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Hydrodynamic and Species Transfer Simulations in the USP 4 Dissolution
Apparatus: Considerations for Dissolution in a Low Velocity Pulsing Flow
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Purpose. To simulate the hydrodynamics in the flow-through (USP 4) dissolution apparatus and
investigate the effects of hydrodynamics on mass transfer in a low velocity pulsing flow.
Methods. Computational fluid dynamics (CFD) was used to simulate the hydrodynamics and mass
transfer in pulsing flow. Experimental flow visualisation was used to qualitatively confirm simulated
hydrodynamic and mass transfer features. The experimental dissolution rate at 8 ml min−1 (22.6 mm flow-
through cell) was compared to the experimental dissolution rate in a free convection system.
Results. Simulations revealed periods of low velocity at all flow rates, evidence of boundary layer
separation, and, at higher flow rates, residual fluid motion during zero inlet velocity periods. The
simulated diffusion boundary layer thickness varied in certain regions over the course of the pulse. The
experimental dissolution rate in the free convection system was faster than that at 8 ml min−1 in the flow-
through apparatus.
Conclusions. A low velocity pulsing flow running counter to gravity inhibited the experimental
dissolution rate compared to that in a free convection system. From the CFD simulations generated,
simulation of both hydrodynamics and species transfer is recommended to characterise the influence of
hydrodynamics on dissolution in a low velocity pulsing flow.

KEY WORDS: computational fluid dynamics (CFD); dissolution; flow-through dissolution apparatus
(USP apparatus 4); flow visualisation; hydrodynamics.

INTRODUCTION

The flow-through dissolution apparatus offers several
advantages over the paddle and basket apparatuses. These
include the ability to maintain sink conditions due to the
continuous introduction of dissolution medium to the dis-
solution cell in an open system and the ease with which the
composition and pH of the dissolution medium can be
changed over the course of a dissolution test. Dissolution
rates from a flow-through apparatus have previously been
investigated in relation to flow rates (1–9). Comparisons have
also been made between dissolution rates in the paddle
apparatus and the flow-through apparatus (3,7,8,10). Sug-
gested flow rates in the flow-through dissolution apparatus
(USP apparatus 4 (Flow-Through Cell)) are 4 to 16 ml min−1

(11), although higher flow rates can be, and have been, used (4).

An estimate of average flow velocity over time at 16 ml min−1

through the smaller 12 mm diameter cell results in an average
fluid velocity value of 2.4×10−3ms−1. The velocity will,
obviously, be intermittently higher due to the pulsing nature of
the flow through the cell. A similar estimate of 8 ml min−1

through the 22.6 mm diameter cell results in an average fluid
velocity of approximately 3.3×10−4ms−1. In each case, fluid
velocity values are much lower than those present in the paddle
and basket apparatuses. Agitation rates of 50–75 or 50–100 rpm
in the paddle apparatus and 50–100 or 100–150 rpm in the
basket apparatus have been suggested as being suitable for
routine dissolution testing and bioavailability and bioequiv-
alence studies (12,13). Computational fluid dynamics (CFD) has
been used to simulate hydrodynamics in both the paddle
and basket apparatuses (14–20). Simulations at 50 rpm in
both apparatuses have resulted in simulated velocity values
ranging from almost zero to maximum values of 4.9×10−2

to 6.7×10−2ms−1 in the paddle apparatus (at 1 mm distance
from a 13 mm diameter compact located at the centre of
the vessel base) and 2.6×10−2ms−1 in the basket apparatus
(relative to a compact in the basket of the apparatus) (18).
The maximum fluid velocities in the flow-through apparatus at
standard operating conditions are, therefore, expected to be
considerably lower than those found in the paddle or basket
apparatuses.

CFD fluid flow simulations of the paddle and basket
apparatuses have also provided an insight into hydrodynamic
variation within these apparatuses. This has assisted in the
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interpretation of variation in dissolution rates at a constant
agitation rate (17–20). It has been suggested that character-
isation of the hydrodynamics within a dissolution apparatus is
essential to determine the appropriateness of the application
of general convective-diffusion theory, as described by Levich
(21), in interpretation of dissolution test results (22). With
respect to characterisation of flow in the flow-through
apparatus, there has recently been a thorough analysis of
the approach to classification of flow regimes within the flow-
through apparatus from a fluid mechanics point of view (23).
There has also been a comprehensive examination of
simulated flow over the course of the pulse-inflow (pump
discharge) in the 22.6 mm diameter cell in several different
cell configurations: “no beads,” “open column” and “packed
column” operational modes (24). The flow-through apparatus
provides a pulsing flow at 120 (± 10) pulses per minute (11);
therefore, the hydrodynamics within the cell are time-depend-
ent and, due to the nature of the pulse, will include periods of
very low, or zero, velocity, in particular during the zero-inflow
(pump suction) phase. As a result, it can be envisaged that the
dissolution rate within the cell may also vary over the course
of each pulse. Characterisation of the pulsing flow within the
flow-through apparatus over the course of the whole pulse
(pump suction and pump discharge) is therefore vital in
determining the appropriateness of the pulsing flow field in
dissolution testing. Furthermore, it was recognised that
experimental research is required to optimally interpret the
theoretical and simulated results presented (24). The current
work focuses on the “packed column” operational mode, that is,
with the conical part of the dissolution cell filled with glass
beads. CFD hydrodynamic simulations of the entire pulse
(pump suction and discharge periods) in both the 12 and
22.6 mm diameter cells are presented at several flow rates.
Experimental flow visualisation studies were used to qualita-
tively support the CFD hydrodynamic simulations generated.

It has been highlighted that the pulsing nature of the
flow in the flow-through apparatus promotes cycles of
continuously changing dissolution kinetics (25) and that an
elimination of the pulsing flow reduces the possibility of
random flow movements. Furthermore, under low velocity
conditions, the contribution from natural convection at the
dissolving surface to the dissolution rate may be significant
(5,18). Natural convection arises from the effect of gravity on
the density difference between the concentrated solution at
the dissolving interface and the surrounding bulk dissolution
medium. In the flow-through cell, the upward-moving pulsing
flow is running counter to any downward-flowing natural
convection in the low velocity flow field. Investigation of
the variation, with time, of both the hydrodynamics and the
diffusion boundary layer at the dissolving surface over the
course of the pulsing flow is essential to interpreting any
potential interaction between natural and forced convection.
In the current work, both flow visualisation studies and
simulations of mass transfer, or “species transfer,” from the
dissolving surface are used to characterise the local hydro-
dynamics at the dissolving surface and the diffusion boundary
layer under relatively “fast” flow conditions (12 mm diameter
cell at a flow rate of 17 ml min−1).

Comparisons of the effect of the pulsing flow on
dissolution with dissolution in a free convection system are
of interest, as in the in vivo situation, a dosage form may be

subject to low velocity fluid flow and periods of time when a
dosage form is essentially static. Furthermore, it may be
located in inhomogenously distributed “pockets” of intestinal
fluid (26). Experimental dissolution rates from a vertically
orientated planar surface in a free convection (static fluid)
system and a very low velocity pulsing flow field (8 ml min−1

in the larger 22.6 mm diameter cell) can be investigated using
CFD simulations of this low velocity flow field. The
dissolution rates can be compared and interpreted using the
CFD simulation to give an insight into the potential for both
natural convection and boundary layer separation to influence
the diffusion boundary layer on a vertical surface and, thus,
the dissolution rate under these conditions. Dissolution using
benzoic acid has been generated in the paddle and basket
apparatuses (18,20), and the resulting dissolution rates
interpreted using CFD, which suggested that under low
velocity conditions natural convection may contribute
significantly to the dissolution rate (18). Therefore, in the
current work, the model drug used to investigate dissolution
under very low velocity pulsing flow and natural convection
conditions was benzoic acid.

The aims of the current work are as follows:

1. To simulate, using CFD, the hydrodynamics within the
cylindrical portion of the flow-through dissolution cell
over the course of the whole pulse, focussing on flow
in the region of a compact at the location of the tablet
holder, and to compare results obtained with exper-
imental flow visualisation results to support the simu-
lation methodology employed. The whole pulse
comprises pump suction and discharge. Hydrodynamics
at several flow rates were studied.

2. To extend the model to include a mass transfer
simulation, and to simulate the effect of pulsing flow
on the solute concentration gradient in the region of
the compact surface.

3. To determine the experimental dissolution rate of a
vertically-orientated planar surface under low velocity
conditions in the flow-through apparatus, and to
interpret this dissolution rate using both i) a CFD
simulation of these flow conditions and ii) the dissolu-
tion rate under conditions of no forced convection
(natural convection), to investigate the interaction of
forced and natural convection in conditions of low
velocity pulsing flow.

MATERIALS AND METHODS

Computational Methods

CFD Simulation

The method used in carrying out the CFD simulations
was as previously described (27). The CFD package FluentTM

(version 6.1.18) was used to simulate the hydrodynamics
within the cell of the flow-through apparatus. The geometry
used was constructed in the pre-processing package, GambitTM

(version 2.0.4 (Fluent (Ansys) Inc., N.H., U.S.A.)), and the fluid
flow field was solved using the FluentTM solver (Fluent (Ansys)
Inc., N.H., U.S.A.).
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A geometrically periodic model was constructed, consist-
ing of one quarter of the 12 mm diameter cell, from the point
at the top of the glass beads (the cylindrical part) to the
outflow at the top of the cell (Fig. 1). One quarter of a disc of
the same dimensions and orientation as the compact used in
the flow visualisation studies was included in the model of the
cell. The flow field was solved using symmetry conditions
at the faces used to define the edge of the quarter flow field.
For the 22.6 mm diameter cell, the full cylinder from the top
of the glass beads to the filter at the top of the cell was
constructed. A laminar time-dependent solver was used to
find a solution to the fluid flow field. The time taken for one
pulse (0.5 s) was divided into 50 time-steps, and a solution to
the flow field at each of these time-steps was determined. The
solution was considered converged when the residuals of
continuity and velocity in x, y and z directions ceased to
change on further iteration through the flow field. The
residuals decreased to levels of 10−5 to 10−18 depending on
the time-point of the pulse being simulated.

The flow to the cell is provided by a piston pump. As the
liquid enters the cell, there is a half-sine-wave flow profile
(caused by upward movement of the piston, also described as
“pump discharge”). During the downward movement of the
piston (also described as “pump suction”), the pump is
drawing medium from the reservoir into the pump, with no
discharge out of the pump. As a result, this part of the cell
inlet flow profile is flat. Therefore, for the CFD simulations,
the inlet flow profile over one pulse was described by a half-
sine-wave for half of the pulse and a flat profile, with no flow,
for the second half of the pulse.

A user-defined function (UDF) describing a time-
dependent boundary condition was employed to define the
flow at the inlet. This inlet velocity was assumed constant
across the diameter of the inlet at any point in time. The
Reynolds number in the test section of the cell (the region
where the dosage form is most often located, in this case the

region of the tablet holder), at both average and peak
velocity values of the flow profile, supports the assertion of
a laminar flow regime at the flow rates investigated (23).
Therefore, a laminar, uniform flow was introduced at the
inlet, with the rate of flow defined at each time-step to
provide the appropriate inlet flow profile over the time-
course of one pulse. The time-dependent boundary condition
incorporated an equation of the form

Velocity ¼ Volumetric flow rate = cell cross�sectional areað Þ
� p � sin 4ptð Þ

ð1Þ
where t is the time-point of the flow profile from 0 to 0.25 s.
For 0.26 s≤t≤0.5 s, the velocity of the inlet flow profile is
defined as zero. The flow profile generated from this velocity
inflow equation has been shown to match the actual flow
profile metered during discharge from the piston pump (23).

A previous comparison of CFD simulations of flow using
the porous zone approach, to replicate the beads effect, and
of flow in a cell without the glass beads, lead to the conclusion
that the presence of the beads made little difference to the
hydrodynamics around the tablet while in the tablet holder
(24). Therefore, the fluid inlet in the current work was
defined as the base of the cylindrical part of the cell, i.e.
above the conical part. It should be emphasised that this inlet
boundary condition does not, therefore, simulate flow
through the glass beads, which would involve considerable
computational expense. Rather, this inlet boundary condition
is used to generate a realistic simulation of flow conditions
around the compact in the tablet holder.

The shape of the inlet flow profile is illustrated in Fig. 2.
Flow rates of 5, 17 and 33 ml min−1 were simulated in the
12 mm diameter cell, and 8 ml min−1 was simulated in the
22.6 mm diameter cell. A simulation of the flow field was
saved every five time steps.

Simulation of Species Transfer

As outlined in the introduction section, the second aim of
the current work was to simulate the effect of the pulsing flow
on the solute concentration gradient at the surface of the
dissolving compact. This simulation was designed to comple-
ment the flow visualisation studies, where the effect of the
pulsing flow near the surface could also be witnessed from the
pink colour of the phenolphthalein released as the compact
dissolved. The compact used in the flow visualisation studies
contained 93% salicylic acid. In order to simulate the effect of
“species transfer,” that is, in this case, the movement of
salicylic acid (i.e. the movement of drug) from the dissolving
surface of the compact used in the flow-visualisation studies
into the simulated flow field, all surfaces of the compact were
defined as being a constant source of salicylic acid. The mass
fraction of salicylic acid at the surface was defined as the sat-
urated solubility of salicylic acid in 0.02 M NaOH. The
diffusion coefficient of salicylic acid, determined using the
method described in the “Experimental Methods” section, was
used in the simulation of salicylic acid diffusing from the
surface into the medium. As the species transfer simulations
involve a second process (that of mass transfer rather than
hydrodynamics alone), the mesh was further refined in the

Fig. 1. Diagram illustrating the quarter-cell and quarter-tablet
constructed and used in the CFD simulation of hydrodynamics in
the 12 mm diameter cell.
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region of the compact for the purposes of the species transfer
simulation, and the time-step reduced to 0.001 s. In order to
have a meaningful simulation of the mass fraction of the
dissolving species within the cell, and in the region of the
compact, it was necessary to simulate species transfer over
several pulses (five in total) within the apparatus. This
simulation was conducted from the beginning, simultaneously
solving for velocity and species transfer. Initially, for the first
1500 time-steps, an approximate solution was obtained, with
only 20 iterations per time-step, to allow “build-up” of salicylic
acid in the region of the compact surface. After this period,
1000 time-steps (2 pulses, 1 s) were simulated using 100
iterations per time-step. This resulted in residual values of
estimated parameters such as velocity and salicylic acid concen-
tration of between approximately 4×10−5 and 1×10−16 at the
end of each time-step. The default residual value in Fluent™ to
determine convergence of velocity in x, y and z directions, and of
the continuity equation, is 1×10−3. There was little difference
in parameter values over the course of consecutive pulses,
with the exception of the constantly increasing salicylic acid
concentration.

Experimental Methods

Flow Visualisation Studies

A compact of approximately 3.25 mm in height was
compressed using an 8.5 mm diameter punch and die set and
a Perkin-Elmer hydraulic press. The flow visualisation studies
were performed using a modified version of the method used
by Mauger et al. (28), using a tripod-mounted Canon MV890
digital video camcorder. It should be noted that, as this was a
qualitative observational flow visualisation study, no optical
distortion reduction methods were used. The compact con-
tained 7% w/v phenolphthalein and 93% w/v salicylic acid
(Sigma-Aldrich). The dissolution medium consisted of 0.02 M
NaOH (Riedel-de Haën) at 37°C. Flow rates of 5, 17 and
33 ml min−1 were used.

A CE 1 flow-through dissolution apparatus and pump
(Sotax AG, Switzerland) with a 12 mm diameter cell were
used. The conical part of the cell was filled with glass beads of
1 mm diameter. (This operational mode has been termed the
“Packed Column”(23).) The compact used in the flow

visualisation studies, with the diameter orientated vertically,
was placed in a tablet holder in the cylindrical part of the cell.

At the inlet, at the base of the conical part of the cell, is a
ruby bead of approximately 5 mm diameter.

Solubility Studies

The solubility of salicylic acid in 0.02 M NaOH at 37°C
was determined by adding an excess (1.05 g) of salicylic acid
to 50 ml 0.02 M NaOH in a jacketed beaker to maintain a
constant temperature, and stirring using a magnetic stirrer.
Concentrations were determined by UV spectrophotometry
at 295 nm after filtration of samples through a 0.45 μm filter.
Samples were taken at 9, 24, 48, 72, 84 h, until the point at
which the absorbance did not change significantly (between
72 and 84 h).

Diffusion Coefficient Determination

The diffusion coefficient of salicylic acid in water was
determined using the silver membrane filter method,
described in detail by Goldberg and Higuchi (29). In brief,
it involved measuring the rate of diffusion of the drug across a
silver membrane filter. A conical flask (flask I) containing a
degassed aqueous solution of salicylic acid (0.01 M) was stirred
by a magnetic stirrer. Flask I was modified to incorporate a glass
side-arm. A second 250 ml conical flask, also modified to
incorporate a glass side-arm, containing distilled water, is the
receptor flask (flask II) for the diffusing drug. The side glass
side-arms between the flasks are clamped together, and the filter
is located at this junction between two Teflon washers. 250 ml of
either the salicylic acid solution or water were added to both
flasks simultaneously. When the water addition to flask II was
completed, flask I was quickly filled to the top, and a glass Y-
adapter was placed in position. More salicylic acid solution was
added through one of the arms, keeping the stopcock of the
other arm open for air displacement. The contents of flask II
were sampled at intervals of 30 min, and analysed by U.V.
spectrophotometry at 295 nm to determine the diffusion rate of
salicylic acid from flask I.

The apparatus was calibrated by measuring the diffusion
rate of KCl and comparing the result to the literature value as
described by Goldberg and Higuchi (29).

Dissolution Studies

As outlined in the introduction section, the third aim of
the current work was to determine the dissolution rate of a
vertical planar surface under very low velocity pulsing flow in
the flow-through apparatus. In order to interpret the measured
dissolution rate, both CFD simulations of the hydrodynamics of
this system, as described under “Computational Methods,” and
experimental dissolution studies under static conditions, or no
forced convection, were carried out. Benzoic acid (BA) (BDH -
VWR International, Poole, England) 500 mg was compressed
into compacts of 13 mm diameter and approximately 3 mm in
height using a Perkin Elmer hydraulic press and punch and die
set. The compacts were coated with paraffin wax (BDH - VWR
International, Poole, England) exposing only one planar surface
to the dissolutionmedium. The coatingmethod involved placing
the compact on a glass slide with the planar surface facing

Fig. 2. Velocity magnitude at the inlet vs. time (s) over the course of
the pulse, illustrating the shape of the flow profile, used as an input to
the CFD model to simulate the pulsing flow in the flow-through
apparatus.
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downward. A small amount of molten paraffin wax was then put
on the compact, and a small cylindrical lid quickly placed over
this as a mould. As the wax rapidly hardened, the lid was
removed, and the glass slide removed from the planar surface,
which then remains exposed for dissolution. The wax was
further pared down to result in a coating of approximately 1 mm
thickness. Each compact was then examined to ensure integrity
of the coating.

Dissolution in the Flow-Through Apparatus

ACE 7 smart dissolution apparatus (Sotax AG, Switzerland)
with a 22.6 mm diameter cell and a flow rate of 8 ml min−1 was
used. The compact was placed in the tablet holder, with the
planar surface orientated vertically.

Dissolution in a Free Convection System

The free convection system consisted of a jar with the
compact fixed to the inside of the lid, with the exposed planar
surface orientated vertically. A diagram of this free convec-
tion system is presented in Fig. 3. In order to ensure that the
dissolving surface was fully immersed in the medium, a
needle was inserted through the lid and excess dissolution
medium introduced. The volume of medium in each jar was
approximately 124 ml. The sampling procedure involved
careful removal of the lid of the jar with the compact
attached. A second lid was then placed on the jar, the
medium mixed well and sampled. Fresh medium was then
introduced to the jar to replace the sampled volume (10 ml).
Finally, the compact was carefully replaced in the jar. Samples
were taken every 30 min. Previous in-house studies have
shown that the dissolution rate from a compact, located at the
top of the jar, when samples were taken in the manner
described here, was not significantly different from the
dissolution rate determined when separate dissolution experi-
ments were set up for each individual time-point, (i.e.
eliminating any effect of the sampling process on the
dissolution rate).

All dissolution studies were carried out in triplicate.
Dissolution was carried out at 37ºC in 0.1 M HCl. The
amount of BA dissolved was determined by UV absorption
spectrophotometry at 274 nm.

Prediction of Dissolution Rates

To predict the dissolution rate under natural convection
conditions, the following equation correlating with vertical
plate mass transfer was used (30):

Sh ¼ 0:673 Rað Þ0:25 ð2Þ

where Sh is the dimensionless Sherwood number,
defined as kLL/D, L is the length of the active surface, in
this case defined as the compact diameter (0.013 m), D is the
diffusion coefficient of solute in solvent (1.236×10−9m2s−1)
and kL is the mass transfer coefficient. Ra is the Rayleigh
number, defined as follows:

Ra ¼ n=Dð Þ gL3D�
� �

=ðn2�Þ� � ð3Þ

where ν is the kinematic viscosity (7.043×10−7m2s−1), g is
gravitational acceleration, Δρ is the difference between the
density of the saturated solution of the solute in the solvent
(1.99 kg m−3) and the density of the pure dissolution medium
and ρ is the density of the pure dissolution medium. The
methods used to determine these parameters have been
previously described (18).

RESULTS

Solubility and Diffusivity

The solubility of salicylic acid in 0.02 M NaOH at 37°C
was determined to be 6.4 mg ml−1, and the measured diffusion
coefficient of salicylic acid in water was 1.43×10−9m2s−1.

CFD Hydrodynamic Simulations in the 12 mm Diameter Cell

The velocity vectors shown in Fig. 4 are taken from
simulations of flow through the 12 mm diameter cell at 5, 17
and 33 ml min−1. At each flow rate, images are shown from
two different time-points over the course of the pulse: As
each 0.5 s pulse was divided into 50 time-steps, steps 1–25
represent the half-sine-wave portion of the flow profile, when
the fluid is entering the cell (pump discharge). The fastest
velocity at this entry point is represented by time-steps 12–13
(0.12–0.13 s). Therefore, hydrodynamics in the cell at the 15th
time-step (0.15 s) are representative of the period of high
inflow velocity (simulations were saved every 5 time-steps),
and the “high inflow velocity” images presented and discussed
in this section are taken from simulations at the 0.15 s time-step.
The lowest velocity at the entrance is at time-steps 1 and 25.
Time-steps 26–50 represent the flat portion of the flow profile,
when no liquid is entering the cell (while the pump is drawing
fluid from the reservoir). The “zero inflow velocity” images
presented and discussed in this section are taken from
simulations of the 35th time-step, at 0.35 s. The fluid velocity
(represented by vectors coloured by velocity magnitude)
around the side of the compact at 5 ml min−1 is shown in Fig. 4

Fig. 3. Diagram depicting the free convection system consisting of
the compact (side view) suspended vertically in the jar containing
the dissolution medium—only one planar surface of the compact
was exposed to the medium with the other surfaces coated with
paraffin wax.
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(a)–(b), during the “high inflow velocity” period of the flow
profile, and during the “zero inflow velocity” period. The
velocity profiles around the side of the compact at 17 and
33 ml min−1 can be seen in Fig. 4 (c)–(d) and Fig. 4 (e)–(f)

respectively. In Fig. 4, (a), (c) and (e) represent the “high inflow
velocity” period of theflow profile, and (b), (d) and (f) the “zero
inflow velocity” period. The velocity vectors in Fig. 4 illustrate
that the magnitude of the variation in hydrodynamics over the

Fig. 4. Vectors coloured by velocity magnitude in the region of the compact in the 12 mm diameter cell, in the flow-through apparatus at a flow
rate of 5 ml min−1 at high inflow velocity (a) and at zero inflow velocity (b); at a flow rate of 17 ml min−1 at high inflow velocity (c) and at zero
inflow velocity (d); at a flow rate of 33 ml min−1 at high inflow velocity (e) and at zero inflow velocity (f).
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course of a pulse varies with the simulated flow rate. For
example, the vectors fromFig. 4 (a) and (b) (5mlmin−1) suggest
that although the velocity in the cell is lower at the “zero inflow
velocity” point than the “high inflow velocity,” themagnitude of
the difference in velocities between the two time-points is 0.002–
0.004ms−1. In contrast, the variation between the corresponding
time-points at 33 ml min−1 is approximately 0.01 ms−1.
Additionally, the significance of hydrodynamic variation over
the course of the pulse depended on the simulated flow rate.
Although the fluid velocity is zero at the inlet during the “zero
inflow velocity” period, some circulating motion can be seen
above the top of the compact at 17 ml min−1, and this feature is
even more prominent at 33 ml min−1. It can be seen that
significant fluid movement continues in the cell during the “zero
inflow velocity” period, in particular at higher flow rates.
Therefore, in Fig. 4, (a), (c) and (e) show an increase in fluid
velocity in the cell, as there is a corresponding increase in
velocity at the inlet. In contrast, in Fig. 4 (b), (d) and (f), an
increase in fluid motion can be observed in the cell from 5 to 17
to 33 ml min−1, despite the fact that there is no increase in inlet
velocity at this time-point (0.35 s), as the inlet velocity is zero in
each case. The accompanying animation, Animation 1,
illustrates the pulsing flow through the 12 mm diameter cell at
17 ml min−1 with vectors coloured by velocity magnitude
changing over the course of the pulse. The model consists of
one quarter of the cell and one quarter of a disk of the same
dimensions as the compact used in the flow visualisation studies.
The circulating motion over the top of the compact can be seen
towards the end of the pulse.

Experimental Flow Visualisation Studies

Visualisation is achieved through dissolution of the salicylic
acid and concurrent release of phenolphthalein into the alkaline
medium. Images from the flow visualisation experiments at 5,
17 and 33mlmin−1 can be seen in Fig. 5 (a)–(b), (c)–(d) and (e)–
(f), respectively. It is also possible to observe the pulsing nature
of the flow through the cell, particularly at 17 and 33 ml min−1,
through the movement of the pink colour from the
phenolphthalein as it dissolves from the compact into the
0.02 M NaOH solution. The pH of the saturated solution of
salicylic acid in NaOH was measured as approximately 2.9.
Therefore, the phenolphthalein will be evident by the pink
colour only in the more dilute regions (higher pH) of salicylic
acid in the flow visualisation images. This is considered an
appropriate visualisation of flow, as regions showing little or no
colour are either far from the compact surface (not the region of
interest) or in a consistently low velocity or stagnant region
allowing build-up of the solute if present.

The accompanying flow visualisation video also clearly
demonstrates the pulsing flow around the compact in the
12 mm diameter cell at 17 ml min−1. Fig. 5 (a), (c) and (e)
represent images taken from the first part of the pulse, i.e.
during the period of positive inflow velocity, and (b), (d) and
(f) represent images taken from the “zero inflow velocity”
period of the flow profile. At 5 ml min−1, there is little
observable difference in the flow near the compact surface.
The pink dye moves outward and upwards, and furthermore
some downward flow is evident below the compact. The
greater amount of dye visible at this lower flow rate in
comparison to the higher flow rates is due to the velocity being

insufficient to rapidly sweep the dye away from the compact
surface. The low fluid velocities predicted from the CFD
simulations in Fig. 4 (a)–(b) during both parts of the flow
profile support this observation. In both images Fig. 5 (c) and
Fig. 5 (e), the stream of colour moving upward and inward
over the top of the compact at 17 and 33 ml min−1 can be
observed. The rapid fluid movement at the compact sides,
moving inward over the top of the compact in the CFD
simulations, evident in the images in Fig. 4 (c) and (e),
correspond with this observed flow feature. The weaker pink
colour evident in Fig. 5 (e) results from the higher velocity
present in the cell at 33 mlmin−1 compared to that in Fig. 5 (c) at
17mlmin−1. The effect of the circulatingmotion at the top of the
compact, as indicated in the CFD simulations in Fig. 4 (d) and
(f), is evident from the outward movement of the dye at the
top of the compact in Fig. 5 (d) and (f). This is more obvious in
Fig. 5 (f) than Fig. 5 (d). In Fig. 5 (d), the effect of the low
velocity circulating motion above the top of the compact
simulated in Fig. 4 (d) is evident as the colour stream directly
above the top of the compact moving slightly downwards and
outwards compared to Fig. 5 (c).

CFD Species Transfer Simulations

Although the observations from the flow visualisation
studies support the hydrodynamic features simulated using
CFD, the flow visualisation studies also involve mass trans-
fer as the visualisation is achieved through dissolution of the
salicylic acid and concurrent release of phenolphthalein into
the alkaline medium. It was considered relevant, therefore,
to simulate the effect of the hydrodynamics over the course
of the pulse on mass transfer from the compact surface. The
simulated flow rate was 17 ml min−1. The results are
presented as concentration profiles in Fig. 6. It should be
noted that the upper limit of concentration displayed is a
mass fraction of 0.00064, which is approximately 10% of the
saturated solubility of salicylic acid in NaOH. Any
concentration at or above this value is shown in red.
Furthermore, as the concentration profiles are compared to
the flow visualisation images in Fig. 5, the pink colour from
the phenolphthalein indicator represents the concentration
profile, during dissolution of the salicylic acid compact, of
the more dilute regions of salicylic acid near the compact
surface, as described in the experimental flow visualisation
section. The image in Fig. 6 (a) is from the high velocity
inflow part of the pulse (0.15 s), and that from Fig. 6 (b) is
from the zero velocity inflow (0.35 s). The concentration
gradient of salicylic acid from the dissolving surface into
the bulk dissolution medium is clearly simulated at the top
and sides of the compact. There are two “streams” of
concentrated regions above the compact at each side. As
there will be a dead space directly above the top of the
compact (see Fig. 4 (c)–(d)), the solute will build up to
some degree here, and will be swept away towards the
edges of the compact as it comes in contact with the fluid
flowing upwards past the compact sides. During the low
velocity period, these streams of more concentrated fluid
can be seen to move slightly outwards and downwards
(Fig. 6 (b)). This denser concentrated fluid will be influenced
by both gravitational effects during the low velocity period
and by boundary layer separation. This is evident from the
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circulating fluid at the top of the compact in the CFD image
in Fig. 4 (d). The images in Fig. 6 (a) and (b) can be
compared to Fig. 5 (c) and (d), respectively. It can be seen
that the simulated concentration profiles are in agreement
with the observed concentration profiles from the flow
visualisation experiments. These simulations can be studied
by comparing the accompanying video of flow visualisation
at 17 ml min−1 with the accompanying Animation 2.
Animation 2 is an animation of CFD-generated contours

coloured by mass fraction of species (representing salicylic
acid proportional concentration) in the 12 mm diameter cell
at 17 ml min−1 over the course of two pulses. The streams
of pink colour from the phenolphthalein transported by the
fluid movement around the compact surface can be
compared to the simulated regions representing the
location of salicylic acid released from the compact in the
animation. The simulation is an excellent representation of
the experimental flow visualisation result.

Fig. 5. Flow visualisation revealing flow patterns in the region of the compact in the 12 mm diameter cell,
in the flow-through apparatus at a flow rate of 5 ml min−1 representing the “high inflow velocity” first part of
the pulse (a) and the “zero inflow velocity” part of the pulse (b); at a flow rate of 17 ml min−1 representing
the “high inflow velocity” first part of the pulse (c) and the “zero inflow velocity” part of the pulse (d); at a
flow rate of 33 ml min−1 representing the “high inflow velocity” first part of the pulse (e) and the “zero
inflow velocity” part of the pulse (f).
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It is interesting to note the change in concentration near
the compact surfaces at both points of the pulse in Fig. 6 (a)
and (b). The change in the concentration profile, in terms of
relevance to diffusion boundary layer thickness is evident
over the course of the pulse, and is also clearly seen in
Animation 2. In particular, the thickness is greater at the top
and bottom “corners” of the compact during the zero inflow
velocity period (0.35 s) than the high inflow velocity period
(0.15 s) viewed in Fig. 6. Fig. 7 (a) illustrates the change in
diffusion boundary layer thickness at the edges of the planar
surface of the compact over 1 s (two pulses). The data is
taken from lines created in the flow field, extending from the
compact surface into the bulk of the fluid. Line 1 is from the
top “corner” (upper end) of the compact, and Line 2 is from
the bottom “corner” (lower end); Fig. 7 (b) illustrates the
location of these lines. The thickness of the diffusion
boundary layer was defined as the distance from the compact
surface to the first data point where the concentration is less
than 1% of the saturated solubility, i.e. the surface concen-
tration. There will be some minor influence on this calculated
distance from the size of the mesh cells; however, it is clear
from Fig. 7 that the diffusion boundary layer thickness varies
with the pulse at the top and bottom corners of this planar
surface. The concentration gradient is generally steeper,
represented by a smaller boundary layer thickness during
the high inflow velocity period. The thickness then increases
during the low inflow velocity period, from 0.25 to 0.5 s and
again from 0.75 to 1 s. This change in concentration profile is
particularly evident in the animation of the profile over the
course of the pulse. As the fluid containing more of the
dissolving species will be denser than the bulk medium,
the general downward movement of the more concentrated
fluid during the low velocity period of the pulse would be
expected due to the effect of gravity and resultant natural
convection. However, on examination of the velocity vectors
presented in Fig. 4, which only contains fluid elements with
identical densities as there is no species transfer in the
simulation, it is evident that there is outward and downward
flow during the low/zero velocity periods of the pulse. This is
due to separation of the hydrodynamic boundary layer at the
top of the compact as the flow decelerates, and downward flow

Fig. 7. Graph showing (a) the change in diffusion boundary layer
thickness over 1 s (2 pulses) at top “corner” of the compact (Line 1
Upper end of compact), and the lower “corner” of the compact (Line
2 Lower end of compact). The location of the profile lines is shown in
(b). The thickness of the diffusion boundary layer was defined as
the distance from the compact surface to the first data point where
the concentration is less than 1% of the saturated solubility i.e. the
surface concentration.

Fig. 6. Concentration profile following simulation of species transfer of salicylic acid into the dissolution medium at 17 ml min−1 in the
12 mm diameter cell, at (a) high inflow velocity and (b) zero inflow velocity.
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is evident along the side of the compact and also at the cell wall.
This is to be expected due to the adverse pressure gradient
experienced by the flow as it moves upwards through the cell
but decelerates towards the end of the inflow period (24).
Comparison of flow velocities in the region of the compact
from the simulations with and without species transfer
revealed only minor differences in velocity. In this respect,
comparisons are being made between solutions with two
different meshes, as the mesh for the species transfer model
has been refined near the compact surface. The current results,
however, suggest that at the 17 ml min−1 flow rate the effect of
boundary layer separation dominates over natural convection
to cause the downward fluid flow. Regardless of the cause, the
changing boundary layer thickness over the course of the pulse
impacts on the local dissolution kinetics, in particular at the top
and bottom of the vertically orientated compact. The effect of
the pulse on the concentration profile from more central
locations on the vertical planar surface, away from the top and
bottom “corners” was less clear.

Hydrodynamics in the 22.6 mm Diameter Cell and Dissolution
Studies

A common operating condition in the larger cell
(22.6 mm diameter) is 8 ml min−1. These flow conditions
result in a lower average flow velocity than at 5 ml min−1 in
the 12 mm diameter cell. As the CFD method used to
simulate the hydrodynamics in the 12 mm diameter cell
resulted in CFD solutions which were supported by the flow
visualisation results, the same approach was employed to
simulate the flow in the larger 22.6 mm diameter cell. The
simulation results are presented in Fig. 8. Although the
vectors presented also demonstrate some flow reversal and
boundary layer detachment at this flow rate during the zero

inflow velocity period, at 0.35 s (Fig. 8b), similar to that
observed at 17 ml min−1, it should be noted from the darker
blue colour that the velocities are much lower and closer to
those at 5 ml min−1. The vectors have been made larger in
Fig. 8 compared to Fig. 4 for clarity. The maximum simulated
velocity present in the 22.6 mm diameter cell at 1 mm from
the surface of the compact at 8 ml min−1 was determined to
be 1.3×10−3ms−1. This low velocity can be compared to the
average simulated velocities of 2.6–6.7×10−2m s−1 at common
operating conditions in the basket and paddle apparatuses as
outlined in the introduction. Due to the extremely low
simulated velocities in the 22.6 mm diameter cell at
8 ml min−1, it was anticipated that natural convection may
significantly affect dissolution under these conditions. It was
therefore decided to compare dissolution results at this flow
rate of 8 ml min−1 from the vertical planar surface of a
compact in the tablet holder to dissolution in a free
convection system. The results are shown in Fig. 9.

The dissolution rate of 0.094 (±0.008) mg min−1cm−2 in
the flow-through cell was found to be lower than that in the
free convection system, which was 0.123 (±0.003) mg min−1

cm−2. The predicted dissolution rate under natural convection
conditions (Eq. 2) was 0.147 mg min−1cm−2. This verifies that
the dissolution rate measured under natural convection
conditions is of the expected magnitude. The dissolution
result from the flow-through apparatus suggests that the flow
regime in the apparatus may to some extent inhibit dissolution
at this very low flow rate.

DISCUSSION

The design of in vivo relevant, or biorelevant, dissolution
testing necessitates the identification of in vitro conditions
which are relevant to in vivo dissolution. The characterisation

Fig. 8. Vectors coloured by velocity magnitude (ms−1) in the region of the compact in the 22.6 mm diameter cell, in the flow-through apparatus
at a flow rate of 8 ml min−1 at high inflow velocity (a) and at zero inflow velocity (b). The vectors near the compact surface in Fig. 8 (b)
illustrate the occurrence of some flow reversal and boundary layer detachment.
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and development of biorelevant dissolution media has been
the subject of a considerable amount of research and inves-
tigation (31); however, biorelevant agitation conditions have not
been clearly defined. It has been suggested recently that use of
lower agitation conditions in the paddle and basket apparatuses
may generate fluid velocities which are more relevant, for
immediate release (IR) dosage forms, to those fluid velocities
encountered in vivo (32). This was concluded through compar-
ison of CFD determined fluid velocities in apparatuses used in
in vitro in vivo correlations (IVIVCs). Furthermore, literature
data on physiological gastric slow-wave velocities (33) and CFD
simulations of fluid velocities in the stomach (34) were
comparable to these slower biorelevant in vitro dissolution
velocities. In terms of extended (ER) or slow release dosage
forms, for example, those based on hydrophilic matrices,
intermittent pressure and shear forces experienced during
gastro-intestinal transit, have been identified as relevant factors
(35). As outlined in the introduction section, maximum fluid
velocities in the flow-through apparatus at standard operating
conditions are expected to be considerably lower than those
found in the paddle or basket apparatuses. As the flow-through
apparatus has been used for in vitro in vivo correlations (2,4),
the current work emphasised the need for insight into the low
velocity forced convection flow field in interpreting dissolution
test results. Although the low simulated velocities in the
22.6 mm diameter cell at 8 ml min−1 would suggest a low
dissolution rate, the result obtained, where the dissolution rate
was lower than that in the free convection system, suggests that
the velocity field present actually inhibits dissolution. This
finding, together with the species transfer simulation in the
higher velocity flow field of 17 ml min−1 in the 12 mm diameter
cell (Animation 2), illustrates how dissolution in the cell will
be influenced by both the constantly changing flow field over
the course of the pulse and the velocities generated by the
flow rate used. Dissolution studies in the free convection
system are difficult to carry out with respect to repeatability
and variability, due to the effects of vibration and background
noise. Despite the difficulties in achieving a true “free
convection” environment, it might be anticipated that a
forced convection system would lead to a higher dissolution
rate than a natural convection system.

The fluid flowing through the cell of the flow-through
apparatus must flow in an overall upward direction during the
half-sine-wave part of the flow profile due to the forced

movement induced by the pump. However, the upward flow
in a region where significant natural convection is occurring
may not have sufficient momentum to overcome the natural
downward convection. The impact of natural convection in a
low-velocity flow field in a flow-through system has previ-
ously been highlighted, with the effect increasing, as
expected, with increasing solubility of the solute (5). The
current work presents simulations of hydrodynamics over the
course of the whole pulse and, therefore, further insight into
the potential for natural convection to influence dissolution
rates in the compendial flow-through dissolution apparatus.
At low flow rates, it is possible that natural convection will
influence the hydrodynamics and the dissolution rate to an
appreciable extent. On the other hand, at higher flow rates,
the impact of natural convection on the overall flow field is
more difficult to predict. Although the flow profile at the inlet
consists of the half-sine-wave portion and the zero-inflow
portion regardless of the flow rate, as can be seen in Fig. 4 (c)–
(f) and Fig. 5 (c)–(f), there is significant motion around the
compact even during the flat “zero inflow velocity” part of the
flow profile, where the dissolution medium is being drawn from
the reservoir into the pump. Density gradients at a dissolving
surface will exist; however, the effect of gravity on the fluid
regions containing these density gradients will be affected by the
residual fluid motion in the cell over all parts of the flow profile.
In particular, the effect of boundary layer separation and flow
reversal near the dissolving compact wall will interact with and
possibly dominate over any natural convection effects. As
diffusion-controlled dissolution is essentially driven by a con-
centration gradient, the relative effect of hydrodynamics on the
concentration gradient can be inferred from the relationship
between fluid velocity near a dissolving surface and dissolution
rate, unless the dissolving surface is in an area of low to zero
velocity (18). From the current work, it is evident that knowl-
edge of the bulk forced convection component of the system
hydrodynamics at 8 ml min−1 in the flow-through apparatus is
not, by itself, adequate to interpret the effect of the system
hydrodynamics on dissolution rate. Rather, it can be used, along
with the dissolution rate in the free convection system, to identify
flow regimes where the interaction between natural convection,
forced convection and boundary layer separation result in a
system which does not increase the dissolution rate above that
achieved in free convection conditions. The complexity of the
effect of the pulsingflowon time-variant concentration gradients,
evident from Fig. 7 (a) and (b) and Animation 2, suggests that at
low velocities in the flow-through cell, consideration should be
given to simulating both local hydrodynamics and species
transfer in order to characterise the dissolution conditions.

The results of the hydrodynamics simulations alone are
useful in comparing the flow fields within the flow-through appa-
ratus at several flow rates to those in the more commonly used
compendial apparatuses, the basket and paddle apparatuses.

From the solution at 0.15 s of the 17 ml min−1 flow rate,
shown in Fig. 4 (c), there is a maximum simulated facet velocity
value at 1 mm from the side of the compact of approximately
1.4×10−2ms−1. This can be compared to themaximum simulated
velocity at 1 mm from the top and side of a centrally-positioned
compact of 13 mm diameter and 3 mm height in the paddle
apparatus at 50 rpm of 4.9×10−2ms−1 and 6.7×10−2ms−1,
respectively (20). Therefore, the simulated maximum velocity
in the 12 mm diameter cell at 17 ml min−1 at 1 mm from the

Fig. 9. Mass benzoic acid dissolved (mg) vs. time (min) in the flow-
through apparatus, 22.6 mm diameter cell at 8 ml min−1 and the free
convection system.
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compact surface is significantly less than that at 1 mm from a
compact positioned in the low-velocity area at base of the
paddle apparatus. This should be considered in the context of
recommended agitation rates of 50–75 rpm in the paddle
apparatus (12) and 4–16 ml min−1 in the flow-through
apparatus (11).

A point to note with respect to the current methodology
is that of computational expense versus available computa-
tional resources, in terms of time and computing power. The
approach presented here focussed initially on simulating
velocity magnitudes and flow patterns within the flow-through
apparatus. In order to gain some insight into the apparatus
hydrodynamics over the course of the whole pulse at several
flow rates within a realistic time-frame, time-steps of 0.01 s
were used, compared to time-steps of 0.00025 s by Kakhi (24).
Additionally, the current work simulated flow through the
region of interest—the cylindrical portion of the cell only. The
results are supported qualitatively by the flow visualisation re-
sults presented; however, it is interesting to note how the results
compare to themore comprehensive detailedmethod employed
by Kakhi (24). The tangential (vertical) velocity value presented
at a flow rate of 16 ml min−1 by Kakhi (24), using an equation of
the same form to describe the flow profile as that presented in
the current work, at the time-point of maximum inflow velocity,
was approximately 2.6×10−3ms−1 at 0.8 mm from the curved
compact surface. Although the shape of the compact in the work
by Kakhi is slightly different from that simulated in the current
work, the overall velocity values within the cell would be
expected to be similar. The value of 2.6×10−3ms−1 at twice the
flow rate used in the current work (16mlmin−1 vs. 8ml min−1) is
close to twice the corresponding average vertical velocity value,
at the time-point of the simulated maximum inflow velocity, of
1.26×10−3ms−1 at 1 mm from the planar surface of the compact
in the current work. This confirms that both simulation
approaches yield comparable results in terms of overall
velocity magnitudes within the cell over the time course of the
pulse in the region of interest. The simulation in the current
work incorporating species transfer naturally takes longer, not
only due to the refined mesh and smaller time-step, but also due
to the extra equations which need to be solved to simulate the
species transfer superimposed on the hydrodynamic simulation.
Although the time scale involved in attaining an informative
solution was shorter than that required by Kakhi (24), it still
represents a considerable computational expense, as generally
initial simulations are carried out using varying solver
parameters in order to establish optimal solution and
convergence approaches. Therefore, identification of the
minimum computation required to identify significant features
of interest is vital if simulations of a range of flow conditions are
to be considered. Simulations can then be further refined and
studied as necessary as was done in the species transfer
simulation in the current work. The flow profile generated by
the velocity inflow equation used in the current work has been
shown tomatch the actual flowprofilemetered during discharge
from the piston pump (23), and the simulated hydrodynamic
features are qualitatively supported by the flow visualisation
results. As dissolution testing is a process subject to multiple
sources of variability, a CFD simulation can only be used as a
tool to aid in interpretation of the observed dissolution process
in the physical system of interest. The CFD simulations are
presented in the current work as such a tool, with the physical

system of interest in this case being low velocity pulsing flow in
the flow-through apparatus. Velocimetric techniques, such as
particle imaging velocimetry, should be considered if
experimental quantitation of a flow field is required.

CONCLUSIONS

CFD can be used to generate simulations of hydrodynam-
ics over the course of the whole pulse within both the 12 and
22.6 mm diameter cells of the flow-through apparatus for a
range of flow rates. Flow visualisation techniques can be used to
qualitatively validate the hydrodynamic simulation data. Over-
all, simulated flow velocities at all flow rates investigated are
lower than maximum simulated velocities present in the low
velocity region of the paddle apparatus, relative to a 13 mm
diameter compact at the centre of the vessel base. The
simulation of species transfer, which added further qualitative
affirmation to the CFD solutions, resulted in a simulated
concentration gradient at the dissolving surface. The gradient
varied notably over the course of the pulse at the upper and
lower edges of the compact. This variation in concentration
gradient was thought to be predominantly caused by the flow
reversal within the boundary layer, evident from the simula-
tions, although it may also have been influenced by natural
convection. The dissolution rate in the flow-through apparatus
at 8 ml min−1 in the 22.6 mm diameter cell, which was slower
than the dissolution rate in a free convection system, may have
been influenced by boundary layer separation at the compact
surface. This was evident in the CFD simulations of the 22.6 mm
cell at this flow rate; however, it is possible that natural
convection also influenced local hydrodynamics in the
22.6 mm diameter cell due to the very low velocities present
overall. Work is ongoing to investigate the interaction between
natural and forced convection in these low velocity conditions. It
can be concluded that, accounting for solubility of the solute in
question, flow regimes in the flow-through apparatus may result
in dissolution rates that are not greater than those in a free
convection system and may to some extent inhibit dissolution.
This does not imply that these flow conditions are not
recommended for pharmaceutical dissolution testing, as in the
in vivo environment a dosage form is subject to varying,
(frequently low) velocity magnitudes and flow directions,
including retropulsive flow (32).

In order to fully characterise the flow relevant to a
dissolving dosage form, it is recommended that both hydro-
dynamic and species transfer simulations be considered,
particularly at very low flow rates.

As the flow-through apparatus has been used for a
diverse range of purposes, including in vitro in vivo correla-
tions (2,4) and bioavailability/permeability screening
approaches (36,37), in addition to determining the effect of
flow rate and hydrodynamics on drug dissolution/release,
insight into the hydrodynamics in the flow-through dissolution
cell using the methods described here should aid interpretation
of dissolution data from the flow-through apparatus.
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