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ABSTRACT

Dry granulation by roll compaction is a continuum manufacturing process to produce granules with
improved flowability which can further be easily used in tableting process. However, the granules are
non-homogeneous in density and have non-spherical shapes which impact their densification behaviour
during die-compaction. The aim of this study was to investigate both the densification mechanism and
the failure strength of granules of microcrystalline cellulose (MCC) and mannitol using Cooper-Eaton
and Adams models. For both materials, the Cooper-Eaton approach led to the quantification of fractional
volume compaction by particle rearrangement and by plastic deformation respectively to explain the dif-
ference in densification behaviour of raw material and granules. Moreover, the model showed its ability
to capture the effect of granule density and granule sizes and to differentiate the densification mecha-
nisms of MCC as a plastic material and mannitol as a brittle material. The Adams model was used to com-
pute the failure strength of single granule from in-die compression data. The obtained results of the
granules were in the range [0.6-1.43 MPa]. However, regarding the effect of granule density, the model
showed mixed results indicating that the model is not representative of the studied granules which are
not spherical and have a relatively wide range of sizes, nevertheless, the model was derived for near

spherical particles with a narrow size distribution.

1. Introduction

Dry granulation by roll compaction is a continuous manufactur-
ing process often employed in the pharmaceutical industry to
improve powder properties. In this process, the powders are com-
pacted between two counter-rotating rolls to produce ribbons that
are subsequently milled into granules. The granules with improved
flowability are then used for further processes such as die com-
paction or capsule filling. The process is particularly used for mate-
rials which are sensitive to heat or moisture, as no drying stage is
needed hence leading to a reduction in cost [1].

The effect of roll compaction process parameters such as roll
force, sealing system design (which limits the loss of powder during
the compaction) and milling conditions on ribbon, granules and
tablets properties had been widely reported in the literature [2-
7]. These process parameters are considered as the important
parameters affecting the mechanical properties of the granules
which ultimately affect their compressibility and compactibility
[8-11].In the recent work [6], the effect of different roll compaction
and milling conditions on ribbons, granules and tablet properties

* Corresponding author.
E-mail address: sagar.uniyal@mines-albi.fr (S. Uniyal).

were studied for microcrystalline cellulose (MCC) and mannitol
powders. It was found that the higher the roll force, the lower was
the tensile strength of tablets from granules. Moreover, MCC, which
exhibits plastic behaviour was more affected whereas mannitol
which exhibits brittle behaviour does not show much difference.
During die compaction, the granules show different behaviour
than feed powders and this observation had been reported many
times in the literature as ‘Loss of reworkability/loss of tabletability’
leading to a reduction in tensile strength of tablets produced from
granules [12-14]. It is also commonly observed that plastic mate-
rials are more sensitive to this phenomenon than brittle materials
[15,16]. In the earlier paper [16], the understanding of how gran-
ules behave differently from feed powders had been studied for
MCC101 powder. The analysis was based on Drucker-Prager Cap
model (DPC), which characterizes the Elastic-Plastic behaviour of
powders and takes into account the main properties of the com-
pacted material (cohesion, internal friction, hardening and break-
ing under shearing stress). It was shown that the material
properties were density dependent and the values of the DPC
parameters were lower for granulated powders as compared to
feed powders. However, in this analysis, which was based on
DPC model, the main studied behaviour concerned the plastic
deformation of the material rather than the early and intermediate
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densification stages where the powder behaviour can exhibit dif-
ferences in compressibility that can influence the further plastic
deformation.

The compressibility describes the ability of the material to
undergo volume reduction under pressure. This deformation is
the result of several mechanisms ranging from particle rearrange-
ment to plastic deformation or fragmentation of particles which
are essential in the understanding of the compactibility [17]. How-
ever, such mechanisms generally depend on granules properties
which are polydisperse both in density and size.

Many equations had been developed to describe the compress-
ibility of powders [18-24]. The theoretical background along with
the limitations of some of these equations had been reviewed in
[25]. It was concluded that none of these equations were found
to be satisfactory for the complete analysis of the mechanism
involved in the compaction of powders. This may be due to the
complexity of the compaction process consisting of particle rear-
rangement, elastic/plastic deformation or fragmentation [26].
Moreover, all pharmaceutical materials exhibit different beha-
viours. Plastic deformation plays a major role during compression
of ductile materials whereas brittle material deforms mainly by
fragmentation [27]. Out of all the empirical relations described in
the literature, the model proposed by Cooper and Eaton [21] is a
promising approach as it describes the densification behaviour of
powders as a two-stage process i.e. particle arrangement and plas-
tic deformation allowing to study the behaviour at both low and
high pressure respectively. The model was originally developed
for ceramic materials but later, many authors had successfully
applied this model to study the behaviour of pharmaceutical mate-
rials [28-33]. For instance, the effect of particle size on the densi-
fication behaviour for microcrystalline cellulose and spray-dried
lactose was studied and particle rearrangement was found to be
the predominant mechanism for the smallest size fraction [28].
The compression behaviour of four different pharmaceutical pow-
ders having widely different particle size distribution and shape
was studied and the usefulness of Cooper-Eaton method was sug-
gested [30]. However, as per our knowledge, the study of densifica-
tion mechanisms of roll granulated pharmaceutical powders based
on Cooper-Eaton equation is rare in the scientific literature.

The aim of the present work is to analyse the densification
behaviour of roll granulated powder by focusing on both stages
of densification at low and high pressure, using Cooper-Eaton
model. The analysis is conducted on two types of powders, MCC
and mannitol exhibiting plastic and brittle behaviours, which were
roll compacted at two different roll force. The attempt of this study
is to progress in understanding (i) why granulated powder behaves
differently than those of feed powders during die compaction, (ii)
what is the effect of roll force on granule strength, rearrangement
and plastic deformation and (iii) how the Cooper-Eaton model can
differentiate the behaviour of plastic and brittle materials.

To go towards a better comprehension of the strength reduction
of tablet from granules of plastic material by increasing roll com-
paction force (the higher the roll compaction force, the higher is
the reduction of tablet strength from granules), an evaluation of
granule strength based on the equation proposed by Adams and
co-workers [24] was used to compute the single granule strength
of MCC and mannitol from in-die compaction data.

2. Materials and methods
2.1. Raw material
Two common pharmaceutical materials were employed in this

study as received from the suppliers: microcrystalline cellulose,
MCC101, Avicel® PH-101 (dso = 50 um) supplied by FMC Biopoly-

mer (USA) and spray-dried mannitol, Pearlitol® 200SD
(dso = 170 um) from Roquette® (France). For each material, the bulk
density was provided by the manufacturer. The scanning electron
microscopy images (Philips, XL30, Netherlands) in Fig. 1 shows
that MCC101 is needle shape, however spray-dried mannitol
shows a more spherical particle shape.

2.2. Dry granules preparation

MCC 101 and mannitol were roll compacted using Gerteis
MiniPactor® 250/25 (Gerteis Machinen + Process engineering AG,
Jona, Switzerland) which was equipped with two inclined setups
of rolls (250 mm in diameter and 25 mm in wide) and cheek-
plates as a sealing system. The gap between the rolls was kept con-
stant at 1.5 mm being controlled by the automatic feedback system
and the speed of the rolls was 2 rpm. Two specific compaction
forces of 4 and 8 kN/cm were used to produce ribbons. The roll
force (4 kN/cm and 8 kN/cm) was randomly chosen but with the
objective to produce ribbons with lower and higher relative densi-
ties. Once the steady state was achieved for each condition, ribbons
of MCC 101 and mannitol were milled after compaction using the
integrated oscillating granulator in the roll press [6]. In order to
determine the ribbon density, solid fraction of different samples
of 0.6 x 1 cm, cut from the ribbon, were measured using GeoPyc®
1360 envelope density analyzer. The obtained average relative
density of the ribbon was assumed as the average relative density
of the granules produced from corresponding ribbons. Bulk density
of granules was measured by filling a volume of 1 cm? of powder

(a)

0003 NL x300 300 um

(b)

0015 NL x150 500 pm

Fig. 1. Scanning Electron Microscopy images of the excipients (a) MCC 101 and (b)
mannitol.
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and weighing the corresponding mass. The data were summarised
in Table 1 and showed an increase in bulk density and relative den-
sity according to the increase of roll force.

With the objective to understand the effect of granule density
and granule size on the densification process, two size classes of
granules [250-500 um] and [500-1000 pm], referred as “Small”
and “Big” respectively, were generated by sieve technique. For con-
venience, we refer in the following to granules from ribbon com-
pacted at 4kN/cm as “Small-4kN/cm” and “Big-4kN/cm” and
those compacted at 8kN/cm as “Small-8kN/cm” and “Big-8kN/cm”.

It can be seen in Fig. 2 that SEM images of granules of MCC 101
present overall an agglomeration of fibre-like single particles and
show smoother surface when they are compacted at 8 kN/cm.
However, the granules produced from mannitol at 4 kN/cm or 8
kN/cm do not show noticeable differences in the surface aspect.

2.3. Die compaction

The powder compaction was studied using a full-instrumented
eccentric press (Frogerais OA), which is fitted with a fixed cylindri-
cal die having a diameter of 11.28 mm and a height of 10 mm [34].
The pressure is applied with the upper punch and the ejection is

0.001 g. The powder mass was then manually poured into the die
(which was pre-lubricated in the case of mannitol) and pressed
assuming a fixed maximum displacement of 7.5 mm for MCC 101
and 7 mm for mannitol. The resulting pressure and time of com-
paction were recorded accordingly. The average loading rate of
the compaction was computed from maximum displacement of
the upper punch and time of loading was in the range [1-1.5]
mmy/s. All the tests were replicated at least three times. The abso-
lute variation in pressure was less than 0.5%. In further analysis,
the average of the data was considered.

Pressure versus displacement curves of raw material and gran-
ules of MCC 101 and mannitol were plotted in Fig. 3(a) and (b)
respectively.

2.4. Cooper-Eaton equation

In order to study the particle rearrangement, plastic deforma-
tion and the effect of granules density and granules size range on
these mechanisms, the non-linear equation proposed by Cooper
and Eaton [21] was used. The model is defined by the relationship
between the fractional volume compaction, V* and the pressure, P

executed with the lower one. Both punches are flat. For each pow- X o —V
der (raw material and granules), a mass of 0.3 (+0.01g) was V = Vo V. arexp(—ki /P) + azexp(—k,/P) (1
weighted using a Sartorius CP2245 balance having a precision of
Table 1
Bulk density in g/cm® and relative density of granules (in square brackets) of studied materials.
Materials Raw material Small-4 kN/cm Big-4 kN/cm Small-8 kN/cm Big-8 kN/cm
MCC 0.3 0.33 [0.57 £0.02] 0.4 0.37 [0.70 £ 0.02] 0.5
Mannitol 0.48 0.51[0.71 £0.01] 0.57 0.55 [0.79 £0.01] 0.6
(a) (b)

0002 NL x120 500 um

0013 NL x120 500 pm

0012 NL x120

x120 500 pm

(d)

500 um

Fig. 2. Scanning Electron Microscopy images of (a) Small - 4 kN/cm (MCC), (b) Small — 8 kN/cm (MCC), (c) Small - 4 kN/cm (mannitol) and (d) Small - 8 kN/cm (mannitol).
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where V, is the initial total volume and V., is the volume of com-
pact when all large holes, but no other holes are filled.

As all the tests were performed with the same die, Eq. (1) can be
simplified as:

h, —h

h, —h. arexp(—ki /P) + a,exp(—k, /P) (2)
whereh,, h and h,, are the height of the bulk powder bed at zero
pressure, the height of the compact at the pressure P and the com-
pact height at infinite pressure, respectively. a; and a, are dimen-
sional coefficients indicating the theoretical fractional compaction
achieved by particle rearrangement and plastic deformation respec-
tively. The constants k; and k, correspond to the magnitude of the
pressure at which the particle rearrangement and plastic deforma-
tion occurs respectively. Analysis of the compression data by this
equation enables us to evaluate the contribution of each mecha-
nism on the densification process according to the density and
the size range of granules.

Generally, hg is determined from the bulk density [35]. How-
ever, this procedure was imprecise in this study due to the shape
that granules can take after their filling into the die. For that, we
computed hg from the displacement-pressure data by first deter-
mining the displacement d;, from which the pressure starts to
increase, P;. These values were then used to shift the pressure
and the displacement and hg was computed as hy =10 - d;.

In the following, we refer, V1« = a;exp(—k;/P) and V2x
= a,exp(—ky/P)

where V;* and V,* represent the fractional volume compaction by
particle rearrangement and the fractional volume compaction by
plastic deformation, respectively, and V;* + V,* = V*

To determine the model parameters (a;, a,, ki, kz), a least
square optimization method is considered using the data of the
compression curve. To solve the optimization problem, the func-
tion fitnlm (fit non-linear model) proposed in MATLAB® software

(a) ——Raw material ——Small-4kN/cm ——Small-8kN/cm
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Fig. 3. Pressure versus Displacement for (a) MCC 101 and (b) mannitol.

and based on the Levenberg-Marquardt algorithm [36], was
employed. For this iterative algorithm, the initial condition
(a;=0.5, a =0.5, k; =0.08, k =0.5) was considered. As it can be
observed, the condition a; + a, =1 is respected and k; < kj, as filling
of large holes takes place at much lower pressure than filling of
small holes [21]. Respecting the above conditions, the optimization
problem converges to an optimum solution. Moreover, by varying
the initial estimate sets, the same solution was obtained. It can be
observed for the results (Table 2) that a; +a, =1 in not always
respected. Similar result was reported in [31], [33] and [37].

The resulting values of each powder were summarised in
Table 2. The role of the density and the size range of granules on
the rearrangement and the densification mechanisms was then
evaluated and compared to the corresponding raw material.

2.5. Adams model

The shape of the single granule is non-spherical and its strength
cannot be evaluated by the compression test. In order to estimate
the strength of single granule from in-die compression data, the
Adams equation [23] was used:

InP = In(to /o) + o'c + In(1 — e(-¥%)) 3)

where 7’ is the apparent single agglomerate fracture strength, o is
a constant related to friction and ¢ is the natural strain given by:

e=1In (%) (4)

where h is the height of the compact at the pressure P.

The last term of the Eq. (3) is generally negligible for higher
strain and the linear part is employed to determine the parameters
T, and o [23,38]. The pressure range above 1 MPa was considered
for all the powders and the parameterst and o were obtained
using the least square algorithm implemented in MATLAB® soft-
ware with R-squared >0.99. In Table 2 were summarised the
obtained parameters according to the studied materials.

3. Results
3.1. Compaction behaviour

Fig. 3(a) and (b) shows the plot of pressure versus displacement
for raw material and granules of MCC101 and mannitol respec-
tively. Despite having the same particle size range, the granules
“Small-4kN/cm” and “Small-8kN/cm” have different densities
(Table 1).

For MCC101, the compressive curves in Fig. 3(a) indicates that
granules “Small-8kN/cm” has better compressibility as compared
to “Small-4kN/cm” and raw material below 25 MPa. This behaviour
highlights the good rearrangement properties of the densest gran-
ules and can be supported by the fact that the particles of “Small-
8kN/cm” show smoother and spherical surface [Fig. 2(b)] due to
the higher roll compaction pressure. This leads to the reduction
of the inter-particle friction which results in a slightly larger vol-
ume reduction than the particles of “Small-4kN/cm”. Above
25 MPa, the compressive behaviour of both kinds of granules
shows more resistance to the applied pressure than raw material.
This may be due to the pre-compaction of the granules which
now requires more pressure to be deformed. Moreover, above
25 MPa, both granules have the same behaviour probably due to
the granule breakage.

In Fig. 3(b), the deformation of mannitol powders shows that
the granules are more compressible than the raw material in the
whole pressure range even if raw materials have more spherical
particles than the granules [Fig. 1(b) and Fig. 2(c), (d)]. Similar to
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Table 2
Cooper Eaton and Adams constants of MCC101 and mannitol.

Materials Powder type Cooper-Eaton constant Adams
al a2 k1 k2 R? To' o
(MPa) (MPa) (MPa)
MCC101 Raw material 0.476 0.550 0.464 8.864 0.996 2.375 4.301
Small - 4 KN/cm 0.609 0.418 0.458 11.777 0.997 1.423 5.043
Small - 8 KN/cm 0.677 0.349 0.381 13.723 0.997 0.974 5.741
Big - 4 KN/cm 0.611 0.40 0.324 10.151 0.997 0.960 5.465
Big - 8 KN/cm 0.710 0.322 0.36 15.972 0.986 0.626 5.946
Mannitol Raw material 0.806 0.341 2.803 39.285 1 5.906 6.037
Small - 4 KN/cm 0.768 0.295 0.876 22.887 0.999 1.425 8.523
Small - 8 KN/cm 0.738 0.303 0.746 16.234 0.998 1.301 8.465
Big - 4 KN/cm 0.739 0.310 0.774 18.443 0.996 1.380 8.533
Big - 8 KN/cm 0.664 0.354 0.582 10.126 0.996 1.302 8.466

MCC101, it can be observed that the granules of mannitol require
more pressure than raw material for their deformation (an increase
of the slope of compressive curves above 20 MPa).

Regarding the effect of the particle size range on the densifica-
tion behaviour, no noticeable difference was observed from com-
pressive curves of MCC and mannitol granules. These curves are
not included here, but this effect will be discussed further based
on Cooper-Eaton analysis.

3.2. Compaction behaviour based on Cooper-Eaton model

With the objective to understand the densification mechanism
of the granules as a contribution of particle rearrangement and
plastic deformation, the model of Cooper-Eaton was used to deter-
mine the fractional volume compaction V* vs pressure plotted in
Fig. 4(a) and (b) respectively. The constants ay, a,, ky, ky, were sum-
marised in Table 2 and V1* and V,* plotted in Fig. 5(a) and (b).

Fig. 4(a) shows that the fractional compaction volume of the
granules is higher than that of raw material and the plot in Fig. 5
(a), shows clearly that for MCC101, the densest granules have the
highest volume of rearrangement and the lowest volume of plastic
deformation. Moreover, the data of Table 2 indicate that by
increasing the granule density, the contribution of particle rear-
rangement (a; coefficient) was more considerable for MCC101
(a1l =0.47 for raw material, 0.61 for “Small-4kN/cm” and 0.68 for
“Small-8kN/cm”). The SEM images of the MCC granules [Fig. 2(a)
and (b)] shows that “Small-8kN/cm” are smoother than “Small-
4kN/cm”, which may have improved the rearrangement. A Similar
observation was reported by Kondoh et al. [39] for the rearrange-
ment process of wet aluminium alloy powder. The constant ki,
which did not show a significative difference, indicated that for
both raw material and granules, the particle rearrangement was
initiated at similar pressures.

In contrast, the plastic deformation coefficient a, decreased
with the granule density, revealing that increasing the granule
density, restricted the deformation capacity of the powder bed.
Moreover, the higher constant k, than k; indicated that the filling
of voids in the second stage of consolidation (plastic deformation),
required higher pressure which increased with the increase of the
granule density. This result highlights that the densest granules
required the highest pressure to be deformed. A similar result
was also obtained by Kleinebudde et al. [9] where they showed
that the resistance to plastic deformation was higher with increas-
ing specific compaction force for MCC101. This finding was consis-
tent with SEM observation of fracture surface of the compact by
diametrical test in Fig. 6, where, the densest granules (“Small-
8kN/cm”) are still intact [Fig. 6(b)] while the granules compacted
at 4kN/cm can no longer be distinguished [Fig. 6(a)].
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Fig. 4. Fractional volume compaction (V*) vs pressure for (a) MCC 101 and (b)
mannitol.

As mentioned earlier, the granules are neither homogeneous in
density nor in size. It is therefore difficult to deconvolute these two
effects on the results. Nevertheless, in this study, two size classes
([250-500 pm] and [500-1000 pm]) having the same average rela-
tive density (0.57 +0.02 and 0.70 £ 0.02) were investigated. The
predicted data in Table 2 did not really show a difference between
the constants of small and big granules which were roll-compacted
at the same force (4 kN/cm or 8 kN/cm). Although this investiga-
tion is empirical and not extended to several size classes, it could
be observed in this study, that the granule size had less effect than
the granule density in the densification process of dry granules.
Nevertheless, the impact of granules size on tablet properties
was demonstrated in [16,38] where they particularly showed that
granule size does not significantly affected the tablet tensile
strength. In Fig. 7(a) was represented fractional volume com-
paction vs pressure for the granules “Small-4 kN/cm” and “Big-4
kN/cm” of MCC101. It can be noticed that no detectable difference
can be distinguished between small and big granules. This finding
is also valid for the granules roll compacted at 8 kN/cm (not
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deformation (V2*)] vs pressure for (a) MCC 101 and (b) mannitol.

included here) where “Small-8 kN/cm” and “Big-8 kN/cm” shows
similar behaviour.

Regarding the densification behaviour of mannitol powders, the
constant a; showed less difference than k;. The resulting V;* plot-
ted in Fig. 5(b) highlights the good rearrangement properties of the
granules, indicating that the size enlargement by dry granulation
improved the relative mobility of particles under pressure. For
the plastic deformation behaviour, the situation is different from
that of MCC, as raw material showed the lowest fractional volume
compaction by plastic deformation (V,*) as shown in Fig. 5(b).
However, the plot of V,* shows no significant difference neither
for the granules having different densities nor between raw mate-
rials and granules. Indeed, the predicted constant a, for both of the
granules was similar but slightly lower than raw material. How-
ever, the pressure k; required to fill the voids in the second stage
of consolidation was the highest for raw material and decreased
with increasing the granule density and the granule size range.
This tendency is opposite to that shown by MCC101 and can be
due to the brittleness of mannitol behaviour. In this context, Mosig
et al. [40] found that for lactose, which is commonly considered as
a brittle material, no sign of ‘loss of reworkability’ by increasing
roll compaction force.

Regarding the effect of particle size, fractional volume com-
paction vs pressure for the particles “Small-4 kN/cm” and “Big-4
kN/cm” of mannitol was plotted in Fig. 7(b). As it can be observed,
there is a slight difference between the sizes during the rearrange-
ment and the plastic deformation. Anyway, with regard to the brit-
tleness of the material, this difference cannot be considered as
significant.

3.3. Adams model

The Adams constants for both materials are shown in Table 2.
The result of failure strength of granules was in the range

0022 HL x10! 1mm

(b)

0048 HL x100 1mm

Fig. 6. Scanning Electron Microscopy images of the fracture surface of the tablets
compacted at 30 MPa for (a) Small - 4 kN/cm (MCC), (b) Small - 8 kN/cm (MCC), (c)
Small - 4 kN/cm (mannitol) and (d) Small - 8 kN/cm (mannitol).

[0.6-1.43 MPa] for MCC101 and [1.3-1.43 MPa] for mannitol and
did not show a clear difference between the failure strength with
respect to the granule density. Particularly for MCC101, the result
suggested that the granules which were roll compacted at 8 kN/cm
were weaker than those roll compacted at 4 kN/cm. This is unlikely
to be the case as the finding is inconsistent with the above analysis
using Cooper-Eaton model and also which is reported in the liter-
ature that roll compacted granules of MCC101 at higher roll force
must be harder due to the work hardening [12,40]. For mannitol
powder, a small difference was obtained between the granules fail-
ure strength, which means that the strength of the granules are
almost similar for granules roll compacted at 4 or 8 kN/cm. This
behaviour has also been observed with regard to the tablet tensile
strength of mannitol in [6] and seems to be common for brittle
materials. Overall, prediction of failure strength of granules using
the Adams model showed mixed results indicating that the model
is not representative of the behaviour of the studied granules.

4. Conclusion

The objective of this study was to understand the densification
mechanism of two dry granulated materials (MCC101 and manni-
tol) with regard to the contribution coming from particle rear-
rangement and plastic deformation using the model of Cooper-
Eaton. To explain the predicted constants and discuss their depen-
dency on granule density and size, the Adams model was used to
compute the failure strength of single granule from in-die com-
pression data.
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Fig.7. Fractional volume compaction [by particle rearrangement (V1*) and plastic
deformation (V2*)] vs pressure for (a) MCC 101 and (b) mannitol.

For MCC101 material, the Cooper-Eaton model was able to
quantify and explain the rearrangement and the plastic deforma-
tion stages of raw material and granules during the densification
process. The model also captured the effect of the granule density
and granule size on the rearrangement and plastic deformation
mechanism. This information could not be directly retrieved from
the compressive curves and demonstrated the relevance of the
model to better understand the densification mechanism. How-
ever, when applied to mannitol powder, the model showed mixed
results which cannot improve the understanding of granule densi-
fication mechanisms. On another hand, the failure strength of
granules computed by Adams model showed values in the range
[0.6-1.43 MPa] for MCC 101 and in the range [1.3-1.43 MPa] for
mannitol. These values were lower than those reported in [41]
for monodisperse granules which were obtained by die-
compaction, with a similar solid fraction. It should be noted here
that the Adams model was derived for near spherical particles with
a narrow size distribution while in this study, the granules are not
spherical and have a relatively wide range of sizes.
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