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Summary

Permeametry surface areas which compared favourably with surface areas calculated from analysis of granule dimensions by
microscopy and ring gap sizing were measured with a steady-state and a transient permeameter for beds of coarse (0.9-1.0 mm),
spherically shaped, porous granules. The permeametry surface areas were calculated with an aspect factor pre-determined on beds
of mono-dispersed steel balls and with an effective bed voidage calculated from the effective particle density of the granules. The
permeametry methods were also found to be capable of giving significantly different surface areas between granule masses of
similar granule size but of small differences in granule shape. Hence, the air permeametry principle is suitable for the assessment
of the external surface area and the geometrical shape (sphericity) of granules. As test materials, six granule masses (microcrystal-
line cellulose-lactose mixtures) prepared by extrusion-spheronization were used.

Introduction

Aggregation of particles into granules is a
common procedure in pharmaceutical produc-
tion. Granules are normally processed further
and the processing procedure governs the re-
quirements concerning the physical properties of
the granules. For granules which should be
coated, the particulate characteristics are of spe-
cial importance and ideally, monosized smooth
spheres is the goal of the aggregation process, in

Correspondence to: G. Alderborn, Department of Pharmaceu-
tics, Uppsala University, Box 580, S-751 23 Uppsala, Sweden.

order to obtain a reproducible coating layer with
respect to thickness and surface area. Conse-
quently, methods for the assessment of granule
shape and external surface area are important for
a comprehensive characterization of pelletized
granules.

Different methods have been suggested in the
literature for the quantification of the sphericity
of particles, e.g., the ratio between different par-
ticle diameters (Ridgway and Rupp, 1969; Bed-
dow et al., 1976) or the calculation of the one
plane critical stability (Chapman et al., 1988) of a
particle. In these cases, the analysis is normally
based on microscopy measurements of particles
which rest in their most stable position. This
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means that the obtained shape factor is based on
a two-dimensional analysis of the particles, i.e., of
their length and breadth. However, shape is also
related to the third dimension of a particle, i.e.,
thickness. The most well known shape factor,
which describes the three dimensions in one fig-
ure, is the surface to volume shape coefficient
developed by Heywood (1954).

Two alternative ways of assessing this surface
to volume shape coefficient for particles have
been presented. The first one is based on the
measurement of all three particle dimensions
(Nystrom, 1978). The other alternative combines
measurements of the external surface area and
the surface to volume diameter of the particles,
normally measured as the projected area diame-
ter when the particles rest in their most stable
position (Heywood, 1954). This latter alternative
is attractive because it excludes the need for
thickness measurements of particles, which re-
quires a special technique, such as the ring gap
sizer (Nystrom, 1978). Furthermore, the external
surface area in itself is an important characteris-
tic of pelletized granules.

We have earlier shown (Eriksson et al., 1990)
that the air permeability principle can be used to
assess the external surface area of coarse parti-
cles. However, the application of the technique to
pelletized granules, i.e., coarse, porous particles,
has not yet been evaluated. Potential difficulties
of the measuring principle in relationship to
granules concern, firstly, the determination of the
effective voidage of the granule bed, secondly,
the use of a suitable aspect factor within the
permeability equation in order to obtain an accu-
rate surface area value and, finally, the capacity
of the method to detect small surface area differ-
ences between granule masses, e.g., due to small
changes in granule shape.

The intention behind the following study was
therefore to investigate the possibility to assess
the external surface area of pelletized granules.
The questions of a suitable aspect factor in the
permeability equation for such measurements, the
estimation of the effective voidage and the ability
of the method to detect small differences in gran-
ule surface area are addressed. As a model sys-
tem for this study, a series of granule masses with

small surface area variations were prepared by
collecting a consistent sieve fraction from a num-
ber of granules obtained by extrusion-spheroniza-
tion.

Experimental

Preparation of granules

Lactose (crystalline, a-monohydrate, DMV,
The Netherlands) and microcrystalline cellulose
(Avicel PH 101, FMC Inc., U.S.A.) in the propor-
tions 85:15% by weight, were dry mixed in an
intensive mixer (Eirich RO 2) for 1.5 min. A
predetermined amount of water was then added
at a flow rate of 0.5 ml/min and the wet mass
was mixed for 2 min. The wet mass was extruded
in a radial screen type extruder (NICA Extruder
E 140) with screen openings and a screen thick-
ness of 1 mm at an extrusion rate of 2000 g/min.
The extruded mass, 400 g, was thereafter
spheronized (NICA Spheroniser 320) with a 320
mm spheronizing plate and the wet granules were
finally dried in a fluid bed drier (NICA FB Labo-
ratory drier) at an air inlet temperature of 70°C
for 10 min to an outlet temperature of 50°C.

By varying the amount of water and the pro-
cess conditions during the spheronization, six
granule masses were produced (Table 1). From
each batch, the sieve fraction 0.9-1.0 mm was
separated by hand sieving with laboratory test
sieves. These granule masses represent materials
with a consistent size but with a small variation in
granule shape.

Ball bearing balls in stainless steel (SKF, Swe-
den) was chosen as a suitable material to deter-
mine an aspect factor for these types of materials.
The steel balls are considered as perfect spheres
with an extremly narrow size distribution and
with a very smooth surface texture. The steel
balls were used as supplied and the size for the
balls was 1000 pm, the density 7.7 g/cm’ and the
surface to volume shape coefficient (Heywood,
1954) was visually estimated to 6.0.

Characterization of granules
The sampling of the granules for the granule
characterization was in all experiments per-
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Processing parameters during pelletization and densities of granules
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Granule mass Processing parameters Densities Porosities

(=) Water  Spheronization Spheronization Apparent Effective Granule Voidage of Voidage of
content time speed particle particle porosity granule bed ® granule bed ®
(%) (min) (rpm) density density (%) (%) (%)

(g/cm®)  (g/cm?)

A 25.0 6 550 1.54 1.24 19.5 40.2 40.3

B 245 2 550 1.54 1.24 19.5 41.0 40.5

C 25.0 3 750 1.54 1.26 18.2 41.1 40.7

D 25.0 6 750 1.54 1.27 17.5 40.1 39.8

E 24.5 4 750 1.54 1.27 17.5 40.9 39.9

F 24.5 6 750 1.54 1.28 16.9 404 40.8

2 For the transient permeameter.
b For the steady-state permeameter.

formed by a spoon due to the narrow size distri-
butions of the materials.

Densities The apparent particle density of the
granules, which excludes open pores and includes
closed pores (B.S. 2955:1958), was measured in
an air comparison pycnometer (Model 930, Beck-
man, U.S.A.). Presented results are mean values
of three determinations. The effective particle
density, which includes open (a radius smaller
than approx. 7 um) and closed pores (B.S.
2955:1958), was measured using a mercury dis-
placement method (Strickland et al., 1956; Wik-
berg and Alderborn, 1990).

The porosity of each granule mass was calcu-
lated from the density values.

Size The granules were photographed in a
Vanox Universal Research Microscope (Japan)
and the projected area diameter was thereafter
measured with a particle size analyser (Zeiss
TGZ3, Germany) for at least 100 granules from
each granule mass. Because of the narrow size
distribution of the sieve fractions, this number
was considered to be sufficient to obtain a good
estimate of the mean granule size. The median
and the surface to volume diameter (Allen, 1981a)
based on a number distribution were determined
from these size distributions. Also the length and
breadth of the granules were determined from
the photographs by measurements with a ruler,
for at least 100 granules, and the median granule

size based on a number distribution were calcu-
lated.

Finally, the thickness of the granules was de-
termined by a ring gap sizer as described earlier
(Nystrém, 1978). A sample of 1 g was used for
this analysis. Also here, the median granule size
based on a number distribution was calculated.
Mean values of three determinations are pre-
sented.

Shape from microscopy analysis Samples from
all granule masses were photographed in a scan-
ning electron microscope (Philips SEM 525, The
Netherlands), and with the aid of these photomi-
crographs, a qualitative estimate of the shape and
the surface texture of the granules was obtained.

As quantitative measures of the granule shape,
some shape factors were calculated from the size
analysis. Heywood’s surface to volume shape co-
efficient (Heywood, 1954) was calculated as de-
scribed by Nystrém (1978) with values of C and
a, assuming the rounded geometrical form. This
shape coefficient includes measures of all three
size dimensions of a particle, as discussed above.
Furthermore, the elongation (the ratio between
length and breadth) and the flakiness (the ratio
between breadth and thickness) were calculated
as shape factors based on two particle size dimen-
sions. ‘

Surface area by transient permeametry The
permeametry surface area of all gramiles was
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measured as described elsewhere (Eriksson et al.,
1990). Granules were poured into the container
{diameter 1.008 cm) to a height of approx. 60 cm
and the container was then tapped 10 times with
a tapping equipment. The weight and height of
the bed of granules were determined and the
permeability measured. The specific surface area
was calculated with the Kozeny-Carman equation
(Eriksson et al., 1990). All presented values are
mean values of three determinations.

For a bed of particles packed in a cylindrical
container, the porosity of the bed will vary across
the cross-sectional area, i.e., it gives rise to the
wall effect. Such wall effects will affect the bed
permeability but it has been suggested (Coulson,
1949) that it could be neglected if the ratio be-
tween particle diameter and container diameter
equals or exceeds 10. This ratio was chosen in
this study to avoid the wall effect but to keep the
container dimensions as low as possible in order
to be able to use the smallest possible amounts of
material.

Surface area by steady-state permeametry The
granules or the steel balls were poured manually
into the container to a height of approx. 40 cm.
The container was tapped 10 times and the height
and weight were carefully recorded. The con-
tainer is connected to a Blaine apparatus (Blaine,
1943) which was used as a manometer to detect
the pressure drops over the bed of granules. With
the aid of a pump the pressure was reduced
under the bed and the resulting pressure differ-
ence over the bed of granules was determined on
the manometer. The manometer was filled with
either water or mercury, i.€., a wide measurable
range of pressure differences was accomplished
with these two manometers. The velocity of the
air through the bed of granules was measured
and controlled by a flow meter (Brook model
5850E, Brook Instruments B.V., The Nether-
lands).

Permeability plots were constructed by plotting
the air velocity as a function of the pressure
difference per unit length of the bed of granules,
the slope of this line giving the permeability coef-
ficient for the bed of granules according to Eqn 1.

u=P,-(AP/L) (1)

The permeametry surface area was then calcu-
lated from the permeability coefficient and the
bed porosity (Eqn 2).

St=(¥/(1-€)*)-1/(k-n-P,) (2)

In addition, the Reynolds number was calcu-
lated for each experimental system, for the tran-
sient permeameter according to an equation pre-
sented earlier (Eriksson et al., 1990) and for the
steady-state permeameter according to Eqn 3:

Re=(u-4-p, (L /LY)/(Sy:'n-(1-¢€)) (3)

All presented results are mean values of three
determinations.

Surface area by microscopy With the aid of
the surface to volume diameters by number, based
on the projected area measurements, and the
surface to volume shape coefficients estimated as
described above, the specific surface area of the
granules was calculated (Heywood, 1954,
Nystrom, 1978).

Shape from permeametry and microscopy mea-
surements With the aid of the surface to volume
diameters by number, based on the projected
area measurements by microscopy, and the vol-
ume specific surface areas from steady-state per-
meability measurements, the surface to volume
shape coefficients were calculated for all granules
(Allen, 1981a).

Results and Discussion

Densities of granules

The densities and porosity of the granules and
the voidage of the beds of granules are given in
Table 1. The effective particle density of the
granules varied slightly among the granule masses.
It appears that an increased spheronization time
and plate speed increased the effective particle
density.

The bulk density of the granule beds increased
slightly, similarly to the effective particle density.
However, the voidage of the beds of granules
(calculated from the effective particle density val-



ues) was similar for all granules. This indicates
that the packing of the granules was similar for
all the masses, and that it was not, therefore,
significantly affected by possible differences in
shape characteristics.

Particle size and shape characteristics of granules
assessed by microscopy

A qualitative estimate of the shape and surface
texture of the granules was obtained by SEM.
The photomicrographs (one representative exam-
ple is given in Fig. 1) indicated that all granule
masses consisted of almost spherical granules, but
a slight shape variation was observed. In the
presentation of the results, the granules are de-
noted A-F and the denomination is based on the
visual estmation of the shape, i.e., increasing
sphericity from A to F. The surface texture of the
granules was considered to be smooth and similar
for all granule masses.

The size fraction of the granules used in the
study was obtained by sieving. Sieving tends to
sort particles by their breadth (Nystrdm and Stan-
ley-Wood, 1977) which means that the breadth
ought to be similar between the different size
qualities. Although a variation in granule breadth
was obtained, both the absolute and the relative
variations were less compared to the variations in
granule length and thickness (Table 2). The pro-
jected area diameter, determined from mi-
Croscopy measurements, is a measure of the mean

TABLE 2
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size of the granules based on a two-dimensional
analysis, i.e., the length and breadth. In this case,
the variations in granule breadth were relatively
limited and the variation in projected area diame-
ter is therefore governed by variations in granule
length.

The granule thickness, as measured by the ring
gap sizer, is generally lower than the granule
breadth. It seems therefore that the preparation
procedure produced granules which were slightly
flaky (Table 3). A reduced flakiness correlated
with a reduction in elongation. The Heywood
surface to volume shape coefficients for the dif-
ferent granule qualities were generally near the
lowest theoretical value of 6, i.e., the shape coef-
ficient for a perfect sphere. If this size fraction is
representative for the overall shape characteris-
tics of the granules, it seems that during the
spheronization an increase in relative density oc-
curred simultaneously with a rounding-off of the
agglomerates. From the size and shape character-
istics, the external surface area of the granules
was calculated (Table 4).

External surface area of granules

Determination of aspect factor The Kozeny-
Carman equation has been successful for the
calculation of the external particle surface area
from permeability measurements of beds of the
particles. However, the equation is semi-emperi-
cal in the respect that it contains a factor, i.e., the

Size characteristics of granules as measured by microscopy and ring gap sizing

Granule mass Projected area diameter 2 Length ® Breadth ® Thickness ©
=) Median Surface to volume ¢ (L) (B) (1)
(um) (um) (um) (pm) (wm)
A 1024 1037 1132 930 786
B 1028 1045 1161 936 808
C 1025 1042 1120 959 798
D 1005 1021 1056 944 822
E 998 1008 1042 940 845
F 1000 1011 1030 952 859

# Values from size distributions by number.
® Median values from size distributions by number.

¢ Measured by the ring gap sizer, median values from number distribution.
4 Equivalent with harmonic mean diameter by weight (Herdan, 1960).
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Fig. 1. SEM photomicrographs of one representative example of the granules.



TABLE 3

Shape characteristics of granules as measured by microscopy
and ring gap sizing

Granule mass Elongation Flakiness Surface to volume

(=) ) (=) shape coefficient 2
(-

A 1.22 1.18 7.44

B 1.24 1.16 7.46

C 1.17 1.20 7.30

D 1.12 1.15 7.02

E 1.11 1.11 6.90

F 1.08 1 6.80

a Calculated according to Heywood (1945) using the elonga-
tion and flakiness data and assuming rounded particles with
a,=054and C=21.

aspect factor, which can be physically defined but
has been numerically determined by a calibration
procedure. Thus, the aspect factor can be de-
scribed as a correlation factor (Kaye, 1967) of
which the significance is to correlate the perme-
ametry surface area with the external surface
area obtained by another method, i.e., ideally the
accurate external surface area. The aspect factor
was determined to be 5 by Carman (1937) by
liquid permeability measurements on fairly coarse
particulate materials. Although it has been
pointed out that the aspect factor is dependent
on, e.g., the shape characteristics of the particles

TABLE 4
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(Wasan et al., 1976) and the porosity of the bed
of particles during the permeability analysis
(Wasan et al., 1976), the traditional use of the
permeability equation is to use the value of the
aspect factor proposed by Carman on more or
less all types of particles. There seem to be very
few attempts in the literature to actually deter-
mine the aspect factor for a specific type of
particles. In the following paper, the application
of the method to a special type of particles, i.c.,
pelletized granules, is discussed. An accurate de-
termination of the external surface area with the
permeability method is required to ensure a good
consistency with other methods for the assess-
ment of the external particle surface area.
Pelletized granules represent comparatively
well-defined materials concerning the shape char-
acteristics of the granules, i.e., rounded or nearly
spherical granules with a smooth surface texture,
and also represent comparatively coarse particles
with respect to the use of air permeability meth-
ods. In a previous work (Eriksson et al., 1990) on
the measurement of the external surface area of
coarse particles it was found that the permeame-
try surface area values generally were slightly
higher than the microscopy surface areas. The
meaning and thereby the chosen value of the
aspect factor in the Kozeny-Carman equation
have been discussed as one probable reason for

Specific surface areas of granules estimated by permeametry and microscopy

Granule mass  Transient permeameter Steady-state permeameter Microscopy

=) Permeametry  Permeability Reynolds number Permeametry Permeability Reynolds surfricle area
surface area ®*  coefficient m surface area *  coefficient number (em™1)
(em™1) (x107%) =) (o) (em™1) (x107%) Max ©

(m*/Ns) (m*/Ns) (=)

A 73.0(0.42) 3.28 17.9 8.19 72.2(0.92) 3.39 9.25 71.7

B 73.8(0.34) 351 19.3 8.80 72.2(0.80) 348 9.26 71.4

C 74.4 (0.40) 3.46 18.9 8.62 73.2(0.82) 3.45 9.57 70.1

D 69.5(0.22) 3.59 20.6 9.42 68.0 (0.60) 3.65 9.59 68.8

E 70.8 (0.45) 3.75 243 11.1 65.7 (0.98) 3.93 9.69 68.5

F 69.1(0.73) 372 30.0 13.7 70.3 (0.48) 3.75 9.87 67.3

2 Calculated with an aspect factor of 5.8.
b Maximun and mean pressure head.
¢ Maximum pressure head.

Relative standard deviations in percent, for surface area values, in parentheses.
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the surface area discrepancy. Thus, it was consid-
erd of interest to determine a suitable value of
the aspect factor for such particles. A suitable
particle for this calibration procedure is steel
balls which are perfectly spherical with an ex-
tremly smooth surface texture, i.e., the steel balls
resemble the granules concerning granule size
and shape.

The steel balls represent such coarse particles
that the risk for turbulent air flow is obvious
which is not consistent with the use of the
Kozeny-Carman equation. To ascertain that lami-
nar air flow is at hand during the permeability
analysis, the air velocity as a function of pressure
difference over the bed of particles at steady-state
was determined.

In Fig. 2a, such a permeability profile in a
range up to the maximum air velocity obtained by
the flow meter is presented for two heights of the
bed of steel balls. It was not possible to use a bed
of the steel balls of lower height due to the very
low obtained pressure difference over the bed.
The permeability profile deviated considerably
from a straight line due to an increased incidence
of turbulent air flow with increasing air velocity.
There is also a tendency that the profiles for the
respective bed height diverged with increasing air
velocity. A similar observation was also made for
permeability profiles of the granules. It seems
that an increased height of the bed of steel balls
or granules decreased the assessed permeability
probably due to an increased incidence of turbu-
lence in the flow pattern. A possible explanation
is that the number of sites in the bed of granules
where turbulence occurs increases with increasing
height of the bed.

In a restricted air velocity range (Fig. 2b),
permeability profiles consisting of almost straight
lines were obtained, indicating laminar flow in
the bed of steel balls. From these profiles, the
permeability coefficent (Eqn 1) was calculated.
The transformation of this permeability coeffi-
cient into a surface area equal to the surface area
calculated from microscopy data required an as-
pect factor of 5.8, i.e., the aspect factor was
calculated from Eqn 2 where S, was equal to the
microscopy surface area and P, was obtained
from Fig. 2b. This aspect factor was subsequently
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Fig. 2. (a) Permeability profiles for beds of steel balls in the
maximum air velocity (u) range through the bed as a function
of the pressure difference over the bed of steel balls per unit
length (4P /L). Height of the bed of steel balls; (8) 20 cm
and (O) 30 cm. (b) Permeability profiles for the restricted air
velocity (u) range through the bed of steel balls as a function
of the pressure difference over the bed per unit length ap/
L}. Height of the bed of steel balis: (@) 20 cm and (13) 30 cm.

used in the calculations of the permeametry sur-
face area for the granules.

It should be pointed out that the aspect factor
has been reported (Wasan et al., 1976) to vary
with the voidage of a bed of particles. This rela-
tionship is not possible to evaluate for coarse
particulate solids as they pack spontaneously at
relatively low porosities and a forced further
packing will probably change the appearance of



the particles, i.e., deformation and fracturing. It
is thereby reasonable to apply the obtained as-
pect factor to beds of other particles with similar
particulate characteristics. Furthermore, one ex-
planation (Wasan et al., 1976) for the relationship
between aspect factor and bed voidage is changes
in particle-particle contact area as a result of a
reduced bed voidage. If this is valid, the porosity
effect ought to be limited for packed beds of
spheres compared to beds of particles of other
shapes, e.g., cubes.

Comparison between permeametry and microscopy
surface area

In Table 4, air permeability data and perme-
ametry surface areas are presented for all gran-
ules. Although the packing density of the beds of
granules was similar for all granules, the perme-
ability coefficient varied and there was a ten-
dency for the permeability of the bed to increase
from granule A to F. This means that, although
the overall intergranular voidage of the bed of
granules was similar between the beds, a slight
variation in the characteristics of the pore system
of the beds of the different granules was ob-
tained. It seems thus reasonable that this varia-
tion in pore characteristics was related to the
observed variations in size and shape characteris-
tics of the granules as discussed above.

It has been suggested that for a Reynolds
number between 2 and 2000 (Allen, 1981b) there
is a gradual change from laminar to turbulent air
flow. The Reynolds numbers (Table 4), calculated
from the permeability measurements, are found
at the lower part of this interval which suggests
that the flow can be described as mainly laminar.

The surface areas, calculated from air perme-
ability data, also varied among the granules. There
is a tendency that the surface areas obtained for
granules A-C were slightly higher than the sur-
face areas of granules D-F. There is also a
tendency that the transient permeameter gives
surface areas slightly higher than the steady-state
permeameter. This can be explained by an uncer-
tainty in.the experimentally calibrated apparatus
constant (Eriksson et al., 1990) for the calculation
of surface area for the transient permeameter.
However, it is also possible that the assessed
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Specific surface area (cm -1

Granule mass (-)

Fig. 3. Specific surface area and 95% confidence interval for
the different granules measured by (M) transient permeame-
ter, (®) steady-state permeameter and (O) microscopy.

permeability for the transient permeameter is
affected by some incidence of turbulent air flow
in the initial phase of the permeability measure-
ment when the air velocity is comparatively high.

Generaily, for both permeameters, the vari-
ability in surface area is very low. Hence, al-
though the absolute difference in surface area is
small, both permeameters deliver surface area
results which in some cases differ significantly
(Fig. 3), e.g., for the steady-state permeameter,
the external surface areas for granules A-C are
significantly higher (P < 0.05) than for granules
D and E. This surface area difference is probably
governed by the small differences in geomerical
shape, as assessed both visually and quantitatively
from the main dimensions of the granules (Fig.
4). Thus, the air permeability measuring principle
is capable of distinguishing between particles
which are characterized by only small differences
in shape characteristics, which are smaller than
those manifested as differences in packing den-
sity. This supports the suitability of the method
for the assessment of external surface areas of
pelletized granules provided laminar flow can be
obtained.

Calculation of the external surface area from
the size and shape analysis from microscopy mea-
surements was used as a reference technique to
evaluate the permeametry surface areas (Table
4). Also here, small absolute differences in sur-
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Fig. 4. Specific surface area (S,) for the different granules

calculated from permeametry measurements by steady-state

permeametry as a function of surface to volume shape coeffi-
cient (ap) calculated from microscopy measurements.

face areas were obtained but a positive correla-
tion between the surface areas obtained by per-
meametry and microscopy was found (Fig. 3).
Furthermore, the absolute surface area values are
generally similar. It can thus be concluded that
the permeability procedure utilized in this study
results in surface area values which represent
reasonably accurate external surface areas of the
pelletized granules.

The comparison between surface areas ob-
tained by permeametry and microscopy thus indi-
cates that the aspect factor of 5.8, determined
with the aid of steel balls, seems to be relevant
for the type of material which pelletized granules
represent. It can also be concluded that the effec-
tive voidage for beds of porous granules should
be estimated with the aid of the effective particle
density. The pore system of a bed of particles
consisting of porous particles is dualistic and con-
sists of intra- and inter-particulate pores. When
the particles are coarse aggregates of small pri-
mary particles, e.g., the granules used in this
study, it is reasonable to assume that the air
prefers to flow in the comparatively large inter-
particulate pores. The porosity of this part of the
pore system thus represents the effective porosity
(voidage) and can be estimated by the effective

particle density of the granules. There is a small
tendency that the permeametry methods gave
larger surface areas than the microscopy method.
One possible explanation can be difficulties in
assessing the effective particle density. In this
study, the most common approach, i.e., mercury
pycnometry, has been utilized.

Comparison between surface to volume shape coef-
ficients

The good correlation between the surface ar-
eas obtained by microscopy and permeametry
also indicates that the measurement of the sur-
face area by permeametry can be utilized for the
quantitative description of the shape of the gran-
ules based on all three main dimensions. A good
correlation between the surface to volume shape
coefficients, calculated by the two different pro-
cedures described above, was obtained (Fig. 5).
This suggests that the surface to volume shape
coefficient calculated from permeametry surface
area data is a suitable procedure for estimating
the sphericity of granules. By this approach, the
sphericity value describes the three dimensions of
a granule in contrast to sphericity values based on
projected images of particles. A limitation of the
procedure might be related to the characteriza-
tion of very rough particles. For such particles, it

7.79
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Fig. 5. Surface to volume shape coefficient (ap) for the

different granules calculated from steady-state permeametry

measurements and microscopy measurements as a function of

surface to volume shape coefficient (ay,) calculated from
microscopy measurements.



cannot be excluded that the calculated perme-
ametry surface area will increase (Eriksson et al.,
1990) and thus, the determined surface to volume
shape coefficient does not correspond entirely to
the geometrical shape of a particle.
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Glossary

Symbol Meaning

C constant related to particle geometry
k aspect factor (—)
L length of
bed of particles (m)
L, length of capillaries in the bed of

particles (m)
L./L V2, given by Carman (1937)

P. permeability coefficient (m* N~ 1 s~ 1)

AP pressure difference across the bed of
particles (N m~2)

Re Reynolds number (—)

S, specific surface area from steady-state
permeametry (m?/m?)

a, constant related to particle geometry

ay surface to volume shape coefficient
from microscopy (—)

ap surface to volume shape coefficient
from steady-state permeametry (—)

Py density of air (1.2047 kg m~3)

€ porosity of bed of particles (—)

viscosity of air (1.81 X 107> Nsm™2)
u air velocity (m /s)
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