside the liquid shell. The bottom area of the
shell, exposed to more intensive UV light, polymerizes more rapidly than the top. We
speculate that the inner droplet was pushed upward by the increased pressure, and
eventually burst through the region where polymerization had not progressed as much.
centering
0s

UV on

10 s

30 s

60 s

UV off
78 s

63 s

AC voltage off
88 s

120 s

180 s

Fig. 9.10 Centering and UV polymerization process of a TPGD-based doubleemulsion droplet with Router = 2.38 mm and shell thickness  = 260 m. The
electric field of 6104 Vrms/m at 20 MHz was applied throughout the whole process.
The UV irradiation with lower intensity lasted for 25 s after centering the TPGD
liquid shell for 60 s. The TPGD shell was only partially polymerized since the inner
droplet still moved to the top when the electric field was removed at 180 s.

To avoid rupture of the shell, we next tried to reduce the UV intensity by tilting
the incident angle of the UV source. For the experiment shown in Fig. 9.10, UV
irradiation was still applied for 25 s but with reduced intensity on the centered droplet.
The TPGD shell was barely deformed after 15 s and maintained good concentricity
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when the UV light was removed. But the inner droplet slowly drifted to the top when
the electric field was withdrawn at 180 s, indicating that the liquid shell was only
partially polymerized by the UV irradiation at such low intensity level.

Snapshot

NC

1

5.04%

2

7.69%

3

10.13%

4

8.54%

Average NC = 7.85%
Fig. 9.11 Microscopic image of one intact solid TPGD shell. It was obtained when
the UV source was occasionally adjusted at a right incident angle and intensity
level for a right period of curing time. The average non-concentricity (NC) is
evaluated to be 7.85% by examining it at four viewing aspects during 3D rotation.

The relatively low conductivity of the TPGD-based shell liquid facilitates the
electric field centering; however, production of concentric, solid shells is still impeded
by the non-uniform UV source. Two intact, solid TPGD shells were made out of ten
trials. Figure 9.11 shows the microscopic image of one solid TPGD shell. The average
NC value is estimated to be 7.85% from examinations at four viewing aspects. To
perfect this technique in the future, it will be necessary to design and build a uniform
UV irradiation system with precise control of the intensity.
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Summary
We have tested both the centering and polymerization of two different shell

liquids containing the monomers and initiators essential to polymer foam-forming
chemistries. One liquid is RF, the monomer used extensively by ICF target suppliers to
prepare low-density foam shells by thermal curing process. The other is a TPGD-based
liquid, which is polymerized by applying UV irradiation to the precursor solutions.
The RF shells with electrical conductivity as high as ~2.2×10-2 S/m exhibit poor
centering response to the electric field of ~3.6104 Vrms/m even at 20 MHz. The entire
double-emulsion droplet moves upward in the density gradient with low viscosity,
while the inner droplet passes the center and quickly reaches the top. Rotationally
symmetric fluid patterns with vortical flows, depending on the shell thickness, are
clearly observed. The poor centering response may still be influenced by the shielding
problem. On the other hand, the internal flow pattern indicates that the centering
behavior may also be influenced by the possible electrical shear stress induced
convection. Different RF shells with various conductivities in the range from 0.5 to
2.2×10-2 S/m were tested by adjusting the concentrations of acid and base catalysts. RF
shells with higher conductivities exhibit the most significant upward displacement of
the double-emulsion droplet and longer response time of the inner droplet. For those
RF shells with lower conductivity ~5.110-3 S/m, the inner droplet still passes the
center but with a slower velocity ~1.96 m/s. The outer surface is prolate within 1%
and the inner surface within 2%.
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The low conductivity of TPGD-based shells, ~10-4 S/m, facilitates good
centering behavior with an electric field of 6104 Vrms/m at 20 MHz. The TPGD liquid
shells respond rapidly and achieve centering in ~30 s. The inner droplet usually
remains stable at the center for at least 60 s, and the entire double-emulsion droplet
exhibits very slight vertical displacement. The two surfaces have distortion limited to
1%, and the non-concentricity (NC) is calculated to be only 1.36%.

Rupture of the centered TPGD shells often occurs when a non-uniform UV
irradiation is directed from one side of the liquid chamber during polymerization. The
bottom area of the shell, exposed to more intensive UV light, polymerizes more rapidly
than the top. Thus, the inner droplet is pushed upward by the increased pressure along
with the curing process, and eventually ruptures through the weakest region of the shell.
In future work, it will be necessary to design a uniform UV illumination system with
precise control of the intensity.
In addition to TPGD, we also tested two other photo-initiated monomers –
ethylene glycol dimethacrylate (EGD) and pentaerythritol triacrylate (PET). These
compounds revealed unexpected problems when introduced into the centering system.
For example, EGD slightly dissolves in the silicone oils with shorter chain length. Thus,
the inner droplet, 350 cS silicone oil, always floats to the top of the outer shell before
the electric field is applied. PET also has density matching problem. Since it is as heavy
as ~1.20 g/cm3, DMA has to be added to lower the shell density; however, we cannot
suspend it in the density gradient using silicone oils mixed with HFE-7100, since DMA
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dissolves in HFE-7100 very quickly. An alternative method is to add methanol into
PET to make the shell liquid even lighter than 1000 cS silicone oil. Then, the droplets
can be suspended in the density gradient simply made from pure silicone oils; however,
the mixture of methanol and PET has very close refractive index as the surrounding
silicone oils, and thus we cannot locate the droplets in the density gradient.
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CHAPTER 10
Conclusion and Future Work
The cryogenic laser targets used in inertial confinement fusion experiments are
prepared from hollow, low-density polymer foam shells. To achieve effective
implosions, they must meet very rigid requirements on their dimensions and symmetry,
e.g., the shells must be concentric within ≤ 5% of the average wall thickness and the
inner surface smoothness must be on micron scale. We have demonstrated an electricfield mediated droplet centering scheme based on liquid dielectrophoresis (DEP) to
form concentric double-emulsion droplets containing polymer forming solutions.

10.1 Conclusion
10.1.1 Theory of DEP-based droplet centering
The DEP centering effect, based on a uniform AC electric field, originates from
the induced dipoles inside the droplet. If the two surfaces are concentric, the symmetric
distribution of the entire electric field has no effect on the inner droplet; however, if the
inner droplet is displaced from the center of the outer shell, either parallel or
perpendicular to the external field, the perturbation to the dipoles causes the entire field
to become asymmetric and non-uniform. The result is a DEP force exerted on the
eccentric inner droplet and moving it either toward or away from the center.
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This DEP force can achieve stable centering of the double-emulsion droplet if
the outer shell has a larger dielectric constant than the ambient medium. The dielectric
constant of inner droplet only affects the magnitude of DEP force, and not the centering
stability. An image dipole theory discussed in Section 3.4 provides a basic physical
interpretation to explain the mechanism. The second requirement is that the densities
must be closely matched to suppress gravity and buoyancy problems. For an electric
field with magnitude of ~104 V/m, the liquids must be matched in specific gravity to
within ~0.1%. The third requirement is that the AC frequency of the applied field must
be sufficiently high (~20 MHz) to overcome electrostatic shielding caused by the high
electrical conductivity of the outer shell liquid (>10-3 S/m).
Analytical expressions for the DEP force are derived using the Washizu-Jones
multipolar re-expansion method in Section 3.5. When the inner droplet is displaced
parallel to the applied AC field in z-direction, the imposed DEP force is also z-directed
and proportional to z. It is determined by the radii of the two surfaces, the dielectric
constants of the three media, and is proportional to the square of the applied field. For
equatorial (x-directed) displacements with the applied field in z-direction, the DEP
force becomes x-directed and proportional to x. The magnitude of the x-directed DEP
force is ¾ of the z-directed force.
A full dynamic model is developed to predict how rapidly the droplet can be
centered by the electric field. The only two dominant forces are the DEP force induced
by the applied field and the viscous drag due to the slow translation relative to the outer
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shell. For small eccentricities, the analytical solution exhibits monotonic decay for
centering motions both parallel and perpendicular to the external electric field.
DEP centering effect is also frequency-dependent due to electrostatic shielding
arising from Maxell-Wagner interfacial polarization. Interfacial free charges built-up
and accumulated at the outer surface shield the electric field lines from penetrating
through to the inner droplet. This free charge accumulation occurs only at low
frequencies. To reduce the shielding problem, the applied AC frequency must be higher
than a critical value. For an outer shell with a specific electrical conductivity 2, the
critical frequency fcrit is determined by the shell thickness  , inner droplet radius Rinner,
dielectric permittivity of the shell 2 and the ambient medium 1.

10.1.2 Centering experimental results
A preliminary demonstration of the centering effect was performed with
oil/DMA/oil double-emulsion droplet using a 1 mm thick ITO glass plate to support it
midway between the electrodes. Rapid centering was displayed in ~60 seconds with an
electric field of magnitude >104 Vrms/m at ~200 kHz; however, the ITO glass plate
distorted the lower side of the droplet and slightly biased the vertical equilibrium. A
systematic ~10% vertical offset between the two centers was caused by the plate.
Suspending double-emulsion droplets in a density gradient is a reliable method
to replace the supporting glass plate. An energy-based perturbation model shows that
the electric field and the density gradient both influence the droplet distortion, but the

Conclusion and Future Work

171

two effects counteract each other. For experimental conditions appropriate to foam
shell fabrication, it is possible to exploit this competition to minimize droplet
deformation. According to the model, ellipsoidal distortion is predicted to be zero for a
density gradient of  = 6.5×103 kg m-3·m-1 and an imposed electric field of E0 = 5×104
Vrms/m. We have tested the DEP centering effect with density gradient suspension for
four sets of liquids: DMA shells, water-based shells, resorcinol-formaldehyde (RF)
shells and tri(propylene glycol) diacrylate (TPGD) shells.
Centering experiments were performed on DMA shells with an electric field of
magnitude ~3×104 to 5×104 Vrms/m at 2 MHz and 4 MHz. For DMA shells with 2
satisfying f >> fcrit, the vertical motion exhibits a monotonic, apparently exponential
decay toward zero, consistent with the prediction of the centering dynamic model. The
inner surface is nearly spherical, while the outer surface has slightly oblate distortion of
<2%. For DMA shells with higher 2 ~3.3×10-3 S/m, i.e., f ~ fcrit, slow, oscillatory
behavior is observed around the center. Both inner and outer surfaces are slightly oblate
<2%. Power spectra density analyses of the DMA shells provide more detailed
quantitative information about the smoothness and concentricity of the droplets.
Surfactant-doped water shells were used to test the DEP centering effect for
conductive shells at higher AC frequencies. For water-based shells with 2 >10-3 S/m,
we use an electric field at frequency ~20 MHz. Centering a ~4.6 mm diameter
water-based shell occurs within ~30 s after application of an electric field of magnitude
E0 = 6×104 Vrms/m at 20 MHz. Ellipse-fitting analysis reveals that the centered water
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shells have oblate distortion of <2% for the outer surface and prolate distortion of <1%
for the inner surface. In some cases, the inner droplets come to rest either above or
below the center, probably due to time-dependent density changes of the inner droplet
caused by the volatile nature of the additive fluid Novec™ HFE-7100.
We tested the centering of resorcinol-formaldehyde shells because RF is widely
used in conventional foam target fabrication protocols. An electric field ~3.6104
Vrms/m was applied at 20 MHz. For RF shells with 2 ~2.2×10-2 S/m, the entire droplet
exhibits serious vertical displacement and the inner droplet passes the center rapidly.
Secondary flows indicated by the complex fluid patterns disrupt the centering motion.
The poor centering response may be resulted from both the shielding problem and the
possible electrical shear convection. For RF shells with 2 ~5.110-3 S/m, the inner
droplet still translates through the center but with a slower velocity ~1.96 m/s. The
outer surface is prolate within 1% and the inner surface within 2%.
The experiments with TPGD shells were performed to test the possible use of
UV-initiated polymerization to obtain concentric solid shells. Subjected to an electric
field of 6104 Vrms/m at 20 MHz, the TPGD shells based on DMA solvent rapidly
achieve centering in ~30 s due to the low 2 ~10-4 S/m. The inner droplet can be stable
at the center for at least 60 s. The distortions of two surfaces are limited to 1% and the
non-concentricity (NC) is measured to be 1.36%. A 100 W, 365 nm, high intensity UV
lamp was used to polymerize the TPGD shells. The crude control of UV irradiation
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causes uneven polymerization and the shells burst from the region with slowest curing
rate. A uniform UV source is desired for precise intensity control.

10.2 Future work
The feasibility of electric field induced double-emulsion droplet centering has
been demonstrated in this dissertation. We have obtained good centering results with
different sets of liquids using density gradient suspension. Further effort is needed to
achieve better control of centering effect. Some ideas are listed below.
1. Starting point of inner droplet centering
The interior oil droplet seems to be centered much easier when starting from the
bottom of the outer shell. Centering can also be achieved when the inner droplet
initially suspends at the upper left or upper right corner; however, if it is initially
located at the middle top of the outer shell, the inner droplet is usually immobilized no
matter how high the AC voltage is applied. It seems that, when the interior oil drop is
trapped there, the whole system achieves an equilibrium state with minimum free
energy. This phenomenon has been observed both for glass plate and density gradient
suspension systems. We suggest more investigation on this issue since it may not
simply be the result of density mismatch.
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2. Problem of HFE-7100 in water-based shells
For water-based shells, we used a suspending medium formulated by mixing
8% v/v hydrofluorous ether HFE-7100 (3M) with 1000 cS silicone oil to increase the
density. The inner droplet is also comprised of 10 cS silicone oil mixed with 12% v/v
HFE-7100. Figure 8.8 (b) has revealed that, after achieving rather good concentricity
within ~30 s, the inner droplets sometimes exhibit a slow, upward drift past the center.
We suspect that diffusion of the volatile HFE-7100 outward from the inner droplet
slowly reduces the mass density, allowing the inner droplet to drift upward. We have
also noticed that the suspending density gradient doped with HFE-7100 usually
generates gas bubbles when the electric field is applied. This may be attributed to the
high volatility and low boiling point of this hydrofluorous ether. A more inert material
might be found to increase the density of silicone oils. One possibility is the
commercial heavy silicone oil used as an intraocular tamponade agent [116].
3. High modes in power spectra for the two surfaces
The apparently high roughness of the double-emulsion droplet surfaces,
observed in the power spectral density analyses, is not understood. In particular, the
high mode spectra in Fig. 8.7 (c) reveal a relatively rough inner and outer surface
morphology of the DMA shell. Such high roughness is abnormal for liquid/liquid
interfaces. This result is unexpected and needs to be investigated because we are not
sure whether it comes from measuring error or other possible reasons.
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4. Smaller O/S/O double-emulsion droplet centering
Current experiments are mostly based on large O/S/O double-emulsion droplets
with 4.6  0.1 mm diameter and 260  10 m wall thickness. In the future work, droplet
sizes can be decreased to approach the dimensional specifications of real cryogenic
NIF targets. Note that smaller O/S/O droplets would benefit us with less ellipsoidal
deformation of the outer shell.
5. Characterization of suspending density gradient
In this research, we did not attempt to characterize quantitatively the
suspending density gradient due to the small dimensions and the time-dependent nature
of the gradient region. For simplicity, we estimated the upper limit of the coefficient 
by assuming it to be linear over the length scale of the suspended droplet diameter.
For example, the density gradient used to suspend DMA shells is estimated as:

0 

 upper  lower
2 Router



(0.971  0.934) g  cm -3
 8  103 Kg m -3  m -1
4.6 mm

(10.1)

Comparing this estimate for  to Fig. 7.3 indicates that an E0 ~ 6×104 Vrms/m
electric field is needed to null out the oblate distortion due to the density gradient. In
the DMA experiments, E0 ~ 4104 Vrms/m is typically used. The observed distortion of
the outer surface is slightly oblate, i.e., 1.00 <  < 1.02, which is consistent with
expectation. To further understand the effect of density gradient on droplet centering,
we suggest a series of suspension experiments using small solid beads of fixed known
density values to determine the time-dependent gradient profile.
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6. Two-axes observation of centering
It would be useful to observe centering from all three orthogonal directions.
Ultimately, we will try to realize simultaneous observation for the centering behavior
on the two perpendicular horizontal axes. A second camera will be required to acquire
the side view of O/S/O droplets through the two optical viewing ports.
7. More centering and polymerization tests with foam-forming chemicals
In Chapter 9, we presented some preliminary tests of photo-initiated
polymerization with those centered TPGD polymer precursor shells. To develop this
technique as a potential new protocol for target fabrication, more centering and
polymerization experiments are required to perform with different foam-forming
chemicals. Because thermal curing usually destroys the suspending density gradient,
photo-initiated polymeric chemistry is preferred in this droplet centering scheme. It has
been reported [120] that resorcinol formaldehyde (RF) aerogel can be synthesized
using UV photo-initiators or photo-acids. One big problem we have experienced is the
rupture of centered shells during UV exposure. This phenomenon is presumably caused
by the imbalance of polymerization rate due to the non-uniform UV source. In the
future work, a customized design is necessary to build a uniform UV irradiation system
integrated with the double-emulsion droplet centering system.
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Appendix A
Image charge of a point charge in a dielectric sphere*
In this model, we consider a point charge q located inside a dielectric sphere
with radius R and dielectric constant  2 . It is immersed in a medium with dielectric
constant  1 . Our purpose is to locate the image charge q e outside the sphere.
Refer to Fig. A.1 (a). Assume that the charge q is on z-axis with the distance

z 0 away from the origin. r is the displacement from the origin to an arbitrary point P,


and r ' is the displacement from the charge q to the point P. The electrostatic
potential outside and inside the sphere can be written as


 out   Bn r  n 1 Pn (cos  ),

rR

(A.1)

n 0

 in 
Here,



C r
n 0

n

n

q
4 0 2 r '



  C n r n Pn (cos  ),

rR

(A.2)

n 0

Pn (cos  ) is the potential contributed by the induced charges on the

sphere surface; and the potential induced by the charge q can be re-written by z 0
using the Washizu-Jones multipolar re-expansion method [121]:

q
4 0 2 r '



  Qn r n 1 Pn (cos  ),
n 0

Qn 

q
4 0 2

( z 0 ) n

(A.3)

* … This work is mostly based on the deduction from Prof. Masao Washizu [121].
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qe
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z0
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R

2
r'
r

q

2

P

x

re

r

P

R

x

Fig. A.1 Sketch of (a) a point charge q located inside a dielectric sphere and (b) its
image charge qe outside the sphere.

We have two boundary conditions at the sphere surface r = R: the continuous
electrostatic potential and the continuous normal component of the electrical
displacement   0


. Substituting the expressions of  out and  in into these
r

continuity equations, then we can express the coefficient C n by z 0 in the form of

Cn 

(n  1)( 2  1 ) 2 n1
q (n  1)( 2  1 ) 2 n1
R
Qn 
R
( z0 ) n
(n  1)1  n 2
4 0 2 (n  1)1  n 2

(A.4)

The image charge is defined to be a fictitious point charge of which the
electric field can replace the field caused by the induced charges on the sphere
surface. In that case, the sphere surface disappears and we have  2 all over the
space. For simplicity, we assume that only a single image charge qe exists on z-axis
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with the distance z e away from the origin, as shown in Fig. A. 1 (b). The

displacement from it to the point P is designated as re .

The electrostatic potential produced by the image charge q e is written as

e 

qe

(A.5)

4 0 2 re

Again, it can be express by z e using the re-expansion method [121]:

qe

4 0 2 re



  Dn r n Pn (cos  ),

Dn  

n 0

qe

4 0 2

(  z e ) n1

(A.6)

By definition, the potential contributed by the induced charges on the sphere
surface must be identical to that of the image charge, therefore




n 0

n 0

 C n r n Pn (cos )   Dn r n Pn (cos )

(A.7)

Since there are two unknown variables to determine, q e and z e , we can use the two
lowest order, n = 0 and 1, in the above Eq. (A.7):

( 2  1 ) q
qe

4 0 21 R 4 0 2 ze

(A.8)

2( 2  1 )
z0 q
qe

3
4 0 2 ( 21   2 ) R
4 0 2 ze2

(A.9)

C0  D0 

C1  D1  

The solutions are

qe 

21   2 R 2
ze 
21 z0

(A.10)

( 2  1 )( 21   2 ) Rq
212
z0

(A.11)
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Appendix B
Vector separation between two charges in an image dipole
Consider a dipole placed inside a dielectric sphere of radius Router as sketched in
Fig. B. 1. The dielectric constant of the sphere and the surrounding medium is  2 and

 1 , respectively. The distance from the origin to the dipole center is r and the azimuth


angle is  . A distance vector d separates the positive and negative charges in this

dipole. In this problem, we will figure out the corresponding distance d ' between the
two charges in the leading image dipole outside the sphere.

z


r'+

1
2

r+
r


d

r'




r'-

½ d·sin

r- Router

x

Fig. B.1 Geometric sketch of the leading image dipole for a dipole located inside a
dielectric sphere.
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We denote r and r as the distance vector from the origin to the positive

and negative charges in this dipole. It can be concluded by geometric analysis that

 ˆ 


r  r  rˆ 

2 


(B.1)

  
The above relationship can be tested using the distance vector d  r  r :


 ˆ 
 ˆ 


d  r  rˆ 
   r  rˆ 
   r  r rˆ  r  ˆ
2 
2 







 d cos   rˆ  d sin   ˆ  d cos   rˆ  sin   ˆ  d  zˆ

(B.2)

Note that we have applied the following relationships into the above verification:

r  r 

d
cos   r  r  d cos 
2


d
d
r  sin     sin 
2
2
r

(B.3)

(B.4)

Now, let us consider the leading image dipole. Analogously, the distance
vector from the origin to the two charges in the image dipole can be expressed by

 ˆ 


r '   r '   rˆ 

2 


(B.5)


The distance separating these two charges, d ' , is therefore calculated as follows:

  
d '  r '   r '   r '   r '  rˆ  r '   ˆ

(B.6)

According to the conclusions in Appendix A, we have
2
2 1   2 Router
r' 
2 1
r

(B.7)
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2
2
Router
2 1   2 Router
2   2
 1
2 1
r
2 1 r  ( d / 2) cos 

2
2 1   2 Router
d




1  cos  
r  2r
2 1


(B.8)


Substituting Eqs. (B.4), (B.7) and (B.8) into the expression of d ' in Eq. (B.6), we
can easily obtain that
2
 2   2 Router

d ' 1
2 1
r



 d
d

ˆ
  r cos    rˆ  r sin    






2
2 1   2 Router
 2 d cos   rˆ  sin   ˆ
2 1
r



(B.9)

Based on the relationships between the Spherical and Cartesian coordinate systems,

 zˆ  cos   rˆ  sin   ˆ  rˆ  zˆ cos   xˆ sin 


ˆ ˆ   zˆ sin   xˆ cos 
 xˆ  sin   rˆ  cos   

(B.10)


we apply the following relationship into the expression of d ' in Eq. (B.9),





cos   rˆ  sin   ˆ  zˆ cos 2   sin 2   xˆ 2 sin  cos  

 cos(2 ) zˆ  sin( 2 ) xˆ

(B.11)

and finally derive that
2

2   2 Router
d '  1
 2 d cos( 2 ) zˆ  sin( 2 ) xˆ 
2 1
r

(B.12)
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Appendix C
Statement of problem for viscous drag calculations
In Sadhal and Oguz’s model [94,95], consider a compound double-emulsion
droplet, that is, a liquid droplet contained within another immiscible liquid drop. The
compound drop is surrounded by a third immiscible fluid moving at uniform velocity U
parallel to the line of the two centers. The inner droplet also has a translational velocity
V with respect to the outer shell and parallel to the line of centers. The three different
phases are referred to fluid 1, 2, and 3 as illustrated in Fig. C.1.
The governing equations in the limit of Stokes flow are:


 i  2 u i  p i 

,

  ui  0 

i = 1, 2, 3

(C.1)


u is fluid velocity, p is pressure and  is viscosity. The boundary conditions are:
(a)

Uniform stream at infinity:

u1  U  zˆ

as

r

2

 z2



1
2



(C.2)

where ẑ is a unit vector along the line of centers.
(b)

Zero normal velocity at the outer interface:


u1  nˆ12  u 2  nˆ12  0

where n̂12 is a unit normal vector at the 1-2 interface.

(C.3)
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Continuity of tangential velocity at the outer interface:


u1  tˆ12  u 2  tˆ12

(C.4)

where tˆ12 is the unit tangential vector at the 1-2 interface.
(d)

Continuity of shear stress at the outer interface:

       
1

2

: nˆ12 tˆ12  0

(C.5)


where  i  represents the stress tensor in the respective fluids.
(e)

Continuity of normal velocity at the inner interface:


u 3  nˆ 32  u 2  nˆ 32  Vzˆ  nˆ 32

(C.6)

where n̂32 is a unit normal vector at the 3-2 interface and V is the unknown relative
velocity of the inner spherical droplet.
(f)

Continuity of tangential velocity at the inner interface:

u3  u2   tˆ32  0

(C.7)

where tˆ32 is the unit tangential vector at the 3-2 interface.
(g)

Continuity of shear stress at the inner interface:

       
3

(h)

2

: nˆ 32 tˆ32  0

(C.8)

Finite velocity in Fluid 3:

u3  

(C.9)
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Sadhal and Oguz [94,95] used these governing equations and boundary
conditions to obtain an analytical solution using the bipolar coordinate system in the
limit of small capillary numbers and low Reynolds number. The calculation results are
discussed in Section 4.2 and Appendix D.

er

Uniform stream U
r
ne

ou
t

=

ξ

ξ

ξ

in
=ξ

Rinner

ΔZ

Router
Fluid 3
Fluid 2
Fluid 1

z

x

r

V
y

Fig. C.1 A compound double-emulsion droplet lies in a uniform stream of velocity
U parallel to the line of centers of the two spheres. The inner spherical interface
also moves at a velocity V relative to the outer interface.
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Appendix D
Viscous drag on the inner sphere
According to Stimson and Jeffery [96], for given radii and eccentricity, the
viscous drag on the inner sphere is a linear function of U and V.

Fdrag    U    V

   2 2 2 Router sinh  outer S1 ,

where

   2 2 2 Router sinh  outer S 2

(D.1)
(D.2)

U is the uniform stream velocity of the entire double-emulsion droplet in the
surrounding medium, and V is the relative velocity of the inner droplet with respect to
the outer sphere. The dimensionless forms of  and  are

* 

* 


1 Router

1 Router

2 2

2
sinh  outer S1
1

(D.3)

2 2

2
sinh  outer S 2
1

(D.4)

The expressions of S1 and S2 are given as follows.
1
3
 ( n  ) outer
 ( n  ) outer 
 (1)
(1)
(1)
(1)
2
S 1    (C n  E n ) e
 ( Dn  E n ) e 2

n 0 


(D.5)

1
3
 
 ( n  ) outer
 ( n  ) outer 
 ( Dn( 2 )  E n( 2 ) )e 2
S 2   (C n( 2 )  E n( 2) )e 2

n 0 


(D.6)

C n(1)  ( M n(1) L(n2 )  K n( 2 ) N n(1) ) /  n

(D.7)

C n( 2)  ( M n( 2 ) L(n2 )  K n( 2) N n( 2 ) ) /  n

(D.8)
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D n(1)  ( K n(1) N n(1)  M n(1) L(n1) ) /  n

(D.9)

Dn( 2 )  ( K n(1) N n( 2 )  M n( 2 ) L(n1) ) /  n
E

(1)
n


 1
2 2

E n( 2)  

3
 n(n  1)  ( n  1 ) outer
 ( n  ) outer 
1  (1) 
3  (1) 

2
e 2

e
   n  C n   n   Dn 
2
2

 2 2 

 

(D.11)

1 
1  ( 2) 
3  ( 2) 
 n  C n   n   Dn 
2  2 
2
2



(D.12)

2 2

(D.13)

2 2

(D.14)
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2
1


K n(1) 

K n( 2 ) 

L(n1) 

(D.10)
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2
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3
 inner   outer  
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(D.16)
M n(1)  Gn(1) Fn(1)

(D.17)
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1
1
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(D.18)
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Appendix E
Circuit design diagrams of the RF matching networks

1 MHz RF matching network
8  1 k
(500 , 16 W)
410 H

Output
15 pF

Input

220 pF

15 pF
2 ~ 20 pF

2 ~ 20 pF

250 pF
100 pF

15 : 1 divider
test point

Fig. E.1 Circuit design diagram of the RF matching network with resonant
frequency at 1 MHz.

2 MHz RF matching network
10  270 
(2 W ceramic composition)
127 H

Output
50
Input

6 ~ 32 pF

5 pF
5 pF

6 ~ 32 pF
(23 pF)

5 pF
330 pF

330 pF
100 : 1 divider test point
(connect to 1 M scope probe)

Fig. E.2 Circuit design diagram of the RF matching network with resonant
frequency at 2 MHz.
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4 MHz RF matching network
8  270 
(2 W ceramic composition)
59.5 H

Output
5 pF

2 ~ 20 pF

Input

5 pF

2 ~ 20 pF

5 pF
330 pF

330 pF
100 : 1 divider test point
(connect to 50  scope probe)

Fig. E.3 Circuit design diagram of the RF matching network with resonant
frequency at 4 MHz.

20 MHz RF matching network
10  47 
(2 W ceramic composition)
6.3 H

Input

180
pF

2 ~ 15
pF

Output
5 pF
5 pF

10
pF

20
pF

39
pF

68
pF

5 pF
5 pF
51
pF

1200
pF

1000 : 1 divider test point
(connect to 50  scope probe)

Fig. E.4 Circuit design diagram of the RF matching network with resonant
frequency at 20 MHz.
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Appendix F
Verification of the expression of the coefficient D – a
measure of the electric field inside the inner droplet
As represented in Eq. (3.34), the electrostatic potential inside the inner droplet
can be written in (r, θ,  ) system as follows:

 in 

C



n , m ,cs n , m ,cs

n , m ,cs

 C1 r cos   C 2 r 2 





1
3 cos 2   1  ......
2

(F.1)

For simplicity, we only consider the first order (n = 1) to approximate the potential

 in  C1 r cos   C1 z

(F.2)

It is easy to conclude that D  C1 when comparing Eq. (F.2) to Eq. (6.2).

In Washizu-Jones multipolar re-expansion method, the continuity boundary
condition at the inner surface, Eq. (3.37), gives out a relationship among the
coefficients An ,m,cs , Bn ,m,cs and C n ,m,cs :
2 n 1
An ,m ,cs  Rinner
Bn ,m ,cs  C n ,m ,cs

(F.3)

Substituting into Eq. (F.3) the expressions of A1 and B1 as calculated in Eqs. (3.46)
and (3.47), we can derive the expression of C1 as follows:
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3
9 Router
 1 2
E0
3
3
2 Rinner ( 1   2 )( 2   3 )  Router
( 2 1   2 )(2 2   3 )

9 1 2
E0
2 R ( 1   2 )( 2   3 )  ( 2 1   2 )( 2 2   3 )
3

(F.4)

Here, we define the ratio of radii R  Rinner Router , and 3, 2, and 1 are the dielectric
permittivities of inner droplet, outer shell, and ambient medium, respectively. E0 is the
magnitude of the external AC electric field.

The Clausius-Mossotti factor is defined as

1 K 

therefore,

K  ( 3   2 ) ( 3  2 2 ) ,

3 2
 3  2 2

(F.5)

We have also defined  2 as an effective homogeneous dielectric permittivity of a
substitute sphere for the original core-shell structure, which is:
 R 3  2 K 
 3  2 2   2 R3  3   2 



2
3

 3  2 2   R3  3   2 
 R  K 

 2   2 

and thus,

 2  2 1 

 3  2 2  2  21   2 R3  3   2  2  1 
 3  2 2   R3  3   2 

(F.6)

(F.7)

Combined with Eqs. (F.5) and (F.7), the expression of C1 in Eq. (F.4) can be
re-written in the following forms:

C1 



3 1 (3 2 )
E0
2 R ( 1   2 )( 2   3 )  ( 2 1   2 )(2 2   3 )
3

3 1 (1  K )( 3  2 2 )
E0
( 2  2 1 )[( 3  2 2 )  R3 ( 3   2 )]
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3 1 (1  K ) R3
E0
( 2  2 1 )( R3  K )
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(F.8)

Since we have already known that D  C1 , the expression of the coefficient D
exactly takes the form in Eq. (6.3).

3 1 (1  K ) R3
D
E0
( 2  2 1 )( R3  K )

(F.9)
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Appendix G
Electrostatic energy of an arbitrary dielectric body in
a uniform electric field
To calculate the electrostatic energy of an arbitrary dielectric body embedded in
a uniform external field, first consider the total electrostatic energy of the system for
two simple cases [113]. Refer to Fig. G.1.


Case (a): a uniform electric field E0 is initially created between two parallel
electrodes. The dielectric medium between these two electrodes has a permittivity of
ε1. The initial electrostatic energy, or, the total work done in establishing this field is:

E.E.0 

 
1
E0  D0 dv

2 all space

(G.1)

Case (b): a foreign body of arbitrary shape with dielectric permittivity of ε2 is
introduced into this medium ε1. The entire space is then partitioned into V0in , the

volume of the body, and V0out , the volume outside the body. Denote E as the modified

 
field at any point, and thus E  E0 is the contribution from the electrostatic
polarization of the body. Then, the total electrostatic energy in the new state is:
E.E. 

 
1
E  Ddv

2 V0in V0out

(G.2)

The energy change between Case (a) and (b) is exactly equal to the work done
in introducing the dielectric body, which is
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1
( E  D  E0  D0 )dv

2 V0in V0out

  
 

1
1
E  ( D  D0 )dv 
( E  E0 )  D0 dv


2 V0in V0out
2 V0in V0out


E0

(G.3)


E

E.E.0

E.E.'

V0in

ε2

V0out

ε1

ε1

(a)

(b)

Fig. G.1 Case (a): a uniform electric field E0 is initially established between two
parallel electrodes across a dielectric medium ε1. Case (b): a foreign body of
arbitrary shape with dielectric permittivity of ε2 is introduced into this medium ε1.


 
We know that   E  0 and   ( D  D0 )  0 , so the first integral of Eq. (G.3)
becomes zero and we obtain
E.E. 

 

 

 

1
1
1
( E  E0 )  D0 dv   ( E  E0 )  D0 dv   ( E  E0 )  D0 dv

2 V in V out
2 V0in
2 V0out
0
0

(G.4)



Since D0  1E0 , the second integral of the above Eq. (G.4) can be written as:
 

 

 

1
1
1
(
E

E
)

D
dv

(
E

E
)


E
dv

(
D

D
)

E
0
0
0
1
0
0
0 dv
2 V0out
2 V0out
2 V0out

(G.5)
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On the other hand, we can draw the conclusion that

209



E

0

 
 ( D  D0 )dv  0

V0in V0out


 
due to the fact that   E0  0 and   ( D  D0 )  0 . Thus,


E

 
 ( D  D0 )dv 

0

 
 ( D  D0 )dv  0

(G.6)

 

 
 ( D  D0 )dv    E0  ( D  D0 )dv

(G.7)

V0in

0

V0out



E

and then



E

0

V0out

V0in

Using Eqs. (G.5) and (G.7) in the second integral of Eq. (G.4), it is very
straightforward to show that
E.E. 



 

 
1
1 
(
E

E
)

D
dv

E

(
D
 D0 )dv
0
0
0
2 V0in
2 V0in
 
 
1
( E  D0  E0  D)dv

2 V0in

(G.8)





Since D0  1E0 , and D   2 E within V0in , the above Eq. (G.8) becomes
E.E. 





 
1
1
( E   1 E0  E0   2 E )dv   ( 1   2 ) E  E0 dv

2 V0in
2 V0in

(G.9)

Therefore, the electrostatic energy of an arbitrary dielectric body embedded in
a dielectric medium may be expressed in terms of an integral over its own volume V0,


rather than over all space. This integral uses Ein , the field inside the body, and E0 , the

applied uniform field.

E.E. 

 
1
( 1   2 ) Ein  E0 dv

2 V0

(G.10)
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Appendix H
A dielectric sphere/ellipsoid in a uniform E-field
For the case of a dielectric sphere with radius R embedded in a uniform external


field E 0  E0 zˆ , the distribution of electrostatic potential and electric field vector can
be expressed in spherical coordinates (r, , ). See Fig. H.1 (a).
The electrostatic potential is:
 out   E0 r cos 

 in  

 2   1 3 cos
R E0 2
r
 2  2 1

3 1
E r cos 
 2  2 1 0

(H.1)

(H.2)

The electric field vector inside the sphere is:



31
Ein   in zˆ 
E zˆ
z
 2  21 0

(H.3)

 2 and  1 are the dielectric permittivities of the sphere and the ambient medium,


respectively. Within the sphere, the electric field Ein is uniform and parallel to E 0 .
For a dielectric ellipsoid with semi-major axes a, b, and c, the electrostatic
potential and electric field vector are expressed in terms of ellipsoidal coordinates

(  ,  , ). Refer to Fig. H.1 (b). Suppose the external field E0 is directed arbitrarily
with respect to the reference system and has the components E0x, E0y, and E0z along the
axes of the ellipsoid.
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E0

z

ε1

x

ε1

z
x

ε2

ε2

R
a, b, c
(semi-major axes)

(a)

(b)

Fig. H.1 (a) A dielectric sphere of radius R and dielectric permittivity ε2 is
embedded in a uniform electric field E0 across a dielectric medium ε1. (b) A
dielectric ellipsoid with semi-major axes a, b, c and dielectric permittivity ε2 is
embedded in a uniform electric field E0 across a dielectric medium ε1.

The electrostatic potential is:

abc  2  1 
ds

2
1  ( s  a 2 ) Rs
 ( E0 x x  E0 y y  E0 z z )
abc  2  1 
ds
1

2
 1 0 ( s  a 2 ) Rs
1

 out

(H.4)



E0 y y
E0 x x
E0 z z
 in   


ds
abc  2   1 
ds
abc  2   1 
ds
1  abc  2   1 
1
1

2
 1 0 ( s  a 2 ) Rs
2
 1 0 ( s  b 2 ) Rs
2
 1 0 ( s  c 2 ) Rs







(H.5)
The electric field vector inside the ellipsoid is:


Ein  Ein , x xˆ  Ein , y yˆ  Ein , z zˆ

(H.6)
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Ein , y 

E in , z 

where
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E0 x

abc  2   1
1
2
1





0

ds
( s  a 2 ) Rs

(H.7)

ds
( s  b 2 ) Rs

(H.8)

E0 y

abc  2   1
1
2
1





0

E0z

abc  2   1
1
1
2





0

ds
(s  c 2 ) Rs

Rs  ( s  a 2 )( s  b 2 )(s  c 2 )

(H.9)

(H.10)

 2 and  1 are the dielectric permittivities of the ellipsoid and the ambient medium,

respectively. Note that, if the applied electric field E0 is uniform, the resultant field

inside the ellipsoid Ein is also uniform, irrespective of the orientation of the axes;


however, Ein is not in general parallel to E0 .
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Appendix I
Chromatographic method to remove the inhibitors
from the commercial TPGD monomer solution
To remove the hydroquinone inhibitors from the commercial TPGD monomer
solution, the following procedures are followed:
1. Mix TPGD monomer with 5 M sodium hydroxide solution and dicholomethane
(CHCl3) at the volume ratio of 1:1:2.5.
2. Shake the mixture in the separatory funnel to create emulsions and then wait for
phase separation into two liquid layers.
3. Once the liquids are clearly separated, place the separatory funnel onto the
chromatographic column which has been filled in half with fine alumina powder.
4. Open the valve to let the bottom liquid phase run through the alumina column, and
then collect the filtered liquid.
5. The pure TPGD monomer is finally extracted after evaporating the solvent CHCl3
in the filtered liquid using a rotatory evaporator.

