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The droplet-size evolution in polymer blends, due to flow-driven coalescence, is inves-
tigated both experimentally and theoretically. In the experiments, preshearing at a high
rate is applied to generate a fine morphology in the blend; subsequently, the shear rate is
suddenly decreased to induce coalescence, and the resulting growth in droplet size is
measured. It is demonstrated that rheological as well as microscopic technigues can be
used for an in-situ determination of the size evolution of the droplets. Effects of shear
rate, step-down ratio, and blend concentration were studied systematically. A master
curve for the droplet growth at each step ratio can be obtained by plotting the relative
increase in droplet diameter vs. the strain after step-down in shear rate, multiplied by the
fraction of the disperse-phase squared. To model the droplet-size evolution the strategy
of Chesters is followed. It is implemented here for semiconcentrated blends, resulting in
a one-parameter model equation that correctly describes the experimental observations.

Introduction

Two-phase polymer blends constitute a material class of
increasing importance. By blending, desirable properties of
different polymers can be combined in a single, heteroge-
neous material. The microstructure strongly affects the char-
acteristics of the blend. Therefore, controlling the morphol-
ogy development during processing is of great importance. As
in all emulsions, flow-induced changes of the structure in
two-phase polymer blends are caused by two different phe-
nomena: breakup and coalescence. The latter, which has re-
ceived relatively little attention in the literature, is the sub-
ject of this article.

Flow-driven coalescence in emulsions is usually studied by
decoupling the process in an external and an internal flow.
The external flow is the macroscopic flow that brings the
droplets together, and hence governs the collision frequency,
the contact force, and the interaction time. The drainage of
the fluid film between colliding droplets constitutes the inter-
nal flow. This film drainage is considered to be the critical
step in the merging process of two colliding droplets. A com-
prehensive treatment of the subject has been given by
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Chesters (1991). Depending on the interfacial mobility—fully
mobile, partially mobile, and immobile interfaces—three
models are available for the film drainage between a pair of
colliding droplets. These models all treat this film as parallel
sided and assume simple boundary conditions, such as a con-
stant interaction force. In spite of the various approximations
involved, their predictions are in good agreement with the
numerical solution of the fully coupled problem of interfacial
deformation and film flow (Chesters, 1991). The probability
P of coalescence upon collision of two droplets is expressed
as

t .
P=exp(——jmm), (1)

int

where #4.,,, is the time required for drainage of the fluid
film between the droplets, and ¢, is the interaction time
during collision. A cruder, but physically sound assumption is
that coalescence becomes impossible when the time needed
for film drainage exceeds the interaction time between two
colliding droplets, that is P =0 for #,,, < t4,.in, Whereas P =1
for #;,, = t4..n (Elmendorp and Van der Vegt, 1989; Janssen,
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1993). Such a binary assumption for the coalescence proba-
bility introduces an upper limiting droplet size d,,, above
which coalescence is unlikely to happen.

Experimental studies on flow-induced coalescence in poly-
mer blends under well-defined flow conditions are scarce.
Only S¢ndergaard and Lyngaae-J¢rgensen (1996) have pub-
lished quantitative data on droplet-size evolution due to coa-
lescence under shear flow. The set of data published by these
authors, however, is too limited to be used for verification of
existing coalescence theories. The coalescence models men-
tioned earlier have been assessed by means of the steady-state
droplet sizes obtained in polymer blends after sufficiently long
shearing (Minale et al., 1997a,b; Grizzuti and Bifulco, 1997).
Under conditions where breakup is not possible, that is, for a
capillary number well below the critical value for breakup, a
coalescence-limited droplet diameter, d,, was observed. The
best agreement between experimental results and theoretical
predictions for d,, has been obtained by using the drainage
model for partially mobile interfaces (Minale et al., 1997a,b),
at least for blends with component viscosities of the same
order of magnitude. Although the limiting droplet size is de-
scribed quite well by this theory, there is no experimental
evidence that the kinetics of droplet-size evolution are also
correctly predicted. Starting from the approach suggested by
Chesters (1991), the evolution of particle size due to coales-
cence is modeled here. Only the drainage model for partially
mobile interfaces is considered. Subsequently, the evolution
of the droplet size will be investigated experimentally, by rhe-
ological as well as microscopic techniques. The experimental
results will then be used to evaluate the accuracy of the model
predictions.

57

Modeling of the Coalescence Process

For a monodisperse blend, the rate of change of the spe-
cific interfacial area, Q, can be expressed quite generally as
(Chesters, 1991)

%Q=C(t)P(t)AS(t), (2)

where C(z) denotes the collision frequency per unit volume;
P(t) is the coalescence probability, or the fraction of colli-
sions that actually leads to coalescence; and AS(¢) is the
change in interfacial area due to a single coalescence event.
The latter, which is time-dependent through its dependence
on droplet size, is based on the conservation of volume; ex-
pressions for C(t) and P(#) are discussed below.

As Chesters (1991), we start from the Smoluchowski equa-
tion (Smoluchowski, 1917) to calculate the collision frequency
per unit volume. Assuming that the droplets follow the
macroscopic shear flow, this equation is given by

2
C(1) =5 7d(1)’n(t)", ®)

where v is the shear rate; d(¢) the droplet diameter; and n(¢)
the number of droplets per unit volume. Because hydrody-
namic interactions are ignored in this expression, it should
only apply to rather dilute systems. The coalescence probabil-
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ity P(¢) is given by Eq. 1 where the interaction time is set as
1/¥ and an approximate expression of #4.;, for a single pair
of droplets with partially mobile interfaces is taken from
Chesters (1991):

N7
P(t)=exp[—0.076ssf-(ﬂ';l) R —

<

In Eq. 4 p and «a are, respectively, the viscosity ratio (droplet
over matrix viscosity) and the interfacial tension of the sys-
tem; 7, is the matrix viscosity; and h, is the distance be-
tween the droplets at which coalescence occurs sponta-
neously. This critical thickness is a weak function of droplet
size (Chesters, 1991), but often this dependence is neglected
{(Elmendorp and Van der Vegt, 1986).

Combining Eqgs. 2, 3, and 4 and expressing Q(t), AS(¢),
and n(t) in terms of volume fraction of the disperse phase ¢
and droplet diameter (the details are given in the Appendix),
results in the following differential equation for the evolution
of droplet size:

dd
—:i(tt—) =0.525¢yd(t)exp{ ~[m-d()]*¥¥},  (5)

where

m=0.358(h%)2/5(%n-)3/5- (6)

When breakup processes are ignored, Eq. 5 would predict an
unbounded increase in the droplet size during shear. The
growth rate, however, slows down dramatically because the
probability of coalescence upon collision decreases strongly
with size (Eq. 4). Experimentally, the droplet size will be re-
garded as a steady-state value {(d ;) when its relative increase
over a long shearing time, or rather over a large shear strain,
is negligible:

Ad

A _os5pexp[ - (m- )] <1 (7)
Ay

The choice of the numerical value at which the lefthand side
of Eq. 7 is considered negligible is arbitrary, but it is kept
fixed within the experimental protocol. This degree of arbi-
trariness is inherent in a pseudo steady state that is an exper-
imental rather than a physical limit. By rewriting Eq. 7, an
expression for the pseudo-steady-state droplet size is ob-
tained:

5= : ®)

where ¢ is a function of the volume fraction of the blend, the
numerical value of which depends on the experimental proto-
col. In the literature, d, is often given as (Chesters, 1991)
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dg, = > (9)

which is the result of assuming P = 0 for ¢, <f4,;, and P=1
elsewhere. This arbitrary binary approximation of P is rather
crude and will not be used here.

An equation for the droplet diameter as a function of
shearing time can be obtained by integration of Eq. 5:

my V) du(t) o 0
VI,’”}-,L’SdO 0.525u(t,)exp[——u(t)5/"‘] dyt, ( )

where
u(t) = my¥d(e). ()

Apart from the initial droplet size d, = d(t = 0), Eq. 10 con-
tains only the unknown parameter k. (through m, see Eq. 6),
which can be used to fit the experimental data. In some of
the present experiments, the initial morphology is given by
the experimental limiting droplet size at the initial shear rate,
as derived from Eq. 8. Introducing this result in Eq. 10:

fc.[du)/d(,](y/;,o)s/s du(t)

=dyr. (12
AT 0.525u(t) exp| — u(1)¥’] éyt. (12)

This equation predicts that the evolution of droplet size after
a step-down in shear rate is a function of only three parame-
ters: strain, step-down ratio, and blend concentration. The
latter parameter appears on the righthand side of Eq. 12, and
in the value of c. It should be mentioned that the assump-
tions that have been made to derive this equation restrict its
application to rather dilute systems. Apparently, the viscosity
ratio of the blend does not seem to play a role, but it should
be noted that the basic assumption of partially mobile inter-
faces is only suitable for viscosity ratios around 1. Conse-
quently, for blends with the same concentration, the follow-
ing scaling behavior is predicted:

ti(i—t)=f(&t,—_;y—). (13)
0 Yo

It is emphasized again that this scaling relation was derived
assuming that the initial droplet size obeys Eq. 8 with respect
to the initial shear rate.

Materials and Methods
Materials

All experiments were performed on model blends of poly-
isobutene (PIB; Parapol 1300 from Exxon) dispersed in poly-
dimethylsiloxane (PDMS; Rhodorsil 47V200.000 from
Rhdne-Poulenc). At the test temperature of 23°C the viscos-
ity ratio is about 0.5 and the interfacial tension is 3 mN/m
(Sigillo et al., 1997). With this system, the measurements can
be performed at room temperature, thus avoiding problems
of thermal degradation as encountered with real polymer
melts as well as problems caused by the presence of solvents
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in polymer solutions. Four blend concentrations were investi-
gated with the volume fraction of the disperse phase ranging
from 0.025 to 0.2. They are labeled as 2.5/97.5, 5/95, 10/90,
and 20/80, where the first number represents the percent
volume fraction of PIB and the second number the comple-
mentary PDMS content. The blends with up to 10% of dis-
perse phase could be investigated by optical microscopy,
whereas the 10/90 and 20/80 blends were more suitable for
rheological measurements. Details of the preparation tech-
niques and the steady-state rheology and morphology of these
systems can be found elsewhere (Grizzuti and Bifulco, 1997,
Vinckier et al., 1996).

Experimental procedure

The experimental procedure is based on the existence of a
hysteresis region in the size/shear-rate domain, as shown in
Figure 1. Such a representation has already been used by
Elmendorp and Van der Vegt (1986) and by Janssen (1993)
and Janssen and Meijer (1995) to explain the possible mor-
phologies in liquid-liquid dispersions. At each shear rate
there is a minimum droplet size below which no breakup oc-
curs. This critical size is characterized by a critical capillary
number (Grace, 1982). On the other hand, the coalescence
model, based on a partially mobile interface, predicts that
coalescence slows down a great deal for large droplet sizes.
The assumption that no coalescence can occur when the time
for film drainage exceeds the interaction time of the colliding
droplets, leads to an upper-limit droplet size for the coales-
cence process (Eq. 8). This equation still contains the fitting
parameter #,, which can be derived from the steady-state
droplet sizes. The shear rate at the intersection of the curves,
7,, separates two regimes: for y > y,, the final droplet size is
the result of a dynamic equilibrium between breakup and co-
alescence; for ¥ <y,, a morphological hysteresis is possible
(Minale et al., 1997a). Since the objective of the present ex-
periments is to probe the morphology evolution due to coa-

100 ; .
—- — experimental coalescence limit
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Figure 1. Steady-state droplet size as a function of
shear rate for the 10 /90 biend.

Squares: microscopic observations; circles: rheological re-
sults. The limiting droplet sizes for coalescence, given by Eq.
8 with A_=15 nm and ¢ = 2.4, and breakup, determined by
Ca,;, (Grace, 1982), are added for comparison. The arrows
represent a step-down experiment.
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lescence only, breakup phenomena should be avoided. This
can be achieved once the hysteresis region has been identi-
fied by preshearing the blend at a high rate to generate a fine
morphology, then stepping down to a shear rate below 7.
Breakup will not occur in this case since the droplet size will
reach the coalescence limit before the breakup limit has been
reached. A typical coalescence test is displayed by the arrows
in Figure 1.

To probe the size of the disperse phase during the coales-
cence process, the following procedure was adopted. After
the step-down in shear rate, the flow was intermittently
stopped. At that stage the diameter of the disperse phase was
determined either by microscopic observation or by a rheo-
logical experiment (see below), after which the flow was re-
sumed immediately. It was verified that this “stop-and-go”
procedure did not interfere with the shear-induced morphol-
ogy evolution and that neither sedimentation (due to a small
density difference between the two polymers) nor radial mi-
gration were present (see also Grizzuti and Bifulco, 1996).

The microscopic experiments were performed on an appa-
ratus developed at the University of Naples, details of which
are given by Grizzuti and Bifulco (1996). The shear cell con-
sists of two parallel glass plates, which can be moved inde-
pendently by two computer-controlled step motors. Images of
the drops are obtained by a B/W CCD camera (Hitachi KP-
ME1, 768 X 493 pixels), attached to a microscope tube. Three
objectives (10X, 20X, and 32X magnification) were used,
depending on the size of the dispersed phase. Images were
recorded on tape for later analysis, which was carried out by
a PC-hosted frame grabber (Data Translation DT-2867-LC)
equipped with a suitable software (Global Lab Image by Data
Translation). A population of about 150 droplets was mea-
sured. From the analysis of this droplet population, average
quantities such as number-average and volume-average drop
diameter and distribution spread (standard deviation) could
easily be derived. Quantitative analysis of the microscopic
images was possible for blends with up to 10% disperse phase,
sheared at rates below 1 s™!'. At higher shear rates the
droplets were too small to be measured, and blends with more
than 10% disperse phase were too turbid for an accurate size
measurement.

The rheological technique is based on oscillatory measure-
ments at small amplitudes. The results of such a test are very
sensitive to the actual morphology of the blend as created by
the preceding flow. By fitting the results of such measure-
ments with the model of Palierne (1990), the volume average
droplet diameter is obtained. This procedure has proven to
be adequate in determining the steady-state morphology in
immiscible blends of nearly inelastic polymers (Vinckier et
al., 1996). Here, the procedure is used to determine the
droplet size at different stages during the coalescence proc-
ess. The experiments were stopped when the average droplet
size reached half the minimum gap size between the cone
and the plate, since deviatoric results were obtained beyond
that point. The tests have been performed on a dynamic stress
rheometer (DSR; Rheometric Scientific), a stress-controlled
rheometer which is able to apply an oscillatory stress as well.
A cone and plate geometry with a radius of 12.5 mm and a
cone angle of 0.1 rad has been selected. This setup provides a
uniform shear rate throughout the sample; the temperature
was kept constant at 23.0°C by means of a Peltier element.
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Figure 2. Evolution of the average droplet size in the 10
/90 blend after step-down from 3.0t0 0.3 s~ .

The error bars represent twice the standard deviation of the
droplet size distribution.

Results and Discussion

Figure 2 shows the results of the stepdown experiment from
357! to 0.3 57!, indicated by the arrows in Figure 1. The
droplet size in a 10/90 blend is plotted versus ¢, that is, the
total strain applied after the step-down in shear rate. Optical
microscopy allows one to monitor the whole distribution of
droplet sizes as a function of time. This morphological infor-
mation is shown in Figure 2 as the numerical mean diameter
d,,, with error bars having a width that corresponds to twice
the standard deviation of the distribution. The volumetric av-
erage drop diameter is plotted as well, to make a comparison
possible with the rheological measurements, which only give
this average value. It is obvious that coalescence occurs, as
the average size increases with time. It should be pointed out
that the coalescence rate slows down continuously but does
not come to a stop, as outlined in the section on modeling.
Coalescence does not only generate a larger average droplet
size, but produces a widening of the size distribution as well.
For the test displayed in Figure 2 this widening remains lim-
ited: the maximum ratio of the volume average over the num-
ber average droplet size is below 1.3. Good agreement is ob-
served between the results of the two different techniques.
The diameter measured by optical microscopy in the early
stages of coalescence is, however, systematically larger than
the one obtained from rheology. Such a discrepancy is most
probably related to the small drop diameter created at the
initial shear rate of 3 s™!. Due to the high turbidity of the
sample under these conditions, optical microscopy is not able
to detect the smallest droplets, leading to an overestimation
of the average size.

The effect of initial and final shear rate on the coalescence
kinetics has been investigated systematically. The results of
various tests plotted as scaled diameter vs. strain are shown
in Figure 3. The solid lines, corresponding to model predic-
tions, are discussed later. Since microscopy suffers from con-
siderable error in detecting small droplets, the initial droplet
size as derived from the rheological measurements has been
used to scale the microscopic data. This explains why the mi-

AIChE Journal



10 :

T T

——— model (eqn. (12} withc =2.4)

8 {  step-down ratio 1/3
O  step-down ratio 1/10 yral

A step-down ratio 1/30

d,/d, ,

10° 10! 10? 10° 104
strain

Figure 3. Droplet-size evolution in the 10 /90 blend dur-
ing experiments with different step-down ra-
tios and various initial shear rates.

Step-down with ratio 1/30 from initial shear rates of 4.5 and
3.0 s ratio 1,10 from 4.5, 3.0, 1.0, and 0.5 s™'; and ratio
1/3 from 4.5, 3.0, and 0.3 s~!. Microscopic (filled) and rheo-
logical (open) measurements; solid lines: predictions of Egq.
12.

croscopy results do not tend to one in the limit of small strain.
Nevertheless, the overall agreement between rheological and
microscopic data is considered to be good. Moreover, the data
obey well the scaling relationship represented by Eq. 13: the
curves of scaled diameter for a constant value of step-down
ratio are superimposed when plotted vs. strain. This scaling
behavior is also consistent with the model of Doi and Ohta
(1991), originally proposed for cocontinuous 50/50 mixtures
of immiscible liquids with the same viscosity. These authors
predict that, for stepwise changes in shear rate, the morpho-
logical parameters (specific interfacial area Q and interface
tensor g;;), divided by their initial value, depend only on strain
and step ratio. For the specific interfacial area this scaling
relation can be written as

o) (. %
0 -f(’ & n)‘

(14)

Although various assumptions have been made, the scaling
relation is independent of some of these assumptions and
should hold quite generally for systems that include no intrin-
sic length scale (Doi and Ohta, 1991). For almost spherical
droplets in a continuous matrix one can assume that the spe-
cific interfacial area is inversely proportional to the size of
the droplets. In that case, the Doi—Ohta scaling for step-down
tests is equivalent to Eq. 13, although a different assumption
is used for the initial droplet size. The Doi—Ohta scaling re-
lation is based on an inverse proportionality between the ini-
tial length scale of the system, that is, Q5! or dg, and the
initial shear rate, which would result for a breakup-de-
termined morphology. For shear rates above the critical value,
the blends under investigation have no intrinsic length scale
because the droplets size results from the kinetics of the sys-
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tem and the Doi~Ohta scaling should apply. For shear rates
below the critical value the experimentally attainable droplet
size is limited by coalescence (Eq. 8), so Eq. 13 applies, which
entails the same scaling property.

The experimental observations can also be used to evalu-
ate quantitatively the accuracy of the coalescence model pre-
sented in this article. In Figure 4, the predictions for the evo-
lution of droplet size are compared with the experimental
results. As an example, the data of Figure 2 are replotted
together with the model curve calculated from Eq. 10. This
equation contains two unknown parameters: m (or rather 4,)
and the initial droplet size d;. Good correspondence with the
experimental results is obtained by fitting 4, and using the
experimental value for d,. Some comments on /_ are neces-
sary. In the original work of Chesters (1991) ki, is defined as
a critical thickness at which the fluid film between a single
pair of colliding droplets becomes unstable:

Ad ¥V
h, = ,
( 1617a)

(15)

where A, the Hamaker constant, depends on the fluids con-
cerned (typically 4 ~ 10720 J). For droplet diameters around
10 pm this equation predicts a critical rupture thickness of
about 10 nm. However, by making &, an adjustable parame-
ter for describing coalescence in semiconcentrated blends,
this physical meaning is lost because its value thus includes
concentration effects (Minale et al., 1997a,b). Nevertheless,
the best fit for all coalescence curves of the 10/90 blend (15
nm) is of the same order of magnitude as theoretically ex-
pected. On the other hand, a value of 200 nm for /. has been
reported for this system (Grizzuti and Bifulco, 1996) which
was obtained by microscopic observation of only the pseudo-
steady-state droplet sizes instead of the droplet-size evolu-
tion. Moreover, these authors applied the binary approxima-
tion of P for fitting their data (Eq. 9), which inherently gives
a value for A_ that is a factor ¢¥? larger than using the full
expression for P (Eq. 8). Applying their fitting procedure to

25

T T T T
—— model (eqn. (10) with d;=3.9um, h =15 nm)

20 | @ data from fig. 2 N
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Figure 4. Comparison of the model prediction of
droplet-size evoiution (Eqg. 10) and the experi-
mental coalescence results for a 10 /90 biend
(data of Figure 2).
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the results in Figure 1, yields #, = 150 nm, which is 25% lower
than their value. Nevertheless, a difference of 25% in A _ gives
less than 10% shift in the corresponding predictions for the
steady-state droplet sizes. This discrepancy of 10% in the
pseudo-steady-state droplet size can be attributed to the arbi-
trariness inherent in the determination of the pseudo steady
state (see Eq. 7).

In all experiments shown in Figure 3 the initial droplet size
almost satisfies d, = 5%, since the initial shear rates that
have been applied in these tests are either below the critical
value or only slightly above it. Therefore, it has been verified
whether Eq. 12 applies here. This equation, which gives the
relative size increase of the disperse phase as a function of
time, only contains a single parameter ¢. This parameter has
been determined by fitting Eq. 8 through the pseudo-steady-
state data (see Figure 1), using £, = 15 nm for the calculation
of m. By doing so, a value of ¢ = 2.4 is obtained for the 10/90
blend. The resulting model curves for different ratios of ini-
tial over final shear rate are added in Figure 3. Good agree-
ment is observed between the experimental results and the
model curves. It is concluded that the proposed coalescence
model can be used to predict both the absolute droplet size
as a function of time (Eq. 10) as well as the relative droplet
growth (Eq. 12). For the former, the values of the initial
droplet size and of A, are needed, whereas the latter only
contains one adjustable parameter. Once this information is
known for a particular blend and concentration, the mor-
phology evolution due to coalescence can be predicted under
various shear rates and step-down ratios.

Up to now the effect of blend concentration on the coales-
cence kinetics has not been discussed. Concentrations rang-
ing from 2.5% to 20% PIB have been explored here to inves-
tigate the effect of this important parameter. A typical result
is given in Figure 5, which shows the increase in droplet size
after a step-down from 3 to 1 s~ for four different composi-
tions. The data for the 2.5/97.5 and 5/95 blends result from
microscopy; the 20/80 blend was studied rheologically. The
10/90 blend has been investigated with both techniques, and

25
20 |-
5
Fd
-
\>
15 O 2.5/97.5blend
& 5/95 blend
O 10/90 blend
O 20/80 blend
_— model (eqn. (10})
1.0 L |
1 10 100 1000 10000 100000

strain

Figure 5. Droplet-size evolution after a step-down from
3to 1 s~ for blends with different concentra-
tion of disperse phase.

The model curves are calculated with Eq. 10 using a concen-
tration-dependent value for A _: 12, 13, 15 and 60 nm for the
2.5/97.5, 5/95, 10/90 and 20/80 blends respectively.
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Figure 6. Master curves, depending on the step-down
ratio, for step-down experiments at different
levels of shear rate and for different concen-
trations.

The filled symbols represent microscopy resulits, whereas the
open symbols are obtained by rheological measurements.

the agreement is satisfactory considering that 1 s™! is the
limit for microscopic morphology analysis. For the sake of
clarity, the overestimated initial values of droplet size, result-
ing from microscopy, are not shown. At a fixed shear rate,
the coalescence process slows down considerably when the
blend concentration decreases. The experimental data seem
to indicate that the time scale for coalescence is proportional
to the inverse of the fraction of droplet phase squared. In-
deed, when the coalescence data are plotted as a function of
strain, after step-down, multiplied by the square of the blend
concentration, the data for the different blends can be super-
imposed, as shown in Figure 6.

The role of concentration in the model is not so obvious.
At first glance, Eq. 10 seems to predict that the coalescence
kinetics are a linear function of blend concentration. How-
ever, the parameter k., which appears through m on the left-
hand side of Eq. 10, can depend on concentration. Introduc-
ing the concentration in 4, is a way of accounting for the
effects of hydrodynamic interaction between the droplets that
were neglected in the model. By adjusting the value of 4,
the model curves can be fitted nicely through the experimen-
tal data of Figure 5 for each concentration. Different values
for h,. are obtained: they range from 12 nm for the most
dilute blend (2.5/97.5 blend) to 60 nm for the most concen-
trated one (20/80). The increase of A, with concentration of
the disperse phase is similar to the findings of Minale et al.
(1997b). These authors explain the effect of concentration by
a reduced possibility for the droplets to escape from the con-
tact zone during collision. Therefore there will be more colli-
sions that actually lead to coalescence, which is reflected in
the model by an increasing value for 4.

Another possible explanation for the concentration de-
pendence of kA, can be deduced from the work of Janssen
(1993): he observed that if in a line of droplets two drops
coalesce, the probability for further coalescence in their
neighborhood is enhanced. This zipper effect can be ex-
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plained as follows. If two droplets are pressed together they
will not easily coalesce because the flattening of the inter-
faces yields a large contact area over which the matrix fluid
has to drain. However, if these droplets are slightly moved
apart, for example, due to the flow caused by coalescence
events in their neighborhood, they become less flattened and
can coalesce more easily since the drainage distance has de-
creased. Janssen made these observations for coalescence at
rest, but this cooperative coalescence can be expected to
occur in sheared systems as well. The preceding effects can
be expressed, although somewhat artificially, by a concentra-
tion-dependent .. This simplifying approach works for the
semidilute blends investigated here; nevertheless it is proba-
bly bound to fail for systems of high concentration. It should
be noted also that, even with the concentration-dependent
values for A, the mode! does not predict a scaling with strain
multiplied with concentration squared. The experimental data
are not conclusive on this point: although they can be roughly
scaled by multiplying the strain with the concentration
squared, subtle differences between the droplet size evolu-
tion in blends with different concentrations, predicted by the
model, could be present as well.

In all the tests discussed so far only coalescence occurred
because the capillary number remained below the critical
value for breakup. As a final issue, the effect of a competitive
breakup process on coalescence is considered. For that pur-
pose a step-down experiment is presented where the final
shear rate is larger than y,, that is, where the breakup limit is
smaller than the one for coalescence. It can be imagined that,
under these conditions, initially solely coalescence will occur,
but that after a certain increase in droplet size breakup will
limit further droplet growth. Figure 7 shows a step-down ex-
periment from 3 s™! to 1 s~! for the 20/80 blend. For this
blend, the breakup limit at 1 s~! is 14.2 xm, as derived from
the critical capillary number. This is below the maximum at-
tainable droplet size for coalescence. Initially the droplet-size
evolution seems only governed by coalescence, as can be de-
duced from the correspondence between the experimental
results and the predictions of the coalescence model. How-

20 T T T
——— break-up limit (Ca ;= 0.46)
— —— coalescence model {eqn.(10), h.=60nm)
-
R ) experiment :,_;___./ 3
_ /./‘ ) ( 1 ]
£ /Q -
2 10 - .
'!:> ./
~
— -
5 =
0 ; J ! i
1 10 100 1000 10000
strain

Figure 7. Test where breakup processes take over after
the initial coalescence-induced droplet growth
(step from 3 to 1 s~ for the 20 /80 blend).

The model curve for coalescence (Eq. 10) and the limit due
to breakup are added for reference.
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ever, when the droplet diameter becomes comparable to the
breakup limit, no further increase is observed.

Conclusions

The evolution of the droplet size after a sudden decrease
in shear rate has been studied by means of rheological and
microscopic measurements. By an appropriate choice of the
test conditions, coalescence could be investigated without the
interference of breakup processes. The effect of shear rate
and concentration on coalescence has been studied in this
manner for a mode! system. A coalescence model has been
derived to describe the experiments, based on the approach
suggested by Chesters (1991). The model predicts that the
effect of flow conditions on coalescence kinetics can be ex-
pressed with only two dimensionless parameters: strain and
step-down ratio. This is confirmed by the experiments. All
material parameters being fixed, it is observed that blend
concentration strongly affects the coalescence process: the
time scale for coalescence seems inversely proportional to the
fraction of droplet phase squared. Consequently, a master
curve for each step-down ratio has been obtained by plotting
the relative increase in droplet size vs. the strain after step-
down multiplied by the square of the concentration.
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Appendix

Before Eq. 2 can be integrated, the different terms in this
equation should be given in an explicit form, containing only
material parameters, shear rate, and droplet diameter. In the
case of a uniform spherical morphology, the specific interfa-
cial area is a function of the diameter d(¢) and the volume
fraction ¢ of the droplets:

0 =—~2.

ol (A1)

The collision frequency, given by Eq. 3, can be rewritten as

24¢%
(1)

C(1) (A2)

by replacing the number of droplets per unit volume, s(z) in
Eq. 3, by an expression in droplet size and volume fraction.
The change in interfacial area due to a single coalescence
event, AS, can be obtained by subtracting the area of two
small droplets from the area of one large droplet with a vol-
ume equal to that of the two small drops together:

AS=—md(1)’(2-2%°). (A3)

In the expression for the drainage probability, Eq. 1, the
drainage time for partially mobile interfaces will be used:

wn, FV*

Aamafd " o

tdrain = c 1

where 7), is the viscosity of the disperse phase, « the interfa-
cial tension, and 4, the critical film thickness, as explained in
the article. For the contact force F, the following estimate
will be used (Janssen, 1993):

3 2
F= —2' Wﬂm’yd(t) .

(AS)
As mentioned in the article, the interaction time in Eq. 1 is
set as the inverse of the shear rate. Introducing all these ex-
pressions into Eq. 2, yields a differential equation:

dd(1) 4 . 3 ma¥\ ¥ pa(1)”
a =R evd(t)exp) - E(a “Ton, |
(A6)

with 7,, the matrix viscosity and p the viscosity ratio. When
the parameter, m, defined in Eq. 6, is introduced and the
numerical factors are combined, the preceding equation re-
duces to Eq. 5.
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