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a b s t r a c t

The fluid velocity profiles at different locations inside a standard USP Dissolution Testing Apparatus 2
were experimentally obtained via Laser Doppler Velocimetry (LDV) at three impeller agitations speeds,
namely 50 rpm, 75 rpm and 100 rpm. The experimental results were compared with the predictions
obtained with Computational Fluid Dynamics (CFD) where the �–ω model with low Reynolds number
correction was used to account for turbulence effects. In general, good agreement was found between
the experimental LDV velocity measurements and the CFD simulation predictions. The non-dimensional
tangential, axial and radial velocity profiles (scaled with the impeller tip speed) and the flow pattern
were found to be nearly independent of the agitation speed in most regions of the vessel, implying that
increasing the agitation speed generally produced a corresponding increase in the local values of the
ydrodynamics
omputational Fluid Dynamics (CFD)
aser Doppler Velocimetry (LDV)
gitation speed
elocity profiles
hear strain rate

velocity. However, the velocity profiles and flow pattern in the inner core region just below the impeller,
where the dissolving tablet is usually located, were found to be much less sensitive to agitation speed.
In this region, the axial and radial velocities were especially low and were not significantly affected by
agitation increases. This inner core region at the center of the vessel bottom persisted irrespective of
agitation intensity. The CFD predictions also indicated that increasing the agitation speed resulted in a
higher shear strain rate distribution along the vessel bottom, although the strain rate was always very

essel
low at the center of the v

. Introduction

In the pharmaceutical industry, drug dissolution testing is rou-
inely used to provide critical in vitro drug release information
or both quality control purposes, i.e., to assess batch-to-batch
onsistency of solid oral dosage forms such as tablets, and drug
evelopment, i.e., to predict in vivo drug release profiles. Several
issolution apparatuses exist. They are standardized and spec-

fied in the United States Pharmacopoeia (USP) (United States
harmacopeia, 2008). Among these apparatuses, the most widely
nd commonly used is the UPS Dissolution Testing Apparatus 2,
imply referred to in this document as “Apparatus 2”.
In vitro dissolution data generated from dissolution testing
xperiments can be related to in vivo pharmacokinetic data by
eans of in vitro–in vivo correlations (IVIVC). A well established

redictive IVIVC model can be very helpful for drug formulation
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bottom, even when the agitation speed was increased.
© 2010 Elsevier B.V. All rights reserved.

design and post-approval manufacturing changes (Kortejärvi et al.,
2006). The main objective of developing and evaluating an IVIVC
is to establish the dissolution test as a surrogate for human bioe-
quivalence studies, as stated by the Food and Drug Administration
(FDA). According to Qureshi and Shabnam (2001), “Considering
the usefulness of drug dissolution testing, regulatory agencies and
pharmaceutical manufacturers are suggesting an enhanced role for
such testing towards expeditious approval and economical avail-
ability of drug products on the markets. That is, more extensive
drug dissolution testing (e.g. use of different media, drug release
profiles rather than single point testing) could be sufficient with-
out in vivo testing, in many cases, to establish safety and efficacy
of a drug product following minor formulation and manufacturing
changes.” However, for this to happen, but also to insure that the
current dissolution testing method is a robust method, the disso-
lution testing apparatus used to conduct dissolution tests must be
able to provide accurate and reproducible results.

Apparatus 2 has been used in the pharmaceutical industry for
decades since it was first officially introduced almost 40 years ago

(Cohen et al., 1990). However, dissolution testing using Apparatus
2 remains susceptible to significant error and test failures. Several
reports in the literature have suggested that there is considerable
variability, unpredictability and randomness in dissolution pro-
files using Apparatus 2 (Cox and Furman, 1982; Cox et al., 1983;

dx.doi.org/10.1016/j.ijpharm.2010.09.022
http://www.sciencedirect.com/science/journal/03785173
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Nomenclature

D impeller diameter (m)
k turbulence kinetic energy (m2 s−2)
gi body force in the i direction per unit mass (m s−2)
Gk generation of k due to mean velocity gradients

(kg m−1 s−3)
Gω Generation of ω (kg m−3 s−2)
N impeller rotational speed (rotations/s)
r radial coordinate of LDV measurement point (m or

mm)
P pressure (N/m2)
P̄ local average pressure (N/m2)
Re impeller Reynolds number (=�ND2/�) (dimension-

less)
S rate-of-deformation tensor (s−1)
Sij component of the rate-of-deformation tensor (s−1)
Sk user-defined source term of k (kg m−1 s−3)
Sω user-defined source term of ω (kg m−3 s−2)
t time (s)
T vessel diameter (m or mm)
Ui velocity in the i direction (m s−1)
Ui

′ fluctuating component of the velocity in the i direc-
tion (m s−1)

Ui time-average velocity magnitude in the i direction
(m s−1)

Uaxial fluid velocity in the axial (vertical) direction (m s−1)
Uradial fluid velocity in the radial direction (m s−1)
Utangential fluid velocity in the tangential direction (m s−1)
Utip velocity of the impeller tip (m s−1)
xi, xj coordinates in the i and j directions
Yk dissipation of k (kg m−1 s−3)
Yω dissipation of ω (kg m−3 s−2)
z vertical location of iso-surface (m or mm)

Greek symbols
�̇ magnitude of strain rate (s−1)
� k effective diffusivity of k (kg m−1 s−1)
� ω effective diffusivity of ω (kg m−1 s−1)
ε turbulent dissipation rate (m2 s−3)
� liquid viscosity (kg m−1 s−1)
� liquid density (kg m−3)

B
1
e
a
S

B
2
c
c
c
c
h
a
w
t
t

d

� stress tensor (kg m−1 s−2)
ω specific dissipation rate (s−1)

ocanegra et al., 1990; Moore et al., 1995; Qureshi and McGilveray,
999; Costa and Lobo, 2001; Qureshi and Shabnam, 2001; Mauger
t al., 2003) even when dissolution apparatus calibrator tablets
re used (Cox and Furman, 1982; Moore et al., 1995; Qureshi and
habnam, 2001; Kukura et al., 2003; Baxter et al., 2005).

Earlier studies (McCarthy et al., 2003, 2004; Kukura et al., 2004;
axter et al., 2005) including publications by this group (Bai et al.,
007a; Bai and Armenante, 2008, 2009) have indicated that the
omplex hydrodynamics that can be observed in Apparatus 2 can
ontribute to the poor reproducibility and data inconsistencies that
an be obtained with this apparatus. Under the typical operating
onditions used in this test, the fluid flow in Apparatus 2 is highly
eterogeneous. Hence this system can be expected to be associ-
ted with a complex hydrodynamics, resulting in fluid velocities

hose directions and intensities are highly dependent on the loca-

ion within the vessel, especially at the bottom of the vessel where
he tablet is located during dissolution testing.

A literature review shows that only a limited number of hydro-
ynamic studies have been conducted on Apparatus 2 over the
harmaceutics 403 (2011) 1–14

past 30 years. The first Laser Doppler anemometry (LDA) measure-
ments of the velocities in Apparatus 2 were reported by Bocanegra
et al. (1990). However, the data they obtained were only gener-
ated in very limited regions of the vessel. More recently, qualitative
flow patterns were obtained using Particle Image Velocimetry (PIV)
and Laser-Induced Fluorescence (LIF). The flow patterns were com-
pared to the velocity flow field simulated using Computational
Fluid Dynamics (CFD) (Kukura et al., 2003). Other researchers also
made efforts to determine the flow field inside the USP Dissolution
Test Apparatus 2 vessel through CFD (Kukura et al., 2004; Baxter
et al., 2005). However, the CFD simulations mentioned above were
only qualitatively validated against experimental data. McCarthy
et al. (2003, 2004) predicted the flow field with CFD and com-
pared the CFD predictions with the limited experimental results
from previous research (Bocanegra et al., 1990).

In previous work by this research group (Bai et al., 2007a),
the velocity field throughout Apparatus 2 was quantified via Laser
Doppler Velocimetry (LDV), and CFD computer simulations were
used to predict the three-dimensional flow in Apparatus 2 in order
to validate the simulation predictions against the experimental LDV
data. Thus, a complete spectrum of flow field information includ-
ing velocity magnitude and direction, turbulence kinetic energy,
energy dissipation rate and shear strain rate predicted by CFD sim-
ulation was used to quantify the hydrodynamics of Apparatus 2
with confidence (Bai et al., 2007a). In addition, this validated CFD
model was applied to study the mixing efficiency of Apparatus 2
by predicting the system mixing time under different impeller agi-
tation speeds (Bai et al., 2007b). This study showed that the drug
released by the tablet during the dissolution process is transported
to the sampling point higher in the vessel relatively quickly (on the
order of 30 s at 50 rpm). Further studies have additionally shown
that small changes in the geometry of the system can produce large
effects on the system hydrodynamic and the dissolution profiles.
For example, the velocity flow field and the shear strain rate near
the vessel bottom are dramatically impacted by small misalign-
ments of the impeller location (Bai and Armenante, 2008). Similarly,
the exact location of the tablet during the dissolution process can
result in very different dissolution profiles which may result in fail-
ure to pass the acceptance criteria established by the FDA (Bai and
Armenante, 2009).

The impeller agitation speed is a key variable in in vitro disso-
lution testing with Apparatus 2 since it affects the velocity in the
vicinity of the tablets and hence the tablet–liquid mass transfer
rate, the rate of drug release, and the dissolution curve. If disinte-
grating tablets are used, the agitation speed additionally controls
whether the tablet fragments accumulate under the impeller (“con-
ing” effect) or become suspended in the liquid (Ross and Rasis,
1998; Qureshi and Shabnam, 2001, 2003; Bai et al., 2007a).

The impeller agitation speed generally recommended for Appa-
ratus 2 is 50 rpm (Shah et al., 1992; FDA, 1997). However, in the
industrial practice, agitation speeds ranging from 50 to100 rpm are
commonly used, with 25 rpm and 150 rpm also been employed,
although more rarely, depending on the tablet and the drug prod-
uct being tested (Gibaldi and Feldman, 1967; Cox et al., 1983; Costa
and Lobo, 2001; Kamba et al., 2003). In all cases, the ultimate goal of
the way the dissolution test is conducted and the agitation speed is
selected is to “allow maximum discriminating power and to detect
products with poor in vivo performance” (Fruitwala et al., 1998).

Although there is now quantitative information to understand
the hydrodynamics in dissolution vessels stirred at 50 rpm, much
more limited information is available on the hydrodynamics of

Apparatus 2 when the impeller agitation speed is higher than
50 rpm. Bocanegra et al. (1990) applied LDA to measure veloci-
ties in Apparatus 2 in selected regions for an agitation speed of
60 rpm, which is a rarely used agitation speed in practice. Kukura
et al. (2004) simulated the flow field in Apparatus 2 with CFD and
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Table 1
Dimensions of impeller and shaft.

Component of impeller or shaft Dimension (mm)

Shaft diameter 9.53
Length of top edge of impeller blade 74.10
Length of bottom edge of impeller blade 42.00
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ments being taken on each iso-surface, except for the iso-surfaces
Height of impeller blade 19.00
Thickness of impeller blade 5.00

redicted the shear strain rate at an agitation speed of 100 rpm,
lthough their modeling results were not compared with exper-
mental results in a quantitative fashion. Finally, McCarthy et al.
2004) studied the hydrodynamics in Apparatus 2 at 25, 100 and
50 rpm with a partially validated CFD model (McCarthy et al.,
003). Hence, there is a need for experimentally quantifying and
omputationally predicting the hydrodynamics of Apparatus 2 at
gitations speed higher than 50 rpm.

Therefore, in the present work, LDV velocity measurements
ere collected in Apparatus 2 at agitation speeds of 50, 75 and

00 rpm and a CFD model previously validated at 50 rpm (Bai
t al., 2007a) was used here to predict the fluid field at these
gitation speeds. The results of the CFD simulations were then
ompared the LDV data to validate the computational approach.
inally, CFD-based predictions of shear strain rate, the driving force
f dissolution, were made as well.

. Experimental apparatus and method

.1. Dissolution vessel and agitation system

A standard USP Dissolution Testing Apparatus 2 vessel con-
isting of an unbaffled, cylindrical, hemispherical-bottomed, glass
essel with a prescribed maximum nominal volume of 1 L was used
remark: unlike most cylindrical vessels used in industry, Appara-
us 2 is “unbaffled”, meaning that it does not contain “baffles”, i.e.,
ectangular vertical plates (typically four) commonly placed next
o the cylindrical wall of vessels and reactors, and used to dissipate
nergy, reduce the tangential component of the fluid velocity in the
essel, and promote axial (vertical) fluid recirculation, in order to
chieve a more uniform distribution of fluid velocities in the vessel).
he vessel diameter was measured with a caliper and was found to
e 100.16 mm. The vessel was placed in a square Plexiglas tank filled
ith water in order to minimize refractive effects at the curved sur-

ace of the vessel wall during the LDV measurements. The agitation
ystem consisted of a standard Apparatus 2 two-blade paddle. The
xact geometries of the impeller and shaft, also measured with a
aliper, are listed in Table 1. The impeller was centrally mounted in
he vessel and was placed 25 mm off the vessel bottom, as specified
n the USP, using a HeighChek Distek® tool, which can accurately set
he paddle clearance off the vessel bottom prior to a test. 900 mL
f de-ionized water was added to the dissolution vessel, as pre-
cribed by the USP. The temperature of the water was maintained
t room temperature (25 ± 1 ◦C). An electric motor connected to
n external controller was used to rotate the impeller clockwise
t three agitation speeds, i.e., 50, 75, and 100 rpm, corresponding
o impeller tip speeds of 0.194 m s−1, 0.291 m s−1 and 0.388 m s−1,
espectively. The corresponding impeller Reynolds numbers were
939, 7409, and 9878.

A small amount of silver-coated hollow borosilicate glass
pheres (Dantec Measurements Technology USA, Mahwah, NJ, USA)

ith a density of 1.4 g/cm3 was added to the water as seed parti-

les. The particle size ranged from 2 to 20 �m with a mean size of
0 �m. These glass spheres were used to follow the fluid flow and
catter the laser light used in the LDV fluid velocity measurements.
harmaceutics 403 (2011) 1–14 3

In additional experiments, a millimeter scale was taped to the
shaft, the vessel was filled with 900 mL of water, and the level of the
water–air interface was measured at rest against this relative scale.
The level of the same interface at the shaft was then measured at
different agitation speeds by taking photographs from above the
liquid surface in order to determine the change in liquid level near
the shaft caused by the agitation-induced vortex.

2.2. Laser Doppler Velocimetry (LDV) system

A Laser Doppler Velocimetry (LDV) apparatus (Dantec Mea-
surement Technology USA, Mahwah, NJ, USA) was used to
experimentally measure, non-intrusively, the fluid velocities at
selected points inside the dissolution vessel (Fig. 1).

The LDV system consisted of single-color, two-beam Dantec
55X series backscatter LDV apparatus. A 750 mW argon-ion laser
(Ion Laser Technology, Inc.) produced a single multicolored laser
beam, which was passed through an optical filter to generate
a monochromatic green beam (wavelength: 512 nm). This beam
passed through a beam splitter from which two beams emerged,
one of which was passed through a Bragg cell to lower the frequency
by 40 MHz and be able to distinguish between positive and negative
velocity measurements. Each beam then traveled via a fiber optic
cable to a probe containing a beam expander system and a final
focusing lens with a focal length of 330 mm. The beams were con-
verged inside the vessel to obtain a finite control volume formed
by their intersection. The scattered light from the seed particles
moving through the control volume was collected by a receiver
located inside the probe, and the Doppler shift (directly propor-
tional to the particle velocity) was measured with a photomultiplier
assembly. A data acquisition system connected to a computer con-
verted the Doppler shifts into velocity values, and produced on-line
measurements of average and fluctuating velocities.

The dissolution testing system was mounted on an x–y–z
traversing system that could position the vessel at any desired loca-
tion in front of the LDV probe. The beams were made to converge
inside the vessel, thus enabling the fluid velocity to be measured
at any desired location in the dissolution vessel. The time inter-
val 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 could be calculated. Appropriate rotation
of the fiber optic probe and translation of the dissolution testing
system assembly yielded the velocity components in all three direc-
tions at any location where a measurement was taken. Triplicate
experiments were conducted for each velocity component at each
location. The standard deviation was typically 0.001 m s−1. Addi-
tional details of the methodology are provided elsewhere (Bai et al.,
2007a).

In order to fully quantify the fluid flow in the dissolution sys-
tem, eight horizontal surfaces (iso-surfaces) were selected inside
the vessel, as shown in Fig. 2. The horizontal plane where the
cylindrical and the hemispherical walls of the vessel meet was
defined as z 0 mm. Two of the iso-surfaces were located above
the impeller (z = 25 mm, z = −0.75 mm), three in the impeller region
(z = −6.75 mm, z = −15.75 mm, z = −25.75 mm), and the other three
below the impeller (z = −31.75 mm, z = −37.75 mm, z = −43.75 mm).
On each iso-surface, LDV velocity measurements were taken at
a number of radial positions, 5 mm apart, starting at the vessel
vertical centerline (or the impeller shaft) and progressing toward
the vessel wall. Typically, this resulted in eight velocity measure-
in the impeller region where velocity measurements could only be
obtained in the gap between the tip of the passing blade and the
vessel wall. Additionally, it was not always possible to take LDV
data when the measurement location was too close to the shaft
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Fig. 1. Laser-Doppler Velocime

since the shaft reflected the light and made accurate measure-
ents impossible), or when the curvature of the vessel made it too

ifficult to collect axial and radial velocities very close to the vessel
all. In such cases, no experimental LDV measurements could be

aken.

. Numerical CFD simulation

A commercial mesh generator, Gambit 2.1.6, and a computa-
ional fluid dynamic (CFD) package, Fluent 6.2.16, were used to
efine the computational domain, generate the grid, and numer-

cally predict the velocity vector and velocity magnitudes at each

ocation, as well as the turbulence level inside the Apparatus 2
essel. In other terms, CFD was used to predict the intensity and
irection of the velocity at any location inside the vessel (velocity
ector field), as well as the absolute scalar value of the local velocity
velocity magnitude) at any point.

Fig. 2. Iso-surfaces where LDV measurements were taken.
DV) system used in this work.

The exact system geometry was used as input in Gambit to gen-
erate the mesh used in the simulations. However, as in previous
work by this group, the geometry of the impeller was slightly dif-
ferent from that of the impeller used in the experiments in that the
impeller had a slightly larger diameter shaft at the blade, resem-
bling 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
geometric differences between this system and the typical USP sys-
tem used in the experiments are so minimal that the result obtained
here is expected to be equally valid for the USP impeller with no col-
lar. Additional details are provided elsewhere (Bai et al., 2007a,b;
Bai and Armenante, 2008, 2009).

A structured Cooper-type hex mesh was created in the cylin-
drical portion of the vessel and in the upper section of the
hemispherical bottom. An unstructured tetrahedral mesh was gen-
erated in the lower section of the hemispherical bottom of the
vessel to follow the curved shape more closely. The average EquiAn-
gle Skew parameter ranged from 0.3 to 0.4, indicating a high mesh
quality. The mesh typically contained some 80,000 cells, 220,000
faces, and 63,000 nodes. Simulations with meshes containing up
to some 260,000 cells were also conducted. The CFD results were
shown to be mesh-independent. Additional details about the mesh
and the mesh generation are provided elsewhere (Bai et al., 2007a).

CFD programs such as Fluent numerically solve the general
equations representing the conservation of mass and momentum.
In Cartesian coordinates, the time-averaged continuity equation for
an incompressible fluid written using the summation convention
can be written as:

∂Ūi

∂xi
= 0 (1)

and the time-averaged momentum equation, which can be used for
the prediction of the velocities in turbulent flow, is:

∂Ūi

∂t
+ Ūj

∂Ūi

∂xj
= − 1

�

∂P̄

∂xi
+ 
∇2Ūi + gi − ∂

∂xj
(U ′

i
U ′

j
) (2)

The last term in this equation represents the Reynolds stresses,
containing the product of the fluctuating velocity components. The
Reynolds stresses cannot be predicted from first principles, and
they are typically calculated by making some assumptions about
their relationship with other variables (closure problem). Since the
flow in Apparatus 2 vessel is typically in the transitional/turbulent
regimes (i.e., the flow in the dissolution system may not be fully

turbulent even when operated at an impeller agitation speed of
100 rpm), a mathematical model capable of representing the tur-
bulent instabilities in this regime is needed in order to solve the
momentum equations in the CFD simulations. In previous work by
our group (Bai et al., 2007a), it was shown that simulations using
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he �–ω turbulence model with low Reynolds number correction
roduced velocity predictions that were in closer agreement with
he experimental LDV data than predictions based on other mod-
ls, such as the laminar mode and RNG �–ε model. Therefore, in
his work, CFD simulations were conducted using exclusively the
–ω model with low Reynolds number correction. The governing
quations for the standard k–ω model are as follows (Bai et al.,
007a):

∂

∂t
(�k) + ∂

∂xi
(�kUi) = ∂

∂xj

(
�k

∂k

∂xj

)
+ Gk − Yk (3)

∂

∂t
(�ω) + ∂

∂xi
(�ωUi) = ∂

∂xj

(
�ω

∂ω

∂xj

)
+ Gω − Yω (4)

The boundary conditions used in the simulations were the same
s those used previously (Bai et al., 2007a): the no-slip condition
as assumed at all solid surfaces including the vessel wall, ves-

el bottom, and the impeller; the air–liquid interface was assumed
o be flat and was modeled as a frictionless surface; and the nor-

al gradients of all variables were zero at this interface. The
ppropriateness of the flat-interface assumption was determined
xperimentally by measuring the depth of the liquid near the shaft
t different agitation speeds, as mentioned in the previous section.
he results confirmed that the surface was nearly flat, as further
etailed in Section 4.

The shear stress tensor, �, is related to the rate-of-deformation
ensor, S, through the equation:

= −�S (5)

here � is the fluid viscosity. For an incompressible Newtonian
uid, the components of the rate-of-deformation tensor, Sij, are
iven by (Bird et al., 2002):

ij = ∂Ui

∂xj
+ ∂Uj

∂xi
(6)

hen, the local value of magnitude of the strain rate (or simply
strain rate”), �̇ , is defined as:

˙ = |S| =
√

1
2

∑
i

∑
j
S2

ij
(7)

he strain rate represents the rate at which the velocity varies with
istance when moving away from the point of interest.

A single reference frame approach was used in all CFD simula-
ions. Additional details about the simulation approach are given
lsewhere (Bai et al., 2007a).

. Results

The change in liquid level near the impeller shaft at different
gitation speeds with respect to the same level observed with the
mpeller at rest was measured by taking photographs at different
gitation speeds. The liquid level at the shaft was found to drop
y approximately 0 mm, 1 mm, and 2.3 mm, when compared to
he liquid at rest, at agitation speeds equal to 50 rpm, 75 rpm, and
00 rpm, respectively. These level drops correspond to about 0%,
%, and 2.3% of the vessel diameter. Furthermore, visual observa-
ions showed that this drop is not linear across the surface, but it is
rimarily concentrated in the neighborhood of the shaft, where the

ortex is stronger, implying that most of the liquid surface is nearly
erfectly flat for all practical purposes. This observation addition-
lly implies that the assumption made for the boundary conditions
sed in the numerical simulations, i.e., that the liquid level is flat at
ll the agitation speeds tested in this work, is indeed appropriate.
harmaceutics 403 (2011) 1–14 5

4.1. Velocity profiles on iso-surfaces

Figs. 3–5 show, respectively, the tangential, axial, and radial fluid
velocity profiles on all eight horizontal iso-surfaces obtained using
both LDV measurements and CFD simulations at three impeller
agitation speeds, i.e., 50 rpm, 75 rpm and 100 rpm, respectively.
In these figures, the ordinates represent the normalized non-
dimensional fluid velocity (scaled by using the impeller tip speed,
Utip) and the abscissas represent the normalized radial position
(scaled using the vessel radius, T/2). It should be remarked that
the scales in these figures are different depending on the velocity
direction, since the tangential velocity components are typically
one or even two orders of magnitude larger than the axial and radial
components.

4.1.1. Velocity profiles above the impeller
Fig. 3 shows that all the tangential velocities above the impeller

(iso-surfaces at z = −0.75 mm and z = 25 mm) are in same direction
of the impeller rotation (all positive values). The LDV data show
that on both iso-surfaces, and for all agitation speeds, the tangen-
tial velocities increase from near zero at the impeller shaft to peak
values which are about 40% of impeller tip speed at similar radial
positions (0.4 < 2r/T < 0.5). The LDV tangential velocity data remain
nearly flat in the region 0.5 < 2r/T < 0.9. When LDV measurements
were taken very close to the vessel wall (2r/T = 0.98), the tangen-
tial velocities dropped to below 30% of the impeller tip speed on the
iso-surface at z = 25 mm and to about 10% (50 rpm) to 15% (100 rpm)
on the iso-surface at z = −0.75 mm, which is what one would expect
since the velocity at the wall must be zero. This figure also shows
that the CFD predictions match the LDV measurements quite sat-
isfactorily in the region 2r/T < 0.4. In the region of 0.4 < 2r/T < 0.9,
CFD simulations slightly over-predict the tangential veloci-
ties. The over-prediction increases as impeller agitation speed
increases.

In the region for which 2r/T < 0.3, the axial velocities are
very small and negative above the impeller, irrespective of agi-
tation speed (Fig. 4). On the iso-surfaces at z = 25 mm, and
z = −0.75 the axial velocities are negative (downward flow) for
2r/T < 0.7–0.8, while an upward flows occurs when 2r/T > 0.7–0.8
for all three impeller agitation speeds. This type of flow is qual-
itatively similar to that observed with axial impellers in baffled
system, although the intensity of the velocities is very weak
here.

Finally, Fig. 5 shows that radial velocities in the region above
the impeller are extremely low compared to the other two velocity
components. For example, the highest value of radial velocity on the
iso-surface at z = −0.75 mm was experimentally found to be about
1.2% of the impeller tip speed and the highest value of the radial
velocity on the iso-surface at z = 25 mm was found to be 0.26% of
the impeller tip speed irrespective of the impeller agitation speed.
The differences between the LDV measurements and CFD simula-
tion results are typically small. Considering the small scale of the
velocity values of the radial velocities on these two iso-surfaces,
the agreement is very good.

4.1.2. Velocity profiles in the impeller region
Because of the small gap between the rotating impeller and

the vessel wall, only a limited number of LDV velocity measure-
ments could be collected in this region, i.e., on the iso-surfaces
at z = −6.75 mm (top edge of the impeller), z = −15.75 (middle of
the impeller) and z = −25.75 mm (bottom edge of the impeller), as

shown in Fig. 2.

Fig. 3 shows that in the impeller region, the tangential veloc-
ity magnitude for all three impeller agitation speeds follows same
pattern, i.e., higher close to the impeller and lower close to the ves-
sel wall. The LDV measurements show that the non-dimensional
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Fig. 3. Comparison between LDV data and CFD predictions for tangentia

angential velocity profiles do not change with increasing impeller
gitation speeds except for measurements close to the wall or next
o the impeller. However, even in these cases the changes are small.
n the other hand, the CFD simulations predict larger differences
etween the profiles at different agitation speeds: the higher the
peed, the higher the non-dimensional tangential velocity. How-
ver, these differences are still small, and the overall agreement
etween the LDV measurements and CFD simulations is still signif-

cant.
In Fig. 4, the LDV measurements for the iso-surface at

= −6.75 mm show that the non-dimensional axial velocity
ncreases rapidly with radial distance, irrespective of impeller
peed, thus generating an upwards flow next to the wall. How-

ver, even the highest experimental velocity was found to be only
1% of impeller tip speed, i.e., much smaller than the correspond-

ng tangential velocity. On this iso-surface, the CFD simulations also
redict an upward flow near the vessel wall, although the values of
he non-dimensional velocity change more significantly with agita-
ities on different iso-surfaces at agitation speeds of 50, 75 and 100 rpm.

tion speed than what was found experimentally. On the iso-surface
at z = −15.75 mm, the non-dimensional axial velocities from LDV
measurements are very small (no more than 5.2% of the impeller
tip speed) for all three impeller agitation speeds, but now they start
being directed downward. However, the near-zero value of these
velocity for nearly all 2r/T values indicates that this iso-surface is
very close to the horizontal plane where the horizontal jet gener-
ated by the impeller is split upwards and downwards after hitting
the vessel wall (stagnation point). The CFD simulations show a sim-
ilar flow pattern on this iso-surface although the predicted axial
velocities are higher in absolute value than the LDV measurements
in the region of 0.85 < 2r/T < 0.95. Clearly, even a small difference
between the experimental z value of the stagnation point at the wall

and corresponding z value predicted computationally may result in
significant discrepancies between the experimental axial velocity
profiles and the corresponding CFD predictions. Finally on the iso-
surface at z = −25.75 mm (lower edge of the impeller blade) the LDV
measurements turn from minimally positive (for 0.4 < 2r/T < 0.7) to
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Fig. 4. Comparison between LDV data and CFD predictions for axial ve

ppreciably negative (for 2r/T > 0.7) indicating a stronger down-
ards flow next to the vessel wall. The impeller agitation speed has

lmost no impact on the non-dimensional axial velocities profiles,
nd the CFD predictions match the LDV measurements relatively
ell.

Fig. 5 shows that only a limited number of LDV measurements
ould be collected on the three iso-surfaces in the impeller region.
his was primarily caused by the combination of a narrow gap
etween the edge of the impeller blade and the vessel wall and the
urvature of the vessel in this region, which made radial velocity
easurements much more difficult to take than for the tangential

r axial velocity cases, especially near the wall. The LDV measure-
ents were all found to be close to zero. These measurements were
epeated between three and six times to confirm the precision of
he measurements, especially since it was expected that the radial
omponent would be higher in the impeller region as opposed to
ther regions of the vessel. By contrast, the CFD-predicted radial
elocities on these three iso-surfaces were found to be higher
es on different iso-surfaces at agitation speeds of 50, 75 and 100 rpm.

than the LDV measurements, although still relatively small (10%
of the tip speed). On the iso-surface at z = −6.75 mm, the pre-
dicted radial velocities were found to be positive, indicating that
the flows points towards the vessel wall. On the iso-surface at
z = −15.75 mm, the predicted radial velocities turned from positive
(0.63 < 2r/T < 0.9) to negative (2r/T > 0.9) when moving close to the
vessel wall, and for the iso-surface at z = −25.75 mm, the predicted
radial velocities varied from about zero for 2r/T < 0.6 to negative
for 2r/T > 0.6, which is counterintuitive. This confirms that the
flow in an unbaffled vessel, especially when complex interactions
between the impeller and the vessel are at work, as in Appara-
tus 2, is very different from that in a baffled system, even in the
impeller region. The non-dimensional, CFD-predicted, radial veloc-

ities profiles were found to be nearly identical for z = −6.75 mm and
z = −25.75 mm. However, for z = −15.75 mm, the CFD simulations
showed that increasing the agitation speed results in a decrease
in the relative radial velocities, when the radial velocities are
positive.
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Fig. 5. Comparison between LDV data and CFD predictions for radial v

.1.3. Velocity profiles below the impeller
The tangential velocity profiles for the iso-surfaces below the

mpeller (at z = −31.75 mm, z = −37.75 mm and z = −43.75 mm) pre-
ented in Fig. 3 show that the non-dimensional velocities increase
early monotonically with radial distance up until nearly the wall
remark: for these iso-surfaces the vessel wall is not found at
r/T = 1, as in the cylindrical section of the vessel, but at 2r/T < 1
ecause of the curvature of the hemispherical vessel bottom). All
he tangential velocity profiles in this region show a distinct pat-
ern. In the inner core region (for 2r/T < 0.2 for the iso-surfaces
t z = −31.75 mm and z = −37.75 mm and for 2r/T < 0.3 for the iso-
urface at z = −43.75 mm) the non-dimensional tangential velocity
tarts at about 0 and increases linearly with the radial distance,

hus making the fluid move in a solid-body type or rotation, at
east in the tangential direction. In this region there is very good
greement between the LDV data and the CFD predictions, and the
on-dimensional profiles are independent of rotational speed. In
he outer region, the non-dimensional velocity still increases to
ies on different iso-surfaces at agitation speeds of 50, 75 and 100 rpm.

eventually reach a maximum, but not as steeply as in the core
region, and some, although small, differences among the curves
at different agitation speeds can be noticed. For the profile near the
vessel bottom (z = −43.75 mm), the core region extends almost up
to the wall, making the fluid in this region swirl around the center
line, where the velocity is zero or very close to it.

The velocity profiles for the same iso-surfaces reported in Fig. 4
show that the non-dimensional axial velocities are weak and gen-
erally positive, i.e., generating an upward flow below the impeller
blade, while they become negative, implying a downward flow,
only near the wall. It is interesting to notice that in the smaller
inner core region, for 2r/T < 0.1, both the LDV data and the CFD
predictions indicate that the axial velocity is essentially zero irre-

spective of agitation speed and z value, and that it becomes slightly
stronger only when 2r/T > 0.1. The CFD prediction at the iso-surface
at z = −43.75 mm, and to a more limited extent, the correspond-
ing LDV data, show that outside this inner core region, there is a
detectable surge in the upward velocity, which appears to be more
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Fig. 6. CFD predictions of velocity vectors colored by velocity magnitude on a ver-
tical cross section through the impeller shaft at different agitation speeds (50 rpm,
75 rpm and 100 rpm) and for different impeller orientations (y-plane: plane of the
G. Bai et al. / International Journ

ronounced at lower agitation speeds. This phenomenon creates
weak but clearly detectable vertical recirculation loop. Although

he CFD simulations over predict the experimental LDV velocity
agnitudes, the flow pattern below the impeller is similar in both

ases.
As for the radial velocities below the impeller, on the iso-surface

t z = −31.75 mm in Fig. 5, the non-dimensional radial velocities
re very close to zero for 2r/T < 0.6, independently of the change
n agitation speed. Negative velocity values near the vessel wall
rom both the LDV data and CFD simulations indicate that the
adial velocity points slightly inward in this region. On the iso-
urface at z = −37.75 mm, the axial velocities predicted by the CFD
imulation are weakly inward while the LDV measurements show
eakly outward velocities for 0.1 < 2r/T < 0.3. The LDV measure-
ents on this iso-surface show that the non-dimensional radial

elocities decrease as the impeller agitation speed increases. On
he iso-surface at z = −43.75 mm, peaks in the non-dimensional
adial velocities appear at 2r/T = 0.2, based on the LDV measure-
ents. The peak values decrease as the impeller agitation speed

ncreases. The peak radial velocities obtained from CFD simulation
nder predict the experimental data at impeller agitation speeds
f 50 and 75 rpm. However, both the CFD and LDV results show a
imilar flow pattern in this region. It should be remarked that, sim-
lar to the axial velocity case, a small inner core region exists for
r/T < 0.1 where the radial velocity is extremely small irrespective
f agitation speed and z value.

. Velocity vectors and velocity magnitude

Having validated the CFD velocity predictions with LDV data, it
s now possible to use CFD to examine the overall flow patterns
enerated in the Apparatus 2 vessel. Fig. 6 presents the velocity
ectors generated by the CFD simulations on a vertical cross sec-
ion through the impeller shaft for two different orientations of the
mpeller (i.e., on the y-plane, parallel to the impeller blade, and
n the x-plane perpendicular to the impeller blade) at different
mpeller agitation speeds. The red color in the vector plots repre-
ents velocity magnitudes that are 0.2 m s−1 or higher. In all cases,
he horizontal radial jet generated by the impeller produces weak
pward and downward flows once it impacts the vessel wall, form-

ng secondary recirculation loops above and below the impeller.
owever, the vertical location of the stagnation point where the

adial jet impacts the vessel wall increases with the impeller agita-
ion speed. Above the impeller, the circulation loops are dominated
y weak axial velocities for all agitation speeds, with relatively poor
op-to-bottom recirculation.

The flow pattern below the impeller is the most complex of the
ntire vessel and can be better observed in Fig. 7, which presents
n expanded view of the velocity vectors near the vessel bot-
om. Two regions can be identified below the impeller based on
he flow patterns associated with them. The first region is the
uter region characterized by recirculation loops formed by the
ownwards flow originating from the radial jets produced by the
gitation of the impeller near the vessel wall. The second region
s the inner core zone just below the shaft at the center of the
essel bottom. This is the most important region in the dissolu-
ion vessel since the dissolving tablet is typically located in this
egion during most tests. This region is not penetrated by the down-
owing recirculation loops of the first region, and it is clear from
ig. 7 that the flow in this central inner core region is very weak,

ariable, and unstable. Furthermore, this region appears to be a
ommon feature of the flow pattern in the vessel independently of
he agitation speed. This inner core region contracts (y-planes) and
xpands (x-planes) as the impeller rotates, and this expansion of
his region suppresses the two circulation loops below the impeller.
impeller blades; x-plane: plane perpendicular to the impeller blades). Red color rep-
resents velocity magnitudes equal to, or higher than, 0.2 m s−1. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

It is interesting to notice that the inner core region becomes larger
when the impeller agitation speed is higher, which is somewhat
counterintuitive.

The picture emerging from the velocity vector plots can be
compared with that obtained by examining the contours of the
CFD-predicted velocity magnitude, shown in Fig. 8, where the mag-
nitude of the velocity at every point in the vessel is plotted on a
vertical cross section through the impeller shaft for different ori-
entations of the impeller at different impeller agitation speeds.
As before, the red color represents velocity magnitudes that are
0.2 m s−1 or higher. Above the impeller, the velocity magnitude
increases significantly with increasing agitation speeds, except in
the region near the shaft where the velocity is weaker. How-
ever, the velocity magnitude at each point in the vessel is equal

to the square root of the sum of the squares of the three veloc-
ity components at that point. Therefore, the increase in velocity
magnitude with agitation speed can be attributed, to a significant
extent, to the corresponding increase in the tangential component,
which is the dominating component of the velocity. A similar sit-
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ig. 7. CFD predictions of velocity vectors colored by velocity magnitude on a vert
gitation speeds (50 rpm, 75 rpm and 100 rpm) and for different impeller orientati
lades). Red color represents velocity magnitudes equal to, or higher than, 0.2 m s−1

o the web version of the article.)

ation can be observed in the region below the impeller. When
he impeller agitation speed is increased, the velocity magnitude
ncreases accordingly. However, in the inner core region below the
haft near the vessel bottom, the velocity is still very low velocity
blue color), even when the agitation speed is increased to 75 rpm
r even 100 rpm. That is the region where the lowest velocity mag-
itudes in the entire vessel can be found, independently of the
gitation speed. However, this is also the region where the tablet is
ypically located during a test.

.1. Shear strain rate

In Fig. 9, the contour plots of the strain rate at 50 rpm, 75 rpm
nd 100 rpm are presented for different orientation of the impeller.

ig. 10 presents an expanded view of the strain rate contours near
he vessel bottom. In these figures, the red color represents values
f the strain rate that are 60 s−1 or higher. As one can expect, the
igh strain rate values are adjacent to both the impeller and the bot-
om vessel wall, since large velocity gradients occur in these areas.
oss section through the impeller shaft for the bottom region of vessel at different
-plane: plane of the impeller blades; x-plane: plane perpendicular to the impeller
interpretation of the references to color in this figure legend, the reader is referred

Fig. 9 shows that higher impeller agitation speeds result in a thicker
and higher-strain rate layer (red color) next to the impeller blades. A
higher impeller agitation speed also results in higher strain rate val-
ues above the top edge of the impeller. At 75 rpm the low strain rate
area (dark blue color) appears to be much more extensive above the
impeller compared to 50 rpm agitation speed case. However, when
increasing the impeller agitation speed from 75 rpm to 100 rpm,
this effect is not as obvious. Higher or lower strain rates in this
region are not as critical to dissolution testing as the strain rates in
the bottom region, where the tablet and most of its fragments typi-
cally are. Fig. 10 shows that increasing the impeller agitation speed
decreases the low strain rate areas (dark blue) below the impeller,
while producing a thicker and higher strain rate layer (red and
yellow color) along the vessel bottom. At the same time, the high

strain rate regions along the vessel bottom become more extended
towards the bottom center. However, even at the 100 rpm, there
is a region near the center bottom (where the tablet typically sits)
in which the strain rate is low. In addition, there is a substantial
difference between the strain rate at the very center of the vessel
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Fig. 8. CFD predictions of the velocity magnitude on a vertical cross section through
the impeller shaft for the bottom region of vessel at different agitation speeds
(50 rpm, 75 rpm and 100 rpm) and for different impeller orientations (y-plane: plane
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Fig. 9. CFD predictions of strain rates on a vertical cross section through the impeller
shaft for the bottom region of vessel at different agitation speeds (50 rpm, 75 rpm
and 100 rpm) and for different impeller orientations (y-plane: plane of the impeller
f the impeller blades; x-plane: plane perpendicular to the impeller blades). Red
olor represents velocity magnitudes equal to, or higher than 0.2 m s−1. (For inter-
retation of the references to color in this figure legend, the reader is referred to the
eb version of the article.)

ottom (green or pale blue color) and the strain rate outside this
enter core area (red and yellow color).

. Discussion

The results presented in this work show that the LDV experi-
ental method used here is able to capture the details of the flow

n Apparatus 2, including those relevant to the zone where tablet
issolution takes place. In addition, there is in general a significant
verall agreement between the numerical CFD predictions and the
xperimental LDV data, and not just for the larger tangential veloc-
ties, but also for the axial and radial components, which are more
ifficult to measure because of their low values and the instabilities
f the flow below the impeller bottom.

The experimental validation of the CFD approach implies that

FD can be effectively used to predict the hydrodynamics of
pparatus 2, visualize the three-dimensional velocity field in the
pparatus, and draw general conclusions about the flow field.
n practice, the main value of CFD lies in the large amount of
nformation that it can generate and that cannot be obtained by
blades; x-plane: plane perpendicular to the impeller blades). Red color represents
strain rates equal to, or higher than, 60 s−1. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

experimentation, as with LDV measurements. In this work this
means that once the CFD simulation has been completed (and
validated), the hydrodynamic information anywhere inside the
Apparatus 2 can be extracted and presented in a variety of forms,
such as velocity vector plots or strain rate plots (Figs. 6–10). LDV
measurements can only provide time-averaged velocities at the
measurement point, but not transient velocities, such as those
resulting from the impeller rotation, which occurs rapidly: for
example, changes in the impeller position from the y-plane to the
x-plane in Figs. 8–10 occur in 0.3, 0.2 and 0.15 s for impeller agita-
tion speeds of 50, 75 and 100 rpm, respectively. The change in the
hydrodynamics in such short periods of time cannot be captured by
LDV measurements but can be predicted by CFD simulation. Hence,
CFD can be applied to the study of the hydrodynamics in Apparatus
2 in a more efficient manner compared to LDV measurements.

Despite the wide use of Apparatus 2 in the pharmaceutical
industry and its apparent simplicity, the results presented here
show that the hydrodynamics in this apparatus is quite complex
at any agitation speed. The three-dimensional flow pattern in the
Apparatus 2 vessel can be obtained at different impeller agitation

speeds using the information in CFD-generated Figs. 6–8, combined
with the information from Figs. 3–5.

The flow patterns observed and those predicted for Appara-
tus 2 are generally very similar to each other for all agitation
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ig. 10. CFD predictions of strain rates on a vertical cross section through the impel
00 rpm) and for different impeller orientations (y-plane: plane of the impeller blad
qual to, or higher than, 60 s−1. (For interpretation of the references to color in this

peeds (Figs. 6–8). Clearly, the tangential velocity component is the
ominant flow feature in Apparatus 2 at all agitation speeds. The
xperimental data and the theoretical predictions both show that
he largest values of the tangential velocities on all the iso-surface
nvestigated in this work are between 40% and 50% of the impeller
ip speed. In the upper portion of the vessel, this value of the tan-
ential velocity extends over a significant portion of the radial
oordinate, thus forming a “velocity plateau” region (iso-surfaces as
= 25 mm and −0.75 mm in Fig. 3), whereas near the vessel bottom
he tangential velocity reaches a sharp peak at 2r/T ≈ 0.4 (bottom
ight panel in Fig. 3). The results presented in this figure addition-
lly show that the non-dimensional velocity profiles at different
gitation speeds are typically remarkably similar to each other,
mplying that the tangential velocities scale up very well with the
mpeller agitation speed. This is especially true for the lowest of
he iso-surfaces investigated here (at z = −43.75 mm; last panel in
ig. 3). The close similarity of the non-dimensional curves in this
egion implies that increasing the impeller agitation speed results
n a direct and proportional increase in the tangential flow below
he impeller.

Compared to the tangential velocities, both the axial flow and
he radial flow are typically much weaker in terms of magnitude,

rrespective of impeller agitation speed and location within the ves-
el (Figs. 4 and 5). In general, radial velocities are even weaker
han axial velocities: the highest axial velocity obtained by LDV

easurements is about 15% of the impeller tip speed (50 rpm;
so-surface at z = −0.75 mm; Fig. 4) and the highest radial veloc-
aft for the bottom region of vessel at different agitation speeds (50 rpm, 75 rpm and
lane: plane perpendicular to the impeller blades). Red color represents strain rates
legend, the reader is referred to the web version of the article.)

ity obtained by LDV measurements is only about 10% of impeller
tip speed (50 rpm; iso-surface at z = −43.75 mm; Fig. 5). However,
the typical axial and radial velocities are much smaller than these
peak values, confirming that Apparatus 2 is a relatively poor mixing
device in the axial and radial directions at any impeller speed, as
also previously reported (Bai et al., 2007a).

Figs. 4 and 5 show that the axial and radial velocities also scale up
relatively well with impeller agitation speed. However, unlike the
tangential velocities, higher impeller agitation speeds often pro-
duce slightly lower dimensionless axial and radial velocities on
most iso-surfaces, indicating somewhat weaker relative flows in
these directions. This implies that increasing the impeller speed
does not translate into proportionally higher axial and radial veloc-
ities.

Because of its impact on the dissolution process, the effect of
increased impeller speeds on velocity variations in the axial and
radial directions near the bottom of the vessel needs to be examined
more closely. The most striking feature of the flow in this region is
that the inner core region below the impeller, for 2r/T < ∼0.1 (dark
blue colored region in Fig. 8), persists even as the impeller agitation
speed increases, although its size changes with impeller position
(larger in y-plane and smaller in x-plane) and is inversely propor-

tional to the impeller agitation speed. In the inner core region,
increasing the agitation speed has a negligible effect on the rela-
tive axial as well as radial velocities (panel for z = −43.75 mm in
Figs. 4 and 5). For the latter velocity component, the LDV data
seem to indicate that the non-dimensional radial velocity actually
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ecreases with increasing impeller speeds in this region, implying
hat even doubling the agitation speed from 50 to 100 rpm would
ot change the absolute value of the radial velocity near the vessel
ottom for 2r/T < 0.1.

The velocity magnitude (equal to the square root of the squares
f all three velocity components) outside the lower inner core
ncreases as the impeller agitation speed increases, as indicated by
he color change (from blue-green to yellow to red in Figs. 7 and 8).
owever, the length of the velocity vectors outside the center

nner core region in Fig. 7 decreases as the impeller agitation
peed increases. This indicates that below the impeller and out-
ide the center inner core region, the tangential flow becomes
ore dominant at higher impeller agitation speeds since the

ength of the velocity vector represents the projection of only
he axial and radial component of the velocity on the vertical
lanes (there is no tangential component in this projection, obvi-
usly). CFD can be additionally used to interpret the flow pattern.
he impeller rotation generates two secondary recirculation loops
bove and especially below the impeller. Fig. 7 shows that these
wo axial–radial loops actually decrease in flow intensity and size
s the impeller agitation speed increases, and the zone dominated
y the solid body rotation around the impeller shaft expands, con-
rming not only that at higher agitation speeds the tangential flow
ecomes even more dominant than at lower agitation speeds, but
lso that this occurs at the partial expense of the axial and radial
ows. In the lower region of the vessel, the secondary loops gener-
ted by the impeller are not able to penetrate the inner core region
t any agitation speed. In fact, they become somewhat weaker in
he axial and radial directions (as indicated by the smaller sizes of
he vector arrow in Fig. 7) because of the increased dominance of
he tangential flow. The inner region dominated by low axial and
adial velocities actually appears to expand rather than contract as
he agitation speed is increased (Fig. 7).

Since the tablet is typically located in this inner core region, at
rst glance these results would hardly justify increasing the agi-
ation speed to increase dissolution effects. However, three other
actors need to be considered. The first is that the tangential veloc-
ty component increases linearly with radial distance everywhere
n the vessel, including in the inner core region below the impeller
panel for z = −43.75 mm in Fig. 3). This implies that the thickness
f the boundary layer surrounding a non-disintegrating tablet in
his region can be expected to decrease with increasing agitation
peeds, resulting in an increase in the mass transfer rate and a
aster dissolution process. Additional evidence of this effect can
e observed in Fig. 10, which shows that the central region of low
hear strain rate indeed shrinks as the agitation speed increases.
he second factor to be considered is that in the outside the inner
ore region, i.e., for 2r/T > 0.1 (and especially for 2r/T ≈ 0.3), there is
small region where the non-dimensional axial and radial veloc-

ties values are similar at different agitation speeds, which means
hat increasing the agitation speed indeed results in an increase
n the actual values of axial and radial velocity components in the
uid there. This, in turn, could have an impact on disintegrating
ablets since the tablet fragments in this outer core region will be
ushed a bit more strongly in the positive radial direction (i.e., out-
ard) as the impeller speed is increased, where the axial velocity

omponent (Fig. 4) would produce the necessary lift. However, and
ore importantly, in order for the fragments to move to this outer

egion they need to leave the inner core region first. Therefore, the
hird and more critical factor is that the increased tangential veloc-
ties generated everywhere when the agitation speed is increased

an produce a stronger centrifugal force on the tablet fragments
ven when they are in the inner core region because of the den-
ity difference between the solids and the liquid. Flow instabilities
nd velocity fluctuations generated by the rotating impeller (as can
e seen by comparing the velocity profiles on the y-plane and x-
harmaceutics 403 (2011) 1–14 13

plane in Fig. 7) would also move particle fragments from the inner
core region to the outer core region, where lifting can then occur
because of the higher axial velocities, thus promoting particle sus-
pension and possibly reducing or eliminating completely coning
effects.

This analysis shows that the key to fragment suspension cannot
be attributed to an increase in the axial and radial velocity compo-
nents in the inner core region below the impeller as a consequence
of increases in the agitation speed (Figs. 4, 5 and 7), but it is rather
the result of an increase in the tangential velocity everywhere in
the vessel (including the inner core region below the impeller),
which translates into greater centrifugal forces on the solids and the
possibility for them of “escaping” the quiescent inner core region,
entering the outer region below the impeller, and only then becom-
ing suspended. In other words, increasing the impeller speed does
not appear to produce higher axial velocities in the inner lower core
region of the vessel capable of lifting the tablet fragments, but it
rather generates larger tangential velocities and flow instabilities
which are indirectly capable of moving the solids from the inner
core to the external region outside it, where the axial flow is higher
(even at 50 rpm) and solid suspension can take place. Increasing the
agitation speed is in fact the typical strategy used by operators to
help suspending particles and eliminate coning, although the veloc-
ity profiles obtained here and this analysis shows that this effect is
not as strong and as direct as one would anticipate.

It should be additionally remarked that the exact location of the
tablet on the vessel bottom during dissolution testing is critical for
the rate at which the process occurs, and can result in statistically
significant different dissolution curves, as previously shown (Bai
and Armenante, 2009). This phenomenon is expected to be even
more acute if the agitation is increased, since the flow field in which
the tablet is immersed can be even more different depending on
whether the tablet lies in the inner core zone below the impeller or
outside it.

Finally, the distribution of the shear strain rate along the vessel
bottom during dissolution testing is also critical for the dissolu-
tion rate since the shear strain rate in this region is the driving
force behind the dissolution of non-disintegrating tablets and for
disintegrating tablets whose fragments are not fully suspended.
Increasing the agitation speed has an interesting effect on strain
rate. On the one hand, it obviously increases the strain rate outside
the inner core region below the shaft (Figs. 9 and 10), and this can
be expected to increase the mass transfer to a tablet, or to tablet
fragments, outside the inner core region. As already mentioned, this
effect is primarily caused by the general increase in the magnitude
of the tangential velocities, which scales up very well with impeller
speed almost everywhere in Apparatus 2 because of the absence of
baffles to counteract the increased tangential flow. Additionally,
Fig. 10 shows that the low strain rate inner core region shrinks
with increasing agitation speeds. On the other hand, this low strain
region still exists even at 100 rpm, and this implies that as the agita-
tion speed is increased the shear strain distribution becomes even
less homogeneous on the vessel bottom. This means that the exact
location of the tablet (or portions thereof) during dissolution can
be expected to be even more critical for the dissolution process
at higher agitation speeds than it already is at 50 rpm, as it was
shown before (Bai and Armenante, 2009). The only important mit-
igating factor is that flow instabilities can be expected to increase
as well, thus promoting the redistribution of tablet material along
the vessel bottom and its exposure to higher velocities (enhancing
suspension) and higher shear strain (enhancing mass transfer).
7. Conclusions

The following conclusions can be drawn from this work:
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(a) the LDV measurements and the CFD velocity predictions in
Apparatus 2 are in substantial agreement with each other
regardless of impeller agitation speed;

(b) the tangential velocity is the dominating velocity component
in the hydrodynamics of the Apparatus 2 vessel at all impeller
agitation speeds. At higher agitation speeds, the dominance of
tangential flow is even more obvious;

(c) the non-dimensional velocity profiles and the flow patterns at
different impeller agitations speed are generally very similar to
each other in the Apparatus 2 vessel;

d) the size of the secondary recirculation loops above the impeller
decreases and the size of the solid body rotation zone around
the impeller shaft increases when the impeller agitation speed
increases;

(e) below the impeller, a central inner core region can be found
where both axial and radial velocities are extremely low,
regardless of the impeller agitation speed. The secondary recir-
culation loops below the impeller are not able to penetrate the
central inner core region, where the axial and radial flows are
typically weak but complex, irrespective of the impeller agita-
tion speed;

(f) the distribution of shear strain rate along Apparatus 2 vessel
bottom is not uniform, and a zone always exists just below the
shaft where the strain rate remains very low, even when the
impeller agitation speed is increased;

(g) the non-uniformity of shear strain rate distribution is expected
to have an impact on the mass transfer rate, and hence the
dissolution rate of a tablet, depending on where the tablet
is located during the dissolution testing. Tablets located out-
side the inner core region are expected to dissolve much more
rapidly than those located within that zone;

h) the increase in tangential velocity magnitude resulting from
higher agitation speeds is likely responsible for moving the
tablet fragments from the inner core zone, where the solids
are initially located during a dissolution test, to the surround-
ing region, where solids suspension can occur. Consequently,
increasing the agitation speed can be an effective strategy to
reduce or eliminate particle “coning” effects, promote particle
suspension, and increase solid–liquid mass transfer and hence
dissolution rate.

n conclusion, the hydrodynamics in Apparatus 2 vessel is very com-
lex, especially below the impeller and in the center of the vessel
ottom and this complexity may contribute to high variability in
issolution testing, even when the agitation speed is changed.
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