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Novel Unsteady State Method of Measuring Permeability
Tested on Fabric Materials

Anze Sitar*

Fondazione Bruno Kessler, Italy

The necessity of measuring permeability is encountered in number of applications and some of them have adequate measurement techniques
available. However, in the fields of freeze drying, composite scaffolds, 3D printed materials, etc., the sample materials have unique shapes
and sizes, which disables the use of standardized equipment. Hence, a novel method was developed to determine the permeability of a
sample material by analyzing a high frequency unsteady state pressure measurement acquired during the permeation of a working fluid.
The method is also suitable for in-line measurements due to the rapid acquisition and analysis. The developed method is novel, hence a
comparison of the acquired results and the permeabilities measured with a standard device designed for measuring air permeability of
fabric materials was made. Air was the permeating fluid in the novel unsteady state as well as in the referential steady state measurements.
The measured permeabilities ranged from approximately 8 Da to 50 Da for the analyzed five fabric materials. The comparative analysis
yielded an encouraging linear fit with a R2 = 0.98 by including only one unsteady state measurement of each fabric sample. In addition, the
presented method was capable of detecting the difference in permeability of the freeze-dried 5 wt% and 12 wt% aqueous mannitol solutions,
which exhibit different permeabilities due to the different porosities after the same process of lyophilization. The possibility of determining
permeabilities of freeze-dried pharmaceuticals is essential for lyophilization process optimization.
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Highlights

*  Novel unsteady state method of determining permeability is proposed.

*  Inexpensive, reliable and rapid acquisition of the experimental results is presented.

*  The method is compared to standardized steady state measurements.

e Sample materials’ size, shape and permeability is arbitrary.

*  Thefirst solution for determining permeability of freeze-dried pharmaceuticals is demonstrated.

0 INTRODUCTION

The technics of permeability determination are
commonly divided into two categories: steady state
and unsteady state methods. Both are most thoroughly
studied in the field of geology due to the importance
of rock permeability in the oil and gas industry. The
two measurement categories are further divided into
subcategories, which have unique features, recently
summarized in Gao and Li [1]. The unsteady state
methods have different variants with a common
denominator. Namely, the measured signal is transient
and the analysis of the experimental results requires
a thorough theoretical knowledge, which was initially
presented by Brace et al. [2] and afterwards modified
by several authors [3] to [5]. Compared to the steady
state experiments, the unsteady state measurements
are more rapid, as shown by Zhong et al. [6], and
more frequently applied for determining lower
permeabilities, whereas the analysis of the results is
generally much more complex and requires a profound
theoretical background [7] as well as additional
parameters: material and fluid compressibility,

porosity, viscosity, etc. [8] and [9], which are often
difficult to acquire.

Yong et al. [10] presented large discrepancies
in liquid cross-plane permeability of glass fiber
fabrics measured in 26 laboratories. However,
the filter, membrane and fabric materials present
no extraordinary challenges regarding the gas
permeability =~ measurements  especially  when
determining the cross-plane steady state permeability
as seen in [11].

Sheet materials are therefore ideal for verification
of novel measurement methods, as there are several
widely used and also standardized measurement
methods available for determining the permeability.
Most commonly used standardized equipment and
procedures for measuring permeability are given in
ASTM standards [12] and [13].

The currently available state of the art in
steady or unsteady state methods of determining
permeability is unsuitable to analyze non-extractable
and arbitrarily shaped materials, which is the main
advantage of the proposed technique. Hence, the use
of this method is foreseen in the field of freeze-drying
pharmaceuticals, as the product is not suitable for
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extraction and the permeability presents one of the
most important parameters for designing the drying
process. Currently used approaches of determining
the porosity or permeability rely on Scanning Electron
Microscopy [14] to [16]; X-ray microtomography [16]
to [18] coupled with numerical simulations [19] and
[20]; or solely on computational fluid dynamics [21]
to [23]. Direct measurements of permeability in freeze
dried products are non-existent, as the materials are
brittle and therefore difficult to manipulate or extract
from their containers, however the need to determine
permeability is explicitly given in Fissore et al. [24]
and Bobba et al. [25], as it would enable a more
precise modelling and optimization of lyophilization
cycles. The permeability is the most influential
material property in the scope of lyophilization
process, as the water vapor is required to permeate
via sublimation through the material during the freeze
drying process. The sublimation flow during drying
is hindered by the materials flow resistance, therefore
it is crucial to measure the product’s permeability in
order to evaluate and potentially improve the protocol
of freeze drying.

The novel method allows for measuring the fluid
permeability rate of sheet materials as well as other
arbitrarily shaped materials. The method is flexible
to perform measurements with different working
fluids and various materials with a wide range of
permeabilities. Additionally, the boundary and initial
conditions of the experimental measurement can
be adjusted to the expected process parameters to
determine the permeability, which will affect the
process of interest. Hence, the temperatures, pressures
and volumetric flows during the experimental
measurements can imitate the boundary conditions
during freeze drying and therefore the intrinsic
permeability is measured. To avoid elaborate physical
modeling and acquisition of additional thermodynamic

properties, a comparative analysis of the experimental
results is recommended, which also diminishes the
effect of fluid compressibility, as it is similar in all of
the compared measurements. The rapid acquisition
and analysis of the experimental results allow the use
of the method in in-line quality control applications.

1 EXPERIMENT AND THEORETICAL BACKGROUND
1.1 Experimental Setup and Procedure

In order to validate the novel method of permeability
measurement, reference steady state measurements
were performed with a Mesdan Air Tronic instrument
on five fabric materials with an area of 50 cm?
at a constant pressure difference of 100 Pa. The
permeability was calculated in accordance with
the Darcy’s law by using 1.84x10-5 Pa-s as the
dynamic viscosity of air at 25 °C. The unsteady
state method of determining permeability allows
a prompt measurement performed in less than 50
ms and more importantly, it could also be used with
arbitrarily shaped samples (for example: 3D printed
materials, composite scaffolds, freeze dried materials,
etc.). The unsteady state measurements of the fabric
materials were performed with the experimental setup
comprised from the components presented in Fig. 1.
A computer and a data acquisition device are required
for acquiring and analyzing the measured signal. The
air supply chamber is connected with the upstream
chamber through a valve to provide the required
amount of the working fluid to the upstream chamber,
which is equipped with a pressure signal to determine
the initial pressure po(=0) as it is directly correlated
with the quantity of the air in the chamber.

The pressure in the upstream chamber is higher
compared to the pressure in the surroundings to ensure
the driving force for the working fluid is available and

Computer

Data acquisition and control unit

Sample material

Adr supply
chamber

Upstream
chamber

v

0

Fig. 1. Experimental setup for the unsteady state measurements
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properly oriented towards the left hand side in Fig.
1. The vacuum pump is installed at the outlet of the
measured material in order to fully dry the sample
material before the measurement of the permeability.
After the desired amount of air is transferred to the
upstream chamber, the valve connecting the supply
and upstream chamber is closed and the measurements
of both pressure signals p(f) and py(f) commence.
At this moment both sides of the fabric material
are subjected to air at the atmospheric pressure.
Afterwards, the valve connecting the upstream
chamber with the fabric material is opened and the
air is allowed to dissipate through the fabric as the
outlet side is in contact with the atmospheric pressure
in the surroundings. The pressure sensor at the inlet
side of the fabric material is used to acquire the
pressure signal at a high frequency during the pulse
of air permeating through the sample. The measured
pressure signal p(7) is in direct correlation with the
sample’s permeability.

2.2 Data Reduction

The permeability of a material in a viscous flow
regime is defined with the Darcy’s law, in which the
permeability of the material x is determined with the

equation
av
__H %fr
d

. )
A,

The pressure difference across the material is dp
and the volumetric flow rate is dV/dt. The area and
the thickness of the material are denoted with 4 and
dx, respectively, whereas the dynamic viscosity of the
permeating fluid is x. The mass transfer resistance
of the material is inversely proportional to the
permeability in accordance with the equation

K
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t

The unsteady state measurements include the
same volume of the permeating fluid dV as it depends
on the volume and the initial pressure in the upstream
chamber, which were both constant during the
experiments. Similarly, the viscosity of the fluid and
the area of the sample were also kept constant during
the transient measurements, whereas the thickness of
the fabric samples varied from 0.135 mm to 0.5 mm.
The comparative analysis of the experimental results
also allows us to exclude some of the otherwise
influential parameters (for example: compressibility

84

of air). These parameters become insignificant, as
we are keeping them constant during the compared
experimental runs. Therefore, in the established
boundary conditions only the product of pressure
difference and time dpdt is the quantity required for
comparative analysis of the materials’ permeability.
The tested fabric materials are subjected to a pulse of
permeating air at the inlet side, whereas the fabric is in
contact with atmospheric conditions at the outlet side.
The unsteady pressure is measured at the inlet with an
absolute pressure sensor, and the experimental results
are afterwards normalized as stated with the equation
p(1)-p(0)

A 3
Puorn (1) 7 p(0) 3)

The best results of analysis is expected at high
speed measurements and large pressure differences, as
the induced pressure pulse is rapidly declining when
measuring highly permeable materials. The pressure
signal p(f) is measured at the inlet of the fabric
material, whereas the pressures p(0) and p,,,, are the
initial pressure prior to the air pulse and the maximum
possible value measured at the inlet. The maximum
pressure value is defined as the pressure py(0) initially
set in the upstream chamber. The normalization
of the pressure signal improves the comparability
of the experimental results acquired in various
measurements as there are potential differences (i)
in the initial pressure in the upstream chamber p,, .,
and (i) in the initial pressure p(0) at the inlet of the
fabric, which is equal to the atmospheric pressure of
the surroundings in the current experimental setup.
Similar normalization procedure was used also for
the time variable in order to improve the graphical
distinctness of the differences between experimental
results. The normalized time ¢,,,,, is defined with the
equation

~t=1(p)

norm s (4)
tmax —t (p max )

in which the maximum time ¢,,,, was 70 ms, defined
as the time at which the pressure pulse is diminished
back to the atmospheric pressure for all of the analyzed
fabric materials. The value of #(p,,,) was derived
from the experimental results separately for every
experimental run at the maximum achieved pressure
at the inlet of the fabric material. The comparative
parameter of the permeability can be defined as the
maximum pressure, the slope of the pressure rise
or decay, the area underneath the pressure signal
in the p(¢f) diagram or a combination of them all.
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The decision on the final comparative parameter
depends on the initial and boundary conditions of
the measurements and especially on the sample
material’s permeability. The performed measurements
and analysis of the fabric materials exhibited the best
results with comparing the following parameter

PT;lorm = anorm (tl ) X Atrlorm s (5)
which graphically presents the area underneath the
normalized pressure curve in the p,,,,.,(¢,0,) diagram.

3 RESULTS AND DISCUSSION
3.1 Fabric Materials

The unsteady state measurements were performed
on five different fabric materials by utilizing the
experimental setup presented in Fig. 1. Preliminary
experiments were performed to adjust the
experimental conditions. The initial pressure in the
upstream chamber was varied from 0.1 bar to 0.5 bar,
the number of layers of fabric materials ranged from
1 to 4, whereas the upstream chamber volume and
the measurement frequency remained constant. The
results from the preliminary measurements showed
a relatively high permeability of the fabric samples
and consequentially low signal from the inlet pressure
sensor, which is in viscous flow directly dependent on
the following quantities

d=rla Y Yor ) ©

Therefore, the pressure response of highly
permeable fabric materials can be amended by
varying their thickness or surface area perpendicular
to the permeating flow, or by changing the volumetric
flow, which is in our experimental setup indirectly
controlled by the initial pressure in the upstream
chamber. Hence, the decision on measuring 4 layers of
fabric at the initial pressure of 0.5 bar in the upstream
chamber was made to improve the measured pressure
response. Additional rise of the initial upstream
pressure, which would lower the noise to signal ratio
was omitted in an attempt not to deviate even further
from the pressures maintained in the referential steady
state measurements, which were performed at a
pressure difference of 100 Pa. The pressure signal at
the inlet was measured at a 4000 Hz frequency, which
is presented without any filtering or conditioning in
Fig. 2. All of the measurements performed on the
four layers of fabric materials were set to have the
maximum pressure signal at 25 ms and the pressure

decayed to the initial value of the atmospheric
pressure at 70 ms. The inlet pressure sensor used
was a an absolute pressure sensor, therefore some
pressure differences in the initial states are observed
due to the changes of the atmospheric pressure in the
surroundings. This difference is negligible during the
measurements on fabric materials 1, 2 and 4, as all the
experiments were performed on the same day with the
same atmospheric pressure.

1.06 .
— Fabric #1

= — Fabric #3
Tg 1.02 — Fabric #4
2 — Fabric #5
= 1
2
5]
& 098

0.96

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time [s]

Fig. 2. Unconditioned pressure measured on
five fabric materials vs. time

The pressure signals as well as time were
normalized to further improve the comparability
of the experimental results. The normalization was
obtained in accordance with the Eqs. (3) and (4) and
the corresponding results are depicted in Fig. 3. In
addition, the analyzed data was reduced to only 141
pressure measurements for each fabric. The data was
acquired at 4000 Hz from approximately 25 ms to 60
ms, as shown in Fig. 2. The graphical representation
of the measurements clearly shows some pressure
oscillation, especially immediately after the maximum
pressure is achieved. These oscillations were observed
only in measurements of thin sheet materials at
a relative large initial pressure in the upstream
chamber, whereas experimental results of thicker less
permeable samples or at lower pressure potentials
hindered the pressure fluctuations. Therefore less
distinct oscillations and a more smooth pressure
pulse is achievable by adding additional layers of
fabric materials, which inhibits the vibrations of the
material during the permeating pulse of air. Sample
materials” permeability could be compared on the
basis of different experimental parameters (maximum
pressure, slope of the pressure signal, etc.), however
the relatively high permeabilities of the analyzed
fabric materials imposed the comparison of the
area below the graphs presented in Fig. 3, which
was calculated in accordance with the Eq. (5) as the
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PT,,.,- The final compared parameter included the
pressure signal in the range of 0 <1¢,,,,, < 0.78, which

corresponds to the absolute time span of 25 ms < ¢ <
60 ms.

0.14

; — Fabric #1

] 0.12 — Fabric #2

3 0.1 — Fabric #3

g — Fabric #4

% 0.08 — Fabric #5

a. 0.06

o)

S 004

<

g 0.02 |

2 0 QAN R AR0ALD. A 200,06 Do T DS AR A 0 e
0 0.1 02 03 04 05 06 0.7 08 09 1

Normalized time [-]

Fig. 3. Normalized pressure measured
on five fabric materials vs. normalized time

The comparison of the unsteady state measured
parameter dx/PT,,,, and the permeability x measured
at a steady state is presented in Fig. 4. The compared
parameter is the inverse value of PT,,,, multiplied
with the sample thickness dx as this combined value
is theoretically proportional to the permeability. The
presented analysis shows proportional changes in
the unsteady state measurements of all five fabric
materials compared to the referential steady state
permeability. The comparison of the unsteady state
parameter and referential permeabilities is especially
encouraging as: (i) the experimental conditions and
pressure sensors could be further optimized; (ii) the
measured results are not conditioned in any way; (iii)
only one measurement was performed for each sample
material; (iv) utterly different steady and unsteady
state measurement protocols provide completely
comparable experimental results.

The complete set of the experimental results
are presented in Table 1. The reference steady state
measurements for all five fabric materials were
performed by measuring the volumetric flow at a

Table 1. Summary of the experimental results and calculations

constant pressure difference across the sample. The
reference permeabilities were calculated with the
Darcy’s law and range from approximately 8 Da to 50
Da for the analyzed fabrics.

50 T 0.1
[ Wk (steady state) e
— 40 - 0.08 =
5: dx/PTnorm (unsteady state) 5
= | ] &E
2,30 r ] 0.06 &
$20 | Lo 8
g C ] g
S0 f ] 2
£ 10 I-I 1002 2
: H ] =
0+ Lo
1 2 3 4 5

Fabric material
Fig. 4. Comparison of steady and unsteady state measurements

The unsteady state permeability comparison
parameter was calculated from the normalized
pressure signal and normalized time step. The steady
state permeability in comparison with the unsteady
state permeability parameter is presented in Fig.
5 with an addition of a linear curve fit given in Eq.
(7). The unsteady state permeability derived from the
linear fit as well as the relative difference compared to
the reference permeability are also included in Table
1.

— 50 r "
=) F Fabric 5
2 40 +
= r
S r
% 30 :
% 20 _ Fabri.c 1« Fabric 4
s ;
@ Fabric 3 T 1
2 10 77 Fabric 2
S [
0.00 0.02 0.04 0.06 0.08 0.10

Unsteady state dx/PTnorm [m]
Fig. 5. Linear interpolation of the experimental results

Steady state measurements

Unsteady state measurements

Fabric thickness : — Relative difference
(mm] Volumetric flow Permeability Unsteady state Calculated [%]
[I/min] [Da] dx/PT,,,,, [m] permeability [Da]
Fabric 1 0.500 59.6 18.49 0.031 17.05 -7.8
Fabric 2 0.135 153.2 12.83 0.022 12.16 -5.2
Fabric 3 0.350 37.9 8.23 0.008 4.63 -43.8
Fabric 4 0.250 139.8 21.68 0.040 22.15 2.2
Fabric 5 0.330 2314 47.37 0.086 48.18 1.7
86 Sitar, A.
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The relative difference is the largest at the lowest
permeability, which is anticipated, whereas the
absolute differences are more comparable ranging
from —-3.60 Da to +0.81 Da. The unsteady state
method could be further improved by optimization
of measurement equipment, operating conditions and
acquiring a vast number of measurement results. The
latter is achieved with ease, as each measurement
required less than 50 ms to conclude.

The simple linear regression of the experimental
results yielded the following equation with the
coefficient of determination calculated at R2 = 0.98

K =558.5x A (7

norm

The trend line of the referential steady state and
unsteady state measurements was linear in the range of
the results. The experimental data can be fitted with an
arbitrary form of the fitting curve, if the experimental
results would deviate from the linear trend. The
current linear form of the regression in Eq. (7) has the
coefficient 558.5 with a unit of Da/m multiplied with
dx/PT,,,,, iIn meters, hence the calculated permeability
is in Da. The presented regression model included all
of the unsteady state measurements, as the objective
was to test the novel measurement method, which was
successful due to the promising trends achieved with
a limited amount of measurements. The calculated
trend line equation can be used without additional
referential steady state measurements as long as the
measured sample’s permeability ranges from 8 Da
to 50 Da. Any extrapolation of the linear equation,
Eq. (7), is not appropriate, as we are relying on
the comparative approach. Otherwise additional
referential measurements are required to derive a
renewed trend line valid in the broadened range of
permeabilities.

3.2 Freeze-dried Pharmaceuticals

After the measuring method was evaluated on fabric
materials, the transition to measuring freeze-dried
materials in vials was made. The main challenges of
measuring the lyophilized material is the brittleness of
the material, which prohibits its’ extraction from the
vial. Hence, all of the measurements have to be made
in-situ. WE have tested three different vials: (1) empty
vial, (2) vial with a freeze-dried 5 % aqueous solution
of mannitol, and (3) a vial with a freeze dried 12 %
aqueous solution of mannitol. The inlet and outlet to
the vial were both made through the rubber cap of the
vial as seen in Fig. 6. The initial amount of the solution
in the vial was 4 ml, which occupied approximately

1/3 of the vial volume, as it is commonly seen in
lyophilized pharmaceuticals.

I_r%
mlet
]
I Lrdrrrs] |
m ,}—_%L % outlet

Fig. 6. Inlet / outlet for the freeze dried material in a vial

To evaluate the possibility of comparing the
permeabilities of lyophilized products in vials we used
two different aqueous concentrations of mannitol,
which result in an utterly different porosities after
freeze drying. Our previous research [14] indicates that
higher concentrations of mannitol (or lactose) prolong
the drying times during the same lyophilization
protocol. Therefore, the higher 12 wt% concentration
of mannitol should have a lower permeability
compared to the lower 5 wt% concentration. Fig. 7
depicts the normalized pressure signal measured at the
inlet of the vial filled with the freeze dried material.

— 0.025
= 12 wt% mannitol
ED 0.02 —5 wt% mannitol
§ —Empty vial
2z 0.015
g
= 001
8
g 0.005
]
2 0
0 0.2 0.4 0.6 0.8 1

Normalized time [-]

Fig. 7. Normalized pressure signal of the vials
with freeze dried materials

The upstream chamber initial pressure was 1 bar
during all three measurements and therefore only the
material inside the vial affected the pressure signal.
The results show the normalized pressure was the
highest during the permeation of air through the freeze
dried 12 wt% mannitol, which indicates that higher
concentration of mannitol has a lower permeability as
anticipated. The pressure rise in the empty vial occurs
due to the pressure drop of the air flowing through
the inlet and outlet tubing, and is therefore not in
correlation with any permeability. Consequently we
have made a relative comparison to the measurement
of the empty vial by using the relative value of the
PT,4m. e Parameter. The derivation is in accordance
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with Eq. (5) and is more clearly presented in Eq. (8)
bellow.

PT,,. (empty)
PT, =BT (o)
norm,rel (empty) lemrm (empty) ’
P, (5 W1%) = Plom (SW0%) _, 34 8
norm,rel wizo)= PTnorm (emply) S ( )
PT,,. (12 wt®
Pz;orm rel (12 Wt%) = M - 21 1
: PT,,. (empty)

At this moment it is not yet possible to translate
the PT,,., parameter to actual permeabilities, as we
have to perform the underlying measurements of a
reference material in a vial. The reference material
must have a known permeability and must also be
placed in a vial with the same inlet/outlet arrangement
to allow a straightforward derivation of the actual
permeability of the lyophilized products.

5 CONCLUSIONS

The presented novel unsteady state method
of measuring permeability was successfully
evaluated with referential standardized steady state
measurements performed on five different fabric
materials. The presented experimental setup is
capable of acquiring the entire pressure pulse signal,
and the comparability parameter (slope of increasing/
decreasing pressure, pressure peak, integral parameter,
or a combination of the above) is best defined after
the preliminary measurements, as it depends on the
properties of the measured samples. The characteristics
of the fabric materials imposed the use of the integral
parameter dx/PT,,,, for the comparative analysis.
The validation of the measurement method yielded a
linear fit curve with the R2 of 0.98. In the range of
experimental conditions, the derived linear regression
equation can be used to assess the materials’
permeability measured solely with the unsteady
state method. This result is extremely encouraging
as only one unsteady state pressure measurement
of each fabric material is included in the analysis.
Moreover, the comparative analysis is based on
only 141 individual pressure measurement acquired
at a frequency of 4000 Hz, which correspond to the
measurement time of 35 ms. A rapid assessment of the
permeability enables possible in-line applications for
quality control or similar.

The experimental results of the freeze-
dried materials in vials have demonstrated that
the presented method is capable of detecting the
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differences in permeabilities of lyophilized 5 wt%
and 12 wt% mannitol aqueous solutions. The
results show a significant change in the comparison
parameter PT,,,,, .;, Which was 1.34 and 2.11 for the
5 wt% mannitol and 12 wt% mannitol. The parameter
PT,4m e increases with increasing concentration of
mannitol. The higher concentrations of mannitol have
smaller pores and lower permeabilities after freeze
drying. Therefore the comparative parameter P7,,,,, o/
increases with the decreasing permeability of the
measured material, which was expected.

Several improvements of the presented novel
method of measuring permeability could be
implemented without any hindrance: (i) optimization
of experimental equipment and operating conditions;
(i1) larger number of analyzed experimental results;
(ii1) conditioning of the measured signal. Therefore,
the future work will include: (i) measurements
with reference material in a vial (ii) inclusion of
multiple unsteady measurements to improve the
accuracy; (iii) analysis of effects in variations of
experimental setup and boundary conditions, and
(iv) the use of the developed method in several
additional fields and potential materials: composite
materials, filters, membranes, geological samples,
freeze-dried materials, 3D printed materials, artificial
bones scaffold, etc. All of these applications would
benefit from the analysis of the fluid permeability
rate of the material under consideration. The novelty
of the presented method lies in: (i) the possibility
of measuring samples of arbitrary shape, non-
extractable and brittle materials, (ii) the analysis of
the entire pressure signal response and not just the
decay during the permeation of the working fluid,
(ii1) the comparative analysis of the experimental
results, which requires less thermodynamic properties
compared to the physical modeling approach.
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