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Efficient experimental characterisation of the 
permeability of fibrous textiles

Elinor E Swery1, Tom Allen1, Sebastien Comas-Cardona2, Quentin Govignon1, Chris Hickey1, 
Jamie Timms1, Loic Tournier3, Andrew Walbran1, Piaras Kelly4 and Simon Bickerton1

Abstract

Two experimental set-ups used to characterise the in-plane and through-thickness permeabilities of 
reinforcing textiles have been developed and are presented. Both the experimental testing and data 
processing techniques used have been selected to ensure that the characterisation is completed in an efficient 
and robust method, increasing the repeatability of tests while minimising user induced errors as well as 
the time and resources needed. A number of key results and outputs obtained are presented from tests 
carried out on a plain woven reinforcing textile with a range of number of layers and at different fibre 
volume fractions.
Keywords
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Introduction

Fibre reinforced polymer composite (FRPC) materials
are used in a large number of industrial applications.
FRPCs consist of two or more distinct materials (gen-
erally fibre reinforcement and polymer matrix), forming
a material with more desirable properties. For applica-
tions where parts are mass produced and high levels of
accuracy and repeatability are required, liquid compos-
ite moulding (LCM) processes are the preferred manu-
facturing method.1 In LCM processes, resin is injected
into a mould containing the dry fibrous reinforcement
and is left to cure before the final part can be removed
from the mould.

The use of LCM simulations as process design tools is
increasing in industry. These simulations are used to
accurately predict fill time, flow front advancement and
dry spot formation, ultimately enabling the production of
complex highquality parts using themost efficient param-
eters.2 In these simulations, the resin flowduring theLCM
manufacturing process is commonly modelled using
Darcy’s law.3 The relationship between velocity, pressure
and permeability is given in equation (1), where q is the
volume averagedDarcy velocity;� is the fluid viscosity; P
is the fluid pressure and K is the permeability tensor.

q ¼ �
1

�
KrP ð1Þ

Permeability, K, is a measure of the ability of a
reinforcement material to transmit fluids. It is an
important material characteristic that determines the
flow propagation of the resin during LCM manufactur-
ing processes and is an indispensable input into LCM
process simulations.4 Permeability behaviour of rein-
forcing textiles is a strong function of the textile’s com-
plex architecture.5 This complexity makes the
development of adequate analytical models extremely
difficult, therefore many researchers are relying on
measurements obtained from experiments.6

Many different experimental techniques are pre-
sented in literature for the purposes of measuring the
permeability behaviour of reinforcing materials.7–24
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These experimental methods can be classified based on
the following:

. Measurement direction: in-plane or through-
thickness

. Type of flow: radial or rectilinear

. Injection type: constant flow rate or constant
pressure

. Fluid utilised: liquid or gas

. Measurement method: discreet or continuous (for
different fibre volume fraction (Vf) levels)

. Measurement state: transient (unsaturated) or
steady-state (saturated)

In general, permeability experiments are carried out
by generating fluid flow through the reinforcing
material of interest and measuring the resulting pres-
sure drop and flow rate. These are used with analytical
solutions for the specific flow situation that have been
derived from Darcy’s law,3 to compute the
permeability.

Experimental set-ups that use a constant flow rate
injection25–31 require the monitoring of the resulting
pressure gradient. For cases where the experiments are
carried out using constant injection pressure7,13,32–36 the
flow front velocity is measured. This is done by either
detecting the location of the flow front at regular inter-
vals or through the use of flow meters.

When conducting permeability experiments, it is
important to ensure that a slow flow is achieved, typic-
ally with a Reynolds number that is significantly less
than 1.37 This is so as to not deviate from the initial
assumptions made with regards to Darcy’s law.3

In order to fully characterise the permeability of a
textile, the influence of varying preform structures,
compaction levels, shear angles, etc. must be resolved,
resulting in a significant test matrix. This results
in a time and labour intensive task. It is therefore cru-
cial to ensure that the experimental measurement sys-
tems used for the permeability characterisation is
efficient and simple to use, as well as providing the
most robust results whereby user induced errors are
minimised.37,38

This article presents two permeability measurement
systems that have been developed over a number of
years at the Centre for Advanced Composite
Materials. These are used to experimentally character-
ise the in-plane and through-thickness permeabilities of
fibre reinforced textiles in an efficient and robust
method. During the development of the measurement
systems and the data processing techniques, emphasis
has been placed on increasing repeatability of the tests,
as well as avoiding user induced errors. The techniques
used to achieve this are presented and discussed along
with a number of key results and outputs.

Materials

To demonstrate application of these methodologies in
this article, an 800 g/m2 balanced plain woven (PW)
textile has been used. This reinforcement is made
from E Glass fibres, with a fibre density of 2.54 g/cm3

and supplied by Gurit (Asia Pacific) Ltd. Samples com-
prising 1, 2, 4, 8 and 10 layers are studied at three fibre
volume fractions, 0.25, 0.34 and 0.42, with 0.25 being
the uncompacted Vf for the textile.

As the resin cure phase of an LCM process is not
relevant in the permeability characterisation tests, a
Newtonian mineral oil is used as the test fluid in
place of a thermoset resin. It is important to ensure
that the particular fluid selected will not have particular
interactions with the fibrous reinforcements (e.g. water
based fluids with natural fibres)39 and it is generally
best practice to measure permeability with a fluid that
has properties close to those of the resin to be used.
Here, the Mobil DTE series Heavy mineral oil has
been used, where its polynomial viscosity model
(which is required for the post processing of the perme-
ability data) has been determined using the Parr
Physica UDS200 rheometer. For cases where a fluid
with lower viscosity is required, a lighter oil (such as
the Heavy Medium Oil) can also be used, as shown in
Figure 1.

In-plane permeability testing

A 2D in-plane, radial flow permeability test rig has
been developed and has been used in a number of pre-
vious research works since 2010.33,40–44. Radial flow
measurements involve compaction of the textile
between two platens to the desired Vf and the injection
of a fluid via an inlet port located at the centre of the
sample. Flow through the reinforcement material fol-
lows a radial fluid distribution pattern. Images of the
fluid flow front are captured and analysed, computing
its velocity, which is then used to determine the
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Figure 1. Testing fluid viscosity measurements.
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sample’s in-plane permeability properties. A radial flow
technique is used as the experiments are able to be
carried out with relative simplicity. Any problems asso-
ciated with ‘race-tracking’ are eliminated and the
amount of set-up before each test (as well as cleaning
after each test) is minimised. In addition to this, the
complete in-plane permeability tensor (K11 and K22)

along with the angle of orientation are obtained in a
single test.

Experimental facility

The 2D in-plane test facility (as shown in Figure 2) is
installed on an Instron 1186 universal testing machine

Figure 2. 2D in-plane permeability rig (a) schematic and (b) in the laboratory.
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(UTM). A UTM is used as it provides precise control of
the platen position (and resulting cavity thickness), as
well as a measurement of the total compaction force
applied. The compaction data is a significant additional
set of information, which provides essential informa-
tion about the compressibility properties of the textile
samples. Obtaining this concurrently to the permeabil-
ity testing enables the in-depth study of the compac-
tion-permeability relationship.

This highlights the benefit of having the permeability
facility installed on a UTM: the compaction response
can be obtained concurrently to the permeability testing.

The upper platen is a 250mm diameter, 30mm thick
aluminium with a 10mm diameter hole in the centre for
fluid injection. The lower platen, constructed out of
glass, allows for optical monitoring of the flow front
position and is a 350mm� 55mm thick square. The
clear lower platen allows for optical monitoring of the
sample and fluid infiltration throughout the experi-
ments, providing a better understanding of the flow
behaviour. Both platens were designed to minimise
any deflections during the compaction. A maximum
deflection of 0.07mm is observed under a compaction
of 2MPa. The lower, glass platen has been designed to
withstand compaction of up to 2.5MPa. The platens
are shown in Figure 3.

The upper platen is fixed and is aligned relative to
the lower platen using a spherical alignment unit
(designed based on an MTS Alignment unit model
609.25A) and custom-designed and manufactured
strain-gauged compressive alignment specimen devel-
oped by Hickey.45 This achieves parallelism and uni-
form cavity thickness to a tolerance of 0.005mm.

Samples are cut into a 270mm square, with a 15mm
diameter centre hole punched out in order to encourage
in-plane flow during the fluid injection. The cutting is
performed using a specifically designed square cutting
blade in a cutting press. This setup is capable of cutting
PW samples of up to 15 layers at once. The specimens
are each weighed after being cut using a Sartorius

LP12000S digital precision weighing scale prior to the
permeability tests.

The position of the lower platen is controlled by the
UTM and the cavity thickness achieved monitored by
two Mitutoyo 543-515E IDF150 thickness gauges with
a resolution of 0.001mm. Measuring directly between
the platens eliminates the effect of compliance in the
testing machine and fixture.

The test fluid is injected centrally through the upper
platen at a constant pot pressure, regulated using an
electronic pressure regulator (Norgren VP50). The
fluid gauge pressure is measured at the inlet using a
chemical vapour deposition (CVD) pressure transducer
(Gems 1200). The manufacturer’s stated measurement
accuracies for these instruments are listed in Table 1.

Data acquisition. During each of the tests a number of
parameters are continuously measured and recorded.
The parameters monitored and recorded are:

. Load

. Inlet gauge pressure

. Cavity thickness

. Oil Temperature (inside pot)

A National Instruments USB-6008 DAQ is used to
acquire signals from each of the transducers. The load
signal is output from the Instron 1186 UTM controller
as a �10V signal with a full scale that can be tailored to

Figure 3. Platens used in the in-plane permeability rig. (a) Lower platen and (b) upper platen.

Table 1. Measurement accuracies.

Measurement Accuracy

Sample mass �0.2 g

Mass of oil injected �0.3 g

Total compaction force �0.25%

Fluid gauge pressure �1.00%

Cavity thickness �0.005 mm
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the specific test run. Here it was set to 30 kN. The
Mitutoyo 543-515E IDF150 thickness gauges directly
output a �10V signal. A custom built signal condition-
ing unit is used for the CVD pressure transducer, sup-
plying a 0-5V signal. National Instruments LabVIEW
is used to display the output on the monitor in real-time
and to write the data captured for post-processing.

Example outputs are shown in Figure 4, where the
load, cavity thickness and gauge pressure measure-
ments obtained from conducting in-plane tests on the
PW material at different Vf are shown. These values
have been normalised to their respective maximum
values to enable easy comparison.

As can be observed in Figure 4, there are two com-
ponents to the measured compaction load: the load
associated with textile compaction and the load result-
ing from injecting the fluid. As expected, the textile
compaction load increases with decreasing cavity thick-
ness. The textile is held at the final cavity thickness, the
load decreases during this time due to textile relaxation.
While the fluid is injected, the load increases again due
to the fluid pressure forces. The contribution of each of
these components changes with increasing fibre volume
fraction. This highlights the benefit of having the

permeability facility installed on a UTM: the compac-
tion response can be obtained concurrently to the per-
meability testing.

Imaging equipment. The flow front progression is moni-
tored using a Navitar SV5C10 digital camera, operating
through EPIX PIXCI S14 frame grabber software via a
mirror mounted at 45� from the horizontal axis. This set-
up is shown in Figure 5(a). Pictures are taken at 1 s
intervals for the duration of the test. Each picture has
an associated time stamp which is later used for the post
processing and correlation to the other acquired data.

The textile sample is lit using four 300mm 14.4W/m
LED strip lights providing a luminosity of 900 lm/m.
These lights are mounted along the internal edges of the
lower platen using piano hinges. The angles of the light
strips may be adjusted and the light strips can be inde-
pendently controlled to suit the specific textile tested.
Using such a lighting system provides sufficient contrast
to detect the flow front, while minimising reflections
that would have otherwise been caused from direct
light. In addition to this, the LED lights do not gener-
ate any significant heat, and hence could be left on
continuously during the testing. Raw images of

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1(a) (b)

(c)

N
or

m
al

is
ed

 V
al

ue

Time [s]

Load

Cavity Thick.

Pressure

0 50 100 150 200
0

0.2

0.4

0.6

0.8

1

N
or

m
al

is
ed

 V
al

ue

Time [s]

Load

Cavity Thick.

Pressure

0 50 100 150 200 250
0

0.2

0.4

0.6

0.8

1

N
or

m
al

is
ed

 V
al

ue

Time [s]

Load

Cavity Thick.

Pressure

Figure 4. Normalised load, cavity thickness and gauge pressure measurements obtained from PW in-plane tests at (a) 0.25, (b) 0.34
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different textiles capture using this lighting system are
shown in Figure 6.

The flow front progression can be observed for the
testing of an eight-layer PW sample compacted to a Vf

of 0.42 in Figure 7. The raw images captured during the
testing show the position of the flow front at different
time steps.

Data processing

The images obtained are processed to determine the
permeability tensor using a set of MATLAB� codes

that have been specifically developed. This processing
tool enables batch processing (of a large number of
samples) and has an associated Graphical User
Interface which simplifies use for inexperienced users.

Flow front detection. The flow front of each image is auto-
matically determined through the application of a
number of steps which are part of the post-processing
tool developed. The raw images are first cropped,
rescaled and converted to grey scale to allow for more
efficient processing. The images are then calibrated and
transformed to correct for distortions caused by the

Figure 6. Flow front images of different textiles. (a) Plain woven glass, (b) UD Carbon stitched and (c) UD flax stitched.

Figure 5. (a) Lower platen with mirror and (b) lighting set.

Figure 7. Capturing flow front progression. Eight-layer PW sample compacted to 0.42 Vf at (a) 0, (b) 10 and (c) 30 s after start of

injection.
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mirror angle and lens distortion. The flow front pos-
ition is then determined by subtracting the current
image from the first image. Finally, an ellipse is fitted
to the flow front area, using a tool previously developed
by Fitzgibbon et al.46 An example of the progression of
these steps is illustrated in Figure 8.

Figure 9 provides examples of analysed image sets of
PW samples tested at different Vf (raw images were
previously shown in Figure 7). The identified flow
front (boundary between the wet and dry areas of the
fabric) is shown in blue and the fitted ellipse in green.

Computing permeability. Equations 2 and 3 are the main
equations used to compute the in-plane permeability in
the principal axis directions. These have been derived
by Weitzenbock et al.47 They were derived from
Darcy’s law, along with the second order partial differ-
ential equation for anisotropy flow pressure distribu-
tion (equation (4)).

K11 ¼ a2 2 ln
a

ri

� �
� 1

� �
þ r2i

� �
1

t

�"

4P
ð2Þ

K22 ¼ b2 2 ln
b

ri

� �
� 1

� �
þ r2i

� �
1

t

�"

4P
ð3Þ

K11
@2P

@x2
þ K22

@2P

@y2
¼ 0 ð4Þ

In equations (2) and (3), a and b are the flow front
ellipse major and minor radii. ri is the injection inlet
radius which in this case is 7.5mm. � is the fluid vis-
cosity, determined using the viscosity curves previously
obtained along with the measured fluid temperature. "
is the textile sample porosity. This is computed based
on the cavity volume and volume of fibre in the sample
(determined from the sample’s mass and the textile’s
density). P is the pressure drop which is equal to the
injection gauge pressure as the outlet pressure is
assumed to be equivalent to atmospheric. t is the time
interval from the beginning of injection until the cur-
rent flow front image analysed.

In the examples presented in this article, the flow
front images are recorded at 1s increments while the
other data types at a frequency of 100 points per
second. The permeability tensor is therefore computed
for each flow front image and the data recorded at that
time interval. This is illustrated in Figure 10. 20 data
points have been computed, using 20 flow front images.
Sample permeability is calculated from the average of
the last two thirds of the data points. This accounts for
any flow stabilisation effects present at the beginning of
the test.

Unsaturated in-plane permeability tests

A set of experiments were conducted in order to char-
acterise the in-plane permeability behaviour of single

Figure 9. Image processing on flow front images to obtain the permeability tensor. Eight-layer PW sample compacted to 0.42 Vf at

(a) 0, (b) 10 and (c) 30 s after start of injection.

Figure 8. Image processing on flow front images to obtain the permeability tensor. (a) Raw image, (b) image cropped and converted

to gray scale, (c) image transformed, correcting for distortion, (d) flow front position identified and (e) ellipse fitted to flow front.
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and multi-layer PW textile samples. These tests were
conducted at three fibre volume fractions: 0.25, 0.34
and 0.42. The first, corresponding to the uncom-
pacted, virgin Vf. Single layer permeability results
are plotted against the fibre volume fraction of the
samples in Figure 11. Figure 11(a) presents the
measured permeabilities in the principle directions of
the sample and Figure 11(b) the resulting anisotropy
ratio.

An exponential relationship for the principle perme-
abilities was determined based on equation (5). The
resulting parameters, based on a linear regression fit
are outlined in Table 2. Coefficients of determination

of 0.97 and 0.95 have been achieved for the curve-fitting
of K11 and K22, respectively, representing a strong cor-
relation. As would be expected, the permeability
decreases in both directions with increasing fibre

Figure 10. In-plane permeability result output from the analysis of a single sample.
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Table 2. Parameters describing exponential fit to PW

permeability data.

Direction A B R2

K11 1.83E-7 �15.9 0.97

K22 1.10E-6 �22.6 0.95
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volume fraction. The test data follows the expected
exponential-like trend.

K ¼ AeBVf ð5Þ

Figure 11(b) shows the evolution of the anisotropy
ratio (K11/K22) with increasing Vf. The anisotropy ratio
remains unchanged (at approximately 1.25) at the lower
fibre volume fractions tested, however it increases sig-
nificantly at the higher fibre volume fraction. Figure 12
shows the identified flow fronts for tests at each of the
fibre volume fractions. As can be seen, the flow front of
the sample at the highest fibre volume fraction is more
elliptical as compared with the other two flow fronts.

This is not necessarily a typical behaviour of PW
textiles. This may be explained for this particular textile
due to the structure of the uncompacted textile. This
textile has previously been shown to have a significantly
larger tow gap width in the warp than in the weft dir-
ection.48 With increasing compaction, the gap in the
weft direction reduces to zero while a gap is still present
in the warp direction, contributing to an even more
significant difference in the permeabilities in the two
directions.

In-plane permeability experiments were also com-
pleted on multi-layer samples. A study was undertaken
to characterise the permeability of 1, 2, 4, 8 and 10 layer
samples at the three fibre volume fractions of interest
(0.25, 0.34 and 0.42). Each test was repeated four times
to ensure robust results.

The test samples were created by stacking the desired
number of layers, in the same orientation. These were
then cut at once using the cutting tool and cutting press.
No special attention was given to ply-shift, representing
realistic conditions within industrial preforms; there-
fore the final nesting will have some variability.
Figure 13(a) and (b) show the average permeability
values (along with one standard deviation of the four
repeats) obtained in the principle directions, for
increasing number of layers at the different fibre
volume fractions tested.

Saturated in-plane permeability tests

For cases where the saturated permeability data is
required, the same set-up may be used to qualitatively
study the saturated in-plane flow as well as obtain
approximate saturated permeability characteristics.
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Figure 12. Flow fronts. PW at (a) 0.25, (b) 0.34 and (c) 0.42 Vf.

9



Qualitative tests. Initially a standard unsaturated perme-
ability test is completed on a sample. The sample is
brought to full saturation with constant cavity thick-
ness. A coloured testing fluid is then used for further
injection. The flow front progression is captured using
the same imaging equipment described earlier, and the
resulting images enable a better understanding of the
saturated flow through the textiles.

For the coloured testing fluid, the same testing fluid
is used (Mobil DTE Heavy oil) with the addition of a
Glycol based blue tinter (which is normally used to tint
household paints). About 10mL of the tinter was used
to colour 4L of oil to the desired colour level. The
viscosity of the oil was not altered upon the addition
of the tinter and this was confirmed by measuring it
again using the Parr Physica UDS200 rheometer.

Figure 14 shows the unsaturated and saturated flow
front propagation for the same sample: a single layer
PW textile compacted to a target Vf of 0.42. As can be
seen, the tinted oil flows predominantly in the gaps
between the tows (as opposed to producing a well-
defined ellipse like in the unsaturated tests). This is as
expected as the tows are saturated and the fluid flows in
the paths of least resistance. The ratio between the flow
in the horizontal and vertical directions of the saturated
tests appears to be similar to that observed in the unsat-
urated test, suggesting that the anisotropy ratio remains
unchanged irrespective of the level of textile saturation.

Figure 15 provides a clear depiction of the area
where the tinted oil flowed during the saturation test
injection. This was obtained by subtracting the initial
image from the saturated experiment from the current
frame and converting to a binary image. Areas in white
represent the locations where the tinted oil is present.
As can be seen here, the oil has predominantly flowed
around the tows rather than through them.

These saturated tests, provide an insight into the
saturated flow regime through this textile. They high-
light that when fully saturated the flow is

predominantly between the fibre tows and not through
them (resulting from capillary pressure49,50). The
irregular shape of the flow front prevents the applica-
tion of the elliptical flow front technique used for unsat-
urated flows permeability calculations.

Quantitative tests. These tests are carried out in order to
quantify the difference between the samples’ unsatur-
ated and saturated permeabilities. Standard in-plane
permeability tests are initially conducted, as per the
methodology described earlier. Before commencing
with the saturated permeability tests, the samples are
fully saturated with oil and left for 2min.

To compute the saturated permeability, additional
oil is injected into the sample. The mass of the oil pot
is continuously recorded. By fitting a linear regression
onto the mass-time curve, the mass flow rate, _m is deter-
mined, and used in equation (6) to compute the satu-
rated permeability of the sample. This equation has

Figure 14. Qualitative in-plane saturated experiments: sequence of raw images captured for the testing of a single layer PW at 0.42

Vf. (a) Unsaturated flow front, (b) saturated sample and (c) saturated flows.

Figure 15. Binary image showing location of tinted oil during

the saturated permeability testing of a single layer PW textile

compacted to a target Vf of 0.42.
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been derived from Darcy’s law. Pinj is the injection pres-
sure, � the fluid viscosity, h the cavity thickness, ri the
internal radius of the sample (of the hole punched in its
centre) and ro the sample’s outer radius (taken as the
radius of the upper platen).

Ksaturated ¼
_m� ln ro

ri

� 	
2��hPinj

ð6Þ

This calculation assumes that the sample is isotropic
and the permeability in all directions is equal. This is
not the case (as previously shown in Figure 12); how-
ever, it still provides a valuable comparison.

Tests were carried out on single layer PW samples
at three Vf. Both the saturated and unsaturated
permeabilities were calculated for each sample, provid-
ing a direct comparison of the two characteristics.
Figure 16(a) shows the results obtained. As can be
seen, the saturated permeability results are higher
than the unsaturated permeability values in the two
principle directions.

In order to determine the ratio between the unsatur-
ated and saturated permeabilities of each of the sam-
ples, an averaged unsaturated permeability value
should first be computed. This was estimated using
equation (7), which stems from computing the radius
of a circle which has the same area of an ellipse with
given principle axes lengths.

K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K11 � K22

p
ð7Þ

The resulting ratios are illustrated in Figure 16(b).
On average, a ratio of 1.88 was observed. The difference
between the unsaturated and saturated permeabilities
of textiles can depend on many factors such as the
fibre bundle size, spacing and fabric itself. Previous

studies have shown that the ratios of saturated to
unsaturated permeabilities can range from 0.25 to 4.51

The ratio computed for the textile studied in the pre-
sented work lies within this range.

Through-thickness permeability testing

A 1D through-thickness, saturated flow test rig has
been developed and has been used in a number of pre-
vious research works since 2012.33,40,41,45,52 Here, satu-
rated flow permeability measurements are made,
enabling several fibre volume fractions to be tested on
a single sample. Similar to the in-plane facility, dry
reinforcement material is tested using oil as the testing
fluid. The through-thickness facility has been designed
to also enable the measurement of the through-
thickness air permeability of pre-impregnated textiles.

Experimental facility

Figure 17 provides illustrations of the experimental
facility that was used to carry out the through-thickness
permeability tests. This facility was designed to ensure
that maximum rigidity is achieved, thereby eliminating
the effects of any deflections during high levels of textile
compaction. Circular samples of the textile (130mm
diameter) are placed between two aluminium platens.
These platens contain a pattern of 628.2mm diameter
holes creating a through-thickness flow area with a
diameter of 100mm. The hole pattern used creates the
most homogeneous flow possible and the permeability
of these aluminium platens has been estimated at 1E-
8 m2 (thereby not interfering with the measurement of
typical reinforcing textiles). The plates are aligned using
a parallelism rig developed by Hickey.45

Oil is injected through the thickness direction of the
reinforcement material as a result of an applied pres-
sure drop, and the through-thickness permeability is
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computed from the measured mass flow rate using
Darcy’s law, as shown in equation (8). The oil flows
upwards through the bottom aluminium plate, through
the sample and the upper aluminium plate into the
upper chamber, and then out to a waste pot.

K ¼
_m�L

A�P
ð8Þ

Similar to the in-plane testing facility, the through-
thickness permeability test facility is installed on an
Instron 1186 UTM. A UTM is used as it provides accur-
ate control of the platen position, as well as a measure-
ment of the total compaction force applied. The
achieved cavity thickness is measured by two Mitutoyo
thickness gauges with a resolution of 0.001mm.

The edges of the textile samples tested are sealed by
the injection of silicone grease through a series of grease
channels. This is done in order to avoid race tracking
around the sample. The grease is injected using a
manual grease gun until a 0.2 kN increase of force is
measured by the load cell. Previous tests have shown
that this set up can be used to determine the permeabil-
ity of samples to an accuracy of 1E-15 m2.45

Two pressure transducers are installed within
the device, measuring the pressure in the top and
bottom cavities (hence above and below the textile
sample). From this, the pressure gradient across the
sample can be isolated, ensuring that any pressure
losses due to the rig configurations do not affect the
results.

Figure 17. Through-thickness permeability rig (a) schematic, (b) and (c) in the laboratory.
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Data processing

Examples of typical results are displayed in Figure 18
showing the recorded pot mass (the mass of the testing
fluid in the pot), cavity thickness and pressure drop
measurements for two tests.

These files are processed to compute the resulting
permeability using equation (8). As each test was con-
ducted on the three fibre volume fractions, it is import-
ant to select the correct range of data for each
measurement. This is carried out through a graphical
user interface, where the user selects the range. This
normally falls in the region where the pressure drop
has settled during the fluid injection. This analysis is
carried out using MATLAB� codes, enabling batch
processing of a large number of samples. The scripts
are incorporated in a graphical user interface enabling
inexperienced users to use it efficiently.

Experimental results

Through-thickness permeability testing was carried out
on PW samples with varying number of layers at three
fibre volume fractions. Figure 19 shows the average per-
meability results obtained. As expected, the through-
thickness permeability decreases with increasing Vf.
Interestingly, the permeability also decreases with
increasing number of layers. This may occur due to the
increased level of nesting present in preforms with greater
number of layers: the likelihood of the flow channels
being blocked increases, thus decreasing the permeability.

These tests were conducted using an injection pres-
sure of 150 kPa. Although this injection flow could have
resulted in hydrodynamic compaction (thereby increas-
ing the samples’ Vf and affecting the permeability),53,54

analysis of the measured compaction pressures applied
to the samples showed that these were consistently
higher than the injection pressure. This provides further

confidence that the samples were continuously com-
pacted by the perforated aluminium plates, eliminating
the effects of hydrodynamic compaction.

Conclusions

Two measurement systems used to characterise the per-
meability of fibre reinforced textiles in an efficient and
robust method have been presented. Both measurement
systems are installed on a UTM, providing continuous
control and measurement of the applied compaction,
enabling the testing of any cavity thickness and result-
ing Vf. A spherical alignment unit is also used, ensuring
parallelism and uniform cavity thickness to 0.005mm.

In-plane permeability tests are carried out on unsat-
urated samples, using a radial flow injection scheme.
Radial flow enables the determination of the full 2D
permeability tensor from a single test, contributing to
the testing methodology efficiency. In addition to this,
the tests are much simpler and quicker to carry out to
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traditional 1D flow experiments as any problems asso-
ciated with race tracking are avoided and the cleaning
processes between tests is fast and efficient. The flow
front is captured visually through the clear lower
platen, providing a comprehensive understanding of
the flow behaviour.

The flow front images and peripheral data captured
from the tests is processed to determine the permeabil-
ity tensor. This is carried out using a set of MATLAB�

codes that have been specifically developed for the pur-
pose. The processing tool enables batch processing of a
large number of samples, and has an associated graph-
ical user interface to aid inexperienced users.

The in-plane permeability rig can also be used to gain
an understanding of the textiles’ saturated permeability.
Techniques used to determine the saturated permeability
behaviour both qualitatively and quantitatively have
been presented. This provides a simple estimation of
the unsaturated-saturated ratio of the textiles and enables
the visualisation of the saturated flow path. The qualita-
tive analysis highlighted that, during the saturated flow,
the fluid flows predominantly through the gaps between
the tows (rather than within the tows). The quantitative
tests conducted estimated the unsaturated-saturated per-
meability ratio for the PW textile at 1.88.

A 1D, saturated flow rig has been developed for the
through-thickness testing of textiles. Saturated flow per-
meability measurements are made, enabling several fibre
volume fractions to be tested for a single sample. The oil
is injected in the thickness direction of the reinforcement
material through a pair of perforated aluminium plates
and a unique sealing mechanism is used to avoid race
tracking. Test measurements are automatically recorded
and this data is processed using MATLAB� codes. Batch
processing of a large number of samples is possible,
ensuring that the processing is carried out efficiently.

Both the in-plane and through-thickness rigs pre-
sented in this work, have been developed over a
number of years to ensure that the most efficient testing
procedure is achieved. This article provides detail about
the experimental devices as well as the post processing
techniques used, ensuring that repeatable and robust
permeability data is obtained, while ensuring that the
processes are simple and quick to carry out and any
user-induced errors are minimised. By using the experi-
mental techniques presented, a greater understanding
into the permeability behaviour of textiles can be
obtained, which can then be used in LCM process
simulations to ensure that high quality FRPC parts
are manufactured under optimal conditions.
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