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The primary purpose of this study is to develop a visiometric process analyzer for online monitoring of
particle mass flow rate in the bottom spray fluid bed coating process. The secondary purpose is to inves-
tigate the influences of partition gap and air accelerator insert size on particle mass flow rate using the
developed visiometric process analyzer. Particle movement in the region between the product chamber
and partition column was captured using a high speed camera. Mean particle velocity and number of par-
ticles in the images were determined by particle image velocimetry and morphological image processing
method respectively. Mass flow rate was calculated using particle velocity, number of particles in the
images, particle density and size information. Particle velocity and number findings were validated using
image tracking and manual particle counting techniques respectively. Validation experiments showed
rocess analytical technologies (PAT)

uality by design (QbD)
article mass flow rate

that the proposed method was accurate. Partition gap was found to influence particle mass flow rate by
limiting the rate of solids flux into the partition column; the air accelerator insert was found to influence
particle mass flow rate by a Venturi effect. Partition gap and air accelerator insert diameter needed to
be adjusted accordingly in relation to the other variability sources and diameter of coating cores respec-
tively. The potential, challenges and possible solutions of the proposed visiometric process analyzer were

further discussed.

. Introduction

Coating of multi-particulates is an important method for prepar-
ng modified release dosage forms (Cole, 1995; Porter, 2007).
ottom spray fluid bed coating is the main process for coating
ulti-particulates due to its ability to coat fine particles (Jones,

994). For scaling up, one or more partition columns may be added
nto the product chamber of the bottom spray fluid bed coater, and
he air distribution plates designed with highly perforated areas
nder the partition column(s). The highly perforated areas facil-

tate higher air velocity within the partition column, conveying
articles upwards after they pass through the spray zone (Wurster,
989; Christensen and Bertelsen, 1997; Wurster and Lincllof, 1966).
he air velocity falls below the terminal velocity of the parti-
les above the partition column due to the expansion of air in
he broadening cross-sectional product chamber, causing particles
o decelerate and fall outwards and back onto the staging annu-

ar bed surface (Christensen and Bertelsen, 1997; Wurster, 1989).
ue to horizontal pneumatic transport aided by fluidization, parti-
les were transferred through the partition gap again for the next
oating cycle. Modifications had been made to the conventional
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Wurster coater by incorporating a swirl air accelerator—air accel-
erator insert accessory and enhanced coating performance was
observed (Walter, 1998; Heng et al., 2006).

Under the quality by design (QbD) framework, coat uniformity is
considered as a critical quality attribute for the particle coating pro-
cess and hence variability sources affecting coat uniformity need to
be identified and controlled (Nasr, 2006; Yu, 2008) (Fig. 1A). Bottom
spray fluid bed coating is essentially a layering process and coat uni-
formity is largely affected by particle cycle-time distribution, which
is defined as the time distribution for one particle’s two consecu-
tive passes through the spray zone (Cheng and Turton, 1994; Crites
and Turton, 2005; Sudsakorn and Turton, 2000). Given a fixed load,
particle mass flow rate (MFR) is inversely proportional to mean
particle cycle-time, thus affecting coat uniformity. Hence, particle
MFR is a source of variability in the bottom spray fluid bed coating
process and needs to be monitored and controlled (Fig. 1B). More-
over, as “fountain-like” particle movement within the coater is the
most basic characteristic flow pattern of the bottom spray fluid
bed coating process, particle MFR measurement can serve to effec-
tively monitor the continuous “fountain-like” particulate flow. For

example, sudden reduction of MFR always indicates severe agglom-
eration while a sudden increase in MFR may be caused by deviation
in air flow rate or atomizing air pressure. An unsteady particle mass
flow rate suggests conditions of “choking” occurring within the par-
tition column and air flow rate needs to be increased (Geldart and
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http://www.sciencedirect.com/science/journal/03785173
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Fig. 1. (A) Role of PAT under QbD framework (adapted from Nasr, 2006) an

hodes, 1985; Bi et al., 1993; Grace and Bi, 1996). Hence, it is highly
esirable to develop a process analyzer for quantifying particle MFR

n bottom spray fluid bed coating.
The current MFR measurement method collects particles by

lacing an additional particle collector inside the product cham-
er, stopping particle cycling and recording the time taken for all
he particles to flow into the collector (Chan et al., 2006). MFR can
e calculated according to the following equation:

FR = Mt

t
(1)

here Mt is the load of particles and t is the time taken for all the
oaded particles to flow into the collector (Chan et al., 2006). Nev-
rtheless, there are several limitations associated with this method
f measurement. Firstly, MFR can only be measured at the start of
he process, when the fluidizing air and MFR have yet to stabilize.
econdly, this method cannot be extended for online measurement
s particles were stopped from undergoing further coating cycles.
s such, it is highly desirable to develop a new method that is able

o accurately measure particle MFR online for bottom spray fluid
ed coaters.

Particle MFR through a measured volume can also be deter-
ined using another principle:

FR = MV × v̄
L

(2)
here MV is the total mass of particles within the measured vol-
me; v̄ is the mean particle velocity within the measured volume;
is the length of the measured volume along the direction of par-

icle movement. As multi-particulates are usually uniform in size
the need for monitoring of particle MFR in bottom spray fluid bed coating.

and shape, MV can be calculated using the following equation:

MV = Np × � × Vp (3)

where � and Vp are the density and volume of a single particle
respectively and Np is the number of particles in the measured vol-
ume. Hence, particle MFR can be determined as long as the mean
velocity and number of particles within the measurement volume
can be estimated.

In this study, the downward particle movement between parti-
tion column and product chamber was captured using a high speed
camera. The mean particle velocity was determined using particle
image velocimetry (PIV) method; mass of particles within the mea-
surement volume was estimated using particle size, density and
particle number information obtained from morphological image
processing. The proposed process analyzer, a visiometric process
analyzer according to the definition given by Liew et al. (2010),
would also be employed to illustrate the roles of partition gap and
air accelerator insert (AAI) as their roles in bottom spray fluid bed
coating could be better understood.

2. Materials and methods

2.1. Materials

Nonpareils (710–850 �m size fraction, 1.72 g/cm3 particle den-

sity, Hanns G. Werner’s, Tornesh, Germany) were base-coated to
10% (w/w) using hydroxypropyl methylcellulose (Methocel E-3 LV,
The Dow Chemical Company, Midland, MI, USA) to protect particle
integrity. The particles were used as seed particles for visualizing
downward particle movement in the bottom spray fluid bed coater.
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.2. High speed imaging

A load of 1 kg base-coated nonpareils was introduced into the
roduct chamber of a bottom spray fluid bed coater (Precision
oater, MP-1, GEA Aeromatic-Fielder, Eastleigh, Hampshire, UK).
transparent acrylic product chamber was used to facilitate high

peed imaging (Fig. 2A). The downward particle movement within a
.5 cm by 1.5 cm area between product chamber and partition col-
mn was captured using a high speed video camera (MotionPro
S-3, Redlake, Tallahassee, FL, USA) (Fig. 2B). Various combina-

ions of process conditions were employed (Table 1). The schematic
iagram of AAI is shown in Fig. 2C. The high speed camera was pro-
rammed and controlled using Matlab (R2007b, The Mathworks,
atick, MA, USA) such that the camera took 50 video clips in a
Hz pulsed mode for each combination of process conditions. Each
ideo clip consists of 50 frames of images, which were taken at a
ecording speed of 4000 frames/s. The image size was 248 pixels by
48 pixels.

.3. Particle image velocimetry (PIV)

High speed images were interrogated using PIV to determine
article velocity information (Fig. 3A). In PIV, the first sequential
rame was divided into sub images for roaming in the second frame.
he displacement of a sub image was determined by searching the
aximum image similarity between the roaming sub image and

orresponding sub image in the second frame (Adrian, 1988, 1991;
drian and Yao, 1985; Keane and Adrian, 1992; Westerweel, 1993,
997). Cross-correlation and minimum quadratic difference (MQD)
re two available methods for quantification of image similarities
Suh, 2003). In this study, MQD method was selected due to its
obustness. In the MQD method, the quadratic difference C (�X,
Y) between two sub images, f1 and f2, is expressed as:

(�X, �Y) =
N∑

i=1

N∑

j=1

|f1(Xi, Yj) − f2(Xi + �X, Yj + �Y)| (4)

here Xi, Yj are the coordinates; �X, �Y are the displacements
long the coordinates; f1 and f2 are the first and second images
espectively (Suh, 2003). The detection window size was set as 64
ixels by 64 pixels and the overlapping ratio was set as 50%.

.4. Morphological image processing

Morphological image processing extracts relevant structures of
he image by probing the image with another set of known shape
alled structuring element (Soille, 2003a). The flow chart of basic
orphological image processing is shown in Fig. 3B, and image

rocessing was performed using Matlab.
Morphological image processing usually employs a combination

f elementary operations such as dilation and erosion. The grey-
cale dilation and erosion of image f are defined as:

f ⊕ b)(x, y) = max{f (x − x′, y − y′) + b(x′, y′) ∈ Db} (5)

nd

f�b)(x, y) = min{f (x + x′, y + y′) − b(x′, y′) ∈ Db} (6)

espectively, where b is the structuring element and Db is the
omain of b (Gonzalez et al., 2004).

The grey-scale opening f ◦ b of an image f is defined (Gonzalez
t al., 2004) as:
◦ b = (f�b) ⊕ b (7)

flat and disk shape structuring element of 2-pixel diameter was
sed in the opening operation. Grey-scale opening suppressed
right details that were smaller than the structuring element.
harmaceutics 395 (2010) 215–221 217

Regional maxima are connected components of pixels with a
constant intensity value with all the external boundary values hav-
ing smaller intensity values. In this study, the regional maxima were
set as 1 and all the other pixels were set as 0 (Soille, 2003b). Regional
maxima operation after grey-scale opening marked individual par-
ticles as white dots on the binary images.

Image reconstruction dilates a marker image with respect to
the mask image until stability is achieved (Soille, 2003b). Image
labelling sets all the pixels belonging to a connected component of
the input binary image to a specific grey-scale level value. Different
grey-scale values are used for each of the connected components
and the assigned grey-scale values are referred as labels. The num-
ber of labels corresponded to the number of connected components
and hence the number of particles in the image that are counted
(Soille, 2003a). Within the context of the following sections, particle
number refers to the total number of particles on a given image.

2.5. Calculation of particle MFR using particle velocity and
particle number information

The particle MFR was calculated using the following equation:

MFR = v̄ × n × Vp × �

L
× St

Sm
(8)

where v̄ is the average velocity obtained from PIV results; n is the
particle number in each image, which was obtained using morpho-
logical image processing; Vp is the mean volume of a single particle;
� is the particle density; L is the height of the captured area along
the vertical direction, and St and Sm are the total and measured
cross-sectional areas respectively (Fig. 2B).

2.6. Validation of PIV and morphological image processing results

The particles from 20 video clips were tracked for validation
of particle velocity using a third party image tracking software
(TEMA 2.6, Image Systems AB, Linkoping, Sweden). All the parti-
cles in the first frame and the 25th frame were tracked through the
50-frame video clips. In addition, 20 randomly chosen frames were
counted manually to cross-validate the morphological image pro-
cessing results. The average particle MFR was calculated using Eq.
(8).

3. Results

3.1. PIV and morphological image processing results

A sample of the PIV results is shown in Fig. 3A(ii). The velocity
vectors were successfully detected using MQD-PIV method. Most
velocity vectors were detected to point downwards within a nar-
row velocity magnitude range.

Fig. 3B shows samples of processed images for the various
morphological image processing steps. After grey-scale opening,
intensity changes that were smaller than 2 pixels were suppressed
(Fig. 3B(ii)). Particles on the image were then detected using local
maxima operation (Fig. 3B(iv)). However, the local maxima located
outside the particles were also detected. Any false positive parti-
cle detection was removed by intersecting the local maxima image

with the border-cleared image (Fig. 3B(iv) and (v)). The intersection
was then reconstructed to link the broken parts from the same par-
ticles using a thresholding operation (Fig. 3B(vii)). The number of
labels corresponded to the number of particles on the image after
the labelling operation (Fig. 3B(viii)).
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Fig. 2. Schematic diagram of (A) high speed imaging, (B) measured

.2. Validation results of PIV and morphological image processing

The mean vertical displacement components detected by PIV
rom 20 video clips were plotted against mean particle displace-
ent obtained from the particle tracking method (Fig. 4A). It was
bserved that particle displacement obtained from the PIV method
as similar to that of the validation data (root mean squared

rror (RMSE) = 0.1893 pixels). The validation results of the pro-
osed morphological image processing method are shown in Fig. 4B

able 1
rocess parameters for MFR measurement.

Measurement Air flow rate (m3/h) Atomizing air press

A* 80, 90, 100, 110, 120 2.0
B* 90 1.0, 1.5, 2.0, 2.5, 3.0

* process parameters for mapping the influence of air flow rate and partition gap on par
* process parameters for mapping the influence of atomizing air pressure and AAI diame
e with respect to product chamber and (C) AAI with diameter of d.

(RMSE = 1.8974). The RMSEs for both PIV and morphological image
processing results were less than 3% of the mean values, showing
good accuracy and robustness of the proposed method.
3.3. Influences of partition gap and AAI diameter on MFR

The effects of partition gap and air flow rate on particle MFRs
were plotted and shown in Fig. 5A. It was observed that the par-
ticle MFR generally increased with partition gap and air flow rate

ure (bar) Partition gap (mm) AAI diameter (mm)

5, 10, 15, 20, 25 24
10 20, 24, 30, 40

ticle MFR.
ter on particle MFR.
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Fig. 3. (A) Sample high speed images and PIV result and (B) sample pro

efore levelling off at a higher air flow rate. It was also observed
hat particle MFR increased with higher atomizing air pressure, but
ecreased when an AAI with larger diameter was used (Fig. 5B). The
rends are in accordance with findings from a previous study (Chan
t al., 2006).

. Discussion
.1. Comparative advantageous of measuring downward moving
articles

Measuring upward moving particles within the partition col-
mn is an alternative technique to determine particle MFR.
images from each step of morphological image processing flow chart.

However, it is important to point out that measuring MFR within
the partition column is not preferred due to a few reasons. Firstly,
voidage within the partition column is much lower than that in
the region between product chamber and partition column. All the
particles within the partition column cannot be fully captured by
the camera due to shielding by particles in the near wall region
within the partition column. This may cause inaccurate particle
velocity estimations as only a limited fraction of particles appeared
on each image. Erroneous particle counting could also occur due to

this reason. Secondly, the velocities of upward moving particles in
the partition column are much higher than those of falling particles
at the periphery. Video capture must be operated at much higher
speeds to freeze particle movement. In this case, timely data pro-
cessing becomes computationally complicated and costly. Thirdly,
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ig. 4. (A) Validation (©) and PIV results (�) of particle displacements and (B)
alidation (©) and morphological image processing results (�) for the number of
articles appeared on the image.

he particle velocities within the partition column vary from down-
ard moving particles joining recirculation to high speed upward

oving particles at the center of the partition column (Palmer et al.,

006; Bi and Pugsley, 2007). This results in less accurate estimation
f mean particle velocity. Lastly, not only is the interior of the par-
ition column not easily captured, the coating process also makes it

ig. 5. (A) Influences of partition gap and air flow rate on particle MFR and (B)
nfluence of atomizing air pressure and AAI diameter on particle MFR.
harmaceutics 395 (2010) 215–221

considerably “dirtier” with many adhering spray droplets and fines
due to attrition. Hence, less fouling conditions exist if images were
captured from a view between the product chamber and partition
column.

4.2. The role of partition gap

It has been shown that particle MFR generally increases with
higher partition gap. This is because the height of the partition gap
limited the rate of solids flux into the partition column. The level-
ling off trend may be attributed to intense turbulent air flow under
high solids content conditions, which caused cluster formation and
sedimentation/recirculation of particulates, thus limiting the parti-
cle MFR from increasing. Clustering and sedimentation under high
solids content and turbulent air flow conditions are well known
phenomena in circulating fluid bed systems (Horio, 1997). Similar
flattening trend was also reported using the Wurster coater (Chan
et al., 2006). According to the bottom spray fluid bed coating mod-
els developed in several papers (Cheng and Turton, 1994; Crites and
Turton, 2005; Sudsakorn and Turton, 2000), a higher MFR usually
results in a shorter mean particle cycle-time. This allows particles
to undergo more coating cycles per unit time provided that the
other conditions are kept constant, thus a more uniform coat layer
can be expected.

4.3. AAI diameter and the effectiveness of Venturi effect

It was reported that the main mechanism of particle feeding in
the Precision Coater is by the Venturi effect (Chan et al., 2006). Ven-
turi effect occurs when fluid passes through a smooth and narrow
orifice with a fixed fluid flow rate (Nakayama and Boucher, 1999).
Due to the fixed fluid flow rate and smaller cross-sectional area
near the AAI orifice, the fluid velocity increased to maintain air flow
rate. According to the law of energy conservation, the fluid pressure
dropped above the AAI orifice, bringing about a suction pressure at
the bottom of the partition column. As demonstrated above, par-
ticle MFR increased with higher air flow rate, higher atomizing air
pressure and smaller AAI size. This was because higher air flow rate
and atomizing air pressure caused higher air velocity through the
AAI orifice, inducing a lower pressure above the AAI orifice. Sim-
ilarly, AAIs with smaller diameters caused higher air velocities at
the orifice, hence inducing lower pressures at the base of the par-
tition column, drawing more particles into the partition column.
Hence, for coating of multi-particulates, AAIs with smaller diame-
ters might be advantageous by contributing higher MFR. However,
this trend may not hold for powder coating due to two reasons.
Firstly, compared with free-flowing multi-particulates, powders
are usually more cohesive and have relatively poor flowability.
Thus, it might be difficult for the powder to flow easily into the par-
tition column even with the help of a stronger Venturi effect. Hence,
promoting powder flow by adopting larger diameter AAIs may be
more effective than just relying on the Venturi effect alone. Sec-
ondly, arch formation is a well know phenomenon where powders
flow through an orifice due to frictional force and particle elastic-
ity (Duran, 1998, 2000; Cooper, 2001). Hence, AAIs with smaller
diameters are more likely to promote arch formation as powders
are exposed to frictional forces over a longer distance before being
conveyed. As such, a combination of AAI with a larger diameter
and larger partition gap is suggested for powder coating or bottom-
spray granulation processes.
4.4. Uses and integration of online MFR measurement

As demonstrated, the proposed method for measuring particle
MFR was accurate, non-invasive and useful for enumerating bottom
spray fluid bed coating. With only a small transparent area (a 1.5 cm



al of P

b
m
i
b
i
A
m
t
s
u
s
t
q
l
l
a
c
m

r
a
w
s
o
H
b
P

P

w
t
a
o
p
s

5

l
t
t
s
e
l
t
t
fl
l
s

R

A

A

A

B

Wurster, D.E., 1989. Particle-coating methods. In: Lieberman, H.A., Lachman, L.,
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y 1.5 cm square in this study) on the product chamber needed for
easuring particle MFR, a process monitoring camera can be eas-

ly integrated on an observation window in the bottom spray fluid
ed coater for online MFR monitoring. Moreover, a relatively small

mage size ensures fast PIV and morphological image processing.
s an example, it took less than 5 s to complete a MFR measure-
ent using a desktop PC. Moreover, it is worthwhile to point out

hat the proposed method may need modification for use in large
cale coaters. This is mainly because the distance between the prod-
ct chamber and partition column is much longer and a lens with
ufficient depth of field is required. In this situation, modifications
o the proposed process analyzer may be needed to provide ade-
uate illumination. Moreover, corrections for images distorted by

ens distortion may also be used. Volume illumination using a laser
ight source with optics may be employed to provide an intense
nd spatially confined light beam. Camera calibration techniques
an be used for large scale coating process monitoring to ensure
easurement accuracy.
Real-time MFR measurements can also be used to control spray

ate and prevent agglomeration in the spray zone. It is generally
greed that agglomeration arises when the particles are over-
etted and liquid bridges form between particles. Under a fixed

pray rate, with a higher MFR, the atomized coating fluid deposits
n more particles and over-wetting conditions are less likely to rise.
ence, particle-fluid flow ratio (PFFR) was proposed to quantify the
alance status between particle MFR and coating fluid spray rate.
FFR is defined as:

FFR = MFR
SR

(9)

here MFR is the particle mass flow rate and SR is the spray rate of
he coating fluid. A minimum PFFR can be measured experimentally
nd the coating process may be controlled directly based on PFFR in
rder to facilitate coating speed. During coating process scale-up,
rocess parameters can be tuned to keep the same PFFR as the pilot
cale coater to avoid agglomeration.

. Conclusions

A mass flow measurement method based on PIV and morpho-
ogical image processing was developed. Validation showed that
he proposed method was both accurate and robust experimen-
ally. The role of partition gap was found to limit the maximum
olids flux rate under a certain air flow rate. AAIs with smaller diam-
ters were suggested for multi-particulate coating and AAIs with
arger diameters were better for small particle coating or granula-
ion. Besides revealing the potential of online MFR measurement,
he integration of proposed process analyzer with bottom spray
uid bed coater was also discussed. For large scale coaters, intense

aser lighting and careful camera calibration were suggested for
uccessful implementations.
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