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A B S T R A C T

In Liquid Composite Molding (LCM) processes, a fabric reinforcement is placed in a closed cavity and resin is
injected into the mold. Almost all reinforcements are dual scale containing fiber tows, which fill at a different
rate than the region in between the fiber tows. Simulation of LCM processes can help identify regions that fail
to fill. However, the presence of dual scale flow is usually neglected. Here this phenomenon is modeled using
Liquid Injection Molding Simulation (LIMS) software in which a complex network of one-dimensional elements
is created. This allowed us to simulate transverse and longitudinal flow through the fiber tows taking into
consideration the orientation and architecture of the reinforcement and, additionally, adding capillary effects
to the model. A sensitivity study has been performed to investigate the effects of properties in non-dimensional
form, allowing for comparison with experiments that were conducted to validate the model by visualization
of the flow front position and dual scale area dimensions.
1. Introduction

Composite materials are known for their combination of high me-
chanical properties and lightweight, design flexibility and non-corrosive
properties and hence have been making inroads in aerospace, auto-
motive and trucking industries where fuel savings are very impor-
tant. Among several production techniques, Liquid Composite Molding
(LCM) is often used because it can make net shape components, is
cost-efficient and can be adapted to manufacture medium to large
volume of parts. Among the many techniques included in LCM, Resin
Transfer Molding (RTM) is a common one in the modern industry as it
allows the production of high quality composite parts with reasonable
reproducibility. Such technique consists of injecting pressurized resin
in a rigid mold containing dry fiber reinforcement. One of the biggest
challenges associated with RTM are flow induced defects. Among these,
the two most important are dry spots also known as macrovoids and
meso or microvoids. The former are regions of preform devoid of resin
and are easily recognizable by the naked eye. The latter occur at the
meso and micro level and often require a more sophisticated evaluation
tool to identify this defect. According to the American aeronautics
standard [1], final products with more than 2% of voids should be
rejected as this negatively influences the performance and safety of
the structure. The presence of voids in the components deteriorates
the mechanical properties of a part, reducing flexural and compressive
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strength [2,3] and interlaminar shear strength [4]. Therefore, pre-
dicting and preventing such defects will be a big advantage for the
manufacturer to reduce potential material and economic waste. The
biggest cause for microscale voids generation that can be identified
in literature is the non-uniformity of the flow front [1,5–10]. The
reinforcement materials used in the RTM process often are textiles with
a complex architecture of tows, which interlace each other, defining
two different regions that will be filled at different rates by the resin.
This phenomenon is called dual scale flow and is related with the
concept of microvoids and tow saturation.

1.1. Dual scale flow

As mentioned above, dual scale flow is generated in fibrous porous
media that contain two different scales of pores. This is the case, for
example, of textile preforms used in several composite manufacturing
processes shown in Fig. 1(a), including RTM. For such fabric architec-
tures the pores between the tows of the reinforcement will be filled
first, leaving the smaller pores of the fiber tow unsaturated creating
microvoids [11–13]. The creation of microvoids is due to dual scale
flow. The permeability of the fiber tows, as shown by many authors
in literature [14–17], is normally several orders of magnitude lower
than the bulk preform. This creates a region in the preform, where
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Fig. 1. Example of textile preform and dual scale flow impregnating first the spaces between and then the porous volume inside the fiber tows (a); Dual Scale Flow scheme
howing saturated, partially saturated and unsaturated region (b).
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he velocity of the flow front in the bulk and tow regions do not
atch. This leads to a partially saturated region, which can be defined
ith the saturation length Ls, where mechanical entrapment of voids
an occur. The saturation length shown in Fig. 1(b) depends on the
rchitecture of the reinforcement, the type of material used and the
elocity of the flow front. Leclerc et al. and Ruiz et al. [5,9], showed
that it is possible to find an optimal impregnation velocity, at which
the total void content can be minimized. This can be expressed under
the form of a modified capillary number and is deeply connected to
the concept of saturation of the tows, as presented by Patel et al. [18–
20]. The compacted tows lead to the presence of capillary pressure,
which increases with the increase of compaction, and generates a
higher pressure gradient in the tow regions, counteracting the low
permeability of the tows. The same authors showed that depending on
the velocity of the flow front, the flow inside the tows will be preferred
over the one between them and vice versa, generating microvoids for
fast flowing resin and macrovoids for slow filling. This is because at low
velocities the capillary pressure due to the fiber tows becomes relevant
and the flow between and inside the tows reach similar velocities. In
some extreme cases the capillary pressure can influence the process
so much that meso voids are created between the fiber tows [1,5,9,
1,22] as shown in Fig. 2. Several authors explored the modeling of
ual scale flow using several techniques and accounting for capillary
ressure and the influence of the micro structure (tow scale) [23]. Pillai
t al. numerically used a sink term in the equation of continuity of
he macroscopic flows to solve for the dual scale flow [24]. Leclerc
t al. and Ruiz et al. [5,9] modeled the generation of voids starting
rom experimental data and using a logarithmic model to predict and
ifferentiate macro and microvoids. Lundström et al. [25] analyzed
he impregnation of non-crimp fabrics and showed that perturbation
n the bundle geometry affects the creation and dynamics of voids.
ark et al. [1] modeled the generation and evolution of voids using
numerical approach accounting for compaction and movement and
onsidering the micro structure of the tows. DeValve et al. developed a
etailed numerical simulation of the impregnation of ideal plain weave
rchitectures taking capillary effects into consideration and modeling
he location, shape, size and evolution of air entrapment [26]. Gascón
t al. presented a fractional flow model based on dual scale flow which
s capable of simulating void formation and evolution [27]. Matsuzaki
t al. showed that optimal flow velocity and void formation change
ith anisotropy of the reinforcement and developed a mathematical
odel for mesovoid formation [28]. Moreover they studied experimen-
ally the effect of flow angle on final void content showing that this has
n impact on the final outcome of the impregnation [29]. Liu et al. [30]
odeled the formation of voids using a bifluid-solid contact model
nd implementing it in a finite elements framework. Arcila et al. [31]
tudied the phenomenon using the boundary element method, while
ang et al. [32] and Aaboud et al. [7] modeled the generation of voids
omparing the times necessary to fill the macro and micro pores of the
2

reform.
.2. Simulation of dual scale flow with LIMS

Another approach was proposed by Simacek and Advani [8] using
iquid Injection Molding Simulations (LIMS). The software is a Finite
lements software developed at the University of Delaware, which,
hanks to its scripting capabilities, allows the analysis of complex
eshes with different types of elements which makes it possible to
odel dual scale flow by adding an external sink term instead of includ-
ng it in the continuity equation. In fact, the simulation of dual scale
low can be performed by combining traditional governing equations
uch as Darcy’s law:

𝑣⟩ = 𝑲
𝜂

⋅ ▽𝑃 (1)

and continuity equation (conservation of mass):

▽ ⋅ ⟨𝑣⟩ = 0 (2)

where ⟨𝑣⟩ is the volume averaged flow velocity, 𝑲 is the permeability of
the porous medium which could be determined experimentally or found
numerically [33], 𝑃 the pressure, and 𝜂 the viscosity of the injected
resin. However, the loss of resin inside the fiber tows may be modeled
by adding a sink term q to the continuity equation. The governing
equation for dual scale flow assumes the form:

▽ ⋅
(

𝑲
𝜂

⋅ ▽𝑃
)

= 𝑞(𝑃 , 𝑠) (3)

The sink term 𝑞 is a function of the saturation 𝑠 and pressure,
. Once the tow is completely filled, the saturation term disappears.
he sink term can be introduced into the governing equations as
resented by Park et al. [1], or externally by attaching one dimensional
lave elements to the original 2D or 3D mesh that represents the
art geometry as shown by Simacek and Advani and Kuentzer and
awrence [8,13,34]. These slave elements attached to the nodes of the
riginal mesh describe the resin flow inside the fiber tows. The effect of
uch elements, which share the nodes with the mesh representing the
ulk preform, is drawing resin away from the mesh of the part which
imics what occurs during the dual scale flow. However, the additional
orous volume must be accounted for to preserve the amount of porous
olume of the original model, therefore the cross section of the tows,
𝑡𝑜𝑤−𝑎𝑑𝑗 and the bulk volume fraction of the 2D or 3D elements of the
riginal mesh, 𝑉 𝑏𝑢𝑙𝑘−𝑎𝑑𝑗

𝑓 have to be adjusted as shown:

𝑡𝑜𝑤−𝑎𝑑𝑗 = 𝑉 𝑏𝑢𝑙𝑘

(

𝑉 𝑏𝑢𝑙𝑘
𝑓

𝑉 𝑡𝑜𝑤
𝑓

)

(2
𝑙

)

(4)

𝑉 𝑏𝑢𝑙𝑘−𝑎𝑑𝑗
𝑓 = 𝑉 𝑏𝑢𝑙𝑘

𝑓

(

1 + 2

[

1 − 𝑉 𝑡𝑜𝑤
𝑓

𝑉 𝑡𝑜𝑤
𝑓

])

(5)

Here 𝑉 𝑏𝑢𝑙𝑘 represents the original volume of the bulk element and
𝑙 is the length of the one-dimensional slave elements, which is chosen
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Fig. 2. Creation of microvoids inside the fiber tows and meso voids in between the fiber tows.
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y measuring the dimensions of the tow, and 𝑉 𝑏𝑢𝑙𝑘
𝑓 and 𝑉 𝑡𝑜𝑤

𝑓 are the
olume fractions of the bulk and fiber tows respectively. Moreover,
he cross section of the elements sharing nodes with the original mesh
round the edges have to be changed accordingly to obtain equivalent
ontrol volumes [8]. Based on the modeling approach presented by the
uthors mentioned above, Gourichon et al. [35] and Schell et al. [36]
howed that it is possible to model the generation and evolution of
icrovoids and mesovoids modifying the volume fraction content and
ill factor to account for air entrapment in both elements representing
he fiber tows and bulk preform. Finally, Lawrence et al. [34] showed
hat it is also possible to model the effect of capillary pressure by
dding vents at the end of the slave elements. This required additional
lements to control such vents and prevent the resin from leaving the
old.

. Modeling dual scale flow with anisotropic tow permeability

The approach presented in [8,13,34] model saturation of the fiber
tow by only considering the resin flow in the transverse direction
relative to the fiber tow and without considering the architecture
of the preform. However the saturation, and therefore possible air
entrapment, is influenced by the anisotropy of the preform, especially
in presence of local inhomogeneity, which might be created by com-
plex shapes and textiles. Analytical models present in literature show
that fabric micro structure, flow direction, and preform geometric
anisotropy play a role in void formation [23]. The aim of this work is
to implement a model capable of simulating the dual scale flow during
the RTM process considering the anisotropic nature of the tow and the
architecture of the fiber reinforcement without necessarily having to
model complex micro structures. The modeling strategy used starts with
meshing the geometry of the part. In this work a flat plate geometry
has been analyzed using a regular mesh with 5 mm x 5 mm two-
dimensional (shell) elements. The dimensions are 280 mm x 205 mm
with a thickness of 2 mm and represent the cavity of the mold used
for the experimental work to validate the model. The materials used
for the simulation correspond to the materials used in the testing and
validation part of this work. For the reinforcement, the quasi-UD glass
plain woven fabric Interglas 92146 (425 g∕m2, with 550 tows per m
(EC9-136x5t0) in warp direction and 630 tows per m (EC9-68) in weft
direction) was chosen. The resin used was the epoxy resin system Hex-
ion Epikote Resin MGS RIMR 235 with Hexion Epikote Curing-Agent
MGS RIMH 237. In this work two different reinforcement layups have
3
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been analyzed, all the information regarding the process parameters are
summarized in Table 1 along with the bulk properties and the reference
ID that will be used in this paper to reference the cases studied. As
mentioned previously, the use of one-dimensional elements allows the
addition of a sink term externally and models the tows through an
isotropic value of permeability. In order to be able to represent the
anisotropic nature of the tows, a complex network of bar elements
is created and attached to the geometry of the part. Such network
consists of two families of one-dimensional elements, representing the
transverse and longitudinal permeability of the tow. Moreover, in order
to consider the architecture of the preform, the network is replicated
on the bottom of the two dimensional structure. This allows simulating
the flow in the warp and weft tows as shown in Fig. 3 by considering
the properties corresponding to each family of tows (transverse and
longitudinal permeability, and tow volume fraction) for both warp
and weft tows. As in the original model, the addition of extra slave
elements, and thus extra volume, has to be accounted to preserve the
total amount of porous volume of the system. It is therefore necessary
to adjust the cross section of the 1D elements considering the new
elements added to the model. This is done adding the contribution of
the family of bar elements representing the longitudinal permeability
to Eq. (4). Since the model represents the flow inside of the tow
with two elements, the fiber volume fraction between longitudinal and
transverse elements is considered to remain constant. Moreover, the
ratio 𝜏 of warp tows in the preform has been taken into account as the
mass of resin will split between warp and weft elements. These changes
are shown in Eqs. (6) and (7) below and implemented directly in the
odel.

𝑡𝑜𝑤−𝑎𝑑𝑗
𝑤𝑎𝑟𝑝 = 𝑉 𝑏𝑢𝑙𝑘

(

𝑉 𝑏𝑢𝑙𝑘
𝑓

𝑉 𝑡𝑜𝑤
𝑓−𝑤𝑎𝑟𝑝

)

(

2
𝑙𝑡−𝑤𝑎𝑟𝑝 + 𝑙𝑙−𝑤𝑎𝑟𝑝

)

(1 − 𝜏) (6)

𝐴𝑡𝑜𝑤−𝑎𝑑𝑗
𝑤𝑒𝑓𝑡 = 𝑉 𝑏𝑢𝑙𝑘

(

𝑉 𝑏𝑢𝑙𝑘
𝑓

𝑉 𝑡𝑜𝑤
𝑓−𝑤𝑒𝑓𝑡

)

(

2
𝑙𝑡−𝑤𝑒𝑓𝑡 + 𝑙𝑙−𝑤𝑒𝑓𝑡

)

(𝜏) (7)

here 𝑙𝑡−𝑤𝑎𝑟𝑝 and 𝑙𝑡−𝑤𝑒𝑓𝑡 are the lengths of the warp and weft tow ele-
ents respectively representing the transverse permeability of the tow
nd 𝑙𝑙−𝑤𝑎𝑟𝑝 and 𝑙𝑙−𝑤𝑒𝑓𝑡 are the lengths of the warp and weft elements
epresenting the longitudinal permeability of the tow. The possible
caling of the mesh representing the bulk preform is accounted in the
ross section adjustment, in which the volume of the bulk element
s considered along with longitudinal and transverse one dimensional
lements. The properties of the elements are summarized in Table 2.
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Fig. 3. Model of the fiber tows network to represent the dual scale flow which includes the capillary effect and picture of the woven glass fabric used in this work showing the
architecture of the reinforcement. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. Tows network scheme for modeling of capillary pressure (a). The first group of 1D elements (𝐾𝑡𝑜𝑤−𝑇 , blue in the picture) model the flow transverse to the fiber tows while
the second group (𝐾𝑡𝑜𝑤−𝐿, green) model the longitudinal flow. The red elements and nodes represent the trigger nodes system. The elements are assigned large permeability and
small volume to avoid influencing the outcome of the model, their role is shown schematically in the flow chart beside (b). The last group of elements (yellow) consist of low
permeability elements which prevent the resin from leaving the network through the vents placed at the end to model the capillary pressure. The same network is replicated along
the bottom of the mesh to model the weft fibers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 1
Process parameters.
ID Plate Layup 𝑉 𝑏𝑢𝑙𝑘

𝑓 [%] △𝑃 [Pa] 𝜂 [Pa s] 𝐾𝑏𝑢𝑙𝑘
𝑥𝑥 [m2] 𝐾𝑏𝑢𝑙𝑘

𝑦𝑦 [m2]

A [0◦]6 44 200000 0.26 1.76E−10 1.88E−11
B [90◦]6 46 200000 0.26 1.88E−11 1.76E−10

The effect of capillary pressure was introduced using the modeling
technique presented by Lawrence et al. [34]. A set of three bar elements
were attached to each node in the tow network of one dimensional
elements connected with the original mesh. These elements simulate
the capillary pressure contribution by adding vents on the end node as
shown in Fig. 3. The pressure of the system is set to satisfy Eq. (8):

𝑃𝑐𝑎𝑝 = 𝑃𝑣𝑒𝑛𝑡 − 𝑃𝑡𝑜𝑤 (8)

LIMS solves for the resin pressure and Eq. (8) can be satisfied by
adding a pressure contribution to the model through the boundary
condition of an inlet or a vent at a node. On the other hand, this
means that the resin could potentially leave the system, which would
be physically impossible. In order to prevent this, an element with
very low permeability is placed between the vent and the node where
the saturation of the tows is analyzed. Two additional elements are
4

used to add a trigger node without impacting the total porous volume
of the surrounding control volumes. This is done by assigning a very
high permeability and very small length and cross section to such
elements, ensuring that these elements do not affect the results of the
simulation. The trigger node is used for closing the vent that models the
effect of capillary pressure. Thus, the total pressure difference between
the injection pressure and the vent of the mold is preserved by the
model with the help of vents at each node of the shell elements of
the original mesh of the part. Such additions are made by building the
network for the slave elements, and by closing the vents right before the
flow arrives there. The network of one-dimensional elements, shown
in Fig. 4, is replicated for the weft tows as well, the only difference
is the orientation of the longitudinal elements, which depends on the
architecture of the reinforcement and is shown in Fig. 3.

2.1. Characterization of the tow parameters

The bulk properties of the preform and thus the permeability values
that are assigned to the elements of the original mesh can be measured
by standard permeability characterization techniques [37–41]. On the
other hand, the properties of the fiber tows are more complex to char-
acterize. The radius of single fibers composing the tows and the fiber
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Fig. 5. Tow 𝑉𝑓 measurements distribution for warp and weft tows and example of a measurement. N represents the number of measured tows that corresponded to the abscissa
value.
Table 2
Tows properties as measured from the fabric used in experiments.
ID Plate 𝑙𝑡−𝑤𝑎𝑟𝑝 [mm] 𝑙𝑡−𝑤𝑒𝑓𝑡 [mm] 𝑙𝑙−𝑤𝑎𝑟𝑝 [mm] 𝑙𝑙−𝑤𝑒𝑓𝑡 [mm] 𝑉 𝑡𝑜𝑤

𝑓−𝑤𝑎𝑟𝑝 [%] 𝑉 𝑡𝑜𝑤
𝑓−𝑤𝑒𝑓𝑡 [%] 𝜏

A 0.5 0.358 5 5 69 63 0.583
B 1 0.715 5 5 69 63 0.583
𝛾

b
a
m
o
F
t
u
o
c
s

𝑃

Table 3
Parameters for permeability calculation.
Fiber arrangement 𝐶1 𝑉𝑓𝑚𝑎𝑥 𝑐

Quadratic 16
9𝜋

√

2
𝜋
4

57

Hexagonal 16
9𝜋

√

6
𝜋

2
√

3
53

volume fraction of the tows was measured using a microscope both for
the warp and weft tow and the distribution of the measured volume
fractions is shown in Fig. 5. Once the values of 𝑉 𝑡𝑜𝑤

𝑓 were measured,
hey were used to calculate theoretical values of tow permeability with
he analytical model presented by Gebart [14]:

𝑙 =
8𝑅2

𝑐
(1 − 𝑉𝑓 )3

𝑉 2
𝑓

(9)

𝑡 = 𝐶1

(
√

𝑉𝑓𝑚𝑎𝑥
𝑉𝑓

− 1

)

5
2

𝑅2 (10)

Where 𝑅 is the radius of the fibers, 𝑉𝑓𝑚𝑎𝑥 is the maximum volume
fraction achievable and 𝐶1 and 𝑐 are constants depending on the distri-
bution of the fibers inside the fiber tow. The values of these parameters
are summarized in Table 3 [14]. The values of permeability obtained
using the model represent a starting point for the analysis of the
model and its validation. Both quadratic and hexagonal arrangement
configurations have been implemented and used in the model, leading
to less permeable tows for the quadratic configuration compared to the
hexagonal if the fiber volume fraction is kept constant. The implemen-
tation of both arrangements allowed to determine a range of possible
predictions of flow front positions and saturation lengths.

2.2. Capillary pressure analysis

Several authors in literature studied the characterization of capillary
pressure and capillary effects. LeBel et al. [42] obtained the capillary
properties and optimal impregnation velocity in the form of optimal
capillary number (𝐶𝑎∗) analyzing capillary flow using a fluorescence
method. Pucci et al. [43] used wicking experiments and tensiometric
technique to obtain capillary pressure analyzing textile preforms in
different orientations. A simple capillary rise experiment allowed the
determination of a range of possible capillary pressure values to be
5

used in the simulation model. The test depicted in Fig. 6(a) consisted
of immersing two glass capillary tubes of different diameters in a resin
bath prepared with the resin used for the validation experiments. By
measuring the height of the resin inside the capillary tubes it was
possible to determine an approximate value for the surface tension
using Eq. (11):

=
𝜌𝑟𝑔ℎ

2 cos 𝜃𝑟𝑐
(11)

Where 𝜌 is the density of the resin, 𝜃𝑟𝑐 is the contact angle formed
y the meniscus of resin in the capillary tube, 𝑟 the radius of the tube,
nd ℎ the height reached by the resin inside the capillary. Positioning a
icro droplet of resin under the microscope allowed the measurement
f the static contact angle 𝜃𝑟𝑓 between fiber and resin as shown in
ig. 6(b). This value, along with the diameter 𝐷𝑓 of a fiber inside the
ow, which was obtained by analyzing section cuts of cured specimens
nder the microscope, and the approximate value of surface tension
btained with the capillary rise method was used in Eq. (12) [44] to
alculate a range of capillary pressure values which were used in the
imulation and are listed in Table 4:

𝑐𝑎𝑝 =
𝐹
𝐷𝑓

𝑉 𝑡𝑜𝑤
𝑓

1 − 𝑉 𝑡𝑜𝑤
𝑓

𝛾 cos 𝜃𝑟𝑓 (12)

Where 𝐹 is the shape factor (2 for flow in the transverse direction and
4 for axial flow). For better accuracy, the dynamic advancing contact
angle between fibers and resin should be considered [43]. However for
this work a first approximation of the capillary pressure was considered
sufficient and a wide range of values was examined in Section 4.1 to
determine the sensitivity of the model to this parameter.

3. Validation of the model

The process of validating the model described in this work consisted
of two steps. The first one consisted of comparing the flow front
position during the experiments with the values predicted with the
simulations. The second one was the analysis of the partially saturated
area, where the dual scale flow was prevalent. The geometry chosen for
the experimental analysis is a 280 mm x 205 mm x 2 mm rectangular,
flat panel. This corresponds to the cases simulated and described in
the previous sections. The mold used consisted of an aluminum bottom
and an acrylic glass top to visualize the flow and saturation flow
front. The top was reinforced with an aluminum cross-shaped frame
to increase the stability and minimize deformation. The schematic of

the setup is shown in Fig. 7. The analysis of the experimental process
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Table 4
Capillary pressure parameters and range at 20 ◦C.
Contact angle 𝜃𝑟𝑓 [◦] Surface tension 𝛾 [N/m] Fiber Diameter [mm] 𝑃𝑐𝑎𝑝 [Pa] – Range 𝐹 = 2 𝑃𝑐𝑎𝑝 [Pa] – Range 𝐹 = 4

20–22 0.047 0.0082–0.0105 14133–18724 36195-47953
Fig. 6. Capillary rise test (a) and contact angle measurement (b).
b
f

Fig. 7. Schematic of the experimental setup with a transparent top to visualize the
flow and saturation front.

was performed optically using a camera positioned on top of the mold
and a second camera provided with a macro-lens for the analysis of
the dual scale flow where necessary. Two fiber preform layups were
explored. In the first one (Plate A) the fiber preform was aligned in the
direction of flow and in the second one (Plate B) the fiber preform was
orthogonal to the direction of flow.

3.1. Flow front validation

Flow front tracking in the simulation for both layups used bulk per-
meability values obtained with the radial test rig present at the institute
of aircraft design of the University of Stuttgart used in the benchmark
exercise presented by May et al. regarding radial in plane permeability
characterization [41] and are listed in Table 1. In order to compare and
validate the simulation results, only experiments with no presence of
race-tracking were taken into consideration. To avoid the occurrence of
such phenomenon the edges of the mold were sealed using a thin layer
of tacky tape, which successfully resulted in uniform resin flow across
the width of the mold. The experiments conducted were repeated 3
times for each configuration and compared with the simulation model
using both quadratic and hexagonal fiber arrangements. As visible in
Fig. 8 the range of possible flow fronts generated by the simulation is
in good agreement with the experimental results for plate B. For what
concerns Plate A, the value of permeability obtained using Gebart’s
model [14] resulted in faster filling and wider dual scale flow com-
pared to the tests. In order to reproduce the experimental results the
value of tow permeability was increased and a comparable result was
found for permeability values bigger of one order of magnitude, these
6

results, labeled as ‘‘Calibrated’’, are also visible in Fig. 8. Increasing the
permeability of the tows in the elements has a twofold effect on the
model: increasing the saturated area and increasing the time necessary
to completely fill the reinforcement, which also is in agreement with
the results presented by Lawrence et al. [34].

3.2. Saturation length validation

The second validation performed was the analysis of the saturation
length. The saturation length 𝐿𝑠𝑎𝑡 is defined as the distance between
the flow front and the fully saturated flow. This parameter, shown
in Fig. 1(b) and Fig. 9, can be translated into 𝑥𝑠𝑎𝑡

𝐿 , representing the
percentage of completely saturated reinforcement (𝑥𝑠𝑎𝑡) over the length
of the mold, 𝐿. This allows one, in combination with the flow front
prediction, to determine whether the permeability selected for the
fiber tows is appropriate and represents the dual scale flow properly.
The measurement of such length was performed optically for all the
experiments as shown in Fig. 9 and compared with the results of the
simulation model. Due to the necessity of sometimes magnifying the
dual scale zone in order to determine the saturation length, it has been
necessary to measure 𝐿𝑠𝑎𝑡 first and then convert it to the parameter

𝑥𝑠𝑎𝑡
𝐿

y relating the percentage of saturated fibers with respect to the flow
ront position 𝑥𝑓𝑓 as shown in Eq. (13):

𝑥𝑠𝑎𝑡
𝐿

=
𝑥𝑓𝑓 − 𝐿𝑠𝑎𝑡

𝐿
(13)

The parameter 𝑥𝑠𝑎𝑡 was evaluated by measuring the distance be-
tween the inlet and the last fully saturated node, which is visible in
Fig. 10. As for the validation of the flow front, the model representing
case B (corresponding to the fibers positioned perpendicular to the flow
front) was in good agreement with the results of the experiments. The
values of tow permeability obtained using Gebart’s model [14] resulted
in the correct representation of the evolution of the dual scale flow as
visible in Fig. 10(b). On the other hand, the model representing case A,
analogously to the flow front validation of Section 4.1, presented dif-
ferent dual scale flow prediction, resulting in a wider saturation length
compared with reality, which implies that a low value of permeability
was chosen to represent the impregnation of the tows. In order for the
model to represent properly the saturation of the plate the permeability
of the tows was increased of one order of magnitude and results, labeled

.
as ‘‘Calibrated’’, are visible in Fig. 10
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Fig. 8. Validation of flow front position: (a) Plate A (0◦ layup) test results with simulation predictions with tow permeability calculated with Gebart’s model (red lines) and
increasing the value of tow permeability of one order of magnitude (black line), (b) Plate B (90◦ layup) test results with tow permeability calculated with Gebart’s model. Lower
figure shows a snapshot of flow front position in the experiment and the simulation. Experimental flow front was averaged in the flow direction for comparison. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Saturation length (𝐿𝑠𝑎𝑡) measurement: (a) Plate A (0◦ Layup); (b) Plate B (90◦ Layup).
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Fig. 10. Dual scale flow validation: (a) Plate A: comparison of dual scale flow between test and simulation with Gebart’s model values (red lines) and simulation with modified
tow permeability (black lines); (b) Plate B: comparison of dual scale flow between test and simulation with Gebart’s model values. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
4. Parametric study

To explore the sensitivity of the model to the material and process
parameters a numerical study was performed. Specifically two param-
eters influencing the degree of saturation were analyzed, namely the
properties of the fiber tows and the effects of the capillary pressure.
Both parameters are independent and impact the final saturation level,
therefore can be included independently or together in the model. The
degree of saturation of the filled part was analyzed in the same way
as presented by Lawrence et al. [34] in which the ratio of completely
aturated tow length, 𝑥𝑠𝑎𝑡, over the length of the mold, 𝐿 is expressed
this time as a function of three independent variables as follows:
𝑥𝑠𝑎𝑡
𝐿

= 𝑓 (𝐶, 𝛼𝑡, 𝛼𝑙) (14)

Here 𝐶, defined in Section 4.1, represents the capillary ratio, while
𝑡 and 𝛼𝑙, defined in Sections 4.2 and 4.3, represent the effect of
ime scale on filling the mold over transverse and longitudinal tows
espectively.

.1. Effect of capillary pressure on saturation

The effect of capillary pressure was studied in the same way pre-
ented by Lawrence et al. [34] by defining the capillary ratio parameter
s follows:

=
𝑃𝑐𝑎𝑝 (15)
8

𝑃𝑖𝑛𝑗
Where 𝑃𝑐𝑎𝑝 is the capillary pressure applied in the model and 𝑃𝑖𝑛𝑗
is the constant pressure applied at the inlet of the mold. The study
is conducted for both A and B layups in which the flow is parallel
and perpendicular to the fiber directions respectively. For these cases
saturation shows different behaviors depending on the speed of the
flow front and the properties of the tows. The results for the study
are presented in Fig. 11, where the value of 𝐶 = 0 corresponds to the
case where no capillary pressure effects are modeled. This study shows
that when the difference between the injection pressure and capillary
pressure decreases, the saturation of the plate increases. Moreover, it is
also possible to notice that for the case B, corresponding to the fibers
placed at 90◦, the effect of capillary forces is noticeable especially for
the warp fibers, where the level of saturation is lower compared to the
weft tows. The same is true for the case A with the tow permeability
calculated with Gebart’s model, corresponding to fibers placed at 0◦.
On the other hand, for the case of increased permeability which was
presented in the validation section of this paper, the dual scale flow is
drastically reduced and, due to the fast flow front, the effect of capillary
pressure become less relevant for the final saturation value.

4.2. Effect of transverse tows

The dual scale flow is strongly dependent on the properties of the
fiber tows, such as permeability and volume fraction. The time required
to fill and saturate the additional bar elements plays an important
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Fig. 11. Saturation dependence on capillarity for (a) Plate A (0◦ Layup), (b) Plate A with values of tow permeability increased by one order of magnitude as presented in Section 4
(0◦ Layup), and (c) Plate B (90◦ Layup).
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role in terms of saturation. In reality the same effect is visible, where
microvoids are created because of the difference in time required to fill
the gaps between the tows as compared to between the fibers. In order
to analyze the effect of such time scale difference, the parameter 𝛼𝑡 is
used. This was modified from the one used by Lawrence et al. [34] by
adding the porosity content of the bulk preform (1 − 𝑉 𝑏𝑢𝑙𝑘

𝑓 ) and fiber
tow (1 − 𝑉 𝑡𝑜𝑤−𝑡

𝑓 ) as follows:

𝛼𝑡 =
𝐿2
𝑚𝑜𝑙𝑑𝐾𝑡𝑜𝑤−𝑡(1 − 𝑉 𝑏𝑢𝑙𝑘

𝑓 )

𝐿2
𝑡𝑜𝑤−𝑡𝐾𝑏𝑢𝑙𝑘(1 − 𝑉 𝑡𝑜𝑤−𝑡

𝑓 )
(16)

Where 𝐿𝑚𝑜𝑙𝑑 represents the length of the mold cavity, 𝐿𝑡𝑜𝑤 is the
ength assigned to the bar elements, 𝐾𝑡𝑜𝑤−𝑡 is the permeability of
he elements representing the flow in the transverse direction, which
orresponds to the radius of the fiber tows, and 𝐾𝑏𝑢𝑙𝑘 is the permeability
f the bulk preform. Such parameter allows one to study the time
equired to fill the mold with respect of filling a fiber tow close to the
nlet. In order to keep the relationship between warp and weft tows
onsistent in this sensitivity study, the analysis of 𝛼𝑡 was performed
caling equally the values of warp and weft tow permeability. Com-
ared to the values presented by Lawrence et al. in their study [34]
the ratio 𝛼𝑡 has noticeably higher values due to the difference in tow
and bulk permeability for the materials used. In fact for the material
used in this work the permeability of the tows calculated with Gebart’s
model is 3 orders of magnitude higher than the one presented by the
Lawrence et al. in their paper. The results of the analysis are depicted
in Fig. 12 for all the cases studied in this paper. It is visible how the
parameter influences the saturation of the tows, by increasing the time
needed to fill the mold over the time to fill one tow, the saturation
increases for both warp and weft tows.

4.3. Effect of longitudinal tows

In a similar way, the effect of longitudinal tows was analyzed.
Eq. (17) was modified to calculate the time to fill a longitudinal tow
near the inlet.

𝛼𝑙 =
𝐿2
𝑚𝑜𝑙𝑑𝐾𝑡𝑜𝑤−𝑙(1 − 𝑉 𝑏𝑢𝑙𝑘

𝑓 )

𝐿2
𝑡𝑜𝑤−𝑙𝐾𝑏𝑢𝑙𝑘(1 − 𝑉 𝑡𝑜𝑤−𝑙

𝑓 )
(17)

As for the previous case of Section 4.2, also for the analysis of
𝑙 both values of tow permeability for warp and weft were scaled
qually, maintaining the ratio of warp to weft fibers consistent within
he analysis. The results obtained for the two cases studied can be seen
n Fig. 13. It is noticeable that the sensitivity of the model related
o the longitudinal tows decreases with decreasing difference between
he tow and bulk filling and also that the model is more sensitive to
hanges in the transverse tow permeability values than longitudinal
9

alues. However, the flow inside the fiber tows in the axial direction
till contributes to the saturation of the preform and the final quality
f the part, becoming important when local effects are present in the
mpregnation process. This is shown in Section 5. Another important
observation is regarding the orientation of the longitudinal elements,
which corresponds to the orientation of the warp and weft fibers. In
the case of fibers directed in the flow front direction, the effect of
the longitudinal elements is noticeable, on the other hand the fibers
orthogonal to the flow do not contribute to the saturation significantly.
This means that in a more complex geometry with non-unidirectional
flow the orientation of the longitudinal tows for both warp and weft
fibers would contribute to the final outcome of the model and satura-
tion. This was experimentally demonstrated by Matsuzaki et al. [29]
and potentially allows the analysis of more complex reinforcement
architectures.

5. Variability study

The fiber tows analyzed for the parameter characterization showed
high variability in terms of fiber volumes fraction. This is due to
several factors, the orientation of the preform, the nesting level, local
imperfections of the reinforcement which leads to extra compaction
etc. This might generate local inhomogeneity in the final saturation
of the part. In order to study this, the normal distributions obtained
from the tests and shown in Fig. 5 has been implemented in the model.
For each fiber tow element, including both longitudinal and trans-
verse bar elements, a random value based on the normal distribution
of the tow fiber volume fraction is generated and a permeability is
calculated using Gebart’s model [14]. The same cases studied in the
previous sections were studied applying this variability and resulted in
complex patterns of saturation, which showed some similarities with
the experiments performed. In particular, one interesting outcome of
this model was shown by analyzing case B, where voids were trapped
behind the flow front locally as shown in Fig. 14. Moreover the addition
of one dimensional elements in the axial direction contributed in the
saturation of some of the voids left behind, showing the benefit of the
model compared to the original one. This analysis is only a first step
of a possible variability study which can be performed using the model
presented in this paper and requires further work.

6. Summary and conclusions

In the following work a simulation model has been presented,
which is capable of taking into account the anisotropic nature of
fiber tows without having to generate a micro structure and analyze
the dual scale flow on the micro level. The method presented in
this work reproduces dual scale flow without having to increase the
computational time excessively. The model consists of one dimensional

elements which are attached to the mesh of the part and organized in a
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Fig. 12. Saturation dependence on transverse tow properties. Increasing the parameter 𝛼𝑡 increases the ease of saturating the fiber tows, which reflects an increase of the time
required to fill the mold. The values of 𝛼𝑡 for Plate A (a) results considerably higher due to the higher bulk permeability for this layup configuration (0◦ Layup) compared to (b)
Plate B (90◦ Layup).

Fig. 13. Saturation dependence on longitudinal tow properties.

Fig. 14. Saturation pattern at infusion times 210 s, 520 s, 790 s and 894 s based on variability of Tow 𝑉𝑓 and comparison with experiment. Although the value of 𝑥𝑠𝑎𝑡 remains
on average the same as for the model with constant tow permeability, it is visible how some voids are left behind and are not impregnated completely. This is comparable to the
experiments performed in this work.
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complex network. Such network represents the flow of resin transverse
and longitudinal to the fiber tow and, moreover, allows the addition
of capillary pressure to the model. The variation of orientation and
properties of the slave elements makes it possible to model complex
reinforcements. Potentially the model could be extended to represent
multiple layers of the reinforcement with additional layers of bulk mesh
connected through the one dimensional elements. However this would
increase the computation time and requires further investigation. The
parameters used to model the dual scale flow have all been obtained
from experiments apart from the permeability values of the tows, which
were calculated using Gebart’s analytical model [14] and successively
calibrated through a numerical study. The sensitivity study allowed one
to understand the effects of material properties and capillary pressure
on the final saturation of the part. It was observed that decreasing the
time scale for infusing the fiber tows and the bulk preform increases
the quality of saturation. This means that to improve the quality of
the part the use of slow filling can be beneficial. Finally, a variability
study showed how the variability of the fiber volume fraction at the
micro level can locally influence the saturation of the part leading to
localized air entrapment.
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