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ABSTRACT

Purpose To evaluate fluid flow profiles in the flow-through cell
(FTC, USP apparatus 4) system with pulsatile and non-pulsatile
pumps.

Methods Instantaneous velocity vectors in the dissolution cells
were obtained from images sequentially captured by a particle
image velocimetry (PIV) system. The data were sorted to follow
the pump pulse cycle.

Results The analysis showed changes in the flow profiles during a
pump pulse (0.5 s) at a 0.025-s interval in two sizes of cells
installed in the FTC system. Supplying a slow flow from the pul-
satile pump induced instantaneous downward (inner layer) and
upward (outer layer) flow in the larger cell during the suction
phase. Analysis at varied medium and cell temperatures strongly
suggested a contribution of natural convection to the complex
flow caused by relatively high cell temperature. Uniform upward
flow was observed in other cells and flow rate conditions. The
time-averaged vertical velocities in the cells were similar in the
pulsatile and non-pulsatile pump systems.

Conclusions The PIV analysis provides information on how flow
rate and pump pulse affect fluid flow profiles at multiple points in
flow-through dissolution cells. An appropriate temperature con-
trol should reduce the complex flow of the medium in the FTC
system.

KEY WORDS dissolution testing - flow-through cell system -
hydrodynamics - particle image velocimetry - pulsatile pump
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ABBREVIATIONS

CFD  Computational fluid dynamics
EP European Pharmacopoeia
FTC  Flow-through cell

id Inside diameter

P Japanese Pharmacopoeia

MRl Magnetic resonance imaging
PIV  Particle imaging velocimetry
P-T,  Processing phase time

To Time phase of pump

USP  United States Pharmacopeia

INTRODUCTION

Dissolution tests are widely used to evaluate drug release rates
from pharmaceutical dosage forms during early and late
stages of product development. A flow-through cell (FTC)
dissolution system is one of the dissolution methods listed in
European Pharmacopoeia (EP), United States Pharmacopeia
(USP), and Japanese Pharmacopoeia (JP). The FTC system is
often used to assess dissolution rates of highly functional dos-
age forms, e.g., enteric-coated, modified-release, and
extended-release products. Their capability to maintain the
sink condition by constantly replenishing the dissolution me-
dia (1), and the relative ease in changing media during the
dissolution test are apparent advantages of the FTC system
(2). The Pharmacopoeias specify two sizes of dissolution cells
for the dissolution test of tablet formulations. They also re-
quire use of a non-pulsatile and pulsatile pump with certain
sinusoidal waves (1201 10 pulse/min). Several studies on the
FTC system indicated critical factors affecting the dissolution
profiles of test formulations, including flow rate (3,4), size of
glass beads, cell temperature, tablet orientation, and level of
deaeration (5).

The hydrodynamic flow of test media is recognized as a
predominant factor affecting the dissolution rate. For
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example, filling the conical part of the dissolution cell with 1-
mm glass beads also alters the dissolution rate of tablets by
changing the flow profile (4). The effect of hydrodynamic flow
on the dissolution rate in the FTC and other (e.g., rotating
basket and paddle) testing methods is explained by changes in
the degree of mechanical stress (6—8). The hydrodynamic flow
profiles in dissolution apparatus are mainly studied in two
ways, specifically, modeling (simulation) and experimental
measurement (visualization). The simulation of hydrodynamic
flow, known as computational fluid dynamics (CFD), was of-
ten used to obtain the fluid velocity in vessels (9—14) and flow-
through dissolution cells. Kakhi reported the occurrence of
instantaneous downward flow near the tablet, caused by dif-
ferent water pressure between the upper and lower layers in
the dissolution cells (15,16). D’Arcy et.al. showed complex flow
profiles in larger dissolution cells involving natural convection
at low flow rates (17,18). The CFD method provides detailed
information on flow profiles at a relatively short interval; how-
ever, the simulation is based on some assumptions. Shiko et.al.
reported the application of a magnetic resonance imaging
(MRI) technique for the visualization of hydrodynamic flow
profiles in a flow-through dissolution cell (19,20). The MRI
technique provided quantitative information on the fluid ve-
locities in dissolution cells, including the presence of natural
convection induced by the temperature gradient in the test
medium. Complex data analysis and the necessity for the
study to remove the flow-through dissolution cell from the
system to insert the narrow MRI probe hamper the wide
application of the method in evaluating flow profiles in prac-
tical conditions.

A particle image velocimetry (PIV) system is representative
of methods by which the dynamics of air and liquids can be
obtained from sequentially captured images of the instanta-
neous movement of particles in a two-dimensional (2-D) field.
The application of the method for the analysis of flow profiles
in dissolution vessels has been previously reported (12,13).
The availability of fluid profiles from flow-through dissolution
cells installed in an actual apparatus setting would enable clar-
ification of factors required to improve the testing method.

We studied the effects of dissolution cell size, flow rate, and
pump type, which were possible variables under standard
conditions stated in the Pharmacopeias, on the fluid flow pro-
files in a conventional FTC system using the PIV method.
Because short pump pulses do not enable multiple flow data
to be acquired at the low-frequency frame rate (max. 6 Hz) of
the camera used in the study, the instantaneous velocity data
were sampled at time points over several pump cycles. It was
assumed that the flow patterns are repeated after each pump
pulse so that the flow behavior over an entire cycle could be
patched together using data sampled from multiple pump
cycles. The data processing provided the sequential changes
in the hydrodynamic flow during a pump pulse over a short
time interval. We also evaluated the possible effect of

temperature gradient in the dissolution cell on these profiles
to assess the appropriate test condition for the FTC system.

MATERIALS AND METHODS
FTC System

A flow-through dissolution test system (CE 7 smart; SOTAX
AG, Basel, Switzerland) with a pulsatile pump (CP 7-35;
SOTAX AG) was used in open-loop mode. The pump was
validated to meet JP and USP standards, which stipulate that
a pump has an average flow rate with a 5% variation and a
pulsation of 120£ 10 pulse/min in the pulsatile flow. We con-
firmed compliance of the pump pulse by manual measure-
ments (120£0 pulse/min, n=3). As a non-pulsatile pump, a
double syringe pump equipped in a FT'C-1 system (Japan
Machinery Company, Tokyo, Japan) was connected to the
flow-through dissolution cell in the CE 7 system without
changing the peripheral devices (Fig. 1(a)). Following the man-
ufacturer’s instruction manual, routine validation and confir-
mation of the flow rate accuracy (+2%) were performed be-
fore use. Pulsatile flow with semi-sine wave and constant flow
were given by the pulsatile and non-pulsatile pumps, respec-
tively (Fig. 1(b)). The fluid flow was studied in two SOTAX
dissolution cells for tablets with inside diameter (i.d.) of
22.6 mm and 12 mm. A 5-mm ruby bead was set on the
bottom of the dissolution cell, and the conical space of the cell
was filled with about 6.25 g (22.6-mm i.d. cell) or about 0.75 g
(12-mm i.d. cell) of I-mm glass beads. Two layers of glass
filters with pore sizes 0.7 pm and 2.7 pm (Whatman Ltd.,
Maidstone, UK) were set at the outlet of the cell. A water bath
in the CE 7 system was used to control the temperature of the
dissolution medium before entering the cell and that of the
circulation water for the jacket covering the cell. The fluid
temperature at the cell inlet was regulated at 371+0.5°C, un-
less otherwise stated, by manually setting the water bath at
varied temperatures depending on the fluid flow rate, to com-
pensate the fluid cooling in the tube between the water bath
and the cell inlet, following the manufacturer’s instruction
manual. For example, the water bath was kept at 40.0°C
(4 mL/min), 38.2°C (8 mL/min) or 37.8°C (16 mL/min) to
achieve the designated fluid temperature (37+0.5°C). The
fluid temperature at the cell inlet and in the water bath was
measured using a thermometer connected to the CE 7 system.

For visualization of the water stream, a spoonful of nylon
beads (5 pm, Daicel-Evonik Ltd., Tokyo, Japan), representa-
tive tracer particles in the PIV system, was suspended in
deaerated distilled water by continuous stirring in a glass bot-
tle (1000 mL). The significantly low sedimentation rate of the
nylon beads in the water, calculated using Stokes’ law (3.9E—
4 mm/s), is ignored. The beads suspension was introduced
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Fig. I Schematics of (@) the PIV and flow-through cell system, (b) the volumetric flow periodicity from pulsatile (solid line) and non-pulsatile (dashed line) pumps,

and (c) the coordinate system used in recording data from the cell.

into the FTC system using a pulsatile or non-pulsatile pump
(Fig. 1(a)).

Positions in the flow-through dissolution cells are given by
horizontal (X-axis) and vertical (Z-axis) coordinates with the
origin at the center of the flat surface of the cone (Fig. 1(c)). In
this study, fluid velocities at a particular position where the
tablets are usually held during the dissolution test (referred to
as the “M position”, X=0 mm, {=15 mm) and other posi-
tions in the cross-sectional plane at =15 mm in both 12-mm
1.d. and 22.6-mm 1.d. cells were studied (Fig. 1(c)).

Visualization of Fluid Dynamics

Fluid flow profiles in a flow-through dissolution cell were ob-
tained using the PIV method. A VisiVector LS12-2D system
composed of a high-speed imaging laser and a high-
performance digital camera (Firefly Laser and PIV Cam S
QE CCD camera; Oxford Lasers Ltd., Oxon, UK) were used
to capture sequential pairs of images of the 2-D velocity field.
The imaging laser in the experimental setup (Fig. 1(a)) emits
two pulses of 808-815-nm infrared radiation to create a thin
vertical light sheet (approximately 1 mm thick) in one laser
triggering. Use of an infrared laser has an advantage in
avoiding contamination from environmental lights. The
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orientation of the laser sheet was adjusted to cross the center
of the dissolution cell. The duration of laser beam radiation
was set for 50 ps at a pulse separation of 9 ms between two
sequential pulses in a laser trigger. The time interval of the
laser triggers was set to 0.675 s (1.481 Hz); the frame rate of
the imaging camera was controlled to synchronize with the
laser trigger. One hundred paired images were captured
20 min after starting the pump flow.

Analysis of Fluid Flow Property

The instantaneous fluid movements at multiple positions were
obtained by cross-correlating each pair of images captured
within a short time span (9 ms). Paired images were analyzed
using VidPIV software version 4.6xp (Oxford Lasers Ltd.),
which performs cross-correlation, velocity and noise filtering,
and averaging. To obtain fluid flow profiles over an entire
pump cycle, a set of 100 pairs of images was obtained from
multiple pump cycles in a 0.675-s interval. Because the pump
cycles were repeated in a 0.5-s interval, appropriate multiples
of the pump cycle time (0.5 s) were subtracted from the mea-
surement time to obtain the “processing” phase time (0 s<P—
T,<0.5 s) of the data point (Fig. 2(a)). Having assumed that
flow patterns are repetitive and fluid flow profiles can be
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Fig. 2 lllustrations of sorting of sequentially captured images. (a) 100 sequential pairs of images were captured at a 0.675-s interval. (b) Images were sorted
following their P-T;, in the 0.5-s pump pulse, resulting in a set of 20 images at a 0.025-s interval.

patched, sorting of the instantaneous fluid velocity data fol-
lowing the P-T}, gives a periodic data set of 20 points in the
pump-pulse phase (Fig. 2(b), five cycles from 100 pairs of im-
age). Because of the independent function of the pump pulse
and the laser trigger, the P-T), starts at arbitrary times in the
pump cycle for each measurement. Hence, the pump time
(T},) for the analysis of the fluid flow property is obtained by
defining the time when the fluid velocity at the M position
shows maximum value as T, =0.125 s to give a better com-
parison of the change in flow between measurements. The
value was chosen because the discharge rate, assumed sinusoi-
dal, attains its maximum value at T},=0.125 s (15).

RESULTS

Visualization of Fluid Flow Profiles in a 12-mm i.d.
Dissolution Cell Using a Pulsatile Pump

Figure 3 shows the fluid flow profiles for a 12-mm i.d. cell at
the flow rate of 4 mL/min shown as the instantaneous velocity
vectors in the vertical 2-D field. The multiple arrows were
uniformly facing upward in all areas of the dissolution cell at
T,=0.125 s (Fig. 3(a)). In contrast, fluid velocities were
constrained and the vectors were randomly directed at time
point T,=0.375 s (Fig. 3(b)). Figure 4 shows the changes in the
vertical (Z-axis) flow velocity during the pump cycle (0.025-s
interval) at the M position for 12-mm i.d. cell at flow rates of 4,
8, and 16 mL/min. A smaller change in fluid velocity over
0.250<T,<0.475 s corresponds to a suction phase in the
pump cycle. The Z-axial velocity at the peak of discharge
(T, =0.125 5) varied with the average flow rate of pulsatile
pump. The results indicate that after sorting of the velocity
data the PIV analysis can identify changes in medium flow in
the FT'C during a pump cycle. Also, the small fluid velocity
during the suction phase signifies that the ruby bead acts as a
check valve.

Figure 5 shows the time-dependent change in the vertical
flow during a pump cycle in each different X-axis position in a
cross-sectional plane (15 mm height). The graphs indicate
similar flow rates at the cell center and outer region at the
low flow rate of 4 mL/min (Fig. 5(a)). The uniform fluid flow
can be observed in supplementary video 1. Flow uniformly
directed upward was also observed over all areas at flow rates
of 8 and 16 mL/min (data not shown). At these higher flow
rates, analysis of these cells show faster local flow near the
center of the dissolution cell (X=0 mm) compared with the
flow at the outer region.

Visualization of Fluid Flow Profiles in a 22.6-mm i.d.
Dissolution Cell Using a Pulsatile Pump

Next, we investigated fluid flows in the larger (22.6-mm 1.d.)
cell at flow rates of 4, 8, and 16 mL/min using the pulsatile
pump. Figure 6 shows the instantaneous velocity vectors in the
vertical 2-D field in 22.6-mm i.d. cell (4 mL/min) at the dis-
charge (T,=0.125 s) and suction (T},=0.375 s) phases. These
figures clearly show the variation in the flow depending on the
pump phase and the area (Fig. 6). The test medium flows
upward at T},=0.125 5. The velocity of the fluid near the inner
wall was higher than that in the center of the dissolution cell
(Fig. 6(a)). The medium around the center moves downward
during the suction phase (T}, =0.375 s) while an upward flow is
observed in the outer region (Fig. 6(b)). Figure 7 indicates
vertical fluid flow velocities at the M position of the 22.6-
mm 1.d. cell obtained for all three flow rates. While the values
are positive during the discharge phase (0<T,<0.200 s), the
values remain constant and negative during the suction phase
(0.225 s<T,<0.475 s) at flow rates of 4 and 8 mL/min. The
fluid flow profiles at the different horizontal positions clearly
indicate temporary downward flow near the center of the
dissolution cells (Fig. 8(a) and (b)). The figures also indicate
faster vertical fluid flow in the outer area compared with those
in the cell centers at all time phases. The downward flow
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around the center of the cells was not observed at flow rates of
16 mL/min (Fig. 8(c)).

Comparison of Fluid Flow Profiles in a Dissolution Cell
Between the Use of Pulsatile and Non-Pulsatile Pumps

EP, USP, and JP prescribe the use of non-pulsatile or certain
pulsatile pumps in FTC tests; however, limited information is
available on how the pump types affect flow profiles and dis-
solution of formulations in the FT'C system. We compared the
fluid dynamics in the system using the pulsatile and non-
pulsatile pumps. Figure 9 shows the change in volumetric flow

12
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Fig. 4 Vertical (Z-axial) flow velocities at the M positon (X=0 mm, Z=
I'5 mm) during a pump pulse (flow rate: 4—16 mL/min, | 2-mm i.d. dissolution
cell). Each result represents the mean == SD of three identical experiments.
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rate during a pump cycle at a flow rate of 8 mL/minin 12 and
22.6-mm i.d. cells. The volumetric flow rates were calculated
by integrating over the vertical velocity at =15 mm shown in
Figs. 5(b) and 8(b) with respect to X-axis. The much smaller
variation in the volumetric flow rate indicates supply of a non-
pulsatile flow into both 12 and 22.6-mm i.d. dissolution cells
(Fig. 9). In addition, the velocities using a non-pulsatile pump
were comparable to the setting flow rate of 8 mL/min in both
size of cells.

Figure 10 indicates time-averaged flow profiles obtained
for the horizontal cross-section at =15 mm in the systems
using the pulsatile and non-pulsatile pumps (flow rates: 4—
16 mL/min). To compare the fluid flow profiles using these
pumps, the averaged vertical velocities over a 20 time phase
(i.e., one pump pulse) in each sampled X-axis position were
plotted. Many curves in the figure showed similar profiles in
the average vertical flow in the systems using the pulsatile and
non-pulsatile pumps (Fig. 10). The profile in the non-pulsatile
system also shows faster fluid flow in the outer region at flow
rates of 4 and 8 mL/min in the 22.6-mm i.d. cell (Fig. 10(d)
and (e)). These results indicated that, despite the periodic
change in fluid velocity in the pulsatile pump, there was no
apparent difference in the time-averaged fluid flow profiles
between the pulsatile and non-pulsatile pumps.

Effect of Temperature Gradient in the Test Medium
on Fluid Flow Profiles

A previous study involving an MRI experiment (19) discussed
a possible contribution from the temperature gradient in the
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Fig.5 Changes in profiles of vertical fluid velocity during a pump cycle in each different X-axis position in the cross-section (Z = |5 mm) (flow rate: 4—16 mL/min,
[2-mm i.d. dissolution cell). Each result represents the mean of three identical experiments.

test medium 1n the flow-through dissolution cells and a corre-
sponding natural convection as the cause of the instantaneous
downward flow observed in some systems. In the present FT'C
system, the temperature gradient also has the potential to
induce natural convection strongly affecting fluid flow profile.
The temperature of the test medium in the particular FT'C
system cell is controlled both by the supplied medium and the
circulation water jacket holding the cell (Fig. 11(a)). The pos-
sible differences in temperature between the medium entering
the cell and the inner cell surface should result in the temper-
ature gradient inducing the natural convection. We thus in-
tentionally altered these parameters to clarify the cause of the
downward flow observed in the 22.6-mm i.d. cell (4 mL/min).
Figure 12(a) indicates flow profiles obtained under conditions
that possibly reduce the temperature gradients. Absence of a
water-bath temperature control kept both the test medium at
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the cell inlet and the circulation water at the same tempera-
ture (26.7°C, Table I, Fig. 11(b)). The PIV analysis indicated
uniform upward flow over a wide area of the cell (Fig. 12(a)).
Raising the water-bath temperature (30.0, 35.0°C) reduced
the averaged vertical velocity in the center, and concomitantly
increased the flow near the inner wall. The higher water-bath
temperature increased the temperature difference from that of
the test medium at the cell inlet (Table I, Fig. 11(a)). This
strongly suggests a contribution from the temperature differ-
ence between the cell wall and introducing media, and hence
the resulting temperature gradient of the media in the center
and outer region of the cell, in generating natural convection
in the dissolution cell.

In another experiment, we introduced conditions by which
the medium entering the cell has a higher temperature com-
pared with the water temperature in the cell jacket. We heated
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Fig. 6 Instantaneous fluid velocity vectors in a vertical 2-D field at (a) discharge (T, =0.125 s) and (b) suction (T, =0.375 s) phases using a pulsatile pump (flow
rate: 4 mL/min, 22.6 mm i.d. dissolution cell). The color scale corresponds to the absolute velocity. Each result represents the mean of three identical

experiments.
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only the inflowing test medium to maintain a temperature of
3720.5°C by setting the bath temperature at 40.0°C, and
closing the water circulation heating the cell jacket
(Fig. 11(c)). Interestingly, the PIV analysis gave a continuous
downward flow in the outer region and a faster vertical flow
inside (Fig. 12(b)). These results demonstrated that the in-
duced reverse temperature gradient induced the downward
flow of the medium at different positions in the 22.6-mm 1.d.
cell at the lower flow rate.

DISCUSSION

The PIV analysis allowed visualization of short-term (during a
pulse) and long-term (averaged) fluid flow profiles at multiple
points inside the dissolution cell installed in a FT'C apparatus.
The fluid flow inside the cells followed the pump-pulse cycle.
The visualization would be a powerful tool to understand the
effect of hydrodynamic flow on the dissolution rate of formu-
lations in the flow-through dissolution cell (3,4,7). The
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Fig. 9 Change in volumetric flow rate during a complete stroke of pulsatile
pump (flow rate: 8 mL/min, 12 and 22.6-mm i.d. dissolution cell). The vol-
umetric flow rates were calculated by integrating over the vertical velocity at
Z =15 mm shown in Figs. 5 and 8 with respect to the X-axis. Changes in the

volumetric flow rate in the non-pulse pump system during the period are also
shown. Each result represents the mean of three identical experiments.

advantage of the PIV system is its applicability to the FT'C
system without changing the FT'C system composition, which
results in the evaluation of real flow profiles. Our study dem-
onstrated a large contribution to the temperature gradient in
the media that partially depends on the composition of the
FTC system and on the fluid flow property. In relation to the
CFD study (15), the peak velocity at discharge phase (T},=
0.125 s) at a flow rate of 16 mL/min in 22.6-mm i.d. cell in
the current work was about two-thirds (about 2.0 mm/s vs
3.0 mm/s). In contrast, the flow velocities at T,,=0.625 or
0.1875 s were comparable. Isothermal condition in CFD sys-
tem would be one reason for these differences in fluid-flow
profiles. Moreover, the results support previous reports on
the presence of a downward flow at lower flow rates in the
MRI analysis. The natural convection induces faster upward
flow in the warmer area and a concomitant slower or

(a) 4 mi/min (b) 8 ml/min (c) 16 ml/min
T, (sec) T, (sec) T, (sec)
----- 0.025-0-0.075-4~ 0.125-0-0.175~- 0.225 - 0.025-0- 0.075-# 0.125-0-0.175~- 0.225 ++=0.025-0- 0.075-4 0.125-0-0.1750- 0.225
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Fig.8 Changes in profiles of vertical fluid velocity during a pump cycle in each different X-axis position in the cross-section (Z = | 5 mm) (flow rate: 4—16 mL/min,
22.6-mm i.d. dissolution cell). Each result represents the mean of three identical experiments.
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Fig. 10 Comparison of averaged Z-axial fluid velocities at several positions in cross-section (Z = |5 mm) using pulsatile and non-pulsatile pumps (flow rate: 4—
[6 mL/min with dissolution cell of (upper) 12-mm and (lower) 22.6-mm i.d.). The Z-axial velocities in 20 time phases over one complete pump cycle were
averaged and plotted. Each result represents the mean of three identical experiments.

downward flow in the cooler region. However, the area
flowing downward direction in the present study was different
from that in the MRI analysis. The constant downward flow
near the inner wall due to the cooler cell wall, as indicated by
the flow profile shown in Fig. 12(b), was reported in the larger
cells (19). Alteration of the system setting required for the MRI

analysis (e.g., removal of the dissolution cell from the system
and use of adhesive insulating foam instead of a water jacket)
can explain some differences in the observed flow profiles
between the studies.

The observed difference in the instantaneous flow between
the cell center and outer layer, including the occurrence of the

(@) (b) ()

Jacket Jacket I I Jacket
Tempgrature Tempgdrature Tempgdrature
Lower| | Higher Similar Higher| | Lower

T 1:

.

Water bath: = 40.0 °C
Test medium: = 37.0 °C

Water bath: = 40.0 °C
Test medium: = 37.0 °C
Cell wall: > 37.0 °C Cell wall: = RT Cellwall: < 37.0 °C
Jacket: = 40.0 °C Jacket: = RT Jacket: = RT
Fig. Il Schematics of the system operation at different test medium and water bath temperature settings. (@) Warmed test medium and water for a jacket were

introduced into the system. (b) Test medium and water at room temperature (RT) were introduced into the system. (c) Water jacket was filled with water at RT
and warmed test medium was introduced into the cell. The water circulation for water jacket was unactuated.

Water bath: = RT
Test medium: = RT
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Fig. 12 Effect of water temperature in the water jacket and in the dissolution cells on the averaged vertical fluid velocities at several positions in the cross-section
(Z=15 mm) using pulsatile pump (flow rate: 4 mL/min, 22.6-mm i.d. dissolution cell). (@) The water bath temperature was set to 30.0, 35.0°C, or room
temperature (no heating). (b) The water bath temperature was set to 40.0°C and the water circulation was stopped. The vertical fluid velocities in 20 time phases

over one complete pump cycle were averaged and plotted. Each result represents the mean of three identical experiments.

downward flow, can be reduced by minimizing the tempera-
ture gradient of the medium that causes the natural convec-
tion in the cell. It is possible that the normal setting of the
apparatus keeps the temperature of the test medium near
the inner wall warmer than that around the center of the
dissolution cell in the FTC system. The temperature of the
test medium in the dissolution cells is controlled by both pre-
heating with the water bath and the water jacket holding the
cells. The test medium pre-heated in the water bath was
cooled 1n fine-bore tubes that pass through before entering
the dissolution cells. The temperature drop should be more
apparent at lower flow rates. In contrast, the circulation water
should lose less heat before entering the cell jacket because the
water flows through one large-bore tube from the water bath
to the main unit of FT'C system at higher flow rates (390 mL/
min, measured), immediately before being channeled through
the seven short tubes connected to the water jacket. Possible
cooler medium entering the cell through the long thin tube
and warmer outer layer medium contacting the higher tem-
perature cell wall should induce a temperature gradient at low

Table |  Set and Measured Temperature in FTC System 20-min After
Starting of Pump at Flow Rate of 4 ml/min

Setting temperature of water bath (°C)  Not heating  30.0 35.0 40.0

26.7
26.7

30.0 350 400
294 33.6 370

Circulation water in water bath (°C)
Test medium at cell inlet (°C)

@ Springer

flow rates. Moreover, the calculated cross-sectional velocities
under these conditions were exceptionally low; therefore, the
effect of natural convection should become apparent at the
lower flow rate (17). The apparent dependence of the flow
profile on the medium and cell jacket temperatures empha-
sizes the relevance of an appropriate temperature control
(e.g., use of a thermal insulator) to establish robust flow-
through dissolution tests. The complex flow can explain the
limited effect of flow rates on dissolution profiles in the tests
using the 22.6-mm i.d. dissolution cell (4,21,22).

The flow-through dissolution test standardized in USP, EP,
and JP permits the use of pulsatile and non-pulsatile pumps.
To our knowledge, there are few studies comparing the hy-
drodynamic properties in the dissolution cell between the pul-
satile and non-pulsatile pumps. The systems with the pulsatile
and non-pulsatile pumps showed similar averaged vertical
flow profiles in this study. These similar averaged flow profiles,
however, cannot assure the same dissolution profiles of test
formulations in the systems with these pumps. Varied flows
and associated pressure changes at the formulation surface
during the pump pulse can affect the dissolution profile of
the formulation. The regional instantaneous downward flow
observed in some flow conditions in the pulsatile pump system
can also affect dissolution. Parallel studies of the hydrodynam-
ic property and dissolution profiles would clarify their rela-
tionship. Moreover, two types of the pulsatile pump sending
a semi-sine wave or a full sine wave were reported (23). The
former is the pump we used in the current study, but the latter
needs to be investigated. The effect of other conditions such as
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glass-bead size on the fluid flow profiles and the formulation
dissolution are also intriguing topics for further elucidation
(5,24).

CONCLUSIONS

The fluid flow profiles in flow-through dissolution cells were
evaluated using PIV analysis. Availability of precise flow in-
formation in actual apparatus settings would enable robust
flow-through dissolution tests to be established. Better control
of the medium temperature should reduce the irregular flow
caused by natural convection. The effects of sample formula-
tions on the flow profile and how they affect the dissolution are
intriguing topics that require elucidation.
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