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AbstractThis study investigated the effect of dual impeller geometry on the droplet size in the suspension-PVC (S-
PVC) polymerization process. To simulate the process, 1,2-dichloroethane was used as a dispersed phase, because it has
been used to replace the toxic vinyl chloride monomer (VCM). Using a borescope method, a droplet size was mea-
sured for a biphasic liquid system, and the Sauter mean diameter increased by 46.5% as the upper paddle impeller was
replaced by 20o pitched paddle. It also increased when the impeller diameter and the blade width increased. Consider-
ing this effect, a geometrical factor (F) was revised, and a calculated maximum energy dissipation rate was used for
establishing the Sauter mean diameter correlation. The proposed correlation can estimate the Sauter mean diameter
within ±20% error, and one can predict the normality of the polymerization under specific impeller geometry using
this correlation.
Keywords: Dual Impeller Geometry, S-PVC, Borescope, Maximum Energy Dissipation Rate, Sauter Mean Diameter

INTRODUCTION

Many efforts have been made to improve product yields through
facilitated mass and heat transfer in vapor-solid [1,2] and liquid-
liquid reactor units [3,4]. In particular, a stirred liquid-liquid reac-
tor showed high product selectivity despite its simple vessel and
impeller structure [5,6], as vapor-liquid reaction systems uses vari-
ous forms of simple gas distributors [7,8]. Since reaction occurs at
the interface between the dispersed phase droplet and the continu-
ous phase, the efficiency of the process depends on the droplet size.
Thus, controlling and predicting the droplet size under certain con-
ditions would be a great help for the design and scale-up of the
stirred liquid-liquid reactor.

One of the main industrial processes that uses stirred liquid-liq-
uid reactor is the suspension-PVC (S-PVC) polymerization pro-
cess [9,10]. In this process, the size of the final S-PVC resin can be
estimated if the droplet size in the stirred liquid-liquid reactor is
predictable. Droplets produced by the dispersion of vinyl chloride
monomer (VCM) in the water are known to have little change in
size after a certain conversion, due to the surrounding skin formed
at the surface of the droplet as the reaction progresses [11,12]. Since
the surrounding skin is formed at the relatively early stage of the
reaction [12,13], the size of the initially produced droplet is bound
to have a significant association with the final S-PVC resin size. In
addition, the size of the VCM droplet is related to the abnormal S-
PVC particle, fisheye. Fisheye is a rigid sphere particle that grows
independently without breakup and reduces the processability since
it does not absorb plasticizers. However, its occurrence may be
reduced if a sufficient flow is applied to the entire liquid phase inside

the reactor. Kobayashi et al. [14] added an auxiliary blade to the
existing Brumagine type impeller for the reinforcement of the axial
mixing and, as a result, the number of fisheye has been greatly
reduced. Nevertheless, the modified impeller used in the literature
is not a common form, which makes it difficult to apply to other
reaction systems.

Thus, in this study, a widely used paddle impeller and pitched
paddle impeller were adopted, and the droplet size was measured
in a stirred liquid-liquid reactor. Unlike many previous studies using
lab scale stirred reactor and a single impeller [15-18], a dual impel-
ler system was used for the 100 liter scale reactor in this study since
the single impeller is not suitable for large scale reactors [19,20].
Since it is known to have a high hydraulic efficiency when the
pitched paddle impeller is located above and the paddle impeller is
below [21], the geometry of the lower paddle impeller was fixed
and only the upper pitched paddle was changed to investigate the
effect of axial mixing on the droplet size. In addition, 1,2-dichlo-
roethane (DCE) was used instead of toxic VCM, as it was used to
simulate the S-PVC production process in the previous literature
[22].

To measure the droplet size, many techniques have been used.
When the droplet images are taken at the outside of the reactor
[23,24], the reliability of the data cannot be ensured because only
the droplets located at the wall of the reactor are photographed. Fur-
thermore, the image of the droplets cannot be obtained if the liquid
mixture inside the reactor becomes blurry. For the case of encap-
sulation and sampling [25-28], there is a possibility of coalescence
between the droplets during the removal of the liquid sample. On
the other hand, the borescope system can minimize the distortion
of the droplet image, since it measures the droplet size directly at
the inside of the liquid mixture in the reactor [15,16,29,30]. Since a
large size reactor of 100 liters was used, the number of sampling loca-
tions was increased to three, taking a droplet image and calculat-



Impact of dual impeller designs on the morphology of S-PVC 47

Korean J. Chem. Eng.(Vol. 40, No. 1)

ing the Sauter mean diameter for each location.
In addition, this study proposes the Sauter mean diameter cor-

relation to enable the prediction of the S-PVC resin size. Unlike
most of the previous Sauter mean diameter correlations, which were
established mainly by the property of the liquid phases [15,17,25,
31-34], we used a maximum energy dissipation rate (max) since the
energy dissipation takes place mainly in the vicinity of the impel-
ler and it plays an important role in determining the droplet size.
Furthermore, the effect of the impeller geometry on the Sauter mean
diameter was reflected by using max for the correlation. It is help-
ful to understand how the changes in dual impeller geometry affect
the size and morphology of the S-PVC resin in the vinyl chloride
polymerization process.

EXPERIMENTAL SECTION

1. Experimental Setup
A stainless steel reactor with a diameter of 40 cm and a height

of 80 cm was used for the experiment. Inside the reactor, twelve
cylindrical baffles with a diameter of 2 cm were placed 10 cm from
the reactor center to reduce the vortex. To maintain the tempera-
ture of the reactor at 25 oC, a heating jacket was used, and the dif-
ference between the actual temperature and the set point was within
±1 oC. In addition, a borescope system was used for the droplet
image acquisition, as shown in Fig. 1. To minimize the disturbance
from the borescope, we used a borescope with a small diameter
(94cm length, 0.72cm diameter; Gradient Lens Corporation, Hawk-
eye Pro Super Hardy, USA). The borescope was connected to a
CCD camera (Sony, XCD-U100, Japan) and a xenon lamp (Excel-
itas Technologies, X-1500, USA) using a light guide. In addition, a
personal computer with trigger software was also connected, so it
was possible to shoot and save the droplet image. As illustrated in
Fig. 2(a), the borescope was inserted into the reactor through the
hole of the reactor upper plate. To prevent backflow, the borescope
was covered with a stainless steel tube with a 1/2'' diameter, and a lens
(12.5 mm diameter, 1.75 mm thickness; Edmund optics, BORO-
FLOAT® Borosilicate Windows, USA) was attached at the end of

Fig. 1. Borescope system for the measurement of Sauter mean dia-
meter.

Fig. 2. Schematic diagram of the experimental apparatus: (a) stirred tank with the dual impeller and the borescope system (here, only pad-
dle-paddle impeller system is presented); (b) paddle impeller; (c) pitched paddle impeller.

the tube. Since the volume of the reactor is large (ca. 100 liter) and
a dual impeller is used, three sampling locations were employed and
the droplet size was measured next to and between the two impellers.

For a paddle-paddle dual impeller system, a three-blade stainless
steel paddle impeller (0.1115 m in diameter and 0.037 m blade in
width; Fig. 2(b)) was used for both impellers. In the case of a pitched
paddle-paddle dual impeller system, a three-blade stainless steel
pitched paddle impeller (10/20o blade angle, 0.1115-0.1215m diame-
ter, and 0.037-0.057 m blade width; Fig. 2(c)) was used as an upper
impeller while the aforementioned paddle impeller was used as a
lower impeller. By using a pitched paddle with a small impeller
blade angle, some extent of axial mixing occurred without mak-
ing the droplet size too large, since the increase of impeller blade
angle results in the increase of the Sauter mean diameter [35,36].
The detailed geometries of the impellers used in this study are pre-
sented in Table 1.
2. Borescope System Calibration

To calculate the actual size of the droplet obtained by the bore-
scope system, an object that can be a reference is required. For the
reference material, three glass bead sets with diameters of 2.0 mm
(Glastechnique, Germany), 0.25 mm (SUPELCO, USA), and 0.075
mm (SUPELCO, USA) were used. Before the calibration, the focal
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length of the CCD camera was adjusted so that the sharp border-
line can be seen when the glass bead lying just in front of the lens
is photographed. Over 200 glass bead images were taken to obtain
reliable data, and the size of the glass bead represented by pixel
was measured using the Adobe Photoshop program. Since the
actual sizes of the glass beads are known, the actual size of one
pixel was calculated. Three sizes obtained by each experiment were
averaged and used as a reference size for the further droplet size
measurement.
3. Sauter Mean Diameter Measurement

To measure the Sauter mean diameter, we used tap water and
extra pure grade DCE (99.0%, SAMCHUN Pure Chemicals, Korea)
for the aqueous phase and the organic phase, respectively. The prop-
erties of both phases are presented in Table 2. The density of the
aqueous phase was obtained from Rumble et al. [37] and the sur-
face tension of the aqueous phase was calculated by the equation
of Vargaftik et al. [38]. For the viscosity of water, the value of Lal-
iberté et al. [39] was used. The density, surface tension, and viscos-
ity of the organic phase were obtained from Rumble et al. [37] and
the interfacial tension between two phases was obtained from the
Girault et al. [40].

The droplet size was measured at 25 oC and impeller speed of
300-600rpm. Then, the fluid flow in the reactor was fully turbulent
regime since the minimum Reynolds number was 7.9×104. Through-
out the experiment, both an aqueous phase of 50 L and an organic
phase of 30 L were used. Thus, the organic phase holdup () was
0.375, which is relatively large compared to previous studies [24,
27,31,32]. As listed in Table 1, only the upper impeller was switched
according to its geometry change while the volumetric ratio of the
two phases was fixed. After the two phases were carefully poured
into the reactor, agitation was started with the impeller speed set.
Considering that the size of the reactor we used was large, we dou-
bled the previously reported stabilization time of 10 min [30] and
investigated whether the 20 min of stabilization was sufficient. The
details for the experiment and its result are described in the Sup-
plementary Information (Fig. S1). To ensure the reliability of the

data, 200 droplets were known to be sufficient to obtain the size
distribution [29,30]. After obtaining over 200 droplet images, their
sizes were measured using the Adobe Photoshop program. Using
the actual size of one pixel obtained from the calibration of the
borescope system, the droplet sizes were converted to actual sizes.
With these data, the Sauter mean diameter (d32) was calculated
using Eq. (1), where ni and di are the number of droplets and the
diameter of the droplet, respectively. To ensure the reliability of the
data, the whole experiment was repeated three times at each con-
dition and the averaged value was used.

(1)

After calculating the Sauter mean diameter, the effects of blade
angle, impeller diameter, and impeller width were analyzed using
the design of experiments (DOE) software, Minitab 19. DOE has
been widely used to evaluate the effectiveness of parameters [41-
43], and we obtained a residual plot and a contour plot using three
2-factor general full factorial designs.
4. Sauter Mean Diameter Estimation

Many prior studies have proposed the Sauter mean diameter
correlation, which includes the properties of the two liquid phases
such as density, viscosity, and interfacial tension [17,32,44,45]. How-
ever, they did not properly reflect the impeller geometry and its
effect, except the impeller diameter. Thus, we chose the correlation
of Bliatsiou et al. [35] as a basic form, since their correlation reflected
the effect of impeller geometry, as presented in Eq. (2). Here, C1-
C3 are constants. In addition, max can be calculated by using the
mean energy dissipation rate  and the geometrical factor F, sug-
gested by Henzler and Biedermann [46] (Equation 3). In Eq. (3),
the effect of impeller blade angle  is reflected as a term cos.
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Table 1. Summary of the upper and lower impeller geometries used in this study
No. u (o) Du (m) Wu (m) l (o) Dl (m) Wl (m)
1 00 0.1115 0.037 0 0.1115 0.037
2 10 0.1115 0.037 0 0.1115 0.037
3 20 0.1115 0.037 0 0.1115 0.037
4 10 0.1145 0.037 0 0.1115 0.037
5 10 0.1185 0.037 0 0.1115 0.037
6 10 0.1215 0.037 0 0.1115 0.037
7 10 0.1115 0.047 0 0.1115 0.037
8 10 0.1115 0.057 0 0.1115 0.037

Table 2. Density, surface tension, viscosity, and interfacial tension for the two liquid phases at 25 oC

Substance Density
(kg/m3)

Surface tension
(mN/m)

Viscosity
(cP)

Interfacial tension
(mN/m)

Water 0,997 71.976 0.890 28.43DCE 1,245 31.860 0.779
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To obtain max,  was calculated from the sum of the power
consumptions for each impeller obtained by the computational
fluid dynamics (CFD) study. Detailed method of the CFD study is
given in Section 2.5.

For ports 1 and 3, max was used for the Sauter mean diameter
fitting since ports 1 and 3 were most influenced by the upper and
lower impeller, respectively. On the other hand, for port 2,  was
used because it was the least influenced region by the two impellers.

In addition, the circulation frequency (1/tc) was used for the Sau-
ter mean diameter fitting to reflect the effect of the flow circulation
on the droplet size. First, the impeller flow number (Fl) was calcu-
lated using the power number and the equation of Jüsten et al. [47]
which used the power number for the flow number estimation.
Then, the circulation frequency for each impeller was calculated
using the flow number and the equation of Smith et al. [48], which
is (1/tc)=(Fl·ND3/V). For ports 1 and 3, the circulation frequency
of nearby impeller (upper and lower impeller, respectively) was used
for the Sauter mean diameter fitting, and for port 2 the two circu-
lation frequencies were used together since the droplets at port 2
were affected by the flow created by both impellers. The Sauter mean
diameter correlation was revised with multiple regressions, and the
estimated Sauter mean diameter was compared with the experimen-
tal results.
5. CFD Study for the Impeller Power Number

A three-dimensional CFD technique using ANSYS FLUENT R1
was employed to calculate the impeller power number for the var-
ious dual impeller set which were used in this study (see Table 1).
The hexa mesh was used for the 100 L reactor and the dual impel-
ler system, and the mesh was densely generated at the interface
and vortex generation position, as shown in Fig. 3.

For the numerical simulation, we used Eulerian for a multiphase
model and realizable k- with scalable wall functions for the tur-
bulence model. For the drag model, Schiller-Naumann model was

used, and Troshko-Hassan model was used for the turbulence inter-
action. In addition, multiple reference frame (MRF) model was used
for the dual impeller system, and a stationary reference frame was
used for the stationary region.

To verify the reliability of the simulation results, a grid indepen-
dence test was conducted. The effect of four grid numbers (ranged
from 111,546 to 404,164) on the total torque of the paddle-paddle
dual impeller system was investigated.

In addition, to confirm how similar the CFD results are to the
actual flow phenomenon, the depth of the vortex and the increase
of the liquid surface height during the agitation were measured and
compared with the CFD results. For a water-DCE mixture, as the
liquid phase became blurred during the agitation, it was difficult to
measure the vortex depth from the outside of the reactor. Thus, 80 L
of water was used instead of water-DCE mixture and stirred at
600rpm. The experiment was conducted at the base impeller posi-
tion and the upper impeller was moved 40 mm upward. First, after
the stabilization time of 20 min, a video was taken for 30 sec (in
real time) using a high-speed camera with 6 fps; thus the length of
the video was 3min. Afterwards, an image was captured every 1sec
(based on the time scale of the video) as presented in Fig. 4, and a
total of 100 snapshots were obtained. For each picture, the vortex
depth and the difference in water surface height before and after
the agitation were measured. Thereafter, the average values of these
and the CFD results were compared.

Afterwards, using the torque (M) obtained by the CFD simula-
tion, the power consumption (P) and power number (Ne) of the
upper/lower impellers for each dual impeller set were calculated,
as shown in Eqs. (4) and (5).

(4)

(5)





Ne  
P

N3D5
----------------

P  2MN

Fig. 3. Mesh generated by ANSYS FLUENT for the 100 L reactor
with a dual impeller.

Fig. 4. Vortex and surface height image taken using the high-speed
camera for base impeller position.
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The power numbers at the impeller speed of 300 rpm were used
for other impeller speeds, since the power number is known to
change only slightly when the Reynolds number is large enough
(>103) and the lowest Reynolds number in our system was 7.9×104.

RESULTS AND DISCUSSION

1. Calibration of the Borescope System
The borescope was calibrated by taking the photo of the glass

bead sets with diameters of 2, 0.25, and 0.075 mm. As illustrated
in Figs. 5(a)-(c), the image of the glass beads was successfully ob-
tained, and the small characteristic circular pattern is shown in each
glass bead image. These circles were created by the reflection of
the flashlight [29] and used as a standard point for the measure-
ment of the droplet radius.

Using the Adobe Photoshop program, the sizes of the glass beads
represented by pixels were measured and averaged. Since the size
of the glass bead sets was known, the actual size of one pixel was
calculated by the proportional relation. The high reproducibility was
confirmed because the three pixel sizes were quite similar (2.87
m/pixel for a 2 mm glass bead, 2.69m/pixel for a 0.25 mm glass
bead, and 2.72m/pixel for a 0.075mm glass bead), and each aver-
aged value of these three was used for the droplet size measurements.

Fig. 5. Glass bead photos taken by the borescope system; (a) 2 mm glass beads; (b) 0.25 mm glass beads; (c) 0.075 mm glass beads.

Fig. 6. Blurry water-DCE mixture and the actual droplet photos at port 1 of the paddle-paddle dual impeller: (a) 400 rpm; (b) 300 rpm; (c)
400 rpm; (d) 500 rpm; (e) 600 rpm.

2. Verification of the Borescope System
To calculate the Sauter mean diameter, the photos of the DCE

droplets were taken at various impeller speeds and types. As shown
in Fig. 6(a), the water-DCE mixture became opaque with the ris-
ing impeller speed. However, by using a light source and high shutter
speed, the image of the droplet was successfully obtained at a high
impeller speed of 600 rpm. Thus, it is a huge advantage of the bore-
scope system that the image of the droplet can be obtained under
the invisible condition of bare human sight. The actual image ob-
tained from port 1 of the paddle-paddle dual impeller is illustrated
in Figs. 6(b)-(e).
3. Droplet Size Distribution

The droplet size distribution was calculated using all droplet sizes
obtained through three experiments, and the results are shown in
Figs. 7-9. In Fig. 7, the effect of the impeller blade angle on the
droplet size distribution is presented. For all three impellers, the
droplet size distribution became narrower as the impeller speed
rose. These results were consistent with the experimental data of
the previous study [12]. Notably, for the paddle-paddle impeller,
there was no major change in the size distribution at an impeller
speed higher than 300 rpm. This indicates that when a paddle im-
peller having good breakup performance is used, the decrease of
the droplet size may not be large even with the impeller speed in-
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creased. Thus, under the paddle-paddle impeller, the droplet size is
already sufficiently diminished from the impeller speed of 400
rpm. This phenomenon was also found in the previous study [49]:
the droplet size distribution became much narrower when the
impeller speed increased from 350 to 450 rpm. However, when the
impeller speed further increased to 550 rpm, the droplet size distri-
bution was almost the same as that at 450 rpm. In addition, since
the organic phase holdup they used was 0.4 [50], it is quite similar

Fig. 7. Droplet size distribution at port 1, 111.5 mm diameter: (a) paddle-paddle impeller; (b) 10o pitched paddle-paddle impeller; (c) 20o

pitched paddle-paddle impeller.

Fig. 8. Droplet size distribution at 10o pitched paddle-paddle impeller, port 1: (a) 114.5 mm diameter; (b) 118.5 mm diameter; (c) 121.5 mm
diameter.

Fig. 9. Droplet size distribution at 10o pitched paddle-paddle impeller, port 1: (a) 47mm impeller blade width; (b) 57mm impeller blade width.

to the organic phase holdup used in this study (0.375).
Compared to the paddle-paddle impeller, another type of pitched

paddle-paddle impeller showed relatively distinguished droplet size
distribution in Figs. 7(b) and 7(c). In particular, at the 20o pitched
paddle-paddle impeller, the droplet size distribution was relatively
broad even at a high impeller speed of 600 rpm.

Fig. 8 depicts the influence of the upper impeller diameter on
the droplet size distribution for the pitched paddle-paddle impeller
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with 10o blade angle. It is expected that the droplet size will decrease
when the impeller diameter becomes large, because a larger impel-
ler diameter results in higher impeller power, which can make the
droplet breakup process dominant. However, the droplet size dis-
tribution at this condition moved to the right (larger) as the impel-
ler diameter increased. Fig. 9 illustrates the change of the droplet
size distribution when the blade width of the 10o pitched paddle
impeller increased. Unlike the impeller blade angle and diameter,
the effect of the impeller blade width on the droplet size distribu-
tion seemed less pronounced. The droplet size distribution was
approximately the same for all impeller speeds except 300 rpm.
4. Sauter Mean Diameter Calculation

The effect of the blade angle of the upper impeller on the Sau-
ter mean diameter is illustrated in Fig. 10. For all sampling loca-
tions, the Sauter mean diameter greatly increases as the impeller
blade angle increases. When the same impeller diameter is used,
the pitched paddle impeller shows smaller power than the paddle
impeller. In addition, when the paddle impeller is changed to the
pitched paddle impeller, axial velocity increases: thus, the droplets
at the vicinity of the impeller are pushed away from the impeller
zone and the breakage of droplets becomes lowered. The Sauter
mean diameter will increase since the impeller zone plays an im-
portant role in the droplet breakup. Thus, the incremental trend of

Fig. 10. Measured Sauter mean diameter with impeller speed and upper impeller blade angle.

Fig. 11. Measured Sauter mean diameter with different impeller speed and upper 10o pitched paddle impeller diameter.

the Sauter mean diameter with the rise of the impeller blade angle
is predictable. At the same impeller diameter of 111.5 mm, the
Sauter mean diameter greatly increased (compared to the paddle
impeller case, 17.3% increase for the 10o pitched paddle impeller,
and 46.5% increase for the 20o pitched paddle impeller) while the
impeller blade angle changed slightly.

In Fig. 11, the Sauter mean diameter at different upper pitched
paddle diameters is presented. As the diameter of the 10o pitched
paddle impeller increased, the Sauter mean diameter at port 2 and
3 became larger, despite the increase in the impeller power con-
sumption. When the impeller diameter of the pitched paddle in-
creased, not only the impeller power was changed, but also the axial
flow was enhanced. The paddle impeller clearly has a certain level
of axial flow, since the flow produced from the impeller with zero
blade angle (paddle impeller) can be directed upward and down-
ward [51]. However, when a pitched paddle was used, the axial flow
was intensified considerably. To confirm this, CFD simulations were
conducted, as described in the Supplementary Information (Fig.
S2). Although the impeller blade angle increased by only 10 degrees,
the axial velocity increased significantly, while the radial velocity
greatly decreased (Fig. S2(b)). Thus, the axial mixing increased sub-
stantially due to the increased impeller blade angle, and the breakup
efficiency decreased as the radial velocity reduced.
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The effect of increased axial mixing on the rising droplet size
can also be found in the previous study [12]. They reported the
reinforced axial mixing by adding a small blade to the existing im-
peller blade. Thus, the impeller power consumption also increased.
However, the droplet size measurement shows that the number of
60-100 mesh particles decreased, while the number of 145-200 mesh
particles increased compared to the normal impeller. As a result,
the size increased despite the increased impeller power consump-
tion. It is conjectured that the Sauter mean diameter increased
because the increased impeller power consumption has a greater
effect on the enhancement in axial flow rather than the increase in
breakup.

On the other hand, the Sauter mean diameter at port 1 showed
different trend than the other two. It was confirmed that the increase
in axial flow initially increases the droplet size, but eventually the
breakup effect becomes much greater if the impeller diameter
continuously increases. Since most breakup processes occur in the
impeller zone around the impeller [52-54], the effect of the increased
impeller diameter may have been greatest at port 1, which was
located closest to the changed pitched paddle.

Fig. 12 shows the effect of the blade width of the upper 10o pitched
paddle impeller on the Sauter mean diameter. The flow change
caused by the decreased distance between the impeller tip and the
tank wall can be excluded because the impeller diameter is fixed at
111.5 mm. Therefore, the effect of the increased axial flow can be
clearly investigated. The Sauter mean diameter increased as the
impeller blade width increased, and this phenomenon was more
pronounced at higher impeller speed. Like the increase in the pitched
paddle diameter, the decrease in the droplet residence time in the
impeller zone due to the increase in axial velocity would have a
greater effect on the Sauter mean diameter than the increase in
power consumption due to the increase in the impeller width (drop-
let breakup).

However, the effect of increasing the impeller blade width on
the Sauter mean diameter was less than that of increasing the im-
peller diameter (Fig. 11). It appears that the impeller power is more
affected by the impeller diameter than by the impeller width. Hud-
cova et al. [51] showed that even if the impeller blade width is
doubled, the impeller power consumption only increases by 30%.

Thus, when the impeller power consumption should increase to
intensify the axial flow, it is more effective to increase the impeller
diameter than the impeller blade width. Based on the calculated
Sauter mean diameter values, the effect of three impeller geometries
and the impeller speed was analyzed using a DOE software Minitab
19. The residual plots and contour plots for the impeller speed and
each impeller geometry are shown in Supplementary Information
(Fig. S3-S5).

In summary, slightly increasing the impeller blade angle increased
the axial flow significantly. On the other hand, the radial velocity
substantially reduced, resulting in the considerable increase in the
Sauter mean diameter. Thus, using a pitched paddle impeller with
a large blade angle to reduce the number of fisheye in the S-PVC
production process may result in insufficient breakup, and large
particles such as fisheye can be made. In addition, in the case of
pitched paddle, the Sauter mean diameter tended to increase even
if the impeller power consumption increased by changing the im-
peller diameter or blade width. However, since the continuous in-
crease in the impeller diameter of the pitched paddle eventually
reduced the Sauter mean diameter (at port 1), the pitched paddle
impeller with a large diameter and small blade angle is expected to
help reduce fisheye by producing small size droplets and narrow
droplet size distributions.
5. Calculation of the Impeller Power Number by CFD Study

The results of the grid independence tests are described in Table
3. The difference between the last two results was insignificant (<1%).
Thus, a grid number of 232,836 was chosen for the simulation.

Fig. 13 shows vortex and liquid phase surfaces generated at dif-
ferent upper impeller positions, determined by the CFD simula-
tions. It can be confirmed that as the impeller is positioned above,
the vortex deepens and the liquid phase surface increases. Between
these simulation and actual experimental results, there was no sig-
nificant difference as shown in Table 4. Thus, using torque results

Fig. 12. Measured Sauter mean diameter with different impeller speed and upper 10o pitched paddle impeller blade width.

Table 3. Total torque of the paddle-paddle dual impeller at 600 rpm
with different grid numbers

Number of grids 115,546 159,510 232,836 404,164
Total torque (N∙m) 2.020 1.980 1.952 1.933
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obtained through the CFD study, the power consumption and
power number of all impeller sets were calculated and the results
are listed in Table 5.
6. Sauter Mean Diameter Estimation

According to Eqs. (2) and (3), d32 should decrease due to the
increased impeller blade angle, since F decreases with the increas-

Fig. 13. Vortex and liquid phase surface generated at different upper
impeller positions in CFD simulations of (a) base position;
(b) 40 mm up.

Table 5. Impeller power consumption and power number at 600 rpm for the various types of impeller used in this study, calculated by the
CFD study

No. u (o) Du (m) Wu (m) Pu (W) Pl (W) Neu Nel

1 00 0.1115 0.037 63.56 64.13 3.35 3.38
2 10 0.1115 0.037 55.21 63.75 2.91 3.36
3 20 0.1115 0.037 46.67 65.64 2.46 3.46
4 10 0.1145 0.037 55.68 63.94 2.57 3.37
5 10 0.1185 0.037 63.54 64.69 2.47 3.41
6 10 0.1215 0.037 70.83 66.02 2.43 3.48
7 10 0.1115 0.047 66.21 63.18 3.49 3.33
8 10 0.1115 0.057 76.46 61.09 4.03 3.22

*Here, only upper impeller geometry was presented since the lower impeller remained unchanged.

Table 4. Comparison between the experimentally measured surface level increase/average vortex depth and the CFD results at different
impeller position

Surface level increase
(base position)

Average vortex depth
(base position)

Surface level increase
(40 mm up)

Average vortex depth
(40 mm up)

Experiment (mm) 40 48 50 130
CFD (mm) 42 49 52 128

Table 6. Multiple regression results of each constant for different sampling locations
Port a b c C1 C2 C3 C4

1 0.140 0.667 8.37 224 0.069 0.199 -
2 - - - 266 0.281 0.013 0.011
3 0.126 1.34 4.18 230 0.059 0.190 -

ing upper impeller blade angle (u) and Bliatsiou et al. [35] used
negative b value. This is in contrast to experimental results, since
the larger impeller blade angle results in the weaker droplet breakup
at the same impeller diameter. Thus, we revised Eqs. (2) and (3)
into Eq. (6). In this equation, the effect of the axial mixing is reflected
by using the term of sin2u, since the axial mixing increases as u

increases and reaches the maximum when the blade angle is equal
to 45o. Here, a, b, and c are constants.

(6)

In Eq. (7) and Table 6, the proposed Sauter mean diameter cor-
relations for each sampling location and each constant obtained by
multiple regression are presented, respectively. The Sauter mean
diameter estimated by the proposed correlation can predict the
experimental results within ±20% error, as shown in Fig. 14. It can
successfully reflect the effect of the impeller type and power, despite
that the substantial change in the droplet size when they varied.

Port 1: 

Port 2: (7)

Port 3: 

max   a 

F
--- 
  with F   F' b  2usin c

d32    C1max
C2 1

tc_u
-------

 
 C3

d32    C1
C2 1

tc_u
------- 
 C3 1

tc_l
------ 
 C4

d32    C1max
C2 1

tc_l
------ 
 C3
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CONCLUSIONS

This study investigated how the geometry of dual impellers, such
as diameter, blade angle, and blade width in the S-PVC produc-
tion process, affects the size of the organic phase droplet. A reac-
tor of 100 L was used to reflect the characteristics of a commercial
reactor. The Sauter mean diameter was greatly enlarged by 46.5%
as the blade angle of the upper paddle increased by 20o. The Sau-
ter mean diameter also increased by 54.8% and 15.4%, when the
impeller diameter and width of the 10o pitched paddle was increased
by 9.0% and 54.1%, respectively. Based on these results, it was found
that both large impeller diameter and small blade angle are suit-
able for better processability of S-PVC resin. Furthermore, by sug-
gesting the Sauter mean diameter correlation which reflects the effect
of impeller geometry, it is possible to predict in advance whether
abnormal polymerization will occur during S-PVC polymerization.
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NOMENCLATURE

Symbols Used
Ci : constants (i=1-4)
D : tank diameter [m]
DI : impeller diameter [m]
di : droplet diameter [m]
d32 : Sauter mean diameter [m]
F : geometrical factor [-]
H : filling height of the stirred tank reactor [m]
HI : vertical impeller height [m]
M : torque of the impeller [N m]
N : impeller speed [s1]
NB : number of impeller blades [-]
NI : number of impellers [-]
ni : number of droplets
P : power consumption [W]
t : time [s]

: circulation frequency [s1]

: circulation frequency of lower impeller [s1]

: circulation frequency of upper impeller [s1]

V : filling volume of the stirred tank reactor [m3]
W : impeller blade width [m]

Greek Symbols
: mean specific energy dissipation rate [W kg1]

max : maximum energy dissipation rate [W kg1]
 : impeller blade angle of the upper impeller [o]
 : density [kg m3]
 : surface tension [mN m1]

Subscripts
l : lower impeller
u : upper impeller

Dimensionless Number
Fl : impeller flow number
Ne : impeller power number

WeI : impeller Weber number, 

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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