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Hydrodynamic simulation (computational fluid
dynamics) of asymmetrically positioned tablets in the
paddle dissolution apparatus: impact on dissolution
rate and variability

D. M. D'Arcy, O. I. Corrigan and A. M. Healy

Abstract

The aim of this work was to investigate the dissolution rate from both the curved and planar surfaces
of cylindrical compacts of benzoic acid, which were placed centrally and non-centrally at the base of
the vessel of the paddle dissolution apparatus. The effect of fixing the compacts to a particular
position on the variability of dissolution results was also examined. In addition, computational fluid
dynamics (CFD) was used to simulate fluid flow around compacts in the different positions in the
vessel, and the relationship between the local hydrodynamics in the region of the compacts and the
dissolution rate determined. The dissolution rate was found to increase from the centre position to
the off-centre positions for each surface examined. There was a corresponding increase in maximum
fluid velocities calculated from the CFD fluid flow simulations at a fixed distance from the compact.
There was less variability in dissolution from compacts fixed to any of the positions compared with
those that were not fixed. Fluid flow around compacts in different positions could be successfully
modelled, and hydrodynamic variability examined, using CFD. The effect of asymmetric fluid flow
was evident visually from the change in shape of the eroded compacts.

Introduction

Although the paddle dissolution apparatus (apparatus 2 of the USP and BP) is the
most widely used dissolution testing device in the pharmaceutical industry, it is
recognized that there are difficulties in obtaining reproducible dissolution test results
using the apparatus (Cox & Furman 1984; Achanta etal 1995; Qureshi & McGilveray
1995, 1999). There are a number of sources of error that have been associated with
variability in dissolution data, including vessel alignment, curvature of the vessel,
dissolved gases and sampling technique (Cox etal 1978, 1982, 1983; Cox & Furman
1982). Recognition of these factors has led to improved manufacturing of the dissolu-
tion apparatus and improved operator training (Cox etal 1984). Despite these
improvements, recent studies have revealed continuing difficulty in obtaining reprodu-
cibility in dissolution studies, in particular reproducibility of results from a number of
different laboratories (Siewert et al 2002). This has been attributed in part to varying
hydrodynamics within the vessel, and it has been shown that there is a location-
dependent variation in dissolution rate within the paddle dissolution apparatus
(Qureshi & McGilveray 1999; Healy et al 2002; Kamba et al 2003).

As a liquid flows over a solid surface, the velocity of the fluid in the region near the
wall approaches zero due to the non-slip conditions of the wall. This laminar flow
region in which the velocity decreases from the mainstream velocity to zero is known as
the hydrodynamic boundary layer. For a given fluid, the thickness of this layer is
dependent on the mainstream or bulk velocity at this point, the shape of the wall and
the surface roughness (Bircumshaw & Riddiford 1952; Khoury etal 1988). There are
considerable differences in fluid velocity within the vessel of the paddle apparatus
(Bocanegra et al 1990; McCarthy etal 2003), and the location of a dosage form in the
vessel with respect to the paddle and vessel walls varies the configuration around which
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the fluid flows. It is reasonable, therefore, to assume
that there is a corresponding variation in hydrodynamic
boundary layer thickness within the vessel dependent on
position of the dosage form.

Using the dissolution model described by the Nernst—
Brunner equation (Brunner 1904; Nernst 1904), dissolu-
tion rate (dW/dt) is dependent on the surface area (A), the
diffusion coefficient (D), the solubility (C,) and the appar-
ent diffusion boundary layer (h). Where sink conditions
apply, this equation becomes: dW/dt=DAC;/h. Some
assumptions associated with this equation are that the
thickness of the apparent diffusion boundary layer does
not vary along the dissolving surface, and that there is a
stagnant layer of liquid adjacent to the dissolving surface.
However, it has been shown that neither of these assump-
tions is valid. Although there is a rapid decrease in fluid
velocity within the hydrodynamic boundary layer, there is
some degree of fluid motion to within 107> cm of the solid
surface. Despite the persistence of fluid motion, a point is
reached within this layer where the velocity is so low that
mass transfer is governed primarily by diffusion (Levich
1962). This region, known as the diffusion boundary
layer, consists of a layer where the concentration changes
rapidly, and it is this concentration gradient that drives
the diffusional flux. The diffusion layer has no clearly
defined boundary, it is simply the region where the con-
centration gradient is at a maximum. The thickness of this
layer is proportional to the thickness of the hydrodynamic
boundary layer divided by the cube root of the Prandtl
number (the Prandtl number, Pr, is defined as v/D, where
v is the kinematic viscosity; Bircumshaw & Riddiford
1952). For water and comparable liquids, Pr~10°
(Levich 1962). Therefore, for a Pr of 10°, the diffusion
boundary layer will have a thickness approximately 1/10
of the hydrodynamic boundary layer. The thickness of the
hydrodynamic boundary layer can be defined as the dis-
tance from the solid surface to where the velocity reaches a
value of 90% of the mainstream velocity, and is inversely
proportional to the mainstream velocity (Levich 1962). As
the diffusion boundary layer is proportional to the hydro-
dynamic boundary layer, it can also be said that the
diffusion boundary layer is inversely proportional to the
mainstream velocity. Therefore, as the mainstream velo-
city will vary in the region of the dissolving surface
depending on the geometry and hydrodynamics of the
system, so too will the diffusion boundary layer thickness.

As the apparent diffusion boundary layer is a function
of the hydrodynamic boundary layer (Levich 1962), and
also a function of the angular velocity near the surface of
the compact (Khoury et al 1988), changes in the thickness
of the hydrodynamic boundary layer and local hydrody-
namic variation will affect the dissolution rate.

The objective of the present work was to examine the
effect of varying the location of a cylindrical dissolving
compact within the dissolution vessel on the dissolution
rate, and to investigate the relationship between the varia-
tion in dissolution rate and the variation in local hydro-
dynamics using computational fluid dynamics (CFD).

Previous studies have shown that dissolution from the
top planar surface of a compact (Kamba et al 2003), and

from a compact with all surfaces exposed (Kukura etal
2004), is increased in the paddle apparatus when the com-
pact is placed in an off-centre position compared with at
the centre of the base of the vessel. In the present work,
dissolution from the top planar surfaces alone, curved side
surfaces alone, and all surfaces exposed was examined. It
has been shown previously, through physical measure-
ment of fluid resistance in the region of the compact,
that there is a relationship between variation in fluid
velocity in the area of the off-centre compacts and varia-
tion in dissolution rate (Kamba etal 2003). It has also
been shown in a model of simulated fluid flow in the vessel
of the dissolution apparatus, using CFD (Kukura etal
2004), that an increase in shear stress along the wall of
the vessel where the off-centre compact would be posi-
tioned corresponded to an increase in dissolution rate at
this point. In the present work, CFD models of the vessel
containing a compact in the centre of the vessel base and
in each of two off-centre positions were built, and fluid
flow around these systems was then simulated. The result-
ing flow simulations were analysed to detect differences in
hydrodynamics in the region of the compacts. In addition,
the degree of variability in dissolution results from the
compacts that were fixed in a particular location was
compared with the variability in dissolution results from
compacts that were not fixed. The aim was to attempt to
quantify the degree of variability in dissolution testing
that is attributable to the random positioning of the com-
pacts when dropped into the vessel and throughout the
duration of the test.

CFD involves building a 3-dimensional computer
model of the geometry of the fluid domain of interest (in
this case within the vessel surrounding the paddle and the
compact). The fluid domain is then divided into a fine
mesh of control volumes. A discretization technique was
used to solve the equations of motion for the fluid, result-
ing in a computerized simulation of fluid flow in the
vessel.

Materials and Methods

Preparation and positioning of compacts

Cylindrical compacts of 500 mg benzoic acid, 13 mm in
diameter and approximately 3 mm in height, were pre-
pared as previously described by compression at 10 tonnes
for 10 min using a Perkin-Elmer 13-mm hydraulic punch
and die set and a Perkin-Elmer hydraulic press (Healy et al
2002). In order to enable analysis of dissolution from the
top planar surface alone of the compact, some of the
compacts were coated on the curved side and bottom
planar surface using paraffin wax. Similarly, some of the
compacts were coated on the top and bottom planar
surfaces to enable analysis of dissolution from the curved
side surface only. The thickness of this coating was less
than 1 mm in order to minimize interference with the
hydrodynamics of the system.

The compacts were affixed using double-sided sticky
tape to one of three positions within the vessel as shown in
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Figure 1 Graph showing mass dissolved from benzoic acid com-
pacts versus time for the centre position, position 1 and position 2,
with insert showing the location of compacts within the vessel.

Figure 1. One of the positions was located in the centre of
the base of the hemispherical portion of the vessel and this
was referred to as the central position. The next position,
position 1, was directly adjacent to this, and position 2
was directly adjacent to position 1.

In addition to the compacts fixed to the vessel as described
above, six compacts were made that were not coated on any
surface and were not fixed to any position. These were termed
control compacts as they represent the conditions under
which a dissolution study on this type of dosage form
would normally be undertaken, that is all surfaces exposed
and not fixed to the wall of the vessel before dissolution. The
results from dissolution studies using these control compacts
could then be used to estimate the extent to which variability
in dissolution results is due to random variation in the posi-
tion of the compact when dropped into the dissolution vessel.
The variability was quantified using the relative standard
deviation (RSD)% value. In this case, the average and stan-
dard deviation were calculated from the dissolution rates
from six replicates in each position and six replicate results
from the control compacts.

Dissolution studies

Dissolution studies using the USP dissolution apparatus
type 2 (paddle apparatus) were performed. The dissolu-
tion medium was 900 mL 0.1 m HCI with a paddle revolu-
tion speed of 50revmin~'. The medium was deaerated
according to the USP method (USP 2005) and equili-
brated at 37°C. Samples were taken every 10 min for 1h
from six replicates (three replicates in studies of compacts
with coated surfaces) for each compact position studied,
and for the control compacts. The samples were analysed
by UV spectroscopy, after filtration, using an absorbance
wavelength of 274 nm. Filter pore size was 0.45 ym.

Computational fluid dynamics

The model was built using Gambit software and the simu-
lations were carried out using Fluent software version 6.1,
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both obtained from Fluent Inc. (Lebanon, NH, USA).
The compact in the central position was modelled using
a rotating reference frame, and the compacts in positions 1
and 2 were modelled using a multiple reference frame.
This method involved dividing the fluid domain into two
portions to account for the rotor—stator interaction
between the paddle and the compact (Fluent Documen-
tation 2003, section 9.3; Fluent Inc.).

The method used to construct the model and to validate
the flow-field solution using a rotating reference frame was
as previously described (McCarthy etal 2003). The valida-
tion of both the single rotating and multiple reference
frame models involved comparing results from simulated
fluid flow in a vessel containing no compact with previously
determined laser Doppler velocities at numerous points
throughout the fluid domain (Bocanegra etal 1990).

Statistical methods

The software package Minitab was used to carry out the
statistical analysis of the data. A one-way unstacked ana-
lysis of variance was used to compare the dissolution rates
from the dissolution of the compacts in each position, and
from the control compacts. The data were taken from two
different runs (three replicates in each run) for each posi-
tion by the same analyst within the same laboratory. The
data from the two runs were pooled in each case and the
analysis of variance was therefore performed on six repli-
cates in each position and for the control compacts. Thus,
the variability incorporated variability from both ‘within
runs’ and ‘between runs’. The results were compared using
95% confidence intervals.

The mean dissolution rate for each position as calcu-
lated using the analysis of variance, and the standard
deviation values, were used to calculate the RSD% for
each position and for the control compacts. The RSD%
involved dividing the mean by the standard deviation in
each case and multiplying by 100.

When comparing RSD% values from this work with
data from other studies, an RSD% was calculated for any
relevant time point in the other studies detailed, and an
average overall RSD% was then calculated from all time
points for each particular comparison.

Results and Discussion

Dissolution from whole compacts

Dissolution profiles for the uncoated compacts are shown
in Figure 1. The lowest dissolution rate was from the
compact in the central position; there was no significant
difference in dissolution rates from the compacts in posi-
tions 1 and 2, which were approximately 26% greater than
that in the central position. The CFD simulation of fluid
flow in the vessel containing the compact in the central
position showed the compact lying in a region of very low
velocity. This was due to a vortex formed between the
lower surface of the paddle and the centre of the hemi-
spherical base (McCarthy etal 2003).
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Dissolution from top planar surface only and
curved side surface only

Dissolution from compacts where the sides were coated
with paraffin wax revealed a similar pattern to dissolution
from whole compacts. Again, the lowest dissolution rate
was from the central position and the dissolution rates
from positions 1 and 2 were greater by approximately
39%. Dissolution from the curved side surfaces was also
increased from compacts in positions 1 and 2 in compar-
ison with the central position, but to a lesser extent than
the top surfaces (approx. 28%). The dissolution rates in
mgmin~'ecm 2 from whole compacts, top planar surface
alone and curved side surface alone in each position (cen-
tre, position 1 and position 2) are shown in Figure 2.
Statistical analysis of dissolution rates from each of these
systems using one-way analysis of variance revealed that in
each case there was a significant difference in dissolution
rate between the central position and positions 1 and 2
(P < 0.05), but no significant difference between dissolu-
tion rates from compacts in positions 1 and 2 (P > 0.05).

Dissolution from control compacts

Dissolution rates from the control compacts were greater
than those from the compacts in the central position but
less than the compacts in position 1. There was greater
variability in the dissolution rates from the control com-
pacts than from the compacts in any of the fixed positions.
This is quantified in Table 1 using the RSD% value. The
RSDY% value from the control compacts (7.7%) was nota-
bly greater than that from position 1 (4.8%), which was of
a similar magnitude to that from the central position
(4.5%). The RSD% value from position 2 was lower
again at 2.8%.

The slightly greater RSD% values from position 1 and
the central position compared with position 2 may be due to
the fact that in this region of the vessel there is obviously a
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Figure 2 Graph showing dissolution rate from whole compact (all
surfaces exposed), top planar surface and the curved side surface for
benzoic acid compacts in the centre position, position 1 and position 2.

Table 1 Average dissolution rate, standard deviation and RSD%
from compacts in the centre position, position 1 and position 2, and
compacts not fixed in a position (control compacts)

Compact Average dissolution Standard RSD%
position rate (mg min™") deviation

Centre 81.3 3.6 4.5
Position 1 104.2 5.0 4.8
Position 2 100.6 2.8 2.8
Control 91.1 7.0 7.7

significant change in dissolution rate with a minor change in
position (as evident from the dissolution results presented in
Figure 1). As a consequence of this, small variations in the
experimental positioning of these compacts for dissolution
will lead to more noticeable variation in dissolution results
in comparison with the positioning of compacts in position
2. As there was no significant difference in dissolution rates
between positions 1 and 2, a variation in positioning of the
compact in position 2 will have less of an effect on the
repeatability of the dissolution results. The RSD% value
of 7.7% was taken from dissolution data from two different
runs (three replicates per run), performed by the same ana-
lyst within the same laboratory. This RSD% value is com-
parable with values obtained from two other studies, using
the same apparatus, when the components of variance from
within the same laboratory only are considered (i.e. variance
components from ‘between laboratories’ is ignored). In the
first study, data from non-disintegrating USP salicylic acid
calibrator tablets sampled at 30 min only, and glibenclamide
tablets sampled at intervals from 10 to 120 min were used
(Qureshi & McGilveray 1999). As the dissolutions in the
current work were undertaken for 60min, the data was
compared with glibenclamide dissolution data from 10 to
60min only, and an average RSD% calculated over this
time period. From the ‘within laboratory’ variance data
provided in this study, an RSD% value of 8.4% for the
salicylic acid tablets and an average RSD% value of 7.1%
for the glibenclamide tablets was calculated. In the second
study (Siewert etal 2002), data from glibenclamide tablets
sampled at intervals from 10 to 60 min were also used. There
was no ‘within laboratory’ variance component given in this
study, so the ‘within analyst” and ‘between analyst’ compo-
nents were added. It was considered that this was compar-
able with the variability in the current work attributable to
‘within analyst’ and ‘between runs’. The average RSD%
value calculated in this manner from the glibenclamide dis-
solution results was 7.1%. It can be concluded, therefore,
that when the dissolution rate of a tablet is tested in the
paddle dissolution apparatus using the routine testing pro-
cedures, an RSD% value over the approximate range of 7%
to 8.5% can be expected from any particular laboratory.

CFD simulations of compacts in each position

Figure 3A—C shows velocity vectors from the CFD simu-
lations of the vessels with the compacts in the central
position, position 1 and position 2, respectively. These
vectors are at a distance of 1 mm around the sides of the
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Figure 3 Velocity vectors at a distance of 1 mm from the side of the compact in the centre position (A), position 1 (B) and position 2 (C), and
at 1 mm from the top of the compact in the centre position (D), position 1 (E) and position 2 (F).

compacts, which is approximately the edge of the hydro-

dynamic boundary layer for the central compact
(McCarthy etal 2004). It is evident from these images
that the velocities around the sides of the compacts are
of a similar average magnitude in each position, although
there are regions around positions 1 and 2 where there are
higher velocities visible than around the central compact.

Figure 3D-F shows velocity vectors 1 mm from the top of
the compacts in the central position, position 1 and posi-
tion 2, respectively. The lower velocity in the region of the
compact in the central position is in stark contrast to the
velocities surrounding the compacts in positions 1 and 2.
The increase in velocity magnitude to which the off-centre
compact is exposed is not as evident around the sides of the
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compacts compared with the tops of the compacts in
Figure 3. This was due to the fact that although a distance
of 1 mm from the surface of the compact would be approxi-
mately at the edge of the hydrodynamic boundary layer in
the central position, there are regions of this surface at
Imm from the sides of the compacts in the off-centre
positions that are likely to be within the boundary layer.
The overall velocities shown in Figure 3B and 3C are there-
fore lower than would be anticipated at the edge of the
boundary layer. Variation within the hydrodynamic
boundary layer is described later where velocity vectors
around the off-centre compacts reveal differences in the
velocity gradients around the sides of the compacts.

Relationship between velocity and mass transfer

The relationship between the maximum value of velocity
magnitude at a distance of 1 mm from various compact
surfaces (i.e. top planar surface and curved side surface in
each position), as determined from CFD data, and
the dissolution rate from these surfaces can be seen in
Figure 4. These maximum velocity values are of a com-
parable magnitude to those calculated from experimental
fluid resistance data (Kamba etal 2003) from regions
corresponding to those regions where the off-centre com-
pacts were located in the current work at a paddle rotation
speed of 50 revmin~'. There was an increase in dissolution
rate corresponding to an increase in the maximum velocity
in the region of the compact, as obtained from the CFD
simulations. This was due in part to the compact being
removed from the low velocity vortex region in the centre
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Figure 4 Graph showing the maximum velocity magnitude value
versus dissolution rate from different surfaces of both centred and

off-centre compacts.

of the base of the vessel, and therefore being exposed to
higher velocities once in an off-centre position.

Analysis of the effect on compact shape of
varying hydrodynamic environments after
dissolution for 1h

On removal of the compacts from the dissolution medium
after 1 h of dissolution, it was noted that the compacts in
positions 1 and 2 were sloped on one side. This side was
facing into the direction of fluid flow, but was orientated
slightly more towards the centre on the compact in posi-
tion 1 than that in position 2. Figure 5A is a photograph
of the compact after dissolution for 1h in position 1,
where the left side of the compact was facing the centre
of the vessel, and Figure 5B shows velocity vectors sur-
rounding the compact on a plane through the centre of the
vessel. The insert at the top left corner of Figure 5A
depicts the compact before dissolution. The variation in
the velocity gradient in the region around the compact
that influenced the formation of this sloped edge can
clearly be seen in Figure 5B.

Figure 6A is a photograph of the compact after dissolu-
tion for 1h in position 2, parallel to the centre of the vessel
and facing into the fluid flow. The insert depicts the compact
before dissolution for comparison. Figure 6B shows velocity
vectors on a plane through the compact in position 2 from
the same angle, that is the front of the compact is facing the
centre of the vessel. Again, the variation in the velocity
gradient in the region around the compact is reflected in
the shape of the compact following erosion/dissolution.

Conclusions

The location of a non-disintegrating tablet within the dis-
solution vessel had a significant effect on the dissolution
rate for all surfaces examined. Dissolution rate increased
when the compact was moved from the centre of the base of
the vessel by 13mm. However, there was no significant
difference between the dissolution rates from a compact
moved by 13 mm from the centre or one moved by 26 mm
from the centre. It can be concluded from this that there is
an area at the centre of the base of the vessel (where a
dosage form is most likely to be located during dissolution
testing) where a small change in position could have a
noticeable impact on dissolution rate. This contributes to
the overall variation apparent in dissolution testing that
could be erroneously attributed to formulation variables
rather than position in the dissolution testing device. The
variation in dissolution results (measured using RSD%) is
greater when the position of the compact is not fixed (7.7%)
than when fixed to the central position (4.5%), position 1
(4.8%) or position 2 (2.8%). The lower variability in posi-
tion 2, compared with the central position and position 1,
may be due to the fact the central position and position 1
are located in the area at the base of the vessel described
above where a minor variation in positioning of the com-
pact would lead to greater variation in dissolution rate.
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A: .:..

Figure 5 A. Photograph of compact after undergoing dissolution for 1 h in position 1. The left side of the compact was facing the centre of
the base of the vessel. B. Velocity vectors surrounding the compact in position 1, at a vertical plane midway through the vessel. The centre of
the base of the vessel is to the left of the picture.

Figure 6 A. Photograph of compact after undergoing dissolution for 1 h in position 2. The front of the compact was facing the centre of the
base of the vessel. B. Velocity vectors surrounding the compact in position 2, at a vertical plane perpendicular to that through the centre of the

vessel. The front of the compact in this picture is facing the centre of the base of the vessel.

Fluid flow in the vessel with the compacts off-centre in
positions 1 and 2 can be simulated using a multiple refer-
ence frame CFD model. An increase in the local maximum
velocity value corresponds to an increase in dissolution
rate. It can be concluded, therefore, that CFD can be used
to model fluid flow around compacts in different positions
in the vessel, and data from the simulations can be used to
aid interpretation of experimental data.

The position of the compact in the vessel during dis-
solution affects the shape of the eroded/dissolved com-
pact, indicating that there is a region of the compact in
positions 1 and 2 that has a greater dissolution rate than
the rest of the compact. CFD simulations of the compacts
in these positions reveal variations in velocity gradients in
the vicinity of the compact surface that influence the shape
of the compact during dissolution. This may be of impor-
tance, for example, for coated or layered dosage forms

where all exposed surfaces would not be subject to equal
hydrodynamic forces and therefore would not dissolve at
an equal rate in the apparatus.
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