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Fabric deformation alters its local permeability charac-
teristics which, in turn, influences the resin infusion
process. This work investigates the radial permeability
test method of sheared carbon fiber textile reinforce-
ment materials for the purposes of infusion modeling.
A novel experimental approach is described, which uti-
lizes a customized Matlab video processing code to
track fluid flow and calculate permeability using data
from the complete flow field. Results show principal
permeability values, K; and K, to increase and
decrease, respectively, from a near isotropic state as
the fabric shear angle increases, yielding a K;/K> ratio
of 3.74 at the maximum measured shear angle of 40°.
Detailed statistical analysis revealed significant error
for cases where fewer than 16 measurement directions
were used for the permeability calculation, particularly
in highly anisotropic samples. POLYM. COMPOS., 00:000-
000, 2016. © 2016 Society of Plastics Engineers

INTRODUCTION

The aerospace industry is focused on the development
of efficient, lightweight composite aerostructures at
reduced manufacturing costs. Liquid Composite Molding
(LCM) techniques offer significant potential in achieving
both these goals, where dry reinforcement materials are
formed to a desired geometry then infused with resin.
Furthermore, the drive toward manufacturing larger inte-
grated structures in the future inevitably leads to more
complicated geometries, for which highly-drapable woven
carbon-fiber composite reinforcements are most suitable.
For components with significant double curvature (such
as a hemisphere) fabric yarns can shear by as much as
40°-50°, depending on the material [1]. However, the
development of an effective LCM strategy for new parts
can be challenging, often requiring costly trial-and-error
practices and a highly skilled operator. Numerical process
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modeling shows great potential in reducing many of these
time-consuming and wasteful practices. For modeling pur-
poses, the LCM process is typically divided into three
main stages: (i) the physical draping of material, (ii) the
subsequent resin infusion, and (iii) cure kinetics. Draping
models predict the deformation of dry textile reinforce-
ment materials as they are formed to complex shapes
[1-4]. This deformation is dominated by shearing, where
“shear angle” (the angular change of yarn orientations
from their original state) is the common metric of mea-
surement. Infusion modeling, on the other hand, aims to
simulate the flow of resin through the preformed textile
material [5-7]. Hence, a realistic model requires the
results from draping to incorporate the effects of material
deformation on the infusion [8]. Permeability, as the key
parameter governing infusion, is particularly important for
simulating the manufacture of complex parts. This article
focuses on a semi-automated optical method for the char-
acterization of anisotropic textile permeability with
improved statistical confidence, in support of LCM pro-
cess modeling.

Textile Permeability

Permeability is a measure of how easily a fluid flows
through porous material under the influence of a driving
pressure gradient. During infusion, Newtonian resins trav-
el at low velocities, therefore the flow behavior is typical-
ly described by Darcy’s law in Eg. I, where v is the
volume-averaged flow velocity vector, K is the permeabil-
ity tensor for the material, p is the viscosity of the fluid
and VP is the pressure gradient:

v=—I—(-VP €))
U

Though textile materials exhibit a convenient periodic geom-
etry, textile permeability characterization has several compli-
cations. Firstly, these materials typically exhibit deformation-
dependent anisotropic flow, with an elliptical-shape [9].



Hence, textile permeability must be defined for at least two
in-plane principal directions, commonly termed K; and K,
[10, 11], representing the maximum and minimum, respec-
tively. Secondly, there are two different scales of flow that
occur within textile preforms: capillary flow between the
fibers inside yarns, governed by surface tension, and the
simultaneous viscous flow between yarns [12]. Moreover, the
tow geometry and spacing are stochastically variable
throughout the textile material, meaning that permeability
values should really be considered as a statistical distribution
rather than clear deterministic values. This is reflected by
experimental studies in literature, where identical tests per-
formed in the same lab yielded results with relative standard
deviations of over 30%, and comparative tests from different
labs varied by whole orders of magnitude [13], attributed also
to different processing conditions. Furthermore, recent work
has demonstrated the significance of dry fabric handling on
material properties, which may also influence the permeabili-
ty properties [14]. It is not surprising then that there are no
standardized methods for permeability characterization, even
though several methods are well established and used in
industry. However, it must also be noted that the latest round
of international benchmarking efforts have shown a signifi-
cant improvement in 1D permeability characterization [15],
suggesting that standardization may yet be possible.

During draping, the permeability of a textile reinforce-
ment material is also affected by local changes in porosity
and fiber orientation, with several authors reporting per-
meability changes of more than 50% when fabrics are
highly sheared [16—19]. In simple parts, this is not likely
to be an issue, as the porosity is expected to remain
somewhat uniform throughout the textile. However, in a
complex part with large changes in local porosity and
shear angle, an inferior infusion strategy is more likely to
result in dry spots or voids that can lead to part rejection
in a quality control assessment. Hence, the determination
of fabric permeability is necessary over the full range of
shear angles that are likely to result from draping.

Permeability characterization can be performed experi-
mentally, as is most common, or alternatively by simula-
tion [17, 20, 21]. The former is well established and
widely practiced, though experimental results are not
always repeatable [13]. Predictive permeability modeling,
on the other hand, can be efficient and consistent but
oversimplifies the flow behavior and still requires experi-
mental work for validation purposes.

Permeability Characterization

Experimental permeability testing is typically per-
formed using either linear flow tests, with a uniform fluid
flow through a channel of material in one direction; or
radial flow tests where fluid flow begins in the center of
material samples and flows outward in all directions.
Three-dimensional permeability characterization experi-
ments have also been investigated [22, 23], however for
the purposes of infusion through thin preforms, 2D
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permeability experiments remain the focus of this work.
Both approaches have been extensively discussed and
analyzed in recent literature [13, 24]. Linear tests often
show greater repeatability but are not as good for charac-
terizing unknown anisotropic flow behavior, in which
case the principal permeability direction needs to be
known prior to testing. Radial permeability tests on the
other hand, enable the measurement of the flow front in
multiple directions, but are more difficult to control and
subsequently their results can be more variable [25].

Measurement techniques in permeability characteriza-
tion are varied; the displacement of the flow front can be
tracked visually, or by using a range of sensors: based on
electrical resistance, ultrasonic waves, pressure [26], fiber
optics [27], or thermistors [11]. The mass flow rate can
be determined by measuring the fluid output through the
system, or the pressure field across the sample can be
determined from pressure transducers. However, cameras
are commonly used to monitor the flow front visually
[25, 28]. Ultimately, as there is no standard method, and
no clear “best” approach, characterization experiments
must be designed for each case according to the purpose
of the intended research.

The Permeability and Shear-Angle Relationship

In the literature there are several studies that character-
ize the relationship between shear angle and permeability
in textile reinforcements [17, 19, 29-32], although they
are predominantly for glass fiber textiles. Among this
work, in each case a constant cavity thickness is main-
tained as the shear angle is increased, effectively increas-
ing fiber volume fraction at the same time. Work by
Hammami et al. [19], using pairs of unidirectional plies
that were stitched together at 0° and 90° orientations,
reported a near four-fold increase in anisotropy, increas-
ing K; values and decreasing K, values as the shear angle
increased. Slade et al. [30] also observed similar trends,
though the composition of the stitched and woven fabrics
used was not clear.

In contrast, a study by Endruweit et al. [29] shows
experimental and modeling results with a general reduc-
tion in both K; and K, principal permeability values for
various fabrics. Similarly, decreasing K; and K, values
for glass fabrics have also been reported in experimental
work by Smith et al. [31] and modeling by Loix et al.
[17]. In addition, the latter group predicted lower princi-
pal permeability values in single-ply tests but greater
anisotropy at higher shear angles, when compared with
thicker multiple-ply models. Lai et al. [32] experimentally
observed increasing anisotropy for both glass and carbon-
fiber fabrics, with decreasing principal permeability val-
ues, but they actually found higher principal permeability
values for tests with fewer plies. This difference is attrib-
uted to fabric ply nesting and an increasing fiber volume
fraction, with the model by Loix et al. [17] simulating an
idealized stacking arrangement. Ultimately, no common
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conclusive trends have been observed for the
deformation-dependent permeability of textile reinforce-
ment materials.

MATERIALS AND METHODS

Experimental Approach

In order to quantify the link between deformation dur-
ing draping and subsequent flows during infusion, fabric
permeability was characterized for a range of shear
angles. As noted earlier, the experimental characterization
of permeability has received considerable attention in
recent years, although it continues to elude standardiza-
tion despite promising results for linear permeability tests
in recent benchmarking efforts [15]. Hence, the experi-
mental design was carefully planned to ensure that testing
was as repeatable, reliable and efficient as possible.

The technique adopted here was to use an unsaturated
radial flow experiment to gather flow data in every direc-
tion simultaneously, rather than testing multiple directions
linearly. This increases the efficiency of the permeability
testing process over linear flow experiments, since the
anisotropy field can be characterized in a single step.
Tests were run under a constant injection pressure, rather
than controlling the inlet velocity, as the latter can require
very high pressure gradients and in practice is more diffi-
cult to enforce. The constant pressure differential was
driven by a vacuum through the material, with the fluid
reservoir left open to ambient pressure; a standard pres-
sure gauge was used to monitor the vacuum pressure and
ensure that it remained constant.

Fabric samples (at various shear angles ranging from
0° to 40°) were sandwiched between a glass plate
(6.09 mm thick) and a polycarbonate caul plate (7.31 mm
thick) underneath a vacuum bag, as shown in Fig. 1, to
create a consistent cavity thickness. Typically, with the
use of relatively thin plates there are major concerns that
deflection can be a source for error; however, regression
analysis serves to identify any such error under these con-
ditions. Batches of at least five samples were tested at
each shear angle to evaluate the consistency of the results
and account for stochastic effects. White breather cloth
was placed around the periphery of the fabric samples to
facilitate an even vacuum in all directions within the test
cavity, ensuring that it would not affect cavity thickness.
As the 300 X 300 mm samples were only one ply thick,
testing was considered solely in two dimensions, neglect-
ing through-thickness flow and gravitational effects. The
cavity thickness, h, for all tests was measured as
0.40 mm (£0.03 mm) across the domain, by subtracting
the known plate and bag thicknesses from the total thick-
ness measurements at a variety of locations. For this cavi-
ty thickness, the estimated fiber volume fraction of tests
ranged from 0.28 to 0.36 (for 0° to 40° shear angles
respectively), based on the manufacturer’s areal weight
specification. Although this fiber volume fraction is low
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FIG. 1. Experimental set up of (a) an unsheared 0° sample and (b) the
full test configuration. [Color figure can be viewed at wileyonlineli-
brary.com]

relative to real composite components (more often
between 0.4 and 0.5 fiber volume fraction), similar values
have been observed in previous permeability studies [31].
Wall effects were likely to be significant in this case, but
as they were consistent throughout all tests, the measure-
ments obtained are acceptable for this comparative study,
which focuses mainly on the method of analysis. Quanti-
tatively then, the exact permeability values from this
study will only be valid for similar, low fiber volume
fraction or single ply, cases. If permeability values are
desired for more realistic forming applications, a number
of stacked preform plies should be tested at a higher fiber
volume fraction. A circular inlet port of 6 mm diameter
facilitated the flow of the test fluid through the caul plate
to the center of each sample.

The radial flow pattern from each test was recorded as
a function of time from below the glass plate using a dig-
ital video camera, since alternative sensor methods are
often more difficult to set up, yield limited data and can
negatively affect the flow of the oil through the test cavi-
ty [11]. The camera was consistently positioned with the
image sensor was parallel to the test plane, at a suitable
distance, with a relatively narrow focus lens, such that
image distortion was assumed to be negligible (particular-
ly as sample measurements remained near to the center of
the images). Video footage was then processed using a
novel code to comprehensively characterize the radial
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permeability of samples in each test, based on accepted
methods, as discussed in the following section.

Materials

Single plies of an aerospace grade, plain weave
carbon-fiber fabric (0.193 kg/m?) with 3K tows were used
for these permeability tests. Although testing is more
commonly performed with thicker ply stacks, in this case
a single-ply test was chosen to eliminate the effect of
nesting, and to focus on the deformation-dependent flow
properties of the material.

For the infusion fluid, Moro brand “pure” olive oil
was used, and was assumed to be Newtonian [33], incom-
pressible, isothermal and chemically inert for the duration
of the permeability tests. A cone and plate rotational vis-
cometer was employed to determine the viscosity of the
oil for temperatures ranging from 15°C (0.1062 Pa s) to
31°C (0.0561 Pa s).

CALCULATING ANISOTROPIC PERMEABILITY

Theory

The established approach for permeability characteriza-
tion, based on radial flow through a planar anisotropic
material, was introduced by Adams et al. [9]. This
describes fluid motion to be governed by the Laplace
equation, derived from the continuity equation for incom-
pressible flow combined with Darcy’s law. Weitzenbock
et al. [10] discuss the implementation of this method, and
focus on the definition of anisotropic fabric permeability
using two orthogonal principal permeability values, K;
and K, and an orientation angle, ¢@. Their method deter-
mines these values from the transformed isotropic calcu-
lation of permeability in three directions (0°, 45°, and 90°
relatively). This article briefly discusses the foundations
for these methods; however, the full derivations can be
found in literature [9, 10].

Initially, isotropy is assumed, thus Darcy’s law from
Eq. 1 is rewritten as Eq. 2, with regards to the pressure,
P, and flow front radius, r. Equation 2 is combined with
the continuity Eq. 3 in order to determine the radial pres-
sure gradient, OP/0r.

K oOP
V__;.E (2
V -v=0 (3)

The radial pressure gradient is then substituted back into
Eq. 2, accounting for the constant pressure conditions act-
ing across the system. This results in an isotropic flow
front velocity vector, v, that is dependent only on flow
front radius, r. Then, dividing this superficial velocity
vector by the material porosity, €, results in the true radial
flow rate in Eq. 4, which can be integrated with respect
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FIG. 2. Principal permeability axes (1 and 2) and measurement direc-
tions (I, I1, and IIT) for an advancing radial flow front.

to time (under the conditions r=ry at =0, and r=r; at
time ¢) and rearranged to form Egq. 5.

dr v
a_r 4
dr ¢ “)

e 1 ue £
K= {r_? <21n (;(‘)) —1) +r§} s=Fifs
This equation defines the isotropic permeability model for
experiments with a constant inlet and outlet pressure, for a
fixed inlet location. In order to solve this equation, a linear
regression is taken for the time history of the bracketed
radius term (since the viscosity, porosity and pressure
remain constant). The constant gradient, F;, of this regres-
sion line is then used to solve for isotropic permeability, K.
Turning to anisotropic behavior, Weitzenbock et al.
[10] derived a set of three equations to define the princi-
pal permeability values, K; and K, and principal perme-
ability direction, ¢, for an anisotropic material with 2D
radial flow. The full derivation relies on transformations
to a quasi-isotropic system and rotation from the measure-
ment axes to the principal axes. This process is similar to
the isotropic derivation above, but relies on a symmetric
permeability tensor and modified coordinate systems to
account for the anisotropic flow behavior and results in
Eq. (6-8). These three unknown properties are resolved
from measurements in three directions (/=0°, I/=45° and
I1=90° relatively), at any orientation. Where
A:(F1+F111)/2, D:(FI_F”[)/Z, C:ME/4AP and F[ is
the regression gradient for the flow front radius in the /
direction. Figure 2 shows the relationship between these
properties, the principal axes and the measurement direc-
tions for an idealized elliptical flow front.

KleIMC (6)
(4- )
A+D
KZZFlni( * ) C (7)
(A+COSDZ(/))
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It is also important to note that the method presented
by Weitzenbock et al. [10] includes further detail on nec-
essary adjustments for an inlet radius that is not consis-
tent with the shape of the advancing flow front (since
typically a simple circular inlet is employed, even for
anisotropic materials). While this consideration is
accounted for in this work, it requires some iteration from
an initial estimate of the material anisotropy for each test.
In any case, the 3 mm inlet is expected to have minimal
impact on the greater flow front measurements [10],
which range up to 120 mm.

Based on the principal permeability values, an effec-
tive permeability, K.y, can also be calculated for any
flow direction, 0, relative to the principal axes according
to Eq. 9:

_ KK
K sin? 0+K5cos2 0

Keﬁ‘ ©)
This effective permeability calculation relies on prior def-
inition of the principal permeability values, however, the
testing approach in this article allows for permeability
calculations to be performed in a large number of direc-
tions (limited only by the digital image resolution).
Hence, as the number of measurement directions becomes
significant, the isotropic model in Eq. 5 can provide a
detailed definition of permeability in all directions that is
comparable to the effective permeability in Egq. 9, but
also accounts for and displays any real variance. For
many experimental approaches, particularly those using
imbedded sensors, automatic measurement of the flow
front in as few as three directions may lead to greater
error. This problem is directly addressed in this research,
both through raw, directional permeability calculations,
and by repeating the three-direction approach for a statis-
tically significant number of orientations in each test to
ensure convergence of the K| and K, values. The impor-
tance of this point is discussed further with the experi-
mental results, presented later in this article.

Code Implementation

To facilitate the calculation of anisotropic permeability
(based on the above methods) from the experimental test
video footage, an automated MATLAB code was devel-
oped. This code is freely available on the MathWorks file
exchange website with supporting documentation [34]. It
is designed to track the flow front of the fluid throughout
test video footage, and ultimately performs permeability
calculations using both the raw directional approach and
the three-direction method (for any number of orienta-
tions). Similar efforts to develop an automated MATLAB
code have been previously demonstrated [23]; however,
this work required manual conversion and processing of
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images in other software prior to analysis, while the pre-
sented core simply accepts video footage taken directly
from the digital camera.

In order to determine the porosity,e, (based on an
approximation of fiber volume fraction, V) and the sub-
sequent permeability of the fabric, several input parame-
ters are required: the number of material plies, n, height
of the test cavity, &, and fabric shear angle, vy, as well as
material properties such as areal density, p,, and fiber
density, p;. This relationship is shown in Eg. /0, though
it is also important to note that as fabrics are sheared, the
areal density, fiber volume fraction and porosity do not
remain constant. Hence, the undeformed areal density, pﬂ,
(0.193 kg/m?) is divided by the cosine of the shear angle
to find an improved approximation, as seen in Eq. /1.

npa

e=1-V;, V;="P4 (10)
V= o
0
pa= 14 (11)
cosy

For each test the viscosity and differential pressure also
need to be specified. Additionally, a scalar reference has
to be assigned in order to convert distances from the
video-native pixels to meters, along with the definition of
the inlet radius. Depending on the clarity of the flow front
progression, and the desired output of the code, there are
also several modifiable video processing parameters.

The core of the MATLAB code relies on three loops,
progressing through time, angle, and radius values respec-
tively, as demonstrated in Fig. 3. The outer time loop
operates on a pair of video frames with known time spac-
ing between them, &¢, iteratively proceeding through the
sequence by updating video frames until the end of the
test. These two frames are compared to effectively high-
light changes between the frame at time ¢ and the frame
at time ¢+8¢. For an ideal frame pair (without excessive
noise or lighting changes) this results in a clear elliptical
annular shape caused by the difference in the radial flow
of fluid from the first frame to the second. The differen-
tial image from this process is then filtered using a pill-
box (or disk) filter to reduce the effect of noise, and
converted to a binary format, determined by a specified
pixel intensity cut-off value. The optimal values for filter
size and intensity cut-off, need to be determined by the
operator to ensure the clarity of the elliptical annular
shape in the image processing. For example, a typical fil-
ter of 5 pixels was used along with a 0.02 intensity cut-
off. However, under similar experimental conditions these
values should remain consistent across all tests once
determined.

The nested angle loop simply sweeps through a range
of flow directions (0 to 2 radians) while the last nested
radius loop incrementally increases a radial length param-
eter, r, by &r from the inlet point until the annular flow
front is detected. This distance corresponds to the flow
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FIG. 3. Flowchart of the video processing code for tracking the radial

flow front and calculating permeability based on two possible methods:
raw directional permeability and the three-direction method [10]. [Color
figure can be viewed at wileyonlinelibrary.com]

front radius, r¢, of the first image in the frame pair at
time ¢, for the current angle. Once the entire flow front is
defined for the current time as a function of direction,
r¢(a), the frame pair is incremented forward in time and
the whole process is repeated. Ultimately, by the end of
the time loop, the complete flow front history is known
as a function of both time and direction, r¢(c, 7).

From the discrete values of flow front radius (for every
time increment and direction), the bracketed flow front
term from Egq. 5 is calculated (termed N for convenience)
according to Eq. 12.

_ .2 Tr\_ 2
N= {;ff <2ln (r()) 1) +10} (12)

Thus, this can be expressed as a discrete function of ¢ and
o, which is represented as N(a,?) in Fig. 3. The MAT-
LAB code includes two different permeability characteri-
zation methods (as described in the previous section),
which both rely on a linear time regression of N(a,1).
The first is a calculation of raw directional permeability,
K(a), based on Eq. 5 for each of the measured directions
(the number of which is chosen by the operator). Alterna-
tively, the three-direction method by Weitzenbock et al.
[10] is employed according to Eq. (6-8) for every possi-
ble triplet of measured directions (0°, 45°, and 90° rela-
tively). This approach provides estimates of principal
permeability values, K; and K3, and principal direction,
¢, from each triplet for statistical analysis. From these
properties it is also possible to calculate an effective per-
meability, K., in every direction according to Eq. 9 that
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is an approximation comparable to the raw directional
permeability results.

EXPERIMENTAL RESULTS

Observations and Regression Analysis

Video footage was recorded in high definition (1,920
X 1,080 pixel resolution) for subsequent processing in
the MATLAB code [34], resulting in approximately 23
pixels per millimeter across the test samples. Moderate
changes in lighting conditions during testing had minimal
effect on the video processing. Overall, the flow behavior
during the tests was observed to be consistent with
expectations, where, for example, the unsheared plain
weave fabric facilitated a near circular and isotropic flow
front as shown in Fig. 4. In agreement with theory, fluid
flow for each test was initially quite rapid and decelerated
as the flow front advanced under the constant pressure
control. For tests with the lowest oil viscosity, L,
(0.08046 Pa s) and an oil surface tension, o, of 0.032 N/
m, fluid velocity, u#, was observed to range from
0.0004 m/s at the end of testing to above 0.0022 m/s near
the inlet. Subsequently the capillary number, Ca, can be
calculated according to Eg. 13, resulting in a range of
1.0E-3 to 5.5E-3 for viscous dominated flow.

Ca="— (13)

In the tests with sheared material, the elliptical flow
front was a clear indication of anisotropy, which is shown
for several samples in Fig. 4 (75 s into each experiment).
Deviations from a perfectly elliptical shape can be
observed in the highlighted flow fronts, reflective of the
variance that is common in radial permeability
experiments.

Regression analysis was performed to ensure that the
flow assumptions under constant pressure were reasonable
for the construction of the term N in Eq. /2. In theory, a
non-linear trend in the calculated N values over time
might suggest that capillary driven flow was significant.
However, the results consistently displayed a very high
degree of linearity (with R? values typically greater than
0.99 for each regression fit). This linearity also supports
the assertion that any spatial variations in cavity thickness
were negligible and that any influence of plate deforma-
tion was minimal. Figure 5 shows regression fits of the N
terms against time for the principal permeability direc-
tion, ¢, and two additional 45° increments in the mea-
surement orientation, from a 20° shear-angle sample.
These regression results are representative of the trends
from every direction of each test.

Raw Directional Permeability
First, to qualitatively compare similar tests, the raw

directional permeability results are shown for each test
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FIG. 4. Images from flow experiments (at 75 s) for, (a) 0° shear angle, (b) 10° (c) 20° (d) 30° and (e)
40°. Flow front profiles are highlighted for clarity. [Color figure can be viewed at wileyonlinelibrary.com]

batch in Fig. 6. These results are all displayed relative to
the test conditions (Fig. 4) where warp yarns were aligned
with the horizontal direction, and weft yarns were sheared
to the desired angles (as depicted by the solid black lines
in Fig. 6). Each dimensionally-similar radial plot consists
of the five to six directional permeability curves from a
particular shear angle batch and a black dashed curve that
depicts the average.

The symmetric permeability curves presented in Fig. 6
are a result of the near-elliptical flow front behavior
observed during testing (since permeability depends on
the square of flow front radius). Tests conducted at 0°,
10°, and 20° shear show greater variance between repeat-
ed tests, with relative standard deviations for each direc-
tion ranging from *20% to 30%. At 30° and 40° though,
this reduces to *4% to 15%, showing a significant
improvement in repeatability that is reflected qualitatively
in Fig. 6 by the similarity of tests. This improved repeat-
ability may be the result of tighter spacing that reduces
the freedom for local deformation and stochastic/system-
atic variability. The experimental scheme, which rotated
the testing order of samples from different batches,
ensured that this observation was not simply due to any
technical improvement. Unsheared (0°) samples generally
exhibit the expected isotropic permeability behavior,
despite flow irregularities occurring in some tests. Over-
all, as the shear angle increases, the anisotropy of the per-
meability is also seen to increase. Furthermore, the results
for each sheared batch of samples appear to show peak
permeability values in the bias direction, directly between
the two yarn directions, likely as a result of tow gap
alignment facilitating the most flow.
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Three-Direction Method

For each individual test, a total of 64 measurement
directions were recorded using the video processing code
(at 5.625° increments). Defining each measurement direc-
tion as the first of a 0°, 45°, and 90° triplet (I, II, and II]
according to Fig. 2), the three-direction method [10] has
been employed to find 64 different approximations of K,
K, and ¢ for each test based on each of the possible trip-
let orientations.

Figure 7 depicts the distribution of principal perme-
ability results for every possible orientation using the
three-direction method, where markers represent the aver-
age for each test and error bars represent the standard
deviation. Dashed lines of anisotropy (the ratio of K, /K>)
are drawn as linear trend lines. As noted from the raw
permeability results, the unsheared (0°) samples are nearly

0.1 - R%=0.9855 .
e m@+45° a@+90° .5'-‘..
0.075 - o o
- o~ R¥=0.9996
E 005 - p g |
i T ,J‘ : o
0.025 P o= R? = 0.9994
gy 2 =
0 u= T T ' ;
B 25 75 100
Time (s)

FIG. 5. Linear time regression of Nterms from a 20° shear angle speci-
men, for the principal permeability direction, @, and increments of 45°
and 90°. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 6. Raw directional permeability results for, (a) 0° shear angle, (b) 10°, (c) 20° (d) 30° and (e) 40°.
Average curves are represented as black dashed lines for each batch. [Color figure can be viewed at wileyon-

linelibrary.com]

isotropic, with a principal permeability ratio of 1.13. The
anisotropy then steadily increases with the shear angle, up
to a ratio of 3.71 for the 40° test batch.

Comparing results from like tests, the prediction of
anisotropy is very consistent and accurate, with a relative
standard deviation of =6% for the unsheared case and
less than *4% for the sheared cases. This is unexpected

1.5E-10 1
311 264
~ 1.89
’ 1.40

—~1.2E-10 A N o
E ' & 4 ° 1.13
) 2 A A
= o 2 "
£ 9e11 - % Lt
s " i ?
[ ’
£ ' i
& eE-11 - — ;{H !
T ’ Al g
‘= s gt " o 10°
& 3e11 et a20°

WY ©30°

A o 40°

iy

0 . . . s
0 3E-11 6E-11 9E-11  1.2E-10

Principal permeability, K, (m?)

FIG. 7. Distribution of all the test results using the three-direction
method at each shear angle with trend lines illustrating flow anisotropy.
Each marker represents the mean principal permeability estimates from
a single test, with error bars showing the standard deviation. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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given the relatively large variation in the mean calculated
K, and K, permeability values from test to test, particu-
larly at lower shear angles (0°, 10°, and 20°) where the
relative standard deviations are greater than =20%. How-
ever, the mean principal permeability values between tests
at 30° and 40° were actually quite consistent, with relative
standard deviations of around *7% and *4%, respective-
ly, again this is expected to be the result of tighter spac-
ing between yarns.

The three-direction method not only calculates an esti-
mate of principal permeability values, but also the direc-
tion to which they are oriented. Figure 8 relates the

65° -
5 10°
g 55° A 20°
5 <© 30°
£ 45 L ¢ o
S i — — —- Bias direction
3 B S
E 35° =~ -~ Aﬁ
: . S
™ T~ @
& 257 4 =3 =
E " T~
o
15° T T T T 1
0° 10° 20° 30° 40° 50°
Shear angle

FIG. 8. Distribution of the predicted principal permeability directions
for each test using the three-direction method, as compared with the fab-
ric bias direction for increasing shear angles. [Color figure can be
viewed at wileyonlinelibrary.com]
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FIG. 9. The relationship between principal permeability values, anisot-
ropy, and the fabric shear angle. Linear trend lines have been added for
the principal permeability data. [Color figure can be viewed at wileyon-
linelibrary.com]

samples of different shear angles with the estimated prin-
cipal permeability directions using the three-direction
method results for all orientations. The standard deviation
of the calculated principal permeability directions are
plotted as vertical error bars. Results from unsheared sam-
ples are not shown as the flow is near isotropic and, as
such, the principal permeability directions are not clear,
nor necessary. Similarly, the 10° shear samples show very
high variability as the anisotropy is still relatively low. At
higher shear angles the tests appear to be more repeatable
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and reliable in terms of determining the principal perme-
ability direction, with relative standard deviations ranging
from 2% to 12%. The line of the bias direction (bisect-
ing the two yarn directions) is also shown on the figure,
which correlates very well with the mean results from
each batch. This shows that for this particular plain weave
fabric the bias direction can be assumed to be the K;
principal permeability direction.

Figure 9 displays more clearly the mean principal per-
meability and anisotropy trends from Fig. 7, in relation to
the increasing shear angle. As noted earlier, the error in
K and K, values is relatively large at lower shear angles,
improving for the 30° and 40° samples, though it is the
minimal error in the anisotropy of samples at all shear
angles that is most interesting. The general trends are also
evident: as shear angle increases, K| values increase and
K, values decrease, and consequently the anisotropy
increases greatly.

The averaged raw experimental results for permeability
in every direction (from Fig. 6) are compared in Fig. 10
against the mean effective permeability, K.z, of all the
statistical three-direction approximations. Overall, the
general shape and magnitude are well captured by both
approaches.

Error Evaluation

The video processing approach used in this article
allows for any number of measurement directions to be
employed. In this work, 64 measurement directions have
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FIG. 10. Comparison of average raw directional permeability (from Fig. 6) and calculated effective perme-
ability for each of the shear angle batches. [Color figure can be viewed at wileyonlinelibrary.com]
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been studied for a reliable characterization of the mean
permeability results. However, many experimental meth-
ods rely on far fewer measurement directions, assuming
that the experimental flow front will be close to a perfect
ellipse and that error will therefore be small.

For instance, some early experimental procedures
relied on sensor measurements from only three directions
(the minimum required for characterizing permeability
using the three-direction method) [10, 35]. The advantage
of such sensor rigs is that they can tightly control cavity
thickness and compaction, however, they are more diffi-
cult and expensive to set up than the approach outlined in
this article. Other sensor implementations increased the
number of measurement directions to 7 [36] or 16 [37],
although this is still a relatively low number compared
with the 64 measurement directions used in this research.

In order to evaluate this source of potential error,
Kjand K, estimates were calculated for all possible subset
combinations of 3, 4, 6, 8, 16, and 32 measurement direc-
tions in each test to compare against the Kjand K, values
determined for all 64 measurement directions. Hence, the
mean and peak relative error was found for each of the
principal permeability estimates in relation to the number
of measurement directions. Overall, the relative errors of
the K, estimates were quite low, with average peak error
below 10% and mean error below 4% for the case of
only three measurement directions (the minimum required
to perform the calculations). However, the relative error
of the K, estimates showed much greater variability. For
the unsheared batch of samples, K| error was similar to
K error (since the flow is near-isotropic), but as the shear
angle increased the average peak K; error increased to
28.8%. As expected, an increasing number of measure-
ment directions reduces the relative error in all cases,
such that even the 40° shear sample batch only observes
an average peak K, error of 9.1% when 16 measurement
directions are used. Figure 11 shows the average peak K|
error for each shear angle batch in relation to the number
of measurement directions, in particular, highlighting the
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convergence of relative error as the number of measure-
ment directions increases.

Ultimately for these experiments, the natural flow front
variability suggests that reliable permeability characteriza-
tion should be based on at least 16 measurement direc-
tions to ensure that mean error is below 5% and any
potential peak error is below 10%.

DISCUSSION

The main advantage of the method employed in this
article, is the complete directional definition of perme-
ability for each test from a simple and low-cost experi-
ment. Since optical radial tests can provide data in all
directions simultaneously, they can be used to improve
the statistical reliability and remove the possibility of
operator bias in the prediction of principal permeability
values. The analysis in section “Error Evaluation” shows
that using the three-direction permeability characterization
method with data from fewer than 16 measurement direc-
tions for these tests could result in significant error. This
is particularly true for the tests at higher shear angles,
where it has been shown that the variance in K; resulting
from consideration of only three measurement directions
is greater than the batch experimental variance. The sta-
tistical mean results show very good consistency in terms
of anisotropy between like tests, and also show good
agreement with the raw experimental permeability distri-
butions (as seen in Fig. 10). This is also a very low cost
experimental method, without the need for sophisticated
sensors or complicated sensor arrangements, whilst still
allowing measurement and analysis to be largely automat-
ed. Moreover, the extensive data available from this
approach enables a detailed statistical analysis of each
permeability test, and allows for better interpretation of
the results. This flow front tracking and analysis code has
also been made freely available on the MathWorks file
exchange website [34]. Recently, other researchers have
demonstrated similar automated tools for visual flow front
tracking and local shear angles in deformed samples [38].
Their work also observed increasing anisotropy with shear
angle, along with a rotation of the principal permeability
direction (relative to the twill-weave fiber directions) that
is similar to the results reported in this article.

Often, experimental permeability testing is performed
on thicker, multiple-ply samples, rather than a single fab-
ric layer (as in this case) to reduce the influence of wall
effects and better represent a typical layup with a fiber
volume fraction closer to 0.5. However, it is also well
documented that variations in the way layers are stacked
results in different degrees of “nesting,” and can signifi-
cantly alter the permeability [39], in some cases by as
much as an order of magnitude [20]. Hence, a single-ply
test was chosen at this stage of the research to eliminate
this effect, particularly in support of infusion modeling
for single-ply experiments [8]. However, the use of a sin-
gle layer and constant cavity thickness meant that, with
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this particular plain weave material, the fiber volume
fraction (which ranged from 0.28 to 0.36) was lower than
is typical for an aerospace grade part, though it is not
unprecedented in similar research [31]. Despite this, the
reduced fiber volume fraction and wall effects on fluid
flow were deemed acceptable, since the purpose of this
research was to demonstrate both the method and the rel-
ative relationship between shear angle and permeability
as consistently as possible.

Naturally, in order to extend this method to practical
applications for industry, a broader range of permeability
tests for thicker layups would be necessary to capture the
behavior at higher fiber volume fractions and with differ-
ent alignments of the layers.

CONCLUSION

Radial permeability testing was performed over a
range of shear angles for a plain weave, carbon-fiber, tex-
tile reinforcement. Experiments were run under a constant
vacuum with flow front progression being monitored with
a digital video camera. A new MATLAB code was devel-
oped to process the video footage, track the flow front
and subsequently calculate the permeability in all
directions.

From this comprehensive data, a statistical mean set of
K and K, values was determined for greater confidence.
This process revealed the refined anisotropy of samples at
each shear angle to be very consistent, despite some vari-
ance in principal permeability values.

Overall, test samples with a greater degree of shearing
showed greater anisotropy, higher K; values and lower K,
values. The effective mean principal permeability values
showed good agreement with the results determined from
the raw directional permeability calculations. However,
using the traditional methods with fewer than 16 measure-
ment directions could result in significant error due to
irregularities that are common in permeability experi-
ments particularly at high shear angles. It is only by tak-
ing the data from all directions that the method employed
in this article has been able to reduce the error in measur-
ing principal permeabilities with greater confidence. The
results from this work also serve as a significant contribu-
tion to the development of multidisciplinary process mod-
els for the LCM of structures with considerable curvature
and complexity, where localized permeability and flow
behavior can change as a result of fabric deformation [8].
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