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ABSTRACT: The effect of the geometrical and operational parameters on the mixing
characteristics of a Couette–Taylor vortex flow reactor (CTVFR) were investigated and
were correlated with the same parameters by using the tank-in-series model. Contin-
uous emulsion polymerization of styrene was conducted at 50°C in a CTVFR to clarify
the effects on kinetic behavior and reactor performance of operational parameters such
as rotational speed of inner cylinder (Taylor number), reactor mean residence time, and
emulsifier and initiator concentrations in the feed streams. It was found that steady-
state monomer conversion and particle number could be freely varied only by varying
the Taylor number. In order to explain the observed kinetic behavior of this polymer-
ization system, a mathematical model was developed by combining the empirical
correlation of the mixing characteristics of a CTVFR and a previously proposed kinetic
model for the continuous emulsion polymerization of styrene in continuous stirred tank
reactors connected in series (CSTRs). On the basis of these experimental results, it was
concluded that a CTVFR is suitable for the first reactor (prereactor) of a continuous
emulsion polymerization reactor system. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80:
1931–1942, 2001
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INTRODUCTION

Most commercial continuous emulsion polymer-
ization processes consist of continuous stirred
tank reactors connected in series (CSTRs). Be-
cause of this, many researchers have published
experimental and theoretical articles on continu-
ous emulsion polymerization in CSTRs.1–10 No-
mura et al.6 conducted continuous emulsion poly-
merization of styrene in CSTRs and demon-
strated experimentally and theoretically that the
first CSTR serves exclusively as a particle nucle-

ation reactor (seeder) and that even in an optimal
CSTR at the highest the number of polymer par-
ticles produced is only 57% of that produced in an
ideal plug flow reactor (PFR) or in a batch reactor.
In order to increase the efficiency and productiv-
ity of the whole reactor system, based on this
study’s results, they recommended the placing of
a continuous tubular reactor upstream of the
CSTRs (prereactor concept), although in practice
perhaps it would not work as an ideal plug flow
reactor.11

As stated above, a continuous tubular prereac-
tor is much more efficient in particle nucleation
than is a CSTR operated under any conditions.
However, this prereactor has a potential disad-
vantage in that plugging of the reactor tube often
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takes place during long-term operation because,
for example, of the deposition of flocculated poly-
mer particles onto the reactor surface. Therefore,
in practice an optimal CSTR is recommended as
the prereactor, although it is less efficient in par-
ticle nucleation than is a continuous tubular pre-
reactor. Even with a CSTR, however, fouling is
experienced sometimes because of massive coag-
ulation of latex particles induced by excessive me-
chanical shear caused by stirring. To avoid these
defects, therefore, Imamura and Nomura12 se-
lected a Couette–Taylor vortex flow reactor
(CTVFR) as an alternative; to investigate its
characteristics as a continuous emulsion polymer-
ization reactor, they carried out continuous
seeded emulsion polymerization of styrene in a
single CTVFR at 50°C. In addition, from their
experimental investigation of the mixing charac-
teristics of a CTVFR, they demonstrated that a
CTVFR could be operated very close to an ideal
PFR if the reactor was properly designed and was
operated near the critical Taylor number.

Catalytic chemical reactors,13 plant cell biore-
actors,14 and emulsion polymerization12,15 are
some of the practical applications of CTVFRs that
have been presented over the years. Design,
scale-up, and optimization for CTVFRs require a
detailed understanding of the transport proper-
ties of Taylor–Couette flow. Some of these prop-
erties, such as mass and heat transfer to the
cylinder walls, have been well described in the
literature, while the mixing characteristics in a
CTVFR have received scant attention.16–20 The
current study, therefore, had several aims: first,
to investigate the mixing characteristics of a
CTVFR in more detail and to empirically corre-
late them with the geometric and operational pa-
rameters of the reactor; then, to carry out the
continuous nonseeded emulsion polymerization of
styrene in a single CTVFR at 50°C in order to
demonstrate experimentally that a CTVFR has
the characteristics suitable for the prereactor of a
continuous emulsion polymerization reactor sys-
tem; and finally to further develop a mathemati-
cal model that could quantitatively explain the
reactor performance and kinetic behavior ob-
served in this polymerization system by applying
a kinetic model proposed previously for the con-
tinuous emulsion polymerization of styrene in
CSTRs6 and the tank-in-series model to a
CTVFR.

Mixing Characteristics of a CTVFR

Figure 1 shows typical flow pattern in a CTVFR
caused by the rotation of the inner of two concen-
tric cylinders. It is well known that the flow pat-
tern is governed by the dimensionless number
called the Taylor number, Ta, defined by

Ta 5 SbRiv

v DS b
Ri
D 1/2

(1)

where Ri is the radius of the inner cylinder, b is
the radial clearance between two concentric cyl-
inders, v is the kinematics viscosity, and v is the
angular velocity of the inner cylinder. When the
Taylor number exceeds a certain value between
46 and 60, called the critical Taylor number, Tac,
a transition occurs from pure Couette flow to a
flow regime in which toroidal vortices are regu-
larly spaced along the cylinder axis, which is the
so-called Couette–Taylor vortex flow.

In this article we describe the mixing charac-
teristics of a CTVFR with the tank-in-series
model that has only one parameter, N, the num-
ber of tanks connected in series. This allowed us
to quantify the deviation of its flow pattern from
plug flow and to correlate the model parameter,

Figure 1 Schematic diagram of Couette–Taylor vor-
tex flow.
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N, with such geometric and operational parame-
ters as reactor length, L; the diameters of inner
and outer cylinders, Di and Do; the ratio, r 5 Di/
Do; the number of vortices, No; the Taylor num-
ber, Ta; and the reactor mean residence time, u.
The number of vortices was determined by visual
inspection and was found to be almost equal to
the value of L/b. The geometrical parameters of
several CTVFRs used for these experiments are
shown in Table I. The experimental procedure
and the treatment of experimental data were the
same as those described previously.12 We used
the stimulus–response method to determine the
value of the parameter N. All the experimental
results obtained in the experiments are plotted in
Figure 2 with N/No as ordinate and kTa22u21 as
abscissa, where k 5 10(26.7r214r15.05). The rela-
tionship between two nondimensional variables,

N/No and Ta22u21 can be correlated by the ex-
pression.

N/N0 5 10~26.7r214r16.65!Ta22u21 (2)

EXPERIMENTAL

Continuous Emulsion Polymerization in a CTVFR

Experimental Procedure and Materials Used

Continuous emulsion polymerization of styrene
was carried out in a single CTVFR consisting of
an inner circular cylinder made of stainless steel
and an outer circular cylinder made of glass with
a water jacket. The reactor configuration is shown
in detail in Figure 3. The outside diameter of the
inner cylinder is 27 mm, and the inside diameter
of the outer cylinder is 45 mm. The length of the
reactor and the total volume of annular space are
270 mm and 292.2 cm3, respectively. The experi-
mental setup is shown in Figure 4. Aqueous ini-
tiator solution and monomer emulsion were held
separately in individual glass-made tanks and
were fed into the reactor through an inlet at-
tached at the bottom of the reactor with each
metering pump. The reaction temperature was
kept constant at 5060.5°C by circulating cooling
water from a thermostated water bath through
the reactor jacket. Prior to start-up, any remain-
ing oxygen in the whole reactor system was re-
moved by bubbling high-purity nitrogen gas (pu-
rity . 99.995%) from the reactor inlet for about
1.5 h. Then the polymerization was initiated by
feeding both the monomer emulsion and the aque-
ous initiator solution with each metering pump to
the empty reactor. Effluent reaction mixtures
from the outlet attached at the top of the reactor
were regularly collected and were measured for

Table I Dimensions of CTVFRs Used in This Study

Reactor
Length
L (cm)

Inner Cylinder
Outside Diameter

Di (cm)

Outer Cylinder
Inside Diameter

Do (cm)

Ratio r
5 Di/Do r

[2]

Number of
Vortices

N0

30.5 3.80 5.0 0.434 50
30.5 3.20 5.0 0.540 34
30.5 2.70 5.0 0.640 26
30.5 2.17 5.0 0.760 22
27 2.70 4.5 0.600 30

Figure 2 Correlation of dimensionless mixing pa-
rameter with geometrical and operational parameters.
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monomer conversion and the number of polymer
particles produced. Monomer conversion was de-
termined gravimetrically using methanol as pre-
cipitant for polystyrene. The number of polymer
particles produced was determined by using the
monomer conversion and the volume average di-
ameter measured by an electron microscope.

Commercial styrene monomer (Wako Pure
Chemical Industries, Ltd.) was washed with 15%
aqueous potassium hydroxide solution to remove
inhibitor, was further washed with distilled–
deionized (DDI) water several times to remove
the residual base, and was then distilled under
vacuum (40°C, 15–20 mmHg). DDI water was
also the water used in the polymerization exper-
iments. Potassium persulfate (Wako Pure Chem-
ical Industries, Ltd.) and sodium lauryl sulfate
(Nakarai-tesuta Co.), both analytical grade, were
used as initiator and emulsifier, respectively. All

the polymerization experiments were conducted
in a high-purity nitrogen atmosphere.

Typical Example of Continuous Emulsion
Polymerization of Styrene in a Single CTVFR

Preliminary experiments were conducted with
the emulsifier and monomer concentrations in the
emulsion feed stream fixed at SF 5 6.25 g/dm3 of
water and MF 5 100 g/dm3 of water, respectively,
and the initiator concentration in the initiator
feed stream was set at IF 5 1.25 g/dm3 of water.
The rotational speed of the inner cylinder was
changed in the course of polymerization. The re-
actor mean residence time was kept at u 5 21.3
min. When this residence time was adopted, the
monomer emulsion was fed at a rate of 12.5 g/min
and the aqueous initiator solution at a rate of 1.26
g/min. Figure 5 shows typical examples of the
monomer conversion–versus–time (dimensionless
reaction time, t/u) histories observed when the
rotational speed of the inner cylinder was
changed during polymerization. Figure 5(a) indi-
cates the case where the rotational speed was first
fixed at 290 rpm and then lowered to 20 rpm 205
min after the start of polymerization where the
monomer conversion had already reached a
steady-state value. Figure 5(b), on the other hand,
shows the case where the rotational speed was
changed from 145 rpm to 30 rpm. In both cases,
monomer conversion increased as soon as the ro-
tational speed was lowered and quickly reached a
new steady-state value much higher than the pre-

Figure 3 Schematic diagram of Couette–Taylor vor-
tex flow reactor and its dimensions: (a) annular space of
two concentric cylinders and (b) inner cylinder.

Figure 4 Schematic diagram of experimental appa-
ratus: (A) high purity nitrogen tank, (B) storage tank
for aqueous initiator solution, (C) storage tank for sty-
rene emulsion, (D) metering pumps, (E) cooling water,
(F) thermostated water bath, (G) rotational inner cyl-
inder, (H) thermometer, (I) sampling cock, and (J) stor-
age tank for waste emulsion.
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vious one, at least in less than twice the reactor
mean residence time. The solid lines indicate
steady-state monomer conversions. It can be seen
that the lower the rotational speed of the inner
cylinder, the higher the steady-state monomer
conversion.

It can be concluded from these experimental
results that a very stable operation is possible
when continuous emulsion polymerization of sty-
rene is carried out in a CTVFR and that steady-
state monomer conversion and therefore a steady-
state number of polymer particles produced can
be controlled very easily only by varying the ro-

tational speed of the inner cylinder. These char-
acteristics are very suitable for the prereactor of a
continuous emulsion polymerization reactor sys-
tem with CSTRs connected in series.

Derivation of Mathematical Model for Continuous
Emulsion Polymerization of Styrene in a Single
CTVFR

Basic Kinetic Equations for Continuous Emulsion
Polymerization in CSTRs

By applying the kinetic model proposed previ-
ously for the continuous emulsion polymerization
of styrene in CSTRs6 and the tank-in-series
model to a CTVFR, a quantitative explanation of
the kinetic behavior of the observed continuous
nonseeded emulsion polymerization of styrene in
a single CTVFR is attempted here.

The elementary reactions of the emulsion po-
lymerization of styrene and their rate expres-
sions are defined in Table II, for which it was
assumed that (1) polymer particles are gener-
ated from emulsifier micelles and (2) each poly-
mer particle contains at most one radical. When
the tank-in-series model was applied to a
CTVFR in developing a mathematical model for
the continuous emulsion polymerization of sty-
rene in a single CTVFR, as shown in Figure 6,
the following assumptions were made: (1) each
CSTR is uniformly mixed; (2) the density
change in the reaction mixture is negligible;
and (3) no polymerization occurs between
stages. Based on the elementary reactions and
their rate expressions (Table II), we were then
able to establish the following equations for
each species in the ith reactor stage:

Figure 5 Effect of rotational speed of inner cylinder
on steady-state monomer conversion.

Table II Elementary Reactions in Emulsion Polymerization and Their Rates

Reaction Reaction Type Reaction Rate

Initiation of radicals I 3 2R* ri 5 2kdfIo (E1)
Particle formation from micelles R* 1 ms 3 N* k1msR* (E2)
Initiation R* 1 N 3 N* k2NR* (E3)
Termination R* 1 N* 3 N k2N*R* (E4)
Propagation in particle P*j 1 M 3 P*j11 kpMpN* (E5)
Transfer to monomer P*j 1 M 3 Pj 1 M* kmfMpN* (E6)
Transfer to transfer agent P*j 1 T 3 Pj 1 T* kTfTpN* (E7)
Desorption of radical from

polymer particles N* 3 N 1 R* kfN* (E8)
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(A) Initiator concentration, Ii:

ui

dIi

dt 5 Ii21 2 Ii 2 kd fIiui (3)

where ui is the mean residence time in the
ith reactor, kd is the decomposition rate
constant for initiator, and f is the initiator
efficiency.

(B) Concentration of radicals in the water
phase, Ri*:

ui

dR*i
dt 5 ~rii 1 kfiN*i 2 k1R*imsi

2 k2R*iNTi!ui 1 R*i21 2 R*i (4)

where ri is the rate of radical production in
the aqueous phase, N* is the number of
active polymer particles containing poly-
merizing radicals, NT is the total number
of polymer particles, ms is the number of
micelles per unit volume of water, k1 and
k2 are the rate coefficients for radical entry
into micelles and polymer particles, respec-
tively, and kf is the rate coefficient for rad-
ical desorption from polymer particles into
the aqueous phase and is, in good approx-
imation, given by21–23

kfi 5
12DwdCm

mdd# pi
2 (5)

where Dw is the diffusion coefficient of
monomer radicals in the aqueous phase,
md is the partition coefficient of monomer
radicals between the polymer particle and
aqueous phases, d is the ratio of water-side
resistance to overall mass transfer resis-
tance for monomer radicals, Cm is the
chain transfer constant to monomer, and
d# pi is the average diameter of polymer par-
ticles at the ith reactor stage and is given
by

d# pi 5 F6
p

v#piG1/3

(6)

where n# i is the average volume of polymer
particles and is given by

v#pi 5
M0XMi~1 2 fi!

21

NTir#
(7)

where fi is the weight fraction of monomer
in polymer particle and r# is the density of
monomer-swollen polymer particles. Con-
sidering the sufficiently long half-life of po-
tassium persulfate decomposition com-
pared with the reactor mean residence, rii
can be approximated as

rii 5 ri 5 2kd fIF (8)

where IF is the initiator concentration in
the initiator feed stream.

(C) The total number of polymer particles, NTi:

ui

dNTi

dt 5 k1R*imsiui 1 NTi21 2 NTi (9)

(D) The number of active polymer particles
containing a polymerizing radical, Ni

*:

ui

dN*i
dt 5 k1msiR*iui 1 k2NiR*iui 2 k2N*iR*iui

2 kfiN*iui 1 N*i21 2 N*i (10)

where Ni is the number of dead polymer
particles containing no radicals.

(E) Monomer concentration, Mi:

ui

dMi

dt 5 Mi21 2 Mi 2 FkpMpiMg

NA
GN*iui (11)

where kp is the propagation rate constant,
Mg is the molecular weight of monomer,
Mpi is the monomer concentration in the
polymer particles, and NA is the Avo-
gadro’s number.

(F) The concentration of total emulsifier mole-
cules, Si:

ui

dSi

dt 5 Si21 2 Si (12)

Si 5 Smi 1 SCMC 1 ~36p/as
3!1/3v#pi

2/3NTi (13)

where Sm is the concentration of emulsifier
forming micelles, SCMC is the critical mi-
cellar concentration, and as is the surface
area occupied by an emulsifier molecule.

Applying the steady-state assumption to eq. (4)
produces

R*i 5
ri 1 kfiN*i

k1msi 1 k2NTi
5

ri 1 kfiN*i
k1msi~1 1 ~«NTi/Smi!!

(14)

Figure 6 Schematic representation of tank-in-series
model applied to a continuous CTVFR.
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where Smi 5 Anmsi and e 5 (k2Smi/k1msi) 5 (k2/
k1)An. Here An is the aggregation number of emul-
sifier molecules per micelle and e/An indicates the
radical capture efficiency of polymer particles rel-
ative to micelles. At the present stage, however,
we cannot help in determining the value of e
experimentally because there are no exact values
for k1, k2 and An in the literature.6,24,25

The introduction of eq. (14) into eqs. (9) and
(10) and rearrangement yields eqs. (15) and (16),
respectively:

ui

dNTi

dt 5
ri 1 kfiN*i

1 1 ~«NTi/Smi!
ui 1 NTi21 2 NTi (15)

ui

dN*i
dt 5 ~ri 1 kfiN*i!uiS1 2

2N*i/NTi

1 1 @1/~«NTi/Smi!#
D

2 kfiN*iui 1 N*i21 2 N*i (16)

At the reactor stage in which monomer drop-
lets exist (XMi # XMC2), the monomer concentra-
tion in the polymer particles, Mpi, is constant and
equal to Mpc. Considering this, eq. (17a) is pro-
duced by introducing Mi 5 Mo(1 2 XMi) into eq.
(11).

ui

dXMi

dt 5 XMi21 2 XMi 1 KN*iui (17-a)

where K is a constant defined by K 5 kpMpcMg/
MoNA.

On the other hand, at the reactor stage in
which monomer droplets have already disap-
peared (XMi . XMC2), it holds that Mpi 5 Mpc(1
2 XMi/1 2 XMC2). Introduction of this expression
into eq. (11) yields

ui

dXMi

dt 5 XMi21 2 XMi 1 S 1 2 XMi

1 2 XMC2
DKN*iui (17-b)

Considering that at a steady state, Si 5 SF at any
stage, eq. (13) can be simplified as

SF 5 Smi 1 SCMC 1 kv~MoXMi!
2/3NTi

1/3 (18)

where kv 5 (36p/[(1 2 fc)
2 as

3r2])1/3 and fc de-
notes the weight fraction of monomer in the poly-
mer particles.

Basic Kinetic Equations for Continuous Emulsion
Polymerization in a Single CTVFR

By equating the derivatives of the left-hand side
of eqs. (15)–(17b) to zero when a CTVFR is oper-
ated in a steady state, we have eqs. (19)–(23),
respectively: for the total number of polymer par-
ticles, NTi, at the ith reactor stage

NTi 5 NTi21 1
ri 1 kfiN*i

1 1 ~«NTi/Smi!
ui (19)

For the number of active polymer particles, Ni*,
at the ith reactor stage,

N*i 5 N*i21 1 ~ri 1 kfiN*i!ui

3 S1 2
2N*i /NTi

1 1 @1/~«NTi/Smi!#
D 2 kfiN*iui (20)

At the reactor stage where monomer droplets ex-
ist, eq. (17a) becomes

XMi 5 XMi21 1 KN*iui (21-a)

At the reactor stage where no more monomer
droplets exist, eq. (17b) becomes

XMi 5 XMi21 1 S 1 2 XMi

1 2 XMC2
DKN*iui (21-b)

Theoretical values of the steady-state mono-
mer conversion and particle number were ob-
tained as follows: The number of tanks in series,
N, corresponding to the CTVFR operated under
given conditions was first predicted by eq. (2).
Then the stage-to-stage calculations were succes-
sively performed from the first to the Nth reactor
stage, using a set of simultaneous equations, eqs.
(19)–(21).

Values of Numerical Constants Used

The values of the numerical constants used in
this study are listed in Table III. Except for the
values of parameters d and e, these values are
already known in the literature. In this study,
therefore, only the values of these unknown pa-
rameters, d and e, were determined so as to get
the best fit between the model predictions and
experimental data for batch emulsion polymeriza-
tion of styrene at 50°C. Figure 7 shows a typical
example of the comparison between the experi-
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mental results25 and the model predictions ob-
tained by using the values listed in Table III and
the basic kinetic equations shown in Table IV,
which were derived from eqs. (15)–(17) for batch
emulsion polymerization of styrene. Considering
these good fits, both the kinetic equations and the
values of the numerical constants listed in Table
III can be regarded as reasonably applicable to
the prediction of the kinetic behavior of the con-
tinuous emulsion polymerization of styrene in a
single CTVFR at 50°C.

RESULTS AND DISCUSSION

Effects of Operating Variables on Kinetic Behavior
of Continuous Emulsion Polymerization of Styrene
in a Single CTVFR

Effect of Taylor Number

The effect of the Taylor number on steady-state
monomer conversion, XMS, and on the particle
number, NTS, was investigated by varying the
rotational speed of the inner cylinder, nS, between
10 and 290 rpm with the emulsifier, monomer,
and initiator concentrations in each feed stream
fixed at SF 5 6.25 g/dm3 water, MF 5 100 g/dm3

water, and IF 5 1.25 g/dm3 water, respectively.
The reactor mean residence was kept at u 5 21.3
min.

Since the viscosity of the reaction mixture com-
prising a heterogeneous phase changes with the
progress of polymerization, it is difficult to calcu-

Table III Values of Used Numerical Constants at 50°C

Constants Unit Value Source

kp (dm3/mol sec) 212 Harada et al.25

kdf (1/sec) 6.65 3 1027 Harada et al.25

Cm (—) 1.2 3 1025 Nomura et al.26

Dwm (cm2/sec) 1.2 3 1025 Nomura et al.26

md (—) 1300 Nomura et al.26

Scmc (g/dm3 water) 0.75 This work
Mpc (mol/dm3 part.) 5.48 Harada et al.25

d (—) 0.1 This work
« (—) 2.3 3 105 This work
as (cm2/molecule) 36 3 10216 Harada et al.25

XMC2 (—) 0.43 Harada et al.25

Figure 7 Comparison between model predictions and
experimental results on the course of batch emulsion
polymerization of styrene (experimental conditions: ini-
tiator, I0 5 1.25 g/dm3 water; monomer, M0 5 500
g/dm3 water; emulsifier, S0 5 1.88–25.0 g/dm3 water;
50°C; solid lines 5 model predictions).

Table IV Basic Kinetic Equations for Batch
Emulsion Polymerization

dNT

dt 5
ri 1 kfN*

1 1 ~«NT/Sm!
(B1)

dN*
dt 5 ~ri 1 kfN*!S1 2

2N*/NT

1 1 @1/~«NT/Sm!#D 2 kfN* (B2)

dXM

dt 5 KN* ~XM # XMC2! (B3-1)

dXM

dt 5 S 1 2 XM

1 2 XMC2
DKN* ~XM . XMC2!, (B3-2)
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late the exact Taylor number. When the Taylor
number is calculated, therefore, the viscosity of
water at 50°C was employed as an approximate
value of the viscosity of the reaction mixture be-
cause the volume fraction of the dispersed mono-
mer and polymer phase in the reaction mixture is
rather low. For example, the rotational speed of
the inner cylinder from 10 to 290 rpm roughly
corresponds to Taylor number from 187 to 5420.
In this study, therefore, we exclusively used the
rotational speed of the inner cylinder as a substi-
tute for the Taylor number.

Including the experimental data points shown
in Figure 5, all the observed steady-state mono-
mer conversions, XMS, and the particle numbers,
NTS, are plotted against the value of nS in Figure
8. The keys, open circles in the figures, indicate
the experimental data points. The solid lines, on
the other hand, represent the model predictions
obtained by using eq. (2) and eqs. (19)–(21). It can
be seen that with decreasing the rotational speed,
the steady-state monomer conversion and particle
number increases gradually from a lower limit,
approaching an upper limit. The lower limit,
shown by a dotted line, corresponds to the values
predicted for a single ideal CSTR (N 5 1), and the
upper limit, shown by a broken line, corresponds
to those predicted for an ideal PFR (N 5 `). Fairly
good agreement can be seen between the experi-
mental and predicted values when the rotational
speed is faster than 45 rpm. When the rotational
speed is 290 rpm, the observed steady-state
monomer conversion and particle number also
agree fairly well with those predicted for a single
ideal CSTR. This indicates that when the rota-
tional speed is 290 rpm, the flow pattern in the
CTVFR is already in the region of perfectly mixed
flow (N 5 1). Both the experimental steady-state
monomer conversion and particle number become
maximum at around 45 rpm and then decrease
slightly with a decreasing of the rotational speed.
This may be ascribed to the so-called back-mixing
induced by monomer droplets rising upward in
the annular space because the toroidal motion of
fluid elements can no longer hold them inside
each cellular vortex against the buoyancy acting
on the monomer droplets when the rotational
speed of the inner cylinder lowers.

Effect of Emulsifier Concentration

The effect of emulsifier concentration on steady-
state monomer conversion and particle number

was investigated by varying the emulsifier con-
centration in the emulsion feed stream from SF
5 2–12.5 g/dm3 water with the monomer concen-
tration in the emulsion feed stream fixed at MF
5 100 g/dm3 water while the initiator concentra-
tion in the initiator feed stream was fixed at IF
5 1.25 g/dm3 water. The rotational speed and the
reactor mean residence time were kept at nS 5 45
rpm and u 5 21.3 min, respectively.

In Figure 9 the observed steady-state monomer
conversion, XMS, and the particle number, NTS,
are plotted against the emulsifier concentration
in the feed stream, SF. The solid lines represent
the predicted values corresponding to the reaction
conditions. The chain and dotted lines, on the

Figure 8 Effect of rotational speed of inner cylinder
(Taylor number) on the steady-state monomer conver-
sion and the number of polymer particles and a com-
parison between the experimental results and model
prediction.
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other hand, show the calculated results for ideal
PFR and CSTR, respectively. A fairly good agree-
ment can be seen between the experimental and
predicted values. We can conclude, therefore, that
the present kinetic model is a good predictor for
the effect of emulsifier concentration on the ki-
netic behavior of continuous emulsion polymer-
ization of styrene in a CTVFR.

Effect of Initiator Concentration

The effect of initiator concentration on steady-
state monomer conversion and particle number
was investigated by varying the initiator concen-
tration in the initiator feed stream from IF
5 0.313–2.5 g/dm3 water with the emulsifier and
monomer concentrations in the emulsion feed

stream fixed at SF 5 6.25 g/dm3 water and MF
5 100 g/dm3-water, respectively. The rotational
speed and the reactor mean residence time were
kept at nS 5 45 rpm and u 5 21.3 min, respec-
tively.

Figure 10 shows the experimental results and
compares them with the predicted values. The
solid lines represent the calculated values corre-
sponding to the reaction conditions. The chain
and dotted lines, on the other hand, show the
values predicted for an ideal PFR and CSTR, re-
spectively. The experimental results for the
steady-state monomer conversion agree well with
the predicted values, while the experimental data
on particle number show wide scattering and de-
viate from the predicted values, possibly because
of errors introduced during the measurement of

Figure 10 Effect of initiator concentration in the feed
on the steady-state monomer conversion and the num-
ber of polymer particles and a comparison between the
experimental results and model prediction.

Figure 9 Effect of emulsifier concentration in the
feed on the steady-state monomer conversion and the
number of polymer particles and a comparison between
the experimental results and model prediction.
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volume-average particle diameter by electron mi-
croscopy.

Effect of Reactor Mean Residence Time

The effect of reactor mean residence on the
steady-state monomer conversion was examined
in this experiment with the emulsifier and mono-
mer concentrations in the emulsion feed stream
fixed at SF 5 6.25 g/dm3 water and MF 5 100
g/dm3 water, respectively, while the initiator con-
centration in the initiator feed stream was fixed
at IF 5 1.25 g/dm3 water. The rotational speed
and the reactor mean residence time were kept at
nS 5 45 rpm and u 5 21.3 min, respectively.

Figure 11 shows a plot of the experimental
steady-state monomer conversion, XMS, against
the reactor mean residence time, u. The open cir-
cles in the figure indicate steady-state monomer
conversion. The broken, chain, solid, and dotted
lines, on the other hand, show the predicted val-
ues corresponding to an ideal PFR (N 5 `), 20 and
10 CSTRs in series, and a single ideal CSTR (N
5 1), respectively. It can be seen that when the
rotational speed is 45 rpm, the observed steady-
state monomer conversion increases along the
line corresponding to a reactor system with N
5 20 CSTRs in series or higher, which is very
close to the line for an ideal PFR.

CONCLUSION

We carried out the continuous emulsion polymer-
ization of styrene in a single CTVFR and clarified
the effects of emulsifier and initiator concentra-
tions in the feed streams, the rotational speed of
the inner cylinder (Taylor number), and the reac-
tor mean residence time on the steady-state
monomer conversion and particle number. We
found, as expected, that steady-state conversion
and particle number can be freely controlled
within two limits corresponding to ideal PFR and
CSTR only by varying the rotational speed of the
inner cylinder. Further, we found that a mathe-
matical model that we developed by combining an
empirical correlation of the mixing characteristics
of a CTVFR and a kinetic model, proposed previ-
ously for the continuous emulsion polymerization
of styrene in CSTRs connected in series, could
explain the observed kinetic behavior of the con-
tinuous emulsion polymerization of styrene in a
CTVFR.

Another important characteristic of a CTVFR
as a continuous emulsion polymerization reactor
is that very stable long-term operation is possible
with this reactor without shear-induced coagula-
tion and polymer deposition onto the inner and
outer cylinder surfaces. This is because the reac-
tion mixture in a CTVFR is exposed in a low shear
field due to the lower rotational speed of the inner
cylinder. Considering these characteristics, we
can conclude that a CTVFR is very suitable for
the first reactor (prereactor), that is, the seeder
for a continuous emulsion polymerization reactor
system.
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