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ABSTRACT

The purpose of this research was to further investigate the
hydrodynamics of the United States Pharmacopeia (USP)
paddle dissolution apparatus using a previously generated
computational fluid dynamics (CFD) model. The influence
of paddle rotational speed on the hydrodynamics in the dis-
solution vessel was simulated. The maximum velocity mag-
nitude for axial and tangential velocities at different locations
in the vessel was found to increase linearly with the paddle
rotational speed. Path-lines of fluid mixing, which were
examined from a central region at the base of the vessel, did
not reveal a region of poor mixing between the upper cylin-
drical and lower hemispherical volumes, as previously spec-
ulated. Considerable differences in the resulting flow pat-
terns were observed for paddle rotational speeds between 25
and 150 rpm. The approximate time required to achieve com-
plete mixing varied between 2 to 5 seconds at 150 rpm and
40 to 60 seconds at 25 rpm, although complete mixing was
achievable for each speed examined. An analysis of CFD-
generated velocities above the top surface of a cylindrical
compact positioned at the base of the vessel, below the cen-
ter of the rotating paddle, revealed that the fluid in this region
was undergoing solid body rotation. An examination of the
velocity boundary layers adjacent to the curved surface of the
compact revealed large peaks in the shear rates for a region
within ~3 mm from the base of the compact, consistent with
a ‘grooving’ effect, which had been previously seen on the
surface of compacts following dissolution, associated with a
higher dissolution rate in this region.
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INTRODUCTION

The dissolution test is a critical test both for setting quality
control standards for drug delivery systems to be marketed,
and for research in designing dosage forms and setting spec-
ifications. The most commonly used dissolution test appara-
tus for immediate-release products is the paddle dissolution
apparatus, known as Apparatus 2. Several reports in the liter-
ature have suggested that there is considerable variability,
unpredictability and randomness in dissolution profiles using
the paddle dissolution apparatus, even for dissolution appa-
ratus calibrator tablets.!*® Dissolution of most drugs is diffu-
sion controlled’ and, consequently, the mass transfer of such
drugs in a stirred vessel is dependent on fluid flow, ie, forced
convection.®!® Many solid dosage forms disintegrate into
smaller fragments and particles during the course of the dis-
solution test, and the particles decrease in size as dissolution
proceeds. Most immediate release tablets behave like this.
The flow/mixing patterns and dissolution of particulate sys-
tems in the paddle dissolution apparatus are likely to vary
depending on agitation conditions, particle size, particle size
distribution, and particle density.

Kamba et al'! have recently determined, using a fluid resist-
ance sensor, that there is a considerable change in agitation
force intensity toward the base of the dissolution vessel.
Alterations in hydrodynamics in the United States
Pharmacopeia (USP) paddle dissolution apparatus may sig-
nificantly affect drug dissolution, and the dissolution rates
may change depending on the location of the dissolving sub-
stance in the dissolution vessel.!? The variability in dissolu-
tion results may therefore be attributable not only to differ-
ences in the dosage forms being tested but also to the vari-
ability associated with the test device.

Previous studies, which measured the velocities in the stirred
vessel of the dissolution apparatus, provided some insight
into the variable hydrodynamics of the systems.!>!> More
recent studies have used computational fluid dynamics
(CFD) to further elucidate the complex hydrodynamics in the
test vessel.!'®!7 These studies have highlighted a possible
problem associated with dead zones in the vessel and poten-
tial mixing problems at low rotational speeds between the
upper and lower halves of the vessel.
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An understanding of the changing hydrodynamic conditions
in the dissolution vessel with changes in agitation intensity
may facilitate appropriate selection of the rotational speed of
the paddle for this particular dissolution test apparatus. In a
study of the dissolution of acetylsalicylic acid tablets using a
paddle-type apparatus, the “beaker method,” Levy!® showed
that in vitro/in vivo correlations could be achieved only at an
agitation rate of 50 rpm and not when the paddle was rotated
at 60 rpm. It should be noted that the beaker method setup is
quite different from the hemispheric paddle method. Only
limited information on the change in hydrodynamic condi-
tions with paddle rotational speed has been generated to date
for the paddle apparatus.'*16 Scholz et al'® have recently
shown that the USP paddle dissolution apparatus can be used
to simulate variations in hydrodynamics in the upper gas-
trointestinal tract, provided that an appropriate rotational
speed is used. Using both coarse and micronised felodipine
powder, they concluded that the best agreement of the in vivo
and the in vitro data resulted when paddle speeds of 75 rpm
and 125 rpm, simulating “fasted” and “fed” state hydrody-
namics in vivo respectively, were used.

In the present work the change in CFD-predicted velocities
with agitation speed is examined. Mixing patterns within the
dissolution vessel are also examined.

It has previously been shown that dissolution rate can vary
significantly for different surfaces of the same tablet.!?> The
following is a detailed analysis of the fluid velocities adja-
cent to these surfaces.

MATERIALS AND METHODS
Modeling the USP Apparatus with No Tablet Present

The USP apparatus was modeled using the CFD package
Fluent version 5.4.8 (Fluent Inc, Canterra Resource Park,
NH), as previously described.!” Mesh generation was as pre-
viously detailed. Meshing boundary layers were introduced,
as previously described,!” allowing the grid to be refined in
the regions where velocity and pressure gradients are likely
to be steep.

Following grid adaptation, using the hanging node technique
previously outlined,!” Fluent was set up to examine flow at
25, 50, 100, and 150 rpm. The vessel fluid volume was
defined as a rotating reference frame with the appropriate
angular rotation (eg, 5.236 rad/s for 50 rpm), while the stir-
rer wall was stationary in the absolute reference frame. The
vessel wall was defined as a rotating wall with an angular
rotation of 0 rad/s (stationary in the absolute frame).

Determination of Mixing Path-Lines

It is possible to track the flow of “massless particles”

throughout the solution domain with the Fluent software
package. Effectively, the resulting output is a path-line, track-
ing the flow of fluid with time from an initial starting point
or starting plane. On definition of a starting plane (0.5 mm
from the base of the hemispherical vessel), the package was
used to track imaginary massless particles from all gridpoints
that were intersected with the computational domain by this
plane. Massless particles can be defined as the movement of
the fluid itself as opposed to the more complex physics of
solid particles in motion in a fluid.

Introduction of a Cylindrical Tablet to the Vessel

A cylinder of 13 mm diameter with a height of 8.5 mm was
set up at the base of the vessel, and the fluid velocities in the
vessel surrounding the stationary compact were modeled as
previously described.!”

RESULTS AND DISCUSSION

The Influence of Paddle Rotational Speed on the
Hydrodynamics in the Paddle Dissolution Apparatus

The velocities in a liquid-filled vessel at a paddle speed of 50
rpm have been previously simulated'” and good agreement
has been shown between predicted velocities and those pre-
viously obtained using laser Doppler velocity measure-
ments.!?> The same CFD model was used to simulate the
hydrodynamics in the paddle apparatus at 25, 50, 100, and
150 rpm. Results of simulated velocities were compared at
the various rpm for similar positions in the vessel as those
previously analyzed by Bocanegra et al'® at 50 rpm. Axial
and tangential velocities were compared (as radial velocities
were of a low magnitude in the body of the vessel).
Tangential velocities on a plane 36.1 mm from the base of the
vessel (Z =-0.197, using the normalized coordinates speci-
fied by Bocanegra et al.!3) at R = 0.59413 are presented at
various rpm in Figure 1A and axial velocities on a plane 2
mm above the paddle wings (Z = —0.066) at R = 0.594 are
presented at various rpm in Figure 1B.

To examine the effect of the increase in rpm, the peak values
at each rpm for the above velocity predictions were exam-
ined. The resulting plots of maximum velocity magnitude at
each rpm for both planes are shown in Figure 2. A linear
increase in the magnitude of both the axial and tangential
components of velocity is predicted by the CFD model for
various paddle rotational speeds between 25 and 150 rpm
(¥ 2 0.995). Similar behavior was predicted for axial and
tangential velocities for various positions in the vessel.
Previously it was demonstrated that at 50 rpm, CFD-simulat-
ed results for the paddle showed good qualitative agreement
with both the tangential and the axial ultrasound-measured
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velocities of Diebold and Dressman.!*!5 Diebold and
Dressman also found that measured fluid velocities correlat-
ed well and in a linear manner with the rotational speed of the
paddle, consistent with the CFD-predicted velocities present-
ed here.
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Figure 1. CFD-simulated velocities in the paddle dissolu-
tion apparatus vs paddle relative position for paddle rota-
tional speeds of 25, 50, 100, and 150 rpm. (A) tangential
velocities (U, m/s) at Z=-0.197, R = 0.594 (Bocanegra
et al normalized coordinates, 36.1 mm from the base of the
vessel); (B) axial velocities (U, , m/s) at Z=-0.066, R =
0.594 (2 mm above the paddle wings).

Mixing Path-Lines in the USP Paddle Apparatus at 50
rpm

An imaginary plane was introduced to the hemisphere of the
vessel of the 50-rpm solution at 0.5 mm from the base of the
vessel, and the path-lines, which developed from this initial
position, were tracked with time. The resulting path-line
tracks, from 0.5 seconds to 60 seconds, from a plane 0.5 mm
from the very base of the vessel are illustrated in Figure 3.
The resulting path-lines provide a novel insight into the 3-
dimensional mixing route throughout the USP paddle disso-
lution apparatus, a feature that has not been possible to
deduce from previous velocimetry measurements.!3-1> Initial
mixing from the bottom of the vessel wall is facilitated by
axial and tangential velocity components, resulting in an
upward helical-type flow pattern toward the base of the pad-

dle impeller (0 to 1 second). Convergence with the fluid
immediately beside the impeller (5 seconds) imparts signifi-
cant tangential and radial velocity on the fluid, which results
in the movement of the fluid toward the wall of the cylindri-
cal part of the vessel (5 to 10 seconds). Flow from this point
onward is predominantly tangential, with a varying degree of
positive and negative axial movement, which results in the
complete mixing of fluid throughout the vessel (20-40 sec-
onds). Mixing appears also to be suboptimal in the regions
immediately inside the vessel walls, in the upper half of the
cylindrical volume of the vessel. The previous speculation on
poor mixing between zones above and below the paddle!:16
is not evidenced by the CFD simulations, as the path-lines do
not predict a dead-zone of mixing between these 2 regions (at
the level of the paddle).
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Figure 2. CFD-predicted maximum axial and tangential
velocities for 2 positions in the paddle dissolution appara-
tus for rotational speeds between 25 and 150 rpm. Axial
velocities at Z =—-0.066, R = 0.594 and tangential veloci-
ties at Z=-0.197, R = 0.094 (Bocanegra et al normalized
coordinates).

Effect of Paddle Rotational Speed on Mixing in the
Paddle Dissolution Apparatus

The effect of different paddle speeds on mixing path-lines in
the apparatus was examined. Varying the impeller rotational
speed had a marked effect on the time required to achieve
complete mixing in the apparatus. The term complete mixing
is used in a qualitative sense here. The resulting path-lines
were examined on various planes over time, until no visual
pockets of stagnant liquid were observed. The predicted fluid
mixing path-lines in the vessel at various rpm after 5 sec-
onds, from a plane at 0.5 mm from the base of the vessel, are
shown in Figure 4.

Using the same grid and solver formulation, quite different
flow patterns were predicted for the various rpm, particular-
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Figuré 3. Path-lines of “massless particles” tracked with time over 60 seconds from an initial plane 0.5 mm from the base
of the USP paddle dissolution vessel at 50 rpm. Axes are in seconds.
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100 rpm

50 rpm

Figure 4. Path-lines of “massless particles” tracked with time for 5 seconds from an initial plane 0.5 mm from the base of the
USP paddle dissolution vessel at 25 rpm, 50 rpm, 100 rpm, and 150 rpm. Axes are in seconds (max. 5 seconds in all plots).

ly with regard to the time to allow complete mixing in the
vessel. The approximate time required to attain complete
mixing from the plane at 0.5 mm from the base of the vessel
is 40 to 60 seconds at 25 rpm, 20 to 40 seconds at 50 rpm, 5
to 10 seconds at 100 rpm, and only 2 to 5 seconds at 150 rpm.

Therefore, although complete mixing is predicted by the
model, the time to achieve this intimate mixing is quite high
at the common operating speeds of 50 and 100 rpm. This
suggests that samples taken during the course of a dissolution
test at very early time points (> 1 minute) may be quite vari-
able.

Visual Examination of Velocity Boundary Layer on Tablet
Surface

The effect on local hydrodynamics of introducing a solid
compact/tablet to the base of the dissolution vessel was pre-
viously simulated.!” The presence of the tablet was shown to

complicate the local fluid flow, and large fluid shear rates
were evident at the base of the compact. Fluid shear rates
varied depending on the tablet surface and the location on the
surface and were consistent with the reported nonuniform
dissolution of model tablets.!”> Examination of the fluid
velocities at the surface of the compact revealed that the fluid
immediately adjacent to the surface of the compact under-
goes a gradual increase from zero velocity to a plateau bulk
value over a very small distance.!” To visually examine the
development of this “velocity boundary layer,” several 2-
dimensional lines were introduced extending from the com-
pact surface into the bulk fluid. The fluid vectors resulting at
the intersection between these lines and the individual grid
points were examined in closer detail, and the graphical out-
puts are shown in Figure 5. The development of a velocity
boundary layer from the surface of the compact into the fluid
is obvious from the lines of selected velocity vectors adjacent
to both the curved surface and the upper planar surface. It
appears, even on visual inspection, that the thickness of this
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velocity boundary layer varies with the surface and location
investigated.
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Figure 5. Vectors of velocity magnitude on various lines
extending from the compact surface into the fluid, visually
indicating the development of a velocity boundary layer in
the fluid at the compact surface interface.

Quantitative Analysis of Velocity Boundary Layer at the
Tablet Surface

Top Planar Surface

Initially, fluid velocities above the top planar surface were
examined. To analyze the magnitude of the velocity bound-
ary layer at this surface, a series of planes in close proximity
to the surface of the compact were defined and the tangential
component of velocity (parallel to the surface) for such
planes was examined in the region directly above the com-
pact.

It was evident that the tangential velocity above the top pla-
nar surface of the compact increased with increasing radius.
Bocanegra et al'3 and Khoury et al?® postulated that this fea-
ture could be attributable to the fluid undergoing solid body
rotation above the compact surface, induced by the solid
body rotation of the impeller. If this were the case, the fluid
in this region would have a constant angular rotation, @,
which would be independent of the radius in this region.

To determine if this was the case, the tangential components
of velocity were examined for a series of planes at increasing
distance from the top circular surface (over the first 2 mm).
It is possible to convert tangential velocities (vg) to angular
(or rotational) velocities (@), using the equation vy = @y. 7,
where 7 is the distance from the center point of the paddle
(radius). Velocity data for all grid points in a particular plane
were determined and the average tangential velocity (over all
angles) for a series of radii calculated. The resulting average
tangential velocity at each radius was converted to a series of
rotational velocities (@) for each radius (40%, 60%, 80%,

and 100% of the compact radius, for each plane). A graded
increase in tangential velocity with increasing radius was
observed, while the rotational velocities overlapped for all
radii examined (with some fluctuation for the lowest radius).
The results are indicative of solid body rotation. In order for
all the tangential components of flow over the entire plane
(compact diameter) to be represented by a single value, the
individual values of rotational velocity were averaged for all
radii and angles studied. The resulting value, @y, for each
plane, allows direct comparison of rotational velocities
between the planes at various heights.

This process of calculating the average rotational velocity
was repeated for a series of planes within a region of high
grid refinement at the fluid-compact surface interface. The
resulting rotational velocities for the various planes were
plotted versus distance from the surface, as shown in Figure
6. (While, as indicated above, data were collected for the top
planar surface over 2 mm, the graph obviously levels out
well before 2 mm and so data to only 1.5 mm are displayed).
The parabolic shape of the profile in Figure 6 represents the
development of a velocity boundary layer. The profile reach-
es a plateau after ~1 mm, where the average rotational veloc-
ity remains constant. Therefore, the thickness of the velocity
boundary layer for this top planar surface can be said to be in
the region of 1 mm.
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Figure 6. Graph of rotational velocities (¢ ) averaged
over all angles for a series of planes (with radius of com-
pact) within 1.5 mm from the top planar surface of the
compact at 50 rpm.

Side (Curved) Surface

In order to examine velocities in the fluid adjacent to the
curved surface, average values of the relevant velocity com-
ponent between specified heights were calculated from
velocity data for all grid points in “cylinders” surrounding
the compact, at various distances from the curved surface.
The rotational velocities (wy) averaged over all angles

between the base and top of the curved surface of the com-
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pact for a series of cylinders within 2 mm of the side curved
surface of the compact at 50 rpm are shown in Figure 7A.
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Figure 7. Graph of (A) rotational velocities, @, and (B)
axial velocities averaged over all angles from the base of
the compact to the top of the curved surface for a series of
cylinders within 2 mm from the side curved surface of the
compact at 50 rpm.

The velocity boundary layer thickness for the tangential
component of velocity can be calculated in this case to ~1.25
mm. It should be noted, however, that all points on the graph
of average rotational velocities versus distance for the curved
surface (Figure 7A) lie within the error (+ 1 standard devia-
tion) of the data shown for the rotational velocities at the top
planar surface (Figure 6) and so there is no significant differ-
ence in the magnitude of the velocity boundary layers.

A similar evaluation of velocity boundary layer thickness
was performed on the average axial component of velocity in
the fluid adjacent to the curved surface of the compact; the
resulting profile is shown in Figure 7B.

Again, the average axial component of velocity outside the
curved surface of the compact attains a value of the bulk at
~1.25 mm. The bulk axial velocity in this region can be
approximated as 1.35 cm/s. Although the peak seen before
the plateau in Figure 7B seems unusual, such behavior has
been mathematically predicted in flow where the surface is
stationary with a rotating fluid.?!

Side (Curved) Surface Subdivisions of Velocity
Components

The velocity components in the hydrodynamic boundary
layer adjacent to the curved surface of the compact are of
particular interest due to the variable dissolution rates that
were previously observed for this surface.!? Therefore, this
region was separated into subdivisions, and the resulting
fluid velocity components were examined in each subdivi-
sion. The cylindrical data in the region next to the curved sur-
face were divided into 6 subdivisions, and the velocity com-
ponents in each region were treated as outlined in the previ-
ous section.

The tangential velocities averaged over all angles for 6 divi-
sions between the base and top of the compact for a series of
cylinders within 1.5 mm of the side curved surface of the
compact at 50 rpm are shown in Figure 8 A. Examination of
the rotational velocity produces a more precise output of the
shear rates in the velocity boundary layer. The rotational
(angular) velocities averaged over all angles for 6 divisions
between the base and top of the compact for a series of cylin-
ders within 1.5 mm of the side curved surface of the compact
at 50 rpm are shown in Figure 8B. The bulk rotational veloc-
ity was higher for the lower 3 mm of the compact, and the
thickness of the velocity boundary layer is ~1 mm for all
areas adjacent to the curved surface.

The axial velocities, averaged over all angles for 6 divisions
between the base and top of the compact for a series of cylin-
ders within 1.5 mm of the side curved surface of the compact
at 50 rpm are shown in Figure 9A. Again, a high-velocity
region toward the lower base of the compact was evident
from the axial velocity profile. The axial velocity component
is not as large as the tangential component adjacent to the
curved surface.

The radial velocities, averaged over all angles for 6 divisions
between the base and top of the compact for a series of cylin-
ders within 1.5 mm of the side curved surface of the compact
at 50 rpm are shown in Figure 9B. A region of high inward
radial velocity is evident within the lower 1.5 mm adjacent to
the curved surface, consistent with the observed preferential
erosion of the curved surface toward the base of actual com-
pacts following dissolution. !

CONCLUSION

Linear increases in velocity magnitude with paddle rotation
speed may be predicted for various positions in the vessel of
the paddle dissolution apparatus.

At a paddle rotation speed of 50 rpm, path-lines of fluid mix-
ing indicate that mixing between the upper cylindrical and
lower hemispherical volumes is not impeded, as previously
speculated.!> However, mixing appears to be suboptimal
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compact to the top of the curved surface, over all angles for a series of cylinders within 1.5 mm from the side curved sur-

face of the compact at 50 rpm.

rotation. Fluid flow behavior next to the curved surface is
more complex than fluid flow above the upper planar sur-
face. Large peaks in the shear rates for a region within ~3
mm from the base of the compact are consistent with the
“grooving” effect, which was seen previously on the surface

toward the top of the vessel. The use of different impeller
rotational speeds will result in large differences in the time
required to achieve complete mixing.

Fluid above the top planar surface of a stationary compact
positioned at the base of the vessel undergoes solid body
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of compacts following dissolution!>!7 and which was associ-
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