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To manufacture a high-performance structure made of continuous fiber reinforced
plastics, Liquid Composite Molding processes are used, where a liquid resin infiltrates
the dry fibers. For a good infiltration quality without dry spots, it is important to predict the
resin flow correctly. Knowledge of the local permeability is an essential precondition for
mold-filling simulations. In our approach, the intra-bundle permeability parallel and
transverse to the fibers is characterized via periodic fluid dynamic simulations of micro-
scale volume elements (VE). We evaluate and compare two approaches: First, an
approach to generate VEs based on a statistical distribution of the fibers and fiber
diameters. Second, an approach based on micrograph images of samples
manufactured with Tailored Fiber Placement (TFP) using the measured fiber
distribution. The micrograph images show a higher heterogeneity of the distribution
than the statistically generated VEs, which is characterized by large resin areas. This
heterogeneity leads to a significantly different permeability compared to the stochastic
approach. In conclusion, a pure stochastic approach needs to contain the large
heterogeneity of the fiber distribution to predict correct permeability values.

Keywords: continuous fiber reinforced plastics, permeabiilty, micro-scale, computational fluid dynamics,
micrograph analysis

INTRODUCTION

In high-performance lightweight design, engineers often choose continuous fiber reinforced
plastics (CoFRP) as structural material because of their very high specific mechanical
properties (Henning et al., 2019). Especially carbon fiber reinforced plastics exhibit
outstanding weight specific strength and stiffness. In Tailored Fiber Placement (TFP), dry
carbon fiber rovings are stitched onto a base material to form a variable-axial preform
(Mattheij et al., 1998). Variable-axial TFP enables to produce parts with arbitrary fiber
orientation and, furthermore, to optimize their strength and stiffness (Spickenheuer et al.,
2008; Bittrich et al., 2019). One possibility to produce CoFRP from these preforms is to
infiltrate the dry fibers with a liquid resin and a following curing of the resin under application
of heat and pressure. Those kind of manufacturing processes are often referred to as Liquid
Composite Molding and can be divided into several process routes, e.g. Resin Transfer
Molding (RTM) or Wet Compression Molding (Seuffert et al., 2020; Poppe et al., 2021).
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One important aspect during manufacturing is the infiltration
behavior of the fibers (Kärger et al., 2015). On a macro-scale, the
wetting of the fibers is characterized as a flow inside a porous
medium where the fibers induce a drag force against the liquid
resin. This drag force is captured by the material parameter
permeability. With this parameter, the pressure-velocity
relationship in a porous medium is given by the well-known
Darcy equation (Darcy, 1856):

~v � −K
μ
∇p

with the volume-averaged fluid velocity ~v, the viscosity μ, the
pressure gradient ∇p and the permeability K . A lot of effort is put
into the experimental characterization of in-plane and out-of-
plane permeability on macro-scale (Arbter et al., 2011; Vernet
et al., 2014; Magagnato and Henning 2015; May et al., 2019; Yong
et al., 2021). As the experimental cost is high, also attempts to
characterize the permeability based on analytical, empirical or
numerical methods are made. It was shown that the permeability
on macro-scale depends on micro-scale and meso-scale
geometric structures, which is the flow between the fibers
inside a roving and the flow between the rovings, respectively.
An analytical and empirical investigation is based mainly on the
work of Kozeny (1927) and Carman (1937) for spherical particles
and an extension to cylindrical particles by Gebart (1992). Gebart
used a regular system of fibers in a square or hexagonal
arrangement, which is a strong simplification of the real fiber
network as shown in many following studies.

Gommer et al. (2016) analyzed the micro-scale fiber
arrangement of a plain weave fabric using micrographs.
They showed that the local fiber volume fraction varies
significantly inside a roving, which can lead to local air
entrapments or resin-rich channels. Um and Lee (1997)
analyzed the flow based on micrograph images by
generating a network model of the fiber arrangement,
calculating the Kozeny constant (which is a function of
fiber volume fraction and the amount of heterogeneity of
the arrangement (Åström et al., 1992)), and comparing it to
analytical solution and experimental results. They concluded
that the non-uniform fiber arrangement is better suited to
predict the real permeability in a fibrous network, which was
also shown by Cai and Berdychevsky (1993). This led to several
distribution approaches that were used to better include this
fact. Bechtold and Ye (2003) analyzed different distribution
patterns using a stochastic model and showed that the amount
of randomness influences the permeability, as sometimes large
channels are formed, whereas some other channels can be
blocked. However, the stochastic model only contained 15
fibers, which limits the validity of the stochastic model. Chen
and Papathanasiou (2007), Chen and Papathanasiou (2008)
used a Monte-Carlo method to randomly distribute fibers in a
representative volume. They analyzed the stochastic properties
with the nearest inter fiber spacing that correlates with axial
and transverse permeability, which was also reported by
Matsumura and Jackson (2014). They summarized, that a
statistical measure of the fiber arrangement is needed

additionally to the fiber volume fraction for a more realistic
permeability model. In their simulation model, they use no-
slip wall boundary conditions at the edges of the non-periodic
model, which lead to a significant size effect, that is significant
when using less than 100 fibers. Endruweit et al. (2013) applied
the Gebart model to micrographs by assuming that the fiber
arrangement can be interpreted as a network of hexagonal or
square arrangements in series and parallel. They indicate that
the axial permeability is higher than the analytic description by
Gebart, because axial permeability is dominated by large fiber
gaps (low local fiber volume fraction). In the case of transverse
permeability, they calculate lower permeabilities for lower
fiber volume fractions compared to the results using
Gebart’s equations. For the case of high fiber volume
fraction, their values lie between the results using square
and hexagonal arrangements. Rimmel and May (2020)
concluded that a minimum of 10 simulations is necessary to
capture the Gaussian distribution of the permeabilities for one
fiber volume fraction. They also analyzed the influence of
different boundary condition types but without ensuring
periodicity at the edges of the micro-scale elements, which
makes a comparison to periodic models difficult. Gommer
et al. (2018) pointed out that the nearest fiber distance does not
influence the permeability as strong as the distance towards the
second and third nearest neighbor, which was also the result by
investigations of Yazdchi et al. (2012). Yazdchi and Luding
(2013) also used Delaunay triangulations and Voronoi
polygons to deduce necessary information to characterize
the fiber arrangements at micro-scale, though they focused
on pure numerical investigations without comparison to real
CoFRP fiber distributions. Recently, Zarandi et al. (2019)
compared many different theoretical methods to
simulations with random fiber distribution and roving-sized
permeability measurements. They pointed out that the fiber
clustering generated through random distribution is important
and should be considered in permeability models. Their
numerical VE was comparably small (about six times the
fiber diameter) and thus cannot show any influence of
larger gaps onto the permeability. Furthermore, it is not
clear, if the fiber distribution inside a roving in a manually
made specimen containing only one roving is equal to the fiber
distribution inside a real manufactured component.

The publications indicate, that the stochastic distribution of
the fibers inside a roving plays an important role to predict the
intra-roving permeability. These conclusions are based on
numerical and analytical models. No direct comparison of the
stochastic fiber arrangement and the real fiber arrangement in a
roving was made to directly show the resulting differences in
micro-scale permeability. In our work, we therefore on the one
hand use a numerical stochastic approach to generate statistical
volume elements (SVE) and on the second hand we use
micrograph images of samples manufactured via RTM to
generate periodic micrograph volume elements (MVE). We
compare statistical parameters of both approaches and show
their influence on the micro-scale permeability, which allows
for a more realistic micro-scale modeling in the future.
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FIGURE 1 | (A)Micrograph of a carbon fiber roving, transverse to main fiber orientation; Fibers show brighter compared to the epoxy resin; (B) Representation of
the micrograph after applying the fiber detection algorithm; large pure resin areas are visible in the right half of the images in white color.

FIGURE 2 | Sequence of image analysis steps to find the fiber filament center positions in micrograph images. The original gray scale image is shown in (A) and
minimal noise is filtered by blurring (B). A Gaussian adaptive threshold gives a black andwhite contrast (C). Small artefacts are removed by an opening transformation (D)
and a Laplacian distance transform is obtained in (E). A normal thresholding of this distance transform yields the red contours in (F) superimposed on the original image
with the center positions in black and blue semitransparent circles of radius 7 µm.
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FIBER DISTRIBUTION AND MODELING ON
MICRO-SCALE

Evaluation of the Fiber Distribution on
Micro-Scale
The analysis of the fiber distribution on micro-scale is based on
micrographs that are made frommanufactured TFP plates made
of unidirectional rovings. The infiltration of the TFP plates is
achieved using an RTM process with carbon fiber rovings
(HTS45 - 12K) from Toho Tenax GmbH. The micrographs
were made using Keyence VHX-2000 digital multi-scan
microscope. Figure 1 shows two micrograph images used in
the analysis. In total, 36 micrograph images are used with a
magnification of 700× with 0.29 µm / pixel. The images are
analyses using a cascade of steps with the OpenCV image library
(Bradski, 2000) that is visualized in Figure 2. The image data
(A) is denoised by a Gaussian blur of radius 3 pixels (B). Next,
an adaptive Gaussian threshold is applied to consider non-
uniform lighting in the images (C). Using a morphological
transformation, a sure foreground is obtained by an opening
transformation with uniform 3 × 3 kernels (D) and a threshold
on its Laplacian distance transformation to find centers of local
clusters (E). This procedure is meant to separate all filaments
that touch each other and thus form continuous areas. The
opening transformation itself is shrinking these areas already
and the distance transformation yields pixel values of the closest
distance to the boundary. Two or more touching fibers will then
form distinct local maxima that can be separated by
thresholding. The contours of the resulting binary image are
evaluated for their center positions (see red contours in
Figure 2F with center positions in black), which closely
resemble the fiber center positions.

The diameter of the fibers is not determined with these images
due to the limited resolution and blurring at the boundaries.
Instead, a mean fiber diameter �D of 7 µm based on the material
data sheet is assumed with a standard deviation σD of the
diameter of 0.45 µm.

Generation of Micro-Scale Volume
Elements Based on Micrographs and
Statistical Distributions
Based on the fiber coordinates, a statistical analysis of the fiber
arrangement is conducted. To compare and analyze the
arrangements, we use a Delaunay-triangulation of the fiber
coordinates. In a second step we calculate the areas of the
Voronoi-polygons based on this triangulation. A large
Voronoi-polygon area signifies a larger space to neighboring
fibers and therefore is a quantitative representation of a low
local fiber density. The standard deviations of the Voronoi-
polygon areas are thus a quantitative measurement of the
heterogeneity of the fiber arrangement. The Voronoi-
polygon areas are normalized with the mean Voronoi-
polygon area at the present fiber volume fraction of the
micrograph, so assuming a perfect homogeneity. This allows
us to compare only the relative area sizes and deviations
independently of the fiber volume fraction.

Figure 3 shows the Voronoi polygons for the micrograph of
Figure 1. The large inter-fiber gaps visible in the lower part of the
micrograph are visualized here with yellow color indicating a
large Voronoi polygon area. For further analysis, the micrograph
images are divided into quadratic sub-images with an edge length
of 147 μm, which leads to a ratio of 42 to the mean fiber radius of
3.5 µm. The same size of VE is later also used to build the SVEs.
This size is chosen to contain enough fibers for statistical
evaluations and to furthermore allow converged permeability
calculation with CFD simulations with reasonable effort.
Gommer et al. (2018) showed that convergence of the
simulations is reached when the flow length is greater than
20 times the fiber radius.

Special attention has to be taken to the periodicity when
generating the MVEs. As the goal is to generate fully periodic
VEs, all fibers that cut the edge of the VE have to be also present at
the opposite edge. Therefore, we copy all fibers intersecting with
one of the edges to the opposite edge. This can lead to an
intersection of fibers at the edge, which we treat in a second
step, where we search for intersecting fibers and decrease their
fiber diameter until the intersection is deleted. If the resulting
fiber diameter is lower than the threshold value of 5.4 µm, which
is the smallest measured diameter, as obtained in separate optical
measurements, of the micrographs, the fiber is removed. The
algorithm of the MVE generation is schematically visualized in
Figure 4.

In Figure 5, the Voronoi areas of three example MVE
highlighted in Figure 3 are plotted. While Figures 5A,C show
a rather homogeneous fiber distribution, Figure 5B contains
multiple large polygon areas that correspond to the large pure
resin areas that are visible in Figure 3, detail 2. The fiber
volume fraction of Figure 5B is 40.7%, compared to values of
53.8 and 42.6% for Figures 5A,C, respectively. The fiber

FIGURE 3 | Voronoi-polygon areas of the micrograph of Figure 1. Three
details are highlighted for visualization of details in following Figures; the size of
the details is equal to the SVEs and MVEs generated.
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volume fractions of all micrographs vary in a range of
39–59%. Because of the normalization with the fiber
volume fraction the normalized area sizes differ slightly
compared to Figure 3. The standard deviations of the
Voronoi-polygon areas are 0.245, 0.592 and 0.345. The

large heterogeneity of Figure 5B is therefore well
represented in the much higher standard deviation.

Additionally to the generation of MVEs, a statistical approach
is used where SVEs are generated using the algorithm of Melro
et al. (2008). The algorithm contains three main steps. In the first

FIGURE 4 | MVE generation algorithm using micrograph coordinates and guaranteeing periodicity.

FIGURE 5 | Voronoi polygon areas of three MVEs of Figure 1; Larger inter-fiber gaps lead to larger Voronoi-polygon areas; (A) detail 1; (B) detail 2; (C) detail 3.
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step, the fibers are set randomly inside the VE. In the second and
third step, the fibers inside the VE and in the outskirts are stirred
and new fibers are inserted as long as the required fiber volume
fraction is not reached. By this approach, a random VE with
periodic edges for high fiber volume fractions can be generated.
The fiber volume fraction Φ of the SVEs is increased in steps of
5% from 35 to 60%. Matsumura and Jackson (2014) used also
periodic boundaries for their micro-scale simulations and
reported that at least 10 representative volume elements with
200 fibers should be generated. In our case, we generate 10 SVEs
for each configuration set up, which leads to 10 cases in the axial
direction and 20 cases in the transverse direction (both horizontal
and vertical flow direction are used). The number of fibers varies
depending on the fiber volume fraction between 198 and 354. The
minimum gap Dmin between two fibers is set to 1% of the fiber
diameter. This ensures a successful meshing but also leads to a
nearly blocking of flow paths for transverse flow, which is
important to predict permeability, especially at high fiber
volume fraction. The configuration parameters are shown in
Table 1.

Figure 6 shows the fiber diameter distribution in the MVE
highlighted in Figure 5B compared to one exemplary SVE with a
fiber volume fraction of 40%. Both graphs show a Gaussian
distribution around the mean value of 7 μm, whereas the MVE
distribution has a slight deviation of fiber diameters towards
smaller values, which is explained by the algorithm used to ensure
periodicity.

In Figure 7, an SVE with a fiber volume fraction of 40% and
its resulting Voronoi polygons are visualized. While in
Figure 7A the fiber arrangement and the non-constant fiber
diameters can be observed, Figure 7B shows a rather
homogeneous distribution of the Voronoi polygon areas
compared to the MVEs shown in Figure 5. This is also
visible, when comparing the standard deviations of the
Voronoi-polygon areas σV, which are visualized in Figure 8.
The standard deviations of the MVEs lie in a range from 0.178
to 0.855, whereas for the SVEs, σV lie between 0.138 and 0.232.
For all configurations, a decreasing of the deviations with
increasing fiber volume fraction is observed. For the SVEs,
this behavior is a result of the increasing difficulty to generate a
heterogeneous fiber distribution for higher fiber volume
fractions. Large inter-fiber gaps in the MVE lead to a larger
σV in general. They also lead to lower fiber volume fractions of
these MVEs, which explains the increase of σV for these
configurations. It is visible, that the MVEs in general have a
higher heterogeneity compared to the SVEs.

NUMERICAL SIMULATIONS ON
MICRO-SCALE

Simulation Model
When simulating volume elements on a micro-scale, it is
important to correctly set the boundaries with the aim to
minimize their influence on the solution. By using periodic
boundaries on all relevant edges, the flow is not restricted to
be purely inside the domain, but instead, the fluid is allowed
to flow out of and into the domain at the same time. This
prevents an influence of the boundary condition onto the
solution.

Figure 9 and Figure 10 show an exemplary simulation model
with the boundaries and the solution of an axial and a transverse
case, respectively. In the axial case, periodic boundaries are used
on all faces of the simulation model. Most important are these
conditions along the fiber direction and, thus, in the flow
direction, which leads to a flow along the continuous
filaments. The periodic boundaries at the left/right and top/
bottom face pairs are necessary to model the transverse flow.
This can be interpreted as a continuous repetition of the volume
elements on these sides. The Figures show furthermore the flow
velocities resulting at convergence. The different flow paths are
visible for the transverse flow in Figure 10, whereas in the axial
case, the flow velocity depends on the gap size between the
fibers.

Numerical Method
The simulations are performed with a laminar steady state
solver that uses a finite volume discretization and the
SIMPLE-algorithm implemented in the open-source library
OpenFOAM®. This method is used widely for problems of
heat transfer or fluid dynamics. A detailed description of the
numerical algorithm can be found in the user guide (CFD
Direct 2021) or for example in Ferziger and Perić (2002). The

TABLE 1 | Configuration parameters of the SVEs; for each configuration, 10 SVEs
are generated.

Parameter Value

Fiber volume fraction Φ 35–60%
Mean fiber diameter �D 7 µm
Standard deviation of the fiber diameter σD 0.45 µm
Minimum fiber distance Dmin 0.07 µm
Size of volume elements 147 µm × 147 µm

FIGURE 6 | Fiber diameter distribution of MVE of Figure 3B compared
to an SVE with 40% fiber volume fraction.
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periodic boundaries prohibit applying a pressure or velocity
at the boundaries to start the desired laminar flow. Instead,
the flow is induced by adding a momentum source to the
Navier-Stokes equations by applying a pressure gradient, so
that a predefined volume-averaged velocity is obtained
(“meanVelocityForce”).

As the permeability is a measure related to the porous drag
acting on the fluid, it can be determined by rearranging the one-
dimensional Darcy equation to:

K � −μ · �U(1 −Φ)
Δp ,

with the volume averaged fluid velocity �U of the porous domain and
the pressure gradientΔp. Three cases are simulated for each VE. Two
simulations in x and y direction for flow transverse to the fiber
direction and one simulation in z direction for flowparallel to the fiber
direction. Therefore, the velocity �U is set to a target value that contains
only one entry in the corresponding flow direction.

FIGURE 7 | Example of an SVE with 40% fiber volume fraction; (A) fiber distribution; (B) Voronoi polygon areas.

FIGURE 8 | Standard deviation of Voronoi-polygon areas σV of MVEs
and SVEs. Grey dots show the individual MVE cases. The highlighted areas
show the standard deviation of the moving average of 30 cases for the MVEs
and the standard deviation of the 10 SVEs per fiber volume fraction
generated.

FIGURE 9 | Simulation model with periodic boundaries for axial
simulations; view parallel (A) and transverse (B) to the fibers.
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This leads to double the number of cases simulated for flow
transverse to the fiber direction compared to flow parallel to the
fiber direction. In each of the SIMPLE iterations, an incremental
additional pressure gradient is calculated based on the volume
averaged velocity | ~U |:

∣∣∣∣ ~U ∣∣∣∣ �
∑i( �U| �U| · U i) · Vi

∑iVi
,

dΔp � (∣∣∣∣ �U ∣∣∣∣ − ∣∣∣∣ ~U ∣∣∣∣) · ãp,
with the volume averaged diagonal coefficients of the momentum
equation ãp. For details of the discretization procedure used in
OpenFOAM, the reader is referred to the work of Jasak (1996).
With this pressure gradient, the velocity in each cell i is adjusted
to achieve the desired average velocity �U :

U i,u � U i +
�U∣∣∣∣ �U ∣∣∣∣ ·

1
ap

· dΔp,

and the pressure gradient is also updated:

Δpu � Δp + dΔp

At convergence, the incremental pressure gradient decreases
to zero.

Mesh Study
An important aspect of the simulationmodel is themesh cell size. The
simulations’ aim is tomeasure the drag inside the porousmedium that
is a result of the sum of the shear forces at the surfaces of the fibers. To
correctlymodel these shear forces and, following, the permeability, the
cell size has to be small enough to capture the velocity gradient at these
fluid filament interfaces. Because of this, a mesh study was performed
tofind the largest cell sizes that correctlymodel the flow, but also allow
for a reasonable short simulation time.

To mesh the porous domain between the fibers, first, a
triangular mesh is generated that can capture the complex
geometry of the fiber distribution. For the axial flow cases,

this mesh is extruded in fiber direction in a following step.
Figure 11 shows a zoomed view of the mesh around the
fibers.

The periodic boundary conditions need an equal cell size (cell
edge length) at opposite mesh boundaries. When a meshing
algorithm with refinement at the fiber interfaces is used, this
cannot be guaranteed. Because of this reason, we use a
homogeneous cell size in the simulation domain. To find the
necessary maximum cell size and the minimum SIMPLE-
iterations needed for convergence, two models with a fiber
volume fraction of 20 and 45% with varying cell sizes are
simulated.

Figure 12 shows the results of the normalized error that is
calculated with the permeability value for the smallest cell
size (and maximum iterations) as the nominal value. For
each of the configurations, the number of necessary
iterations increases with decreasing cell sizes. Smaller
cells are needed for higher fiber volume fractions, which
was also reported in the literature (Matsumura and Jackson,
2014). The error in the transverse cases is in general higher
than in the axial cases. Based on the results of the mesh
study, the cell size and iteration number are chosen
depending on the fiber volume fraction with the aim to
have an error of less than 1%. The used mesh sizes are
summarized in Table 2.

The simulation times vary strongly depending on the mesh
size. The average simulation times for simulations are
summarized in Table 3. Simulations were carried out without
parallelization on a system with one AMD EPYC 7302P 16-core
processor (3.0 GHz) and 256 GB RAM (3,200 MHz). The
parallelization strongly decreases the simulation time for all
mesh cell sizes.

RESULTS

In Figure 13, the results of the flow simulations for the MVEs
highlighted in Figure 3 are visualized. The subfigures (A–C) show

FIGURE 10 | Simulation model with periodic boundaries for transverse
simulations in x direction; view parallel to the fibers; fiber parallel direction is
omitted in the simulations.

FIGURE 11 | Detailed view of the simulation mesh around fibers.
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the results of the flow simulation parallel to the fibers, whereas
subfigures (D–F) show the resulting transverse flow (here from
left to right). For the axial flow, the highest flow velocity is

observed in the large gaps between the fibers. On the contrary, for
the transverse flow the highest fluid velocity is observed in the
largest channels between the fibers that are connected through the

FIGURE 12 | Geometric mean permeability error depending on mesh cell size and SIMPLE iterations; (A) axial case with 20% fiber volume fraction; (B) transverse
case with 20% fiber volume fraction; (C) axial case with 45% fiber volume fraction; (D) transverse case with 45% fiber volume fraction.

TABLE 2 | Simple iteration number and mesh cell size used for simulations.

Fiber volume fraction Axial Transverse

Cell size (µm) Iterations Cell size (µm) Iterations

0.20 ≤ Φ < 0.35 0.6 1,000 0.3 2,000
0.35 ≤ Φ < 0.40 0.4 1,000 0.2 1,000
0.40 ≤ Φ < 0.45 0.4 1,000 0.2 1,000
0.45 ≤ Φ < 0.50 0.3 1,000 0.2 1,000
0.50 ≤ Φ < 0.55 0.3 1,000 0.15 1,000
0.55 ≤ Φ < 0.60 0.2 1,000 0.1 1,000
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simulation domain. Furthermore, the effect of the periodic
boundaries is visible in Figure 13E. Here, one resin channel
forms that flows over the top and bottom edge, which would not
be possible when using wall type boundary conditions. For both
simulation types, large areas of the simulation model show only
very low fluid velocities.

In total, more than 400 MVE configurations are simulated. To
compare the SVE model to the MVE simulation results, the resulting
permeability values obtained for both, axial and transverse flow, are
plotted in Figure 14. The grey crosses and lines show the individual
results of the MVE simulations. The permeabilities of the transverse

cases in x-direction and y-direction are differentiated by grey
horizontal and vertical lines, respectively. No systematic difference
of the transverse permeabilities in x-direction and y-direction is
observed. Therefore, both transverse permeabilities are merged in
the following analyses. The SVE simulation results are shown in red
color. For each fiber volume fraction, the average permeability and the
standard deviation of 10/20 individual simulations for parallel/
transverse flow are calculated. The blue lines are the moving
average of 30 individual results of the MVE simulations. The light
blue and red areas show the standard deviation of these averages. For
the whole range of fiber volume fraction, the axial permeability of the

TABLE 3 | Simulation times for 1,000 iterations of the transverse case with 45% fiber volume fraction at different cell sizes.

Cell size (µm) Number of cells Serial simulation time Parallel simulation time
with 16 cores

(s)

0.5 117,492 134.65 s 11.54
0.4 180,566 231.8 s 17.56
0.3 316,456 527.84 s 34.52
0.2 702,719 1,723.53 s 220.78
0.1 2,778,116 10,813.16 s 2,090.99
0.05 11,047,753 — 4,002.00

FIGURE 13 | Resin flow velocity of the three MVEs of Figure 2 with axial flow: (A) values corresponding to detail 1, (B) values corresponding to detail 2 and (C)
values corresponding to detail 3; and the resin flow velocity with transverse flow in x-direction: (D) values corresponding to detail 1, (E) values corresponding to detail 2
and (F) values corresponding to detail 3.
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SVE is lower than that of the MVE. In contrast, the transverse
permeability of the SVE is higher than the one predicted using
MVEs. The permeability predicted by Gebart’s model for
hexagonal fiber arrays (Gebart, 1992) is shown in black color. For
the axial flow case, it is nearly equal to the SVE simulations and only
differs slightly at higher fiber volume fraction. In the transverse case,
Gebart’s prediction is higher than the SVE and MVE results over the
whole rangewith increasing difference for large fiber volume fractions,
which was also observed by Gommer et al. (2018).

In the transverse permeability of the MVEs, some outliers are
visible at around 50% fiber volume fraction. The flow velocities of
one of those is visualized in Figure A1 in the Appendix. Here, a
large horizontal gap is present that leads to significantly higher
permeability in x-direction than in y-direction.

Furthermore, the normalized difference between the averages
of the SVE and MVE simulations is visualized in Figure 15. This
error value is calculated with a normalization using the geometric
mean of the values:

eGM � KMVE −KSVE										
KMVE ·KSVE

√ .

The difference of the axial permeability decreases with
increasing fiber volume fraction, whereas the error of the
transverse flow increases slightly at negative values.

DISCUSSION

The analyses of the micrograph images reveal a heterogeneous
fiber distribution inside the analyzed rovings. This confirms the
observations made by Gommer et al. (2016), though a different

type of material was used, which indicates the independence of
the heterogeneity of the micro-scale fiber distribution of the
material type. However, for a detailed analysis, further
investigations of micrographs are necessary.

When using a random VE generator, the heterogeneity of
the fiber distribution is much lower than in real micrographs,
which can directly be deduced from the variance of the
Voronoi-polygon areas plotted in Figure 8. For higher fiber
volume fraction, the variance of the Voronoi-polygon areas is
lower, which indicates a stricter arrangement of the filaments
at higher fiber volume fractions. For low fiber volume
fractions, the variance is high, since larger gaps between the
fibers exist.

The scatter of the variance is very high especially in the
range of 55–60% fiber volume fraction. This is the result of
some smaller gaps inside densely packed arrangements that
are also visible in Figure 3. The influence of these
heterogeneities on the micro-scale permeability is analyzed
using periodic VEs and CFD simulations. First of all, the
strong influence of the fiber volume fraction and fiber
orientation (axial vs transverse) onto the permeability is
obvious. Furthermore, the permeabilities in Figure 14 and
their normalized differences in Figure 15 show that the
results of the SVE differ from the MVE results
significantly. While the axial permeability of the MVEs is
higher than that of the SVEs with a maximum value of over 2,
the transverse permeability shows the opposite with a
minimum normalized difference lower than −1. When
comparing the results for a given fiber volume fraction,
this leads to the conclusion that a stronger heterogeneity
leads to higher permeability in axial flow and to lower
permeability in transverse flow. This is explained by the
fact that for axial flow, the permeability significantly
depends on the flow inside large gaps, whereas the flow
between very close fibers can be neglected. For a transverse

FIGURE 14 | Permeability comparison of SVEs, MVEs and Gebart’s
equation for hexagonal fiber arrays (Gebart, 1992) for axial and transverse
flow. The highlighted areas show the standard deviation of themoving average
of 30 cases for the MVEs and the standard deviation of the 10/20 SVEs
per fiber volume fraction generated. The grey crosses and lines mark the
individual simulation results.

FIGURE 15 | Normalized difference between SVE and MVE
permeability.
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flow instead, the permeability depends on the size and number
of flow channels that are formed between the fibers. Here,
larger gaps may lead to flow channels but on the contrary, they
also lead to more densely packed fibers in other areas (at
constant fiber volume fraction). In Figure 16, the standard
deviation σV of the Voronoi-polygon areas and the
normalized differences of the permeabilities of MVEs and
SVEs are visualized to allow a direct comparison. It is visible
that the course of the standard deviation curve follows a
similar local and overall trend compared to the curve
showing the parallel flow cases. The curve of the transverse
case does not show this clear trend.

To analyze the correlation between the permeabilityK and the
fiber volume fraction as well as the standard deviation of the
Voronoi polygon areas, the Pearson correlation coefficient is
used:

ccP � cov(K,Ψ)
σK · σΨ ,

where Ψ is one of the analyzed parameters and with cov(.)
meaning the covariance. The Pearson correlation coefficients
are shown in Figure 17. It is applied on log(K) to linearize the
values, which is a requirement for a correct interpretation of
the correlation coefficient. The coefficient is zero when no
correlation is present and -1 or +1 for a perfect negative or
positive correlation, respectively. A higher fiber volume
fraction leads to lower permeability, which is visualized by
the coefficients that show a strong negative correlation
between log(K) and fiber volume fraction. The graph also
shows a positive correlation to σV for both cases, which means
that a higher fiber heterogeneity (quantified by σV) leads to a
higher permeability. The correlation of σV to log(K) is stronger
in the axial cases (0.650) than in the transverse cases (0.495),
which confirms the observations of Figure 16. When
calculating the Pearson correlation coefficients only for the
cases of transverse flow in x-direction or in y direction, the
values differ only slightly (0.484 compared to 0.503). Thus, the

flow direction in the transverse cases does not play a
major role.

CONCLUSION

In the present work, micrograph images of the cross-sections
of manufactured samples were taken to analyze the micro-
scale fiber arrangement. The carbon fibers inside the rovings
show a heterogeneous distribution containing densely packed
areas and also larger gaps between fibers. The distribution
was analyzed by generating Voronoi-polygons between the
fiber center points. It is shown that the deviation of these
Voronoi-polygon areas is higher in the micrographs than in a
generated statistical distribution. To analyze this influence on
the micro-scale permeability, periodic VEs are generated for
the micrographs (MVE) and for the statistical approach
(SVE). By simulating a stationary fluid flow between the
fibers, the permeability is computed numerically. The
results show that the different fiber distribution directly
influences the permeability transverse and axial to the fiber
direction. In the axial case the MVE permeability is higher
than the SVE permeability. On contrary, in the transverse
case, the MVE permeability is lower than the SVE
permeability.

The correlation analysis shows the dependency of the
permeability on fiber volume fraction and Voronoi-
polygon area variance. The latter is therefore a useful
parameter to describe the heterogeneity of the fiber
distribution, especially when large resin-rich areas are
present, which is not guaranteed when using nearest
neighbor descriptors. Therefore, the Voronoi-polygon area

FIGURE 16 | Standard deviation of the Voronoi polygon areas σV and
normalized errors of axial and transverse flow.

FIGURE 17 | Pearson correlation coefficient for σV and fiber volume
fraction.
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variance is proposed to be included in future micro models,
especially for predicting fiber parallel permeability.

The work shows that methods to generate statistical models
with higher heterogeneity of the fiber microstructure are
necessary to realistically predict the micro-scale permeability.
Resin-rich areas also influence the micro-mechanical behavior,
which was recently investigated by Ghayoor et al. (2019). This
further depicts the necessity of improved methods to generate
statistical micro-models.

In the method presented here, the fibers are assumed to be
straight and perfectly parallel. In future work, it should be analyzed,
how curved or twisted fibers change the pore network and how this
influences the three-dimensional permeability of TFP rovings.
Additionally, by using high-resolution computer tomography or
micrographs, the fiber diameter distribution and the cross-section
geometries can be measured to analyze their influence on the
permeability prediction.

Furthermore, it is still important to validate the permeability
predictions with experiments. Therefore, in the next work, a
meso-scale model for TFP infiltration under RTM process
conditions is developed to take the inter-roving flow into
consideration. The permeability of the meso-scale models can
afterwards be compared to infiltration experiments with stitched
TFP preforms. This finally enables the prediction of the mold-
filling pattern and filling time of composite parts made by TFP.
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APPENDIX

FIGURE A1 | Flow velocity results in (A) x-direction and (B) y-direction of one outlier with 50.06% fiber volume fraction. The resulting transverse permeabilities in
x-direction and y-direction are 2.47629 · 10−13 and 3.09254 · 10−14, respectively.
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