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Scientifique, 2 Rue Boussingault, F67000 Strasbourg, France

Received 27 January 2010; accepted 15 April 2010
DOI 10.1002/app.32645
Published online 27 July 2010 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: A new laboratory-scale mixing device based
on an original concept was built and tested. This device has
important technical features such as tightness to liquids and
gases, the possibility of direct specimen molding after mixing,
and easy handling of reactive systems. In comparison with
existing laboratory mixers, the flow in this mixer is character-
ized by a high contribution from elongational flow. Morpho-
logical data on model polystyrene/poly(methyl methacrylate)
blend systems have proved the high distributive and disper-
sive mixing efficiency in comparison with a classical rotational

batch mixer. The influence of different experimental parame-
ters such as the flow rate, mixing time, mixing element geome-
try, and viscosity ratio of blends is characterized and discussed.
Much finer dispersions have been obtained with this new de-
vice versus those obtained with a conventional mixer with
equivalent specific energy input. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 119: 482–490, 2011
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INTRODUCTION

Most properties of multiphase polymer systems,
including immiscible (i.e., two-phase) polymer
blends, are intimately related to their morphology.1–3

More specifically, the importance of rheology–mor-
phology relationships in two-phase polymer blends
has been emphasized since the 1970s in a series of
articles by Han and coworkers,4–9 van Oene,10 and
Vinogradov et al.11 At the same time, since the pio-
neering work of Taylor,12 the elongation and
breakup mechanisms of dispersed droplets in flow
have been extensively studied.13,14 In particular, the
influence of the flow geometry on the critical capil-
lary number, which controls the drop deformation
process, has been described.15,16 One of the main
conclusions of these studies is the higher efficiency
of elongational flow with respect to shear flow, at
given values of the capillary number and the viscos-
ity ratio (p; i.e., the viscosity of the dispersed phase
over the matrix viscosity), for elongating and break-
ing dispersed droplets. However, most data on elon-

gational flow have been obtained with extensional
rheometers17–19 or four-roll mill geometry;20 these
are difficult to use in an industrial mixing process
for molten polymer blends. Therefore, in most stud-
ies, the investigated binary blends have been pre-
pared either in a twin-screw extruder21 or in an in-
ternal batch mixer,22–24 in which shear flows are
predominant.
The idea of promoting elongational flow during

mixing with the objective of enhancing the disper-
sive mixing efficiency came up recently, and several
devices are described in the literature.25–27 In partic-
ular, Meller and coworkers28–30 studied the deforma-
tion and breakup of dispersed droplets in molten
polymer blends of different viscosities. They used a
capillary rheometer equipped with dies with differ-
ent entry profiles and showed that the mixing effi-
ciency in the converging flow zone was dependent
both on the shape of the convergence and on the
volume flow rate (Q).
The use of convergent (and divergent) elonga-

tional flow to enhance the efficiency of mixing in an
industrial process has been limited up to now,
mainly because of the high pressure drops that arise
if several convergent/divergent flow units are asso-
ciated in series (e.g., at the exit of a continuously
operated extruder).28,31 On the other hand, the flow
between two opposite chambers through a small-
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diameter die was first described by Hausman32,33

and was later used by Westofer34 to measure the
pressure dependence of the viscosity of a polymer
melt. Mackley et al.35 adapted this geometry to
design their so-called multipass rheometer, in which
the influence of the number of passes through the
central die on the rheological properties can be stud-
ied. Recently, Son36 showed that the concept of the
multipass rheometer can be adapted to design a
batch mixer in which an unlimited number of con-
vergent/divergent flows can be applied to the mate-
rial to be mixed.

In this article, we describe a new mixing device37

based on the geometry of Mackley’s multipass
rheometer, the design of which was significantly
modified with respect to Son’s microcompounder to
allow original operation modes. The efficiency of
our device as a mixer was tested on model immis-
cible polystyrene (PS)/poly(methyl methacrylate)
(PMMA) blends, for which easy and accurate mor-
phology characterization by transmission electron
microscopy (TEM) is possible. A volume finite nu-
merical simulation of the flow within the mixer was
carried out with the objective of explaining the high
distributive and dispersive mixing capability of the
device.

DESCRIPTION OF THE COMPOUNDER

The recently built device, which we call RMX (for
elongational flow reactor and mixer), is schemati-
cally represented in Figure 1. The material to be
mixed is alternately pushed from one cylindrical
chamber to the other through a central static mixing
element by two reciprocally moving pistons. For all
results presented in this article, the mixing element
was composed of a small-diameter cylindrical die.
The convergent and divergent elongational flows at
the entrance and exit of the die are expected to con-

tribute significantly to dispersive mixing. The fol-
lowing original features characterize the RMX
device.

Feeding of the components

In addition to the central channel connecting the
chambers (the mixing channel), the mixing element
is fitted with three additional channels: one for the
feeding of the components to be mixed, another for
the outlet of the mixed material, and a third one
(not represented in Fig. 1) that connects one of the
chambers to a pressure transducer. The feeding
channel can be connected to a feeding unit, which
allows the melting of pellets and the feeding of the
obtained melt into the mixer. It can also be con-
nected to a three-way sieve and a pump, which
allows the direct feeding of low-viscosity liquids

Figure 1 Schematic drawing of the mixing device: (a)
mixing chambers, (b) pistons, (c) mixing element, (d) feed-
ing unit and feeding channel, and (e) outlet channel (sam-
pling or molding).

Figure 2 Three-dimensional view of the mixer: (a) cham-
ber, (b) piston with seal, (c) mixing element, (d) feeding
unit for melts, (e) feeding channel for liquids, and (f)
mold.

Figure 3 Schematic operation of the mixer.
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(see Fig. 2). The feeding of a component into the
mixer is schematically represented in Figure 3(a): the
material flows through the feeding channel into the
chamber on the left side, and a small counter pres-
sure is applied to the corresponding piston, which
moves back until the total volume of the material is
reached. At the same time, the piston in the opposite
chamber is in a fixed position and thus prevents the
material from flowing to the right through the mix-
ing channel. Most simply, if all components to be
mixed are in the form of pellets, a mixture of the
pellets can be introduced into the feeding unit, and
after melting, the material is introduced into the
mixer according to sequence 3a. However, it is also
possible to sequentially feed several components.
For instance, two mutually reactive components (A
and B) can be independently fed into the mixer in
the following way. Component A is introduced first
according to step 3a. It is then transferred into the
right chamber through the mixing channel by the
displacement of the left piston. Component B is
introduced according to step 3a; the left piston, mov-
ing back again, and the right piston, remaining in a
fixed position, thus prevent component B from flow-
ing into the left chamber and minimize the area of
the A/B interface before the mixing step begins.

Mixing

Figure 3(b) schematically represents the reciprocal
displacement of the pistons during the mixing step.
At this time, both the feeding and outlet channels are
closed. The volume of material inside the mixer is
adjusted by the initial positions of the pistons and can
be varied in the range of 10–100 cm3. The pistons are
hydraulically driven by a servovalve at a controlled
speed in the range of 0.18–180 mm/s, which for 3-cm-
diameter pistons corresponds to Q values in the range
of 0.125–125 cm3/s. The maximum pressure in the
upstream chamber is limited by the power of the hy-
draulic station and is therefore a function of Q. Typi-
cally, at the highest Q value, the upstream pressure
can reach around 150 bars. A mixing sequence is
defined by the piston velocity (v; or Q) and the num-
ber of cycles (N), and an experiment can be composed
of several consecutive sequences at different Q values.
The pressure in one of the chambers is continuously
measured during the mixing sequence by a pressure
transducer (Dynisco pressure range of 0–700 bars)
connected to this chamber through the mixing ele-
ment. Because the flow is reversed during each cycle,
only one pressure transducer is required to measure
the pressure drop between the two chambers; as a
matter of fact, the transducer measures alternately the
upstream and downstream pressures at each flow re-
versal, so the pressure drop between the chambers is
merely the difference of both pressure measurements.

Outlet of the mixed material

At the end of the mixing step, all material is first
pushed into the right chamber connected to the out-
let channel. As shown in Figure 3(c), the outlet chan-
nel can be used to take samples at the end of an
experiment (or even during an experiment between
two mixing sequences) or can be connected to a
mold (see also Fig. 2). During molding, the left pis-
ton is in a fixed position, and the right piston pushes
the material into the mold. During this step, the de-
vice works like an injection machine. Unlike other
types of microcompounders (the twin-screw type or
Brabender type), no additional step (e.g., recovering
the melt, placing it into a mold, reheating it, and
molding it) is therefore required to mold specimens
of specified shapes after mixing. Figure 4 shows a
typical mold geometry for both tensile and melt rhe-
ology test specimens.
Moreover, the central part of the mixing element

is removable, so the shape and diameter of the cen-
tral mixing channel can be easily varied. In this
study, we tested two different mixing channel geo-
metries corresponding to two dies with different
length-to-diameter (L/D) ratios: a long-die mixing
element (LDME) with L ¼ 15 mm and D ¼ 3 mm
(L/D ¼ 5) and a short-die mixing element (SDME)
with L ¼ 3 mm and D ¼ 2 mm (L/D ¼ 1.5). The
dimensions have been chosen so that the ratio D4/L
is almost the same in both elements; as a result, the
pressure drop through the die is the same at a con-
stant Q value for a Newtonian material. Finally, the
mixer can be made pressure-tight by appropriate
seals between the pistons and the chambers, so it
can in principle be operated as a stirred pressurized
reactor. This operation mode is discussed later.

EXPERIMENTAL

Materials

Commercial grades of PS (Polystyrol 143E, BASF,
Ludwigshafen; Germany) and PMMA (ACRIGEL,
Resarbras da Bahia S.A., Sao Bernardo do Campo,
Brazil) were used to prepare the binary blends.
These polymers were completely immiscible under
the conditions considered here. Their interfacial ten-
sion at 210�C, the temperature at which the blending
tests were carried out, was determined with the fiber
retraction method38 to be equal to 1 6 0.1 mN/m.
Similar values were obtained via the fitting of the
Palierne model of viscoelastic emulsions39 to linear
viscoelastic data for blends of known particle size
distributions.40,41 The values of the shear viscosity at
210�C as a function of the shear rates of both PS and
PMMA were determined with a cone and plate
(ARES 2000, TA Instruments) and capillary rheome-
try and are shown in Figure 5. The ratio of the

484 BOUQUEY ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



viscosity of PMMA to that of PS was nearly constant
and was equal to approximately 4.5 in the whole
range of shear rates.

Preparation of the blends

Two blend compositions were investigated in this
study: 10/90 (w/w) PS/PMMA, for which p was
equal to 0.22 (low-viscosity droplets dispersed in a
higher viscosity matrix), and 90/10 (w/w) PS/
PMMA, for which p was equal to 4.5 (high-viscosity
droplets dispersed in a lower viscosity matrix). The
components were filled into the mixers in the form
of a dry blend of pellets.

The morphologies of the blends obtained with the
RMX device with two different mixing elements
(long-die and short-die geometries) were compared
to those obtained with an internal batch mixer (a
Haake Rheomix 600 (Thermo-Fischer, Karlsruhe,
Germany) equipped with counter-rotating, roller-
type blades). The initial temperature at the begin-
ning of the mixing step was set to 210�C for all tests.
Depending on the mixing conditions, a temperature
rise due to viscous heating was observed, and the
temperature could reach approximately 20�C.

Depending on the mixing device, the influence of
the following processing parameters was investigated.

RMX

For each blend composition and each mixing ele-
ment, blends were realized at Q values of 3.5, 7, and
14 cm3/s, which corresponded to v values of 5, 10,

and 20 mm/s, and with different N values ranging
from 10 to 200, which corresponded to different mix-
ing times (t). For a typical material volume of
approximately 35 cm3, the duration of a complete
cycle was 5–20 s. The design of the mixer made it
possible to take samples through the outlet channel
with increasing values of N with the same initial
amount of material. The sampling procedure was
therefore particularly easy and fast. For the sake of
comparing morphologies obtained with different
devices and different mixing elements, it is useful to
estimate the specific mechanical energy input during
the mixing process. For the RMX device, this quan-
tity (WRMX

sp ) can be simply expressed as follows:

WRMX
sp

¼ DP�Q� t

m
(1)

where DP is the pressure drop between the
upstream and downstream chambers and m is the
total mass of material in the mixer. Because the pres-
sure is continuously measured during the test in one
of the chambers, the pressure drop can be easily
determined by the difference in pressure during one
reciprocation. On the other hand, the specific energy
input can also be expressed as a function of N and
v: for the lowest value of Q, the wall shear rate in
the die ( _cw) is of the order of

_cw ¼ 4Q

pR3

3nþ 1

4n
(2)

where R is the die radius and n is the flow rate
index, which, according to Figure 5, is close to 0.25
for both polymers at shear rates higher than approx-
imately 100 s�1. The lowest value of the wall shear
rate, as determined with Eq. (2), is of the order of
2000 s�1, and this confirms that a power-law equa-
tion can be used for the relation between Q and the
pressure drop for all experiments in this study. The
total mixing time (t) can be expressed as a function
of N:

Figure 5 Viscosities at 210�C for (n) PMMA and (~) PS.

Figure 4 Example of the mold used in the RMX (25-mm
diameter disks and dog-bone-shaped specimens, ISO 527-
2-5A).
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t ¼ Nm

qQ
(3)

where q is the mass density. For a power-law fluid,
the pressure scales as Qn. Therefore, the specific
energy scales as follows:

WRMX
sp

¼ DP�N

q
/ vnN (4)

Rheomix 600 batch mixer

For each blend composition, blends were realized at
three different rotation speeds (50, 100, and 150
rpm) and three different t values [5, 10, and 15 min
(measured after the end of the filling step)]. The spe-
cific mechanical energy input during the mixing pro-
cess (WRheomix

sp ) is easily expressed as follows:

WRheomix
sp

¼ XTt
m

(5)

where X is the rotation speed (rad/s) and T is the
torque (N m).

Because the flow geometry and, in particular, the
relative importance of elongational flow were com-
pletely different in the two mixers and in the two
mixing elements of the RMX, the obtained morphol-
ogies were compared with a constant specific energy
input.

Morphological characterization

At the end of the mixing step, the material was cooled
to room temperature. TEM (Hitachi Science Systems,
Ltd, Ibaraki, Japan) at 60 kV was used to characterize
the particle size distribution within the blends; 50-
and 80-nm cuts were prepared with a Leica EM Ultra-
cut 6 microtome equipped with diamond knives. For
the PS/PMMA system, the phases were clearly identi-
fied by TEM, with the PS phase appearing dark and
the PMMA phase appearing white. For each sample,
at least three cuts taken at several positions were ana-
lyzed, and the particle size distribution was deter-
mined with image analysis software (Aphelion) from
micrographs corresponding to 40 � 40 lm2 domains.
The number-average particle diameter (Dn) and vol-
ume-average particle diameter (Dv) values were dis-
cussed only on a comparative basis as a function of
mixing conditions and were therefore directly deter-
mined from these micrographs without any correction
like the Schwartz–Saltikov correction, which is often
used for polymer blends.42

NUMERICAL SIMULATION

A numerical simulation of the flow within the RMX
mixer was carried out with the objective of charac-
terizing the relative importance of elongational and
shear flows. The flow was assumed to be axisym-
metric, and the volume within both chambers and in
the mixing element was discretized with a structured

Figure 6 Mapping of the flow by Astarita’s parameter. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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mesh. A nonslip boundary condition was imposed on
the walls and surface of the pistons, and the pistons
moved with a constant velocity parallel to the axis.
The total volume was conserved during the simula-
tion. To solve this problem, we used a finite volume
code (CFD-ACE) that allowed us to solve the continu-
ity and Navier–Stokes equations for an incompressi-
ble fluid.43 From the viscosity/shear rate curves in
Figure 5, the parameters of a Carreau-type equation
were identified for each polymer and taken into
account in the simulation under the assumption that
the material followed a generalized Newtonian equa-
tion of state.44 Because the geometry was in motion,
remeshing of the volume was required at each time
step. The solver compressed the cells on one side and
expanded them on the other side. The mesh displace-
ment was taken into account in the calculations with
the ALE method (simple interpolation).

The flow geometry was characterized by a scalar
parameter (v) defined by Astarita:

v ¼ 2
Xrel

Xrel þD
(6)

where D is the magnitude of the strain rate tensor and
Xrel is the magnitude of the relative rate of the rotation
tensor (X � W, where X is the vorticity tensor and W
is the tensor giving the rate of rotation of the eigen-
vectors of D). With this definition, v is an objective
quantity whose values are in the range of 0–2. v ¼ 0
corresponds to pure elongational flow, v ¼ 1 corre-
sponds to simple shear flow, and v ¼ 2 corresponds
to rigid body motion.

Figure 6 shows a mapping of Astarita’s parameter
(v) in the volume of the mixer with the LDME. As
expected, the flow was nearly elongational in the con-
traction and expansion zones close to the mixing ele-
ment and was purely simple shear in the die of the
mixing element.

Once the velocity field was determined, we could
also estimate the mapping of the elongational strain
rate in the convergent and divergent zones. The val-
ues along the axis of symmetry are shown in Figure
7 for v ¼ 1 cm/s (Q ¼ 7 cm3/s). Very high values of
the elongational strain rate were found close to the
mixing element, but the corresponding residence
times were very short because of increasing fluid ve-
locity. Because of the strong gradients of the strain
rate, it would be difficult to compare the particle
sizes obtained with our mixer to data obtained either
experimentally14 or theoretically12 in steady flow.
A further objective of the numerical simulation

was to explain the high distributive mixing effi-
ciency of the RMX device during the first cycles of
the mixing step; this was also observed by Son.36

This issue will be the topic of a forthcoming article
and will not be further discussed here.

RESULTS AND DISCUSSION

Influence of N (RMX)

Whatever the blend composition (10/90 or 90/10),
the geometry of the mixing element, or the value of
v was, approximately 20 cycles at least were neces-
sary to obtain a dispersion-type morphology. As
shown in Figure 8(a), for a 10/90 PS/PMMA blend
obtained with the LDME and a v value of 10 mm/s,
after 10 cycles, a complex morphology with large PS
domains containing PS inclusions was observed. Af-
ter 40 cycles [Fig. 8(b)], a dispersion-type morphol-
ogy was obtained, for which the average particle
diameters could be determined. A general observa-
tion for all mixing conditions was a rapid initial
decrease in the particle size with N or the energy
input. Most often, the average particle values
reached a plateau, which indicated a steady-state
blend morphology. On the other hand, small par-
ticles were present from the early steps of the mix-
ing process, and increasing N led to the progressive
breakup of the largest particles and to a reduction of
the particle size polydispersity.

Figure 7 Elongation rate dv/dy (s�1) on the axis versus
the position (m).

Figure 8 TEM micrographs for two different N values for
the 10/90 PS/PMMALDME (v¼ 10mm/s): (a) 10 and (b) 20.
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Influence of the geometry of the mixing element
(RMX)

Figure 9 shows the variation of Dn and Dv with N
for 90/10 PS/PMMA blends obtained at v ¼ 10
mm/s in the two mixing elements (SDME and
LDME). The LDME led to a much finer dispersion,
which indicated that the shear flow within the die
played an important role in the breakup process.
This result can be understood by the assumption
that the droplets, elongated in the upstream contrac-
tion flow, required a certain time to break up (e.g.,
by filament instability). For a short die, the residence
time was very small, and we could assume that the
elongated droplets reached the divergent flow zone
in the downstream chamber before breakup and
therefore eventually recovered their initial size. On
the other hand, a longer residence time in a long die
could allow the breakup process to take place within
the die and, consequently, smaller average particle
sizes.

The values of the pressure drop at the same value
of Q were not too different in the two mixing ele-
ments because of their diameters and lengths. There-
fore, when the data in Figure 9 were plotted as a
function of the specific energy input instead of N,
the respective positions of the curves for the LDME
and SDME were unchanged, and the aforementioned
conclusions still held true.

Comparison of the morphologies of the blends
obtained with the RMX with the LDME and with
the Haake Rheomix internal batch mixer

Figure 10 shows the values of Dn and Dv as a func-
tion of the specific energy input for 90/10 PS/
PMMA blends obtained in the RMX with the LDME
at v ¼ 10 mm/s and in the Haake Rheomix internal
batch mixer at 100 rpm. With equivalent energy
input, a finer dispersion was obtained with the

RMX, and this could be attributed to the higher
elongational flow component. It should be recalled
that for the blend considered here, p is equal to 4.5,
and for this value, the critical capillary number in
simple shear becomes infinite;14 this confirms the

Figure 9 Dn and Dv (lm) versus N for 90/10 PS/PMMA
(v ¼ 10 mm/s, temperature ¼ 210�C): (h) LDME Dn, (n)
LDME Dv, (~) SDME Dn, and (~) SDME Dv.

Figure 10 Dn and Dv (lm) versus the specific energy
input (J/g; 90/10 PS/PMMA, v ¼ 10 mm/s, temperature
¼ 210�C): (h) LDME Dn, (n) LDME Dv, (~) Haake Rheo-
mix Dn, and (~) Haake Rheomix Dv.

Figure 11 Dn and Dv (lm) versus (a) N and (b) the spe-
cific energy input (J/g; 10/90 PS/PMMA, RMX LDME at
different v/Q values, temperature ¼ 210�C): (~) Dn at 5
mm/s, (~) Dv at 5 mm/s, (h) Dn at 10 mm/s, (n) Dv at
10 mm/s, (*) Dn at 20 mm/s, and (l) Dv at 20 mm/s.
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importance of the elongational flow component in
the breakup process.

Influence of Q and p

In Figure 11(a), the morphological data are plotted
at different Q values and at different v values (5, 10,
and 20 mm/s) as a function of N for 10/90 PS/
PMMA blends obtained in the RMX LDME. The first
remark concerns p, which for this blend is equal to
0.22. The experimental results confirm that for
equivalent experimental conditions, a better disper-
sion is obtained than that for the 90/10 PS/PMMA
system, for which p is 4.5: Dv % 0.2 lm and Dn %
0.1 lm for p ¼ 0.22 and Dv % 0.45 lm and Dv % 0.2
lm for p ¼ 4.5 at v ¼ 10 mm/s. This result was
expected from the literature.14,45

The second result, which comes from the data in
Figure 11(a), concerns the influence of Q and N on
Dn and Dv, respectively: as soon as N exceeded
approximately 50, Dn was almost independent of Q
and t and had a very small value of approximately
0.1 lm. On the other hand, Dv decreased both with
N up to at least 200 cycles and with Q. This result is
again in agreement with a breakup mechanism
based on droplet elongation and further breakup by
interfacial instability. This mechanism produced a
significant number of very small droplets even in
the early stages of blending that were responsible
for the small initial values of Dn. The later decrease
in Dv was attributed to remaining larger drops that
broke up progressively as t increased.

Finally, the data in Figure 11(a) were plotted in
Figure 11(b) via the rescaling of the x axis as N �
(v/10 mm/s)n according to Eq. (4); this amounts to
the plotting of the data as a function of the specific
energy input. No significant changes appeared in
the respective positions of the curves, and the previ-
ous discussion remained valid when the morpholog-
ical data were reconsidered as a function of the
energy input.

CONCLUSIONS

A new laboratory-scale mixing device (RMX) has
been built and tested. It has original technical fea-
tures such as tightness to liquids and gases, the abil-
ity to easily feed melts and low-viscosity liquids into
the mixing chamber, and the possibility of sampling
and directly molding specimens after mixing (this
allows easy handling of reactive systems). In com-
parison with existing laboratory mixers, the flow in
the RMX device is characterized by a high contribu-
tion from elongational flow.

The results of this article demonstrate the effi-
ciency of RMX versus a commercial laboratory-scale
mixer. Its efficiency for dispersive mixing is attrib-

uted to the combination of elongational flow in the
convergent zone and shear flow in the die of the
mixing element. For a die with L/D ¼ 5, the size
distribution of dispersed domains in model PS/
PMMA blends obtained in the RMX is typically
reduced by a factor of 2 with respect to blends
obtained with the same specific energy input with a
Haake Rheomix 600 mixer. The influence of the fol-
lowing parameters on the size distribution of dis-
persed particles has been characterized and dis-
cussed: N, Q through the mixing element, the L/D
ratio of the mixing channel, and the dispersed phase
over matrix p. The following conclusions can be
drawn. The morphology reaches a steady state with
increasing energy input or t after typically 50 to 100
cycles. v or Q through the mixing element has a sig-
nificant effect on the morphology: with a constant
energy input, the average particle size continuously
decreases with increasing Q. The L/D ratio of the
mixing channel has a major effect on the final mor-
phology; much finer morphologies are obtained for
L/D ¼ 5 than for L/D ¼ 1.5, and this indicates that
the combination of extensional flow in the chambers
and shear flow in the channel plays an important
role in the dispersion process. Finally, the results
confirm that high-viscosity droplets (p > 1) are more
difficult to disperse that low-viscosity droplets (p <
1), but in all case, the elongational flow mixer leads
to better results for the size distribution than a ro-
tary mixer with an equivalent specific energy input.
A still open issue that is currently being investi-

gated by numerical simulation is the efficiency of
the RMX for distributive mixing. Several sources of
flow irreversibility during the cyclic mixing process
have been identified even at very low Reynolds
numbers, and these results will be published in a
separate article.
Finally, because of the possibility of working

under a controlled atmosphere and high pressures,
the RMX has a broad field of potential applications.
It can, in particular, be operated as a chemical batch
reactor for polymer modification with volatile reac-
tants or even for polymerization. Moreover, the
design of the mixing element allows continuous
feeding and an outlet, and this makes possible its
use as a stirred continuous reactor.

The authors thank Ines Souilem, Julien Bonnet, and Jerome
Rondin for the preparation of the blends mixed in the RMX
device and in the Haake Rheomix internal batch mixer. They
also thank Badi Triki for performing some of the analyses by
TEM.
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