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ABSTRACT: The USP Apparatus II is the device commonly used to conduct dissolution
testing in the pharmaceutical industry. Despite its widespread use, dissolution testing
remains susceptible to significant error and test failures, and limited information is
available on the hydrodynamics of this apparatus. In this work, laser-Doppler
velocimetry (LDV) and computational fluid dynamics (CFD) were used, respectively,
to experimentally map and computationally predict the velocity distribution inside a
standard USP Apparatus II under the typical operating conditions mandated by the
dissolution test procedure. The flow in the apparatus is strongly dominated by the
tangential component of the velocity. Secondary flows consist of an upper and lower
recirculation loop in the vertical plane, above and below the impeller, respectively. A low
recirculation zone was observed in the lower part of the hemispherical vessel bottom
where the tablet dissolution process takes place. The radial and axial velocities in the
region just below the impeller were found to be very small. This is the most critical region
of the apparatus since the dissolving tablet will likely be at this location during the
dissolution test. The velocities in this region change significantly over short distances
along the vessel bottom. This implies that small variations in the location of the tablet on
the vessel bottom caused by the randomness of the tablet descent through the liquid are
likely to result in significantly different velocities and velocity gradients near the tablet.
This is likely to introduce variability in the test. © 2007 Wiley-Liss, Inc. and the American
Pharmacists Association J Pharm Sci 96:2327-2349, 2007
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INTRODUCTION

Solid dosage forms, such as tablets, are a
convenient way of administering drugs to
patients. Upon ingestion, tablets disintegrate into
smaller fragments in the body compartment
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DISCOVER SOMETHING GREAT

where absorption by the body is initiated,
typically in the stomach or the upper intestine.
These fragments dissolve in the digestive juices
and can become absorbed by an epithelial layer
such as the lining of the upper intestine. This
complex in vivo process is routinely simulated in
in vitro dissolution tests mandated by the food
and drug administration (FDA) and specified in
United States pharmacopoeia (USP).

Dissolution testing is routinely carried out in
the pharmaceutical industry to determine the rate
of dissolution of solid dosage forms. In addition to
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being routinely used by pharmaceutical com-
panies to demonstrate adequate drug release
in vivo (through in vivo/in vitro (IVIVC) correla-
tion), in vitro dissolution testing is used to assist
with formulation design, process development,
and especially the demonstration of batch-to-batch
reproducibility in production. Dissolution testing
is one of the several tests that pharmaceutical
companies typically conduct on oral dosage for-
mulations (e.g., tablets) to determine compliance
and to release products for distribution and sales.

Although the USP lists several different dis-
solution test apparatuses,’ most dissolution tests
are currently conducted with USP Dissolution
Test Apparatuses I and II. The USP Dissolution
Test Apparatus II is the most commonly and
widely used apparatus specified by the USP,
and it is the focus of the hydrodynamic study
presented in this work. The dimensions, charac-
teristics, and operating conditions of USP Dissolu-
tion Test Apparatus II are detailed by the USP,*
and all users must conform to these prescriptions
when conducting dissolution tests.

The USP Dissolution Test Apparatus II
comprises a glass vessel and an agitation system.
The glass vessel is a cylindrical glass tank with a
semispherical bottom, and a working volume of
900 mL (Fig. 1a). The agitation system consists of
a two-blade paddle impeller mounted on a shaft
centrally located in the vessel and profiled to follow

a

the hemispherical portion of the vessel. In the
industrial practice, replicate dissolution tests are
typically conducted in parallel using commercially
available systems containing six or more indi-
vidual USP Dissolution Test Apparatus II units
(Fig. 1b). These systems allow the agitation system
(motor and impellers) to be lifted above the rack
holding the vessels, as shown in this figure, in
order to prepare the system for the actual test.
Each vessel is filled with a prescribed amount of a
fluid simulating gastric or intestinal fluids, and
maintained at constant temperature of 37°C by
either a water bath or a heating jacket.

The test consists of lowering the agitation
system so that the paddles reach their predeter-
mined location inside the vessels, as required by
the USP, starting the agitation so that the paddles
rotate at 50 rpm (in some instances 75 or 100 rpm),
adding a single dosage form unit, such as a tablet,
to each vessel simultaneously, drawing liquid
samples over time from a prescribed location
within the vessel, analyzing the drug concentra-
tion in each sample, and determining the dissolu-
tion profile over time. These profiles must be
within a predefined range, and cannot differ
significantly from the dissolution profile that the
drug manufacturer has initially submitted to the
FDA when the drug was approved. Any dissolution
profile that is found to be statistically different,
according to a predefined criterion,?> from the

Figure 1. USP Dissolution Testing Apparatus II: (a) paddle impeller and glass vessel,
and (b) typical commercial dissolution testing systems containing seven Apparatus II
units (Distek Premiere 5100 Bathless Dissolution System).
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reference profile established for that dosage form
implies failure of the test and non-compliance of
the production batch being tested. When this
occurs, the batch cannot be released for commer-
cialization and it is often disposed of. The cost of
such failure is often significant given the typical
high value of the product.

The USP Dissolution Test Apparatus II has
been used in the pharmaceutical industry for
decades, since this test was first officially
introduced almost 30 years ago.® Nevertheless,
and despite its widespread use in the industry,
dissolution testing remains susceptible to signifi-
cant error and test failures. A review of the
literature shows that there have been numerous
reports describing high variability of test
results,* ! even when the so called “calibrator
tablets” (i.e., tablets manufactured for the sole
purpose of testing the proper operation of the
dissolution test equipment) are used.’?”10:1%13
Failures linked to dissolution testing resulted in
47 product recalls during the period 2000—2002,
representing 16% of non-manufacturing recalls for
oral solid dosage forms.'*' Irrespective of the
underlying causes (such as incorrect use of the
equipment or deviation of dissolution profile from
the standard caused by incorrect tablet formula-
tion) failed dissolution tests can result in product
recalls, costly investigations, potential production
delays, which, in turn, can have a significantly
negative financial impact.

Some of the same studies have indicated that
the hydrodynamics of Apparatus Il appears to play
a major role in the poor reproducibility of dissolu-
tion testing data and the inconsistency of dissolu-
tion results. This is hardly surprising considering
that Apparatus II is a small, unbaffled vessel
with a hemispherical bottom provided with a
slowly rotating paddle, in which a tablet (or
another dosage form) is dropped. This system can
be expected to be associated with a complex
hydrodynamics resulting in fluid velocities whose
directions and intensities are highly dependent on
the location within the vessel. To complicate the
issue farther, tablets have often been reported to
land at different locations at the bottom of the
vessel after they are dropped in the vessel at the
beginning of a test, making the dissolution process
even more susceptible to hydrodynamic factors.

Until recently, limited information has been
available on the hydrodynamics of the dissolution
apparatus and the effects of operating and
geometric variables on the velocity distribution
in the system. Such information is critical to
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advance the fundamental understanding of the
dissolution rate process, enhance the reliability
of dissolution testing, and eliminate artifacts
associated with test methods, especially since
dissolution measurements have often been
reported to be inconsistent and poorly repro-
ducible. A literature review shows that a few
investigators have conducted hydrodynamic stu-
dies. Bocanegra et al.” measured the flow field by
laser Doppler anemometry (LDA), the first experi-
mental measurement of this kind in dissolution
vessels. These researchers generated data only for
very limited regions of the vessel. More recently,
Kukura et al.'?> obtained experimental flow
patterns using particle image velocimetry (PIV)
and laser-induced fluorescence (LIF), and com-
puted the velocity flow field using computational
fluid dynamics (CFD). However, they presented
very limited quantitative comparison between the
experimental data and the predictions. Other
researchers also made an effort to determine the
flow field inside the USP Apparatus II vessel
through CFD. Kukura et al.'” and Baxter et al.'®
predicted the flow pattern and shear effects with
CFD. McCarthy et al.'®1° predicted the flow field
with CFD and compared the CFD predictions with
the limited experimental results from previous
research.”

This overview shows that our current knowl-
edge on the hydrodynamics of dissolution testing
systems is still greatly incomplete, and that there
is a significant need for work aimed at fully
quantifying the hydrodynamics in the USP Appa-
ratus II both computationally and experimentally.
Therefore, the primary objective of this work is to
quantify the hydrodynamics in a standard USP II
dissolution vessel by experimentally mapping (via
laser Doppler velocimetry) and computationally
predicting (via CFD) the velocity distribution
inside the vessel under the typical operating
conditions mandated by the dissolution test pro-
cedure. A detailed comparison of the numerical
predictions against the experimental data is also
provided, and it appears to be favorable.

EXPERIMENTAL APPARATUS AND METHOD

Dissolution Vessel and Agitation System

A standard USP Apparatus II dissolution vessel
consisting of an unbaffled, cylindrical, trans-
parent, glass tank with a hemispherical bottom,
and having an internal diameter, T, of 100.16 mm
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and an overall capacity of 1 L. was used in all
experiments (Fig. 2a). The agitation system
consisted of a standard USP II two-blade paddle
impeller mounted on a shaft. The exact geometry
of each component of the impeller was obtained by
measuring the actual dimensions with a caliper,
which were found to be as follows: shaft diameter,
9.53 mm; length of the top edge of the blade,
74.10 mm; length of the bottom edge of the blade,
42.00 mm; height of the blade, 19.00 mm; and
thickness of the blade, 5.00 mm. This impeller
was provided by the Merck researchers and had a
slightly larger diameter shaft at the blade,
resembling a collar, as opposed to the uniform
shaft diameter, including the portion at the blade,
typical of the USP design. The radius of this collar
was only 1.6 mm larger than that of the rest of the
shaft. The experiments and the computational
results were obtained with this impeller in order
to insure exact conformity to the Merck system.
However, the geometric differences between
this system and the typical USP system are so
minimal that the result obtained here are
expected to be equally valid for the USP impeller
with no collar.

Since only the hydrodynamics of the system was
of interest here, the dissolution vessel and paddle
were not assembled in a full dissolution system
similar to that shown in Figure 1b. Instead, the
impeller was connected to a 1/8-HP motor con-
trolled by an external controller (G.K. Heller Corp,
Model 202P6518) which was used here to rotate at
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a constant agitation speed of 50 rpm, the conven-
tional operating condition specified in the USP for
the test. The corresponding impeller tip speed was
0.194 m/s and the impeller Reynolds number was
4939. The motor-impeller system was mounted on
a bracket above the vessel so that the impeller was
centered in the vessel and the impeller clearance
off the vessel bottom was 25 mm, as mandated
by USP. The vessel was filled with 900 mL of
deionized water, as in the typical case for this test.

Laser-Doppler Velocimetry (LDV) System

Laser-Doppler velocimetry (LDV) is a non-intru-
sive experimental method used to determine the
local velocity distribution (including its fluctuat-
ing component) in a fluid inside any transparent
piece of equipment. LDV has been proved to be
a very valuable experimental method in fluid
mechanic studies and was extensively used by
several investigators to quantify the flow charac-
teristics of mixing vessels and reactors.?°=23 In
this project, a Dantec 55x series LDV apparatus
(Dantec Measurement Technology USA, Mah-
wah, NJ) was used to determine the velocity flow
field and turbulence intensity inside the vessel
(Fig. 3). The LDV system comprised a 750 mW
argon-ion laser (Ion Laser Technology, Inc.)
producing a single multicolored laser beam pas-
sing through an optical filter to generate a mono-
chromatic green beam (wavelength: 512 nm).
The resulting beam passed through a beam
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Figure 3. Laser-Doppler velocimetry (LDV) apparatus used in this work.

splitter from which two beams emerged, one of
which was passed through a Bragg cell to lower
the frequency by 40 MHz and distinguish between
positive and negative velocity measurements. The
beams then passed through a beam expander
system and a final focusing lens with a focal
length of 330 mm. This lens made the beams
converge so that they intersected each other to
form a small control volume in the interrogation
region where the velocity was to be measured. In
an actual measurement, the beams were made to
converge inside the USP II vessel.

The USP Il vessel was suspended from a bracket
specifically built so that the vessel could be placed
in an external Plexiglas square tank filled with
water, in order to minimize optical distortion
during LDV measurements. The water in the
USP vessel was seeded with trace amounts of
neutrally buoyant 1.5 um silver coated particles
(TSI, Inc., Minneapolis, MN) that could follow the
fluid flow pattern very closely.

The motor-impeller-vessel assembly was
mounted on an x-y-z traversing system that could
position the vessel at any desired location in front
of the LDV system, thus enabling the velocity to
be measured anywhere in the vessel. The light
scattered by the particles was collected by a
photodetector assembly placed next to the tank
at a 90° orientation with respect to the laser, and
connected to a data acquisition system. The time
interval for each measurement was typically 60 s.
In most cases, some 600-2500 instantaneous
velocity data points were collected at any location
and for the selected velocity component, from
which the local average velocity and turbulence
intensity could be calculated. Data analysis was
performed to generate the local velocity com-
ponents in the direction parallel to that of the
plane of the two laser beams. Appropriate rotation
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of the laser beam assembly and translation of
the vessel-motor assembly yielded the velocity
components in all three directions at any location.

Ten iso-surfaces at different vertical (z) posi-
tions were selected along the height of the vessel
where LDV velocity measurements were made
(Fig. 2b). The horizontal plane where the cylind-
rical and hemispherical portions of the dissolution
vessel intersect was taken as the iso-surface
at z=0. The iso-surfaces at z=-6.75 mm,
z=-—15.75 mm, and z=—25.75 mm are the planes
on which the top edge of the impeller blade, the
middle of the impeller blade and the bottom edge of
the impeller blade lie, respectively.

On the iso-surfaces above the impeller, LDV
measurements were made at seven evenly spaced
radial locations between the shaft and the vessel
wall. However, because of the hemispherical
shape of the vessel bottom and the presence of
the impeller blades, fewer measurement locations
were used in the impeller region and the bottom
region. At each measurement location, three
velocity components (tangential, axial, and radial)
were obtained by LDV.

Numerical CFD Simulation

Numerical simulations of the velocity distribution
and turbulence levels inside the USP II dissolution
test apparatus were conducted using a commercial
mesh generator (Gambit 2.1.6)>* coupled with a
computational fluid dynamic (CFD) package
(Fluent 6.2.16).2° The full 360°-tank geometry
was incorporated in the simulations.

Mesh Generation and Mesh Quality

Figure 4 shows the mesh used in the CFD
simulations. In order to save computation time
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Figure 4. Mesh used in CFD simulation: (a) starting
face on iso-surface at A-A; (b) top face on iso-surface at
B-B; (c) axial, side view of mesh.

and effectively increase the simulation conver-
gence, a structured Cooper-type hex mesh was
created in the cylindrical portion of the vessel and
in the upper section of the hemispherical vessel
bottom above section A-A in Figure 4c. An
unstructured, tetrahedral mesh was generated
in the lower section of the hemispherical bottom to
follow the curved shape more closely. Accordingly,
the liquid volume was computationally parti-
tioned into two sub-volumes. The meshes in each
sub-volume were created starting from the same
starting face (Fig. 4a), that is, the horizontal cross
section of the vessel located where the lower edge
of the impeller blade lies (section A-A in Fig. 4c).
On this starting face, the curves resulting from
the intersection of the horizontal plane with
vertical solid surfaces such as the vessel wall
(resulting in a circle) or the impeller blade edge
(resulting in a rectangle) were identified. These
curves were partitioned into small elements by
specifying points on them from which the grid line
started. This approach resulted in the generation
of a larger number of smaller cells in the regions
near the impeller and the tank wall in order to
capture the steep velocity gradients in those
regions. From the pre-meshed starting surface
(Fig. 4a), a hex grid was generated with a Cooper-
scheme approach, by extending and projecting
the pre-meshed surface both upward, up to the
liquid-air interface (Fig. 4b), and downwards,
reaching down to the iso-surface 12.35 mm below
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the lower edge of the impeller. A much finer
tetrahedron mesh was created below this
iso-surface, in order to capture the flow near the
vessel bottom.

The mesh typically contained 80262 -cells,
219590 faces, and 62472 nodes. Simulations with
a mesh containing 258310 cells were also run, in
order to evaluate the effect of grid number to the
numerical solution. The two CFD predictions were
not appreciably different. In fact, the results
with the coarser mesh matched the LDV data
marginally better.

Significant attention was paid to the generation
of a high quality mesh, since this determined
whether the simulation converged to a stable
solution or not. The average EquiAngle Skew
parameter (one of the most important parameters
to determine the quality of the mesh) was typically
in the range 0.3—0.4 (0-best; 1-worst) and was no
larger than 0.809 for any individual cell. The size
variation was very smooth in the complete domain.
There was no hex cell with a high aspect ratio in
the domain. The cell elements were fine enough
to capture the high gradient of the geometry in the
area of impeller blade and the bottom of the vessel.

CFD Approach

The control volume technique used by the solver
involved the discretization of the computational
domain into a finite number of contiguous control
volumes. The conservation equations of mass and
momentum were solved for each of these control
volumes. All simulations were carried out on a
Dell Precision 650 Workstation, equipped with
two Intel XEON 2.8 Gigahertz processors and
2 gigabytes of random access memory (RAM). A
typical simulation required 40000 iterations and
about 30 h of CPU time to achieve conversion.

To account for the turbulent effects during the
numerical simulations, CFD simulations were
conducted using different turbulence models, that
is, the k- model with low Reynolds number
correction, RNG k-¢ model, and Realizable k-¢
model,?%27 or with no turbulence model at all, that
is, assuming laminar flow. After preliminary
results were obtained, as describe below, the k-w
model with low Reynolds number correction was
selected and used throughout this work.

The standard k-» model is an empirical model
based on model transport equations for the
turbulence kinetic energy (k) and the specific
dissipation rate (w), which can also be thought of
as the ratio of ¢ to £.242" The k-w model has been
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modified over the years, and production terms
have been added to both the 2 and w equations,
resulting in improved accuracy for free shear
flows, lower sensitivity to boundary conditions,
and better performance at lower Reynolds num-
bers. However, good convergence is not easily
achieved. The governing equations for the stan-
dard k- model are as follows:

B 0 Ay

E(pk)+8_xi(pkul) _8_xj<rk8_xj> +Gr—Y, + S,
(1)

0 0 0 Oy

5)5(9(0) +8_xi(pwui) = 8_x] (Fma—xj> +G, - Y, + S,
(2)

Because of the relatively low impeller rotational
speed resulting in a low impeller Reynolds
number (Re =4939), large portions of the domain
were dominated by transitional flow. A low
Reynolds number correction of the standard k-
model was applied to improve the velocity predic-
tions in these flow regions.?®

Boundary Conditions and Frame of Reference

The no-slip condition in the appropriate frame of
reference was assumed at all solid surfaces. The
air—water interface was always assumed to be
flat, since the agitation speed in this work was low
enough (50 rpm) to prevent the formation of a
vortex, as visually confirmed in the experiments.
The air—water interface was modeled as a
frictionless surface, and the normal gradients of
all variables were zero at this interface.

A single reference frame approach was used in
the CFD simulation in which the vessel wall was
assumed to be rotating, and the impeller was
stationary, although the appropriate body forces
were included in the computation to account for
the non-inertial characteristics of the rotating
reference frame.

As mentioned above, the LDV apparatus can
determine only the average velocity (separately for
each component) at a given location, by measuring
the instantaneous local velocities at that location
over a period of time, typically 60 s, during
which the impeller rotates but the measurement
location relative to the (fixed) vessel does not. The
instrument then determines the time-averaged
velocity component at that location as well as other
statistics. By contrast, the CFD simulations
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produce time-invariant three-dimensional flow
predictions where the velocities vary with posi-
tion, including the azimuthal position. However,
since the dissolution vessel is unbaffled, the
CFD-predicted flow can also be viewed as a time-
dependent flow in which the velocity at a given
fixed location is a function of its azimuthal position
relative to the rotating impeller. Therefore, in
order to compare the LDV data with the CFD
predictions, the CFD-predicted velocities at a
given axial and radial position but different
azimuth must be averaged along the circum-
ference passing through that point in order to
generate an average azimuthal velocity that can be
compared with the time-averaged velocity of the
LDV at the same axial and radial position.

In this work, for each velocity component,
the CFD-predicted velocities at eight different
azimuth positions at the same radial location on a
given iso-surface were averaged to give a single
value of the azimuth ensemble-averaged velocity
component at that location. The ensemble-average
local velocity component values so obtained could
be compared with the time-averaged velocity
measurements obtained experimentally with the
LDV.

RESULTS

Selection of Turbulence Model for CFD Simulations

In a preliminary study, the results of simulations
based on the use of two different turbulence
models (the RNG k-¢ model and the Standard k-
o model with Low Reynolds-Number correction)
and those obtained with no turbulence model (i.e.,
laminar flow model) were compared with the LDV
data collected on two different iso-surfaces
(z=50 mm, z=-31.75 mm) located above and
below the impeller, respectively. Figure 5 shows
that the results based on the turbulence models
were of the same order of magnitude, indicating
that this approach was somewhat robust.

The k-o simulations were generally in better
agreement with the LDV data than those with any
other turbulence model or in the absence of any
turbulence model. For example, the highest LDV
tangential velocity at z=50 mm was 43% of the
impeller tip speed and was observed at relative
radial position of 0.41. The k-w simulations
predicted that the peak tangential velocity was
also 43% of the impeller tip speed, but at relative
radial position of 0.47. By contrast, the RNG k-¢
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Figure 5. Comparison between experimental LDV velocity data and CFD predictions
on iso-surface z =50 mm and z = —31.75 mm using different turbulence models.

simulations predicted a peak velocity of 46% at
relative radial position of 0.68. On the iso-surface
at z=-31.75 mm, the agreement between the
LDV data and the k-o simulations was even better
not only in the core region closer to the shaft, but
also in the region extending beyond 2r/T =0.27,
that is, where the velocity profiles flatten out.

As for the axial velocities, the shape and the
magnitude of the velocity profiles predicted by k-¢
simulations were appreciably different from the
LDV data, especially for z=50 mm. The k-
simulations predicted not only better velocity
magnitudes but also shapes of the velocity profiles
that were more similar to the LDV data.

Finally, the radial velocities on the iso-surface
at z=50 mm were all very small (less than 3.5% of
the impeller tip speed), although the k- predic-
tion were much closer to the LDV data. Similarly,
for z=-31.75 mm, the k-w model predicted a
better shape of the velocity profile than RNG k-¢
model, even though the LDV data showed that the
velocities were typically much smaller than 9% of
the impeller tip speed.

In a separate series of simulations conducted for
a slightly different geometry of the dissolution
system than that used in this work another
turbulence model was additionally tested, namely
the Realizable k-¢ model. The results obtained with
this model were only marginally better than those
obtained with the standard %-¢ model (results not
shown).

In the rest of the study, all simulations were
conducted using the k-o turbulence model with
low Reynolds number correction. Similarly, all the
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simulation results presented here were obtained
using this model.

Velocity Distribution Profiles

Figures 6—8 show, respectively, the tangential,
axial, and radial velocity profiles obtained from
LDV measurements and the results of the CFD
simulations based on the %k-w model with low
Reynolds-Number correction. The LDV measure-
ments on z=—6.75 mm and below were limited to
locations between the hemispherical vessel wall
and the impeller.

Figure 6 shows that all the tangential velocities,
irrespective of the iso-surfaces where they were
obtained, were oriented in the same direction as
the impeller rotation, indicating a strong tangen-
tial flow, as in the case of other unbaffled
systems.?#2328-32 Fyerywhere in the vessel the
experimental tangential velocities were always
much stronger than the other components, with
peak tangential velocities ranging between 40%
and 50% of the tip speed on all iso-surfaces with the
exception of the iso-surfaces at z = —25.75 mm and
z=—6.75 mm, where the maximum velocity was
38%—-36% of the tip speed, respectively. These
velocity peaks were achieved at a radial distance
2r/T ~ 0.41 on iso-surfaces at z=—0.75 mm and
above; at aradial location very close to the blade tip
on iso-surface at z=—15.75 mm (middle of the
impeller blade); and at radial locations very close
to the vessel wall on iso-surfaces at z= —25.75 mm
and below. On the iso-surface at z=—6.75 mm,
where the top edge of the impeller blade is located,
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Figure 6. Comparison between LDV data and CFD predictions for tangential

velocities on different iso-surfaces.

only two LDV measurements could be obtained.
Significant although not complete agreement can
be observed between the experimental data and
the numerical results. Especially relevant is the
good agreement between the LDV and CFD results

for the tangential velocities at or below the
impeller. This is the most critical region for the
operation of the USP II apparatus, because of
the presence of the solid dosage form somewhere
on the bottom of the vessel. This is also the most
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Figure 7. Comparison between LDV data and CFD predictions for axial velocities on
different iso-surfaces. Positive values indicate upwards velocities.

difficult region where LDV measurements can be
made because of the increasing curvature of
the vessel with respect to the observation plane
of the laser, that is, where the laser beams enter
the vessel.

In the upper region of the vessel, that is, for
z>—0.75 mm, the fluid in the inner core (2r/
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T <0.4) rotates with the shaft in solid body
rotation, as indicated by the linear increase of
the velocity with 2r/T (Fig. 6). In the outer region
(2r/T > 0.4), the velocity profiles are much flatter,
and decrease slowly with the radial position before
dropping rapidly at the tank wall, where the fluid
velocity is expected to go to zero. LDV data could
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Figure 8. Comparison between LDV data and CFD prediction for radial velocities on
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from the center of the vessel and toward the wall.

not be taken too close to the wall because of the
optical distortion produced by the round glass
wall.

On theiso-surface z= —15.75 mm, that is, in the
middle of the impeller blade, the CFD profile
matches closely the LDV measurements, showing
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that the peak tangential velocity occurs near
the impeller tip and decreases toward the wall.
For z=-6.75 mm, where the top edge of the
impeller blade lies, the CFD simulation shows
that the tangential velocity is higher near the
impeller blade than near the wall, while the LDV
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measurements, although supporting the simula-
tions, show a flat velocity profile and lower velocity
magnitudes.

In the region below the impeller (z=
—25.75 mm, z=-31.75 mm, z=-37.75 mm,
z=-43.75 mm), both the LDV measurements
and the CFD simulations show that the radial
location where the peak velocity occurs is closer to
the vessel wall, which is the opposite of what was
observed in the region above the vessel (Fig. 6).
This can be attributed to the proximity of the
impeller and to the curvature of the vessel wall,
creating a fluid region where the local tangential
velocity follows more closely that of the impeller.

Figure 7 presents the results for the axial
velocities. These velocities are relatively small
compared to the tangential velocities, with the
magnitude of the LDV axial velocities in the 0%—
20% range of the tip speed, and those from the CFD
simulations in the range at 0%—15% of the tip
speed. On most iso-surfaces, the LDV measure-
ments and CFD the simulations produced
similar axial velocity profiles, although deviations
occurred. In general, the CFD simulations
predicted slightly higher absolute velocity magni-
tudes than the LDV measurements.

The velocities on the iso-surfaces above the
impeller (z=-0.75 mm, z =25 mm, z=50 mm,
z=65 mm) or at the impeller top blade
(z=—6.75 mm) are directed downwards near the
center of the vessel and upwards near the vessel
wall, creating a weak but clearly detectable top-
to-bottom recirculation loop. The reverse is true in
theregion at or below the impeller (z = —43.75 mm,
z=-387.7T5 mm, z=—-31.75 mm, z=—-25.75 mm,
and z=—15.75 mm), where the flow near the wall
is directed downwards. This is the result of the jet
emanating radially from the impeller, impinging
on the vessel wall, and then creating two weak
recirculation loops above and below the impeller.
This is typical of most radial (paddle-like)
impellers, although in the USP II vessel the
hemispherical bottom, the absence of baffles, and
the relatively large size of the impeller with
respect to the vessel diameter produce an even
weaker flow in the region below the impeller.

On the iso-surface at z=65 mm, the LDV
measurements show a flat velocity profile with
almost zero velocity magnitude in the region
0.13<2r/T<0.68, while the CFD simulations
show negative velocities (Fiig. 7). The discrepancy
between these curves is an indication that the
recirculation loop in the portion above the
impeller actually “closes” below the iso-surface at
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z=65mm (i.e., the flow converges back toward the
shaft), while the CFD simulation predicts that this
recirculation effect occurs at a higher vertical
location. For z=-25.75 mm, z=-6.75 mm,
z=-0.75 mm, z=—15.75 mm, the LDV and CFD
profiles are similar, but translated vertically with
respect to each other.

Finally, Figure 8 presents the results for the
radial velocities. In the upper portion of the
vessel (iso-surfaces at z=—0.75 mm, z=25 mm,
z=>50 mm, z=65 mm), both the LDV measure-
ments and CFD simulations show that the magni-
tude of the radial velocities is very small (less than
2.5% of the impeller tip speed), that is, a very weak
radial flow. As for the impeller region, on the
iso-surface at z=—6.75 mm, the LDV measure-
ments show an almost zero radial velocity magni-
tude, that is, no radial flow. However, the CFD
simulation shows positive (i.e., outward) radial
velocities. For z=—15.75 mm, the reverse is true,
that is, a positive radial velocity with a relatively
high velocity magnitude of 22% of the impeller tip
speed was measured with the LDV. This is
reasonable because in this region the impeller
blade should push the fluid toward the wall. The
CFD simulation also shows positive velocities, but
their magnitudes are only about half of the LDV
measurements. All this means that the radial
velocity is over predicted by CFD near the upper
edge of the blade and is under predicted it in the
middle of the impeller and near its lower edge,
which implies that there is a small discrepancy
between CFD predictions and LDV data about the
exact location where the impeller produces the
expected outward directed radial jet. Apparently,
CFD predicts this point to be slightly higher than
what actually observed experimentally. However,
the phenomenon is adequately predicted by the
CFD simulations. This change in radial flow must
occur over a very small vertical distance in the
small gap between the impeller blade and the
vessel wall. Therefore, in this region, even a small
error in the prediction of the location where this
flow reversal occurs can produce a larger discre-
pancy with the experimental data.

Below the impeller, the radial velocity is
typically negative, although still small. This is
also expected since the flow must be negative near
the vessel wall in this region, as the curvature
of the vessel redirects the radial flow generated
by the impeller inwards and toward the bottom of
the vessel. This is what both the LDV measure-
ments and CFD prediction show for lower
iso-surfaces.
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As already mentioned, difference between the
slightly larger diameter shaft at the blade used in
this work instead of the more commonly used
uniform shaft diameter is so small that the results
obtained here are expected to be equally valid for
the USP impeller with no collar at the impeller
blade.

Velocity Magnitude and Velocity Vectors

Figure 9 shows the contours of the CFD-predicted
velocity magnitude on a vertical cross section
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through the impeller shaft for different orienta-
tions of the impeller. Figure 10 presents the
same contours plots of the velocity magnitude on
iso-surfaces at different vertical (axial) locations.
Additional plots show the velocity vectors on a
vertical cross section through the impeller shaft
at different orientations of the impeller (Fig. 11),
an expanded view of the velocity vectors in
impeller region (Fig. 12), an expanded view of
velocity vectors near vessel bottom region for two
different impeller orientations (Fig. 13), and,
finally, the velocity vectors on the iso-surfaces at

y-plane

x-plane

Figure 9. CFD predictions ofthe velocity magnitude on vertical cross sections through
the impeller shaft for different impeller orientations (m/s).
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Figure 10. CFD predictions of velocity magnitude on different iso-surfaces (m/s).

different vertical locations (Fig. 14). In some of
these figures, the greater vector density in the
lower portion of the vessel is an artifact caused by
the greater concentration of computational cells
in that region (Fig. 4).
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A full picture of the three-dimensional flow in
the USP II vessel emerges by looking at all these
figures and by combining them with the velocity
profiles previously discussed (Figs. 6—8). The top
portion of the vessel is dominated by a strong
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CFD predictions of velocity vectors colored by velocity magnitude on

vertical cross section through the impeller shaft at different orientations (m/s).

tangential flow. A much weaker circulation loop
caused by the impeller rotation is also present on
the vertical cross section in the upper region of the
vessel. The radial jet generated by the rotating
impeller near the top edge of the blade impinges on
the wall, producing an axial upward flow near the
vessel wall. This flow is confined in the outer region
of the vessel (2r/T> ~0.7; Figures 11 and 12). The
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CFD simulation predicts that this loop closes very
high in the tank, as indicated by the relatively
stronger radial flow near the air—liquid interface
(Fig. 11). In the middle inner core region above the
impeller (~0.3 < 2r/T < ~0.7), the flow is directed
downwards. It should be remarked that this region
does not extend all the way to the center of the
vessel to include the shaft. Instead, the innermost
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core region (2r/T < ~0.3) is characterized by very
low axial and radial velocities (Figs. 7 and 8) and by
tangential velocities increasing proportionally to
the radial position (Fig. 6). In other words, the
inner core rotates almost as a solid body.

The fluid region around the impeller is
obviously dominated by the impeller rotation
(Fig. 12). The fluid velocity near the blade tip
matches the tip speed. However, the fluid velocity
decays rapidly, both radially and axially, away
from the blade tip. For example, the velocities
on the upper edge of the blade near the blade
tip (z=-6.75 mm) are very similar to the tip
speed, but the velocities on the iso-surface at
z=—0.75 mm, which is only 6 mm above the top
edge of the blade, show a significant decay in the
velocity magnitude (Figs. 11 and 12). An even more
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Figure 13. CFD predictions of velocity vectors colored by velocity magnitude on vertical
cross section through the impeller shaft at different orientations, for the bottom region (m/s).
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dramatic drop in velocity occurs in the radial
direction, as it can be seen by moving away from
the blade tip and towards the wall in Figure 12.

The radial jet generated by the impeller
produces a complex flow in the gap between the
blade tip and the vessel wall (Fig. 12). The radial
flow is rapidly converted to a more axially oriented
flow, which is predicted by the CFD to be directed
upwards only near the top edge of the blade.
Anywhere else in the gap, the flow is predicted to
be oriented downwards. By looking at this figure,
one can easily appreciate that even a minor error
in the prediction of the vertical location where
the flow switches direction from upwards to
downwards can result in a significant discrepancy
between the CFD results and the experimental
LDV data. As already mentioned, this observation
partially justifies the differences between the LDV
and CFD results in this region.
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The flow in the region below the impeller is the
most complex and the most important for this work
(Fig. 13 combined with Figures 6—8). These figures
show that the flow is relatively strong in the
tangential direction, even in the region below the
impeller, but that the radial and axial components
are generally weak, and are affected by the
presence of a second vertical recirculation loop
having a stronger pulsating component generated
by the passing of the paddle. After the paddle
has passed, the flow becomes extremely weak
(Fig. 13).

The striking feature of the flow in the region
below the impeller is that this vertical recircula-
tion loop is not able to penetrate the inner core
region located just at the center under the impeller
(Figs. 9, 11 and 13). The net result is that the flow
in this core is nearly stagnant in the vertical plane
and it is dominated by weak tangential velocities
(although stronger than the other components) on
the order of 5% of the tip speed or less. This weakly
swirling but otherwise nearly stagnant core region
extends all the way from the vessel bottom to the
lower edge of the impeller. As the impeller rotates,
the stagnant core region expands (Fig. 13, y-plane)
and contracts (Fig. 13, x-plane). The axial
velocities change rapidly with time and location
when moving across the vertical boundaries for
this core region, while remaining very weak.

Figure 13 also shows that small changes in
position near the bottom of the vessel are
associated with large changes in the velocity
magnitude. For example, by moving by a distance
of only 2—5 mm, the velocity in the plane of the
impeller can vary from near 0 to 1/3 of the tip
speed, and possibly higher. It is obvious that such a
change in local velocity can have a dramatic effect
on the local mass transfer rate at a specific location
on the surface of the tablet and hence on the local
dissolution rate of a solid tablet. Even more
importantly, the initial location of a dissolving
tablet on the bottom of the vessel (e.g., inside the
semi-quiescent region under the shaft or outside
it) can produce significant differences in the
velocity profiles and velocity gradients experi-
enced by the tablet, with a possible significant
impact on the dissolution or erosion rate.

The CFD simulations cannot be expected to
provide a full description of such a complex flow,
with such small velocities, in such a small region.
However, the CFD results obtained here consis-
tently capture the main features of the flow,
including the fact that the flow under the impeller
is dominated by a weak tangential flow and has
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near zero radial and axial components. This is
confirmed not only by the LDV results, but also by
the robustness of the predictions in this region,
which are relatively similar irrespective of the
turbulence model used.

Turbulence Kinetic Energy (k) and
Turbulent Dissipation Rate (¢)

Figures 15 and 16 show plots of the turbulence
kinetic energy and turbulent dissipation rate,
respectively, on vertical cross sections through
the impeller shaft at different orientations.
Appreciable turbulence levels and dissipation
rates are present only in the impeller region,
and especially near the blade tip. As the rotating
impeller moves away from a given location in the
impeller region, both turbulence and energy
dissipation rate decay rapidly. Low values of %
and ¢ are predicted anywhere else in the vessel.
The turbulence kinetic energy is weak even in the
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Figure 15. CFD predictions of the turbulence kinetic
energy on vertical cross sections through the impeller
shaft at different orientations (m%/s?).
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Figure 16. CFD predictions of the energy dissipation
rate on vertical cross sections through the impeller shaft
at different orientations (m?/s®).

region below the impeller where tablet dissolution
occurs. Some higher values of energy dissipation
rate appear along the vessel bottom, but not in the
center where the tablet is usually located during a
test.

Strain Rate

Figures 17 and 18 present contour plots of the
strain rate, respectively, on a full vertical cross
section of the vessel and, magnified, in the bottom
region. As one can expect, the strain rate is high
near the impeller blades and near the walls,
where the velocity must eventually become zero
and the velocity gradients are large. However, the
strain rate is significantly higher at the wall in
the region near the vessel bottom than at the
wall in the cylindrical section the vessel. This
phenomenon can be attributed not only to the
proximity to the impeller, but also to the presence
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Figure 17. CFD predictions of strain rate on vertical
cross sections through the impeller shaft at different
orientations (1/s).

in this bottom region of steep velocity gradients
resulting from the rapid variation in velocity
magnitude over short distances, as indicated in
the previous section.

The strain rate is not uniform in the region
below the impeller. Figure 18 shows that the strain
rate changes by more than an order of magnitude
as one moves along to the hemispherical wall
where the tablet is located during the dissolution
test.

DISCUSSION

This is possibly the first study aimed at com-
pletely characterizing the hydrodynamics of a
USP Dissolution Apparatus II through CFD
simulations and a detailed point-by-point
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comparison of the CFD predictions with experi-
mental LDV data obtained for the entire dissolu-
tion vessel. Some of the results of this work can be
compared with those of the few investigations
available to date.

The results found here can be partially com-
pared with those of Bocanegra et al.,” who obtained
LDA data for only a few selected locations in
the dissolution vessel. The tangential velocities
found here at two iso-surfaces (z=—43.75 mm and
z=25 mm) agree well with the experimental
results of those authors.

A different group of investigators
conducted a series of experimental studies using
PIV and compared their data with CFD predic-
tions. Because of the nature of their experimental
data, these authors only produced a qualitative
comparison between data and numerical predic-
tions. However, their velocity plots appear to
compare favorably with the detailed results
obtained here.

Finally, another group of investigators used
a CFD approach similar to that used here, but
generated no experimental data of their own.
Instead, they used the limited experimental data
of Bocanegra et al.® to partially validate their
approach. A comparison of the results of McCarthy
et al.’® with those obtained here shows that the
basic features of the flow field in the vessels, such
as the main recirculation patterns and the jet
flowing inwards near the vessel bottom, are
similar. However, some differences can be found
in the finer flow structures. For example, the flow
that was predicted and experimentally validated
here for the innermost core in the upper region of
the vessel is weaker than that which McCarthy
et al. obtained. Their results also show inter-
mediate recirculation patterns near the wall in the
upper portion of the vessel, which were neither
predicted nor experimentally measured here. In
this regard, the results of Kukura et al.'>7 and
Baxter et al.!® are more similar to those found
here. A more interesting difference between the
results of McCarthy et al.'® and those of the
present work is in the finer flow structure below
the impeller. McCarthy et al.'® found a stronger
and much more structured “wavy” flow below the
impeller than that numerically predicted here or
reported by Kukura et al.'*'” and Baxter et al.'®
Our experimental results seem to confirm that the
flow below the impeller is indeed very weak in any
direction other than tangential, and that the CFD
predictions generally overestimate the intensity of
such a flow. It should be stressed that the k-w

12,13,17

18,19
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Figure 18. CFD predictions of the strain rate on vertical cross sections through the
impeller shaft at different orientations for the bottom region (1/s).

model with low Reynolds number correction was
used here to model turbulence effects. This model
is probably superior to other standard turbulence
models routinely used in simulations.?®%” How-
ever, it is unclear what turbulence model
McCarthy et al.'® used in their work.

In general, the CFD predictions obtained here
agreed reasonably well with the LDV data. This is
important to validate the CFD results obtained in
this work, and draw more wide-ranging con-
clusions based on them. In addition, the agreement
indicates that the turbulence model used in this
work, that is, the k-w model with low Reynolds
number correction, is appropriate for this kind of
systems.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 9, SEPTEMBER 2007

The hydrodynamics of the USP Apparatus II is
dominated by two main features. The first is that
anywhere in the system the main flow is strongly
tangential, as in all unbaffled systems, with
limited axial and radial components. Secondary
flows are also present, but they form two smaller
recirculation loops above and below the impeller.
This has implications for the axial homogeneity of
the vessel, although the small size of the vessel
implies that blending is likely to occur relatively
rapidly.

The second important hydrodynamic feature is
that the central core region between the bottom of
the vessel and the lower edge of the impeller is
characterized by exceedingly small radial and
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axial velocities and turbulence levels. This zone
rotates with the impeller, and it is surrounded by
another zone, also below the impeller, with much
higher radial and axial velocities. This analysis
can qualitatively explain the effect of “coning” at
the center of the vessel bottom. Coning is often
observed when a tablet disintegrates rapidly
during the dissolution test, and the resulting
granules form a rotating cone of loosely aggregat-
ing particles under the impeller.

The high degree non-uniformity in the flow field
near the vessel bottom can introduce a degree of
uncertainty in the dissolution test. A tablet that is
dropped into the gently agitated liquid in the
vessel, asin atypical dissolution test, mayland ata
random location on the vessel bottom, and thus be
exposed to very different flow fields depending on
its final position. The velocities in this region,
albeit small, change significantly over short dis-
tance along the vessel bottom. This implies that
small variations in the location of the tablet on the
vessel bottom caused by the randomness of the
tablet descent through the liquid are likely to
result in significantly different velocities at the
tablet location. The strain rate, which is another
important factor that can affect the tablet dissolu-
tion rate, also changes significantly along the
vessel bottom. The dramatic changes of both
velocities and strain rate within a very small space
can likely introduce variability in the dissolution
test. Therefore, the vessel hydrodynamics and the
initial location of the tablet after being dropped
into the vessel can possibly affect the dissolution
test results.

CONCLUSIONS

The following conclusions can be drawn from this
work:

a. The LDV measurements and the CFD
velocity predictions are, in general, in sub-
stantial agreement

b. All tangential velocities, irrespective of
where in the vessel they are obtained
from, are oriented in the same direction as
the impeller rotation, indicating a strong
tangential flow. The highest tangential
velocity is typically between 40% and 50%
of the impeller tip speed on all iso-surfaces,
both above and below the impeller.

c. The axial velocities are all significantly
smaller than the tangential velocities, with
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magnitudes typically ranging between 0%
and 15% of the tip speed. This implies
that top-to-bottom recirculation in the
USP II apparatus is weak, as in most
unbaffled vessels. The radial velocities are
even smaller than the tangential and axial
velocities.

d. The flow in the region below the impeller is
complex, and it is strongly dominated by
the tangential component while the radial
and axial components are very weak. The
presence of a vertical recirculation loop
having a pulsating component generated
by the passing of the impeller blades can
be observed. When this pulsating effect
decays, the flow is extremely weak.

e. In the region below the impeller, the vertical
recirculation loop is not able to penetrate
the inner core region located just under
the shaft. The flow in this core is nearly
quiescent in the vertical plane and is
dominated by the tangential velocity. This
weakly swirling but otherwise nearly stag-
nant core region extends all the way from
the vessel bottom to the lower edge of
the impeller. At its vertical boundaries, the
axial velocities change rapidly with time and
location, while remaining weak. This can
explain the “coning” effect often observed at
the center of the vessel bottom.

f. The strain rate is not uniform in the region
below the impeller, but it changes by more
than an order of magnitude by moving along
the hemispherical bottom. This is likely to
have an impact on the mass transfer rate and
hence the dissolution rate, depending on the
exact location of a tablet, or its deviation
from it.

In conclusion, the hydrodynamics near the
vessel bottom, where the tablet is located, can
contribute to high wvariability in dissolution
testing.

NOMENCLATURE

D  impeller diameter (m)

k turbulence kinetic energy (m?%/s?)

G the generation of £ due to mean velocity
gradients (kg/m -s®)

G, generation of ® (kg/m3 )

N  impeller rotational speed (rotations/s)
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r radial coordinate of LDV measurement point,
(m or mm)

Re impeller Reynolds number (=p -N -D?/ p),
dimensionless

S, user-defined source term of % (kg/m -s%)

S, user-defined source term of o (kg/m?®-s?)

T  vessel diameter (m or mm)

u velocity (m/s)

Y, dissipation of % (kg/m-s®)

Y, dissipation of w (kg/m3 )

z vertical location of iso-surface (m or mm)

Greek Symbols
I, effective diffusivity of £ (kg/m -s)

I, effective diffusivity of w (kg/m -s)
¢ turbulent dissipation rate (m?/s®)
i liquid viscosity (kg/m -s)

p  liquid density (kg/m®)

o  specific dissipation rate (s™%)
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