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Dissolution at porous interfaces V.
Pore effects in a parallel-plate dissolution cell
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Summary

A parallel-plate dissclution cell is introduced as a method to study the effect of
pores on the dissolution rate of a tablet surface.

By measuring the dissolution rate of a smooth surface under various flow
conditions it is confirmed that the experimental behaviour of the cell complies with
hydrodynamic theory. The value of the diffusion coefficient calculated from these
results is equal to the one found in a previous rotating disk study.

The critical pore diameter that is obtained from dissolution experiments with
porous surfaces in the cell is in full agreement with the value predicted on basis of
the results with the rotating disk technique and the theoretically calculated friction
velocity at the surfaces of the parallel-plate dissolution cell.

Introduction

Recently we reported on the use of a centrifugal stirrer apparatus (Grijseels and
de Blaey, 1981), a rotating disk technique (Grijseels et al.,, 1983a and b) and a
natural convection dissolution cell (Grijseels et al., 1983c) to investigate the effect of
pores on the dissolution rate of a surface. In the present paper we describe a
thin-layer flow cell to study the behaviour of pores in a parallel-plate poiseuille flow.
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Theoretical background ,

For a surface with length, £, and width, b, dissolving in a poiseuille flow between
two parallel plates the convective diffusion theory of Ievich (1962) provides the
possibility to predict the theoretical dissolution rate. i nder sink conditions the
following equation is valid (Grijseels et al., 1981):

71 1/3
R=1.47CS-D2/3(§) b. 42 (1)

For convenience all symbols are listed in Table 1. Shah and Nelson (1975) found a
quite satisfactory agreement between this theoretical equation and experiments
performed in a parallel-plate cell, when they varied solubility, diffusion coefficient,
flow rate and surface dimensions.

A variety of cells based on the same hydrodynamic principles were developed in

TABLE |
LIST OF SYMBOLS

Symbol Explanation Units

b width of dissolving surface {m)

€ distance from leading edge of surface in direction of flow (m)

C. solubility (kg-m™Y)
d distance between parallel plates (m)

deric critical pore diameter (m)

D diffusion coefficient (m*.s7

H length of inlet section (m)

k, constant

£ length of dissolving surface (m)

L length of conduit (m)

P pressure (N-m™?)
P probability

Q flow (s Y

R dissolution rate (kg's™

Re Reynolds number

S.D. standard deviation
u velocity (m-s"")
] mean velocity in flow direction (m-x™h
U s maximum velocity in flow direction (m-s 1
Vi friction velocity (m-s )

; width of flow channel (m)
X distance in flow direction (m)
¥ distance normal to parallel plates (m)
ap driving pressure (N-m™?)
AR increase of the dissolution rate per pore tkg-s
n dynamic viscosity (kgem” s h
v kinematic viscosity (m*.s™h)

fluid density (kg-m™ )

ih shear stress (N-m™?)
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electrochemical studies. Swartzfager (1976) and lkenoya et al. (1978) found values of
0.33 and 0.3, respectively, for the exponent in the relationship between mass transfer
and flow rate. Brunt and Bruins (1979) erroneously applied the Levich equation for
convective diffusion at a semi-infinite plate to their thin-layer cell and therefore
expected a square- instead of a cube-root relationship between mass flux and flow
rate. However, their data also are fitted better by a value of about 0.3 for the
exponent of G.

Hydrodynamics in the dissolution cell (Fig. 1)
The laminar fluid flow between two parallel plates separated by a distance, d, is
characterized by a parabolic velocity profile of the form (Beek and Muttzall, 1975):

w=ua(1-(252)) (2)
In such a poiseuille flow u,,,, is defined as:

AP- ¢?
Ymax =g L (3)

where AP is the driving pressure across the conduit of length L. The luminar flow
regimen between two plates can be divided in two regions. Next to the fully
established poiseuille flow described by Egn. 2, a so-called inlet-section H exists,
where the hydrodynamic boundary layers are still growing before the equilibrium
poiseuille state is reached (Grijseels et al., 1981). Van Wagenen and Andrade (1980)
emphasize the importance of taking the length of the inlet-section into account
during the design of a parallel-plcte system. This length H can be computed from

H=k,-d-Re (4)

Values of k, ranging from 0.013 to 0.05 are given by different authors (Bird et al.,
1960; Levich, 1962; van Wagenen and Andrade, 1980). The length of H, calculated
under the most extreme conditions during our experiments (Q=1.00 ml-s~',
d = 5.0 mm, k, = 0.05), amounts to 9 mm, whereas the distance from the inlet port
to the leading edge of the dissolving surface is over 150 mm. This ensures that the
tablet surface is always exposed to a completely established poiseuille flow.

In a previous paper (Grijseels et al., 1983b) we reported on the influence of pores
drilled into the surface of a rotating disk with respect to the hydrodynamics. It was
established that the critical pore diameter, which is the diameter an individual pore
must exceed to cause an increase of the dissolution rate. is inversely proportional to
the friction velocity at the surface of the rotating disk:

dcril 3—2-:;,29 (5)
f

An important objective of the present study is to investigate whether the pore
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effects observed with the rotating disk technique are transferable to other hydrody-
namic systems. For that purpose knowledge of the size of the friction velocity at the
surfaces of the parallel-plate cell is necessary. According to Beek and Muttzall (1975)
the shear stress on the wall (y = 0) is given by:

d dP
== 8 6
77 ax (©)

Replacing dP/dx by AP/L and combining Eqns. 3 and 6, we find

fO — d max (7)
Since in a poiseuille flow between two plates u,,, =1.5-0 and u = wi-d’ Eqn. 7
can be simplified to

6-1-Q
Kinteeyre (8)

The friction velocity at the wall is defined as vf=(%)‘/ 2 (Levich, 1962), and

therefore

= ”

This equation allows us to calculate the friction velocity at the dissolving surface as a

function of flow Q, kinematic viscosity » and the dimensions of the flow cross-sec-
tion, d and w.

Experimental

The flow cell is a modification of the dissolution cell designed by Shah and
Nelson (1975). As can be seen in Fig. 1 the rectangular cell consists of two plastic
plates which are tightened together by bolts and nuts. In the lower surface of the top
plate a rectangular, 50 mm wide flow-channel is cut out. On both ends the
flow-channel narrows gradually towards the circular in- and outlet ports.

The standard height of the channel is 2.0 mm, but by means of appropriate
spacers the effective distance between top and bottom plate can be varied up to 12.0
mm. The dissolving compound is compressed to a tablet in a metal die, which can be
installed in the bottom plate of the dissolution cell. The dissolving, rectangular
<urface of the tablet (30.5 X 15.2 mm) is flush with the surfaces of the die and the
bottom plate. The die can be positioned in the cell in two different orientations: with

the long axis of the dissolving surface either parallel or perpendicular to the
direction of the flow.
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Fig. 1. Parallel-plate dissolution cell in top- and side-view. Symbols are explained in Table 1.

By means of a conventional flow system with a pump, constant head tanks and a
flowmeter, demineralized water of 20.0 £+ 0.2°C was led through the dissolution cell
at a constant flow rate. Freshly boiled water was used to avoid the occurrence of air
bubbles in the flow system, that would disturb the poiseuille flow profile in the
dissolution cell or affect the flow rate.

The cell was positioned to give a horizontal flow with the tablet surface dissolving
in upward direction to minimize natural convection cffects.

Nicotinic acid was chosen as test compound for the dissolution experiments. It
was used as supplied and met the requirements of the European Pharmacopoeia
(1975). The solubility of nicotinic acid in demineralized water was determined
previously (Grijseels et al., 1983a) as 15.4 kg - m > (at 20.0°C). In the same study we
measured a value of 0.72 X 1072 m? - s ™! for its diffusion coefficient by means of the
rotating disk technique.

Via a spectrophotometer, where the absorbance was measured at a wave length of
259 nm, the effluent was led to a sink. A microcomputer collected the output signal
of the spectrophotometer 50 times every 10 s and computed and stored the mean
value. After the surface was wetted, the dissolution process stabilized in 2-3 min.
The mean dissolution rate was calculated from the combination of the flow rate and
the concentration data collected between 5 and 15 min after the start of the
experiment.

Calibration was achieved by running a standard solution through the spectropho-
tometer. All experiments were performed in triplicate to allow further statistical
calculations.

Results and Discussion

Compliance with theory
To test whether our parallel-plate cell complied with theory, we measured the
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dissolution rate of intact tablet surfaces as a function of the fluid flow (Q = 0.40,
0.56, 0.67 or 1.00 ml - s~ '), the orientation of the tablet (£=30.5 mm and b= 15.2
mm or vice versa) and the channel height (d = 2.0 or 5.0 mm). According to Eqn. 1,
a plot of the dissolution rate versus (i)!/*-d~'/? - b - £?/? should give a straight line
with slope 1.47-C,-D?/3. Fig. 2 shows that a linear relationship indeud exists.
Moreover, using the values of C, and D determined previously in rotating disk
studies, the theoretically predicted line was also drawn in Fig. 2. Clearly the
compliance of the cell with the hydrodynamic theory is very good.

By means of linear regression, analysis of the experimental data a value of
0.71 X 107 m?- s~ ! was computed for the diffusion coefficient, D. This value is in
excellent agreement with the value of 0.72 X 107° m? - s ! determined in the rotating
disk apparatus.

Critical pore diameter

In previous rotating disk studies it was found that cylindrical pores in a surface
can increase the dissolution rate of that surface, provided that the pore diameter
exceeds a certain critical value. For relatively deep pores, with a depth : diameter
ratio over 1.5, the increase of the dissolution rate due to one pore, AR, appeared to
be directiy proportional to the difference in actual and critical pore diameter. Fig. 3
shows the surface of a tablet with pores drilled side by side perpendicular to the flow
direction. During the dissolution experiments troughs develop downstream of each
pore due to enhanced erosion as a consequence of the provoked turbulence. The
development of the trough is measured as an increased dissolution rate and Fig. 4
demonstrates that in the parallel-plate flow pores behave essentially the same as in a
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Fig. 2. Dissolution rate of a smooth nicotinic acid surface at different hydrodynamic conditions, The

squares represent experimental data: all standard deviations fall within the drawn symbols. The drawn
line is predicted theoretically.
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Fig. 3. Photograph of the surface of a nicotinic acid tablet after a dissolution experiment of about 30 min.
Four pores with a diameter of 1.50 mm were drilled side by side in the tablet surface.

rotating disk surface. Least-squares regression analysis of the data in Fig. 4 gives a
value for the critical pore diameter of 0.51 + 0.05 mm.

By means of Eqn. 9 the friction velocity at the tablet surface was calculated:
vi=549mm-s” ' (y=1.004 X 10~ ¢ m?- s~ ! at 20.0°C). and with the relationship in
Eqn. 5 a value of 0.49 mm would have been predicted for d_,;,. This remarkably
good agreement leads to the conclusion that pores behave identically in the laminar
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Fig. 4. Increase of the dissolution rate per pore (4R) as a {unction of the pore diameter. d =2.0 mm:
Q=100 ml-s™!; b=152 mm; £=30.5 mm. The points are connected by the least-squares regression
line. Vertical bars represent the standard deviation. If not shown they fall within the drawn symbol.
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flow regimens at a rotating disk and in a parallel-plate cell.

According to Eqns. 2 and 9, in the fully established poiseuille flow neither the
velocity profile nor the friction velocity vary along the surface in the direction of the
fluid flow. So from a hydrodynamic point of view all parts of the dissolving surface
are equal. However, the thickness of the diffusion layer, that develops past the
dissolving surface, increases with the distance from the leading edge of the surface.
In fact this is the opposite case of the rotating disk where the diffusion layer has a
constant thickness over the entire surface, but where the friction velocity increases
with the distance from the disk centre. When the laminar character of the boundary
layer flow is disturbed by the presence of a pore, the diffusion layer is affected too.
Downstream of the pore the diffusion layer thickness is diminished considerably due
to the provoked turbulence (Grijseels and de Blazy, 1981). This causes locally an
enhanced dissolution flux, which results in the troughs that are present in the eroded
tablet surfaces. The length of the trough seems a good indication for the distance the
turbulence zone extends. Another approach to determine the trough length was
achieved by drilling pores at varying distances from the leading edge of the
dissolving surface. In Fig. 5 the dissolution rate of a surface with pores is plotted
versus the distance between the leading edge of the tablet surface and the pores
which lie side by side downstream in the surface. The results demonstrate that
irrespective of their position the pores give an increase of the dissolution rate with
regard to a smooth surface (dashed line). The dissolution rate increase seems to be
almost independent of the distance of the pores from the leading edge. Only in the
case where the pores lie very close to the tailing edge of the surface (¢ = 29.5 mm) is
the increase smaller, probably since the troughs end abruptly at the edge of the
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Fig. 5. Dissolution rate of a surface with pores versus the distance between the leading edge of the surface
and the pores. d = 2.0 mm; Q=100 ml-s™ % b =152 mm; £ = 30.5 mm; 6 pores (diameter 1.20 mm;
depth 1.7 mm) situated side by side in the surface. Vertical bars represent the standard deviation.
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Fig. 6. Orientation of pores in experiments to determine the effective trough length; pore diameter 1.20
mm.

tablet surface (c = 30.5 mm). This result demonstrates that under the prevailing
hydrodynamic conditions the trough length behind the pores is quite small. In any
case the troughs are not much longer than the visible length of about 2-3 mm. The
turbulence generated by the presence of a pore is dampened quickly and the
disturbed laminar flow is re-established within a short distance from the pore.

This finding was confirmed by the following experiment: parallel to the flow
direction two rows of 8 pores each were drilled at equidistant intervais of 3 mm
between the axis of succeeding pores (Fig. 6). The mean dissolution rate of that
surface was 48.37 ug- s~ ! (S.D. = 0.28 pg- s~ '), which corresponds to an increase of
the dissolution rate per pore, 4R, of 0.14 + 0.02 pg- s~ '. The mean value of AR of
the pores in Fig. 5 lying between 3 and 24 mm from thc leading edge of the surface
is 0.16 £ 0.04 ug-s~'. These AR values do not differ significantly (P = 0.95). so the
pores lying downstream of other pores seem to act independently with respect to the
increase of the dissolution rate. This is another indication that the turbulence
provoked by a pore is dampened within about 2 mm under the prevailing hydrody-
namic conditions in the parallel-plate dissolution cell.

-Conclusions

The results obtained lead to the conclusion that the parallel-plate dissolution cell
agrees with the theoretical predictions. In laminar flow the experimentally de-
termined dissolution rate of a smooth surface agrees with theory in a wide range of
hydrodynamic conditions. The measured critical pore diameter is in excellent
accordance with the value predicted on basis of previous results obtained with the
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rotating disk technique. Since a complete knowledge of the hydrodynamics in the
parallel-plate cell is available, this apparatus provides a supplementary technique for
studying the effects of pores on the dissolution rate next to the rotating disk method.
It provides the opportunity of investigating pore effects at much lower Reynolds
numbers without being subjected to natural convection.
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