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A B S T R A C T

Resin transfer molding (RTM) is a composite processing technique in which a fiber preform (usually consisting
of fiber tows woven or stitched together) is enclosed in a cavity between two or more rigid molds before
injecting resin under pressure to fill all empty spaces between the fibers. In this process preforms exhibit dual
scale behavior as the pores between the fibers in a fiber tow are much smaller than the spaces between tows,
hence the resin impregnates the inter- and intra-tow pores at different rates. In this research this dual scale
behavior and void evolution is modeled through a multi scale approach to predict void location and distribution
in a manufactured composite. For the simulation work dual scale behavior of the preform is represented by
introducing one dimensional slave elements representing the network of fiber tows. This was conducted for
a total of five different layups divided between two types of glass fiber preforms. The pressure calculated in
the macroscopic model, and the dual scale results are then used as input in a mesoscopic model, in which
the domain consists of fiber tows and gaps between them. Capillary effects are taken into account by locally
modifying the values of the permeability. The use of a transparent mold with cameras allowed a comparison
of dual scale flow and saturation of the tows at the mesoscopic level domain.
1. Introduction

The use of composite materials for structural applications is gain-
ing momentum in many industries with most notable applications in
aerospace, sports articles and wind turbine blades. Effective manufac-
turing comes with several challenges, especially when high quality and
yield are paramount to mitigate production costs. Due to its simplicity
in execution and ability to produce high volumes, the Resin Transfer
Molding (RTM) process is being widely used in production chains. In
RTM processes a dry reinforcement is closed inside a tool and filled
with a liquid resin. The resin is injected through one or more inlets
to impregnate the pores of the reinforcement. Once the resin arrives
at the vent, the injection is discontinued and after resin cure the part
is demolded. RTM is largely used in industry to produce components
that have complex shapes and are relatively large. Typical parts are up
to several meters in size and 2 to 5 mm thick based on their design
and structural requirements. The engineering textiles used for this type
of production often consist of fibers bunched together in tows and then
interlaced to form the preform. Hence filling of such architectures often
leads to the so-called ‘‘dual scale’’ flow. Dual scale flow refers to the
infiltration behavior in which a liquid resin fills the space between
individual fibers of a tow at a different rate than the gaps between the
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tows. The filling sequence of dual scale flow will vary depending on
many factors such as the processing conditions, capillary effects, type
and architecture of the reinforcement, orientation of the stack of layers
and effects arising from the interaction between the preform and the
mold (locally compacted areas, racetracking, bridging around corners
etc.). Thus, the resin impregnation process and defects arising from it
during filling of dry preforms is important and has been extensively
studied in the last two decades. These filling mechanisms are key
for understanding this infusion process and reducing or eliminating
manufacturing voids caused by air entrapment. The dual scale flow
phenomenon is directly linked to formation of voids during impregna-
tion of the dry reinforcement. The tows of a reinforcement generally
fill at a slower rate compared to gaps between them, entrapping air
in the form of voids, which might compact, move, and get trapped at
certain locations of the preform. Voids are undesirable as they reduce
mechanical performance of the final manufactured component and
can have detrimental effects on fatigue performance. Many authors
correlate not only the degradation of mechanical properties with the
content of voids [1–4], but also suggest the importance of void pa-
rameters such shape, dimensions, location and distribution [1,5–7].
High volume production parts will benefit from simulation techniques
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Fig. 1. Dual scale flow (Left: Experiment, Right: Schematic) [13].
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capable of predicting and optimizing the outcome of the filling process
to eliminate voids, thus reducing development time and production
waste.

1.1. Capillary effects and dual scale flow

In RTM infiltration is normally driven by the pressure difference
generated between the inlet (either applied pressure or flow rate) and
the pressure conditions inside the cavity. However, capillary forces
are present between fiber filaments of the tows which may also play
a role in filling of the fiber tows and regions around it. Dual scale
flow is directly linked to capillary forces that provide the wicking
during impregnation of the dry reinforcement and thus to the capillary
number. In the regions of low resin pressure gradient, the importance
of capillary forces will be promoted. This was shown, amongst others,
by Ruiz et al. [8] and Leclerc et al. [9] through a series of experiments
o demonstrate an optimum flow front speed in order to achieve the
inimum content of voids.
In general, reinforcements used in the industry present a strongly

nisotropic pore structure, with highly compacted tows. The permeabil-
ty values of such tows are several orders of magnitude lower compared
o the permeability of bulk preforms [7,10–12]. This results in filling
f tows at a much slower rate as compared to impregnating the gaps
etween them. Dual scale flow occurs in both unsaturated and saturated
ibrous media. For the case of unsaturated preform the dual scale region
s the partially filled fiber tows. This can be defined by the saturation
ength 𝐿𝑠, which is the distance between the flow front and fully
aturated boundary of the preform in which tows and the region within
ows are fully filled [13]. This parameter is shown in Fig. 1(b) and de-
ends on several factors including flow velocity, type and compaction
f reinforcement, flow direction and applied processing conditions.
atel and Lee performed several porosity measurements for different
iquids and flow velocities [14] showing that capillary action at lower
apillary numbers can generate and entrap meso scale voids up to 15%
f the volume. Other authors have also shown how slow filling can
ead to meso scale void formation [8,9,15,16]. Moreover, Lundström
t al. numerically investigated void creation and dynamics in non-crimp
abrics showing that tiny gaps between tows, crossings and threads are
ommon locations for generation of intra-bundle voids. Further, the
uthors demonstrated how the use of vacuum can effectively reduce
he void fraction entrapped [17]. These studies suggest that there
ill be situations when the importance of capillary forces cannot be
gnored while studying mold filling and saturation of preforms during
anufacturing of composites.
Capillary forces within the mold between the empty spaces act in

he form of pressure difference between the liquid and environmental
ressure. These forces are generated by the surface tension of the
njected resin with air inside the cavity, and the interfacial tension
2

etween the fibers and the resin [18]. If for example a capillary tube
s considered, this pressure difference can be calculated as:

𝑃𝑐𝑎𝑝 = −
2𝛾𝑐𝑜𝑠𝜃𝑟𝑐

𝑟
(1)

where 𝛾 is the surface tension between fluid and the environment,
𝜃𝑟𝑐 is the static contact angle formed by the meniscus of liquid in
the capillary tube and 𝑟 is the tube radius. In Eq. (1) if 𝛥𝑃𝑐𝑎𝑝<0 the
ystem is a wetting system, whereas 𝛥𝑃𝑐𝑎𝑝>0 indicates a non-wetting
ystem [18,19]. Similar to a capillary tube, capillary action plays a role
n the infiltration process between fibers of a tow in a dry preform.
ngineering textiles or preforms often contain anisotropic and dual
cale porous structures, where the size of pores within a bundle of fibers
s several orders of magnitude smaller than the gaps between tows. Ahn
t al. [20] and Pillai and Advani [21] proposed an analytical expression
o calculate capillary pressure for a fiber tow:

𝑃𝑐𝑎𝑝 =
𝐹
𝐷𝑓

𝑉𝑓
1 − 𝑉𝑓

𝛾𝑐𝑜𝑠𝜃𝑟𝑓 (2)

where 𝑉𝑓 is the fiber volume fraction of the tow, 𝐷𝑓 is the diameter of a
fiber inside the tow, 𝐹 is a shape factor describing anisotropy of the tow
and 𝜃𝑟𝑓 , similar to Eq. (1), is the static contact angle between resin and
fibers. This model has largely been used in the literature [13,22–25]
along with a model proposed by Bayramli and Powell [26–29] to study
the role of capillary pressure and included in the modeling. Inside a
preform, capillary action is combined with viscous drag during the fill-
ing process. As reviewed by Teixidó et al. [18] capillary pressure values
found in composites processes are in the range of 1000–70000 Pa. The
combination of bulk permeability, a much lower tow permeability [10–
12], and capillary effects contribute to the complex filling of a preform.
Capillary forces are present at the interface between fluid and fiber
and are strongly influenced by the velocity of the moving flow. In the
literature the capillary number is used by many authors to relate fluid
velocity to percentage of voids [8,9,30–33]:

𝑎∗ = 𝑄
𝐴

𝜂𝑟
𝛾𝑐𝑜𝑠𝜃𝑟𝑐

(3)

where 𝑄 is the fluid flow rate filling the pores, 𝐴 is the cross section of
the porous medium and 𝜂𝑟 is the viscosity of the liquid resin. In case of
viscous resins, Eq. (3) can be simplified as [18]:

𝐶𝑎∗ = 𝑄
𝐴

𝜂𝑟
𝛾

(4)

1.2. Modeling of voids

Dual scale flow is considered to be key to understanding and model-
ing formation and evolution of voids during filling of Liquid Composite
Molding processes such as RTM and VARTM [1,15,34]. The saturation
of tows and gaps between them has been modeled in the literature
using several techniques. As reviewed by Teixidó et al. [18] a common
approach to model this phenomenon is to include a sink term in the
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Table 1
Reinforcement layups and reference name used in this paper.
Type of Material Interglas 92146 (quasi-UD) Interglas 92140 (woven)

Layup 1 [0]6 - QUD 0 [0]7 - WOV 0
Layup 2 [90]6 - QUD 90 [0∕ + 45∕ − 45∕0∕ − 45∕ + 45∕0] - WOV 0/45
Layup 3 [0∕90∕0]𝑠 - QUD 0/90 –
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model [15,33–43]. In particular, this sink term was introduced by
Pillai et al. [44] in the continuity equation to solve for dual scale
flow in macroscopic flow problems. Ruiz et al. and Leclerc et al. [8,9]
modeled the final void content starting from experimental observations
and expressing it as a function of the capillary number. Park et al.
modeled the generation, compaction and motion of voids numerically
taking into consideration the microscopic structure of the tow [15,39].
DeValve et al. included capillary effects in simulating ideal plain weave
architectures that included air entrapment mechanisms [45]. Gascon
et al. modeled dual scale flow and formation and evolution of voids
using a fractional flow model [46]. Liu et al. showed modeling of voids
using a bifluid-solid contact model [47]. Arcila et al. [43] modeled
mesoscopically the evolution of voids, including splitting, using the
boundary elements method. Kang et al. and Aaboud et al. [48,49]
evaluated the time necessary to fill macro and micro pores to compute
generation and evolution of voids, taking into account heterogeneous
permeability of fiber tows [50]. Along with these strategies, a sink
term can be used adding a series of slave one-dimensional elements
to the base mesh representing the bulk preform in order to analyze
the dual scale behavior of the textile. This approach was proposed by
Simacek and Advani [35] using the Finite Elements software Liquid
Injection Molding Simulations (LIMS), that was then used in several
other works [13,37,51]. Darcy’s law and continuity equation are com-
bined, including the sink term q, which is a function of saturation s and
pressure 𝑃 :

▽ ⋅
(

𝐊
𝜂

⋅ ▽𝑃
)

= 𝑞(𝑃 , 𝑠) (5)

where 𝐊 is the saturated permeability of the reinforcement and 𝜂 is
the viscosity of the injected resin. It is important to note that when
the tow is completely filled, the sink term q disappears. The additional
volume added with the one dimensional elements must be accounted
for to preserve the total porous volume within the mold and the fiber
tow permeability must be correlated as shown by Simacek et al. [35]
and in our previous work [13].

This method can be used to analyze dual scale behavior during
filling, however the prediction of void content is still not included
explicitly in this model. Another important consideration concerning
the model in its original form [35] is that using only one slave element
to model filling of tows does not account for connections between tows
under consideration. This was addressed by introducing a second family
of elements to enable possible movement of resin or voids along the
fiber tows [13]. Yeager et al. [28] showed how LIMS can be used to
analyze the void formation and evolution modeling a tow, including
capillary effects that are incorporated by changing the local permeabil-
ity. The method proposed in this paper consists of analyzing the dual
scale process using the macroscopic ‘‘slave’’ elements model presented
in [13] that is adapted to include different reinforcement orientations,
and integrate the information gathered to predict the evolution of voids
at the mesoscopic level. This is done by extracting nodal pressure values
from the macroscopic model and applying it to a mesoscopic model
representative of the reinforcement structure, in which the capillary
pressure is modeled augmenting the tow’s permeability [28] with voids
computed by applying a non-zero pressure at the outlet.

2. Modeling dual scale with LIMS: macroscopic model

The model presented in this section is used to analyze dual scale
3

flow during filling of rectangular preforms. This is done adding a u
network of elements acting as the sink term of (5). The model con-
sists of a base 2D mesh representing the bulk preform, a set of sink
elements representing the tows in the transverse direction and a set of
sink elements connecting the tows. This method was presented in our
previous work [13] and enables resin and void transportation between
the network of tows. The architecture and orientation of the preform
are taken into account by separating the porous spaces into groups of
layers sharing a common fiber orientation. Capillary pressure is added
using vents, as presented by Lawrence et al. [37]. The cavity analyzed
for dual scale analysis corresponds to a simple rectangular plate with
dimensions 280 mm × 205 mm and thickness 2 mm. The fibers used for
this study are quasi-UD glass plain woven fabric from Interglas 92146
(425 g/m2, with 550 tows per m (EC9-136 × 5t0) in warp direction
and 630 tows per m (EC9-68) in weft direction) and glass 2 × 2 twill
weave from Interglas 92140 (390 g/m2, with 600 tows per m (EC9-68)
in warp direction and 670 tows per m (EC9-272) in weft direction). In
this paper, QUD and WOV will be used, respectively, as reference names
for these two types of preform. For these two preforms, the layups
presented in Table 1 with relative reference names were considered.

The resin used in this work is the epoxy resin system Hexion Epikote
Resin MGS RIMR 235 with Hexion Epikote Curing-Agent MGS RIMH
237. The model is built starting from a two-dimensional shell mesh
representing the bulk preform. At each node of the mesh a network of
‘‘slave’’ elements is attached as shown in Fig. 2. These slave elements
are bar elements that represent the tows of the reinforcement and
their connections. The dimensions of these elements are calculated
starting from the base mesh generated. The mesh is prepared with
regular, identical elements. If, for example, a 2D element with 5 mm
edge is chosen, a 5 mm by 5 mm surface of real preform is analyzed
(Fig. 3). The length of elements connecting tows within in the X-Y
plane (𝐿𝑙−𝑒𝑙𝑒𝑚) (plane parallel to filling plane, as shown in Fig. 2) is
determined starting from the mesh that represents bulk permeability.
For the elements originating from the bulk mesh nodes (orthogonal
elements) the length of elements can be calculated as follows:

𝐿𝑡−𝑒𝑙𝑒𝑚 =
ℎ𝑡𝑜𝑤
2

𝑛𝑙𝑛𝑡 (6)

where ℎ𝑡𝑜𝑤 is the minor axis of the tow simplified to fit an elliptic
ross-section, 𝑛𝑙 is the number of layers and 𝑛𝑡 is the number of tows
resent in one single layer over the area analyzed. The model is built
o represent two (or more) families of tows. This is used, for example,
o analyze warp and weft fibers as presented in [13]. Mesh parameters
re shown in Table 2. As shown in literature experimentally by Adams
t al. [52] and numerically by Bancora et al. [53], stacking order of
ayers in preforms impacts filling mechanisms and dual scale. In this
ork this was simplified and for the case of more complicated layups,
he groups of fibers were re-organized to represent fibers sharing the
ame orientation as shown in Fig. 2. This has been applied here to
imulate the different dual scale lengths generated by the layers of
he preform when oriented in different directions. The length of slave
lements is calculated using (6) while grouping layers of fibers oriented
n the same direction under the same family. As presented by Simacek
t al. [35] the porous volume added with the sink elements must
e accounted for and the reader is referred to [13] for a detailed
escription. This model is used to analyze dual scale behavior with
apillary pressure implemented in the model by using extra vents
laced on top of the network of bar elements representing fiber tows.
he model takes into consideration the presence of capillary pressure

ntil the tow corresponding to the vent is completely saturated and the
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Fig. 2. Macro-model used to simulate dual scale flow.
Fig. 3. Types of reinforcements, portion of preform analyzed and tow dimensions.
7
a
u
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ent is closed. This model, originally presented by Lawrence et al. [37]
was implemented in our previous work [13]. The analysis of dual scale
behavior is helpful to make a first observation of possible problematic
areas, assuming that an increased dual scale effect will also modify
the final content of voids. This is the case, for example, when inlet
and outlet conditions of the process are defined so that excessively fast
or slow filling occurs. In this work, the model was used to perform a
more thorough analysis by generating pressure boundary conditions for
4

m

the model representing the fibers at a mesoscopic level. As shown by
Kuentzer et al. and Zhou et al. the evolution of pressure is influenced by
the presence of dual scale flow [51,54]. The pressure of nodes located at
5 mm from the inlet line is monitored during the filling simulation of
plate, since this corresponds to the position of the macro-lens camera
sed to film the filling of the fiber tows during the experiments. The
nformation is then saved into a separate file and used as input for the
esoscopic model.
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Table 2
Mesh Parameters used in Macro Model.
ID 𝐿𝑡−𝑒𝑙𝑒𝑚1 [mm] 𝐿𝑡−𝑒𝑙𝑒𝑚2 [mm] 𝐿𝑙−𝑒𝑙𝑒𝑚1 [mm] 𝐿𝑙−𝑒𝑙𝑒𝑚2 [mm] 𝑉𝑓1 𝑉𝑓2

QUD 0 3.3 0.675 5 5 0.69 0.63
QUD 90 0.675 3.3 5 5 0.63 0.69
QUD 0/90 2.67 1.34 5 5 0.69 0.63
WOV 0 2.2 2.2 5 5 0.701 0.701
WOV 0/45 2.5 1.9 5 5

√

2 0.701 0.701
Fig. 4. Microscope section and FEM model built based on the geometry at this scale.
3. Mesoscopic model integrating dual scale flow simulation with
void simulation

A mesoscopic model of the tows is prepared using microscopic
sections of the two reinforcements for each layer configuration studied.
This model has the scope of analyzing formation and evolution of
voids and it is linked to the macroscopic simulation model. The models
are built using characteristic dimensions and gaps measured from
microscopic sections, however, they slightly differ from the microscopic
pictures due to the assumption that tows are elliptical (Fig. 4).

Tows are considered transversely isotropic and the permeability
alues assigned to them are calculated using the analytical model
resented by Gebart [55]:

𝑙 =
8𝑅2

𝑐
(1 − 𝑉𝑓 )3

𝑉 2
𝑓

(7)

𝑡 = 𝐶1

(
√

𝑉𝑓𝑚𝑎𝑥
𝑉𝑓

− 1

)

5
2

𝑅2 (8)

here 𝐾𝑙 and 𝐾𝑡 are permeability in axial and transverse directions
espectively, 𝑅 is the radius of the fibers, 𝑉𝑓𝑚𝑎𝑥 is the maximum
olume fraction achievable and 𝐶1 and 𝑐 are constants depending on
istribution of the fibers inside the tow. Values of these parameters are
ummarized in Table 3.
Since the mesh generated for the mesoscopic model consist of

tows and gaps between them, an inter tow permeability value has
to be assigned to the model. The effective permeability 𝐾𝑒𝑓𝑓 used to
model these gaps is calculated using the method presented by Godbole
et al. [56]:

𝑒𝑓𝑓 = 1
𝑑𝑔𝑎𝑝 + 𝑑𝑡𝑜𝑤∕2

(
𝑑3𝑔𝑎𝑝
3

) −𝐾𝑡
𝐿2
𝑠

2(𝑑𝑔𝑎𝑝 + 𝑑𝑡𝑜𝑤∕2)𝑑𝑡𝑜𝑤∕2
(9)

where 𝑑𝑔𝑎𝑝 is half of the gap thickness (inter tow region), 𝑑𝑡𝑜𝑤 is
he tow minor axis, 𝐾𝑡 is the permeability of the tow in transverse
irection, and 𝐿𝑠 is the length of the partially saturated zone (or
ual scale length, Fig. 1). 𝐿𝑠 can be obtained from experiments and
acroscopic simulation results. 𝐾𝑒𝑓𝑓 was used in this study to obtain
n approximate value of inter tow permeability, this was considered
o be sufficient as the values of permeability calculated are for the
ajority of gaps in the range of 𝑒−9 m2, about four orders of magnitude
igher than tow permeability. An average gap thickness is obtained
5

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

for every gap meshed in the model and 𝐾𝑒𝑓𝑓 is kept constant within
each zone and throughout the filling. The latter is again a simplifi-
cation as the effective permeability model by definition is valid for
unsaturated zones. This however due to the same reason mentioned
above is considered acceptable for this study. The permeability of tows
is adjusted to account for capillary pressure, as presented by Yeager
et al. [28]. This permeability is updated at each step of the solution to
account for capillary pressure for non-saturated tows. When the filling
of tows is complete, the modified values are reverted to the original
one calculated with Gebart’s method. This model has been extended to
include multiple tows, capillary pressure values (making a distinction
between tows filled longitudinally and transversally), and to include
the possibility to apply vacuum or atmospheric venting conditions.
The pressure of voids is calculated at every iteration by LIMS and
the permeability is also updated by a script to account for pressure
variations during the filling process. The modified permeability value
accounting for this can be expressed as:

𝐾𝑚𝑜𝑑 = 𝐾𝑔𝑒𝑏
𝑃𝑐𝑎𝑝 + 𝑃𝑎𝑝𝑝 − 𝑃𝑣𝑜𝑖𝑑

𝑃𝑎𝑝𝑝 − 𝑃𝑣𝑜𝑖𝑑
(10)

where 𝐾𝑔𝑒𝑏 is the permeability calculated with Gebart’s model [55],
𝑃𝑐𝑎𝑝 is the capillary pressure, 𝑃𝑎𝑝𝑝 is the pressure applied (boundary
condition) and 𝑃𝑣𝑜𝑖𝑑 is the vent pressure. LIMS can account for presence
of atmospheric or vacuum conditions and also analyze compression and
movement of voids once the flow of resin has entrapped them. Once
a void is surrounded by resin, its pressure becomes a simulated value
and pressure changes inside voids are computed using the ideal gas
law. Local changes in pressure result in flow rate variations, which can
increase or decrease fill factor, thus resulting in void displacement but
without any distinction between filling and de-filling mechanisms. This
represents a simplification of voids motion and it is not intended as an
accurate computation of their speed or final displacement. The model

represents however a useful tool allowing an estimate of creation,
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Fig. 5. Capillary wicking experiment using Rhodamine B and black light for flow visualization.
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inal size, pressure of voids and possible evacuation. The boundary
onditions applied to the model are the pressure function obtained from
he macroscopic model and atmospheric or vacuum vents, which are
ept open. The inlet nodes are chosen between nodes that do not belong
o the tows on one side of the mesh, while all nodes on the opposite
ide of the mesh are chosen as vents. The model is then executed for
selected amount of time to predict formation and evolution of voids.
lternatively, a condition can be set to obtain the time necessary to
ompletely fill the portion of textile analyzed, keeping in mind that
nder atmospheric vent conditions this condition might not be met due
o impossibility to evacuate the voids (for example in case of a low inlet
ressure).

. Experimental work

.1. Capillary wicking experiments

In order to measure the effect of capillary pressure, a set of capillary
icking experiments have been run for both textiles and at different
rientations and volume fractions. The testing rig consists of an ad-
ustable cavity with dimensions 300 mm × 50 mm [57]. A single layer
f preform is placed into the cavity, leaving a few mm of preform in
ontact with the liquid reservoir. For wicking of fibers, glycerol 86%
as used. This was mixed with the colorant Rhodamine B in very small
mounts (1 drop for the entire glycerol bath — corresponding to 100 ml
f liquid). Rhodamine B is moreover a fluorescent colorant, which made
ossible testing using black-light to obtain a clear view of flow front
uring the entire process (Fig. 5). The measurement was performed
sing a digital camera with 24 megapixel definition and a standard
oom lens (16-50 mm, f/3.5–5.6) paired with a digital controller,
hich allowed taking pictures every 10 min. Furthermore 4 points are
arked on the rig at 80 mm distance to allow measurement using
mage analysis. For every picture analyzed 5 different measurements
re taken.
The experiment was reproduced for fibers at 0◦, 90◦ and 45◦.
oreover, the rig cavity was adjusted to achieve three different fiber
olume fraction values. The method used to evaluate results of cap-
llary wicking experiments is that proposed by Amico et al. [22] and
resented by Caglar et al. [58]:

𝑑ℎ
𝑑𝑡

= −
𝐾𝑡𝑜𝑤𝛥𝑃𝑐𝑎𝑝

𝜙𝜂
1
ℎ
+

𝐾𝑡𝑜𝑤𝜌𝑔
𝜙𝜂

(11)

here ℎ is the height reached by the liquid, 𝑡 is the time, 𝐾𝑡𝑜𝑤 is the
ow permeability along the dipping direction, 𝜙 is the porosity of the
6

m

ow, 𝜂 is the viscosity of the liquid, 𝜌 is density and 𝑔 is the acceleration
ue to gravity. Eq. (11) can be expressed in the form:
𝑑ℎ
𝑑𝑡

= 𝐶1
1
ℎ
+ 𝐶2 (12)

The experimental data can be fit to a first order polynomial (Fig. 6), in
the form of Eq. (12) allowing the calculation of 𝛥𝑃𝑐𝑎𝑝 as:

𝛥𝑃𝑐𝑎𝑝 = −𝜌𝑔
𝐶1
𝐶2

(13)

The model proposed by Amico and Lekakou [22] assumes unidirec-
tional flow. However, in reality flow takes place inside the longitudinal
tows, transverse tows and gaps between them [58,59]. Also, the tows
ransverse to the flow serve as liquid reservoir as shown by Mhetre
t al. [60]. In this work, contrary to the testing performed by Caglar
t al. [58], the single layer of preform was compacted to a desired
iber volume fraction, increasing the presence of wall effects, but also
ntroducing compaction of the tows and thus impacting the wicking
rocess as shown by Monaenkova et al. [61]. The results of this study
an be seen in Fig. 7. Compaction influences capillary pressure, by
ncreasing the fiber volume fraction of the material, flow will rise faster
nd thus capillary pressure will be stronger. It is also possible to notice
difference between reinforcements and their architecture. For the
UD preform, the capillary action is noticeably higher in one fiber
rientation (0◦) compared to the other. It is also higher than the WOV
aterial. This confirms the work by Amico and Lekakou [59] and what
tated in the work by Caglar et al. [58] that transverse fibers have an
mpact on the rise of liquid due to capillary action. Thus, the values
btained with this method might differ from values obtained with other
easuring strategies, like the one presented by Pucci et al. [62] and
eBel et al. [63]. Furthermore, the accuracy of this method is limited to
he pixel definition of the camera and contrast obtained between fluid
nd fibers during filling. Correlation coefficient R for a linear fit ranged
etween 0.81 for the and 0.99 showing strong correlation overall, but
resenting lower values for wicking in 45◦ and 90◦ directions.

.2. RTM experiments

The setup used for comparison of both the macroscopic and meso-
copic models consists of a two-part RTM mold (Fig. 8), where the top
art is transparent acrylic glass and allows for visualization of the filling
rocess. This is reinforced with an aluminum frame to avoid excessive
ending. The geometry of filled parts corresponds to a 280 mm ×
05 mm × 2 mm rectangular flat panel with resin injected into the
old cavity from a bucket that is maintained at constant pressure.
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Fig. 6. QUD: polynomial fit, capillary wicking experiments in 0◦ direction for different compaction values.

Fig. 7. Fiber volume fraction influence on capillary pressure for both fabrics and for different fiber orientations.
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Fig. 8. RTM experimental setup. A camera films the experiment from above (camera 1), while a second camera (equipped with macro-lens) films the mesoscopic filling of tows.
Table 4
Process parameters.
ID 𝑉𝑓𝑏𝑢𝑙𝑘 [%] 𝛥𝑃 [Pa] 𝜂 [Pas] 𝐾𝑥𝑥𝑏𝑢𝑙𝑘 [m2] 𝐾𝑦𝑦𝑏𝑢𝑙𝑘 [m2]

QUD 0 44 200000 0.26 1.76E−10 1.88E−11
QUD 90 46 200000 0.26 1.88E−11 1.76E−10
QUD 0/90 46 200000 0.26 6.39E−11 5.25E−11
WOV 0 45 200000 0.26 3.42E−11 1.36E−11
WOV 0/45 46 200000 0.26 2.84E−11 1.76E−11

The filling process is recorded using a camera positioned on top of the
setup, while the saturation of the tows was recorded using a second
camera equipped with macro-lens and placed directly on top of the
acrylic glass. The layups used in the simulation were tested for both
atmospheric and vacuum outlet conditions, keeping the same constant
pressure difference of 2 bars.

5. Simulation results and comparison with experimental data

5.1. Simulation of dual scale

As already shown in Section 2, the first simulation step consists of
simulating dual scale using the macro-model. The simulation boundary
conditions correspond to testing conditions. In this simulation step,
voids are not considered, and vent pressure is assumed to be zero.
The values of permeability of the bulk preform were obtained through
radial permeability tests. Their values are provided in Table 4. The
values of permeability of fiber tows (which are assigned to bar elements
forming the network of tows), use Gebart’s model [55] as a starting
value. The comparison between experiments and simulation was done
by optical analysis of dual scale flow through the filling (Fig. 9).

In order to visualize and measure dual scale portion of filling, a
camera was mounted on top of the transparent RTM mold, to record
the experiment. Optical measurements are limited, since viewing is re-
stricted to only a portion of the preform in contact with the transparent
mold top. However, the use of glass fibers does make it possible to
visualize at least a few layers below the surface (Fig. 10).

This made the analysis of dual scale possible for layers of the
preform with different fiber orientations. The constant inlet pressure
was monitored during filling along with temperature. Experiments were
performed for both atmospheric and vacuum conditions, with the aim
of observing any differences in dual scale flow and filling for both
cases. In some experiments, the use of a second camera with a macro
lens (sony alpha 6400 with 30 mm f2.0 macro lens) was necessary to
measure the length Ls of the dual scale region (Fig. 10). The images
and videos obtained were converted to 8-bit images and analyzed,
8

setting a threshold with the open source software Fiji. It should be
noted that values of threshold were chosen manually. However, this
was enough to obtain a first approximation of the dual scale length
𝐿𝑠 and saturation percentage, as shown, for example, for the QUD
0/90 configuration in Fig. 11. Dual scale flow is influenced by local
changes in the preform and measurements can vary depending on
the area of preform analyzed. In this work the measurement of dual
scale was performed taking 5 measurements of 𝐿𝑠 along the flow
front and averaging the values obtained for each time analyzed. The
macro lens videos were used additionally to compare the model relative
to filling of tows (meso-model) presented in the next section. Filling
of the tows is clearly influenced by venting conditions, resulting in
different dual scale flow behaviors of the preform as visible in Fig. 11.
Results obtained from the simulation are in good agreement with tests
performed under vacuum conditions. Knowing the dual scale length
(Fig. 10) and flow front position (𝑥𝑓𝑓 ), the length of saturated preform
𝑥𝑠𝑎𝑡 can be calculated as 𝑥𝑠𝑎𝑡 = 𝑥𝑓𝑓 − 𝐿𝑠. Knowing the length of
the plate 𝐿, the ratio 𝑥𝑠𝑎𝑡∕𝐿 can be used to describe the portion of
reinforcement that has been completely saturated. In Fig. 12 this is
plotted along with standard deviation against relative time 𝑡∕𝑡𝑡𝑜𝑡, where
𝑡𝑡𝑜𝑡 is the total time necessary to fill the entire cavity. The process under
vacuum conditions is characterized by a deeper saturation color and
less isolated non-saturated tows behind the flow front.

Simulating atmospheric conditions was performed by adjusting the
values of 𝐾∕𝐿2

𝑒𝑙𝑒𝑚 (where 𝐿𝑒𝑙𝑒𝑚 is the length of slave elements) [51]
to match the dual scale behavior observed in the experiments once the
resin reached the end of the preform. It can be noticed that the presence
of air in the fiber tows prevents the flow of resin from saturating them
completely, leaving unsaturated tows behind and increasing the dual
scale length (Fig. 11). In Fig. 13 the results of simulation of dual scale
of the different layups and reinforcement’s type are shown, where it is
clearly shown that layup and architecture, along with vent conditions
strongly influence dual scale behavior of the reinforcement during
filling. For the QUD preform the effect of vacuum and atmospheric
filling is evident, whereas for the WOV preform this is less clear. This is
noticeable in the experiments (Fig. 14) where values of 𝐿𝑠 obtained in
the experiments and their standard deviation are plot against relative
time.

5.2. Simulation of void formation and filling of tows

Results obtained with the model described in Section 3 are discussed
in this section. The plates infiltrated during experiments were cured and
cut in small specimens, which were then analyzed with a microscope to
reconstruct the geometry and simulate evolution of voids. The bound-

ary conditions have been applied to the model to represent a linear flow
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Fig. 9. Comparison between simulation and test (QUD 0/90 layup, atmospheric conditions) of the macroscopic flow front.
Fig. 10. Example of Dual scale length measurement (𝐿𝑠) (a) WOV 0/45 vacuum and (b) atmospheric conditions for 𝛥𝑃 of 2 bars.
through the preform. The vents are kept open through this process to
preserve flow of resin and allow compaction and movement of the voids
under realistic conditions, while the inlet pressure increases with time
following the pressure behavior measured in the macro model. This is
obtained at the position equivalent to the macro-lens camera during the
9

tests. The time required to saturate gaps and tows was compared to the
macro-lens images obtained. This mesoscopic model can predict void
entrapment and evolution under atmospheric and vacuum conditions.
A sensitivity study was performed to analyze the impact of capillary
pressure during the filling. This was done for the QUD 0/90 layup,
applying the capillary pressure values indicated in Table 5 for both

atmospheric and vacuum conditions.
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Fig. 11. Comparison of dual scale for QUD 0/90 for atmospheric and vacuum conditions and for pressure difference of 1 and 2 bars. For all the images the portion of dry preform
s excluded and the image is converted to 8-bit. After that the threshold is set and portion of saturated preform is obtained.
Fig. 12. Results of simulation and experiments for QUD 0/90 for atmospheric and vacuum outlet conditions.
Results of this study are shown in Fig. 15, where the % of un-
aturated area represent the evolution of saturation including void
ntrapment towards the end of the simulation.
Capillary pressure strongly influences filling in the first phases

f the process, where flow front pressure is low and thus the resin
aturates the preform slowly. This is important particularly for filling of
10
long parts especially for processes requiring a vacuum bag, where the
pressure decays over length and speed of filling decreases drastically.
The application of correct boundary conditions also has an impact on
outcomes of the model, showing how dual scale difference between
vacuum and atmospheric outlet also impacts flow behavior at the
mesoscopic level. In Fig. 16 the results of filling under atmospheric
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Fig. 13. Simulation results for all the layups for vacuum outlet conditions: layers in 0◦ (a) and layers in other directions (b).
Fig. 14. Comparison of vacuum and atmospheric vent influence on dual scale length Ls for WOV 0 (a) Ca ≈ 0.0024–0.003 and WOV 0/45 (b) Ca ≈ 0.0016–0.0023 (Experiments).
Table 5
Values applied to the simulation for sensitivity study.
ID 𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑃𝑐𝑎𝑝 Atmospheric Vacuum

1 - atm Linear gradient 0 Yes –
1 - vac Linear gradient 0 – Yes
2 - atm Linear gradient 5000 Pa only in transverse tows Yes –
2 - vac Linear gradient 5000 Pa only in transverse tows – Yes
3 - atm Linear gradient 5000 Pa only in longitudinal tows Yes –
3 - vac Linear gradient 5000 Pa only in longitudinal tows – Yes
4 - atm Linear gradient 𝑃𝑐𝑎𝑝 measured in the experiments Yes –
4 - vac Linear gradient 𝑃𝑐𝑎𝑝 measured in the experiments – Yes
5 - atm Macro model 𝑃𝑐𝑎𝑝 measured in the experiments Yes –
5 - vac Macro model 𝑃𝑐𝑎𝑝 measured in the experiments – Yes
11
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Fig. 15. Sensitivity study for QUD 0/90 layup applying the capillary pressure values mentioned in Table 5 under both vacuum and atmospheric conditions and applying pressure
obtained with the macro model (a). (b): detail of final porosity content (Unsaturated Area) shown in (a) for the last 30 s of filling.
Fig. 16. WOV 0 layup (𝐾𝑒𝑓𝑓 range: 4.49𝑒−9 - 4.14𝑒−12 m2): (a) microscope picture of the section used to build the model; (b) mesh and boundary conditions location; (c) results
comparison between vacuum and atmospheric vent (red: filled elements; blue: empty elements).
and vacuum conditions are compared for the WOV 0 layup. When
vent pressure is set to atmospheric, voids are formed in the fiber tows
and are later evacuated with the increase of flow pressure (Fig. 16 c,
atmospheric).

In Fig. 17 simulation results are compared with time measured for
filling a fiber tow at the same position in real tests. Similar trends
are found for vacuum conditions. The analysis of further simulation
results showed that atmospheric filling required, in general, more time
to allow complete evacuation of the pores through void compaction and
movement.
12
A comparison of saturation of tows was performed for all the
layups presented in this work and for both atmospheric and vacuum
conditions. To compare the simulation models with experimental data,
the images obtained during tests were converted to 8-bit images and
the area of saturated preform was measured with the help of the
open source software Fiji. The selection of a threshold was performed
manually to make unsaturated areas visible, as shown in Fig. 18.

This is intended to be a qualitative comparison rather than quan-
titative, as the planes analyzed are different from experiments (X-Y)
to simulations (Y-Z). Results are summarized in Fig. 19. The results
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Fig. 17. QUD 0/90 layup, 𝛥𝑃 = 2 bar, vacuum filling: comparison between macro-lens images and simulation model: results at 0, 5 and 10 s of filling of the portion observed.
Fig. 18. QUD 0/90 vacuum: Image analysis of the experiments.
obtained with the model depend on accuracy of permeability and
thus require further investigation. However, the first estimate for the
values calculated seems promising, showing filling time predicted by
numerical models to be in a reasonable range. Vacuum simulations
results are closer to the experiments, the model in its current state often
under predicts voids content for the atmospheric case. Similar trends
between experiments and simulation are, however, recognizable. The
presence of an atmospheric vent often results in entrapment of voids
while, on the other hand, the presence of vacuum leads to complete
filling of the mesh. Voids are evacuated only when the flow pressure
is sufficient to move them and the presence of air in the tows when
filling under atmospheric conditions acts as a block, preventing the
saturation of the tows. This effect is not accounted for in the model and
could potentially be a topic for further investigation. A possible way to
take this effect into account could be to implement a scale factor for
permeability to account for the presence of air in the tows.
13
6. Summary and conclusions

In this work, a method to analyze dual scale flow and void evolution
is proposed. The method consists of connecting two FE models in a
multiscale approach, so that information gathered in the dual scale sim-
ulation (macro) is transferred to the model representing filling of the
tows (meso). This is then used to predict saturation and possible void
evolution during the process. Both the model representing dual scale
and model representing the filling at meso-scale were compared to real
tests for two types of reinforcement and for a total of 5 different layups,
with the purpose of studying the effect that stacking and preform archi-
tecture has on filling results and in particular the dual scale behavior.
Layers of fibers sharing the same orientation were grouped in this work
to study the effect of tow orientation. However, it has been shown in
literature that also stacking order influences dual scale flow [52,53].
This can potentially lead to errors in the simulation and requires further
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Fig. 19. Mesoscopic model results for all the layups considered under vacuum and atmospheric conditions.
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investigation. Nonetheless, the studies performed have confirmed that
different materials and layer orientations influence dual scale flow and
hence final void content. The analysis of filling under atmospheric and
vacuum conditions has also shown that air in the fiber tows leads to
formation of voids. These can either move or remain arrested until the
part is cured. Although the mesoscopic model often under predicts the
amount of voids in the reinforcement for the case of atmospheric vent
condition, similar trends to the experimental results are recognizable.
This could be attributed to the presence of air inhibiting flow from
saturating the tows and requires further investigations. A possible way
to take this effect into account could be by means of a scale factor in
the permeability values of the tows.
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