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Abstract

Polymer shells with high sphericity and uniform wall thickness are always needed in the inertial confined fusion (ICF) experiments. Driven
by the need to control the shape of water-in-oil (W1/0O) compound droplets, the effects of the density matching level, the interfacial tension and
the rotation speed of the continuing fluid field on the sphericity and wall thickness uniformity of the resulting polymer shells were investigated
and the spherical and concentric mechanisms were also discussed. The centering of W1/0O compound droplets, the location and movement of
W1/0 compound droplets in the external phase (W2) were significantly affected by the density matching level of the key stage and the rotation
speed of the continuing fluid field. Therefore, by optimizing the density matching level and rotation speed, the batch yield of polystyrene (PS)
shells with high sphericity and uniform wall thickness increased. Moreover, the sphericity also increased by raising the oil/water (O/W2)
interfacial tension, which drove a droplet to be spherical. The experimental results show that the spherical driving force is from the interfacial
tension affected by the two relative phases, while the concentric driving force, as a resultant force, is not only affected by the three phases, but
also by the continuing fluid field. The understanding of spherical and concentric mechanism can provide some guidance for preparing polymer
shells with high sphericity and uniform wall thickness.

Copyright © 2016 Science and Technology Information Center, China Academy of Engineering Physics. Production and hosting by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction polymer shells such as polystyrene (PS), deuterated PS,

poly(a-methylstyrene) (PAMS) and divinylbenzene (DVB)

In recent years, laser inertial confined fusion (LICF), one of
the most promising methods to control the reaction of nuclear
fusion, has attracted a great deal of interest due to its cleanness
and efficiency [1]. In LICF experiments, several kinds of
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foam shells can be used for preparing LICF targets [2—4]. It
has been reported that the shape and symmetry of these
polymer shells, specifically, the sphericity and wall thickness
uniformity are important to the symmetry and hydrodynamic
stability in implosions, thus there are stringent specifications
on the sphericity and wall thickness uniformity of these shells
[5.,6].

Generally, these shells are prepared by the microencapsu-
lation technique, as shown in Fig. 1, in which compound
droplets with a W1/O or O1/W structure are formed firstly, and
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Fig. 1. Schematic of preparing PS shells.

then the solvent in the middle phase is removed by evaporation
during solidifying process. Obviously, the key constraint in the
sphericity and uniform wall thickness of the shells in turn
requires a spherical and centered core compound droplet
before its solidifying [7,8]. An initial compound droplet
generated by a triple orifice droplet generator is not a perfect
spherical drop and the inner phase is not in the center of the
middle phase. Due to gravitational force, drag force and so on,
the non-spherical and eccentric phenomenon probably be-
comes worse during the solidifying process. By increasing the
wall thickness, both the deformation of the O phase and the
moving space of the inner phase increase, thus it becomes
more difficult to make a thick-walled compound droplet be
spherical and concentric.

Over the past two decades, in order to obtain polymer shells
with high sphericity and uniform wall thickness, a lot of
research work has been done to control the deformation of
droplets. It is found that there are many factors, such as the
interfacial tension, density and viscosity, influencing the
deformation of droplets [9—12]. For a droplet without inner
phase, a simple theory of Taylor shows that the deformation
(6) is [13]:

_ Dmax - Dmin
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Dmax +Dmin N 16A + léba.

(1)

where 4 is the ratio of the droplet viscosity to the continuous
phase viscosity, C, is the so-called capillary number, defined
as

C,= (2)

where 7, is the viscosity of the continuous fluid phase, v is the
applied shear-rate, r is the undeformed droplet radius, and v is
the interfacial tension of the interface.

Moreover, Cook et al. estimated that the maximum out-of-
roundness (0moor) of a drop without inner phase in a
continuous phase is related to physical properties such as the
density matching level, interfacial tension and viscosity, i.e.

(91,

583 Ap
4y 7

OMoOR = (3)
where g is the acceleration of gravity (9.8 mes™2) and Ap is
the density difference between the droplet and the continuous
fluid phase.

8n.vr?
OMOOR = n’Y . (4)

For W1/0O compound droplet, there are three phases and
two interfaces, the structure of which is more complicated than
that of a droplet without inner phase. Moreover, the W1 phase
can move randomly in the O phase in the initial range of the
solidifying process. Therefore, it is difficult to control the
shape of compound droplets. It is reported that the physical
properties of the W1, O and W2 phases such as their density
and viscosity, and the properties of the interfacial film such as
the interfacial tension, interfacial film strength and interfacial
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rheology, probably have significant influences on the defor-
mation of compound droplets [12]. Moreover, the continuing
fluid field also has an important effect on their deformation
[14]. However, neither the relationships between these pa-
rameters and the sphericity or the wall uniformity nor the
possible mechanisms are clearly established. Fundamental
research in investigation of the role of these principal pa-
rameters in the resulting sphericity and wall thickness uni-
formity will lead to optimized microencapsulation technique
and improved yield of polymer shells which meet stringent
specifications. Therefore, in this paper, the effects of the
density matching, interfacial tension, and continuing fluid field
on the deformation of compound droplets are investigated and
the relative mechanisms are also discussed.

2. Experiment
2.1. Materials

The following materials used in the experiment were all
used: PS (M,, = 250 kg-mol”, ps = 1.05 g~cm73, Acros

Organics Inc.), poly(vinyl alcohol) (PVA)
(M,, = 13—23 kgemol ', 87%—89% mole hydrolyzed,
Aldrich Company), poly(acrylic acid) (L-PAA,

M,, = 450 kg-mol ', H-PAA, M,, = 1000 kg+mol ', Polymer
Source) and anhydrous calcium chloride (CaCl,) (Chengdu
Kelong Chemical Reagent Factory) were all used as originally
received without further purification. Fluorobenzene (FB,
Shanghai Jingchun Reagent Ltd.) was purified by distillation.
Distilled, deionized water was used in the preparation of all
aqueous phases.

2.2. Preparation of PS shells

PS shells were prepared by the microencapsulation tech-
nique. Details of the fabrication process were in Ref. [15]. As
shown in Fig. 1, the W1, O and W2 phases were delivered into
the microfluidic flow focusing device by three syringes, which
were controlled by three pumps, respectively. The W1 phase
left the W1 tube and was broken-up and surrounded by the O
phase. Then, the encapsulated drop of the W1 phase sur-
rounded by the O phase was stripped off from the W2 phase,
forming the W1/0O compound droplets in the W2 phase. To
obtain PS shells, the W1/O compound droplets were collected
in an 800 ml cylindrical flask filled with 150 ml of the W2
solution. Then, the flask was sent to a heated water bath and
gently rotated horizontally for about 2 days to make FB
evaporate. After the removal of FB, the PS shells containing
the interior water drop were transferred to another beaker and
then washed several times with deionized water and ethanol to
remove residuals on the outer surface. Finally, these thor-
oughly washed PS shells were dried at 45 °C at atmospheric
pressure for at least 3 days.

To reduce possible effects of droplets size on the defor-
mation, the inner diameter (ID) and outer diameter (OD) of the
W1/0O compound droplets in a batch were controlled by
adjusting the W1, O, and W2 flow rates. The experimental

results show that the variations of ID and OD in a batch were
both in the range of 30 pum.

2.3. Characterization of experiment samples

2.3.1. Density

The densities of the W1, O and W2 phases were measured
precisely by a densitometer (Anton Paar™, DMA 5000,
107¢ gecm ™ accuracy) from 5 °C to 70 °C at intervals of
5°C.

Due to high viscosity and low fluidity of PS/FB solution
with high mass fractions of more than 30%, it was difficult to
measure its density by the densitometer. Therefore, to obtain
the density of PS/FB solution with high mass fractions, an
exponential fit was used to correlate the mass fraction of the
PS/FB solution with its density. The coefficient of determi-
nation with the density of the solution at 55 °C was more than
0.999, while its P-value was less than 0.001, which indicated
that the fit correlated well. The average density of the W1/O
compound droplets (pyw1/,) during the solidifying process can
be calculated [16,17].

2.3.2. Viscosity

The viscosities of the W1, O and W2 phases were measured
precisely by a microviscometer (Anton Paar®™, Lovis 2000M,
107 mPa s accuracy) from 5 °C to 70 °C at intervals of 5 °C.

2.3.3. Interfacial tension

The interfacial tensions of these different solutions were
measured by an interfacial tensiometer (Kruss, DSA25) via the
pendant drop method. The diameter of the needle used for the
measurement was 0.48 mm.

2.3.4. Hydrodynamic radius (Ry,)
Dynamic light scattering (DLS) measurements were made
with Zetasizer Nano ZS at 25 °C.

2.3.5. Morphology and dimension of W1/0 droplets

The morphology of W1/O compound droplets was char-
acterized by a digital microscope. The OD and ID of W1/0O
compound droplets in the W2 phase were obtained from these
micrographies. The initial thickness of the O layer () in the
W1/0 compound droplets could be calculated by the OD and
ID values. Therefore, the dimension of the resulting PS shells
can be estimated. The OD and wall thickness (z,,) of the PS
shells were characterized by a measuring microscope [18]. For
each batch, at least 40 PS shells were randomly picked up
from about 120 PS shells for this characterization.

2.3.6. Sphericity and wall thickness uniformity of PS shells
For shells with the same diameter and same wall thickness,
the out-of-roundness (0gor) is defined as the difference be-
tween the maximum and minimum outer radius of a torus
projected from the PS shells in six directions, which is used to
characterize the sphericity of PS shells. The maximum varia-
tion of wall thickness (At,,) in the six directions, defined as the
deduction of the minimum wall thickness from the maximum
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one, is used to characterize the wall thickness uniformity of
the PS shells [15,19].
Here, door and At,, are calculated by

6OOR = (Dmax - Dmin)/2 (5)

Aty = Tw(max) — fw(min) (6)

where Dy« and D ., are the maximum and minimum outer
diameters of a particular PS shell, respectively; #ymax) 1S the
maximum value of the twelve measured wall thicknesses of a
particular PS shell, while #,min) 1S the minimum value.

3. Results and discussions
3.1. Density matching of the key stage

Since 1990s, density matching has been a research focus in
the production of polymer shells with uniform wall thickness
and good sphericity. However, the densities of the O phase and
the W1/O compound droplets always change because of the
removal of organic solvent in the O phase. It is difficult to
keep the density matching constant. Therefore, the relation-
ship between the density matching and the resulting wall
uniformity or the sphericity and the possible mechanism un-
derlying were not well understood in the past.

As shown in Fig. 2, the viscosity of the O phase increases
exponentially with increasing PS mass fraction, while the
fluidity of the O phase decreases. With the solidifying process
continuing, the FB dissolves in the water and evaporates,
therefore the mass fraction of PS in the O phase increases and
its deformation ability decreases. Therefore, when the mass
fraction of PS in the O phase reaches the extent of ~50%, the
effects of gravity and buoyancy on the deformation of droplets
become negligible. Obviously, the density matching should be
controlled in the range of low PS concentrations (<40%),
which is regarded as the key stage of controlling the density
matching.
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Fig. 2. Effects of PS mass fraction on the viscosity of PS/FB solution.

Our study has confirmed that the quality of PS shells is
significantly affected by the density matching between the
W1/0 compound droplets and the W2 phase [15]. As shown
in Fig. 3, with the density of the W1/O compound droplets
being almost equal to or a little lower than that of the W2
phase, the gravity can be balanced by the buoyancy, there-
fore the W1/0O compound droplets can follow with the flow
of the W2 phase in the flask. Good dispersion and sufficient
tumbling of the W1/O compound droplets could occur dur-
ing the solidifying process, resulting in uniform wall thick-
ness [14,20,21]. With the density of WI1/O compound
droplets being lower than that of the W2 phase, it is
observed that the W1/O droplets cannot drop down, but float
near the surface of the W2 phase, agglomerate together and
always stay in one place during the solidifying process. The
poor dispersion of the W1/0O compound droplets in the W2
phase and their insufficiently tumbling during the solidifying
process make the droplets collide easily, resulting in some
PS pellets and some twin or triplet PS shells. With the
density of W1/O compound droplets being much higher than
that of the W2 phase, the W1/O compound droplets sink
down to the down side of the flask, float up by the rotation of
the flask, but then drop down quickly due to gravity. The
insufficient tumbling leads to a lower centering force within
each droplet, resulting in poor uniformity of the wall
thickness.

The effect of the density matching between W1 and O
phases on the quality of PS shells is similar to that between
W1/0O compound droplets and W2 phase. As shown in Fig. 4,
without good density matching between the W1 and O phases,
the internal water drop tends to eccentrate from the oil layer
shell, probably due to the role of gravity and buoyancy [21].
The centering force from the droplet tumbling may not be so
strong as to suppress the sinking or floating tendencies of the
internal water drop, resulting in a poor wall thickness uni-
formity of the resulting PS shells. However, the density
matching levels between the W1 and O phases in a relatively
broad range (—0.019—0.017 g-cm ) have a small effect on
the sphericity.

From the experimental results, it is clear that, the batch
yield of PS shells with a uniform wall thickness increases by
improving the density matching levels among the three phases
into the optimum ranges, due to better symmetry of W1/O
compound droplets and more adequate tumbling of W1/0O
compound droplets in W2 phase during the solidifying pro-
cess. Compared with the wall thickness uniformity, the sphe-
ricity of PS shells is a little less sensitive to the density
matching.

3.2. Balance between interfacial tension and compound
droplets formation as well as stability

For a W1/O compound droplet with the outer and inner
radius R and r, respectively, suspended in a W2 phase, the
interfacial tension between W1 and O is vwi/0, and that be-
tween fluids O and W2 is yow2). When the gravitational
forces do not strongly influence the interface shape, the
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Fig. 3. Effects of the density matching level between W1/O droplets and W2 phase on the quality of PS shells.

Young—Laplace equation describes the normal stress balance
as [22].

20wz
Po = Py, + ZTo/w2) (7)
2 2
J Y(0/W2) Y(Wr1/o) 8)

where P, is the absolute pressure in the W2 phase, P, is the
absolute pressure in the O phase and P, is the absolute
pressure in the W1 phase. Obviously, the larger the interfacial
tension is, the stronger the force pushing inward into the
droplet will be [23]. The increase of the interfacial tension
would make the initial compound droplet be more spherical.
However, the change in the Gibbs free energy (AG) during the
generation is

AG = AAy — TAS (9)

where AA is the increase in interfacial area when the bulk oil
produces a large number of droplets, T is the temperature and

AS is the entropy. The increase of the interfacial tension brings
about an increase in the Gibbs free energy for the surface area
change, which indicates that more energy is required to pro-
duce the droplets. Therefore, though it is promising to increase
the interfacial tension to improve the sphericity, the increase
probably also brings some negative effects on the formation of
the droplets.

To improve the sphericity, PVA is replaced by different
PAAs in the W2 phase. The experimental results show that the
interfacial tension at 25 °C increases no matter whether the
molecular weight of PAA is low or high (see Table 1). How-
ever, when L-PAA is used in the W2 phase, it is difficult to
detach W1/0O compound droplets from the middle tube. The
diameter and wall thickness of W1/O compound droplets are
also hard to control. The distribution of diameter and wall
thickness of these compound droplets become broad, as shown
in Fig. 7. Moreover, two or more compound droplets coalesce
to form bigger droplets in a short time after the generation,
indicating that their stability is poor. A stable W1/O compound
droplet is a critical first step in the preparation of polymer
shells. Obviously, it is necessary to reduce negative effects
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Table 1

Interfacial tensions of O/W2 interphases at room temperature (25 °C).
Solution Interfacial tension (mN/m)
Water/FB 21

PVA/FB 2

L-PAA/FB 19

H-PAA/FB 22

from the increase of the interfacial tension on the droplets
formation and the droplets stability.

As shown in Fig. 5, the formation of a single droplet is
mainly dominated by the gravity force (Fg), buoyancy force
(Fg), viscous shear force (Fy), momentum force (Fy;), static
pressure difference force (Fs), and interfacial force (F.,)
[24—27]. From Fig. 1, the W1 single droplet is formed by
breaking up the W1 phase and then W1/0O compound droplet v
is formed by breaking up the O phase when the W1 droplet
moves to the tip of the O tube. Since PAA is in the W2 phase, F G
the formation of W1 single droplet should be unaffected. As

Fig. 5. Schematic of forces acting on a droplet.
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shown in Fig. 6, the density of the W2 phase with L-PAA is a
little less than that of the W2 phase with PVA at the generation
temperature of the W1/O droplets (25 °C), while their vis-
cosities are almost the same. So the increase of the interfacial
tension, which cannot be balanced by the viscous shear force
since the viscosity of L-PAA solution is close to that of the
PVA solution and the adjustable range of flow rates is limited.

On the contrary, for the H-PAA solution, the W1/O com-
pound droplets prepared by H-PAA solution is monodisperse
and the stability is good (see Fig. 7), probably due to the in-
crease of the viscosity and longer chain length. As shown in
Fig. 6, the viscosity of H-PAA solution is about 12 times as
high as that of the PVA solution at the generation temperature
of the W1/O droplets (25 °C), where increasing the viscous
shear force can balance the increase of the interfacial tension.
Moreover, the hydrodynamic radius (Ry,) of the H-PAA solu-
tion is 1813 nm while that of the L-PAA solution is 881 nm, so
the chain length is long enough that a steric stabilization may
play a more significant role on the stability of the W1/O
compound droplets.

The effect of H-PAA on the quality of PS shells is shown in
Fig. 8. Whether the diameter is 900 um or 1900 pm, the
sphericity of PS shells prepared by H-PAA solution is better,
probably due to the increase of interfacial tension. For the wall
thickness, there is no significant effect of H-PAA on PS shells
with 900 pm diameter, but PS shells with 1900 pum diameter
prepared by the H-PAA solution shows better wall thickness
uniformity. Obviously, the different effects of H-PAA on the
wall thickness uniformity of the PS shells cannot result from
the agitation and the solidifying temperature since they are the
same. These PS shells are prepared in the same process, and
the only difference is the replacement of PVA by H-PAA in the
W2 phase, which alters the properties of the W2 phase and O/
W2 interfaces during the solidifying process.

As shown in Fig. 9, whether the diameter is 900 pm or
1900 pm, the decrease in the density matching level between
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—o— L-PAA
__1.03]
ﬂE |
.
9 =
> 1.01
= A
=
o |
o
0.99(
097 — 0 0 .. 1)
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the W1/O compound droplets and W2 phases is ~0.1 g cm

when the PVA is replaced by H-PAA, unfavorable to the wall
thickness uniformity. On the other hand, 8.20% PS was used
as the O phase for preparing 900 pm shells while 10.50% PS
for 1900 pum shells. The viscosity of 8.20% PS is 15.0 mPa s,
which is close to that of the PAA solution while that of 10.50%
PS is higher (see Table 2). Therefore, the viscosity ratios of the
O to W2 phases are 1.2 and 2.4, respectively. It has been re-
ported that the appropriate viscous shear force can make
compound droplet become centering, but it can also make
them eccentric when the viscous shear force is large [28,29].
Moreover, Takagi et al. pointed out that the concentricity of
poly(a-methylstyrene) (PAMS) shells was improved by
increasing the interfacial tension while McQuillan et al.
advised that a decrease in the interfacial tension might make
the oscillation magnitude larger, thus hastening the centering
[3,30]. Therefore, different effects of H-PAA on wall thickness
uniformity of PS shells with 900 pm and 1900 pm diameters
are probably due to the decrease of the density matching level,
the increase of the interfacial tension and different viscosities
of the O phases. The mechanism will be investigated further.

3.3. Effects of viscous shear force on concentricity and
deformation

As mentioned above, the viscous shear force plays a par-
adoxical role on concentricity. During the solidifying process,
the flask rotates around the horizontal axis and the rotation
speed is one of the most important factors affecting the viscous
shear force [14,31]. The velocity distribution fields in the gas
and liquid on the vertical cross section of the flask at different
rotation speed were calculated by the software ANSYS
FLUENT. Fig. 10 displays the velocity distribution fields and
the collision number of the droplets in the continuing fluid
field at 20 rpm. As shown in Fig. 10(a), there are two vortices
(vortex A and vortex B) in the liquid field. These vortices play

(b) 30
F % —n— PVA+CaCl,
251 TR —o— L-PAA
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« 201
o
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2 10}
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Fig. 6. (a) Density and (b) viscosity profiles of different W2 phases at different temperature.
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Fig. 7. Stability of W1/O compound droplets prepared by (a) L-PAA and (b) H-PAA.
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Fig. 8. Effects of the interfacial tension between O and W2 phases on the quality of PS shells: (a) sphericity and (b) wall thickness uniformity.

an important role on the dispersion of the W1/O compound According to the calculated results, the lowest collision
droplets in W2 phase. With increasing the rotation speed, there number appears at 40 rpm, which benefits preparing shells
will be more vortices, improving the dispersion. However, the with good sphericity and wall thickness uniformity. As shown
existence of more vortices also increases the degree of mess of  in Fig. 11, the experimental results show that the sphericity
the W2 phase, thus increases the collision probability of the and wall thickness uniformity of PS shells prepared at 25 rpm
droplets. and 45 rpm are almost the same in the H-PAA system and
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Fig. 9. Density profiles of different W2 phases and W1/O compound droplets with (a) 900 pm and (b) 1900 um diameter during the solidifying process

at 55 °C.

Table 2
Viscosities of O and W2 phases at the generation temperature (25 °C) and
solidifying temperature (55 °C).

Sample Viscosity at 25 °C (mPa-s) Viscosity at 55 °C (mPa-s)
8.20% PS 23.8 15.0

10.50% PS 48.5 30.0

2.00% PVA 1.7 0.9

0.04% L-PAA 1.8 1.0

0.04% H-PAA 204 12.6

much better than those at 5 rpm and 65 rpm, which is probably
due to lower collision number and appropriate viscous shear
force. At 5 rpm, the viscous shear force is so small that it has
little effect on the movement of the droplets. These droplets
agglomerate together and always stay in one place, which is
unfavorable to reduce the negative of gravity, resulting in poor
sphericity and nonuniform wall thickness. By increasing the
rotation speed, the viscous shear force also increases. When

Velocity (m/s)

& Hﬁ ! C

Collision number (10%

Vortex A Vortex B

(b)

—_

©
)

—_

increases to a certain extent, it will make the droplets deform
seriously, resulting in poor sphericity and wall thickness
uniformity.

4. Conclusions

PS shells were prepared by microencapsulation technique
and the effects of the density matching level, the interfacial
tension and the rotation speed on their sphericity and wall
thickness uniformity are discussed and some insights are ob-
tained: (i) The centering of W1/O compound droplets, the
location and movement of W1/O compound droplets in W2
phase are significantly affected by density matching between
W1 and O phases, and that between W1/O compound droplets
and W2 phase, respectively. The batch yield of PS shells with a
uniform wall thickness increases by improving the density
matching levels into the optimum ranges, due to better sym-
metry of W1/O compound droplets and more adequate

o©

Fig. 10. (a) Velocity distributions and (b) collision number of the droplets on the vertical cross section of the horizontal rotating cylindrical flask at 20 rpm.
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tumbling of W1/O compound droplets in W2 phase. Compared
with the wall thickness uniformity, the sphericity is a little less
sensitive to density matching. (ii) Since the interfacial tension
is the driving force of making a droplet be spherical, increasing
the interfacial tension between O and W2 phases (vomw2))
improves the sphericity. However, it also increases the upward
force during the formation of the droplets, which requires
larger viscous shear force to detach the droplets. Moreover,
negative effects of the interfacial tension increase on the
droplet stability should be avoided. (iii) The viscous shear force
plays a paradoxical role on the concentricity. Adjusting the
rotation speed to an optimum range can improve the sphericity
and wall thickness uniformity, due to lower collision number
and appropriate viscous shear force. Further research is still
needed to establish, at a fundamental level, the effects of the
interfacial tension on the wall uniformity, the effects of the
properties of interfacial film such as the interfacial film strength
and interfacial rheology on the deformation, the balance be-
tween the centering and deformation, and so on.
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