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The study evaluated if excellent mixing conditions prevailing in chaotic mixers also
promote droplet coalescence in the mixing of immiscible polymers. A combined approach
of experiments and simplified modeling was used to understand the effects of the degree
of chaotic mixing, shear rate, and viscosity ratio on coalescence rates. It was found
experimentally that the extent of coalescence was substantially reduced when the bulk of
the fluid in the mixer experienced chaotic mixing. In addition, coalescence was subdued
at higher rates of shear and for higher viscosity ratio droplets. Pseudo-steady state
droplet size distributions were reached faster with higher droplet volume fractions and for
higher viscosity ratio droplets. © 2005 American Institute of Chemical Engineers AIChE J, 51:

2675-2685, 2005
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Introduction

In processing of immiscible polymers, such as dispersive
mixing in extruders, injection molding, and profile extrusion, a
common goal is to generate and maintain the dispersed phase
to the smallest possible size to achieve uniform properties, for
example, impact toughness, dimensional stability at higher
temperatures, and optical clarity.! Prior work on mixing of
immiscible polymers in screw extruders revealed that morphol-
ogy development begins with deformation of the dispersed
phase into lamellas, followed by formation of fibrils and drop-
lets.?¢ The droplets, if over a critical size, repeat the same
process of deformation and breakup, and generate a population
of even smaller droplets. The critical droplet size is determined
from the values of interfacial tension (I"), viscosity ratio (p),
shear rate ¥, and viscosity of the continuous medium (n,) and
is often estimated from the value of the critical capillary
number
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where R, is the critical radius of the droplet. The relationship
between Ca, and viscosity ratio p can be obtained from a series
of experiments on drop deformation and breakup, as was
obtained by Grace” for Newtonian fluids. Droplets smaller than
the critical size do not break up but undergo coalescence.
Accordingly, morphology evolution during polymer mixing
continues until a steady-state droplet-size distribution is
reached, at which point, the rate of droplet breakup is compa-
rable to that of droplet coalescence. DeRoussel et al.® showed
that the steady state can be approached either monotonically or
through a state of over-emulsification where the average size
oscillates about a mean diameter. Some investigators®-!° also
reported hysteresis in droplet size, for example, the steady-state
morphology differed depending on whether the steady state
was approached from the smaller or from the larger size drop-
lets.

It has been recently demonstrated that chaotic flows provide
excellent means for producing fine scale dispersed phase mor-
phology in the blending of immiscible polymers.'!-'¢ In these
studies, repeated alignment, stretching and folding of the flu-
idic interfaces produce self-similar mixing structures which
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acted as templates for a series of morphological transitions
similar to what was observed in nonchaotic flows,>-¢ for exam-
ple, lamella, fibrils, droplets and their combinations, but with
much smaller length scales. The chaotic fluid element trajec-
tories also enhance transport of mass and energy'’-?> and im-
prove distributive mixing in single screw extruders.?32* A
natural question comes to mind if chaotic mixing flows also
promote coalescence of the dispersed droplets, especially in
light of more frequent collisions expected. This question was
investigated in this study by allowing premade blends of two
immiscible polymers to coalesce under chaotic flow conditions.
The shear rates were chosen such that the droplets underwent
only coalescence and not breakup. The results of this study is
expected to provide insight for development and optimization
of chaotic mixers for processing of polymer blends and emul-
sions and in the design of modular mixing elements for screw
extruders and molding devices.

Steps in coalescence

Coalescence has been described in the literature>>27 as a
compound of three independent, successive events: (a) ap-
proach of the droplets, (b) interaction between the droplets and
drainage of the fluid separating the droplets, and (c) relaxation
of the two-droplet dumbbell into more stable spherical shape.
In an “effective” collision, the fluid between the droplets drains
out, the drops join by the action of the van der Waals forces,
and the composite drop relaxes to form a new spherical glob-
ule. In this context, the periodic flow reorientation encountered
in chaotic flows is anticipated to alter the rate of collision and
to reduce the time available for drainage as the droplets diverge
from each other in chaotic flows.

Droplet collision frequency due to Brownian motion is
low?8-2% and increases significantly in the presence of imposed
flows.?> 27 Recently, a study was undertaken in our laboratory,
where the time-scales of droplet approach and fluid drainage
were compared and the extent of coalescence in model polymer
processing flows was analyzed.*® Some studies also reported
the effects of mixing on coalescence.?'-3* Droplet coalescence
in chaotic mixing flows has not been studied previously, al-
though Muzzio and Ottino?> predicted increased rate of coag-
ulation of massless tracer particles in a model chaotic flow, that
of blinking vortex system.3¢

In this work, we first investigated, using simplified models,
coalescence of equal size droplets suspended in a continuous
fluidic medium subjected to simple shear flow. The direction of
shear was changed time-periodically with a prescribed fre-
quency. The results were analyzed in terms of the number of
flow reorientation periods necessary to obtain coalescence for
a given value of reorientation angle. Next, we carried out a
series of experiments on coalescence of premade droplets in
chaotic flows and analyzed the data to assess the influence of
the degree of chaotic mixing, viscosity ratio of the polymer
components, composition, and the mean shear rate in the mixer
on the rate of coalescence.

Flow reorientation, droplet mixing, and coalescence

Figure 1 shows a model, two-droplet system of radius R
undergoing coalescence in a simple shear flow of shear rate .
One droplet remains at the center of the coordinate frame and
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Figure 1. Two-droplet system in simple shear flows.

the other approaches from an initial distance, |r|, where £(7,, 7,)
is the vector joining the centers of the droplets. The fastest
approach is observed when the incident droplet approaches
along the streamline separated by a distance t, = 2R (see
Figure 1). On the other hand, collision does not occur if the
droplets travel along the same streamline. An average value of
collision frequency C, the number of collisions per unit vol-
ume, is obtained by considering all the collisions taking place
between 1, = 0 and 1, = 2R, as given below by the Smolu-
chowski equation?’

16
C= 3 I’Lz’)'/R3

2
In Eq. 2, n is the number of droplets per unit volume, and ¥ is
the macroscopic shear rate. If the direction of shear flow is
changed periodically, the approaching droplet changes the
course of the motion with a frequency, the same as that of
frequency of flow reorientation. Consequently, the droplets do
not remain on the original trajectories as depicted in Figure 1
after flow reorientation. On the other hand, many droplets
initially not expected to undergo collision, for example, those
with [r,| > 2R, can follow pathways leading to collision after
flow reorientation. Figure 2 shows how flow reorientation can
be implemented in conjunction with simple shear flows. It
consists of four steps: (a) simple shear flow with shear rate y
applied for a time period, 7/2, (b) the flow field reoriented at an
angle B, (c) the simple shear flow applied for a time period 7/2,
and finally (d) the flow is reoriented back to the initial direc-
tion. In view of this, the evolution of the normalized vector r

7%

| | |
0 T/2 T

Time

Figure 2. Model for flow reorientation period in simple
shear flows.
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Figure 3. (a) Number of reorientation periods (gray-scale code) necessary for collision y; = 8w, ¢ = 0.15, and (b)
normalized number of collisions per period, C(B)/C(0), vs. reorientation angle, B, and y; for a two droplet
system in simple shear flow.

= 1/2R during one reorientation period, T can be written as Iy = Facos(—B) — rgsin(—B); 1y = rasin(—p)
follows ' '
+ rcos(—p)  (6)

Ty = ’”y()'YIlZ T res Iy =TIy 3)

where r, and r, are the x- and y-components of r, y, corre-
. . sponds to the strain per period (7y; = ¥7), and the subscripts 0,

Fo = racos B = rysin By 1y = rysin B+ ry,c08 B 1, 2, and 3 represent the conditions at the beginning of the
4) period 7/2, after shearing for a time 7/2, after flow reorienta-

tion, and after shearing for the other half period 7/2, respec-

tively. It is important to note that only the direction and not the

P = Y2 1o rg =1y (5)  magnitude of r changes due to flow reorientation. Equations 3
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— 6 can be solved for the number of periods necessary to effect
the collision, that is, to obtain droplets with |r|<1, or to accept
the divergence of the trajectories if [r|>1 and, therefore, no
collision. Figure 3a presents collision maps using initial sepa-
ration |r| = (w/6¢)"? with ¢ as the volume fraction of the
droplets. In Figure 3a, the number of periods necessary for a
collision to take place is presented as function of the position
(ry) of the second droplet and the value of B, for a value of
strain per period, y;(=%¥7) = 8m. A band appears where the
collision occurs within the first reorientation period (n = 1); the
size of this band is almost insensitive to the value of 3, Figure
3a. In this case, the incident droplets travel a relatively long
distance in a period 7/2, before undergoing reorientation. Con-
sequently, many droplets in Figure 3a have collided as if in a
flow with no change in the direction of shear (0 < r, < 1), and,
thus, B has no effect. The increase of droplet collision due to
flow reorientation is apparent only for 8 < 0.25 radians;
however, these collisions require a large number of periods.
Note also that droplets, falling outside the regular collision
zone (0 < r, < 1), do not collide at all, as their trajectories
diverge at large values of 3.

The number of collisions per reorientation period, C(B)
which is a function of the reorientation angle, 8, as C(B)=21/
(periods per collision at r,), can be computed from the data
presented in Figure 3a. Figure 3b shows the values of C(f)/
C(0) as function of vy, and B, where C(0) is the value of C with
no reorientation. Note that normalization of C(f8) with C(0) is
necessary in order to compare the effects of y; and . Figure 3b
indicates that for smaller values of 3, C(3) increases with (3,
but at a certain value of 3, it equals the collision frequency of
the unoriented case and then decreases again. A continuous
decrease is observed for 7/2=vy,=r, while the ratio C(3)/C(0)
reaches a plateau for 27m=+y,=8 at values smaller than unity.
Thus, flow reorientation is effective in reducing the collisions
when 3 = 7/3 and most effective when 3 = /2. On the other
hand, smaller values of 8 promote collisions, C(8)/C(0)>1,
although, as will be seen, not all collisions lead to coalescence.
At smaller values of vyr, the droplets collide after the flow
undergoes several flow reorientations. This is readily apparent
for yr = /2 (Figure 3b). For values of 8 < 7/3, much larger
number of collisions are required than in unoriented case.
Collision is gradually reduced for larger values of (3, until it is
totally suppressed for B = 7/2. However, low values of vy, are
not practical in mixing operations as these conditions produce
poor mixing.3$40 Note that periodic flow reorientations are
effective in producing good mixing when large values of 3 and
vr are used. In addition, for a given 3, mixing is significantly
improved at higher values of .

A collision can finish in coalescence if the contact time is
larger than the time of drainage. Otherwise, droplets separate
out before coalescing. The time of drainage is obtained by
solving the equations of continuity and motion in the liquid
film separating the droplets, for example, using boundary in-
tegral method*' and finite difference method.*? In this contri-
bution, an approximate solution, based on partially mobile
interfaces?® 42 is used. The rate of thinning of the fluid film is
given by Janssen and Meijer°

dh
dr

21*(27TIR)Y?

T E (N
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where 4 is the smallest thickness of the fluid film at any time
t, F is the drag force, I is the interfacial tension, and m, is the
viscosity of the droplet fluid. The drag force is obtained from
Allan and Mason*?

F = 4.347.R*y sin 2a (8)

da
= (0.8 cos’a + 0.2 sin*ar)

©))
where a is the angle of contact (see Figure 1), formed between
the direction of shear flow and the line joining the centers of the
droplets, and 7, is the viscosity of the continuous fluid. In this
article, 7, is assumed independent of the rate of shear. The time
for drainage is obtained from integration of equation 7 between
the limits A, and h,.. Here, h, represents the distance at which
the approaching droplet feels the presence of the other, and
beyond h,,, the van der Waals forces produce the fusion of the
droplets and coalescence. The values of A, and £.2° can be
normalized by the droplet radius R as follows

h
7 = 0.6069(sin 2)°7*Ca’p"

h A 173
R (SWR2F>

Here Ca is the capillary number, Ca = yn R/, p is the
viscosity ratio (p = m,/n.), and A is the Hamaker constant; A
includes all the effects of the van der Waals forces.** Equations
7 — 11 can also be used to obtain an expression relating the
contact angle at collision ¢, and the contact angle at coales-
cence «;. In view of this, a critical angle of collision («,, =
a,,)%? can be found by taking «; = @/2. It is assumed that
coalescence is complete when the droplets fuse together to
form a dumbbell. The dumbbell relaxes to a larger spherical
droplet. For a > «a,, collisions do not lead to coalescence as
the time required for drainage is longer than the time of
contact. In view of this, the frequency of effective collisions
can be calculated from equation 2 by introducing an efficiency
factor P, which is the ratio of the area of the droplet where the
collisions are effective (0 < a = «,) to the total area where
collisions can take place (0 < a < 7/2) as expressed in Eq. 12

(10)

an

P,=3 J cos’a sin ada (12)
0

In view of this, the frequency of effective collisions, C.g, can
be defined as

Coyp = CPpy (13)
In the case of unoriented shear flow, collisions taking place at
o > o, will be discarded from the analysis. For shear flow
with periodic flow reorientation, however, coalescence may

still take place for a > «,. If drainage takes place rapidly,
virtually all collisions end in coalescence. In this case, the
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Figure 4. Number of reorientation periods (gray-scale
code) necessary for coalescence y; = 8w, ¢ =
0.15.

coalescence map does not differ much from the ones based
solely on collision, for example, Figure 3a. Since drainage is a
time-consuming independent step, the extent of coalescence
zone is smaller than the zone of collision, as reflected in Figure
4. The value of critical angle, o, is found to be 50.5°, using
Ca =1,p = 0.6, and h./R = 0.04, which are typical for the
experimental system of this study. The coalescence zone in
Figure 4 is smaller than the collision zone in Figure 3a, as not
all collisions end in coalescence. Additionally, flow reorienta-
tion taking place during drainage may also prevent droplet
pairs from coalescing, as the drag force changes from being
attractive to repulsive. The drag force is still attractive for
droplet pairs with drainage time shorter than the time droplets
are together before the next flow reorientation occurs. There-
fore, in Figure 4, not only the extent of the coalescence zone is
reduced with respect to the collision zone, but also for a part of
the droplet positions r,, coalescence is delayed with respect to
collision, for example, larger numbers of periods are needed for
coalescence.

Note that in each reorientation period, there are two flow
reorientations as shown in Figure 2. It is seen that for a large
value of <y, for example, 8 7, most droplets undergo coales-
cence before the flow is reoriented for the first time, and
therefore, the zone where coalescence can take place is defined
by the value of «, as in regular flows (Figure 5a). On the other
hand, for y; = /2 (Figure 5b), not all the droplet pairs can
finish the drainage process before the next flow reorientation;
in this case, the drainage process continues for several reori-
entation periods. Under these conditions, the value of «, is no
longer applicable, and the zone where collisions are effective is
defined by the values of both « and .

In order to visualize the effects of flow reorientation on
mixing and coalescence in a system with multiple droplets,
10,000 massless tracer points — imitating the centers of the
droplets — are placed in a periodic box. The shear flow under-
goes the same reorientation as in Figure 2, and the trajectories
of the tracer points are traced to generate Poincaré maps.*
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Poincaré maps for some values of y,for example, 7/2, 27 and
8, and for the values of B = #/18 and w/90, after 100
reorientation periods are presented in Figure 6. Some clustering
is observed for y. = m/2 (Figure 6a and d) reflecting poor
mixing. The tracers are more uniformly mixed with the in-
crease of y; to 277, and 8. The bands seen in Figure 6e are the
result of simple shear flow. The existence of zones with very
high concentration of material points in the form of spots
(Figures 6a,b, and d) or bands (Figure 6e), indicates that
droplet separation is drastically reduced due to increased local
droplet concentration. Thus, under these conditions, the possi-
bilities of droplet collision and subsequent coalescence are
substantially increased. At higher values of yg, for example,
8, the material points are more uniformly separated, for
example, in Figures 6c and f. Therefore, the separation between
two neighboring droplets becomes larger, thus, reducing the
possibilities of collision and coalescence. In view of this, one

- (a)
no coalescence
S m/4
=
0 T S
0 w4 T2
f (radians)
w2 ®)
no coalescence
'g /4
3
0 T
0 /4 /2
B (radians)
[
1 2 3 4

Figure 5. Number of flow reorientations to effect coales-
cence (grayscale) as function of the collision
angle, «, and reorientation angle, B. Ca = 1,
p = 0.6, and h_/R = 0.04.

(a) yr = 8, and (b) yp = 7/2.
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Figure 6. Poincaré maps generated from particle trajec-
tories in a periodic box.
(@) yr = @/2, B = 7/18, (b) yr = 2w, B = 7/18, (c) yr = 8,
B = 7/18, (d) yr = 7/2, B = 7/2, (e) yr = 2w, B = @/2, and
() yr = 8m, B = /2.

may expect that under the conditions of uniform mixing, for
example, for y; = 8, the fraction of droplets undergoing
coalescence is greatly reduced, for example, compared to poor
mixing observed for y; = 27 and y; = 7/2. Note, however,
that collision frequency and the number of effective collisions
between two droplets are higher for y,, = 8 than other cases
(Figure 3b) for the same droplet concentration. Nevertheless,
coalescence is suppressed under this condition due to lower
local droplet concentrations and delayed drainage, especially at
higher values of (. At smaller values of vy, poor mixing
results, leading to the formation of zones of high droplet
concentration which favor coalescence. This analysis will be
used in the interpretation of experimental results, although the
shear rate varies in both space and time in most experimental
chaotic mixers, thus, subjecting droplet pairs to sequences of
strong and weak flows.

Experimental
Materials and blending

Immiscible polymer blends were prepared in our laboratory
using polystyrene (PS, Styron® 685, Dow Chemical, glass-
transition temperature 108°C) as the continuous phase. Two
grades of polypropylene with melt flow indices of 5.1 (PP1,
Equistar Chemical, PP8000GK) and 0.7 (PP2, Equistar Chem-
ical, PP31S07A), respectively, were selected as the dispersed
phase. The value of interfacial tension for PS/PP system at
220°C was approximately 0.005 N/m.*¢ The values of steady
shear viscosity of the polymers at 220°C are reported in Figure
7. The values of zero-shear viscosity ratio (p) for PP1/PS and
PP2/PS blends were, respectively, 0.6 and 1.9. A 25 mm dia.
cone and plate rtheometer (ARES) was used for shear rates
lower than 1 s~ (filled symbols in Figure 7) and a capillary
rheometer (Instron, dia. of 1.5 mm, length-to-dia. ratio of 28.5)
was used for shear rates ranging from 1 to 100 s~ ' (open
symbols in Figure 7). Polymer blends for coalescence experi-
ments were prepared by mixing the polymers with composi-
tions, 10/90, 15/85, and 20/80 by volume, respectively of PP
and PS in a 30 mm Werner-Pfleiderer corotating twin-screw
extruder. The mean value of shear rate was calculated to be 50
s assuming filled screw channel.
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Figure 7. Steady-state viscosity and viscosity ratio vs.
shear rate for PP1, PP2, and PS.

Filled symbols correspond to data from cone and plate rheo-
meter and open symbols from capillary rheometer.

Chaotic mixing

A chaotic mixer consisting of two rolls rotating in an eight-
shaped chamber as shown in Figure 8 was used in experiments.
A more detailed description of the experimental setup is pro-
vided elsewhere.!? Chaotic fluid element trajectories were gen-
erated using a sine waveform for rotor motion

2
Q,(r) = Ql 1 +cos7t (14)
27
O,(1) = Q| 1 — cos — (15)
where ();(¢) is the angular velocity of the rotor i = 1,2 at any

time 7, (), is a reference angular velocity, and T is the period of
oscillation. The sine waveform produced more uniform drop-
let-size distribution (DSD) than the square and steady wave-
forms.!! Different degrees of chaotic mixing were produced by
changing the value of angular displacement per period (6),
between 7/2 and 87r; 0 is defined as

38.1 mm

]
]
)
'
'
)
i
h
i
»
P

Figure 8. Chaotic mixer.
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Figure 9. Streamlines and velocity profiles.

(a) With only left rotor in motion, (b) both rotors in motion at
the same speed. The coordinate axes are represented by x and
y. The x- and y-directional velocities are represented by,
respectively v, and v,.

0= J QO(r)dt (16)

and its value for the sine waveform was calculated from 6 =
Q,T. Although the time-averaged shear rate at the rotor surface
was approximately 4 times that at the chamber wall for the
mixer geometry presented in Figure 8, a value of mean shear
rate (¥Yean) 10 the mixer was calculated from the expression in
Eq. 17 for the purposes of comparison of the experimental
results. Note that the values of (¥,,.,,) fell between the shear
rates at the rotor surface and the chamber wall

Q()Rrotor

- (17)

’Ymean = R

chamber rotor
In view of this, the term 0 assumed the same significance as the
parameter 7y used in Figures 3 — 6. Figure 9 presents repre-
sentative steady streamline portraits and sketches of steady
velocity profiles obtained by boundary integral method.!? Note
that due to steady motion of the rotors, a majority of fluid
elements travel on “circular trajectories’ (Figure 9a) around the
rotors and do not mix well. These trajectories become chaotic
with time-periodic speed variation as given in Egs. 14 and 15.
Blends prepared by twin-screw extruders were allowed to
melt in the mixing device for a period of 10 min at 220°C
before chaotic mixing began. An independent experiment
showed that no significant coalescence of PP-droplets was
observed during this period. The molten polymers were mixed
at 220°C up to 3,000 s at ¥,.., = 0.3, 0.5, 0.8, and 1.4 s,
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after which the materials were solidified using ice-water bath.
Under these conditions, the PP-phase cooled to well below its
melting point in approximately 30 s. The morphology did not
change significantly during this step. The entire material was
cooled to room-temperature in approximately 5 min.

Droplet size analysis

The solidified materials from the chaotic mixer were ground
into approximately 1 mm granules and a small portion (approx-
imately 0.5 g) was subjected to Soxhlet extraction for 24 h
using toluene to remove the PS-phase and to recover the
PP-droplets in a ceramic thimble of 0.1 wm nominal pore size
(Alundum ANS889, Saint-Gobain). The PP-droplets, obtained in
the form of “cake”, were dried at 70°C for 24 h under high
vacuum, sputtered with silver alloy, and imaged in a scanning
electron microscope (SEM, Hitachi S-2150). The droplet-size
distribution (DSD) was generated from the measurement of the
diameter of at least 1200 droplets using Scion Image software
(Beta 4.0.2. Scion Corporation, www.scioncorp.org). The val-
ues of number average (D,) and volume average (D,,) diameter
were calculated from the following expressions

> nd;

D, =5 (18)
S nd}

bo=s, & (19)

where n; is the number of droplets with dia. d;.

Results and Discussion
Evolution of DSD due to coalescence

The evolution of DSD of PP1/PS 10/90, 15/85, and 20/80
blends sheared at ¥,,.,, = 0.8 s~ ' with a value of § = 81 are
presented in Figure 10. For PP1/PS 10/90 blend, appreciable
droplet coalescence is observed, and the initially sharp DSD
became broader and shifted toward larger sizes, as shown in
Figure 10a. Comparing the DSD at 1,800 s with that at 1,200
s in Figure 10a, it is apparent that at later times, only the
smaller droplets continued to undergo coalescence and larger
droplets, formed early on, did not go through much coalescence
at later periods. A pseudo-steady-state droplet-size distribution
(SSD) was reached after 1,800 s of shearing, after which time
coalescence of even the smaller droplets slowed down signif-
icantly. Similar behavior was observed for the other composi-
tions of the same blend as in Figures 10b, and c. Note that in
each case, the initial, narrow DSD, shifted to broader distribu-
tions with larger droplets. In addition, SSD was reached faster
for blends containing higher fractions of PP due to higher
frequency of collision as in Eq.1; in Figure 10c, for example,
SSD was reached only after 600 s of shearing. An almost
time-invariant distribution of the droplets of larger diameter
can be rationalized based on longer drainage times required for
further coalescence of larger droplets.#> For coalescence of
large droplets, the evolution of DSD is dictated by a slow
drainage step and drainage time is independent of the volume
fraction (see Eqs. 7 — 11). At longer shearing times, the
distribution remains practically unchanged, thus generating a
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Figure 10. Evolution of DSD for PP1/PS.

(a) 10/90, (b) 15/85, (c) 20/80 blends, sheared at ¥,,cn
s™! and 6 = 8.

=038

SSD. The same observation was made in this study involving
experiments with steady shearing motion of the rotors. This is
in line with the results of other investigators.*’-#° Rother and
Davis*! predicted a monodisperse DSD with drop size much
larger than the initial size at very long shearing times. The SSD
observed in Figure 10 were far from monodisperse, may be due
to insufficient shearing time. However, shearing was not con-
tinued for longer than 30 min to prevent degradation of the
polymers. Moreover, longer shearing times may not have
yielded monodisperse DSD, as the flow pattern in the chaotic
mixer itself was inhomogeneous.

One may also assume that some of the droplets in SSD
shown in Figure 10 have resulted due to breakup of larger
droplets formed early in the coalescence process. To verify if
deformation and breakup of the droplets obscured the effects of
coalescence, the value of critical capillary number in equation
1 was calculated from Figure 5 in Grace” using the value of
viscosity ratio, p for the polymer system. It was found that
droplets of dia. 1.7 um (D, = 2R_) and smaller would not
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deform under the peak shear conditions at the rotor surface
corresponding to ¥,,e., = 0.8 s~ '. Accordingly, less than 5% of
the droplets by number in the initial blends (¢ = 0) reported in
Figure 10, were larger than D,.. In addition, the SSD shown in
Figure 10 have about 50% of the droplets smaller than D..
Thus, approximately 50% of the droplets in SSD, larger than
D_, were amenable to deformation and possibly breakup. How-
ever, conditions such as Ca > Ca, and D > D_ must be met for
breakup to occur in the timescale of typical coalescence exper-
iments. Moreover, the shear rate in most regions of the mixer
was considerably lower than the peak value of the shear rate
used to compute Ca,, as sinusoidal rotation pattern (Eqs. 14,
15) was used. Therefore, the SSD for the blends shown in
Figure 10 reflect mostly the effects of droplet coalescence and
not breakup.

Effect of 0

It was indicated earlier that 6 was a measure of the degree of
chaotic mixing. At larger values of 6, say 6 = 8 radians,
almost all fluid elements in the system had chaotic trajectories
and better mixing was produced. On the other hand, for 6 = 27
radians, approximately 2/3 of the fluid elements experienced
chaotic motion.'> For even smaller values of 6, for example,
0 = m/2, the zone experiencing chaotic motion would be
negligible and other effects would be stronger, as discussed
later.

The experimental system differed from the model chaotic
flow used in Figures 3 — 6 in the following aspects — in
experiments, the shear rate varied in both space and time. Thus,
there was a distribution of reorientation periods, reorientation
angles, and shear rates across the gap of the mixer. Neverthe-
less, the conclusions obtained from Figures 3 — 6 can be used
to interpret many of the experimental findings. Figure 11 shows
the SSD corresponding to PP1/PS 15/85 blend sheared at a
mean shear rate of 0.8 s—' with the values of 6 ranging from
/2 to 8. It is noticeable in Figure 11 that contrary to what
was learned in Figure 10, the SSD differs even for the same
concentration, for different levels of chaotic advection in the
mixer. Increasing 6 from 27 to 87 reduced the droplet sizes in
the SSD. This fact is a clear indication of reduction in droplet
coalescence with the increase of degree of chaotic mixing in
the mixer. It was seen in Figure 5 that for values of vy between
27r and 87r, no value of B totally suppressed droplet collision.
Also, as yr was increased, the collision frequency approached

100 -
g 80 -
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% 40 A
=~ 20 -
0 : r r )
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Figure 11. Effect of 0 on the SSD for PP1/PS 15/85
blends sheared at ¥,,,.,, = 0.8 s~
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Figure 12. Poincaré maps for, (a) 0 = w/2, and (b) 0 = =.

Fluid elements follow circular trajectories in the zones la-
beled A.

that of unoriented flow (8 = 0). On the other hand, under
conditions of good mixing, for example, at higher values of vy,
the droplets had to travel larger distances in order to undergo
collision. Therefore, low values of 6, which generated poor
mixing conditions, also reduced the chances of coalescence, as
seen in Figure 11 for 6 = 7/2. Reduced coalescence was also
observed in the case of steady rotor motion. In this case,
droplets followed circular trajectories and traveled large dis-
tances before undergoing collision. However, in mixing oper-
ations, time-invariant flow field is rarely used. The reduced
coalescence seen in Figure 11 for 6 = /2 can be attributed to
circular trajectories of most fluid elements (those in zone A)
except for the zones near the center of the mixer (zone B), as
revealed by the Poincaré map in Figure 12a. The circular
trajectories in this case refer to fluid elements traveling around
the rotors, without much mixing with the rest. Note that overall
mixing performance is poor under this condition, both due to
circular trajectories in zone A and KAM surfaces in zone B.
Figure 12b shows that mixing improved somewhat for 6= ,
and best mixing was obtained for 6§ = 8m,'>!3 the same
condition, showing significant reduction of coalescence in Fig-
ure 11. Therefore, chaotic mixing not only expedites size
reduction and morphology development during mixing of poly-
mers in chaotic mixers,'> !> but also reduces droplet coales-
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cence due to frequent flow reorientation experienced by a large
body of the fluid in chaotic mixers.

Effect of shear rate

Although the results reported in Figures 3 and 4 and asso-
ciated discussions involved constant values of vy, shear rate
was included in the factor y; = 7 in Egs. 2 — 5, and its
influence on the rate of collision can now be evaluated. For a
given value of yr, more collisions are expected at higher shear
rate. In addition, shear rate influences the drainage rate, as it
appears in the expression of capillary number, Ca in Eq. 9. An
immediate impact of increased shear rate is reduced contact
time (Eq. 8) and, consequently, collisions become less efficient
at higher shear rates. Figure 13 shows the values of D, and D,
as function of Y,,.,, obtained from the SSD for PP1/PS 15/85
blend. A decrease in droplet size is observed as Ypmc,, Was
increased from 0.3 s™! to 0.5 s~ '. In this case, the value of Ca
increased with shear rate and the efficiency of droplet coales-
cence reduced. However, for the same initial blend sheared at
Ymean = 0.8 s~' Figure 13 shows an increase in droplet
diameter, over those for ¥,,.,, = 0.3 s ' and 0.5 s~ '. This is
certainly an unexpected trend, and is not restricted only to the
chaotic flow. The same trend was observed with steady rotor
motion when the value of ¥,,.,, was increased to 1.2 s~ '. A
simple calculation based on simple shear flow can be invoked
to compute the values of C.y (Eq. 13), the frequency of
collisions leading to coalescence as function of shear rate. In
these calculations, a value of h /R = 0.009 was used. The
results depicted in Figure 14 shows that the value of C.
increases with shear rate — due to increased value of C — until
a critical value of shear rate, beyond which the value reduces
rapidly to zero. In the latter case, P,, decreases rapidly with
shear rate as the contact time is not enough for completion of
the drainage step. In view of this, it can be inferred that droplet
coalescence occurs faster at high rates of shear and, therefore,
the pseudo-steady state droplet-size distributions are obtained
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Figure 13. Average droplet diameters, D,, (filled sym-

bols) and D, (open symbols), for PP1/PS
blends 15/85 as function of the shear rate.

The total time of shearing was 1,800 s.
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more rapidly. On the other hand, at low shear rates, the SSD is
approached slowly. In view of this and that the same maximum
shearing time of 30 min was used in each case, it can be
inferred that in Figure 13, the values of D, and D, for ¥,,.,, =
0.8 s~ ' represent SSD, while those corresponding to ¥,ea =
0.3 s 'and 0.5 s~ ' did not fully reach the pseudo-steady-state
distributions. This kinetic effect affected the outcome of both
chaotic flow and the flow with steady rotor motion. In view of
the trend seen in Figure 13, one may wonder if D, should
continually increase with ¥,,.,, As evident in Figure 14, the
drainage step becomes rate determining and most collisions are
not effective at higher shear rates. Note that the trend shown in
Figure 14 was generated using an initial droplet radius of 0.35
um and the properties of the polymer used in experiments.
Therefore, coalescence is subdued at high rates of shear. The
value of shear rate, beyond which coalescence would be sub-
dued for this system, was not explored in this study.

Effect of viscosity ratio

The effect of viscosity ratio was studied by considering two
grades of PP — PP1 and PP2 — which offered viscosity ratio
(p) of, respectively 0.6 and 1.9. These values remained approx-
imately constant for the range of shear rates involved in the
experiments. Figures 15a,b present the evolution of D, for
PP1/PS 15/85 and PP2/PS 15/85 blends sheared at ¥,,.,, = 0.3
s~ ! in steady flow and at ¥,,.,, = 0.8 s~ ' in chaotic flow with
0 = 8. Comparing the values of D, for two blends, it is seen
that initially (< 600 s) the rate of coarsening is similar for both
PP1/PS and PP2/PS blends (see also Figure 14). At short
shearing times, the efficiency of effective collisions was rela-
tively high and the rate of coarsening was controlled by the
collision frequency. As the droplet sizes increased at later
times, the coalescence process was controlled by the drainage
step. The film drainage was more retarded in the case of higher
viscosity droplets. Consequently, for the same collision fre-
quency, coalescence was drastically reduced as p was increased
from 0.6 to 1.9. Accordingly, the SSD was achieved faster
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Figure 14. Frequency of effective collisions, C.;, as
function of the shear rate for two values of
viscosity ratio.

M. = 7600 Pas, I' = 0.005 N/m, ¢ = 0.15, A = 10~ *°
Joule, R = 0.35 um.
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Figure 15. Effect of the viscosity ratio on the droplet size
evolution for PP1/PS 15/85 (filled symbols)
and PP2/PS 15/85 (open symbols).

(@) Ymean = 0.3 571, steady; (b) Ypean = 0.8 57, 0 =8
and (c) Droplet-size distributions ¥,.,, = 0.8 s~ ', 6 = 8.

(Figure 15¢) with lower values of D, (Figure 15a, b) for the
blends with higher viscosity ratio p.

Concluding remarks

This study showed that time-periodic flow reorientation
mechanism present in chaotic mixing devices can substantially
reduce coalescence of droplets of immiscible polymer blends.
Frequent flow reorientations alter the droplet trajectories and,
therefore, alter both collision frequency and interaction times
between the droplets. Such information can be used in the
development of better designs of chaotic mixing devices, and
for optimization of modular mixing elements, such as those
used in twin-screw mixers where the objective is to produce
and retain the fine-scale dispersed phase morphology. The
study also showed that fluid drainage becomes a controlling
factor beyond a critical shear rate, for larger droplets, and for
higher viscosity droplets. In these cases, coalescence is sub-
stantially retarded.
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