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Droplet and particle-size distribution of in®erse phase suspension polymerization of
( )acrylamide was studied in an oscillatory baffled reactor OBR . A discretized popula-

tion balance model de®eloped estimates the coalescence droplet rate and the type of
droplet interactions contributing to the coalescence process in the system. In an OBR,
fluid mixing is achie®ed by eddies generated when a set of prespecified orifice baffles
mo®es periodically through liquid. These ®ortices can be controlled by a combination of
geometrical and operational parameters, such as orifice diameter, baffle spacing, oscilla-
tion frequency, and oscillation amplitude. This type of mixing, combining with a close-
to-constant le®el of turbulence intensity in the reactor, has led to a high degree of con-
trollability and repeatability for both droplet and particle size, and a fine particle le®el
significantly lower than a con®entional stirred-tank reactor. Generic correlation is estab-
lished linking the final bead size and Sauter mean droplet size with power dissipation.

Introduction

Generally, there are two types of suspension polymeriza-
tion processes: the standard suspension polymerization, and
the inverse phase suspension polymerization. For the stan-
dard suspension polymerization methodology, a water-insolu-
ble monomer is dispersed and suspended in a continuous
aqueous phase, usually water, as droplets, and is stabilized by
protective colloids or suspending agents. Polymerization is
initiated by a monomer-soluble initiator, and polymer parti-

Ž .cles beads occur within the monomer droplets. A number of
major polymer products are produced in this way. These in-
clude commodity species such as polyvinylchloride and
polystyrene, moderate tonnage products such as cation- and
anion-exchange resins, and specialities such as high perform-
ance liquid chromatography column packings. For the inverse
phase polymerization, the name says it all. A water-based
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monomer phase is dispersed as droplets in a continuous oil
phase and polymerized in the droplets to form polymer parti-
cles as a dispersed solid phase. During the reaction, the be-
havior inside each dispersed monomer droplet is that of bulk

Ž .polymerization Lin and Wang, 1981 . The polymerization
Žprocess follows a free radical mechanism Hunkeler and

.Haimelec, 1991 , and is initiated chemically by water soluble
Žfree radical azo or peroxide species Hunkeler, 1992; Hun-

.keler and Hernandez-Barajas, 1996 . The water-soluble poly-
mers are the results. Polyacrylamide is produced by such a
process. In fact, the production of water-soluble polymers is
part of a multibillion-pound industry. Such polymers are ex-
tensively used in processes such as water clarification in the
paper making industry and as water treatment coagulants.
Though the polymer chemistry involved and the stabilizing
systems exploited in both polymerization methodologies are
rather different, the basic engineering is common. This in-
volves conventional mechanically agitated stirred-tank vessels
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operating mainly in batch production. The principal objective
in suspension polymerization is the formation of a suspension
as uniform as possible of monomer droplets in the continu-
ous phase, and the prevention of coalescence of such droplets
during the polymerization process. Efficient mixing within a
polymerization vessel serves both purposes. In this work, we
report our investigation of inverse phase suspension polymer-
ization of acrylamide beads of required size and specification

Ž .in a batch oscillatory baffled reactor OBR from droplets to
final particles. The results and the methods described in this
article are applicable to other reactor systems so long as the
power dissipation rate is kept the same.

In an OBR, fluid mixing is achieved by eddies that are gen-
erated when a set of prespecified orifice baffles moves peri-
odically through liquid. These vortices can be controlled by a
combination of geometrical and operational parameters, such
as orifice diameter, baffle spacing, oscillation frequency, and
oscillation amplitude. Under certain operational conditions,
an OBR can be operated as either a plug-flow reactor or an

Ženhanced mixing device Brunold et al., 1989; Dickens et al.,
.1989; Mackley and Ni, 1991, 1993 . For a given baffle geome-

try, the fluid mechanical condition in an OBR is controlled
by the oscillatory Reynolds number Re , and the Strouhal0
number St defined as

Dx � 2� Dx f 2� Du0 0 osc
Re s s s 1Ž .o � � �

D
Sts 2Ž .

4� xo

Ž .where D is the tube diameter m , x is the center to peak0
Ž .oscillation amplitude m , � is the angular frequency of oscil-

Ž . Ž . Ž .lation s2� f , f is oscillation frequency Hz , u x f isosc 0
Ž .the oscillation velocity mrs , and � is the kinematic viscosity

Ž 2 .of the fluid m rs . The power dissipation rate of an OBR
Ž .can be estimated from Baird and Stonestreet, 1995 as

P 2 N 1y� 2
B 3 3�s s x � Wrkg 3Ž . Ž .o2 2�V 3� C �D

Ž .where N is the number of baffles per unit length rm relat-B
ing to the baffle spacing, � is the baffle free area ratio
w Ž .2 xs D rD accounting for the baffle diameter, where D is0 0

Ž . Ž 3.the orifice diameter m , � is the density of liquid kgrm ,
Ž .C is the orifice discharge coefficient taken as 0.7 . For aD

given baffle geometry, both the fluid mechanical conditions
and the power dissipation rate in an OBR are proportional
to the oscillation velocity. In this work, the properties of mean
droplet and polymer particle sizes are correlated to the oscil-
lation velocity, and the coalescence rates of droplets are eval-
uated against the oscillation frequency and amplitude, as well
as the oscillation velocity.

Experimental Facilities and Procedure
Oscillatory baffled reactor

The batch OBR system is shown in Figure 1. Unlike the
predecessors of OBRs in previous investigations, the oscilla-
tory motion of fluid in this case is achieved by moving a set of

Figure 1. Batch oscillatory baffled reactor.

periodically spaced baffles up and down the liquid medium at
the top of the column, rather than pulsing fluid through a set
of stationary baffles at the base. Such an oscillating mecha-
nism has clear advantages in scale-up. The reactor itself con-
sisted of a vertical glass tube of 50 mm in diameter, 1,000 mm
in height, and 5 mm in thickness. There were four ports along
the reactor: two for monomer charging and nitrogen purging,
respectively, and the other two for droplet sampling, as shown
in Figure 1. Both sample ports were of 3 mm internal diame-
ter, with one located at the bottom of the reactor and one at
the top. A plastic tube of approximately 100 mm long was
attached to each sample port. A stainless steel plate was
flanged onto the bottom of the glass column and was fitted
with a 25 mm diameter valve, allowing the reactor contents to
be discharged when required. A set of eight orifice baffles
was used in the investigation, and was attached to a coupling
plate at the top. The baffles were made of a 3 mm thick
stainless steel plate and were connected by two 3 mm diame-
ter stainless steel rods. The baffles were designed to fit closely
to the wall of the column. A drive unit, consisting of an elec-
tric motor with a flywheel, an inverter, and a linkage cam,
provided the periodic motion of the baffles. The speed of the
motor controlled oscillation frequencies from 1 to 5 Hz with
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a 0.01 Hz increment. Oscillation amplitudes of 10 to 50 mm,
peak-to-peak, with an increment of 10 mm were obtained by
adjusting the eccentric positions of the linkage cam on the

Žflywheel. The free baffle area ratio defined as the ratio of
.the orifice area to the tube area was fixed at 23% and the

baffle spacing at 75 mm, which corresponds to 1.5 times the
tube diameter.

Monomer
The redox method of initiation was used in the inverse-

phase suspension polymerization, that is, the initiators were a
redox pair. The two phases in the reaction are an organic

Žphase, which is comprised of iso-paraffinic hydrocarbon Iso-
.par with a steric stabilizer, and a monomer phase, primarily

of water and acrylamide. Based on a confidential and scaled-
down formulation of a proprietary polyacrylamide resin sup-
plied by Ciba Water Treatment Division, U.K. the recipe was
specifically formulated to give off much less heat than the
traditional ones, that is, maximum reaction temperature is
about 50�C. At such a low temperature, the conversion of
monomer is still very high in excess of 99%. This recipe al-
lows the performance of inverse-phase suspension polymer-
ization tests without considering the heat-transfer element,
as in our case, in a glass OBR with no jacket. The use of the
glass vessel also provides good visual observation of what is
really happening in the reactor. Although the recipe is pro-
prietary, the methods and procedures described here are
common to all inverse-phase suspension polymerization pro-
cesses utilizing a redox pair as an initiator, and can easily be
moved from one reactor to another.

The experimental procedure for each run was as follows:
the oil phase, consisting of 750 g Isopar and 3.75 g stabilizer,
was prepared and charged into the column. The baffles were
then oscillated at a frequency of 1 Hz. Nitrogen sparge was
switched on for 30 min at 0.1 bar to degas the oil phase. The
monomer phase was prepared using 122.5 g acrylamide, 122.5
g distilled water, 5 g pH buffer, and 0.5 g Sequestrant solu-
tion. It was then placed in warm water and stirred occasion-
ally to allow the acrylamide to fully dissolve. In addition, a
solution of 20% acetic acid was prepared. Two 50 mL of dis-
tilled water were used to prepare both the Redox initiator A
and B solutions, respectively.

The 20% acetic acid was added dropwise to the monomer
phase until a pH of 6 was achieved and maintained. 2.5 mL
of the Redox Initiator A was then added to the monomer
phase under oscillation, and the resulting mixture was imme-
diately charged to the OBR. The reactants were left for 3
min in order for oxygen in the monomer phase to fully dis-
perse into the oil phase. After the 3 min 2.5 mL of the Redox
initiator B was added to the OBR to initiate the reaction.
Then, 30 min later, the contents of the reactor were collected
and the beads were dehydrated. Samples of dried polymer
particles were sent to the Ciba Water Treatment Division for
analyses, where the particle-size distributions were measured

Žusing a Sympatex machine which utilizes a light scattering
.technique , and the molecular-weight distributions were mea-

sured by the intrinsic viscosity method.
For droplet experiments, both the Redox initiators A and

B were not employed. Furthermore, 2.6 g of para-methoxy
phenol, an inhibitor, was dissolved in the monomer phase in

order to prevent the polymerization reaction from taking
place during the experiments. Droplet samples were taken at
the end of the 3 min mixing time from either the top or bot-
tom of the reactor.

Sampling method
Due to the nature of the recipe used in the investigation,

droplets did coalesce when fluid oscillation was either re-
duced or removed, so the sampling method proved to be crit-
ical. After extensive tests, a reliable sampling method was
developed: a sample of approximately 5 mL was released from
a sample port into a 50 mL beaker containing a 20 mL solu-
tion of 80% Isopar and a 20% stabilizer. It was important to
submerge the plastic sampling tube under the surface of the
solution so those droplets are immediately surrounded by the
stabilizer solution, preventing coalescence from occurring. A
disposable pipette was then used to place six separate sample
drops, each approximately 50 �L apart on two microscope
slides, with three drops each. The slides were examined un-
der a microscope at 40 times magnification.

Image capture and droplet analysis
The image capture unit is shown in Figure 2. The system

Ž .consisted of a charged coupled device CCD camera mounted
on top of a microscope, a computer video capture card, and a
PC. The CCD camera took four digital pictures of each of
the six sample drops, that is, 24 pictures containing approxi-
mately 500 droplets per experiment. These photographs were
then treated, applying the photographic software package
Paintshop Pro 6 before they were analyzed using the
Aequitas image analysis software to determine the droplet-
size distribution. The pretreatment included the edge, bright-
ness, and contrast enhancement. The Aequitas software mea-
sured the inside diameter of the droplets, and this may in-
crease calculation errors when the edge thickness of the
droplets was different for varying for varying focal lengths
Ž .refer to Figure 3 . We found that the outside diameter was
1.2 times the inside diameter and this factor has been applied
to all droplet analysis. The results produced by the Aequitas
software were manipulating using Microsoft Excel to produce

Ž .the droplet-size distribution DSD graphs. From such distri-

Figure 2. Image analysis unit.
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Figure 3. Typical droplet image.

butions, the mean droplet size can be calculated via

Ýn d3
i i

d s �m 4Ž . Ž .32 2Ýn di i

where d is the Sauter mean droplet size, and n and d are32
the droplet number and diameter, respectively.

Droplet number
Since droplet analysis is time-consuming, it is essential to

identify the minimum number of droplets required to obtain
a true reflection of the dispersion within the column. Four
different quantities of droplets ranging from 121 to 505 were
investigated, and graphs of the DSD were produced and
shown in Figure 4. The volume fraction in the vertical axis is
defined as

n d3
i i

Volume Fractions 5Ž .3Ýn di i

It can be seen that the DSDs are essentially of a Gaussian
function and the difference in such distributions between 327
and 505 droplets was minimal. As a result, it was felt that 400
droplets would be sufficient for all the experiments.

Uniformity
The uniformity of the droplets was examined by taking

samples from two different locations along the column and at
different mixing times. The oscillation velocity used for all
the experiments was 90 mmrs. Droplets were sampled at both
the top and bottom ports at a fixed mixing time of 3 min, and
further samples were taken from the bottom port only at mix-
ing times of 6 and 10 min. The results are shown in Figure 5.
It was clear that, after a mixing time of 3 min, the top and
bottom samples were almost identical. This suggests that a
stable and uniform suspension had been formed throughout
the reactor at that time, and a droplet sample from either

Figure 4. Effect of droplet number on droplet-size dis-
tribution.
Oscillation velocitys 80 mmrs, oscillation frequencys 2 Hz;
oscillation amplitudes 40 mm; baffle spacings 75 mm and
baffle free areas 23%.

port is truly representative of the suspension. Increased mix-
ing times of 6 and 10 min had an insignificant effect on the
DSD at the bottom of the reactor, indicating that once the
uniformity was reached in the OBR, it remained independent
of the mixing time.

Repeatability
The repeatability tests were carried out at identical operat-

ing conditions, but on three different days. The results can be
seen in Figure 6. It is clear that a high degree of repeatability
was obtained with all the DSD profiles.

Results and Discussion
Before presenting results, it should be pointed out that the

makeups of the recipe have been kept unchanged throughout

Figure 5. Effect of mixing time on droplet-size distribu-
tion.
Oscillation velocitys 90 mmrs; oscillation frequencys 2.25
Hz; oscillation amplitudes 40 mm; baffle spacings 75 mm
and baffle free areas 23%.
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Figure 6. Repeatability of droplet-size distribution.
Oscillation velocitys 80 mmrs; oscillation frequencys 2 Hz;
oscillation amplitudes 40 mm, baffle spacings 75 mm and
baffle areas 23%.

the study. In this way, the effect of fluid mechanical factors
on dropletsrparticles can be fully investigated. Varying con-
centrations of the constitutive materials in the recipe com-
monly leads to unpredictable step changes in drop and parti-
cle sizes, and such studies are out of the scope of this work.

Mean droplet size
Figures 7 and 8 show the effect of the oscillation velocity

on the droplet-size distribution and on the Sauter mean
droplet size, respectively. It is evident that an increase in the
oscillation velocity shifted the DSD from right to left and

Ž .narrowed the distribution of droplets Figure 7 . It also de-
Ž .creased the mean droplet size Figure 8 . This is expected,

since the oscillation velocity governs the power input to the
system; hence, an increase in the oscillation velocity in-
creased the mixing intensity. Based on the experiments car-
ried out, the following correlation was obtained

y0.96y5d s2.8�10 x f m 6Ž . Ž .Ž .32 0

The individual effect of either the oscillation amplitude or
frequency on the Sauter mean droplet size was investigated
by holding one of the two parameters unchanged while vary-

Figure 7. Effect of oscillation velocity on droplet-size
distribution.
Baffle spacings 75 mm and baffle free areas 23%.

Figure 8. Effect of oscillation velocity on the Sauter
mean diameter.
Baffle spacings 75 mm and baffle free areas 23%.

ing the other. The effect of the oscillation amplitude on d32
was examined at a constant frequency of 3 Hz, and the effect
of the oscillation frequency at a fixed amplitude of 40 mm.
The results are shown in Figures 9 and 10, plotted on a log-log
scale. An increase in either the oscillation amplitude or fre-
quency decreased the Sauter mean droplet size, with gradi-
ents of y0.76 and y1.12 respectively. This suggests that the
oscillation frequency had a more prominent effect on d than32
the oscillation amplitude. This finding is different to the pre-

Ž .vious work in the OBR Ni et al., 1999 where the fluid oscil-
lation was achieved by pulsing fluid at the base of the reac-

Ž .tor, as well as the work in a reciprocating plate column RPC
Ž .Baird and Lane, 1973 . In the above two cases, the effect of
oscillation frequency on d was more or less equal to that of32
oscillation amplitude. The reason for this discrepancy could
probably be attributed to the different design of the reactors.
When the fluid oscillation in an OBR is achieved by means of
oscillating baffles at the top of the reactor, the amplitude in
question is usually larger than that, by means of pulsing fluid
at the base. The mixing in this case is more sensitive to the
change of oscillation frequency. Although there is similarity
in the oscillating mechanism between our system and the
RPC, the multiperforated plates in the RPC somehow reduce
such frequency sensitivity.

Figure 9. Effect of oscillation amplitude on Sauter mean
diameter.
Oscillation frequencys 3 Hz; baffle spacings 75 mm and
baffle free areas 23%.
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Figure 10. Effect of oscillation frequency on Sauter
mean diameter.
Oscillation amplitudes 40 mm; baffle spacings 75 mm
and baffle free areas 23%.

A more generic correlation adopted by all other reactor
Ž .systems is to relate the Sauter mean droplet size d with32

the power dissipation � in the given system as

d s7.26�10y4�y0.32 m 10�� �90 Wrkg 7Ž . Ž . Ž .32

The power index of y0.32 was of a similar magnitude to
Ž .that of y0.4 observed by Ni et al. 1999 in the standard

suspension polymerization of methylmethacrylate in an OBR
of the same diameter. This suggests that the two OBR sys-
tems are similar in the mechanism of droplet formation, and
the Kolmogoroff’s isotropic turbulence is present in both re-
actors.

Ž y0.4.Table 1 compares the K values where Ksd r� for32
different devices, and, for our system, 	 s2�10y4 Nrm and
�s825 kgrm3. The K value is essentially a parameter that
describes the characteristics of a given liquid-liquid disper-
sion and provides a useful comparison with more conven-
tional reactor systems. It can be seen that the K values calcu-
lated for RPCs are generally lower than for the other systems
due to the number of perforations present in each plate, that
is, the energy dissipation per hole will be less than that in an
OBR. The K values quoted range from 2.26�10y4 to 9.72�
10y4, and the value determined for the OBR falls within this
range, indicating that the liquid-liquid dispersion characteris-
tics in the OBR are similar to those in the conventional sys-
tems. Consequently, the methods and results reported in this
article are applicable to other conventional systems.

Coalescence rate of droplets
Due to the nature of the recipe used and the presence of

stabilizers within the system, there is little droplet breakage

Table 1. Comparison of K Values for Different Devices
4Equipment and References K �10

Ž .RPC Baird and Lane, 1973 3.83
Ž .RPC Boyadzhiev and Spassov, 1982 2.26
Ž .STR Zerfa and Brooks, 1996 2.57
Ž .STR Coulaloglou and Tavlarides, 1976 9.72
Ž .OBR this work 7.26

observed after the typical mixing time of 3 min. However,
there is apparent droplet coalescence taking place when the
mixing intensity is reduced. The droplet data obtained can
therefore be used together with a discretized population bal-
ance equation to estimate the rate of coalescence of droplets.
As described earlier, the droplet samples were taken after 3
min of mixing at which a stable droplet distribution has been
achieved. Under such conditions, the volume fraction of
droplets is no longer a function of time, but changes with
operational parameters. Consequently, droplet data of vary-
ing oscillation amplitude, frequency, and velocity can be used
to estimate the change in the rate of droplet coalescence
against these parameters.

Droplet interactions are generally modeled using either
Monte Carlo techniques or the population balance equation
Ž .PBE , although other methods have also been considered
ŽZeitlin and Tavlarides, 1972; Narsimhan et al., 1979; Mu-
ralidhar and Ramkrishna, 1986; Das et al., 1987; Muralidhar

.et al., 1988 . The Monte Carlo techniques, although both
powerful and flexible, are not practical in many situations due
to the large computational time required. The PBE has re-
ceived increasing attention since the early development by

Ž . Ž .Valentas and Amundson 1966 and Valentas et al. 1996 ,
Ž . Ž .and Coulaloglou and Tavlarides 1977 . Laso et al. 1987

proposed a simplification to the PBE, reducing the computa-
tional difficulties involved in the numerical solution. The as-

Ž .sumption of breakage being a first-order binary process, and
Ž .coalescence being a second-order equally sized droplets only

process, and the application of a geometrical discretization of
droplet volume with a step of 21r2 allow faster and simpler

Ž .solutions than the full PBE. Hounslow et al. 1988 applied
the discretized form of the PBE to batch systems, which was

Ž .also extended to continuous systems Hounslow, 1990 . More
Ž .recently, Litster et al. 1995 extended this further to incorpo-

rate an adjustable discretization. In this work we adopted the
discretized PBE to determine the coalescence rate in the sys-
tem.

Model De®elopment and Coalescence Rate. Experimental
droplet data in terms of volume fraction were used in the
model. Droplet diameters were discretized into volume bins

Ž .using the method of Litster et al. 1995 with a minimum
1r6 Ždroplet diameter of 2 �m and geometric step of 2 corre-

1r2 .sponding to a volume ratio of 2 , illustrated by Figure 11 in
all 51 droplet size ranges presented in the distributions. Data
for oscillation amplitudes of 30, 40, and 50 mm, oscillation
frequencies of 1.75, 2, 2.25 and 3 Hz and oscillation velocities
of 70, 80, and 90 mmrs were interpolated into the discretized
volume bins assuming a constant droplet size density number

Figure 11. Discretized volume bins used in the popula-
tion balance equation.
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for each of the measured droplet-size ranges. This assump-
tion may be inadequate, but with noisy measured droplet-size
distributions, higher order interpolations may introduce fur-
ther errors.

In establishing the model we also assume that a droplet in
Ž . Ž .a given bin i can coalesce with: a a drop in the same

Ž . Ž .bin�Type a ; b a drop in a bin immediately below or above
Ž . Ž . Ž . Ž .i , that is, bins i�1 �Type b ; c a drop in a bin immedi-

Ž . Ž . Ž .ately below bin i�1 , that is, bins i�2 �Type c .
The resulting droplet volume will be equal to the sum of

the two coalescing droplets and, due to the discretization ap-
plied, will always move into a bin of a larger droplet volume.
Clearly, the more possibilities of droplet interactions to be
included, the fuller the coalescence investigation; however,
this leads to more complex model equations and requires
longer computational time. On balance, our simplified cases
would allow us to compute a representative coalescence rate
in a reasonable time scale.

The constitutive equations are as follows. Let us denote
� Ž .d , F x and � as the geometric mean diameter, dropleti i i,j

Ž .volume fraction and coalescence rate of droplets in bin i
Ž .with bin j , with is1 corresponding to the smallest droplet

range and is51 to the largest. The rate of droplet volume
fraction changing with oscillation frequency, amplitude, or
velocity is associated with the following six terms as

dFi
syF 2� q� q� q� q�Ž .i i , i i , iy1 i , iq1 i , iy2 i , iq2d�

q2� F qK � F qFŽ .iy2, iy2 iy2 1 iy2, iy3 iy2 iy3

qK � F qF qK � F qFŽ . Ž .2 iy2, iy1 iy2 iy1 3 iy2, iy4 iy2 iy4

qK � F qF 8Ž .Ž .4 iy3, iy1 iy3 iy1

where � is a characteristic parameter, and could be the oscil-
lation frequency, amplitude, or oscillation velocity, giving the
corresponding unit of the coalescence rate per Hz, per mm
or per mmrs, and K1yK4 are the fraction of the resulting

Ž .droplets that move to bin i . The first term on the right ac-
Ž .counts for the loss of droplets from bin i due to coalescence

Ž . Ž . Ž .of the Type a , b or c , as detailed previously. The second
Ž .term reflects the gain of droplets in bin i by coalescence of

Ž . Ž .the Type a from bin iy2 . The third and fourth terms are
Ž .responsible for the gain of droplets in bin i by coalescence

Ž . Ž . Ž . Ž .of the Type b from bins iy2 and iy3 or iy2 and
Ž .iy1 , respectively. The remaining terms reflect the gain of

Ž . Ž .droplets in bin i by coalescence of the Type c from bins
Ž . Ž . Ž . Ž .iy2 and iy4 or iy3 and iy1 , respectively. The pre-
dicted droplet volume fraction is then given by

dF�2 i�F � :� sF � q d� 9Ž . Ž . Ž .Hi 2 1 i 1 ž /d��1

The coalescence rate � was estimated from the experi-i, j
mental droplet data by finding values for the coalescence rates

that minimize the function

yy1 y
2�F � :� yF � 10Ž . Ž . Ž .Ý Ý i k j i k

js1 ks jq1

where y is the number of datasets used.
The integration in Eq. 9 is carried out with either an oscil-

lation amplitude step of 10 mm, an oscillation frequency step
of 0.25 Hz, or an oscillation velocity step of 10 mmrs using
Euler’s method. A solution to Eq. 10 can be obtained using
the MatLab fminsearch function. The computational time re-
quired to complete 10,000 iterations of the minimization var-
ied from 3 min when using three datasets, to 12 min when
using six datasets. A final solution was usually reached after
between 5 and 8 of these cycles, that is, the total computa-
tional time varied between 15 and 96 min.

The overall coalescence rate for droplets in a given bin is
the sum of all possible combinations of droplet coalescence
listed in the assumptions

� s2� q� q� q� q� 11Ž .Total,i i , i i , iy1 i , iq1 i , iy2 i , iq2

Figures 12�14 show the calculated overall coalescence rates
for each of the operational parameters studied. It should be
noted that the range of droplet diameters included in these

Ž .figures 200 to 600 �m is larger than that shown in Figures
8�10 of 200 to 400 �m for d . However, this is expected, as32
the small fraction of droplets diameter larger than 400 �m
that existed in the experimental data can result in artificially
high or low predicted rates for these volume bins, as shown
in Figures 12�14. As a consequence of this, the calculated
coalescence rates in the range of 200 to 400 �m should be
closely looked at.

The effect of reducing the oscillation amplitude on the
overall coalescence rate is shown in Figure 12. A general de-
creasing trend in the overall coalescence rate with increasing
droplet diameter can clearly be seen. Figure 13 shows the
effect of decreasing the oscillation frequency on the calcu-
lated overall coalescence rate. The rate in this case generally
increases at first, then decreases in the droplet diameter range
200 to 400 �m, and the trend repeats for droplets above 400

Figure 12. Predicted overall coalescence rate in the
droplet diameter range of 200—600 �m for
each 10 mm decrease in oscillation ampli-
tude.
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Figure 13. Predicted overall coalescence rate in the
droplet diameter range of 200—600 �m for
each 0.25 Hz decrease in oscillation fre-
quency.

�m. The different trend and higher coalescence rates in
comparison to those for changes in the oscillation amplitude
suggests that the coalescence process is more sensitive to
changes in the oscillation frequency in the system. This is
consistent with our earlier discussion on the mean droplet
size.

The variation in the overall coalescence rate for each 10
mmrs decrease in the oscillation velocity is shown in Figure
14. For droplet diameters of 200 to 400 �m, the coalescence
rate is more or less the same, with an acceptable level of
scattering. The trend is, however, considerably different for

Ž .extremely large droplet sizes �400 �m where the rate in-
creases with the droplet diameter. This can again be at-
tributed to the small fraction of droplets found in these
ranges, resulting in artificially high coalescence rates. Al-
though the individual effect of decreasing either the oscilla-
tion frequency or amplitude on the rate differs, the collective
effect on the rate is rather small. In the droplet range of 200
to 400 �m, the predicted overall mean coalescence rate is
around about 0.35 per 10 mmrs decreasing in the oscillation
velocity. As all the droplet measurements were made after 3
min of mixing time, a stable droplet distribution has already

Figure 14. Predicted overall coalescence rate in the
droplet diameter range of 200—600 �m for
each 10 mmrrrrrs decrease in oscillation veloc-
ity.

been achieved. The ability to take in-situ measurements of
droplets during the 3 min will allow a further picture of coa-
lescence to emerge. However, this is limited by the practical-
ity, that is, the time taken for sampling.

Since the coalescence rates for each type are automatically
calculated in the minimization process, this provides us with
a tool to examine which type of droplet interaction con-
tributes more to the coalescence process in the system. The
individual rates are as follows

� s2� 12Ž .TypeŽa., i i , i

� s� q� 13Ž .TypeŽb., i i , iy1 i , iq1

� s� q� 14Ž .TypeŽc., i i , iy2 i , iq2

Figures 15�17 show the calculated coalescence rates for
each type of coalescence considered, with the operational
conditions corresponding to these in Figures 12�14. It can be

Ž .seen that the coalescence Type b clearly has a dominating
influence on the droplet formation in the range of 200 to 400

Ž .�m ignoring the extremely high droplet diameters in all
these figures. This rather interesting finding gives measure of
the pattern of droplet interactions in the coalescence process
of the given system. Such positive identifications pave the way
for the more detailed mathematical modeling of coalescence
mechanism. As to why drops of different but similar size coa-
lesce, the reason is unclear at the moment. The question of
how to utilize such drop interactions to control coalescence
and subsequent drop formation will remain a great challeng-
ing task for us all. If such controls were feasible, desired drop
sizes could be selected in any given reactor system, which can
only be a fantasy at the current stage.

It is important to point out that the model presented here
can be adopted by other traditional reactor systems as long
as droplet-size distributions are measurable.

ŽIt should be noted that there are some unphysical nega-
. Žtive predicted values for the coalescence rate Figures

.15�17 , in particular in the case of decreasing frequency.
This could probably be due to the fact that the sets of
droplet-size distributions used in the modeling shifted to the
right with the decrease of the oscillation frequency, while the
peak of the volume fraction for the sets did not correspond
faithfully, resulting in some negative values for individual co-

Figure 15. Predicted individual coalescence rates in the
droplet diameter range of 200—600 �m for
each 10 mm decrease in oscillation ampli-
tude.
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Figure 16. Predicted individual coalescence rates in the
droplet diameter range of 200—600 �m for
each 0.25 Hz decrease in oscillation fre-
quency.

alescence rates in the modeling process. In this respect, those
negative values should be ignored.

Model E®aluation. Substituting the calculated coalescence
rate into Eq. 9, we can reconstruct the droplet-size distribu-
tions for every given operational condition, and these can then
be compared with experimentally measured DSDs. In such a
way, our model can be validated and assumptions justified.
Figures 18�20 show such comparisons for changing oscilla-
tion amplitude, frequency, and oscillation velocity, respec-
tively. It can be seen that the DSDs predicted by the model
match the experimental data closely for all the conditions un-
der a test, and the deviation of the model predictions from
the experimental data estimated using the sum of squares
method was very small, ranging from 0.01% to 8.71%, thus
confirming that the model developed describes the overall and
individual coalescence rates in the system with a high degree
of accuracy. The model also provides insight into the under-
standing of the mechanism of droplet formation. It may also
prove to be a useful tool in evaluating droplet-size distribu-
tions under changing conditions of oscillation.

Mean particle size
Ž .Particle-size distribution PSD was measured using a Sym-

patex machine for all the polymerization experiments, and it

Figure 17. Predicted individual coalescence rates in the
droplet diameter range of 200—600 �m for
each 10 mmrrrrrs decrease in oscillation veloc-
ity.

Figure 18. Comparison of reconstructed DSDs with ex-
perimental DSDs for varying oscillation am-
plitude.

Žcan be seen that there were very few fines produced beads
.with a particle size less then 150 �m , the level of which was

consistently less than 3% for all the experimental runs. It can
be seen that the PSD was essentially of a Gaussian distribu-
tion, and Figure 21 shows merely one out of 100 experiments
carried out at a wide range of oscillation conditions. It should
be noted that 15% of the total 100 experiments were re-
peated for the purpose of repeatability, and the closeness of
the PSD curves under test gave an indication of the high de-
gree of reproducibility. From the distribution data, the mean
particle size of polymer can be determined. The commonly
used term for this is the particle size at 50% cumulative vol-
ume, that is, d . Figure 22 shows the effect of the oscilla-®,0.5
tion velocity on the mean particle size. Similar to the droplet
case, an increase in the oscillation velocity decreased the
mean particle size and the trend was more pronounced at
lower oscillation velocities. Significantly, a Gaussian distribu-
tion has remained in the PSDs for all the oscillation veloci-
ties. The results shown in Figure 22 are very important as
they indicate that the mean particle size and size distribution

Figure 19. Comparison of reconstructed droplet-size
distributions with experimental distributions
for varying oscillation frequency.
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Figure 20. Comparison of reconstructed droplet-size
distributions with experimental distributions
for varying oscillation velocity.

in the OBR can be controlled simply by selecting the appro-
priate oscillation velocity. The range of the mean particle size
achieved while maintaining the Gaussian size distribution in
the OBR is a key for product engineering.

Based on experimental data, a universal correlation linking
d with the power dissipation of the system was obtained®,0.5

d s1.44�10y3�y0.55 m 15Ž . Ž .®,0 .5

This generic correlation can be used as a good guide if the
methods are applied to other conventional systems. One of
our particular aims in this work was to establish a correlation
between the size of the polymer beads produced and that of
the droplets. By rearranging Eqs. 7 and 15 the following cor-
relation was obtained

1.70d s34.85 d m 16Ž . Ž .Ž .®,0 .5 32

By plotting both d and d against the oscillation veloc-®,0.5 32
ity x f in Figure 23, it is clear that the sizes of the dropletso

Figure 21. Particle-size distribution: d s138.3 �m,v ,0.1
d s234.6 �m and d s355.3 �m.v ,0.5 v ,0.9
Oscillation amplitudes 40 mm; oscillation frequency s
2.25 Hz, baffle free areas 23%; baffle spacings 75 mm
and monomer addition times 20 s.

Figure 22. Effect of oscillation velocity on mean particle
size.
Baffle spacings 75 mm and baffle free areas 23%.

and the final beads are close to each other for the entire
Ž .range of the oscillation velocities examined 70 to 150 mmrs .

This is consistent with the small coalescence rates of droplets
predicted by the model, which further validates the reliability
of the model development. It is also possible to apply Eq. 16
to predict the final mean particle size in the OBR from the
droplet size measured prior to the reaction. This exercise can
also be adopted by other traditional reactor systems in in-
verse-phase suspension polymerization.

We have also carried out the evaluation of polymer beads
produced from a STR and an OBR. To do so, six experi-
ments were performed at Ciba in a STR using the identical
recipe to that in this work, but only 40% of the OBR load,
due to the smaller internal volume of the Ciba vessels. All
the experiments performed at Ciba used the optimum im-
peller speed and the mean particle sizes obtained were from
200 to 250 �m. It was possible to produce larger beads in the
STR, but at a cost of an increased risk of agglomeration. The
OBR has not only produced beads that matched this specifi-
cation in terms of the mean particle size and distribution
width, but also, importantly, manufactured polymer beads
that have the mean size ranging from 200 up to 800 �m,
while still maintaining a Gaussian particle-size distribution
throughout. Furthermore, the OBR has the ability to pro-

Figure 23. Comparison of mean particle- and droplet-
size correlations.
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duce polymer particles with a constant level of fines of ap-
proximately 3%, which is not obtainable in a STR of a typi-
cally 8.5%. A low level of fines in the product is desirable, as
it improves the product properties and reduces waste.

Conclusions
We have demonstrated that the OBR is capable of control-

ling the formation of droplets and, thereafter, producing
beads of required specification by simply selecting appropri-
ate operational parameters. Our extensive experimental stud-
ies of droplet-size distribution have led to a successful model-
ing of the coalescence of droplets in the system. The model-
ing process has also provided the detailed insight of the type
of droplet interactions contributing to coalescence process in
the system, assisting our understanding on the mechanism of
droplet formation. It is interesting to know that the majority
of coalescence of droplets in our system takes place by coa-
lescing droplets of different, yet adjacent, sizes. The percent-
age of coalescence of droplets in equal size is generally very
small. The identification of such findings opens doors for
more detailed mathematical modeling of coalescence mecha-
nism.

Using the coalescence rates predicted by the model, the
reconstructed DSDs matched the experimental DSDs closely
for all the conditions tested, and this also validated our model.
We have also established both specific and generic correla-
tions with both the mean droplet and particle size. In poly-
merization of acrylamide, the PSDs produced in the OBR
were of an essentially Gaussian distribution, and the mean
particle sizes ranged from 200 to 800 �m, while still main-
taining such a distribution. The level of fines produced in the
OBR was found to be much lower than that in a conventional
STR. We believe that these advantages would make the OBR
an attractive alternative for a number of polymerization reac-
tions.
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Notation
C sorifice discharge coefficientD

d smean particle size, m®,0.5
d sSauter mean diameter, m32
d� sgeometric mean diameter, �mi
Dsinternal tube diameter, m

D sorifice diameter, m0
fsoscillation frequency, sy1

F sdroplet volume fractioni
N snumber of baffles per unit length, my1

B
PrVspower density, W �my3

Re soscillatory Reynolds number0
StsStrouhal number

x fsoscillation velocity, m � sy1
o
x soscillation amplitude, mo
ysnumber of datasets

Greek letters
�sratio of the effective baffle orifice area to the tube area

Ž .� scoalescence rate of droplet in size range i with droplet ini, j
Ž .size range j

�spower dissipation per unit mass, W �kgy1

�scharacteristic parameter
�sdensity of fluid, kg �my3

	 sinterfacial tension, N �my1


 skinematic viscosity, m2 � sy1

�sangular oscillation frequency, Rad � sy1
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