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Abstract: The air permeability of a textile fabric belongs to the parameters which characterize its
potential applications as garments, filters, airbags, etc. Calculating the air permeability is complicated
due to its dependence on many other fabric parameters, such as porosity, thickness, weaving parame-
ters and others, which is why the air permeability is usually measured. Standardized measurement
instruments according to EN ISO 9237, however, are expensive and complex, prohibiting small compa-
nies or many universities from using them. This is why a simpler and inexpensive test instrument was
suggested in a previous paper. Here, we show correlations between the results of the standardized
and the custom-made instrument and verify this correlation using fluid dynamics calculations.

Keywords: air permeability; fluid dynamics; EN ISO 9237; piston; gravity

1. Introduction

Measuring air permeability is important to evaluate whether a textile fabric is suitable
for different applications, from clothing to diverse technical textiles [1]. Usually, this value is
measured by testing the air flowing through a defined fabric area within a defined time under the
impact of a defined pressure (e.g., 100 Pa), a definition which has been used since the middle of
the 20th century [2—4]. Test procedures based on this principle are described in several standards
with slightly varying parameters, e.g., EN ISO 9237 (Textiles—Determination of Permeability
of Fabrics to Air [5]), ASTM D737-75 (Standard Test Method for Air Permeability of Textile
Fabrics [6]), or ASTM F778-82 (Standard Methods for Gas Flow Resistance Testing of Filtration
Media [7]).

While measurements according to these standards are regularly reported in the recent
literature [8-10], the test instruments are relatively expensive and not easy to build, im-
peding many small companies and research groups from measuring air permeability. An
alternative test procedure, which was already suggested in 1932, is based on the principle of
a falling cylinder, where a cylinder falls down due to gravity and by this pulls air through
textile fabric of a defined area [11]. A slightly different principle was patented by Kawabata,
who led a falling piston press air through the specimen under investigation and measured
the built-up pressure [12], similar to Wagner and Cain [13] and Wang et al. [14] who also
used gravity to move a piston against the air pressure built in a chamber which was closed
from the outside by a textile fabric. A slight variation in this principle was suggested by
Lyu et al. who described a similar system in which pressure was built up by a pump [15].

Recently, we built an inexpensive air permeability test stand based on the falling
piston principle and showed that longer falling times were well correlated with smaller
air permeability, as could be expected [16]. However, besides the necessity to regularly
add lubricant in order to reduce the friction between the piston and the cylinder in which
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it is falling, no simple correlation between falling duration and air permeability can be
expected. On the other hand, a testing instrument, according to the simple physical idea
that increased air flowing through the textile under examination will increase the speed of
the falling piston, can be built much more easily than the common instruments according
to EN ISO 9237 and would thus enable more companies and research groups to measure
air permeability in an inexpensive way. Here, we thus describe recent improvements of the
lubricant, give results of a larger test series comparing the custom-built test stand with a
commercial air permeability tester, and finally calculate the correlation between the falling
duration and the standardized air permeability.

2. Materials and Methods

The custom-made air permeability tester consists of a long transparent tube in which
a stainless steel piston (mass 2272 g, diameter 94 mm, height 77 mm) can glide down. The
overall mass of the piston can be increased by up to 6 additional weights (232 g each).
Gaskets around the piston impede air from flowing between piston and tube; they have to
be treated by a lubricant to reduce friction. The time which the piston needs to fall from
one inductive sensor (40 cm below the starting position) to the next one (40 cm below the
first sensor) is measured.

The upper end of the tube has a round open area (10 cm?, identical to a value specified
in EN ISO 9237) in which the textile fabric under examination can be clamped; the lower
end is open. To perform a measurement, the piston is introduced into the tube, the latter is
rotated by 180° so that the piston glides to the top where it is hold by an electromagnet,
the tube is rotated back, and the electromagnet is switched off to release the piston whose
falling duration between both inductive sensors is measured. If a textile fabric with low
air permeability is investigated, the reduced pressure above the falling piston will reduce
its velocity. A more detailed description of the test stand can be found in Ref. [16]; the test
stand is shown in Figure 1. Its working principle is based on the idea that the falling piston
drags air through the textile specimen under investigation and uses the underpressure
built up by this process to measure the air permeability. Briefly, an open-pore fabric which
has maximum air permeability will not build up a partial vacuum and thus not reduce the
piston’s falling speed, while a nearly completely closed textile fabric will only enable air
to penetrate slowly, so that a partial vacuum builds up over the falling piston which will
reduce its velocity.

(b)

Figure 1. (a) Custom-made air permeability test stand; (b) piston with 6 additional weights which

can be fixed inside the piston using a screw.
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Measurements were performed for 0, 3 and 6 additional weights, respectively. As lubricants,
Ballistol universal oil and PTFE spray (both from Ballistol, Aham, Germany) were tested. Each
experiment with Ballistol universal oil was performed 10 times, while experiments with PFTE
spray were performed 5 times each due to their smaller standard deviations. Generally, a suitable
lubricant is necessary to reduce the friction between the gaskets and the tube, while at the same
time ensuring air-tight contact between gaskets and tube.

Experiments were performed at 22 °C and a relative humidity of 35-38% as no clima-
tized laboratory was available.

For comparison, the commercial air permeability tester FX 3300 Lab Air IV testing
instrument (Textest AG, Schwerzenbach, Switzerland), working according to EN ISO 9237,
was used (number of measurements per sample n = 3).

The textile fabrics under examination are depicted in Table 1. They were chosen
as to represent a broad range of different structures, materials and corresponding air
permeabilities. Microscopic images were taken with a digital microscope VHX-970FN
(Keyence, Neu-Isenburg, Germany).

Table 1. Textile fabrics under examination. Scale bars are 1 mm.

Sample No.

Microscopic Image Material/Structure Mass per Unit Area

59% virgin wool,
39% viscose,
320g/ m?2

2% elastane

Twill weave

54% polyester,
44% virgin wool,
340 g/m?

2% elastane

Plain weave

52% polyester,
43% virgin wool,
320 g/m?

5% elastane

Plain weave

100% cotton

300 g/m?

Twill weave
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Table 1. Cont.

Sample No. Microscopic Image Material/Structure

Mass per Unit Area

77% wool,

22% nylon,

1% elastane

Plain weave

360 g/m?

50% cashmere,

15% silk

Twill weave

240 g/m?

70% wool,

30% polyester

Plain weave

350 g/m?

41% polyamide,

59% modal polynosic

Plain weave

175 g/m?

98% cotton,

2% lycra

Plain weave

195 g/m?
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Table 1. Cont.
Sample No. Microscopic Image Material/Structure Mass per Unit Area
100% polyamide 6.6

10 188 g/m?

Plain weave
89% virgin wool,

11 11% polyamide 300 g/m?
Twill weave
100% viscose

12 Plain weave, 100 g/ m?

Creped fabric

3. Results

Firstly, experiments were performed using Ballistol universal oil as lubricant, as in the
previous tests [16]. With this lubricant, tests without additional weights were not possible
as the piston regularly became stuck in the tube. Figure 2a thus shows only the results with
3 and 6 additional weights, respectively.

In most cases, the error bars (indicating the standard deviations) are relatively small,
showing the high reliability of the measurements. The longest time was measured for
sample 10, i.e., this sample should have the lowest air permeability, while samples 5 and
12 have the highest air permeability. It must be mentioned here that the air permeability is
not directly proportional to the thickness, mass per unit area or the cover factor of a fabric,
so that the microscopic images or areal weights in Table 1 cannot be used for a calculation
of the air permeability or falling time.

The correlation between measurements with three and with six additional weights
is given in Figure 2b. For most measured falling durations, a linear correlation between
both values exists; only the longest falling time deviates from this correlation. This can be
explained by the slow movement of the gasket through the tube being more influenced by
friction, with stick-slip friction as the extreme case; here, apparently the three additional
weights are insufficient to fully overcome the friction between gasket and tube.

Next, Figure 3a depicts measurements performed after fully cleaning the whole test
stand from Ballistol universal oil and using PTFE spray as a lubricant instead. With
this spray, it was also possible to the piston without an additional weight, indicating
that PTFE spray can reduce the friction between piston and tube more reliably. Again,
sample 10 shows the longest falling time, i.e., the smallest air permeability, again followed
by samples 4, 6 and 1. The shortest times, i.e., highest air permeabilities, can again be
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found for samples 12 and 5. Nevertheless, the ratios between the falling times for different
samples or varying numbers of additional weights are different from those measured with
Ballistol universal oil. This leads to the question which measurements—with universal oil
or with PTFE spray, and with 0, 3, 6 or another number of additional weights—correlates
best with the air permeability measured with a standardized testing instrument.
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Figure 2. (a) Measurements with Ballistol universal oil. Error bars show standard deviations. The
measurement with 3 additional weights on sample no. 10 could only once be performed since the
piston regularly became stuck; (b) correlation between Ballistol universal oil measurements with
3 and with 6 additional weights.
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Figure 3. (a) Measurements with PTFE lubricant; (b) correlation between PTFE spray measurements
with 3 and with 6 additional weights.

The correlation between measurements with three and with six additional weights for
PTFE spray as the lubricant is shown in Figure 3b. Here, the linear correlation also persists
for the longest falling time, underlining that PTFE spray leads to more reliable results in a
broader range of air permeabilities. The comparison of these values with those taken in
measurements without additional weights reveal a much worse correlation, indicating that
even with PTFE spray, at least three additional weights should be used.
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For the comparison of the values taken with the custom-made air permeability tester,
all samples have also been investigated with a commercial air permeability tester according
to EN ISO 9237. The results are depicted in Figure 4.
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3000 L Air permeability
according to EN ISO 9237

N

n

o

o
T

2000

1500
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n
o
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Figure 4. Measurements of the air permeability according to EN ISO 9237.

Figure 5a shows the measured falling times of the custom-made testing instrument
vs. the air permeability measured using the standardized testing instrument. Generally,
a correlation similar to 1/x is visible, with larger air permeabilities correlated to smaller
falling times and vice versa. However, this graph is not suitable to differentiate between
1/x, 1/x? or similar correlations. Figure 5b thus depicts the measured falling times vs. the
inverse of the air permeability, as measured using the standardized testing instrument.
Here, the measurements with PTFE spray and three or six additional weights especially
show an approximately linear correlation, while the measurement with PTFE spray without
additional weights shows several outliers, suggesting not using this setup. For the smallest
air permeabilities, however, all measured falling times are longer than expected for a simple
linear correlation. The next section will thus discuss the correlation between both values,
as it can be expected due to fluid dynamic calculations.

16 1 16 - |Ballistol universal oil I
14k Ballistol universal oil ] 14 || = 3additional weights AP
: = 3 additional weights °__ additional weights
12¢ « 6addiional weights| ] 12 F1FEsPray ]
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Figure 5. (a) Falling time vs. air permeability; (b) falling time vs. inverse of the air permeability.
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4. Discussion

This section shows a simplified calculation method to estimate the air permeability
from the measured falling times.

To transfer the measured values of the custom-made testing device to the commonly
used air permeability R of textile fabrics according to EN ISO 9237, a simplified first
approach will be shown. The approach presented pursues the goal of firstly calculating the
pressure loss coefficient of the inserted sample in terms of plant engineering and pipeline
construction. To accomplish this, a couple of assumptions are necessary. Afterwards, by
using the same equation as before with different parameters in an imaginary device, one
can now calculate the velocity of the airstream perpendicular to the surface of the sample.

The following text uses the simplified test setup shown in Figure 6 to illustrate the
calculation method. The whole setup is rotated by 90° for better visibility.

Figure 6. Simplified testing device with a clamped textile fabric (black pattern) and a piston (orange
cross-section) in a cylindrical tube (green cross-section).

As already mentioned, the required equations are only valid under certain assumptions
which will now be presented. First of all, the friction in two aspects has to be set to zero.

One aspect is the friction between the piston and the cylinder, so that the coefficient of
kinetic friction is zero:

pr =0 1)

The second aspect is the inner friction of the fluid so we assume an inviscid flow:

n=0 ()

Another property of the fluid is the constant density, so there is no change in space
or time:
0 = const. 3)

%
Furthermore, the piston has to be in force equilibrium (}_ F pjsto,, = 0), which equals to
a constant piston velocity:

v = const. 4)

between the two measurement points where the falling time is measured.
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With the assumptions introduced, we are able to estimate the pressure loss coefficient
of the sample using the Bernoulli equation including one loss term. Figure 7 includes the
necessary quantities in our system and their positions.

/V

a4

v

v

v

v

v

4

hd

v

v

hd

hd

v

U1

hd

T
D,
pAmb
Wi
ApCl ApCz R Ap(?, X
Aptotal

Figure 7. Section view of the system under investigation and relevant quantities. The fabric is the

clamped black patterned object on the left side, the piston moves with a velocity v; to the right.

As seen in Figure 6, a movement of the piston with mass m; in positive x-direction
with the velocity v; results in fluid flow through the sample inside the chamber between
sample and piston. Since we work exclusively with the x component, we do not use vector
notation for the velocity or any forces in the following. For simplification, we assume a
uniform velocity field over the two relevant diameters, the piston diameter D; and the
sample diameter D,. The dashed arrows are intended to represent the velocity field with v4
for the velocity inside the chamber and v; for the velocity at the sample diameter. Because
of the uniform velocity field at D1, the flow velocity is the same as the piston velocity v.

The dotted line is an example of a possible streamline and is used in the following. If
fluid flows along this dotted line, it has to overcome three main obstacles. Each of these
obstacles has its own pressure drop coefficient ¢;. Two of them are well known and the
pressure drop coefficient can be taken from the specialized literature. The first one is the
scenario “flow from a tank into a pipe”. The pressure drop coefficient for a sharp edge on
the inlet side is {1 = 0.5 [17]. The second well known is the Borda—Carnot diffusor, when
the fluid leaves the sample holder and the diameter of the cross-section expands from D,
to Dy. The pressure drop coefficient can be calculated with the following formula [17]:

€3:<1—(

D,

Dy

)y

©)

The pressure drop over the whole sample holder Ap;,,; can be calculated as mentioned
above with the Bernoulli equation including one loss term. Restriction to one loss term is
possible, because all terms use the same reference velocity v;.



Technologies 2024, 12, 79

10 of 13

(Pamp — p1) = 0.5-0-05-(31 + {2 + {3) (6)

Because of the small difference in height between the two points under consideration,
both in the schematic representation and in the real experiment, the energy term based on
height difference is neglected. The main target at this point is to separate the pressure drop
coefficient {, for the sample. Rearranging Equation (6) gives the following:

_ (pamb—p1) ,
(o= 0500 01—0C3 )

The unknown quantities are the velocity v, and the pressure difference p,,,;, — p1. The
flow velocity at the sample can be eliminated by the law of continuity and replacing it with

the known piston velocity vy:
D?
1

D2 (8)

Uy = 071

Since the piston is in force equilibrium, the gravitational force Fg is equal to the force
Fy introduced by the pressure difference between the chamber and the surroundings:

Fo=my-g
s
Fy=(p1 - PAmb)'Z'D%
These terms can be rearranged to an expression for the pressure difference.

Fo=—F,
7T
myg = (Pamp — Pl)'Z'D%

m .
(Pamb — P1) = o % )
Z'Dl

Now the unknown terms in (7) are replaced with (8) and (9):
D>\2\’
m .
0 = v —§1—<1—<Dj>) (10)
0,5.9.(01.5&) %-D%

With this equation, the pressure loss coefficient of the sample in this specific configura-
tion can be determined.

At this point, a change in setup is required. A new imaginary testing device is needed
whose parameters are set to values like the standard EN ISO 9237 uses. The new test
environment is required to apply the pressure difference from the EN ISO to the sample in
an imaginary test in order to determine the velocities in accordance with EN ISO without
any other obstacles in terms of fluid dynamics. So, the new imaginary device is just a
pipe with the sample mounted in the pipe, without any steps or other disturbances. As
mentioned, Eq. 6 is used again, but with only one pressure loss coefficient, the one from the
sample and the pressure difference from EN ISO 9237. Rearranging leads to the velocity
perpendicular to the desired value, which is the velocity perpendicular to the sample
surface induced by the pressure difference according to the EN ISO 9237. For this purpose,
the setup in Figure 8 is used.
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D,

>
v1so

Aprso
Figure 8. Test setup for calculating the permeability.

The diameter of the effective cross section stays the same as in the testing device before,
but the pressure difference is now taken from the EN ISO 9237 (Ap;so = 100 Pa/200 Pa).
Again, the Bernoulli equation is used, but this time the only pressure drop coefficient is the
one from the sample.

1
Aprso = E'Q'v%soéz

The value of interest is the velocity v;so perpendicular to the sample surface which
corresponds to the R value from the EN ISO 9237. Rearranging the equation results in
the following:

?PISO 1)
208

The pressure loss coefficient {» can be replaced by the derived Formula (10), and
inserting it into (11) leads to the following:

U150 =

Apiso (12)

p,\2\’

-

o s —-a-(1-(R))
0.5'Q~<‘01~D—%> -Z.p?

2

The result of Equation (12) is the permeability of the sample in meters per second and
should give a good first estimation for the comparison of the measured time (here visible
in the form of the constant velocity v;) with the result of a standardized test instrument.

In this calculation, several assumptions have been made which have to be discussed.

As usual, the calculation method, neglecting friction, is only a first attempt to harmo-
nize data or procedures. In the future, it should be tested whether it is possible to adjust
the values of the new test device to the values of the standard-compliant test device using
simple correction terms in the calculation formula.

Also, the components for the pressure loss coefficient were treated as separate, but
due to their spatial proximity they are more likely to be categorized as one component,
which means that the calculation may be incorrect.

It should also be checked whether the pressure difference or the flow velocity is in
the order of magnitude of the standard-compliant test device. It is not certain whether
the pressure difference across the sample increases quadratically with the velocity. There
may well be a different correlation, but the error can be minimized by adjusting the speed
of the new test device so that the pressure difference from the standard is approximately

U150 =

N|—
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present. Also, there could be phenomena such as choking, well known from other flow-
through components.

To test whether the above equation approximates the measured values of the custom-
made test device, Figure 9 depicts theoretical vs. measured values of the air permeability.

5 3
1500 % 1 1500

L3

1000 1 1000

PTFE spray
= O additional weights
e 3 additional weights
A 6 additional weights
— Unity

500 ¢ Ballistol uni_v_ersal oil'
N e 3 additional weights
A 6 additional weights
— Unity

500

Calc. air permeability (L/(m3s))
. %
Calc. air permeability (L/(m3s))

0 | 1000 | 2000 | 3000 0 | 1000 | 2000 | 3000
Air permeability (L/(m3s)) Air permeability (L/(m?3s))
(a) (b)

Figure 9. Calculated vs. measured air permeability for (a) Ballistol universal oil; (b) PTFE spray.

For small values of the air permeability, measurements with Ballistol universal oil give
too high calculated air permeability values, while the values calculated from the falling
times measured with PTFE spray are similar to those measured with the standardized
instrument. For higher air permeabilities, however, the calculated values are in both cases
lower than those measured with the standard test procedure. Most importantly, both
values are approximately linearly correlated for air permeabilities around 0-500 L/(m?s),
allowing a simple conversion by a constant conversion factor. However, there are more
measurements needed in the range around 500-3500 L/(m?s) to investigate in which range
of value there is a linear correlation, and how higher air permeabilities—where the friction
apparently has a larger impact—can be correlated between both measurement methods.

As discussed above, several factors may explain the deviation from the consistency
of the values measured with the standardized instrument and those ones calculated from
measurements with the custom-made testing instrument. Especially for high air permeabil-
ity, the velocity of the falling piston is possibly not yet constant. On the other hand, high
air permeabilities, such as 3500 L/(m?s), are also near the upper limit of the measurement
range of the commercial device, so that here potentially larger errors occur than in a middle
range of 10~1000 L/(m?s), in which the automatic measurement range matching stays in
one of the middle measurement ranges [16].

While a correlation between both measurements methods has been clearly shown,
these deviations necessitate further experiments and simulations of both instruments to
investigate correlations and differences more in detail. Furthermore, to improve the re-
peatability of measurements with such simple air permeability testers produced at different
universities or companies, three to five test standards should be defined in the form of
masks with defined dimensions and hole geometries, which all researchers can have pro-
duced in a simple way in a metal workshop; 3D printed parts should not be used here
to avoid the usual dimensional deviations depending on printers, printer settings and
printed materials.

5. Conclusions

The air permeability of textile fabrics belongs to the important parameters regarding
the comfort and applicability of technical textiles. Since the standardized test instrument is
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relatively expensive and not easy to build, an alternative test instrument is presented here,
based on the principle of a falling piston. Tests series showed that PTFE spray enables the
use of less additional weights in the falling piston than Ballistol universal oil. Nevertheless,
measurements with more additional weight show less outliers.

A correlation between both measurement principles was calculated, based in sim-
plifying assumptions, which could be fit to the standardized measurements by a multi-
plication factor for small air permeabilities. For larger air permeabilities, however, the
recent calculation needs further modifications to enable direct comparison between both
measurement instruments.
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