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ABSTRACT

Permeability is a key powder property for many industrial applications as it affects the flowability during
powder handling and the quality of the final product. Indeed, the ability of air to pass through a powder
bed, quantified by permeability, is decisive for die or bag filling, dry powder inhalers, silo discharge,
pneumatic transport, fluidized bed, etc. Usually, the permeability is measured on a powder bed subjected
to high consolidation stresses and without the possibility to control the packing fraction of the powder.
In the present study, we show how GranuPack measurement can be combined with a permeability
measurement cell to measure the permeability at low consolidation and for various packing fractions,
which correspond to many process conditions. A selection of usual powders (pharmaceutical excipients
and abrasives) has been tested and the results highlight how the permeability can be used to obtain
additional information about powder behavior. For that, a two levels analysis is proposed: an entry-level
based on straightforward parameters like initial and final (after the tapping process) permeability and a
more advanced level based on two new metrics. These metrics are the permeability ratio and the rate of
variation of permeability. These parameters are directly related to the powder cohesiveness and hence

can be used to complement the classical flowability indexes.
© 2024 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of

Sciences. Published by Elsevier B.V. All rights reserved.

1. Introduction

Powders are widely used in many industrial applications, such
as pharmaceutical, additive manufacturing, food, cosmetics
manufacturing, metallurgic, and many other processes. Various
properties affect powder behavior during manufacturing pro-
cesses: particle size distribution, particle shape, inter-particular
cohesive forces (van der Waals, electrostatic, capillary), inter-
locking, and friction between the particles. The permeability,
defined as the capacity of a material to transmit a fluid, usually air,
through its bulk (Zhao et al., 2021), depends also on these prop-
erties and influences the efficiency of many processes, as will be
detailed hereafter. Therefore, measuring the permeability of a
powder is important to understand its behavior in the processes, to
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improve the process efficiency, and to have better control of the
quality of the final product.

During the die-filling step in tablet manufacturing processes,
the interaction between the air and the particles determines the
extent of the powder aeration, which in turn affects the flowability
of the powder during its displacement before entering the die. In
addition, the air must go out of the die through the powder to allow
a larger densification of the powder in the die. As a result, the
permeability determines the weight uniformity, the packing frac-
tion, and the tensile strength of the tablet. All these tablet charac-
teristics, in turn, determine the quality of the final tablet in terms of
disintegration and dissolution behavior of the tablet (Van Snick
et al, 2017). Zakhvatayeva et al. (Zakhvatayeva et al, 2018)
showed that the critical velocity, that is the shoe velocity above
which incomplete filling occurs for a single pass over the die
(Schneider et al., 2007), is influenced by the powder permeability.
In another filling process, capsule filling, permeability also affects
the filling weight in dosator nozzle machines. Faulhammer et al.
(Faulhammer et al., 2014) showed that powders with low perme-
ability led to higher fill weight compared to high permeability
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Nomenclature

A Internal cross-section area of the permeability cell,
m2

Ckc Kozeny-Carman parameter, m?

dio Particle diameter corresponding to the 10th

percentile of the cumulative particle size
distribution, m

dso Particle diameter corresponding to the 50th
percentile of the cumulative particle size
distribution, m

dog Particle diameter corresponding to the 90th
percentile of the cumulative particle size
distribution, m

H Height of the powder bed, m

k Permeability, m?

kn Permeability at n, m?

ko Permeability at n = 0, m?

kso00 Permeability at n = 500, m?

ko/ksoo Permeability ratio

n Number of taps

Patm,abs Absolute atmospheric pressure, Pa
Ppowder Pressure drop across the powder bed, Pa

Ppowder/Q Slope of the inferred pressure curve attributable only
to the powder, Pam3s
Pres Pressure drop due to the measurement cell, Pa

Pref/Qres  Slope of the pressure curve obtained during the

measurement of the pressure drop induced by the
measurement cell, Pam—> s

Prot Gauge pressure, Pa

Piot/Qor  Slope of the pressure curve obtained during the
measurement of the pressure drop induced by the
powder and the measurement cell, Pam—3 s

Prot.abs Absolute pressure at the bottom of the cell, Pa

Q Volumetric flow rate, m> s~!

Greek symbols

n Packing fraction

Mo Packing fractionatn =0

1500 Packing fraction at n = 500

a N The standard deviation of packing fraction atn =0
7 500 The standard deviation of packing fraction at n = 500
U Dynamic viscosity of air, kg m~! s~!

p Bulk density, kg m~3

or True density, kg m—>

Abbreviations

HR Hausner ratio

P Pharmatose®

RoVj Rate of variation of permeability, m?
SC Silicon carbide

ST SuperTab®

powders. In fact, more cohesive powders with a lower permeability
displayed more significant volume reduction during pre-
compaction allowing for higher fill weights compared to powders
with larger particles and higher permeability.

In dry powder inhalers (DPI), permeability affects the effective
dispersion and release of an inhalation mixture. It must be not too
high to improve the dispersion forces within dry powder inhalers
during aerosolization but not too low in order not to reduce the DPI
performance (Shalash et al., 2018). Hertel et al. (Hertel et al., 2018)
were able to find the optimal amount of lactose fines needed in dry
powder inhalers to improve the dispersion performance by
measuring the permeability of different mixtures.

During powder silo discharges, the air needs to easily permeate
the powder to allow it to get out from the silo more easily.
Compared to coarse particles, when finer particles are discharged
from the silo, the air flows with difficulty through the powder
because of much lower permeability, leading to an erratic powder
flow, reduced discharge rate, and less steady flow. On the contrary,
during the discharge of coarse particles, the air flows upwards
through voids between the grains without significant disturbance
to the particle flow (Hsiau et al., 2012).

In additive manufacturing processes, it is needed to create dense
and homogenous powder layers to improve the quality of the final
part. Permeability plays an important role since low permeability
causes air to be retained in the powder bulk, limiting the densifi-
cation of the powder and leading to poor layer uniformity. In
addition, the permeability influences the powder spreadability
(Davies et al., 2022).

Permeability has been already investigated for powders sub-
jected to normal consolidation stresses. Zhao et al. (Zhao et al,,
2021) studied the effect of vibration on the permeability of hard
and soft wheat flours subjected to normal stresses between 3 and
9 kPa. Other research works were focused on powders used for DPI
formulations (Eike & Steckel, 2012; Zellnitz et al., 2021), wheat
flours (Bian et al, 2015), and pharmaceutical excipients

(Zakhvatayeva et al., 2018) where the permeability has been
measured by applying consolidation stresses up to 15—30 kPa. But,
in the applications listed heretofore (die or capsule filling, recoating
process) the powder experiences low consolidation stresses or
reaches low packing conditions. In these cases, it is important to
measure the permeability at low consolidation conditions to
properly analyze the powder behavior in the same conditions as in
the process. Moreover, during the process, the packing fraction can
vary because of the movements induced to the powder by the
process itself. Therefore, it is also needed to study the effect of
variation of packing fraction on the permeability.

In this paper, we propose a new method combining an autom-
atized tapped density measurement and a permeability measure-
ment. Practically, the GranuPack (from Granutools, Belgium)
instrument is equipped with a permeability measurement cell. The
first one allows to induce taps to increase the packing fraction of
the powder without any applied consolidation stress. The second
one allows to measure the permeability at different packing frac-
tions. A set of common pharmaceutical excipients and abrasives
have been tested with the measurement device. The excipients are
characterized by different particle shapes and sizes, while the
abrasives are characterized by the same particle shape but different
particle sizes. The effect of packing fraction on permeability and the
link with the flowability are analyzed.

2. Material and methods
2.1. Methods

The GranuPack instrument (Granutools, Belgium), which is an
automated tapped density tester (Lumay et al., 2012; Traina et al.,
2013), has been equipped with a measurement cell to measure
the powder permeability at different packing fractions. As shown in
Fig. 1, the cell presents a porous material at the bottom to prevent
the powder from entering the air supply pipe but allow the passage
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Fig. 1. Sketch of the cell used for powder permeability measurement. At the bottom, the cell presents a porous material to allow the air, fed by the pump, to pass through the
powder sample. The pressure drop across the powder bed (Ppowaer) and the insufflated air flow rate (Q) are measured with a pressure and a flow sensor, respectively.

of the air. A dedicated airflow controller injects dry air through the
measurement cell at a controlled volumetric air flow rate Q
(expressed in m>/s) and measures the gauge pressure Py, at the
bottom of the cell. This gauge pressure is the difference between
the absolute pressure at the bottom of the cell Pyt qps and the ab-
solute atmospheric pressure Py qps- Therefore, the gauge pressure
P;o corresponds to the pressure drop due to both the powder bed
Ppowder and the measurement cell (the porous material, tubes, and
connections) Prer. Therefore, Pror = Ppowder + Pref For the sake of
simplicity, we will refer to these quantities as pressure instead of
pressure drop or gauge pressure in the rest of the paper.

When a powder is submitted to an air flow, two main regimes
are observed as a function of the flow rate: the “fixed bed” regime
and the “fluidized bed” regime (Seville, 2007). In the first regime,
particles are stationary and the gas flows through the interstices.
When the bed expands, the bed passes from the fixed to the flu-
idized bed regime (Bi, 2020). The latter is complex with a wide
variety of sub-regimes including homogeneous bed, bubbling,
slugging, and turbulent behaviors. Fig. 2 presents a typical pressure
curve showing the pressure Py, as a function of the flow rate Q for a
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Fig. 2. Typical pressure curve showing the total gauge pressure as a function of the
airflow rate Q for ST21AN: the red dotted line is the linear fit, and the blue hyphenated
line divides the fixed bed region from the fluidized bed region.

typical powder. This curve is obtained by increasing slowly the flow
rate Q starting from zero and measuring the corresponding pres-
sure Py The pressure evolves linearly in the fixed bed regime and
saturates in the fluidized regime. Fitting the linear regime with a
least square regression equation gives the slope Py/Q. We focus on
the fixed bed regime allowing to use Darcy's law relating the flow
rate and the pressure drop through the permeability in porous
materials. In particular, the permeability expressed in square me-
ters is computed with the relation:

_uH_Q
AP

powder

k

(1)

where u is the dynamic viscosity of air (1.85 x 107> kg m~! s~ ! at
25°Cand 1 atm), H is the height of the powder bed, A is the internal
cross-section area of the cell.

The steps carried out to measure the permeability are the
following:

1) Evaluation of the pressure drop induced by the measurement
cell (Prep). A pressure curve is measured with the empty cell (i.e.
without powder) and the slope Pref/Qrer is computed. Measuring
the slope of the pressure curve is much more accurate than
measuring a single pressure and the corresponding flow rate.

2) The airflow is switched off.

3) The powder is poured into the cell using the GranuPack
initialization protocol.

4) Measurement of the initial permeability ko. A pressure curve is
recorded to compute the slope Py/Qyor. It is important to stay in
the linear regime corresponding to the fixed bed to avoid
fluidization and therefore a modification of the packing fraction.
Looking at the shape of the pressure curve allows us to check
that we are in the linear regime. The contribution of the cell is
deduced and thus the slope is computed as Ppowder/Q = Prot/ Qzor —
Pref/Qrer. Then, the permeability is computed using Eq. (1). By
doing so, we measure the powder's permeability by subtracting
the cell's contribution to the total permeability.

5) The airflow is switched off.

6) A light hollow cylinder called “diabolo” is placed on top of the
powder bed and the packing procedure is started. A predefined
number of taps (n) is applied to the powder and the bulk density
is measured.

7) The “diabolo” is gently removed.
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8) The permeability after n taps (k) is measured with the same
method as described in step 4).
9) The steps 6) to 8) can be repeated.

Independently of the permeability measurement, the Gran-
uPack provides the packing curve, that is the bulk density of the
powder as a function of the number of taps, the Hausner ratio (HR),
which is the ratio between the final and initial bulk density, and is
commonly used to predict the powder flowability in quasi-static
conditions, and other information on powder flowability and
packing dynamics (Lumay et al., 2020). The results can be expressed
in terms of densities p or packing fraction 7. The packing fraction 7
is computed from the density p and the true density p; with the
relation n = p/pr.

Combined with the permeability cell, the GranuPack instrument
is highly versatile allowing to define many different measurement
protocols and sequences. In this paper, we show data sets with
permeability measurements performed for different tap numbers,
allowing to perform a deep analysis. However, for a fast and effi-
cient powder characterization, we recommend two permeability
measurements: an initial one just after the powder bed formation
(ko) and a final one (ksgg) after the whole tapping process. But of
course, as shown hereafter, additional intermediate permeability
measurements can be performed to go deeper in the analysis.

2.2. Materials

The excipients are lactose powders from DFE Pharma (Goch,
Germany): Pharmatose® (P) grades 150M, 200M, 450M, and
SuperTab® (ST) grades 11SD, 21AN, 24AN, 30GR. These powders
differ in shape (see Fig. 3) and size (see Table 1). In Table 1, the
powders are reported in order of decreasing particle diameter
corresponding to the 50th percentile of the cumulative particle size
(dsp). The material properties reported in Table 1 are commercial
information provided by the producer. Pharmatose grades and
ST21AN are composed of irregularly shaped particles, while ST11SD
is composed of almost spherical particles. The particles of ST24AN
and ST30GR are irregular but with rounded edges. Globally, Phar-
matose grades present smaller particle sizes compared to the
SuperTab ones.

Particuology xxx (XXxx) XxXx

Table 1

Material properties of lactose powders: py is the true density, d1o, dso, and dgg are the
particle diameters corresponding to the 10th, 50th, and 90th percentile of the cu-
mulative particle size distribution, respectively, and the span.

Powder  pr(glem®)  dio(um)  dso(pm)  doo(um)  Span
ST2IAN 15815 24.05 179.69 386.64 2.02
ST30GR 153225 38.32 12639 2973 2,05
ST24AN 15404 36.99 121.43 298.04 2.15
STI1SD 15363 44 1187 22333 151
P150M 153475 7.37 6835 18934 2,66
P200M 15366 437 37.73 111.33 2.83
P4SOM 153665 3.01 18.27 49.44 2.54

The abrasive powders from EXTROM® (Liege, Belgium) are
composed of silicon carbides (SC), which present almost the same
irregular shape (see Fig. 4) but different average particle sizes. In
the following, the word SC followed by a number refers to Silicon
Carbide powder with a specific average particle size. For example,
SC5 means the Silicon Carbide powder with an average particle size
of 5 mm. The true density of the silicon carbide is pr = 3.175 g/cm?>.
The material data (particle size and true density) have been taken
from the producer documentation.

3. Results and discussion
3.1. Packing dynamics and flowability

Before focusing on permeability, the packing dynamics, and the
corresponding flowability indexes are analyzed. Fig. 5 shows the
packing curves for the lactose and abrasive powders. Each curve
corresponds to an average over a repetition of three measurements
and the error bars correspond to the standard deviation. Globally,
the powders are well differentiated, as demonstrated by a clear
distinction between the packing curves. The data extracted from
these packing curves are presented in Table 2. Looking separately at
the lactose and the abrasive powders, the HR increases when the
grain size decreases (Table 1), and/or the particle shape passes from
being more spherical to more irregular (Fig. 3). This result makes
sense since the lower the grain size and the more irregular the
particle shape, the larger the interparticle cohesive forces

Fig. 3. SEM images of: (a) P450M and P200M, (b) P150M, (c) ST11SD, (d) ST21AN, (e) ST24AN, (f) ST30GR. These images were provided by the DFE Pharma (Goch, Germany).

4
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Fig. 4. Selection of SEM images of silicon carbide powders: (a) SC13, (b) SC23, (c) SC50, (d) SC100.
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Fig. 5. Packing curves for (a) lactose and (b) abrasive powders.

Table 2

Initial (ng), final (n500) packing fractions with the standard deviations among three
measurements (o 79 and o 1599) and Hausner ratio (HR) for lactose and abrasive
powders.

Name Mo a 1o "N500 o Ns00 HR

P450M 0.307 0.009 0.471 0.004 1.54
P200M 0.347 0.009 0.511 0.002 147
P150M 0.392 0.004 0.540 0.002 1.38
ST21AN 0.437 0.003 0.553 0.001 1.27
ST24AN 0.353 0.004 0.427 0.001 1.21
ST11SD 0.395 0.004 0.475 0.002 1.20
ST30GR 0.366 0.004 0.440 0.001 1.20
SC5 0.222 0.005 0.366 0.001 1.65
SC13 0.262 0.000 0418 0.002 1.59
SC15 0.394 0.002 0.561 0.008 1.42
SC23 0.443 0.003 0.572 0.003 1.29
SC50 0419 0.002 0.517 0.003 1.23
SC100 0.452 0.003 0.530 0.001 117

compared to the grain weight, and consequently the lower the
powder flowability.

In the case of the lactose powders (Table 2) based on the ranges
of HR values (Kalman, 2021), it is possible to distinguish three
groups of powders: one composed of ST30GR, ST11D, and ST24AN,
one composed of ST21AN and P150M, and the last one composed of

P200M and P450M. Powders of the first group present the smallest
increase in the packing fraction as demonstrated by the lowest HR
value, below 1.22, which denotes a fair flowability behavior. The
second group presents powders with intermediate HR values, be-
tween 1.27 and 1.38, which indicates passable or poor flowability
behavior. The last group is composed of powders with an HR
greater than 1.46, which corresponds to very poor flowability
behavior. The ST21AN presents the smallest HR values among the
less flowable powders (HR above 1.25). This result could be
explained by the fact that ST21AN presents larger particles
compared to the Pharmatose powders. Therefore, its behavior is in
between that of the Pharmatose powders, which present both
irregular and small particles, and the SuperTab powders, which
present big and regularly shaped particles.

The abrasive powders can be differentiated according to the HR
values as follows (Table 2): SC100 and SC50 present an HR below
1.24, which denotes a good flowability behavior; SC23 and SC15,
present an HR between 1.29 and 1.42, which indicates a passable/
poor flowability behavior; SC13 and SC5, which present an HR
above 1.58, which indicates a very poor flowability behavior. These
powders have similar particle shapes, therefore the factor that
determines the different flowability behavior is the particle size.
Indeed, as the particle size decreases, the HR increases accordingly.
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3.2. Permeability versus packing fraction

Following the measurement procedure described in section 2.1,
the influence of the packing fraction  on the permeability k has
been analyzed for the whole set of powders. More precisely, the
permeability and the packing fraction have been measured for a
sequence of tap numbers. The corresponding trends are reported in
Fig. 6. All the powders (lactose and abrasive) show a decrease in the
permeability with packing fraction. This result makes sense since
the higher the powder densification under the tapping process, the
closer the particles and consequently the lower the space available
for the air to pass through the particles, which means a lower
permeability compared to the initial condition. However, the curves
do not follow a master curve showing that the packing fraction is
not the only parameter influencing the permeability. Indeed, the
particle size distribution and shape influence the geometry and the
distribution of the pores, modifying the permeability.

In Fig. 6, error bars are reported for the first and last measure-
ment of each set and are based on three repetitions. The initial
point (lower packing fraction) is characterized by larger error bars
compared to the last point (higher packing fraction). The larger
variation of the measurement for initial permeability can be
explained by the larger variability in the particle arrangement in
loose conditions compared to a more uniform and controlled par-
ticle arrangement after tapping.

Fig. 6 also shows that, depending on the packing fraction value,
the permeability can change significantly. This is, for example, the
case of the SC100, for which small variations in the packing fraction
induce a large variation in the permeability. Therefore, it is
important to measure the permeability in the same packing con-
ditions of the process to avoid wrong estimations and to properly
compare different powders.

3.3. Permeability versus flowability

Measuring a whole set of permeabilities for different tap
numbers and their corresponding packing fractions is interesting
for a deep analysis but also time-consuming. In this section, we
show that interesting powder characterization information can be
found by focusing only on the initial (0 taps) and final (500 taps)
values of the parameters. Fig. 7 shows the initial ko and final ksgq
permeabilities and the corresponding packing fraction values (7q
and 7sqq) as a function of the HR for lactose powders.

Concerning the initial permeability ko, two regimes are
observed: a decrease of the permeability followed by an increase
(see Fig. 7). The points at low HR correspond to lactose powders
(ST11SD, ST24AN, and ST30GR) with the larger grains having
therefore a low cohesiveness. The higher permeability is explained
by a distribution of larger voids between the larger grains. Instead,

Particuology xxx (XXxx) XxXx

above HR = 1.25, permeability increases with HR. This increase can
be explained by the decrease of the packing fraction with the in-
crease of the powder cohesiveness. Indeed, the cohesive forces can
stabilize a loose packing having a high porosity. Consequently, the
larger the powder cohesiveness, the less dense the powder bed and
the larger the permeability. This effect is clearly shown in the case
of ST21AN, P150M, P200M, and P450M, which are composed of
small and/or irregularly shaped particles and hence more cohesive
compared to the other powders.

After 500 taps, permeability decreases for all the powders
because of the increase in the packing fraction (see Fig. 7(b)). This
result can be explained by the higher densification of the cohesive
powders, represented by larger HR values, compared to more
flowable powders. The larger the powder cohesiveness, the larger
the powder densification by tapping, and the lower the
permeability.

Fig. 8 shows ko, k500, 19, and 15q¢ as a function of the HR for the
abrasive powders. The behavior is qualitatively similar to lactose
powders, with a higher initial permeability for both larger grains
and low HR and smaller cohesive grains at higher HR. In between a
minimum of the permeability is measured. The final permeability
ksop decreases with HR. These dependencies are only related to
grain size since the different abrasives are composed of irregular
particles of similar shape.

One significant result emerging from the results obtained on
both the lactose (Fig. 7) and the abrasive powders (Fig. 8) is that the
final permeability (measured after 500 taps) can be used to predict
the powder flowability: the lower the HR the larger the
permeability.

3.3.1. Permeability ratio

Similarly to the HR, which is used to classify the powders based
on the increase of the bulk density with the applied taps, a new
parameter is proposed to differentiate the powders based on their
capacity to decrease the permeability with the increase of the
packing fraction because of taps. This parameter is the permeability
ratio, ko/ksoo, which is the ratio between the initial and the final
permeability. Similarly to the HR, the ratio ko/ksgp is greater than
unity.

Fig. 9 shows the permeability ratio (ko/kspo) as a function of the
HR for the lactose powders. The larger the increase in the packing
fraction of the powder, that is the larger the HR, the larger the
reduction in powder permeability between n = 0 and n = 500. This
result could be explained by the fact that the more cohesive the
powder, the larger the increase in the packing fraction, and hence
the larger the variation in the powder configuration because of taps
compared to a more flowable powder, and the larger the effect on
the variation in permeability.

20 9
a) AP150M 'b) 4SC5
i ’ 8 ASC13
16 [ AP200M
" ) 7 sci15
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Fig. 6. Evolution of permeability k with the packing fraction 7 for (a) lactose powders and (b) abrasive powders. The error bars are reported only for the first and last measurement

of each set and are based on three repetitions.
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Fig. 7. (a) Initial permeability ko, (b) final permeability ksqo, () initial packing fraction 7y, and (d) final packing fraction 7sqy as a function of the Hausner ratio (HR) for the set of

lactose powders.
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Fig. 8. (a) Initial permeability ko, (b) final permeability ksqo, (c) initial packing fraction 7y, and (d) final packing fraction 754y as a function of the HR for abrasive powders.

The most flowable powders (ST11SD, ST30GR, and ST24AN)
experience only a reduced variation of the permeability, i.e. ko/ks00
below 5, while the cohesive powders (the Pharmatose grades and
ST21AN) experience larger permeability variations.

Similarly to the lactose powders, the abrasive powders present
an increase in the permeability ratio with the increase of the
powder cohesiveness (Fig. 10). When the HR is above 1.42, the
permeability ratio increases more significantly with the increase of
the HR, compared to lower values of the HR.

Because of the direct dependency between the ko/ksgo and the
HR, the permeability ratio could be used to predict the powder

flowability.

3.4. Rate of variation of permeability

A second original metric is proposed to classify the powders
based on how fast is the variation of the permeability with the
applied taps. Looking at the evolution of permeability with the
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Fig. 10. Permeability ratio (ko/ksoo) as a function of the HR for abrasive powders.

packing fraction of lactose powders (Fig. 11(a)), it is evident that,
except for the first point (n = 0) of each set of permeability values,
the other points follow a linear trend. It means that as soon as some
taps are applied to the powder, the permeability values start to
decrease linearly with the increase of the packing fraction. By
approximating the data for each powder with a regression line
(Fig. 11(a)), by using the method of least squares, the corresponding
slope value is the rate of variation of permeability (RoVy). This
parameter quantifies how fast is the decrease of the permeability
with the increase of the packing fraction. To distinguish the pow-
ders based on the RoVj, the parameter has been reported as a
function of the HR in Fig. 11(b).

Looking at the RoVj as a function of the HR, it is observed that
the less cohesive the powder (lower HR), the larger the parameter
in absolute value. This result could be explained by the easier ca-
pacity of more flowable powders to rearrange the particles and
consequently modify the distribution of the voids, which affects the
permeability.

In the case of the abrasives (Fig. 12(a)), for some powders only
the final points of the permeability-packing fraction curves follow a
linear trend. Therefore, to compare all the powders in terms of the
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Fig. 11. Lactose powders: (a) Evolution of permeability with the packing fraction, the
regression lines, and the corresponding equations, and (b) rate of variation of
permeability (RoVy) as a function of the HR.

RoVj, only the final five data points, that are at the largest packing
fraction values, have been considered for the linear regression.

As the lactose powders, the larger the powder flowability the
faster the decrease in the permeability with the packing fraction
(Fig. 12(b)). It is interesting to note that the RoVy goes in the
opposite direction to the ko/ksop: with the increase of the HR, the
first one decreases, and the second one increases. It means that the
more cohesive the powder, the larger the decrease of the perme-
ability with the densification but the slower this decrease
compared to more flowable powders. More cohesive powders are
characterized by larger densification because of taps, which leads to
larger variation in the particle rearrangement and thus to a larger
reduction in permeability. Compared to more flowable powders, in
cohesive powders, the particle rearrangement and, consequently,
the permeability variation, are more significant but occur more
slowly.

Together with the permeability ratio and because of the link
between the HR and the RoVj, this latter parameter could be used to
complement the classical flowability indexes.

3.5. Application of Kozeny-Carman equation

The Kozeny-Carman equation is a well-known model (Borjesson
et al., 2016; Carman, 1937; Kozeny, 1927), which combines the
Darcys’ law and the Poiseuille equation in a straight channel to
obtain a relation between the permeability, the packing fraction,
and the characteristics of the powder bed (Costa, 2006). The
equation is:
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Fig. 12. Abrasive powders: (a) Evolution of permeability with the packing fraction, the
regression lines, and the corresponding equations, and (b) rate of variation of
permeability (RoVy) as a function of the HR.

3
k= CKC(‘lnizn) (2)
where Cgc is the Kozeny-Carman parameter. It depends on the
assumed shape of the capillaries perforating the porous media,
their tortuosity, and the particle structure.

Eq. (2) has been used to get the Cyc by using the permeability
measured with the permeability cell at different packing fractions.
The results are reported in Fig. 13. We observe that Cgc remains
constant for the abrasives (Fig. 13(a)) while varying the packing
fraction, in accordance with the Kozeny-Carman equation predic-
tion. Therefore, the Cyc can be directly obtained with the method
proposed in this paper.

For the lactose powders (Fig. 13(b)), the Ckc is not constant and
depends also on the packing fraction. This result indicates that the
Kozeny-Carman model cannot be applied to all kinds of materials,
as already stressed by Borjesson et al. (Borjesson et al., 2016) in the
case of powder beds consisting of spray-dried dairy powders. The
good estimation of the Cyc for the abrasives, can be explained by
the nature of the abrasive powders. In fact, the abrasives used in
this study can be considered model powders, having a mono-
dispersed distribution and composed of particles with the same
shape.

4. Conclusions
A new procedure for the measurement of the permeability as a

function of the packing fraction at low consolidation conditions has
been proposed. It combines the capacity of the GranuPack to
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Fig. 13. Kozeny-Carman constant as a function of the packing fraction for the abrasive
(a) and the lactose (b) powders.

control the densification of the powder and the possibility of
measuring the permeability in correspondence with the obtained
packing fraction values by using a purposely developed cell.

Different lactose grades, characterized by different particle
shapes and sizes, and abrasive powders, characterized by the same
irregularly shaped particle but different particle sizes, have been
tested with the GranuPack.

The permeability evolution with the packing fraction has been
obtained for all the powders. The results have shown that the larger
the packing fraction the lower the permeability and, for some
powders, a small modification of the packing fraction can lead to
large variations in the permeability. Therefore, it is important to
measure the permeability in the same densification condition of
the process to correctly understand the effect of permeability on
the process, to properly compare the powders, and to properly
design the process to maximize the efficiency or improve the
product quality.

By comparing the permeability classification at loose and
packed conditions, it has been found that the powder classification
can change depending on the densification conditions. In particular,
at 500 taps, the larger the powder cohesiveness, the lower the
permeability. Consequently, the permeability after the densifica-
tion (500 taps) could be used to predict the powder flowability.

Two new metrics have been proposed to quantify the effect of
densification on permeability: the permeability ratio and the rate of
variation of permeability. The first one quantifies the reduction of
permeability because of taps. The second one defines how fast is
the reduction of permeability due to the densification. The results
have shown that when the powder cohesiveness increases, the
permeability ratio increases, and the rate of variation of
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permeability decreases. Therefore, these two parameters could
help in predicting powder flowability.

Finally, the proposed method has been applied to determine the
Kozeny-Carman parameter. We have shown that the Kozeny-
Carman parameter is a constant for the abrasives, considered as a
model material, but not for the lactose powder. Therefore, the
method presented in this article should allow future development
of a more elaborated model to describe the interaction between
packing properties and permeability.
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