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ABSTRACT

Boundary Element Techniques are implemented in the simulation of the impregnation
phenomenon of dual-scale porous media used in the processing of composites materials at
both mesoscopic (filling of Representative Unitary Cells) and macroscopic scales (filling of
cavities). Three kinds of problems are considered: 1) Simultaneous filling of channels and
bundles to study the void formation in Representative Unitary Cells (RUC’s) at constant
inlet pressure and constant inlet flow rate regimes, based on the Stokes-Darcy (S-D) and
Stokes-Brinkman (S-B) formulations, 2) Filling of bundles considering fully filled
channels, based on the Stokes-Darcy formulation, to study the dynamic evolution of voids
(compression, motion, migration and splitting), to determine sink functions that account for
the partial saturation effects and to analyse the influence of the saturation level on the
effective unsaturated permeability, 3) Unidirectional filling of cavities considering the
partial saturation effects by means of a lumped strategy, based on an Equivalent Darcy
formulation. All numerical codes are validated with classical coupled problems free fluid-
porous media and the moving boundary simulations are compared with numerical and
experimental results previously reported in the literature. The first kind of problem is
tackled in Chapters 3 and 4, where tracking algorithms that generate the exact fluid front
shape are developed, as well as a flow-direction dependent model for the capillary pressure.
According to the numerical results, the size and shape of the voids are influenced by some
processing, material and geometric variables, as well as by the formulation type (S-D and
S-B), matching conditions and RUC compaction. On the other hand, Chapter 5 deals with
part of the second problem abovementioned. Numerical results show that the dynamic
evolution of intra-tow voids is highly influenced by the mechanical pressure, capillary
properties and pressure gradient, which is in agreement with previous experimental works.
Finally, part of the second problem and the whole third problem are deemed in Chapter 6,
where multi-scale filling simulations are performed using a lumped strategy. In this chapter,
lumped sink functions in terms of several volume-averaged variables are found by running
several filling simulations at mesoscopic scale and using fitting models. Those functions
are then used in the macroscopic equations to account for the influence of the sink effect in
the behavior of the global saturation, global pressure and time evolution of the fluid front

position, obtaining some results that are in agreement with previous works.



1. PRELIMINARIES.

1.1 Introduction

The phenomenon of infiltration of fluids into porous structures has a wide range of
applications, from the permeation of underground soils by water and the extraction and
filtration of oil, passing through the processing of advanced composites materials, to the
impregnation of biological systems by several sorts of liquids. For instance, in the
particular case of the processing of composites materials, some specific applications could
be mentioned, namely, the filling of cavities and void formation in fibrous reinforcements,
which are key issues in the manufacturing of parts by Liquid Composite Molding (LCM)
processes, the infiltration of high conductivity phase-change fluids into foams for the
development of thermal energy storage composites (TES), the fabrication of pre-
impregnated rigid cores for thermal and/or acoustic insulation, among other applications.
According to the different orders of permeability that are present at the mesoscopic scale of
a porous medium, such medium can be classified into single-scale or dual-scale porous
medium. In a single scale porous medium, there is only one scale of permeability in the
Representative Unit Cell (RUC); conversely, a dual-scale porous medium comprises two
scales of permeability, which can be different each other by several orders of magnitude.
In some specific situations, the macroscopic behavior of a dual-scale porous medium could
be approximated to the one of an equivalent single-scale medium considering the
macroscopic permeability in the modeling of the infiltration phenomenon; however, in
other cases, the imbalances of flow that take place inside the RUC due to the dissimilar
permeabilities of different sub-domains have a strong influence on the macroscopic
behavior of the flow. For instance, in the particular case of fibrous reinforcements
employed in LCM processes, a very low tow porosity and a very small space between the
tows inside the RUC leads to a behavior analogous to a single-scale porous medium,
contrary to what happens when the tow porosity is intermediate to high and/or the size of
the gaps between the tows is significant [1], [2], where the flow imbalances inside the RUC
have an important influence on the macroscopic behavior of the flow.

The phenomenon of filling of dual-scale porous media can be divided into two main

problems: the filling of a Representative Unit Cell (RUC) having a specific architecture and



regions of different permeabilities (Figure 1 b-c) [3]-[10] and the filling of cavities at
macroscopic scale taking into account the effects produced by the imbalances of flow
inside the RUC’s (mesoscopic scale) (Figure 1a) [5], [8], [11]-[14]. The FEM/CV
technique is, by far, the most used in the simulations of both kinds of problems, as it is
shown in the Literature Review of the present work. BEM-based and mesh-free techniques
have been used in similar problems, but most of the works using these kinds of techniques
have not considered the anisotropy of the porous bodies inside the RUC and the moving
boundaries (fluid fronts), being those cases the most common in the processing of
composites because they replicate the real conditions of manufacturing of parts. Regarding
the works that consider the influence of the saturation level on the macroscopic filling of
cavities and make use of BEM-based techniques, it is important to mention that most of
them have assumed that the permeability can be represented in terms of the saturation level
by known constitutive models [15]-[18]; this approach could be appropriate for the
infiltration of certain types of porous media for which several experimental relationships
permeability-saturation have been previously established (like the retention curves for soil-
water systems), but it is not applicable for other types of porous media like the ones treated
in the present work. Thus, the influence of the saturation on the effective unsaturated
permeability needs to be determined from the mesoscopic simulations because no
constitutive relationships are known a priori for dual-scale fibrous reinforcements used in
composites.

Summarizing, the simulation of the infiltration of dual-scale porous media in the processing
of composites materials poses several physical challenges. From the point of view of the
mesoscopic simulations (simulations of RUC filling), there are many applications where the
anisotropic nature of the porous bodies and the moving-boundary character of the problem
cannot be omitted, which implies an additional complexity in the problem; besides, due to
the non-static character of the problem (moving-boundary), both the capillary pressure in
the fluid front and the mass transfer between subdomains of different permeabilities need to
be considered. From the point of view of the macroscopic simulations (simulations of
filling of porous cavities), the main challenge lies in the consideration of the influence of
the partial saturation that takes place inside the RUC’s (which is caused by the dual-scale

nature of the porous medium) on the global impregnation of the cavity, taking into account



that constitutive equations permeability-saturation are not well-defined for dual-scale
fibrous reinforcements.

In view of the aforementioned aspects, the present research is addressed to the application
of Boundary Element Techniques in the simulation of the impregnation phenomena in dual-
scale fibrous reinforcements used in the processing of composite materials. After an
extensive literature review, it could be concluded that these techniques have not been
implemented yet for this particular application. In general, three kind of problems are
considered here: 1) Simultaneous filling of channels and tows, Figure 1b, to study the void
formation in RUC’s at constant inlet pressure and constant inlet flow rate regimes, based on
the Stokes-Darcy and Stokes-Brinkman formulations, 2) Filling of bundles considering full
filled channels, Figure 1c, based on the Stokes-Darcy formulation, to study the dynamic
void evolution (compression, displacement, migration and breaking), to determine a sink
function that accounts for the partial saturation effects and to analyse the influence of the
saturation level on the effective unsaturated permeability, 3) Filling of cavities considering
the partial saturation effects by mean of a lumped strategy, Figure 1c, based on an
Equivalent Darcy formulation. A deeper description of each one of these problems is done

in the Introduction of each chapter of the present work.

RUC1 RUC 2
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porous medium : Porous body (tow or bundle) | ! 5 Porous body (tow or bundle) |
E Channel i E Fluid fronts =
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a) b) c)

Figure 1 Type of filling problems in dual-scale porous media, a) Macroscopic
problem, b) Mesoscopic problem-Simultaneous impregnation, ¢) Mesoscopic problem-
Fully filled channel.



1.2 Problem statement and justification

The processing of composites materials is an engineering area that has aroused interest in
the last thirty years in the scientific community. The development of new processing
techniques and the improvement of the existing ones are tightly linked to the advancement
of the simulation methods. In that area, one of the principal concerns is the dual-scale
nature of some fibrous reinforcements that are used in the manufacturing of parts by Liquid
Composite Molding (LCM), because such a nature supposes imbalances of flow inside the
Representative Unit Cell (RUC), which, in turn, cause uncontrolled defects and could
considerably affect the global behavior of the flow during the filling of cavities. Due to the
increasing interest in the modeling and simulation of the filling phenomenon in dual-scale
reinforcements, recent works have been developed in that subject using mainly FEM/CV or
commercial FEM-based software, as it will be detailed in the Literature Review. Some
works that make use of BEM techniques have been also developed for infiltration of porous
media, but the partial saturation effects inside the RUC have been taken into account
implicitly by using constitutive laws of permeability-saturation, which are not applicable in
this case.
As it was aforementioned, the simulations of filling of dual-scale porous media applied to
composites processing can be classified into two main categories: mesoscopic simulations
(Figure 1b-c) and macroscopic simulations (Figure 1a). After doing a review of
representative researches in that area, several open issues were identified; these issues are
the focus of the present work and can be summarized in the following questions:
At the mesoscopic scale:
e What is the influence of the processing, geometric and material variables on the void
formation?
e How does the injection regime (constant pressure or constant flow rate) affect the void
formation?
e Do the formulation type (Stokes-Darcy or Stokes-Brinkman) and/or the interface
matching conditions have any influence on the void formation?

e What is the influence of the RUC compaction on the void formation?



How do the average pressure, pressure gradient and surface tension affect the dynamic
void evolution? It is possible to remove the bubbles from the bundles towards the
channel? Which variables are involved in that process?

How does the effective unsaturated permeability behave with the saturation level,

porosity of bundle and RUC geometry?

At the macroscopic scale:

How do the vacuum pressure, air entrapment parameter and capillary pressure influence
the impregnation of dual-scale porous media at macrosocopic scale? It is possible to
obtain a function accounting for the partial saturation effects (sink function) that
considers these parameters?

How do the partial saturation effects influence the velocity and pressure fields at
macroscopic scale?

What is the influence of the injection regime (constant pressure or constant flow rate)

on the behaviour of the global saturation?

The consideration of these problems using BEM-based computational simulations involves

several numerical challenges, which are briefly mentioned in the following bullets:

The solution of problems of coupled sub-domains with very dissimilar permeabilities
usually implies ill-conditioned systems and special solvers could be required.

The BEM solution of the anisotropic Brinkman equation is not yet a closed problem
since several strategies can be implemented.

The constant flow rate regime entails a defective boundary condition, which implies a
special treatment.

The consideration of the capillary effects in both the channels and the tows supposes
others numerical challenges. Firstly, a flow direction-dependent equation for the
capillary pressure in the porous media needs to be deduced here in order to avoid using
experimental shape factors as done by other authors. On the other hand, the numerical
errors associated to the calculation of the curvature of the channel fluid front can have a
relevant influence on the calculation of the time step used to advance the moving

interface when using a direct integration scheme.



e The use of a lumped strategy to tackle multiscale problems in dual-scale porous media

implies the deduction of sink functions in terms of several variables, which in turn

involves a considerable amount of simulations.

e The tracking of the fluid front is not a trivial problem here since several constraints

shall be imposed to the time step in order to avoid physical inconsistencies or the

magnification of numerical errors. Smoothing and remeshing algorithms are also

required.

Some differences and contributions of the present research regarding other works in the

field of composites processing can be identified in Table 1. A detailed description of these

differences and contributions is done in the development of the subsequent chapters.

Table 1 Differences and contributions of the present work regarding previous works.

Type

Previous works

Present work

Numerical formulation for
modelling the void
formation in RUC’s

Darcy- Darcy, with
equivalent permeability for
the channels.

Navier Stokes equation
modified with permeability
and capillary source terms
that activate in the bundles

Stokes-Darcy and Stokes-
Brinkman

Numerical technique to
solve the governing
equations

Mostly FEM/CV techniques,
which imply the use of at
least one domain mesh

BEM techniques, where only
one contour mesh is required

Numerical techniques to
track the fluid front position

Mostly VOF or Level Set,
which imply the
reconstruction of the fluid
front by interface capturing
schemes

Euler integration of
kinematic condition and
Smoothing and remeshing
algorithms, which brings a
higher order accuracy of the
fluid front shape

Simultaneous capillary
effects in channels and
bundles

Not considered to the best of
the author’s knowledge

Considered




Influence of the flow
orientation on the capillary
pressure in the bundles

It has not been considered in
some works, whereas
experimental shape factors
have been used in others.

A flow orientation-
dependent formula is
deduced for the capillary
pressure in the bundles.

Influence of the type of
formulation, Stokes-Darcy
or Stokes-Brinkman, on the

void formation

Not considered before to the
best of the author’s
knowledge

Considered

Influence of interface
matching conditions
channel-bundles on the void
formation

Not considered before to the
best of the author’s
knowledge

It is considered the influence
of the slip coefficient for the
Stokes-Darcy formulation
and the jump stress
coefficient for the Stokes-
Brinkman formulation.

Influence of type of regime
on the void formation at
mesoscopic scale

Not considered before to the
best of the author’s
knowledge

It is considered the influence
of two types of regimes:
Constant inlet pressure and
constant inlet flow rate.

Coupling between
mesoscopic and macroscopic
simulations using a lumped
strategy

The Sink function has been
obtained in terms of the
averaged pressure and the
saturation degree only

The Sink function is
obtained in terms of the
averaged pressure, saturation
degree, vacuum pressure and
air entrapment parameter,
considering implicitly the
capillary pressure in the
porous media.

Methodology to obtain the
sink function

Traditional methodology:
It is prescribed a uniform
pressure in the channels. The
filling of the tows depends
on the prescribed pressure
and on the fluid front
pressure, which are assumed
constant during the whole
filling.

Proposed methodology:
Prescription of a pressure
gradient along the channel to
be consistent with the fluid
motion direction. The filling
of the tows depends on the
matching conditions
between coupled domains,
channel-bundles, and on the
fluid front pressure, which
varies according to the air
compressibility, air
dissolution and capillary
pressure.




The present work is focused
in the conditions that brings

Analysis of dynamic void ~ Most of works have focused about the void migration

evolution: Compression in the possible paths of void
. -omp ’ e p p from the bundles towards the
motion, migration and migration, particularly along
. channels and the subsequent
breaking the channels

void splitting

Study of the influence of
bundle porosity and RUC
geometry on the relationship
between the effective
unsaturated permeability
and the saturation degree of
dual-scale reinforcements

Study of the influence of the
bundle porosity and RUC
geometry on the effective
saturated permeability of

dual-scale fibrous
reinforcements

Study of effective properties
of dual-scale fibrous
reinforcements

1.3 Literature Review

The following Literature Review is a compilation of the principal researches that have
focused on the study of the phenomenon of infiltration in fibrous reinforcements, and some
other relevant works that have dealt with similar problems, whose numerical
implementations could have a potential application in this topic. Firstly, the numerical
techniques that have been employed to solve the governing equations of single-scale porous
media are presented and classified into three families: domain-meshing, boundary-meshing
and mesh-free techniques. Afterwards, a summary of some progresses in flow modeling
and simulation in dual-scale porous media to predict formation of voids and their dynamic
evolution is presented. Moreover, the principal numerical techniques to track the fluid front
are briefly explained as well, and finally, a concise State of the Art on the influence of the
voids on the mechanical properties of composites is presented. The present Literature
Review does not give details of each work, but, as the present dissertation develops, further

details about some works are outlined in each chapter.

1.3.1 General concepts

In single-scale porous media, it is only considered one scale for the impregnation
phenomenon; hence, it is only recognized one domain at the mesoscopic scale that includes
fibers and inter-fiber spaces as a whole for flow analysis purposes (Figure 2a). On the

contrary, in dual-scale porous media, the scale of permeability of the channels or gaps is

9



from one up to several orders of magnitude larger than the scale of permeability of the tows
or bundles (Figure 2b); consequently, the analysis of flow shall consider both the governing
equations of the channels and the bundles and the interface conditions between these
domains. In general, for the channels domain, the Navier-Stokes equation can be applied,
and, in the particular case of small pore Reynolds numbers, which is very common in the
processing of composites, the model can be simplified to the Stokes equation [19]. For the
bundles or tows, the flow can be modeled using the Brinkman or the Darcy equation [20]-
[24].

Inter-fiber Channel

Bundle

b)
Figure 2 Microphotography of fibrous reinforcements, a) Single-scale fibrous
reinforcement, b) Dual-scale fibrous reinforcement.

In dual scale porous media, they are distinguished two kinds of flows: the macroscopic
flow and the microscopic flow. The macroscopic or principal flow takes places in the
channels and the corresponding permeability is the macroscopic or gap permeability (the
permeability after assuming that the bundles are impermeable). The microscopic flow takes
place inside the bundles and it is driven by both mechanical and capillary pressure. The
permeability associated to this impregnation is known as microscopic or tow permeability
[25]. The unbalance between those flows entails several consequences: at the mesoscopic
level, this unbalance is responsible for the formation of voids by mechanical entrapment of
air; at the macroscopic level, it could originate changes in the behavior of some
macroscopic variables due to the arising of sink and source terms in the governing
equations [26], [27].

1.3.2 Single-scale porous media

Some representative works of filling simulation in single-scale porous media are presented
because they constitute the base of the works of simulation in dual-scale fibrous

reinforcements.
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Domain-meshing techniques.
Finite Difference Method (FDM) was one of the first employed for simulating the filling of
fibrous reinforcements in the processing of composites [28], [29]. It is an adequate method
in two-dimensional geometries with very regular boundaries, but it turns problematic as the
geometric complexity augments; therefore, it is not usable in many industrial applications.
Pure finite element methodologies have been also developed, but they do not enforced mass
conservation on the boundaries between adjacent elements. For instance, a methodology
based on an alternate form of the mass conservation equation in terms of a fill factor and
including temporal variations was proposed in [30]. This methodology implies the
simultaneous transient solution of the fill factors and the pressure field, which demands
additional computational costs regarding other finite element-based techniques, where a
quasi-steady approach is considered, as is the case of FEM/CV techniques.
The FEM/CV schemes are widely used in filling simulations of fibrous reinforcements.
The principal argument of the FEM/CV schemes is to solve the governing equations for the
pressure field by using the finite element method and to track the fluid front by considering
filling factors in control volumes [31], [32]. There are two remarkable types of FEM/CV
schemes, which are the base of the principal commercial software for filling of parts in
composites: FEM/CV conforming and FEM/CV non-conforming.
The FEM/CV conforming scheme was initially implemented at the beginning of nineties in
[33], [34]. In this scheme, since the mass conservation is not locally preserved at the
element level, a control volume, CV, should be assigned to each node of the FEM grid to
enforce a mass flux balance. In the two-dimensional case, the triangular finite elements
with hexagonal control volumes is the most common mesh configuration; the hexagons are
conformed from the centroids of the FE triangles and from the midpoints of the edges, as it
is shown in the Figure 3. The general steps of this scheme are the next ones [35]:
=  The control volumes (CV’s) are generated from the finite element grid, and the porous
volume of each CV shall be computed.
= At the beginning of the simulation, the CV’s contiguous to the inlet ports are
considered completely saturated. In the subsequent time instants, the saturated region is
determined from the filling factors of the CV’s.

11



= Using the boundary conditions, the pressure is calculated in the nodes of the finite
element mesh corresponding to the saturated domain. The resultant system is modified
with the intention to annul the pressure in empty or partially filled CV’s in order to
impose zero pressure condition in the fluid front [36].

= Once the pressure is computed in all finite element nodes, pressure gradients can be
approximated using a finite difference scheme and the velocity is then calculated by
Darcy law. This velocity is discontinuous in the boundaries of the elements, which
originates the necessity to use CV’s for imposing a local mass balance [36].

= The net flow in a CV is computed from the contributions of the associated finite
elements, taking into account the normal components of the velocities to the edges of
each CV.

= The time increment is chosen in such a way that at least one CV becomes fully
saturated. If longer increments are used, a violation of the principle of mass
conservation occurs, and for shorter times, the fluid front position could not be
significantly affected [33].

= Once the time increment is determined, the filling factor in all control volumes can be
updated and the fluid front position is established by mean of interface capturing
schemes.

= The steps are repeated until the cavity is completely filled.

(_:(lm"rer_tr,,
FEM NODE /,,-f,f.pu\m

P
o \

" FINITE

. / y ¢
e " ELEMENT

.-/ f

Figure 3 Triangular finite elements grid with hexagonal control volumes in the
FEM/CV conforming technique.

The FEM/CV conforming scheme is the base of the commercial software LIMS™,
developed in the University of Delaware. Some important complex simulations of filling of

parts using this software can be found elsewhere [37]-[39].
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Alternatively to FEM/CV conforming, a single local mass conservative CV scheme has
been implemented for the filling of fibrous reinforcements [3]. This scheme uses non-
structured CV elements with generalized Finite Differences to evaluate the fluxes in terms
of linear polynomial interpolation of the pressure field; no auxiliary elements in the mesh
are required, but the convergence rate decreases regarding the one of the FEM/CV
conforming. On the other hand, the FEM/CV non-conforming scheme has a similar
convergence rate to the FEM/CV conforming and no auxiliary CV’s are required since the
Finite Elements operate also as Control Volumes [40]. In this scheme, the filling factor is
related with the level of saturation of the finite elements and the interpolation functions of
the pressure are selected in such a way that the continuity of velocities on the boundaries of
the elements is achieved at expenses of obtaining discontinuous pressures with exception of
the midpoints [40], [41]. It has been demonstrated that FEM/CV non-conforming
algorithms converge faster than FEM/CV conforming ones if the mesh size is properly
selected [42]. Software PAM-RTM™, developed in the Ecole Polytechnique of Montréal,
works using the FEM/CV non-conforming scheme. Some representative works using this
software have been developed in [41], [43], [44].

Boundary-meshing techniques.

Specific researches about simulations of LCM processes using boundary-meshing methods
are not as extensive as the ones done by domain-meshing techniques. However, a
considerable amount of similar elliptic problems of heat transfer, groundwater infiltration
and elastic response of anisotropic materials have been modeled by the former kinds of
techniques, and some authors have applied those procedures to the simulation of the filling
phenomenon in LCM processes [45]-[48]. The boundary element method (BEM) has been
applied to the simulation of the infiltration of fiber reinforced preforms in [45], [46], [48]—
[53]; in some works, it has been found that mass unbalances could arise depending on the
number of nodes lying on the boundaries [52]-[54].

BEM techniques for homogeneous porous media .
A second order elliptic problem in homogenous porous media was tackled by Clements

[55], [56] using BEM and the resulting integral formulation was applied next to the

13



infiltration of single-scale reinforced preforms in [46], where the level set method proposed
by Sethian [57] was employed to track the fluid front in isotropic media. A similar research
was executed in [58] for homogeneous anisotropic preforms using the quasi-isotropic
equivalent system (EIS) proposed by Adams, Russell and Refenbeld [59], by mean of
which the anisotropic domain can be transformed into an isotropic one and the Laplace

equation emerges in the transformed domain.

BEM techniques for heterogeneous porous media.

The change of the porosity in porous media causes the modification of all volume-averaged
properties. In the case of the filling phenomenon of fiber reinforced preforms, the main
property is the permeability. When spatial heterogeneities appear, a domain integral also
appears in the integral formulation of the problem and the handling of that domain integral
is just what distinguishes one numerical scheme from another one.

If the porous medium is isotropic and stepwise homogeneous, the multi-zone BEM
formulation employed in [60] can be used. In this formulation, they are considered
localized homogeneous zones and compatibility equations are applied between these zones.
If the medium is isotropic and the permeability varies in the space as a known function, the
domain integral can be divided into small homogeneous sub-domain integrals that can be
solved by numerical methods; this procedure was used for the simulation of the infiltration
of water into underground beds [61] and its principal disadvantages is specifically the
discretization of the domain. One remarkable work focused on the simulation of the RTM
process with heterogeneous preforms was developed using the BEM and the perturbation
techniques of Rangoni [62] to deal with the domain integral [45]; in that work, the
transformed potential is expanded by mean of perturbation series, being the major
disadvantage of this scheme the robustness added by those series. One of the most common
methods to deal with the domain integral is the Dual Reciprocity Boundary Element
Method (DR-BEM) proposed by Partridge, Brebbia and Wrobel [63] and employed in [64]
for simulating the groundwater infiltration of isotropic media applied to civil constructions.
With respect to anisotropic and heterogeneous porous media, two main ways to tackle
second order elliptic problems by BEM are identified: 1) to develop generalized

fundamental solutions that annul the domain integral [65], [66], where a forced function is
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introduced in place of the Dirac delta function in the singularly forced equation, and 2) to
use fundamental solutions of homogeneous media and treat the resulting domain integral by
the DR-BEM [67], [68]. The assessment of the approximation functions used in the DR-
BEM for this kind of problems can be found in Zhang and Zhu [69] and Partridge [70].
Recent works using DR-BEM for filling of cavities in the RTM process can be found in
[53], [71].

Mesh-free techniques.

One meshfree technique that has been used in the simulation of the filling of single-scale
porous media is the Method of the Natural Elements (NEM) [47], [72], where some trial
and test functions are constructed using natural neighbor interpolants and those interpolants
are built on the basis of the Voronoi tessellation and computed numerically by using the
Delaunay triangulation. Among the different possibilities, the NEM allows extracting the
shape of the saturated domain and the position of the moving interface by employing a
cloud of nodes only [73]. The NEM is an attractive numerical alternative, because of its

ability to integrate transport equations and its meshfree character.

1.3.3 Dual-scale fibrous reinforcements

Macro-voids and micro-voids formation.

As it was mentioned before, in dual-scale fibrous reinforcements, the difference between
the micro-flow and macro-flow can be significant. This difference can lead to formation of
voids by mechanical entrapment of air; voids formed inside the bundles are named micro-
voids (Figure 4a) and voids in the channels are known as macro-voids (Figure 4b). In
general, a high velocity of the injected liquid with respect to the capillary velocity inside
the bundles leads to the formation of micro-voids, and a low velocity, to formation of
macro-voids [74], as it is illustrated in the Figure 4a,b. The complexity of the simulations in
dual-scale fibrous reinforcements lies in the consideration of two domains with different
scales of permeability. In the channels, the flow is driven by viscous forces; in the tows,
additional capillary forces shall be considered because of the small hydraulic diameter of

the pores [75]. A term has been proposed in [76] to establish a relationship between the
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capillary and viscous forces and it is called the modified capillary number, C, which is
defined later. Some simulations have sought to find the optimum value of C; that better
produces a balance between both forces in order to minimize the void formation [44], [77]-
[82].

Figure 4 Representation of void formation in dual-scale fibrous reinforcements. a)
Microvoids inside the bundles, b) Macrovoids in the gaps. Source: Park and Lee [83]

In general, the filling simulations of dual scale fibrous reinforcements have been focused
mainly on the following problems: 1) simulation of void formation and fluid front
imbalances at mesoscopic scale, 2) simulation of totally saturated RUC’s to determine
effective properties, 3) simulation of compression and transport of bubbles, 4) simulation of

the influence of the sink effect on the behavior of volume-averaged variables.

Void formation and fluid front imbalances.

Regarding the simulation of void formation and fluid front imbalances at the mesoscopic
scale, several works have been developed for some fabrics. For example, some simulations
were made in [3] for two kind of positioning of warps and wefts using the Finite Volume
Method to solve the governing equations and the FAN technique (Flow Analysis Network)
to advance the fluid front, considering that the trapped air behaved like an ideal gas. It was
analyzed the influence of the fiber stacking and of the anisotropy ratio of permeability on
the final void content inside the transverse bundle. Two important conclusions were
accomplished: as the anisotropy ratio of permeability is larger, the size of the final void
increases, and a higher void content is obtained for the positioning Weft-Warp-Warp-Weft
than for the positioning Weft-Warp-Weft-Warp. Other relevant works were presented in
[25] and [4]. In the first one [25], it was established a ratio among the time for the liquid

inside the transverse bundle and the time for the liquid in the channels to traverse the
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transverse bundle width, and they were established theoretical relationships between this
ratio and the percentage and size of the voids for several values of C;. In the second work
[4], the model proposed in the former research was used to develop a real-time simulation
control method in order to reduce the formation of microvoids at the end of the transverse
bundles. In both works, the FEM/CV conforming scheme was used.

Afterwards, the influence of the global porosity of the RUC in the void formation inside the
transverse tow was studied in [5], [84], as well as the critical pressure for the remotion of
the microvoids, using the FEM/CV conforming method. This numerical method was also
employed in [81] to study the influence of C; and the tow porosity on the final void
content. The authors found an optimal value for C; that determines the transition between
macrovoids and microvoids, in which the void content is the smallest possible. The
influence of the combination between the Reynolds number, R,, and the modified capillary
number, C;, on the final void content of the RUC was studied in [80] considering the
Navier Stokes equation modified with source terms that activate only in the bundles to
consider the permeability and capillary. In that work, an optimum capillary number, C, for
each value of R,, was achieved. An optimal processing window for Reynolds numbers of
order O(2) and capillary numbers of order O(—3) was found. On the other hand, the
simulation of unidirectional flow considering circular tows and radial coordinates was
tackled in [22] using the Finite Volume method for the solution of the governing equations
and the Volume of Fluid (VOF) to advance the interface. The authors studied the effect of
the following variables in the fluid front positions: filling velocity, resin viscosity, inter-tow

dimension and intra-tow dimension.

Calculation of the effective permeability.

In the simulation of dual-scale fibrous reinforcements, problems where both the tows and
the channels are assumed to be totally saturated with liquid have been also considered. The
main objective of that kind of simulations is to calculate the effective permeability and
determine the influence of some geometric variables in such property. For instance, FEM
was used in [20] to simulate single-tow and tow-tow arrangements under prescribed
pressure gradients, using the Stokes-Brinkman approach; in that work, it was studied the

influence of the fiber volume fraction, aspect ratio of tows, tow permeability and degree of
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compaction on the effective permeabilities in the main directions. A similar research was
carried out in [85], in which the influence of the type of stress matching condition on the
effective permeabilities of 3D fibrous reinforcements was analyzed, finding an irrelevant

influence for low porosities.

Compression and transport of bubbles.

The modeling and simulation of compression and transport of bubbles have also gained
interest in the field of composites processing. The bubble compresses as a result of the
pressure surrounding the tow and of the capillary pressure; on the other hand, the bubble
transport can occur mainly by two mechanisms: dissolution of gas molecules of the trapped
air into the liquid and the mechanical mobilization of the bubbles pursuing different paths.
Both the bubble compression and transport have been studied in [5], [86], [87]. In some
researches, the dissolution of the air into the liquid has been implicitly considered in the air
pressure by introducing a lumped function that accounts for the fraction of escaped air, A,
in terms of the relative fluid front position, ¢, which is defined as {¢ = r¢/7,, with r¢ and
1, as the current and initial fluid front positions inside the tow [11], [88].

The void mobilization is another phenomenon that deserves particular attention, because
during the injection it is likely to reach velocities that bring about high drag forces that, in
turn, exceed the interfacial forces, leading to the displacement of voids. This displacement
implies that there is a way to eliminate residual voids even when the void formation by
entrapment of air is difficult to avoid. The void mobilization can take place along several
paths: in spaces between the monofilaments of the fiber tows, from the tows towards the
channels and along the channels between the tows. An important work considering the
former path was presented in [89], in which the transportation of very low viscosity drops
across an array of cylinders, imitating the void migration in an array of fibers, was
considered. One paramount conclusion of that work is that the length of the bubbles could
help to its mobility, because larger pressure gradients are reached as the bubble is larger
and this helps to surpass the capillary forces. The motion of bubbles along the inter-bundle
channels or gaps of biaxial non-crimped fabrics was studied in [90]. By means of a
permeability network model and the Monte Carlo method, the authors concluded that the

paths of bubble migration in the channels depends significantly on the position of the
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threads joining the tows and on the number of fibers crossing the channels, and that the
bubbles tends to move in the direction of the tows. In that work, it was also studied in detail
the relationship between the local pressure gradient, the local gap size and the probability
of free-bubble motion, bubble trapping and bubble splitting. The level set method was used
to track the fluid front. In a subsequent work, the same authors built a 3D numerical model
to study the creation and mobilization of voids in non-crimped fabrics and considered both
the intra-tow and inter-tow voids movement [78]. The authors concluded that the
movement of intra-tow voids (microvoids) is much slower than the movement of inter-tow
voids (macrovoids). Finally, the motion of macrovoids was also considered in [4], where it
was introduced a phenomenological factor, F,, relating the liquid velocity, (u,)9, and the
void velocity, (u,); according to that work, (u,) is a piecewise continuous function of

(ug)9, with an inflection point corresponding to the critical liquid velocity for the onset of
void mobilization, (ugm)g, which is the value of (u, )¢ from which the void migrates along

the channels.

Simulations at macroscopic scale considering the sink effect.

The problem of macroscopic simulations makes reference to the filling of cavities
influenced by the sink effect, which in turn refers to the delayed absorption of the resin into
the tows with respect to the filling of the channels. In order to consider the sink effect on
the macroscopic fillings, a sink term, S,, is considered in the macroscopic continuity
equation. In [91], it was considered that the sink term, S,, depends mainly on the pressure
surrounding the tow, (£;)9, and on the tow saturation, S;, and they were established sink
functions, S, (S¢, (F,)9), for several simple tow geometries. Some simulations using the
sink functions, S, (S, (F;)?), were conducted in [13], where the principal contribution was
the addition of ‘slave’ elements into the original FEM/CV mesh with the objective to deem
the tow saturation in those elements. In this modified FEM/CV scheme, the porous volume
of the fiber tows in the CV is represented by adding a one dimensional bar, with the same
porous volume of the tows, to the master node of the CV. The simulation is run as usual in
the FEM/CV conforming scheme, but two fill factors shall be distinguished for each CV:

the fill factor in the modified CV represents the saturation of the gaps and the fill factor in

19



the ‘slave’ bar, the saturation of the tows. This scheme has been used in [11], [25] and
interesting results of pressure profiles have been acquired from the simulations;
nevertheless, as it is recognized in [83], neither the capillary pressure, nor the air
compressibility and air solubility are taken into account using this modified scheme. A two
phase flow model for the prediction of saturation in dual-scale fibrous reinforcements,
which considers these three factors, was recently published [92], [93], obtaining good
agreement with experimental observations.

Alternative forms of the volume-averaged governing equations for partially saturated flow
in dual-scale fibrous reinforcements were established for isothermal flows in [6] and for
non-isothermal reactive flows in [7]; these equations were stated for two sub-domains: the
channels and the tows. The dynamic interaction among both sub-domains was considered
by introducing a new quantity called the interfacial kinetic effect tensor, which includes the
effects of the liquid absorption by the tows and the presence of slippage on the interface
channels-tows. These equations were simplified later in [10] under certain assumptions
with the purpose to make them tractable for LCM processes. Then, the FEM/CV
conforming method was applied to solve those simplified governing equations at both
macroscopic and mesoscopic scales, in order to simulate the filling phenomenon in woven
fabrics [8], [14]. Three outstanding and interrelated researches deserve special attention in
this regard. In [14] it was studied the influence of the sink effect on the position of the
global fluid front. In that work, it was employed an iterative-corrected strategy, namely, the
fluid flow in the tows is solved at the mesoscopic scale supposing a uniform pressure in the
surrounding channels, the velocity field in the channel-tow interfaces is computed using
Darcy’s law and the sink term, S, is then calculated using that velocity field. Afterwards,
the pressure field at the macroscopic scale is calculated considering the sink term, S,, and it
is compared with the values supposed as boundary conditions at the mesoscopic scale, to be
corrected until both pressure fields are similar. This research was extended to the non-
isothermal and reactive cases. In the processing of composites, the non-isothermal case
happens when the resin and/or the mold are heated. This situation was simulated in [8],
where the influence of the sink effect on the global temperature profile for several time

instants was analyzed. On the other hand, the reactive case refers to the consideration of
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the resin curing during the filling of the cavity. The influence of the sink effect on the

global degree of cure profile was studied in [94].

Summary of works of modeling and simulation in dual-scale fibrous reinforcements.

To conclude the present section, the aforementioned works about dual-scale fibrous
reinforcements and some others are classified in the Table 2 and Table 3 in accordance
with: the main physical assumption of filling according to Figure 5, the phenomena and/or
properties that were analyzed, the variables that were considered, the dimension of the

problem and the numerical techniques used for the simulation.

a) b) C)

Figure 5 Main physical assumptions of filling of dual-scale fibrous reinforcements. a)
Case 1: Simultaneous impregnation of bundles and channels , b) Case 2: Channels
completely filled before any impregnation takes place inside the bundles, ¢) Approach
3: Channels and bundles completely filled with liquid.
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Table 2 Summary of works of modeling and simulation in dual-scale fibrous reinforcements (1)

Phenomena and/or properties analyzed

c
S -
= Void 1 void | void
Ref g Flow Macrovoid [Microvoid | Remotion | Effective [Compressibility| Void motion motion motion | Sink Non- .
2 | - . - - - - - space . Reactive
2 imbalance| formation |formation| of voids [permeability of voids dissolution between fromtows | along | effect |isothermal
fibers to channels| channels
Jinlian, Yi, and 1 x X
Xueming [3]
Koo, Il, and 1 N X
Hahn [25]
Gourichon et al 5 x X
[5]
Schell etal [81] | 2 X
DeValve and 1 X X X X
Pitchumani [80]
Hwang and 3 X
Advani [20]
Tan and Pillai, 3 X
[85]
Lundstrom [86] 2 X X
J. M. Lawrence,
Neacsu, and 2 X X
Advani [11]
Kang and
Kolleing [89] | ° X
Frishfelds,
Lundstrém, 1 X
Jakovics[90],
[95]
Lundstrom,
Frishfelds, 1 X X
Jakovics [78]
Lee, Il Lee, and 1 X X
Kang [4]
Pillai and 5 X
Advani [91]
Simacek 2 Ny
Advani [13]
Pillai [6], [7] 2 X X X
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Phenomena and/or properties analyzed

c
S -
g m\{)ct)ilgn Void Void
Ref g Flow | Macrovoid |Microvoid| Remotion [ Effective | Compressibilit|  Void motion tion in | SinK Non- Reacti
ﬁ imbalance| formation [formation| of voids [permeability| vy of voids dissolution b:Evian from tows Tt?alnor?e;g effect | isothermal | ~eactVe
fibers to channels
Tan and Pillai 2 .
[14]
Tan and Pillai 2 X X
(2 [8]
Tan and Pillai 2 . X .
(3)[94]
Foley and 1 .
Gillespie [87]
Gangloff,
Hwang , Suresh | 3 X
[96]
Di Fratta et al
[97] 2-3 X X
Tahir,
Hallstrémand 3 X
Akermo [98]
Cender,
Simacek, 2 X
Advani [99]
Haji, Saouab,
Nawab [100] | 273 X X
Gascon et al 2 x x x
[92], [93]
Zhou, Alms and 2 "
Advani [101]
Zhou et al. 2 x
[102]
Shou, Ye and
Fan 3 X
[24]
Shou et al [23] 3 X
Patifio et al 1 X x X
[103]
Patifio et al 1 X x x
[104]
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Table 3 Summary of works of modeling and simulation in dual-scale fibrous reinforcements (2)

Numerical

Variable considered

Ref techniques| Fiber Towssize Anisotropy Fiber | pyc [Viscous vs. Reynolds| Matching Critical Global [Tempera| Cure | Global |Pimension
q : and - fraction - | Capillary " velocity of .
stacking ratio porosity number | conditions | . . |pressure| ture | degree |saturation
geometry of tows forces void remotion
Jinlian, Yi, and
Xueming [3] CV-FAN X X 2D
Koo, Il, and
Hahn [25] Na X 2D
Gourichonetal | FEM/CV X X 2D
[5] -VOF
FEM/CV
Schell et al [81] VOF X X 2D
DeValve and Ansys-
Pitchumani [80] | Fluent X X 3D
Hwang and FEM-
Advani [20] VOF X X X X 2D
Tan and Pillai, FEM- x 3D
[85] VOF
Lundstréom [86] na X 2D
J. M. Lawrence,
Neacsu, and FE\%'C:V X X X 2D
Advani [11]
Kang and
Kolleing [89] na X X 2D
FrlshfeIEjs, Monte
Lundstrom,
. Carlo- X X X X 2D
Jakovics[90], Level Set
[95]
Lundstrém, Monte
Frishfelds, Carlos- X X X X 3D
Jakovics [78] Level Set
Lee, Il Lee, and
Kang [4] na X X 2D
Pillai and
Advani [91] na X X 2D
Simacek Advani | FEM/CV X X 2D
[13] - VOF
Pillai [6], [7] na X X X 3D
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Numerical

Phenomena and/or properties analyzed

Ref techniques| Fiber Towsize Anisotropy Fiber | piyc |Viscous vs. Reynolds| Matching Critical Global [Tempera| Cure | Global |DPimension
- and - fraction - | Capillary . velocity of .
stacking ratio porosity number | conditions | . |pressure| ture degree |saturation
geometry of tows forces void remotion
Tan and Pillai FEM/CV
[14] - VOF X X 3D
Tan and Pillai FEM/CV X X x 3D
(2) [8] - VOF
Tan and Pillai
(3)[94] na X X X X 3D
Foley and FEM-
Gillespie [87] | VOF X X X 2b
Gangloff,
Hwang , Suresh FEM/CV X X X 2D
[96] Comsol
Di Fratta et al
[97] na X X 2D
Tahir,
Hallstrémand Al\il?luse\r:ts X X X 2D
Akermo [98]
Cender,
Simacek, na X X 2D
Advani [99]
Haji, Saouab, FLOW x 3D
Nawab [100] 3D/VOF
Gascon et al
[52]. [93] i - ®
Zhou, Alms and na X " 2D
Advani [101]
Zhou et al. [102] na X X 2D
Shou, Ye and
Fan na X X 2D
[24]
Shou et al [23] Na X 2D
Patifio et al BEM/Mark x x . . X 2D
[103] er particle
o DR-
Patifioetal 150\ 1/Mark X X 2D
[104] .
er particle
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1.3.4 Numerical techniques to track the fluid front

The numerical techniques mentioned above deal with the solution of the pressure field
equation and the velocities in the fluid front. Regarding the techniques to track the moving
boundary, four of them can be emphasized here: the direct Euler integration, the volume of
fluid, the characteristic equation technique, and the fast marching and level set techniques.

In the direct Euler integration (Figure 6), the advancement of any node in the boundary is
computed once the normal velocity is known, with the finite difference schemes as the most
used. The main disadvantages of this technique are: the numerical instabilities arising
when two or more nodes in the boundary become very close among them, the possibility of
crossing of points during the advancement of the fluid front and the difficulties to deal with
encountered flows. This method is used in the present work and the problems associated to
its implementation are dealt by mean of remeshing and smoothing algorithms and imposing

several constraints to the time step, as it is detailed later.

Figure 6 Direct Euler integration technique.

The base of the characteristic equations technique is the transformation of the PDE that
describes the motion of the fluid front into an ordinary differential equation. According to
this technique, the vertical fluid front position can be described by a Hamilton-Jacobi
equation [105], whose corresponding characteristic equations are used to track the moving
boundary. In some parts of the fluid front, slope discontinuities are present and the
characteristic equations have not solution (Figure 7a). In those particular cases jump
conditions are applied to compute the velocity components in the discontinuities [105].
Other particular situations with this technique are the expanding corners, where there are
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infinite ways to connect the nodes that surge from the displacement of the fluid front
(Figure 7b); the entropy condition is applied in this situation. As the last conditions, there
are other special conditions associated with this technique that make it difficult to

implement.

\ Slope discontinuities

o > .
a) b)

Figure 7 Typical situations requiring special conditions in the characteristic equations

method. a) Slope discontinuities, b) Expanding corners.

The fast marching method, level set method and combinations among them are interesting
techniques for capturing the motion of interfaces; they were originally proposed by Sethian
[57]. Their application in the fluid front tracking of filling simulations in LCM have been
increasing for both single-scale [46], [50], [58], [106] and dual-scale preforms [78].

The fast marching method is a boundary value formulation in terms of a function T (X) that
describes the arrival time of the fluid front to a given point X; the solution surface for T'(x)
can be obtained by solving the Eikonal equation [107]. The position of the fluid front, I'(t),
in a determined time instant, ¢, can be described as: I'(t) = {XeQ/ T (X) = t} (Figure 8a).
The Fast marching method is suitable for flows that always move exclusively positive or
negative to the boundary (surface is exclusively contracting or expanding, but not both ones
in a same problem), because a single crossing time is permitted at each grid point [57].

The level set method is an initial value formulation, where a signed distance function,
@(x,t), representing the distance of any point X to the interface I'(t) is considered [57].
This distance function is zero at the moving interface and can be calculated by solving a
pure advection equation. The position of the fluid front, ['(t), in a determined time, t, using
the Level Set is described as: I'(t) = {XeQ/ @(x,t) = 0} (Figure 8b). The main advantage

of the Level Set over the Fast Marching method is that the extended velocity can be both
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positive and negative, which means that this method can describe both expanding and
contracting surfaces in a same problem.

The calculation of the extended velocity function has been deeply discussed because it is a
key factor in the correct implementation of both methods [107], [108]. A mixed approach
that have shown an acceptable efficiency in many problems consists on using the Fast
Marching method to compute the extended velocity function of an interface that is being
tracked by the Level Set method. Both the Fast Marching and the Level Set Method require
the use of specific solvers for hyperbolic equations. Two schemes are commonly found in
the literature [109], [110]: the Euler scheme and the Third order Runge-Kutta variation
decreasing scheme (TVD).

=3 Initial Grve T ’ .
a) b)
Figure 8 Fast marching and level set method for interface advancement. a) Fast
Marching. b) Level Set. Source: Sethian [57]

Finally, the volume of fluid techniques (VOF) are the most used for tracking the fluid front
when FEM or CV are used to compute the pressure field and the normal velocities [3], [8],
[22], [33], [40], [80], [94], [111]. In these techniques, a fluid volume fraction, f,, is
assigned to each control volume or element, with f, = 1 corresponding to the liquid phase
and f, = 0 to the gas phase, while the fluid front is located in the region where 0 < f,, < 1
(Figure 9). The fluid volume fraction, f,,, can be determined by the solution of a pure
advection transport equation (hyperbolic problem), which can be numerically instable due
to the appearance of smooth shock profiles, requiring the use of specific solvers [22], [80],
[111]. Another less rigorous but useful form to determine f,, is to consider the local mass
balance at the control volumes or elements; in that case, f, is also called the fill factor and

accounts for the amount of liquid entering a control volume (conforming) or element (non-
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conforming) per unit volume [3], [8], [14], [33], [40]. Once the values of f, in the control
volumes or elements of the fluid front are known, interface capturing schemes are
implemented to reconstruct the approximated fluid front shape, being one of the most
applied the Flow Analysis Network (FAN) [3], [112], [113].
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o

Figure 9 Volume of fluid techniques.

The VOF techniques apply to mesh-fix approaches, where only one mesh is considered for
the whole domain (saturated and non-saturated). On the contrary, in the mesh-moving
approaches, only the saturated domain is meshed and the original mesh elements could
evolve in size and shape (Lagrangian) or the mesh can be updated continuously (Eulerian)
as the filling takes place [36]. In the mesh-moving approaches the mesh have element
nodes corresponding exactly to the moving interface, allowing in this way the direct
application of the interface dynamic condition. However, the computational cost of the
mesh-moving Eulerian approaches could be considerably higher regarding the mesh-fix
approaches since domain remeshing is required as the fluid front progresses, whereas, for
the mesh-moving Lagrangian approaches, the original mesh could become significantly
distorted and/or coarse as the filling occurs.
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1.3.5 Influence of voids on the mechanical properties of composites materials

The study of void formation in dual-scale fibrous reinforcements used in the processing of
composites materials is encouraged by several reasons. One of the most important is the
high influence of the voids on the mechanical performance of the composites. Even though
the present work is not aimed to simulate the mechanical response of fiber reinforced
composites with the presence of induced voids, some works illustrating this are briefly
presented in this subsection.

In general, the study of the influence of the voids in the mechanical response of composite
materials can be addressed by using analytical models, experimental tests and/or numerical
simulations. Many authors agree about the low influence of the voids on the tensile
properties of unidirectional, cross ply and woven fabric composites made with conventional
reinforcements (like glass and carbon) when subjected to low strain rates [114]-[120].
However, for non-conventional composites or medium to high strain rate regimes, different
results can be found in the literature. For instance, in Protz et al. [119], non-crimp fabric
glass/epoxy composites were manufactured using Vacuum Assisted Resin Transfer
Molding (VARTM) and different void contents were obtained (between 0.02% and 4.53%)
by modifying the processing conditions. The authors studied the influence of the void
content on the tensile strength at several strain rates, namely, é = [4 X 107%,4 x 1073, 4 X
1072,4 x 1071,4,40]s 71, concluding that this influence can be disregarded when the strain
rate is below ¢ = 4 x 1071s™1, whereas for ¢ = 4 s~ the decrease of the tensile strength
with the void content is important and for the highest strain rate considered, & = 40 s~ 1,
this reduction is even more significant, which allows inferring that the tensile strength is
more sensitive to the void content as the strain rate is higher. The influence of the voids on
the mechanical properties of unidirectional flax fiber reinforced composites was
experimentally investigated by Li [120], finding that the tensile strength, tensile modulus
and ILSS are more sensitive to the void content in those kinds of composites than in glass
and carbon reinforced composites. The influence of the void location was also studied in
that work, concluding that the fracture modes of the composites are considerably affected
by voids located inside the flax yarns, whereas the ILSS is highly influenced by voids
located between the yarns. Conversely to glass and carbon reinforced composites, the
presence of voids at the fiber/matrix interface leads to the decrease of the tensile strength.
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Several authors are in agreement about the reduction of the interlaminar shear strength
(ILSS) with the void content after a critical void content has been reached [114], [118],
[121]-[124]. In Costa et al [121], the behavior of this property with the void content in
carbon fiber reinforced composites considering two resin systems, epoxy and bismalemide,
was studied, obtaining for both resin systems a similar critical void content (0.9%).
Similarly, Jeong [122] and Guo et al [114] also reported the existence of a critical void
content for the reduction of the ILSS, which is 1.11% for unidirectional carbon/epoxy
laminates according to [114], and 0.8% for woven fabric graphite/epoxy and 1.0% for
woven fabric graphite/polyimide laminates according to [122]. In DeAlmeida and Neto
[123], a fracture criterion based on the Mar-Lin equation was proposed and used to define
an acceptable void level according to the reduction of the ILSS.

The influence of the voids on the flexural properties of composites has been widely studied
as well. According to Guo [114], the concept of critical void content is also applicable to
flexural properties, i.e., when a critical threshold is exceeded, the void content has a
detrimental effect on the flexural properties. For void contents from 0.5 to 3.5%, Liu et al
[115] concluded that the tensile modulus is practically insensitive to the void content,
contrarily to the flexural modulus that decreases with such a content. The reduction of the
flexural modulus, E¢, and flexural strength, Sg, with the void content was also reported by
Hagstrand et al [116] in unidirectional glass/polypropylene composites beams, where a
reduction of around 1.5% in those properties for each 1% increase in the void content was
obtained. However, the authors also emphasized that the increase of the void content leads
to the increase of the beam dimension and, consequently, of the moment of inertia, I, which
in turn could bring about the increase of the bending rigidity, E¢I, when the void content is

below 14%.

The influence of voids on the fatigue resistance of composites has been studied as well. For
instance, Bureau and Denault [124] manufactured continuous glass/polypropylene
composites under different processing conditions of temperature, holding time, cooling rate
and pressure to obtain laminates with different void contents. Several samples were
obtained to carry out tensile, three-points bending and short beam shear tests, as well as
flexural fatigue tests, finding that the behavior of the fatigue S-N curves is influenced by
the void content by two reasons. The first one is that the fatigue strength coefficient is
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directly proportional to the flexural strength, which decreases with the void content; the
second one is that the fatigue strength exponent is inversely proportional to the ILSS, which
decreases with the void content too. In a similar fashion, the flexural fatigue performance of
unidirectional fiber reinforced composites produced by vacuum bag with void contents
between 0.5% and 6% was studied by Chambers et al. [125]. According to the authors, in
general, the void content affects the initiation and propagation of flaws, and consequently,
the flexural fatigue performance. However, authors posed that the void content can be
considered as a very simplistic variable to describe the influence of the voids on the fatigue
life of the composites. For a same void content, different void sizes and locations could be
expected, and these factors (void size and location) are strongly linked to the fatigue
performance. The results of Chambers et al. [125] suggested the existence of the critical
void size (void area>0.03mm?) above which the influence of the voids on the flexural
fatigue life is more significant. The authors also concluded that voids located at the
midplane of the laminate have a more important influence on the fatigue life.

According to Zhang [126], the impact resistance could be also affected by the void content.
Impact tests in carbon/epoxy laminates with three porosity levels were conducted by the
authors, finding that, for the same impact energy, the dent depth and damage area
significantly increases with the void content, whereas the Tensile Strength After Impact
(TAI) slightly decreases.

The computational mechanics has noticeably contributed to the comprehension of the
interaction between the voids and the mechanical response of the composite. Finite Element
Analyses (FEA) of Representative Unitary Cells (RUC’s) with induced voids and being
subjected to normal and shear loadings were performed by Huang and Talreja [117] with
the purpose to determine the relationship between the void characteristics and the effective
elastic constants. The FEA model was validated using a problem that admits analytical
solution based on the theory of Mori-Tanaka, and then it was used to carry out a parametric
study. According to the numerical results, the void content has an important effect on the
out-of-plane modulus, whereas the in-plane moduli are less significant affected. For a
constant void content, the void shape also influences the properties, with the flat voids
having a positive effect on the in-plane moduli, but a negative one on the out-of-plane

stiffness, and the long voids reducing the out-of-plane modulus, but having a negligible
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effect on the in-plane stiffness. On the other hand, the effect of voids on the fracture
behavior of woven fabric composites was numerically studied by Ricota et al. [127]. The
beam-on-elastic-foundation theory was modified by the authors to account for the
transverse shear effect and material orthotropy, and the resulting model was used to
calculate the Mode | Strain Energy Release Rate (SERR) in a double cantilever beam
(DCB) with the voids placed ahead of the crack tip. Two-dimensional finite element
analyses were carried out to validate the analytical model. The influence of the size, shape
and location of voids on the SERR was investigated, concluding that the increase of the
void size and the decrease of the distance between the void and the crack tip for all kinds of
voids considered, as well as the increase of the void aspect ratio for elongated voids, lead to
the increase of the SERR.

Finite Element Analyses (FEA) of the mechanical response of RUC’s with different fiber
volume fractions and void contents were also conducted by Dong [118] considering the
properties of carbon/epoxy composites. The influence of the void content on the properties
of laminae and laminates was studied, finding that the transverse properties of laminae
(transverse modulus, in-plane shear modulus, transverse tensile strength, transverse
compressive strength and in-plane shear strength) are significantly affected by the void
content, as well as it is the ILSS of the laminate. The influence of the void content on the
longitudinal modulus and longitudinal strength of the laminae is almost insignificant,
confirming previous results. Regarding the effective tensile strength and effective modulus
of the laminate, the critical void content from which these properties reduce depends on the
stacking sequence. As reasonable, for laminates conformed with plies predominantly
oriented along or in a direction close to the loading axis, the reduction of the mentioned

properties with the void content could not be significant.
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1.4 Objectives

General objective.

Implement BEM techniques in the simulation of the impregnation phenomena of dual-scale

porous media used in the processing of composites materials.

Specific objectives.

Analyze the influence of processing, material and geometric variables on the void
formation by mechanical entrapment of air, by mean of the simulation of simultaneous
filling of RUC’s.

Analyze the influence of the type of formulation for coupled problems free fluid-porous
media (Stokes-Darcy and Stokes-Brinkman) and of the interface matching conditions on
the void formation process, by mean of the simulation of simultaneous filling of RUC’s.

Devise a new methodology to determine the influence of macroscopic parameters on the
saturation rate of the bundles during the RUC filling, and, in this way, determine sink
functions to be used in macroscopic problems (filling of cavities).

Determine the influence of the RUC geometry on the relationship between the effective
unsaturated permeability and the saturation degree, by mean of filling simulations
assuming full filled channels.

Study the critical conditions associated to the compressibility, motion, migration and
splitting of the bubbles formed in the bundles, by mean of filling simulations assuming
full filled channels.

Analyze the influence of processing parameters in the filling of cavities considering the
partial saturation of the RUC’s (sink effect) at both constant pressure and constant flow

rate regimes.

1.5 Methodology

The present work is developed in six main stages. The first two stages correspond to

Chapters 1 and 2, respectively. In the present Chapter 1, the problem statement, literature

review, objectives and methodology are presented, whereas in the Chapter 2 the theoretical

background supporting this work is summarized.
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The third stage tackles the simulation of simultaneous filling of channels and bundles inside
the RUC using two formulations, Stokes-Darcy and Stokes-Brinkman. This stage is aimed
to study the influence of processing, geometric and material variables, as well as the
influence of the formulation type (Stokes-Darcy and Stokes-Brinkman) and interface
matching conditions on the size, shape and location of voids formed by mechanical
entrapment of air at mesoscopic scale. In this stage two types of numerical codes are
developed: codes to solve the governing equations and codes to track the fluid front.
Regarding to the first kind of codes, BEM-based algorithms for Stokes-Darcy and Stokes-
Brinkman problems are developed, and the validation of such algorithms is done with
classical problems admitting analytical solutions. Once the validation has been done, the
codes are implemented in moving-boundary problems applied to the processing of
composites and results are compared with previous works. This stage is developed in
Chapters 3 and 4.

In the fourth stage it is considered the impregnation of bundles inside the RUC when the
channel is totally filled with liquid using the Stokes-Darcy formulation. The goals of this
stage can be summarized as follow: 1) study the dynamic evolution of voids formed inside
the transverse bundle, considering the processes of compression, motion, migration and
splitting, 2) devise a new methodology for determining a sink function in terms of
macroscopic parameters in order to conduct macroscopic simulations in the following
stage, 3) determine the influence of the RUC geometry on the curves of effective
unsaturated permeability against saturation degree. The Stokes-Darcy code developed in
the Stage 3 is adapted to the particular problems of this fourth stage, where considerable
amount of simulations are required with the purpose to deduce sink functions from the fit
model that describes the behaviour of the saturation rate in terms of several macroscopic
variables. This stage is developed in Chapters 5 and part of Chapter 6.

The stage 5 is devoted to the unidirectional filling of cavities taking into account the partial
saturation of the RUC's using an Equivalent Darcy formulation. The main purpose of this
stage is to analyse the influence of the inlet pressure, inlet flow rate, vacuum pressure and
air entrapment parameter on the behaviour of the global saturation in dual scale fibrous
reinforcements. The sink functions obtained in Stage 4 are used to deal with the multiscale

coupling between the macroscopic and mesoscopic fillings by means of a lumped strategy.
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A DR-BEM code for the solution of Poisson type equations with non-linear terms is
developed. This code is validated with an analytical solution of a simple macroscopic
problem at constant inlet pressure regime. The assessment of the ability of the sink
functions to predict physically consistent macroscopic results is done by comparing the
numerical pressure profile with previous experimental works. This stage is developed in the
last part of Chapter 6. In the last stage, Chapter 7 presents the concluding remarks,
contributions and future works.
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2. THEORETICAL BACKGROUND

In the present section some general concepts and equations supporting this research are
succinctly presented, but the specific conceptual, mathematical and numerical frameworks
of each topic are presented in the next chapters for sake of clarity. Firstly, the general
description of Liquid Composites Molding (LCM) processes is done, identifying the
principal stages and advantages of these processes. Then, the deduction of the governing
laws of dual-scale fibrous reinforcements from the volume-averaging method is briefly
presented in order to identify the physical considerations that lead to the Darcy and
Brinkman equations in its different forms at mesoscopic and macroscopic scale. The
principal kinds of permeabilities found in scientific literature and the general formulae for
the calculation of the capillary pressure in open channels and porous media are exposed
thereupon and, finally, the deduction of the boundary integral formulations for the Laplace
and Stokes equation is concisely shown. Some concepts and equations presented here are

repeated in the following chapters to make easier the reading.

2.1 Liquid Composites Molding

The processing techniques of composites materials can be grouped into two families: open
molding techniques and closed molding techniques. In the first ones, the part is
manufactured in a one-side mold, while in the second ones, mold and counter-mold are
required. Examples of open molding techniques are [128]: hand lay up, spray up, filament
winding, vacuum bagging, centrifugation, among others. On the other hand, in the family of
closed molding techniques, the Liquid Composites Molding (LCM) techniques can be
highlighted. In the LCM techniques, the dried fibrous reinforcements, which can be
previously preformed by mean of binders, heat and/or radiation (Figure 10a), are positioned
into a cavity (Figure 10b) and then they are compacted by the counter-mold (Figure 10c);
these reinforcements assume the shape of the cavity and are deformed, according to their
drapeability, due to the compaction pressure (Figure 10b-c); then, a pressure-driven and/or
vacuum-driven resin flow is injected to fill the void spaces, process in which the capillary
pressure and/or gravity can play an important role (Figure 10d). Subsequently, the total
resin curing takes place (Figure 10e), the part is removed from the mold and finishing

operations could be required (Figure 10f). Both the injected resin and the molds can be
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heated to facilitate the processes of impregnation, compaction and curing. The most

common LCM techniques are [129]: Resin Transfer Molding (RTM), Vacuum Assisted

Resin Transfer Molding (VARTM), Structural Reaction Injection Molding (S-RIM), Co-

Injection Resin Transfer Molding (CIRTM), Seemann’s Composites Resin Infusion

Molding (SCRIM), RTM light, Compresion Resin Transfer Molding (CRTM) and Resin

Infusion between Double Flexible Tooling (RIDFT). The LCM techniques are massively

used in many industrial sectors: aerospace, aeronautical, military, transport, construction,

naval, sport equipment, safety, alternative energies, among others. The massive acceptance
of LCM techniques in the industry is supported by the advantages of these techniques with
respect to other ones, some of which are briefly mentioned in the following bullets:

e The dimensional control of the parts is very good.

e The surface finishing of the pieces is excellent.

e These techniques allow using many kinds of high-performance fibrous reinforcements
and resins not usable in other processes.

e High fiber contents can be reached with these techniques, which imply parts with better
mechanical properties.

e These techniques allow controlling the void formation and remotion by modifying
material, geometric and processing parameters that are more complicated or even not
possible to control in other techniques.

e The manufacturing speed is faster than in other techniques, as the open molding
techniques for example.

e These techniques allow incorporating different kinds of fibrous reinforcements at
several orientations to obtain pieces with mechanical properties fitted to almost any
application.

e Almost any kind of cores can be used in the manufacturing of parts with these
techniques, allowing in this way the fabrication of lightweight structures, thermal,
acoustic and electric insulated panels, impact-resistant arrangements, among others.

e These techniques are environmentally friendly since the styrene emissions are

manageable and the waste of material is lower with respect to other techniques.
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Flexibility in the geometrical design is one of the most important features of these
techniques, that is, parts of complex geometries can be obtained because the addition of

inserts and the integration of several complex cavities are allowable with LCM.
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Heated <«—— composite
f)

Cured resin
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Figure 10 General stages of LCM . a) Preforming of fibers (Optional), b) Fiber
positioning, ¢) Compaction, d) Resin injection, €) Resin curing, f) Demolding and
finishing.
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2.2 Modeling of dual-scale fibrous reinforcements

2.2.1 Governing equations of porous media

Volume-averaged quantities.

In a porous medium, a Representative Unit Cell (RUC), named also Representative
Elementary Volume (REV), is a portion of the space associated to each point, Q, that is
used to describe the volume-averaged properties of the medium, as shown in Figure 11.
The RUC shall be large enough to average out the local variations of the properties under
certain scales constraints, but small enough to prevent averaging out long range variations.
The RUC must be much smaller than the total domain of the macroscopic problem, but
bigger than the individual pores of the medium [130], as it is also shown in Figure 11,

where it is observed that three phases can coexist into a RUC, namely, solid, liquid and gas.

liquid phase

7| solid
| phase
Lf ~ Ll ~ Lg
Figure 11 General scheme of a Representative Unit Cell (RUC).

The properties or physical variables of the points inside the RUC can be averaged with
respect to the total RUC volume or to the volume of one phase. Therefore, three types of

averages can be defined for any property or variable B (%, t) [130]:
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e Spatial average: The average of the values of B(X, t) in all points of the RUC regarding
the total volume of the RUC, V.

(B)=—[  B(%t)d0 (1a)

Veruc “VRUC

e Phase average of phase : The average of the values of B(X,t) in the points belonging

to phase £ regarding the total volume of the RUC, Vzyc.
-1 2 (1b)
<Bﬁ) Vrve fVB B(X, t)dVﬁ
e Intrinsic phase average of phase : The average of the values of B(x,t) in the points
belonging to phase $ regarding the total volume of the phase f, Vg
p—L 2 1c
(Bg) =5~ J, B )aVy (1c)

The relationship between (Bg) and (Bg)# is as follows:

(Bg) = e5(Bp)P ),
where g5 = Vg /Vgyc is the porosity of the phase 3.
The following theorems are very useful in the deduction of the volume-averaged
conservation equations for porous media [131]:

Theorem of phase volume-averaged gradient for scalar quantities, Bg:

9Bp 0<BB> —~ (3a)
o ) = T f , BptiizdAg
Theorem of phase volume-averaged divergence for vector quantities, B; ig:
0B; d(B; ) g (3b)
gy _ 2\
< axi ) - aXi VRUC fA lﬁnlﬁdA:B
Theorem of phase volume-averaged time derivative for scalar quantities, Bg:
dBg, _ 8(Bp) .~ (3¢),
G =5 v —f, Bt g dAg

where nlﬁ and u;, represent the “i” component of the normal vector and of the

LB
deformation velocity of the contour of the phase f, whereas A is the area of such contour.

Mass conservation equation.
The general form of the volume-averaged mass conservation equation for the phase g is as

follows:
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<38Ltﬁ) n (a(pﬁui3)> —0 (4),

Ox;

where pg and u; p are the density and “i” component of the pointwise velocity in the phase

B, respectively. If the boundaries of the phase g are not deformable, the application of
theorems 3b and 3c to the terms of Eq. 4 leads to the following equation:

App) , Hpptig) _

o~ ®),
at ax; " Vrue fA PpuigTgdAg

Momentum conservation equation.
If the phase B is non-deformable, the general form of the volume-averaged momentum

equation is as follows:

ooy opuigu,).  olo,) (6),
S (S — () — (ppgig) = 0

where g;; 8 and g; p are the pointwise Cauchy stress tensor and body acceleration, which are

defined as:
ou ou; 7
ig B ( a)
Tijp = ~Pp0i + kg (ax + ax; >
o _9%h 7b),
lﬁ - axi ( )

where g and h stand for the gravity and height with respect to a reference system, whereas
g is the fluid viscosity in the phase S.
If the theorems of 3a and 3b are applied in Eq.6, the equation 7b is substituted in the

resulting expression and the terms are properly associated, the following is obtained:

dppuig) ~ Oppuigjy) 0oy p) ogh 1 _
o T ax, o PP o T Vaue [(f pﬁuiﬁufﬁnfﬁd’qﬁ) B @®
1 a2 o —
e (fAB UijBnJBdAB) +pp fAthnlﬁdAﬁ] =0

Then, the substitution of the Eq.7a into 8 and the application of theorems 3a and 3b

generate the next equation:

dpguig) | HPpuiglip)  a(pp) g g agn)
ot + 0x; + 0x; (Sij_ﬂﬁ asz. ~Hp 0xjx; +pﬁ dx; + ©)
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[(f ppuigu 15, dAg) = (I, 0y, dAg) + pp f, ghiiogddg -

Vruc

15305 (Joy g5, + 0,545 )| = 0
Considering the EQg.2, the phase-volume averaged pressure can be written as

(pp) = e3(pp)? and the pressure gradient can be expanded as:

ax]'

dpp) _ g ]
=& ox; + (Pﬁ)ﬁ v (10)
By doing Bz =1 in Eq.3a, it is obtained that d{(eg)/dx; = —1/Vryc fAB@dAB, and

Eq.10 can be written as:

Apg) _ e a(pp)f (Pﬁ)'gf
axj B ox;j Vruc “Ap Jﬁ

7 dAg (11)

From (11) in (9), applying index contraction and associating, the next equation is obtained:

d(ppuig) oppuigujpy) App)P 92 “hg) 92 {ujg) agh)
at + 6Xj + Sﬁ ax; - ‘Llﬁ dx ] - ,LLB axj B axi' +

15 5T pdAp ) — oy T dAg — 12

VRUC [(f PﬁulﬁujﬁnjﬁdAﬁ) (fAﬁ OUanﬁdAﬁ) + Pp fAB ghnlﬁdAB ( )

2
< .o oA — B 7 =
HB 5 (fAB Uighy , + ujﬁnlﬁdAﬁ) (rg) fAB n}BdAB] =0

Under certain scales constraints, which are mentioned and applied in Chapter 6 and
explained in detail in [130], the inertial effects in the porous medium can be neglected, and
the firsts two terms of Eq.12 can be dropped, as well as the first integral appearing in such a

equation. After some terms association, the following is obtained:

App)® Ouig) Oy aghy , 1 [_ _
&g dx; —Hp ax] Hp 0xjx; + Pp dx; + Vruc [ (fAﬁ GijBnJBdAB) + (13)
" _ B 2 — ad i . . M =
Pg fAﬁghnl[gdAﬁ (pp) fAﬁn,BdAg] T (fAﬁuan]B +ujﬁnleAB) 0
By defining the viscous drag interaction force as:
-1 |- A 7 — B 7 =
fus = Gge |~ (U 00 p045) + Py [, gty dAg = o) [, 17 dAg| = (14)

Hpep (Kijﬁ)—l ()

the EQ.13 is reduced to:
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dpp)f w0 gign) -1 B
€p dx; Hp asz. Kp 0xjx; Pp ox; +'MBEB (Kijﬁ) <ujﬁ)

Hp 0
VRrRuc axj

(15)

(S, wig, + 1, TpdAg) = 0

-1
where (Kl-jﬂ) is the inverse of the permeability tensor of the phase g, Kl-jﬁ.
2.2.2 Governing equations for dual-scale porous media at mesoscopic scale

At mesoscopic scale, several approaches can be identified in the literature for the flow
modeling in the channels and bundles inside the RUC (See Figure 1b,c). The bundles are
usually conceived as single-scale porous media containing two phases behind the fluid
front: liquid (I) and solid (s) [6], [7], [12]. Considering incompressible resin, non-
deformable and impenetrable fibers and neglecting gravitational effects, Eq.5 and Eq.15 for

B = [ reduce to:

a<uil) _
=0 (16a)
a(p)t 0% (uy)) -1 _
iz ThE (Kijl) (ujl> =0 (16b)
t J
Eq. 16b is the Brinkman law that can be also written as:
apo* 0% (uy) i _
o, Herr ax]z_l + g (Kijl> (wj) =0 17),

where u.rr = /g is the effective viscosity, which, theoretically, is the ratio between the
real liquid viscosity and the porosity, but that can assume another values according to the
matching conditions between the channels and the tows as shown in Chapter 4.

Eq.17 can reduce to the Darcy law under the following scale restrictions: (Lgyc/L)? << 1
and Lgyc > Ly [130], where L is the characteristic length of the macroscopic saturated
domain, whereas Lgyc and Ly are the characteristic lengths of the RUC and the fluid phase,
respectively, as shown in Figure 11 (f = [ in this case since the air is not considered). In

Figure 12 two RUC’s with the same fluid porosity, &, are considered, with the first one
satisfying the second Darcy restriction, i.e., Lgyc > L, While the second one does not. This
means that the Darcy simplification is not strictly associated to the value of the porosity, ¢,
but to the pore distribution itself, with higher probability to be complied when & is low.

For instance, as mentioned by [6], the Darcy simplification is not possible if the RUC’s
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comprise the interface channel-bundle. In the present work, the flow modeling in the tows

is carried out by the Darcy law in Chapter 3 and by the Brinkman law in Chapter 4.

RUC1 RUC 2
< <
e W
gfl = ng
Figure 12 RUC’s with the same porosity modeled with different laws (Darcy and
Brinkman).

For the channels, the flow modeling can be carried out using the Navier-Stokes equation,
which considerably simplifies to the Stokes equation when the channel Reynolds number is
small. This is the situation considered here given the usual conditions of LCM processes.
Other authors have modeled the flow in the channels using the Darcy law with an
equivalent permeability [3], [25], [79]. This last approach is compared with the
implemented Stokes-Darcy approach in Chapter 3.

2.2.3 Governing equations for dual-scale porous media at macroscopic scale

At macroscopic scale, two approaches to model the unsaturated filling of cavities can be
mentioned. In the first one, a fluid phase (f), including both liquid (1) and gas (g), is
considered, and the gas density and velocity are neglected, obtaining the following mass

conservation equation from Eq. 5 for incompressible liquids:

@ a<uil) _ 1 o~
— + T Ty fAf u; M, dAy (18)

By defining the saturation as the ratio between the volume of the liquid and volume of the

fluid phase, s =V;/Vf, considering that & =V,/Vgyc and taking into account the
impermeability and non-deformability of the fibers, i.e., Ui, = 0 in Af, Eq.18 can be
written as:
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ds | Ouy)

& e + 0 (19),

ax;
where & is the porosity of the fluid phase, which remains constant.

Doing g = f in Eq.15, considering the mentioned assumptions, neglecting the gravitational
effects and applying the Darcy scale constraints, the following momentum equation is
obtained:

Kijra(pp)f
K 0x;j

() = - (20,

As (uif) ~ (u;,) and considering that both the permeability and the capillary pressure shall

be considered function of the saturation, s, EQ.20 can be substituted into Eq.19 to obtain the
well-known Richards equation:

as o (Kii/awpf(s))
Efa - a_xi(_ﬂf —ax,- ) =0 (21),

where K;; f(s) is also known as the effective unsaturated permeability, which is studied in

Chapter 6 of this work.

The second approach for the macroscopic modeling of dual-scale porous media, which is
employed in the present work, was proposed by [6]. Two phases are considered: the
channels or gaps (g), which are assumed to be initially filled of liquid, and bundles or tows
(t), which are considered initially empty (See Figure 1c). The mass conservation equation
can be obtained from Eq. 5 by doing 8 = g, considering an incompressible fluid, assuming

non-deformable tows and representing the gap-tow interface as gt:

uig) (22),
EP
where S; = —1/Vryc ngtuigtn’l;tdAgt is the sink term that arises in this approach

considering that the tows are permeable.

On the other hand, the momentum equation is achieved from Eq.15 by doing f =g.
Substituting Eq.22 in the resulting equation, neglecting gravitational effects and organizing
terms, the following is obtained:

Apg)d 0%(uig) -1 _ o (23),
ox,  Merr, o + g (Kijg) <ujg) Heff g o, I;; =0
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where Herr, = uy/gq4 is the effective viscosity in the gaps or channels, while I;; =

—Sg5ij+1/VRUCngtuigtnj;t+ujgtn’l;tdAgt is interfacial Kinetic effects tensor.

According to [6], Eq.23 is the equivalent Brinkman equation for dual-scale porous media.
The second term of this equation can be dropped under the same two scale restrictions
abovementioned (See Figure 11 and Figure 12) applied to the gap phase; the second
restriction reads Lgyc > Lg, With L, as the characteristic length of the gaps. According to
[6], [14], the last term of Eq.23 is likely to become important in regions where the gradient
of S, is very large, but for woven fabrics, the not consideration of this term is an initial
good approximation that significantly simplifies the problem. Details about the scale
restrictions that shall be complied here to use the Darcy law in the macroscopic modeling

are shown Chapter 6.

2.3 Permeability and capillary

Permeability.

The permeability is the property that indicates the easiness of impregnation of fibrous
reinforcements. Several kinds of permeabilities can be identified according to the approach
used to study the impregnation phenomenon. The permeability obtained from experimental

unidirectional or radial injections is known as the apparent permeability, K,,,, since the

pp!
mathematical model is based on the simple continuity and Darcy laws for single-scale
porous media, which is not necessarily valid for dual-scale porous media where the delayed
absorption of resin into the tows (sink term) shall be considered, as shown in Eq.22. Tests
to determine K,,,,, can be classified into two main families: saturated and unsaturated tests.
In the former ones, the preform is totally filled with the injection liquid at constant flow
rate, Q;n;, and two values of pressure, P; and P,, are obtained in points separated by a
distance Ly, in order to calculate the apparent saturated permeability, K4, sq¢, as follows:

_ Qinj UL1o 24
Kapp,sat__ A P,—P, ( )’

where u and A are the fluid viscosity and cross section area of the mold. On the other hand,
in the unsaturated tests, which are usually conducted at constant pressure, P,;, the

permeability is calculated according to the fluid front positions in the time. In unidirectional
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injections, the apparent unsaturated permeability can be calculated in three ways as follows
[132]:
Apparent unsaturated elemental permeability:

elem  _ & (LerQis)=Lep(t) | Lpp(td)—Lys(tizg) (Lff(fi) )
K, = ( + ) P17 (25a)

app,uns
pp 2 Liv1—t Li=ti—q

Apparent unsaturated pointwise permeability:
2
Kpoint _epfLyrty)] (25h)

aPPUNS " 2.t1(Pinj—Pfr)

Apparent unsaturated interpolated permeability:

Z?=1<Lff(ti)-\/m> (25¢)

2% ti(Pinj—Psy)

K&gg{;ns =é&u
where ¢ and Py, are the global porosity of the preform and the fluid front pressure,
respectively, while Lg¢(t;) and Le;(t;4,) represent the fluid front position in times t; and

ti+1, respectively. On the other hand, in radial injections, the apparent unsaturated
permeabilities in the principal directions are calculated using the following equation [133],
[134]:

Kocpmins = pior®.(2n C3) = 1) 0] i 5 @
Kopains = 7777 (20 () = 1) +3°| 5550 (26b),

where x¢ and yr are the fluid front positions in the principal directions of permeability (x
and y), while x, and y, represent the dimensions of the inlet port in the principal directions
of permeability.

As the modeling of dual-scale fibrous reinforcements using the apparent permeabilities
could be inaccurate, others types of theoretical and numerical models are required
according to the governing laws presented in Sections 2.2.2 and 2.2.3. At mesoscopic scale
(filling of RUC’s), if the tows are considered as a bank of aligned circular fibers, several
models can be used to compute the main tow permeabilities, K; and K, [23], [24], [102],
[135], with the Gebart model [135] as one of the most accepted:

Kt gepare = 8RZ. (1= V;)/(c.(Vp)?) (27a)
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Kz yopare = 1 (S Vrman V5 — 1) R 27b),
where Vy =1 — ¢, is the fiber volume fraction of the tow, with &, as the tow porosity,
whereas the parameters c, ¢; and Vy ,,,4, depends on the type of fibers arrangement.

The modeling of the filling in dual-scale fibrous reinforcements at macroscopic scale using
the Richards equation, Eg.21, requires to known a relationship between the effective
unsaturated permeability, K. (s), and the saturation, s. For the infiltration of soils, some
empirical relationships have been established [136], [137], as well as for the infiltration of
non-woven preforms [138]-[140], however, for woven or cross ply fabrics, as the ones
considered here, no empirical relationships between K.r:(s) and s are known in the
literature. It is important to mention that when s = 1, K, ¢ is called the effective saturated,
absolute or intrinsic permeability, K.rrq:, Whose behavior in dual-scale fibrous
reinforcement has been previously studied by several authors [20], [23], [24], [85], [98]. In
the ideal case, Kerfsar = Kapp,sar (EQ. 24). Another common term found in composites

literature is the relative permeability, K,.(s), as defined by:

Kefr(s)
K.(s) = ﬁ (28),

On the other hand, the macroscopic modeling of dual-scale fibrous reinforcements using
the approach of Pillai [6], Eq.(23), implies to know the gap or channel permeability, K,
which is not dependent on the channels saturation since it is assumed that channels are
totally filled with liquid before the impregnation of the bundles occurs at any RUC. This
permeability indicates the easiness of impregnation of the network conformed by the
channels assuming impermeable tows and can be determined from numerical simulations at
mesoscopic scale by prescribing a pressure gradient in the RUC and applying a Stokes-
Darcy formulation, as done in Chapter 6. The permeability of complex cell-structures has
been determined from numerical simulations in [139], [141]-[143]; in the present work, the
gap permeability, K, is determined in Chapter 6 for a simpler RUC geometry using the
BEM results.

Other type of permeability that is very common in the scientific literature is the effective
permeability in the direction determined by an angle ¢;; this permeability can be computed

in terms of the principal permeabilities, K; and K, as follows [144]:
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K1 K>
Ky.sen?(¢)+Kz.cos2 (¢)

Kerr(dy) =

where ¢; is the angle between the given direction vector and the major axis of permeability.

(29),

Capillary.

The capillary pressure is the pressure difference existing across the interface separating two
immiscible fluids generated by the difference between the adhesive and cohesive forces. In
an open channel, the expression for the capillary pressure can be obtained straightforwardly

by considering a differential element of the interface, as shown in Figure 13.

Figure 13 Balance of forces in the interface liquid-gas in open channels.

The forces equilibrium equation is as follows:

Peop(ds. cos(é?))2 = 2(Ads.sin(8y)) + 2(Ads. sin(6,)) (30),
where A is the surface tension in the interface liquid-gas. Considering that cos(6) = 1
because 6 is very small and taking into account that sin(6,) = (ds/2)/R; and sin(6,) =

(ds/2)/R;, the following is obtained after solving for P, in Eq.30:

1 1
Pap = A (5 +152) (31),
or in terms of the curvatures, k; and k,:

Pcap = A(Kl + Kz) (32),
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The sign of the capillary pressure in the numerical implementation depends either on the
sign of the curvatures and on the orientation of the normal vector along the interface. In this
work, the curvature is calculated in the wetting phase and the normals are outwardly
oriented from this phase towards the non-wetting phase; hence, the sign of Eq.32 is
changed in the kinematic condition applied to the channel fluid front.

In porous media, the deduction of expressions for P, is not so trivial considering that
P.qp depends on the architecture of the porous medium and the flow orientation. In a bank
of parallel fibers, when the flow goes along the fibers direction, it is supposed that the inter-
fiber spaces act as capillary tubes having an equivalent capillary ratio, R,., as it can be

appreciated in Figure 14.

Capillary
tube

Pcap = Pgir- Pliquid

}Pliquid

Figure 14 Balance of forces in the interface liquid-gas in capillary tubes.

The force equilibrium equation in this case is as follows:
Peapm. RE; = 2mR,Acos(6) (33),

with 8 as the contact angle. Solving for P.,,,, the well-known Young-Laplace equation for

ap:
capillary tubes is obtained:

2Acos(6)
F, cap = Roe (34),

where the equivalent capillary ratio can be approximated as R.. = Ry &./(1 — &), with R

as the fiber radius, leading to the following expression:

_ 2(1—g¢)Acos(0)

Prop = (39)

StRf
In a similar fashion, it can be demonstrated that the capillary pressure for flow across a

bank of aligned fibers (perpendicular to fibers) is:
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__ (1-€¢)Acos(0)

¥ cap — (36)

eRf
When the flow goes oblique to fibers, the calculation of P, has been tackled by
introducing experimental shape factors in the Young Laplace equation in such a way that
P.qp ranges between the values defined by Egs. (35) and (36) [75], [145]-[147]. In the
present thesis, a flow direction-dependent formula for the capillary pressure not
incorporating empirical factors is obtained based on the work of Massodi and Pillai [148],
in which a general formula for P.,,, in terms of microstructure parameters was deduced on
the basis of the energy balance principle. The expression obtained for P,,, is presented in
Chapter 3.

It is important to remind that empirical relationships between P, and s are required for
the solution of the Richards equation. This topic is out of the scope of the present work, but
could be addressed in future researches using BEM simulation. The treatment of this
particular issue in non-woven samples can be found in [138]-[140].

2.4 Boundary Element Techniques

The deduction of the boundary integral formulations for the Laplace and Stokes equations
is briefly presented here since these formulations are used in the BEM solution of coupled
Stokes-Darcy problems for isotropic porous media, being this the simplest case. The BEM
formulation for the solution of coupled Stokes-Darcy problems for anisotropic porous
media is presented in Chapter 3, while the DR-BEM formulation for coupled Stokes-
Brinkman problems is shown Chapter 4. In Chapter 6, the DR-BEM formulation to solve

multi-scale problems of partially saturated flow using a lumped strategy is presented.

2.4.1 Green identities and reciprocal relation

Laplace equation [149]

For any pair of twice differentiable functions, f and g, the following is valid:

d dg\ _ ,0%g , of dg
w(fon) =5+ oroe (37).

dx; L ax? T axjox

which can be rewritten as follows:
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% _ 0 (p20)_ 3% (38),

ax?  ax; U ax; dx; 0x;
EQ.38 is known as the First Green Identity. If the functions f and g are interchanged in
EQ.38 and the resulting expression is subtracted from Eq.37, the Second Green Identity is

obtained:

To_gil=2 (fa—g—ga—f) (39)

ax? ax?  9x; ' dx; dx;
If the functions f and g satisfies the Laplace equation, the left hand side terms of Eq.(39)

vanish, obtaining the reciprocal relation for the Laplace equation:
d (.09 of
o= 955) =0 (40),
Stokes equation [150]

Two independent velocity fields satisfying mass conservation, u; and u;, and pressure

fields, p; and p;, with corresponding stress tensors o;; and o;;,

are considered. Similarly
to Eq.37, the following is valid:

d . L 00 0Uj
o Woy) =u 3t + Loy (41)

Applying the definition of stress tensor, i.e., o;; = —p&;; + u(du;/dx; + du;/dx;), in the
last term of the Eq.41, the following is obtained:

aoij

90y _ %% du , 9y

ax; (u U‘J) Y ax; p ax 5” + 'u dx; (ax, + Oxi> (42),
where the second right-hand side term is dropped applying index contraction and mass
conservation, i.e., p(au;f/axi)aij = p(du;/0x;) = 0. Reorganizing, the counterpart

expression of Eq.38 is obtained as follows:

*aal 6ul ou;
w5 = 2= (o) — g (3 4+ 52) (43).

oxj  0x;
and following a similar procedure to the mentioned above for the Laplace equation, the
counterpart of EQ.39 and the reciprocal relation for the Stokes equation are gotten as

follows:
% adij . 60*

y_ 0 (ox x
7 dx; u] 0x; - dx; (u] O-l'j u]O-U) (44)

;. .
a_xi(uf 0ij — ujaij) =0 (45)
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It is important to highlight that Eq.45 is valid provided that both solutions satisfied the

Stokes equation.

2.4.2 Boundary integral formulations

Laplace equation [149]

The singularly forced Laplace equation in 2D is defined as:

(-8 =0 (46),

where &, (3? — 5) is the Dirac delta function in two-dimensions, x is the field point and 5 is

the source point. The function p* satisfies the Laplace equation everywhere with exception
of the point &, where it is singular. The solution of the Eq.46 in unbounded domains is the
free space Green’s function and is given by:

p'(%¢) = —5-In() (47),
with 7 = | % — &| as the distance between the field and source point.
In the Eq.39, it is considered that f = p and g = p*, with p as a solution of the Laplace
equation, i.e., d%p/dx? = 0. Additionally, considering that 3%p*/dx? = —&,(% — £) from
Eq.46, the Eq.39 becomes:

—p6 (3 - &) == (() a@m) (48)

Taking the integral of Eq.48 over the domain Q and applying the divergence theorem in the

right-hand side terms, the following equation is obtained:

Jo P8R =8)da = [, p"(%E)a@dS - [, q"(%E)p®dS (49),
where 7, is the outward normal vector, ¢*(¥,€) = (ap*(%,€)/0x;)R, and q(%,€) =
(0p(%,€)/0x;)@,. The first right hand side integral is the Single Layer Potential (SLP),
while the second one is the Double Layer Potential (DLP). For interior and exterior points,
the integral of the left hand side can be dealt using the Dirac delta properties, whereas for
points lying on the boundary, the continuous and discontinuous properties of SLP and DLP

needs to be considered. After solving the left hand side integral, the next expression is

obtained:
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cEpE) =1 p(ZEa@Dds - [, ¢ (%E)p@Dmds (50).
where:
1 when ? is inside ()
¢(&) =4 (a/(2m)) when ¢ lies on the boundary of Q
0 when ? is outside ()

with a as the solid angle that has a value of @ =  for smooth boundaries.

Stokes equation [150]

The singularly forced Stokes equation in 2D is defined as:

do}; 5
7, T 8% = )by =0 (51),
or equivalently as:
S T s, (3= )b =0 (52)
6xi 'u asz 2 t !

The velocity and pressure fields, u; and p*, as well as the stress tensor o;;, corresponding
to the solution of Egs. 51 and 52, along with the solution of mass conservation equation, are

the fundamental solutions, which represent the Stokes flow solution when a point force is

applied in the point 5 In EQ.51, b; is a vector indicating the strength and magnitude of the
applied force. The fundamental solutions are given by:

For the velocity:

ui (%,€) = ﬁ%’(f — )b, (53a)
For the pressure:
p*(%,6) = —p; (- b, (53b)
For the stress tensor:
05 (%) = = Tyje(% — )by (530),

where G;(% — 5), p;(% - 5) and T (% — g?) are the Green’s functions. In the case of

unbounded domains (free-space), the Green’s functions in 2D are as follows:
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For the velocity:

Gy(x—§) = ()6 +""‘f (54a)
For the pressure:
p(F-§) =22 (54b)
For the stress tensor:
. Lo 06 (#-F) 96 (7-¢ i
T =) = i - oy +u (D D) g588 (aag,

where £, = x; — & and r = |[¥ — £|.

In the Eq.44, u; and o;; are taken as the fundamental solutions defined in Egs.53a and 53c,
while u; and o;; are considered solution of the Stokes equation. Therefore, the following is
valid: do;;/dx; = 0 and do;;/dx; = —8,(% — f)bi from Eq.51. Taking into account the
symmetry property of the stress tensor, it is also valid: do;;/0x; = 0 and doj;/0x; =

—62(9? - f)bi. As Eq.44 is scalar, it is possible to interchange indexes in the left hand side

terms, i.e., i = j and j — i. Besides, as the vector b; is arbitrary, it can be set to one. These

considerations lead to the following vector equation:

52()6 - S;)um - ( : (x E)O-l] (x) u] (x) Lm] (x g)) (55)

amp fm

Taking the integral of Eq.55 over the domain Q and applying the divergence theorem in the

right-hand side terms, the following equation is obtained:
Jo 62(% = umda = |, ﬁajm(z =)oy (®ds — [, wi(®) - Tim(¥ — &) Mds  (56),
which can be rewritten, considering the symmetry property of the stress tensor, of the

Green’s functions for the velocity and of the Green’s functions for the stress tensor, i.e.,

0ij = 0ji, Gim = Gpyj, and Timj = Tjmi, and relabeling indexes (m — i,i — k), as follows:

fg 52(3_5 - g)ul aqa = fs 4 u (x )O}k(f)ﬁ;ds f Uj (x) jlk(x )ﬁ;ds (57)

Considering the definition of the traction vector, t; = gj,7ix, and the following terms:
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U/ (%,€) = —ﬁaij(f ) (58a)

Ki;(%, sg) = —ﬁ i (X — 5)7’12 = ﬁ jik(g_ X7y (58b),
the Eq.57 can be rewritten as:

with the first integral of the right hand side as the Double Layer Potential (DLP) and the
second one as the Single Layer Potential (SLP). In a similar fashion as the Laplace
equation, the left hand side integral can be solved using the properties of the Dirac delta

function and the properties of SLP and DLP, obtaining the next expression:

iEul@) = [ Ky Du@as - [ UG y@as ()
N N
where:
8;j when _)E is inside ()
Cij (g) =1 (a/(2m))5;; when € lies on the boundary of Q
0 when ? is outside )

with a as the solid angle that has a value of @ =  for smooth boundaries.
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3. VOID FORMATION IN DUAL-SCALE FIBROUS REINFORCEMENTS

BASED ON THE STOKES-DARCY FORMULATION*

3.1 Introduction

In the processing of composites materials many kinds of fibrous reinforcements have two
well-differentiated domains at the mesoscopic scale, channels and tows. Some authors have
modeled the filling of these fibrous reinforcements considering that both flow regions are
governed by the Darcy law, with the scale of permeability of the channels considerably
larger than the scale of permeability of the tows [3], [4], [14], [25]. In this type of approach
the low Reynolds number flow, creeping flow, inside the thin channels is approximated by
the Hele-Shaw cross average flow with an equivalent permeability. By using this
approximation some details of the interface process between the two media, channels and
tows, are lost, allowing only mass conservation and continuity of pressure across the media.
An alternative approach, and more robust, is to model the flow in the channels as a Stokes
flow, and the flow in the porous tows using the Darcy law (see [19], [23], [24], [100]), with
the corresponding coupling conditions between the two flow regions. This type of
mathematical formulation will be used in this chapter. Besides, the solid phase is
considered as non-deformable, the injected fluid is Newtonian and incompressible, inertial
effects are neglected (creeping flow), the tow porosity is constant and the permeability
changes according to the fibers orientation (anisotropic porous media).

The problem of simulation of the impregnation process of fibrous reinforcements at the
mesoscopic scale comprises two general aspects: the solution of the coupled governing
equations of the flow field and the advancement of the fluid front. The numerical
simulation of both aspects has been previously considered in the literature using different
numerical techniques, being one of the most popular the FEM/CV conforming technique
(among others see [8], [13], [14], [33], [38]), where the Finite Element Method (FEM) is
used to solve the governing equations and obtain the nodal values of the pressure field.
Since this type of FEM approach does not preserve locally mass conservation at the

element level, each Finite Element is internally subdivided and coupled with the neighbors’

* The results of the present chapter were published in: Ivan David Patifio Arcila, Henry Power, César Nieto Londofio, Whady
Felipe Flérez Escobar, ""Boundary element simulation of void formation in fibrous reinforcements based on the Stokes-Darcy
formulation™. Published in: Switzerland, Computer Methods In Applied Mechanics And Engineering, ISSN: 0045-7825 ed:
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subdivisions to form a local Control Volume (CV), i.e., one CV for each FEM node, as it
was shown in Figure 3. In each CV a filling factor, f, is evaluated from the mass flux
balance and the fluid front position is determined by interface capturing schemes. Several
of these schemes have been proposed in the literature; among them, the Flow Analysis
Network (FAN) approach, originally proposed by Tadmor et al.[151], considers that each
value of f is associated to the center node of the corresponding CV, and that the position of
the fluid front is determined by a weighted average value of the distances between the
neighbor CV’s nodes in term of their corresponding nodal vales of f.

Alternatively to the use of a FEM/CV conforming approach, a single CV formulation
allows the nodal values of the pressure field as well as the mass flux balance at each CV to
be determined without the need of creating auxiliary elements for a given discretization.
Since this type of approach is locally mass conservative, this is achieved at the expense of
lowering the convergence rate of the numerical solution in comparison with a FEM
simulation; see for instance Jinlian et al.[3], where a CV/FAN approach is used to study the
mechanism of void formation during RUC filling processes. The CV formulation of Jinlian
et al. [3] uses non-structured CV elements with a generalized Finite Difference (FD)
approach to evaluate the surface fluxes in terms of linear polynomial interpolation of the
pressure field. To keep the rate of convergence of the FEM/CV approach without the need
of defining auxiliary elements for the mass flux balance, it is possible to use a
nonconforming FEM formulation, which is locally mass conservative, allowing the
evaluation of the filling factor, f, at each element of the FEM discretization and the
corresponding position of the fluid front [40].

For the tracking of the fluid front, instead of evaluating a filling factor f by mass
conservation balance at each element, it is possible to solve a pure advection transport
equation defined for both phases, liquid and air, with the fluid properties (viscosity in this
case) given as a weighted average in terms of the volume of fluid fraction, f,,, whose value
also ranges between 0 and 1. As a hyperbolic problem, solution of f,, admits smooth shock
profiles, requiring the use of specific solvers. This technique, which is usually known
simply as VOF, has been previously used in the literature together with FEM and CV
techniques, see for example [111] for FEM/VOF and [22] and [80] for CV/VOF

simulations. Level Set formulations can be also considered for the tracking of the fluid
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front, where a signed distance function, @, which is the solution of a pure advection
transport equation, needs to be found, in such a way that in the filled region @ > 0, in the
empty region @ < 0 and in the moving interface @ = 0. Specific solvers need to be used as
well to solve the corresponding hyperbolic problem, and particularly, it is necessary to
avoid, as possible, numerical diffusion that will disperse the position of the interface. In
[106] a nonconforming FEM/Level-Set approach is presented for the numerical simulation
of resin transfer moulding process (RTM) in order to study race-tracking effects and macro-
void formation in complex geometries.

In contrast with mesh-moving schemes, where at each time step the mesh is refined and
forced to have elements nodes at the moving interface, in the above mesh-fix approaches it
is not possible to impose directly the interface dynamic condition, which consists on the
balance of surface forces (capillary tension). In some cases, those surface forces can be
considered as volume forces that are introduced into the original momentum equation and
are smoothly distributed around the fluid front [80]. Another alternative is the use of
enhanced FEM interpolations, as those ones used in fracture mechanics, where the interface
dynamic condition is imposed inside the elements containing the fluid front. In [106], this
type of enhanced or extended FEM approach (XFEM) was adapted to the nonconforming
FEM/Level-Set solution of the RTM process.

In the present chapter, the phenomenon of impregnation of the RUC is simulated by the
Boundary Element Method (BEM). In contrast with the FEM/CV techniques or any other
domain discretization approach, the BEM only requires the use of a mesh along the contour
of each sub-domain and not the use of internal elements, which is convenient when dealing
with moving boundary problems. In this approach it is also possible to implement directly
the dynamic interface condition at those boundary elements belonging to the fluid front.
Although the BEM technique is very popular to solve coupled Stokes-Darcy problems, to
the best of the author’s knowledge, this method has not been implemented yet in the
simulation of void formation in fibrous reinforcements. The BEM has been previously used
in the filling at the macroscopic scale considering a single-scale porous medium, see for
instance [46], [50], where a level set approach is used to track the fluid front position. In
our numerical scheme, a direct integration of the interface kinematic condition is used to

advance the fluid front (Euler method), instead of solving an auxiliary hyperbolic problem.
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In this way both interface boundary conditions at the fluid front, dynamic and kinematic,

are satisfied simultaneously in the numerical solution. This tracking methodology assures a

higher order accuracy of the fluid front shape when compared with the abovementioned

techniques.

The free boundary nature of the present problem implies the existence of some aspects not

considered in other types of coupled Stokes-Darcy flow problems:

The flow cannot be assumed primordially unidirectional and the mass exchange
between the sub-domains cannot be disregarded a priori, meaning that Saffman’s
simplication of the slip condition at the interface between the Stokes and Darcy flow
media is not necessarily valid in the present case. Consequently, the general Beavers-
Joseph slip condition needs to be considered and the tangential component of the Darcy
pressure gradient, which is usually neglected by other authors [152], [153], needs to be
evaluated numerically.

Some authors have taken a constant capillary pressure for the porous medium [14],
[80], [81] and others have considered the change of that pressure with the flow
orientation by introducing experimental shape factors [145], [146]. In the present
chapter, a general expression based on the energy balance principle that was proposed
by Pillai and Massodi [148] is adapted to the particular case of a porous medium
consisting on aligned micro-cylinders, in such a way that the shape factor is computed
theoretically and no experimental parameters are required.

In the simulation of dual-scale porous media for the processing of composites, the effect
of capillary forces in the channel flow region, which is associated to the curvature of
the moving front (See Chapter 2), is not usually considered [3], [13], [22], [80], [81].
This simplification is valid provided that the viscous forces exceed the capillary ones by
several orders of magnitudes. However, when the injection pressure or flow rate leads
to small modified capillary numbers, C;, the capillary forces in the channel can have an
important influence in the impregnation process, and they need to be taken into account

in the simulation, as it is the case of the lowest value of C; considered here.

In the first part of this chapter, the developed BEM code is validated with an analytical

solution of a simple Stokes-Darcy coupled problem, which was developed here by using the

lubrication approximation for the channel flow and the Equivalent Isotropic System
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transformation (EIS) for the anisotropic porous medium. Having validated the proposed
numerical scheme, two types of RUC filling problems are considered: The first one consists
on the simulation at constant pressure regime of the simultaneous filling of the channels
and tows that are present inside the RUC. The main objective of this simulation is to
compare the obtained BEM results with those ones found by Jinlian et al.[3] with the
CV/FAN approach. The second case, where a constant inlet flow rate is considered,
consists on a parametric study to determine the influence of processing, geometric and
material parameters on the size, shape and location of the voids formed by mechanical
entrapment of air. The parameters studied in the analysis are: modified capillary number,
tow porosity, width of the transverse tow, fluid penetrativity and RUC porosity. In both
cases, a simplified two-dimensional geometry of the RUC is analyzed. Although a rigorous
study of the impregnation process at the mesoscopic framework implies the modeling of
three dimensional flows, many authors have considered 2D geometries [3], [4], [22]-[25],
[81] to simplify their numerical analysis, but capturing the behavior of the main processes.
The particular geometry chosen in the present chapter is the same as the one considered in
[3], which is an adequate simplification of the longitudinal sections of multilayer cross-ply
fabrics. Additionally, according to Jinlian et.al [3], this simplification is also suitable for
multilayer woven fabrics when the configuration is Warp-Weft-Warp-Weft and the crimp

degree is low.

3.2 Governing equations, boundary and matching conditions

When the Reynolds number and the permeability are small, the coupling problem between
the fluid in the channel and the fluid in the porous medium can be defined by a Stokes-
Darcy formulation as:
For the channel (Stokes domain):
u(0%u;/0x;x;) — 0p/dx; = 0 (61a)
ou;/dx; =0 (61b)

For the porous medium (Darcy flow in the principal directions of permeability):
(up); = —(Ki/w). (9{pp)/0x;) (62a)
a(uf)i/axi =0 (62b),
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where u; and p are the “i” component of the velocity field and the fluid pressure in the
channel flow, (us); and (pp)f are the “i” component of the volume-averaged velocity field
and volume-averaged fluid pressure at the porous space (tow), K; is the “i” component of
the anisotropic permeability and u is the liquid viscosity, with a corresponding pore
velocity given by (us);/e., where &, represents the tow porosity (for more details see
[130]). From now on, the volume-averaged symbols are omitted for sake of simplicity, but
it is convenient to bear in mind that both the velocity and the pressure in the porous
medium are not pointwise quantities, but volume-averaged quantities instead.

The architecture of the porous medium is considered as a bank of aligned micro-cylinders,
and, under this assumption, the main components of the permeability can be computed

using the model proposed by Gebart [135]:
3
Ky =8R2.(1-V;) /(c.(Vp)?) (63a)
5/2
Ky = &s(WTpmax/V; — 1) RS2 (63b),
where Ry and Vy are the fiber radius and the fiber volume fraction, respectively. The

parameters c, ¢; and Vr mq, depend on the type of array. In this case, a hexagonal array is

considered and these parameters are as follows:

c =053 (64a)
¢, = 16/(9mV6) (64b)
Vi max = 1/ (2V3) (64c)

The following matching conditions between the Stokes and Darcy domains are considered:
e Continuity of normal velocities:
ui(s)ﬁi = ui(d)r’ii (65),
with the normal vector, 7;, outwardly oriented from the Stokes domain, and where
“s” stands for Stokes and “d” for Darcy.
e Jump of tangential velocities: this condition has been widely discussed in the literature
[154], [155], but the most common is the slip condition of Beavers-Joseph that reads

[156], [157]:

a 1
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On

where y is the slip coefficient, 7; is the tangential vector and K is the permeability
tensor. The slip coefficient, y, is usually found by mean of experiments, but when the
ratio between the height of the porous medium and the square root of the permeability
is very high, a good approximation for this coefficient is [158]:

y=1/(e?) (67),
The Beavers-Joseph condition could be simplified to the Saffman condition by

neglecting the Darcy velocity, ul@, in the Eq.66 [159]; the main advantage of Saffman
condition is that it is expressed in terms of only variables in the Stokes domain.
However, as it was pointed out by Cao et al. [156], Saffman’s assumptions omitting
the Darcian term in the Eq.66 are not applicable for all cases. Firstly, the Saffman’s
simplification implies unidirectional flow in straight interfaces where no mass exchange
takes place between the two media, and, secondly, this approximation requires the
isotropic condition of the porous medium, although some authors have implemented it
successfully in non-isotropic media under periodic conditions [154], [160]. Due to the
lack of strong basis to justify the applicability of such simplifications in all cases treated
here, it is reasonable to take the original Beavers-Joseph condition, Eq.66.

Continuity of surface tractions:

ﬁlO'l(Js)ﬁJ = —p(d) (68),

where ai(js) is the Cauchy stress tensor in the Stokes domain and p(@ is the pressure in

the Darcy domain.

the other hand, the boundary conditions can be classified into three types:
Inlet conditions: Two different types of conditions at the inlet are considered, namely,
constant pressure and constant flow rate. In the case of constant inlet pressure, the
conditions are as follows:
At the Stokes domain:
ty = =Dy, U =0 (69),
At the Darcy domain:
P =D (70),
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where t; is the surface traction in the horizontal direction and p,, stands for the
prescribed inlet pressure. For the constant flow regime, the inlet boundary conditions are
given by the total flow rate, Q = Q) + Q®, with corresponding contributions:

At the Stokes domain:

Q® = [, us.dA, u, = 0 (71)

inl

At the Darcy domain:
Q@ = J, (= Kn/1)(0p/0R)dA (72)

where K, is the effective permeability in the normal direction (See EQ.29), while Affl)l
and Al(fg represents the total inlet areas of the Stokes and Darcy domains, respectively.
e No-flux conditions: they are specified at the boundaries where symmetry is defined.
e Moving interface conditions: Kinematic and dynamic conditions at the moving
boundaries between the liquid and air phases (fluid fronts) are:

Kinematic condition:

dx;/dt = u,fi; = (u;.7,)A; (at the Stokes and Darcy domain) (73)
Dynamic condition:
t; + Puirfi; = Pogpfi; (at the Stokes domain) (74a)
P — Pgir = —Prqp (at the Darcy domain) (74b),

where Py, is the air pressure obeying the perfect gas law and £, is the capillary pressure.
In the interface kinematic condition at the porous medium, the normal fluid front velocity is
given by the normal component of the pore velocity as follows:

U, = —[K;/(e:1)]. (Op/0x)7; (75)
At the interface between the Stokes flow and the air, the capillary pressure is computed as:
Peap = —Ax = —A(V- 1), where A and « are the liquid surface tension and curvatures of
the moving boundaries, respectively. On the other hand, in the porous medium, the
capillary pressure depends on the contact angle (8), surface tension (1), architecture of the
porous medium and orientation of the flow with respect to the fiber axis (¢). Recently, it
was proposed the following general formula to approximate the capillary pressure in porous
media on the basis of the energy-balance principle [148]:

Peap = 2(A.cos(0)/Rec) (76a)
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Rec = Z(Aint,s/cint,s)(gt/(l - gt)) (76b)’
where A;,. s is the cross sectional area of the solid particles in the flow direction and Cj;, s
is the wetted perimeter of the solid particles, as shown in Figure 15 for the tow architecture

considered here.

Figure 15 Scheme of capillary impregnation of longitudinal bundles.

The capillary pressure at any point of the longitudinal tow depends on the angle between
the direction of the moving fluid front and the fiber axis, ¢ (Figure 15). If the flow
infiltrates the tow in parallel or oblique direction, as shown in Figure 15, A;;; s and Cip s
are approximated as the sectional area and perimeter of a truncated circular cylinder using
the Gauss-Kummer series for the perimeter of the resulting ellipse [161]. Therefore, for
0 < ¢ < m/2, equations for Ay, s and C;;,, s are as follows:

Aints = nfanzsec((p) (772)
1/2)2 (sec(<p)—1)2i) (77b),

Cints = nfan(l + sec(<p)). (1 + Zf’:l( ; seco)il

where n; is the number of fibers inside the tows . When the flow is parallel to the fibers

(¢ = 0), the Egs. 77a and 77b reduces to the same equations employed by [145], [162]. If

the impregnation occurs perpendicular to the fibers (¢ = m/2), the following expressions
are used:

Aints = 2ngLeRy (78a)

Cints = 2nsLs (78b),

where L represents the length of the fibers. On the other hand, for the transverse tow is

assumed that the fluid front moves inward perpendicular to the fibers and the mean

capillary pressure given by Neacsu et al. [163] is used:
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Peapr = (1/Ry)-[sin(Bougp + 0) = sin(Bnp + 0)]/(Z W +m) —1-v3/2)  (79%)

n=d/Ry (79b)
ﬁsup = (n/2-0) (79C)
Bing = (0 —1/2) (79d),

where P4, is the mean capillary pressure and d is the half-distance between fibers. The

ratio n is known as the relative spacing ratio, which, for hexagonal arrays, can be computed

as:

n= \/n/(Z\E(l —&)) -1 (80)

On the other hand, it is important to point out that the mean capillary pressure in the model
of Neacsu et al [163] is computed in a range between two limits of the local angular
coordinate of the contact point between the meniscus and the fiber, g, taking the origin in
the center of the fiber. The inferior limit appearing in Eq.79d, B;,, is a negative angle
corresponding to the instant when the meniscus first touches the surface of two neighboring
fibers, whereas the superior limit of Eq.79c, f,,, is reached when the flow is transferred to
the next concentric layers of fibers. For more details, see [163].

Given the surface only mesh discretization required in the BEM employed in this work, all
of the above boundary and interface conditions can be directly imposed into the

corresponding surface integral representational formula of the Stokes and Darcy flows.

3.3 Integral equation formulations and numerical techniques

The boundary integral formulations for the Stokes [164] and Darcy anisotropic [56], [58],

[149] equations are given in terms of the corresponding Green’s integral formulae:
ey Ow©) = [ K€ ) w»dS, — f; U/ 50)ds, (81)

c€p(Ee) = [, p (€4, y°) q)dSye — [ a7 (5%, y°) p(y©)dS,e (82),
where:
c;j = (a/2m)é;;, with a as the solid angle at the source point, whose value is a =  for
points located over a smooth contour. For points located inside the domain, ¢;; = §;;. In a

similar fashion, c(&€) is equal to % for points over a smooth surface and to 1, for points
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inside the domain. On the other hand, the superscript "e" represents the Equivalent
Isotropic System (EIS) that is obtained after scaling the x and y coordinates of the original
system in terms of the anisotropic ratio of permeability, K, /K,, as it is shown in Appendix
A.

The integral kernels in Eq.81 and EQq.82 are given in terms of the corresponding

fundamental solutions, which are the following:

UJ(E y) — __[l 61] + (fi‘%’i(jj_)’j)
Ky (& y) = — 1(51 v (=) Ex=yidne ()
p (&% y°%) = ——ln(re)
Q*(fe,ye) = — 2n(r9)2 [(yl 51 )fene(y) + ()’2 fz)fe (y)]

fe = ||(Ke/K) Y477, (Ko /K) Y4753 |

r=15—-yl

ré =ly® =&l

where & (&€ in the EIS system) and y (y¢ in the EIS system) are the source and field points,
respectively, with the integrals containing the fundamental solutions Ul.j (¢,v) (Stokes) and
p*(&¢,y¢) (Darcy) corresponding to the Single Layer Potential (SLP), and those ones
containing K;;(¢,y) (Stokes) and q*(¢¢,y®) (Darcy) to the Double Layer Potential (DLP).
The factor f¢ comes from the transformation of the normal vectors, as shown in Appendix
A. As it is demonstrated in Appendix A, the Eq.82 can be also written in the original

coordinate system with fundamental solutions given by:
w®w=—imm)

a6, y) = ay L (Enmy) = —Zn(r 72 [ = $0m () + (2 = )72 (v)]

1/2

ro = |(Ka/K)20n = £ + (Ka /K2 (v — £
Ke = (K1K3)"?

In both the Darcy and Stokes domain, the boundary and the physical variables are
discretized using quadratic isoparametric interpolation. At the corners, discontinuous shape

functions with a collocation factor of a4;; = 2/3 are used [165]. To compute the integrals,
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standard Gaussian quadrature is used. The singularities of the integrals of the DLP are
treated using the Rigid Body Motion principle [149], [150] and the singular integrals of the
SLP using the Telles transformation [166]. After the discretization of the contour and
variables of the problem, systems of linear algebraic equations are obtained, which can be

written in matrix form as:

[H]gsl\)ISXZNSﬁ = [G]gsl\)ISXZNSE (83)
d - d N
[H]oxngB = [Gloxn,d (84),

where Ng and N, are the total number of points of the boundary in the Stokes and Darcy
domains, respectively. In Eq.83, # and £ are the velocity and traction vectors, respectively,
whereas in Eq.84, p and ¢ represent the pressure and normal derivative of pressure,
respectively.

The matching conditions between Stokes and Darcy flows specified in Section 3.2 can be
implemented directly in terms of the fluid velocities and Stokes shear stresses, using the
corresponding interpolation functions. In the Beavers-Joseph slip condition, Eg.66, the only

physical variable that cannot be expressed directly as a local projection of variables

appearing in the integral equations, Eq.81 and Eq.82, is the Darcy velocity, ui(d). However,
by using the Darcy’s law and approximating the pressure gradient with Lagrange
interpolation functions for quadratic elements, L;({), the tangential projection of the Darcy

velocity can be expressed as:

u{®t; = —(Ki/u)(0¢/9x)2; (31;(3)/8)p; (85)
with ¢ € [-1,1]. By imposing the boundary and matching conditions, a well-posed system
of equations is obtained for the constant pressure regime, whereas for the constant flow
regime an additional equation needs to be considered, as will be discussed later. In both
cases, the final system of algebraic equations is solved using a Singular Value
Decomposition (SVD) algorithm [167], [168]. The main reason to use a SVD solver is due
to the coupling of two systems of integral equations where the resulting matrix system after
discretization is composed by elements of significant differences in magnitude (ill-
conditioning) and not easy to solve by a simple direct solver like Gauss elimination.

The numerical technique used to track the moving boundaries is based on a first order Euler

integration of the kinematic condition, Eq.73. As an explicit time stepping-algorithm is
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used, the time step needs to be restricted to small values, with magnitudes decreasing as the
capillary number decreases. As the fluid penetrates the RUC, the fluid front evolves in
shape and size, requiring the use of a remeshing algorithm to describe the moving front as
time progresses. Besides, since in the BEM formulation of the problem two different
surface integral equations are used to represent the solution, corresponding to the Stokes
(channel) and Darcy (tows) flows, it is necessary that, during the time evolution, a point at
the fluid front in one domain does not cross into the other domain, requiring the addition of
a geometrical constrain to the time step, At. The details of the fluid front tracking technique
implemented here can be seen in Appendix C.

Although quadratic isoparametric BEM elements always gives higher precision than
constant or linear elements, the nodes at the edge of the quadratic elements have a slightly
higher accuracy than the middle one, resulting, in our case, in similar differences on the
accuracy of the predicted interface velocity at those element nodes. In the case where
surface tension effect is negligible, and therefore the interface curvature is not important in
the filling process, these very small differences will only affect the evolution of the moving
front after a very long time. However, when surface tension effect is dominant and the
interface curvature needs to be considered, these differences can affect the evolution of the
interface due to the errors in the evaluation of the interface curvature. Consequently, when
quadratic isoparametric BEM is implemented for the solution of moving boundary
problems, it is always recommended to employ a surface smoothing algorithm after a series
of time steps, recursively, to mitigate this difference in accuracy between the element
nodes. The numerical details of this algorithm are also presented in Appendix C.

After updating the position of the fluid front, the redistribution and remeshing of the
interface elements is carried out by fitting parametric cubic splines along the newly
positioned interface nodes, from where the length of the interface is directly obtained by
integration of the corresponding spline curves. The splines are forced to be perpendicular to
the boundaries where the symmetric condition is prescribed and its slope is kept continuous
in the interfaces between the subdomains (i.e. channels and bundles).

In an evolution point x!, both the unit normal vector, A%, and the curvature, k!, are

computed numerically using the following fourth-order lagrangian polynomial [169]:

(x))' = 1/6 (x/72 = 8xi™! + 8x/*1 — xi*?), j =12 (86)
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(x) = 1/3 (=x7% + 16x/~" — 30 + 16x/*1 — xi*?), j = 1,2 (87)
it = 1/(JIGDD? + ()D2) (Geh), — (D) (88)
= [ ) — G /(D + (o] )

Once the meshes of the moving boundaries have been reconstructed at the current time step

and the normal and curvatures have been computed, the BEM algorithm is used to calculate
the velocity at the moving boundary and the cycle is repeated again in a quasi-static
approach given the low Reynolds approximation of the problem.

The velocity and pressure fields in the two flow regions, channels and tows, are post-
processing calculations that can be carried out once the systems defined by Eg.81 and
Eq.82 are solved. The fluid velocity inside the channel is computed using Eq.81 with
c;j = 6;j. The integral representation for the pressure is used to compute the pressure field
inside the channel [149]:

p(&) = 2u [, My (&N WSy — [, pi(&,y) t:(»)dS, (%0)
1

where p;(¢,y) = — (&; — y;) is the fundamental solution for the pressure equation and

2mr?
M (§,9) = - [2% — 2.(& — y1) (& — yi0)| is the gradient of p;(£, ).

In the porous medium, the pressure field inside the domain is obtained from Eq.82 with
c(é) = 1, while the pressure gradient is found by taking the directional derivative of Eq.82,

as follows:

ap(§°) ap*(é¢,y°) aq*(£%,y°)
98¢ = fg age q(ye)dsye - fS a—giep(ye)dSye (91)

The velocities in the interior points of the porous media are given by the Darcy’s law, in

terms of the pressure gradient, Eq.91.
3.4 Results and discussion

3.4.1 Validation of the BEM code for Stokes-Darcy problems

To verify the developed numerical code, the coupled Stokes-Darcy problem of Figure 16
that admits an analytical solution is considered. The problem is defined by two parallel
domains totally saturated, with the upper one as an anisotropic homogeneous porous

medium with the principal directions of permeability coinciding with the x and y axes and
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& = 0.6, and the lower domain as a thin channel. The slip coefficient given by Eq. 67 is
y = 1.29.

& Symmetry
Darc cap hy =3x10"3m
XA ! —1x10%p, | ¢
Il -
s X Stokes F Ppe=0 [hy=1x10"%m
- Symmetry
[=1x10"%m

Figure 16 Scheme of coupled problem Stokes-Darcy with analytical solution.

For this particular problem, an analytical solution in terms of power series was developed
here and it is detailed in the Appendix B. The goal of the solution is to predict the pressure
and velocity fields in both the Darcy and the Stokes domain.

The L2 relative error norms between the analytical and the BEM solutions for the pressure,
p, and velocities, u, and u,, are shown in the Table 4. Three factors are considered for the
analysis of these errors: the mesh size (h), the anisotropic ratio (K; /K,), keeping constant
the longitudinal permeability at K; = 1 x 1071%m?2, and the slip coefficient (y). The mesh
size is reported as h = e/H, where H = h; + hg is the total height of the domain (See
Figure 16) and e represents the size of one quadratic element. The meshgrid for the internal
points is uniformly distributed and constructed from the extension of the points of the
contour mesh.

According to Table 4, the maximum error for a determined mesh size is always obtained for
the horizontal velocity, u,, when K; /K, = 0.1 and y = 0.01, but this error decreases as the
mesh is finer. In general, the refinement of the mesh leads to the reduction of the L? error in
all situations, which means that the BEM code converges to the analytical solution;
however, the order of convergence is not necessarily the same in all cases. For instance, in
the Figure 17a, they are presented the power fit curves for the data of
L? relative error norm vs. Mesh size for the pressure, considering y = 1.29; the orders
of convergence, n., which are the exponents of the power regression equations, are
presented as well. As the anisotropic ratio, K; /K,, departures from one, namely, from the

isotropic condition, the L? error increases; furthermore, the order of convergence, n,, drops
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as K;/K, increases. The same plot type for the horizontal velocity is presented in the
Figure 17b. In that case, the reduction of the anisotropic ratio, K;/K,, brings about the
increase of the L? error and the reduction of the order of convergence. The vertical
velocities, u,, are not considered in the present convergence analysis since they are very
close to zero, however, as observed in the Table 4, the accuracy corresponding to u, is
acceptable enough in all situations. On the other hand, the influence of the slip coefficient,
y, on the accuracy and convergence of the BEM algorithm for p and u, is represented in
Figure 17c and Figure 17d, respectively, taking K;/K, = 10. For the pressure, this
influence is insignificant (Figure 17c); conversely, in the case of the horizontal velocity, the
accuracy diminishes as the slip coefficient, y, is lower and the highest order of convergence
is achieved for y = 1.29 (Figure 17d).

Table 4 Assessment of accuracy of the BEM algorithm for Stokes-Darcy problem

L? relative error norms

Mesh — — — —
sive | Variable _KJKTOI _ __Kyg?l _ _KdKfJO _ _KJK?UM _
) Y= y= y= Y= y= y= y= y= y= y= y= y=
129 01 001 129 01 001 129 01 001 129 01 001
493 491 490 478 478 477 504 504 503 570 570 5.70
p E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02
1,00 164 946 177 1.04 512 149 961 401 136 954 387 1.34
E-01 ! E-02 E-02 E-01 E-02 E-02 E-01 E-03 E-02 E-01 E-03 E-02 E-01
u 422 411 395 479 481 498 494 497 542 510 518 6.28
2 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02
3.11 3.11 310 3.07 3.07 3.07 333 334 334 424 424 424
p E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02
5,00 115 6.85 126 6,51 372 1.07 565 291 976 560 281 962

E-02 ! E-02 E-02 E-01 E-03 E-02 E-01 E-03 E-02 E-02 E-03 E-02 E-02

420 409 395 477 479 492 492 492 496 502 503 527
E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02
243 242 243 238 238 239 261 261 261 337 337 337
P E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02

Uu;

3,33 u 9.88 596 1.09 526 324 926 439 254 848 439 245 8.36
E-02 1 E-03 E-02 E-01 E-03 E-02 E-02 E-03 E-02 E-02 E-03 E-02 E-02

416 4.02 3.78 473 472 471 491 491 493 499 500 5.09
b E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02
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201 200 200 196 197 197 218 219 219 297 297 297
p E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02
é’_%g u 8.46 511 930 444 278 791 365 218 725 372 210 7.14
1 E-03 E-02 E-02 E-03 E-02 E-02 E-03 E-02 E-02 E-03 E-02 E-02
u 3.63 341 313 444 435 399 490 491 492 498 498 5.01
2 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02 E-02
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€ 5502 a8 0 amn € Laeo2 K1/K2=0.1
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d)

Figure 17 Convergence of BEM solution for Stokes-Darcy problem. a) For the
pressure, varying Ki/K,. b) For the horizontal velocity, varying Ki/K,.c) For the
pressure, varying y. d) For the horizontal velocity, varying .

In the present chapter, the slip coefficients that are used in the free-boundary simulations
are calculated using the Eq.67 and have an order of magnitude of 0(0). Considering the

results achieved for y = 1.29 in the Table 4, it is expected to obtain an acceptable accuracy

for those free-boundary simulations, even for the coarser mesh evaluated here, i.e.,

h =1 x 1071, In order to define the adequate mesh size for the free-boundary simulations,

both the L? relative error norms and the execution times need to be considered. The CPU

times for all mesh sizes considered here, with an Intel Pentium 2.1 GHz and 2GB of

memory, are shown in the Figure 18. Primarily, it is important to mention that the
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the next sub-sections will be larger than the ones appreciated in the Figure 18, because the
refinement of the mesh inexorably entails lower time intervals, At, for the advancement of
the moving boundaries due to the CFL condition and to the restrictions for At described in
the Appendix C. Therefore, it is convenient to evaluate, using the present results, the
improvement of the accuracy in light of the raise of the execution time. For example, taking
y = 1.29, if the mesh size is reduced from h = 1x 107! to h = 5 x 1072, the average
relative reduction of the L? error is 33.7% for the pressure and 32.3% for the horizontal
velocity, at the expense of an increment in the CPU time of 6.49 times; in that case, the
refinement of the mesh could be justified. Conversely, to change the mesh-size from
h=1x10"1to h=3.3%x10"2 could be considered impractical because it would imply
an increment of the CPU time of 23.40 times to reduce the error in 48.2 % for the pressure
and 54.3 % for the horizontal velocity. Taking this in mind, the mesh-size is taken as
h =5 x 1072 in the free-boundary simulations, where the mesh is fine enough to allow
approximating the fluid front shape by parametric cubic splines adequately (Appendix C.),
but not too much fine in order to obtain reasonable execution times. In the Figure 19a,b, the
BEM contour plots of the pressure and the streamlines, for K; /K, = 10, y = 1.29 and the
selected mesh-size (h = 5 x 1072), are compared with the analytical solution, obtaining a

satisfactory agreement.
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Figure 18 Execution time vs. Mesh-size for Stokes-Darcy problem.
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Figure 19 Comparison between analytical and BEM solution taking h=5x10-2,
KyK7=10 and y=1.29. a) Contour plots of pressure. b) Streamlines.

3.4.2 Comparison with CV/FAN approach.

Problem statement.
In the particular case of fabrics used as reinforcements in composite materials, with the
flow moving in the warp direction, the RUC has three distinguishable domains: channels,

longitudinal bundles (warps) and transverse bundles (wefts). When a simultaneous filling
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takes place inside the RUC, the flow is driven by a combination of viscous, capillary and
gravity forces, and the imbalances between the flow in the channels and the flow in the
porous media (warps and wefts) lead to the formation of voids by entrapment of air. This
sub-section is devoted to the description of the filling stages of the RUC until the void
formation and to the comparison between the present BEM results and previous CV/FAN
solutions in order to establish the influence of the mathematical model, numerical
techniques and matching conditions used in both simulations.

Two modes of RUC for multilayer woven fabrics were considered by Jinlian et al. [3]. The
Mode | consists on a simultaneous stacking of warps and wefts and it is the one considered
here because of its geometrical simplicity (Figure 20). There are three major differences
between the present approach and the one by Jinlian et al. [3]. Firstly, in the present
approach, the flow in the channel is considered a 2D Stokes viscous incompressible flow,
instead of a Darcy flow with an equivalent permeability. This is probably one of the
principal differences between both approaches since the Darcy flow in the channel is an
approximation of the real 2D flow field. This approximation is the source of the second
main difference between the two mathematical formulations. In the Darcy-Darcy
formulation of [3], the matching conditions between the channels and the porous media are
defined by continuity of pressure and normal fluxes, without defining any condition for the
tangential velocities. In the Stokes-Darcy formulation of the present work, the matching
conditions are totally defined in terms of the velocities and surface tractions, Egs. 65, 66
and 68. The other important difference between the two approaches is the numerical
technique used to track the fluid front. In the present BEM formulation the position of the
moving boundary is directly obtained by the Euler integration of the kinematic condition,
Eq.73, after imposing the dynamic condition, which, in this sub-section, is given by the
continuity between the liquid and air pressures, i.e., P.qp, = 0 in Egs.74a and 74b, to be
consistent with the work of Jinlian et al. [3]. On the other hand, the FAN scheme is used in
[3] to track the moving boundary. This scheme is a volume of fluid approximation that does
not determine the exact position of the moving boundary, but an average location instead.
Reproduction of the conditions used in [3] requires a constant injection pressure of
500 kPa and an air pressure of 100 kPa. In both approaches, after the void is formed, the

air is assumed to obey the ideal gas law and, for a volume fiber content of V; = 0.45, using
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Eqgs. 63a and 63b, the main tow permeabilities are K; = 2.63 x 10"'m? and K, = 1.32 X
10712m2, In the present example the fluid viscosity is u = 0.1934 Pa.s and the
comparison is given in terms of T* and A* , where T* is the time normalized with respect to
the total filling time (total time is 0.130 x 10~1s for CV/FAN and 0.117 x 10~1s for
BEM) and A* stands for the area of the void over the cross section area of the weft.

Symmetry conditions are prescribed along the half-height of the warps.

- Longitudinal bundle (Warp)

First channel _ Second channel

Longitudinal bundle (Warp)

LELILEL

Figure 20 Mode I of the RUC configuration used in Jinlian et al.
Source: Jinlian et al [3]

Filling of the first channel.

Comparison of the time evolution of the filling process is presented in Figure 21, showing
some similarities and discrepancies among both approaches. In the first instants of filling of
the BEM simulation (Figure 21a), taking the maximum fluid front position in the channel
and the minimum in the warp, the channel flow is ahead of the flow in the warp by a
distance equivalent to 8.48% of the RUC’s length. As the filling progresses, this separation
increases due to the difference in flow resistance between both media, as it can be
appreciated in the Figure 21b, where the distance between both flows is 19.50% of the
RUC’s length. The first important dissimilarity between the BEM and the CV/FAN
approaches can be identified after comparing the Figure 21b to Figure 21c, which have the
same fluid front position in the channel. The normalized time for the CV/FAN simulation is
T* = 3.62 x 1073, whereas for the BEM simulation is T* = 1.13 x 1073, Considering the
total filling times (0.130 x 10~ s for CV/FAN and 0.117 x 10~ 1s for BEM), this means
that the modeling of the free fluid in the channel as a darcian fluid with an equivalent
permeability could lead to underestimated fluid front velocities in comparison with the real

Stokes flow.
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Impregnation of tows until flow reaches the second channel.

The BEM code predicts an arrival time of the channel fluid front to the weft of T* =
3.02 x 1073 (Figure 21d), which is only a small fraction of the total filling time. After this
time, the fluid front velocity decreases in nearly two orders of magnitude as the fluid
impregnates the weft, as can be inferred from the time evolution reported in Figure 21d,
Figure 21e, Figure 21g and Figure 21h (BEM), and Figure 21f and Figure 21i (CV/FAN).
After the flow has reached the weft, one of the main differences between both simulations
occurs at the warps, where the average fluid front position predicted by the BEM approach
is always behind the CV/FAN one (Figure 21e vs. Figure 21f and Figure 21h vs. Figure
21i). There are two main reasons for such a difference, due to the two main simplifications
considered in the CV/FAN approach. Firstly, in the early instants of filling, the slip
condition between the channel and porous medium in BEM, not considered in CV/FAN,
results in a delay of the porous medium flow with respect to the channel flow for BEM
(Figure 21a and Figure 21b), which causes the delay in the subsequent instants. Besides,
and probably more significant, the simplified weighted-averaged displacement of the
moving front in the CV/FAN approach instead of the direct time integration of the
kinematic condition used in the BEM approach, results in a faster fluid front motion in the
porous region for CV/FAN, with an almost straight shaped interface at the warp instead of
the resulting concave shaped interface predicted by BEM. It is important to highlight that
the form of the fluid front in the weft is clearly concave for both approaches.

During the weft impregnation, the normalized time, T*, for any fluid front position is
longer in BEM than in CVV/FAN. For instance, in the instant corresponding to Figure 21e
and Figure 21f, 12.2% of the filling time has elapsed in the BEM simulation, while in
CVI/FAN, 9.53%. When the flow reaches the other edge of the weft, as it is depicted in
Figure 21h (BEM) and Figure 21i (CV/FAN), the BEM code predicts an arrival time
equivalent to 75.7% of the total filling time, which is 15.74% larger than the value
predicted by CV/FAN. Besides, it is relevant to mention that the minimum position of the
fluid front in the weft is much farther away from the right edge of the weft in the BEM
simulation than in the CV/FAN one, leading to the formation of a larger void in the BEM

simulation.
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Filtration from the warp towards the second channel and void formation.

When the fluid percolates from the warps towards the second channel, the fronts coming
from both warps encounter each other and an air void is trapped inside the weft, as it can be
seen in Figure 21j, where the normalized time is T* = 8.36 x 1071 according to the BEM
code. Once these fluid fronts merge one another, the trapped air is compressed until the
equilibrium is attained, Figure 21k (BEM) and Figure 211 (CV/FAN). In this process of
void compressibility, the BEM code predicts that the bubble is predominantly compacted
toward the right edge of the weft (Figure 21k) and not in both directions, as it is predicted
by CV/FAN (Figure 211); this induces a final position of the void in the BEM solution that
is very close to the right extreme of the weft, which is coherent with other experimental and
numerical researches [3], [4], [25], [170], [171]. The BEM simulation predicts a larger void
than the one predicted by CV/FAN; the final void size is equivalent to 3.3% of the area of
weft cross section for CV/FAN, whereas to 10.5% for BEM. With respect to the bubble
shape, the CV/FAN approach predicts a triangular shaped bubble, whereas the BEM one,
an elliptical shaped bubble.
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Figure 21 Comparison of filling instants between BEM and CV/FAN simulations.
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Variation in void size with the anisotropy ratio, K /K.

As it was pointed out by Jinlian et al [3], the anisotropy ratio of permeability (K;/K,) has a
relevant influence on the final void size, with larger voids as K, /K, increases. In the Table
5, it is reported the comparison between the void size predicted by the two approaches for
three of the anisotropy ratios considered by Jinlian et al [3]. As expected, the voids
predicted by BEM are larger than those ones predicted by CV/FAN for all cases, due to the
reason commented above, however it is worth noting that the BEM approach is in
agreement with the CV/FAN one in the sense that it predicts an increase of the void size

with the increase of the anisotropy ratio, K; /K.

Table 5 Variation of the final void size with the anisotropy degree, K1/ K5

Area of void/Area of

Area of void/Area of tow’s , :
tow’s cross section

Anisotropy degree  * . .o section (CVIFAN)

(BEM)
10 0.5% 1.3%
20 3.3% 10.5 %
30 5.8% 16.6%

Times of the filling stages.

To finish the present sub-section, Figure 22 represents the filling process of the RUC
predicted by BEM divided into four stages with their corresponding fraction of time: filling
of the first channel, impregnation of tows until the flow reaches the second channel,
filtration from the warps towards the second channel until void formation, and compression
of void until the equilibrium. The time taking place in each stage is reported as a percentage
of the total filling time. As expected, the longest process corresponds to the impregnation of
the tows until the flow reaches the second channel, and the shortest, to the filling of the first
channel. It is worth noting that the void compression until the equilibrium takes more time

than its formation once the flow is infiltrated from the warps towards the second channel.
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Figure 22 Stages of the filling of the RUC.

3.4.3 Influence of processing, geometric and material variables on the void

formation.

Problem statement and results of RUC filling.

The viscous effects in the RUC impregnation are associated to the prescribed inlet
conditions (pressure or flow rate), while the capillary effects to the surface tension and
contact angle. The modified capillary number is used in the literature to relate both types of

effects:
Cq = <uf)f/Rfluid (92),

with (us)/ as the pore velocity and Ry,,;q = A.cos(8)/u as the fluid penetrativity, which
depends on the contact angle (), surface tension (1) and viscosity (1). Some authors have
used the superficial velocity for computing C; instead of the pore velocity [44], [81], but
others agree that the last one is more consistent with the phenomenon of partial saturation
of the RUC because of the inclusion of a geometry-dependent property, that is, the porosity
[75], [89], [172]. When the filling problem is analyzed in a macroscopic framework, the
pore velocity is defined as the average velocity inside the RUC with respect to the porous

volume of the RUC, namely, (uf)f = (fV Uy. de)/Vp, with u, as the pointwise velocity of
14

the liquid inside the RUC and V,, as the porous volume of the RUC. On the other hand, in

the filling of RUC’s at mesoscopic scale, (uf)f is given by the average inlet pore velocity
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of the RUC conceived as a single pore unit, as it was considered in the works of DeValve

and Pitchumani [80] and Schell at el. [81]. Therefore, (uf)f is computed here as:
(up) = Q/4, (93),

with Q given as the total inlet flow rate and A, as an equivalent inlet porous area of the
unit-width RUC, given by A, = H., + H,&;, Where H,, is the height of the channel and
H, = H — H,y, is the height of the longitudinal tow (warp); see Figure 23 where the half-
height of the tows is represented. The areal porosity of the tow is taken equal to the
volumetric porosity, &;.

In the present section, a constant inlet flow rate is assumed in order to maintain a constant
value of C; during the filling process. However, the prescribed flow rate is a defective
boundary condition in the sense that the inlet flow rates at the channel (@) and at the
porous media (Q@) are unknown a priori [173], [174], but the total flow rate, Q = Q©® +
Q@, is known instead (See Figure 23). To deal with this indeterminacy, it is imposed a
uniform inlet pressure that changes in time during the filling process in order to keep
constant the total flow rate. In this way, the inlet boundary condition prescribed at the
warps is uniform pressure, i.e., p = p;,(t), and, at the channel, the conditions are
uniform normal surface tractions together with zero vertical velocity, i.e., 7;0;7; =
—pin(t), u, = 0, with the value of the inlet pressure, p;,(t), as an unknown function of
the time to be determined. To complete the problem, the balance of fluxes at the inlet is
taken into account:

Q=0Q® 4+ Q@D

() (d) (s) @ (94),
= [ou; dA+ [[@u;"dA = [ ou; dA + [, @ —(Ki/ep). (dp/dx;) PdA
P P D p

where Q is the total inlet flow rate, Q) is the inlet flow rate of the channel, Q@is the inlet
flow rate of the warp, AS) is the inlet area of the channel, Ag,d) is the inlet porous area of

the warp, uf) is the inlet velocity in the channel, u§d> is the inlet pore velocity of the warp

and (dp/dx;)@ is the pressure gradient in the horizontal direction at the inlet of the warp.
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The flow rates appearing in Eq. 94 can be expressed numerically in terms of the values of

uf) and (dp/x;)@ in the nodes of the quadratic isoparametric elements. In general, the
flow rate entering a quadratic element “j” can be approximated as follows:
For Stokes domain:
, 1 6) )N won 95a),
QW) = (f_lLi(().ljld() (uf))i ,i=1,2,3 (Sumon “i") (9%2)
For Darcy domain:

0U) = (_(K1 /[ Li({).ljld{)(j ) ((dp/dxl)gd))” ' i=123 (sumon<y (°P)

)] ) . - .
where (u® and (dp/dxl)@ represent the horizontal velocity in the channel inlet
1 . i
L

and the pressure gradient in the warp inlet for the node "i" of the element “;j”. Therefore, the
total inlet flow rate is Q = ijfme(f), where N, stands for the total number of

elements of the inlet. After grouping the common nodes, this rate can be expressed in terms
of the horizontal velocity for the channel and of the pressure gradient in x-direction for the
warps. On that basis, the form of the matrix system corresponding to Eq.94 is the next:

= () d) (@)
Q=(S® (u ) + (S¢ (dp/dx,) 96),
5y (47 + sy (@00 0
where S is a row vector for the Stokes domain in terms of integrals of interpolation

functions, while S@ is a row vector for the Darcy domain in terms of integrals of

interpolation functions, K; and u; on the other hand, Nl.(:l) is the number of nodes at the

channel inlet boundary, N is the number of nodes at the warp inlet boundary, ugs) is a

inl

column vector containing the inlet velocities at the nodes of the Stokes domain and
W iIs a column vector containing the pressure gradients in x-direction at the
nodes of the Darcy domain. Considering the Eq. 96, a well-posed but probably still ill-
conditioned problem is obtained at each time instant.

In this section, several simulations of the RUC filling process are carried out at constant
flow regime in order to study the influence of geometric, material and processing variables
on the void formation. The RUC geometry is the same as the one represented in Figure 20
and it can be characterized by the total height and length of the RUC, H and L, respectively,
and by the height and width of the weft, H.; and w, respectively, as shown in Figure 23.
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Additionally, two non-dimensional ratios are defined as b, = w/L and b, = H.,/H, where
b, is modified here by changing the width of the weft, while b, = 0.5 for all simulations.
Values of H =0.8x 1073m, L =3.0x 1073m and H,., = 0.4 X 10~3m are considered
for the RUC and the liquid has a viscosity of u = 0.1 Pa.s and a density of p =
1000 Kg/m3. The selected data are representative of the geometry of highly compacted
fibrous reinforcements and the properties of liquids used in Liquid Composite Molding
(LCM). Considering a hexagonal array of fibers in the tows, the tow porosity, &;, can be
computed as follows:
ec=1-31R:2/(6V3(Rr +d)°) (97),

whereas the RUC or global porosity, ey, defined as the total porous volume (porous
volume of the warps and weft plus the volume of the channels) divided by the total volume
of the RUC, can be calculated as:

gruc = (1 —=by)(A —by) + (1 + byb, — by)e; (98).
The parameters that characterize the void formed are also represented in Figure 23. The
void content is expressed as the area of the bubble over the area of the weft, its location, as
the ratio "l g4 /W", With .44, as the distance from the bubble tip to the rear (right) edge of
the weft, and its shape, as the aspect ratio of the equivalent ellipse, "a/b”. Three different
modified capillary numbers, C;, are taking into account and for each one of them it is
studied the influence on the void characterization of the following variables: tow porosity
(e;), ratio between the weft width and the RUC length (b,), RUC porosity (ezyc) and
fluid penetrativity (Riq)-

Size: Ay yppie/ (W. Hg,)

Location: | 4ee/W lucge
Shape: a/b —f—
Qi@ Longitudinal bundle (Warp)
0, © First  |Transverse bundle ,"——15‘"\ Second H
¢ int [,l> Channel |(Weft) “gy.--2 | Channel || en
le(d?:; Abubble (Area of bubble)
w=b,L

L
Figure 23 Scheme of the problem of filling of the RUC at constant flow rate.
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To carry out the parametric study, a reference case is defined, and it is denoted as Serie 1.
Some parameters are fixed and others are determined from the fixed ones (computed
parameters). The fixed parameters are: radius of fiber (Rf), half-distance between fibers
(d), length and height of the RUC (L and H, respectively), width and height of the weft (w
and H,y,, respectively), surface tension (1) and contact angle (8); the computed parameters
are: tow porosity (&;), main tow permeabilities (K; and K5), slip coefficient (y), RUC
porosity (egryc) and fluid penetrativity (Ryp,i4). The corresponding values for the reference
case, Serie 1, are given in Table 6.

Three additional cases, Series 2, 3 and 4, are taken into account by changing one or two of
the fixed parameters shown in Table 6, in such a way that in Serie 2, the parameter d is
changed to 2.5 um, resulting in the modification of the next parameters: & = 0.42,
K, =331x10712m?, K, = 7.37 x 10713m? and y = 1.54. In Serie 3 the width of the
transverse tow (weft) is increased, leading to b; = 0.7, while in Serie 4, A and 6 are
changed to 30 mN/m and 20 degrees, respectively, bringing about a change in the fluid
penetrativity, Rep,,;q = 2.82 x 1071 m/s. In each one of the series, the following modified
capillary numbers are considered: C; = 6.03 X 1072,C; = 6.27 x 10~Y and C;; = 1.21.
From the comparison between the results of these series, the effect of the different
parameters on the void size, shape and location are analyzed. The plots of RUC filling of
the mentioned series are shown in Figure 24a-l. In all series considered, no void formation
is observed inside the RUC when C; = 6.03 x 1072, i.e., at the lower inlet flow rate, as it
can be observed in Figure 24a to Figure 24d. The results of the simulations of the

parametric study are summarized in Table 7.
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Table 6 Simulation data for the reference case (Serie 1) in Stokes-Darcy formulation

Fixed parameters

Radius of . Ratio among the Ratio among the Surface
Half-distance . . . Contact
the between fibers. d width of transverse height of transverse  tension, anale. 0
fibers, Ry (um) ’ tow and length of tow and height of A ( deg re,es)
(um) W RUC (b,) RUC (b,) (mN/m) €9
10 5 0.5 0.5 15 30
Computed parameters
Porosity of the  Porosity Slip Fluid
tow for of the Ky (m?) K, (m?  coefficient penetrativity
hexagonal array, ~ RUC, ! 2 : ;
14 Rrpyia(M/s)
€t €RrRuc
0.6 0.70 1.98E-11 4.14E-12 1.29 1.30E-1

Table 7 Void characterization of all simulations of parametric study Stokes-Darcy
(Note: for C53*=6.03%10-2 no void formation was obtained)

Modified capillary . Void size: V0|d. VO.'d _
number. C* Series Avubnel (W.Hen) shape: location:
y La bubble ch a/b Iedge/W
1 1,54E-02 1,98 6,67E-04
. _ 2 1,25E-02 2,03 6,67E-04
Ci=627x107" 4 9,04E-03 184  1,90E-03
4 1,11E-02 2,06 4,00E-03
1 2,45E-02 1,11 6,00E-03
Cr =121 2 1,39E-02 2,05 1,33E-04
a ' 3 1,06E-02 1,80 9,52E-04
4 1,55E-02 1,41 3,33E-03
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Figure 24 Simulations for the parametric study using Stokes-Darcy.
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Influence of parameters on the void size.

The semi-log plot of Void Content vs. C; is shown in Figure 25a, where it can be observed
that for a given Serie, the void content increases as C, increases, which can be confirmed in
other experimental works. For instance, according to the experimental results in [44], [77],
[175], there exists an optimal value of the modified capillary number, Cg ,,., Where the
void content is the lowest and, from that optimal point onward, the microvoids (voids
formed in the bundles) are larger as C,; is higher (Figure 25b,c), validating the present
results. Besides, the values represented in Figure 25a fit well to logarithmic curves, as it can
be confirmed by the R? value of the fit curves, and this behavior is in agreement with other
numerical and experimental researches [25], [44], [75], [77], [81], see for instance Figure
25b,c. However, it is important to mention that, according to [80], [81], [175], the behavior
of the microvoid size with C; is not necessarily monotonic increasing for all values of C;
greater than C,,,, because it is possible to obtain a value of C; from which the void
compression is the most relevant process and the microvoid size reduces with C,. This is
out of the scope of the present work, but could be addressed in future researches using the

numerical code developed here to run simulations at higher modified capillary numbers, C;.
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Figure 25 Plot of Void Content vs. C5 . a) BEM simulations (Author), b)
Experimental results of Kang, Lee & Hahn [25] ¢) Experimental results of Leclerc &
Ruiz [77]

The largest void contents correspond to Serie 1 and the smallest ones, to Serie 3, as can be
seen in Table 7 for both cases of C; where void formation occurs. The difference between
these series is the width of the weft, expressed as the ratio b, (See Figure 23), i.e., the void
is smaller as the weft is wider. It is important to remind that the void content, as expressed
here, represents the fraction of the weft area that is not saturated and that is considered
ineffective to support mechanical loads. Bearing this in mind, it can be concluded that the
increment of the width of the weft is beneficial for the mechanical performance of the
composite not only because it implies a higher global fiber volume content, but also
because it promotes a lower void content during the processing at constant flow rate
regime. The reduction of the void size with the increase of the weft width is due to the
higher inlet pressures that are required for the wider weft cases since the fluid front travels
a longer distance before reaching the right edge of the weft, resulting in a higher pressure
field for a given value of @, which induces a higher saturation of the weft when the fluid
percolates from the warps towards the channels, and a larger void compression. This can be
seen by comparing the zones of void formation of the Series 1 and 3 for C; = 1.21, which
are represented in Figure 26a and Figure 26c, respectively. In these figures, as well as in
Figure 26b that corresponds to the zone of void formation for Serie 2 and C, = 1.21, three
fluid fronts are highlighted in different colors, namely: 1) when the flow starts the
migration towards the channel (green), 2) when the fluid fronts encounter one another
(blue) and 3) when the partial equilibrium is reached in the bubble (violet). For the instant

corresponding to fluid front 1 (green), the unsaturated area of the weft for the Serie 3
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(Figure 26¢) is greater than for Serie 1 (Figure 26a), but when the filling evolves from 1
(green) to 2 (blue), the reduction in the void size is 17.3% for Serie 1 and 49.5% for Serie
3, and this leads to a smaller bubble for the wider weft, Serie 3, when the fluid fronts
encounter one another. The compression of the air, expressed as the reduction of the void
volume and that takes places between the fluid fronts 2 (blue) and 3 (violet), is: 59.0% for
Serie 1 and 65.8% for Serie 3. Accordingly, the causes of the difference between the void
size of Series 1 and 3 are: 1) the flow inside the weft advances more in Serie 3 than in Serie
1 in the time elapsed between the onset of liquid migration towards the channel (green) and
the merging of the fluid fronts (blue), 2) the void compression until the partial equilibrium
(blue to violet) is larger for Serie 3 than for Serie 1, as it becomes evident when compared
the equilibrium pressures of the bubble of both series, which are shown in Figure 26a and

Figure 26c.

Pequilibrium=316.78 kPa
b)

- —1 Z T E L L
22 23 24 25 6 27 28

Pequilibrium=319.74 kP
C)

Figure 26 Detail of zones of void formation for C3'=1.21.
a) Serie 1, b) Serie 2, c) Serie 3.
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To determine the influence of the tow porosity, ¢;, Serie 1 (¢, = 0.60) and Serie 2 (&, =
0.42) are compared one another. As can be noticed from Table 7, the reduction of the tow
porosity from &; = 0.60 to &, = 0.42 causes the decrease on the void size, as it is also
observed when compared Figure 26a and 26b. This is a consequence of several things: 1)
the reduction of the anisotropy ratio, K;/K,, when the tow porosity, ¢;, decreases, 2) the
higher saturation of the weft for & = 0.42 when the fluid percolates from the warps
towards the channel, 3) the lowering in the magnitude of the permeability as the porosity is
reduced, and the concurrent increase of the inlet pressure in order to keep a constant inlet
flow rate, which results in a higher void compression after the bubble is formed due to the
higher values of the liquid pressure surrounding the bubble. In order to explain these
causes, Figure 26a and Figure 26b are compared. When the flow starts the migration
towards the channel (green line), the unsaturated area of the weft is larger in the case of
g = 0.60, which boosts the formation of a larger initial void. A possible explanation for
this is that the anisotropic ratio, K,;/K,, is larger for &, = 0.60; considering that the
advancement of the fluid front at the warp-weft interface is ruled by both K; and K,,
whereas the advancement of the fluid front at the symmetric plane of the weft is almost
exclusively ruled by K,,the increase of K;/K, causes a larger separation between both
fluid fronts during the whole filling for ¢, = 0.60; this in turn leads to a larger unsaturated
zone for &, = 0.60. This corroborates the results obtained in Table 5, where the void size
increases as K; /K, is higher. On the other hand, the filled area in the weft between 1
(green) and 2 (blue) is larger for e, = 0.42. To explain this, it is important to take account
that the change of &, has a double effect on the fluid motion in fibrous reinforcements: as &;
is lower, the permeability decreases and this causes the flow to move slower; but, on the
other hand, the reduction of &; increases the radial capillary pressure in the weft, whereby
the fluid front velocity increases. In the present case, the second effect, added to the fact
that the filtration velocity from the warps into the channel is lower for &, = 0.42 due to the
lower transverse permeability, K,, causes a greater reduction in the unsaturated area
between the fluid fronts 1 (green) and 2 (blue) for &, = 0.42, leading to a smaller initial
void in the instant when channel fluid fronts merge one another. Finally, once the bubble
has been formed, the bubble compression is bigger for &, = 0.42 by two reasons: 1) higher

fluid pressures are obtained for the lower porosity at the same value of C;, 2) the higher
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capillary pressures obtained for &, = 0.42 also produces a higher wicking effect inward to
the bubble, which benefits the reduction of the void size. As expected, a higher equilibrium
pressure of the bubble is obtained for the lower porosity, &; = 0.42.

It is important to mention that the behavior of the void size with &, obtained here is not in
accordance with the results reported in [81], where the increment of &, generates smaller
bubbles, but there is a relevant difference between the RUC geometry of that work and the
one contemplated here. In that work, Schell and Deleglise [81] consider that the weft
perimeter is totally surrounded by the free fluid, whereas, in the present work, a free fluid
channel is not taken into account between the warps and the weft, emulating in this way a
highly compacted preform. This suggests that the influence &, on the final void size
depends on the level of compaction of the RUC, but shall be confirmed in further
researches.

By comparing Series 1 and 4 in Table 7 for both values of C,, it can be concluded that the
increment of Ry;,,;4 reduces the final void content. This confirms the importance to use low
viscosity and highly compatible liquids (liquids with high surface tension and low contact
angle with fibers) in LCM processes. On the other hand, according to Eq.98, the RUC
porosity, ezyc, IS modified by changing &, and/or b,. Therefore, as can be concluded from
results of Table 7, the reduction of gy, by increasing b; or by decreasing &;, causes a

lower final void content.

Influence of parameters on the void shape.

According to Figure 24e-l, the void geometry can be almost circular, oval or cylindrical,
depending on the Serie considered and on the value of C;. These kinds of void geometries
have been previously visualized in experimental works using optical microscopy (OM) and
image analysis [170], [176], [177], which proves that the present results are coherent with
the real void shapes obtained in LCM processes. It is important to mention that, in general,
the void aspect ratio can have a significant influence on some mechanical properties of the
composite, as the interlaminar shear strength [178], [179], fracture toughness [127], out-
plane modulus [117], among others, being therefore interesting to address some
conclusions about the influence of the parameters studied here on this ratio.
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Comparison between Series 1 and 2 for both cases of C,; (See Table 7) shows an increment
of the void aspect ratio when &; decreases, being more significant for C; = 1.21, as can be
also seen in Figure 26a and Figure 26b. On the other hand, by comparing Series 1 and 3, it
can be concluded that the increase of b; results in the increase of the void aspect ratio for
C; = 1.21 (as seen in Figure 26a and Figure 26c), whereas a contrary behavior is obtained
for C; =6.27 x 1071, From the above results follow that a reduction on the RUC
porosity, ezyc, due to a decrease of ;, causes an increment of the void aspect ratio for both
values of C;, whereas the increase in the void aspect ratio due to reduction in &gy, iIn
virtue of the increase of b, is only observed for C; = 1.21. Finally, it can be inferred by
comparison of Series 1 and 4, for both values of C;, that an increment on Rgy,,;4 results in a
higher void aspect ratio, but this increment is more notorious for C; = 1.21. In general, the
comparison of all Series reveals that the void aspect ratio is more sensitivity to the
variations of the parameters studied here for the larger capillary number, C; = 1.21.
According to Table 7, for cases with &, = 0.60 (Series 1,3 and 4), the aspect ratio of the
void reduces with the increment of C;. On the other hand, for &, = 0.42 (Serie 2), a reverse
behavior is observed, i.e., the increase of C, results in the increase of the void aspect ratio,
although this increase is not significant. It is worth noting that the shape of the void is
closely related to the void size (See Figure 26a-c); as the void size is smaller its aspect ratio
tends to increase because the bubble undergoes a greater compression in the vertical than in
the horizontal direction. This result is in agreement with previous experimental results,
where the reduction of the void’s height with the void content is also reported, see [117].
Influence of parameters on the void location.

According to Table 7, the void location, expressed as "l.q4./W" (See Figure 23), is not
considerably affected by the parameters studied here. In general, the final void is always
located at the rear (right) edge of the weft, which is in agreement with other results [3], [4].

3.4.4 Analysis of capillary-driven and pressure-driven flow fields

Inlet pressure history.

During the filling of the first channel at the lowest capillary number, C; = 6.03 x 1072
(Figure 27b and Figure 28a), before the front reaches the weft, the flow is driven by the
surface tractions of the moving front. Figure 27b presents the detailed behavior of the
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almost constant pressure region of the inlet pressure history shown in Figure 27a. At these
times, the inlet pressures correspond to small negative values, while the pressures at the
fluid front in the channel (see Figure 28a) are given by larger negative values due to the
curvature of the moving interface (surface tension effect). The difference between the
pressures at the fluid front and at the inlet induces negative pressure gradients in the
direction of the fluid motion. A similar behavior occurs during these times at the warps,
where the fluid motion is driven by the capillary pressure (compare inlet pressures of
Figure 27b to fluid front pressures of upper part of Figure 28a). When the channel flow
arrives to the low permeable weft, the inlet pressure increases significantly due to the high
resistance encountered, reaching a maximum value of 8.806 x 10*Pa at the end of the
simulation (see Figure 27a). In this case, in both the warps and wefts, the flow is driven by
the inlet pressure rather than by the capillary pressure of the fluid front (compare inlet
pressures of Figure 27a after flow reaches the weft to the capillary pressures in the warps
and wefts appearing in Figure 28Db).

The evolution of the moving front for the largest capillary number, C; = 1.21, shows
significant differences with respect to the previous case. In Figure 29a,b, it is reported the
variation of the inlet pressure with time to keep a total inlet flux of Q =5 x 1075 m3/s,
which corresponds to C; = 1.21. Figure 29b shows the zoom of the inlet pressure evolution
in the time during the filling of the first channel, until the moving front reaches the weft. In
this case, the pressure of the moving front in the channel resulting from the surface tension
effect (Figure 30a) is smaller than the inlet pressure (Figure 29b), and consequently, in
contrast with the previous case, the flow in the channel during this period is pressure-driven
instead of capillary-driven. As observed, the shape of the fluid front in the channel changes
from concave in the case of capillary-driven flow (i.e., low Cg, see Figure 28a) to convex in
the pressure-driven flow (i.e., high C;, see Figure 30a). On the other hand, for C; = 1.21,
the flow in the warp, before the weft is impregnated, is primarily driven by the capillary
pressure, as it was the case of the low C,, with negative capillary pressures of order of O(3)
in the fluid front (see upper part of Figure 30a), while the inlet pressures are positive and of
the order O(2) (see Figure 29b). As in the case of low C,, after the fluid front in the
channel has reached the weft, an important increment of the inlet pressure is noticed (see

Figure 29a) and the flows in both warps and weft are driven by the imposed inlet pressure
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(magnitudes of negative capillary pressures are smaller than the inlet pressure), which in

turn achieves a maximum value of 2.865 x 10° Pa; compare pressures of Figure 29a after

flow reaches the weft to pressures of Figure 30b.
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Inlet velocity profiles in the channel and warps

The inlet velocity profiles in the channel and warps are reported in Figure 31 in the case of
low C; for several time instants, corresponding to three profiles when the fluid front is still
in the channel without reaching the weft, one profile when the front arrives to the weft and
another profile when the front is impregnating the weft. On the other hand, Figure 32 shows
the inlet velocity profiles for the case of high C; at five different time instants, two
corresponding to instants when the fluid front is still in the channel, one instant when the
flow arrives at the weft and two when the fluid front is inside the weft. It is important to
realize that in the case of C; = 1.21 (Figure 32), all velocity profiles in the channel are
convex-shaped, different to the convolute-shaped profiles obtained at the beginning of the
filling in the case of low C; (Figure 31). This happens because in the case of C; = 1.21, the
fluid motion in the channel is always pressure-driven, while in the other case, C; = 6.03 X

1072, it is capillary-driven before the fluid front reaches the weft, as explained before.
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Figure 31 Inlet velocity profiles for Ca*:6.03><10'2 at several time instants.
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Figure 32 Inlet velocity profiles for C4 =1.21 at several time instants.

Inlet flow rates distribution

Figure 33 reports the time evolution of the inlet flow rates in the channel and warps, with a
resulting total inlet flow rate of Q = 2.5 x 107® m3/s, which corresponds to C; = 6.03 X
1072, As it can be observed, during the filling process of the first channel, the inlet flow
rate in the channel increases monotonically, whereas the one in the warp decreases. At the
time when the fluid front arrives to the weft, there is a sudden decrease in the channel flow
rate and a concurrent increase in the warp flow rate, after which, there is a slight increase in
the channel flow rate and an equivalent decrease in the warp flow rate, with the channel
flow rate always larger than the warp one. On the other hand, Figure 34 presents the time
evolution of the inlet flow rate at the channel and warps, with a corresponding total inlet
flux of Q =5 x 107> m3/s (C; = 1.21). The general behavior is similar to the case of the
low capillary number in the sense that the channel flow rate is always above the warps one
and an abrupt change occurs in both rates when the fluid front arrives to the weft (Figure 33
and Figure 34), but, in the case of C; = 1.21, the channel and warp fluxes remains almost
constant before the flow reaches the weft (Figure 34) instead of the monotonous variation

observed for the low capillary number situation (Figure 33).
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Velocity fields.

The velocity fields for C; = 6.03 x 1072 in two filling instants are represented in Figure
35 and Figure 36, where some graphics are off-scale for sake of clarity. In the first instant,
Figure 35, the flow has not reached the weft, and two domains are partially saturated: the
first channel and the warp (Figure 35a). Three detailed zones are considered for each
domain, which are clearly identified in Figure 35b for the channel and Figure 35c for the
warp. The details for the channel, Figure 35d, Figure 35e and Figure 35f, show that the
change in the velocity direction from the inlet to the fluid front is more pronounced as the
points are closer to the interface with the warp. For instance, in the Figure 35f, the
horizontal component of the velocity vectors is larger than the vertical one for all points,
whereas in the Figure 35d, which corresponds to the zone near the interface with the warp,
the vertical component is zero at the inlet, but it becomes very important as the points
approximate to the fluid front, where it is also observed that the magnitude of the velocity
Is greater with respect to the inlet velocities. A similar behavior can be observed for the
warp, see Figure 35¢ to Figure 35i, i.e., both the magnitude and the direction of the velocity
vectors change more from the inlet to the fluid front in the zone near the interface with the
channel. In this first case, the mass exchange between both domains, channel and warp,
takes place from the channel towards the warp (Figure 35j).

The second case is presented in Figure 36, where the fluid front is impregnating the warp
and the weft, while the channel is totally filled with liquid (Figure 36a). The identification
of the details of the channel, warp and weft is shown in Figure 36b, Figure 36c and Figure
36d, respectively. For the channel, according to Figure 36e to Figure 36i, a substantial
amount of fluid entering the channel displaces towards the transition zone channel-warp-
weft, which originates an important change in the velocity direction in all zones of the filled
channel. The significant increase in the magnitudes of the velocity in points close to or
lying on the interface channel-warp, Figure 36e, is an indication of the considerable amount
of fluid coming from the inferior zones, Figure 36h and Figure 36i. For the warp domain,
the velocity is practically horizontal in the neighborhood of the symmetric boundary
(Figure 36j and Figure 36l), but the velocity direction is altered as the points are closer to
the interfaces with the channel and with the weft due to the mass transfer (Figure 36j and
Figure 36k) and to the fluid front (Figure 36m); in the detail 1 of the warp (Figure 36j), it is
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also appreciated that the magnitude of the velocity is lower as the points are closer to the
interface with the channel. For the weft, in a similar fashion as for the warp, the velocity is
almost horizontal in the neighborhood of the symmetric boundary, and its direction varies
considerably in points nearby to the interface with the warp and to the fluid front (Figure
36n and Figure 360). For the interface channel-warp, Figure 36p, the mass transfer takes
place from the warp towards the channel only in points near the inlet, however, the mass
transfer is reversed in one point along this interface and the percolation of fluid from the
channel towards the warp increases until the transition point channel-warp-weft, where the
mass exchange reaches its maximum. The net mass transfer in the channel-warp interface
occurs from the channel into warp. After the transition point channel-warp-weft is reached,
Figure 36p, the mass transfer from the weft into warp decreases until it is reversed, in such
a way that in the fluid front the mass transfer from the warp into the weft reaches its

maximum.
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j) Detail of the interface channel-warp'
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Figure 36 Velocity field for C, =6.03x1072 after the flow reaches the weft

The velocity fields for C; = 1.21 for two filling instants are represented in Figure 37 and
Figure 38. For the first case, Figure 37, in the same way as for C; = 6.03 x 1072, three
detailed zones are considered for each domain, which are clearly identified in Figure 37b
for the channel and Figure 37c for the warp. As in the case of the lowest capillary number,

C: = 6.03 x 1072, the change of the velocity direction from the inlet to the fluid front is
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more notorious as the points are closer to the interface with the warp (Compare Figure 37d,
Figure 37e and Figure 37f), but an important difference can be identified between the
velocity vectors in the channel fluid front of the present case, C; = 1.21, and the ones of
the case of C; = 6.03 x 1072: in the present case the normal component of the channel
fluid front velocity is considerably greater than the tangential component for all points (See
Figure 37d, Figure 37e and Figure 37f) in such a way that the advancement of the fluid front
is almost totally determined by the magnitude of the velocity; on the other hand, for
C: = 6.03 x 1072, the tangential component of the channel fluid front velocity is relevant
in some points (Figure 35d, Figure 35e and Figure 35f) and this component does not
contribute to the fluid front advancement according to the kinematic condition, Eq. 73.
According to Figure 379 to Figure 37i, in the warp, both the magnitude and the direction of
the velocity vectors change more from the inlet to the fluid front in the zone nearby to or
along the interface channel-warp; in this interface, the largest velocities are obtained near
the fluid front (Figure 37g). As in the case of C; = 6.03 X 1072, the mass exchange
between both domains, channel and warp, takes place from the channel towards the warp
(Figure 37j), but, in this case of C; = 1.21, the tangential component of the interfacial
velocity is more important (Figure 37j) than for C; = 6.03 x 1072 where it is negligible in
all points (Figure 35j).

The second filling instant for C; = 1.21 is presented in Figure 38, where it can be
appreciated that the general behavior of the velocity field is very similar to the second case

of C; = 6.03 x 1072 (Figure 36), even though the velocity vectors are not the same.
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Figure 38 Velocity field for C, =1.21 after the flow reaches de the weft

3.5 Conclusions

In this chapter, the BEM method has been implemented for the simulation of void

formation in dual-scale fibrous reinforcements using a Stokes-Darcy formulation.
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Comparison of the BEM numerical results with the analytical solution of a simple coupled
problem free fluid-porous media was carried out, showing good agreement between them.
In general, the developed BEM code converges to the analytical solution as the mesh is
finer and the accuracy is acceptable for the kind of problem treated here.

Two types of RUC filling problems were considered. The first one consisted on the
simulation of the simultaneous filling of the channels and tows at constant pressure regime.
The main objective of this simulation was to compare the present BEM results with those
ones previously reported in the literature using a CVV/FAN approach. Several differences
between both results were identified: the filling times at the instants before the fluid front
reaches the weft are overestimated by the CV/FAN scheme, due to the approximation of the
channel flow as a Darcian flow with an equivalent permeability. On the other hand, when
the fluid front is impregnating the weft the filling times are underestimated by the CV/FAN
approach, with a predicted almost straight shaped fluid front in the warps instead of the
concave shaped one obtained by BEM. These differences were attributed to the slip
matching condition considered in the BEM approach, not taken into account in the
CVI/FAN, and to the differences between the tracking techniques used to update the
position of the moving boundary. Both approaches predicted that the void size increases as
K, /K, is higher, but larger voids were obtained with the BEM approach.

The second case consisted on a parametric study of a filling process at constant flow rate, in
order to determine the influence of processing, geometric and material parameters on the
size, shape and location of the voids formed by mechanical air entrapment. According to
the results, it can be concluded that the driving forces of the fluid motion depend on the
magnitude of the capillary number, C;, and on the location of the fluid front. At C; =
6.03 x 1072, and when the fluid front has not reached the weft, the flow is capillary-driven
in both the warps and the channel, however, at C; = 1.21, the capillary pressure is the
principal driving force for the flow in the warps, whereas the inlet pressure is the major
force driving the flow in the channel. When the fluid front is impregnating the weft, the
inlet pressure is the main driving force for the two capillary numbers. Besides, the value of
C, also determines whether the void is formed or not, in such a way that for C; = 1.21 and
C; = 6.27 x 1071 the numerical simulation predicted void formation, contrarily to the case

of C; = 6.03 x 1072 where no void formation was obtained.
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A summary of the major conclusions of the present parametric study can be outlined as:

e The void size is greater as C, is higher for given values of &, by, egyc and Rypyiq-

e The void location is not significantly affected by any of the parameters considered here.
In general, void is always formed at the right edge of the weft.

e For a constant C,, the reduction of the RUC porosity, ezyc, in virtue of the increment of
b, or of the reduction of &, as well as the increment of the fluid penetrativity, Rey,;q,
lead to the formation of smaller voids.

e The relationship between the considered parameters and the void shape depends on Cj.
For both C; = 6.27 x 10~" and C; = 1.21, the increase of R4 leads to a higher
aspect ratio. In general, the void aspect ratio tends to increase as the void is smaller
since the void undergoes a greater compression in the vertical than in the horizontal
direction.

Generally speaking, the velocity fields for C; = 6.03 x 1072 and C; = 1.21 have some

similarities and differences among them. When the fluid is still impregnating the first

channel, for both values of C;, the velocity directions in the warp and channel are more
affected as the points are closer to the interface warp-channel, in which the mass transfer
occurs from the channel towards the warp in all points belonging to it. While the tangential
velocity at the fluid front for C; = 6.03 x 1072 is relevant, it is virtually negligible for

C; = 1.21. Regarding the tangential velocity at the interface channel-warp, a contrary

behavior was obtained, namely, it is important for C; = 1.21, whereas insignificant for

C; = 6.03 x 1072, On the other hand, when the fluid front is impregnating the weft and the

first channel is totally filled of liquid, the velocity vectors are not exactly the same for both

values of C,, but the behavior of the velocity fields is similar in several aspects: 1) the
global mass transfer reaches its maximum in the neighborhood of the transition channel-
warp-weft, 2) the mass transfer at the interface channel-warp takes place from the warp
towards the channel in points close to the inlet, but it is reversed in a certain point along
this interface, in such a way that the net mass transfer occurs from the channel towards the
warp, 3) the mass transfer iat the interface warp-weft takes place from the weft towards the
warp in the transition channel-warp-weft, it decreases along this interface and then it is
reversed, in such a way that in the neighborhood of the fluid front, the mass transfer from

the warp towards the weft reaches its maximum.
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4, VOID FORMATION IN DUAL-SCALE FIBROUS REINFORCEMENTS
BASED ON THE STOKES-BRINKMAN FORMULATION*

4.1 Introduction

Under the following assumptions: the solid phase is stationary, the fluid is newtonian and
incompressible, the inertial effects can be neglected, a quasi-static approach can be
considered and the tow porosity is constant inside the RUC, the momentum equation in the
porous media (tows or bundles) can be simplified into the Brinkman equation.
Additionally, it is important to remind that Darcy equation can be achieved as long as two
length-scale restrictions are satisfied, namely, (Lgyc/L)? < 1 and Lgyc > Ls, where L,
Lgryc and Ly are the characteristic lengths of the volume averaged quantities, of the RUC
and of the fluid phase, respectively. The averages implicit in the Brinkman equation can be
viewed as averages over an ensemble of different scales of the porous medium that
interpolate between the Stokes and Darcy equations. On small length scales, the pressure
gradient balances the Laplacian of the velocity and the flow is essentially viscous, Stokes
flow, while over larger length scales, the velocity is slowly varying and the pressure
gradient balances the average velocity as it does in Darcy's law (for more details see
Durlofsky and Brady [180]).

Krotkiewski et al [181], using a direct numerical simulation of the flow field in
homogeneous two dimensional porous media having characteristic length L and
macroscopic permeability K, found that the Stokes solution is dominant for K /L? > 10,
Darcy law is representative of the flow field if K/L? < 10™*, while for 10™* < K/L? <
10, the Brinkman approximation should be used to account for the transition between both
flow regimes, Stokes and Darcy. According to these authors, the use of the Brinkman law is
necessary in dual-scale porous media when the ratio between the effective saturated
permeability, K.rf sq:, and the permeability of the porous media (tows in this case), K, is
lower than the unity. However, this ratio is not the unique criterion to establish whether the
Brinkman or the Darcy approximation is more convenient and the matching conditions of

the coupled problem play a major role in the selection of the momentum equation for the

* The results of the present chapter were published in: Ivan David Patifio Arcila, Henry Power, César Nieto Londofio, Whady
Felipe Flérez Escobar, **Stokes-Brinkman formulation for prediction of void formation in dual-scale fibrous reinforcements: a
BEM/DR-BEM simulation™. Published in: Germany. Computational Mechanics, ISSN: 1432-0924, v.59, First On-line, p.1 - 23,2017
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porous medium. If the Brinkman equation is used, the matching conditions on the interface
channels-tows can be put explicitly in terms of the components of the vectors of velocity
and traction because the order of this equation is the same as the order of the Stokes
equation; on the other hand, if the Darcy law is employed, a slip condition for the
tangential velocities shall be considered along the interface channel-tows [157], [159],
which implies the use of a dimensionless slip coefficient, y, which, in turn, involves
experimental tests or models for its estimation that are still matter of controversy.

In the Stokes-Brinkman approach the continuity of the velocity field is always considered
and two types of conditions could be employed for the tractions: continuous [182] and
jump stress [183], [184]. The continuity of stress was initially used by [182], [185],
however a jump stress matching condition was proposed later in [183] based on the non-
local form of the volume-averaged momentum equation for the analysis of the interface
region between the channel and the porous medium. By means of experiments, Ochoa-
Tapia and Whitaker [184] found that for unidirectional flow in parallel domains, the jump
stress tensor has the form T;; = B4;;, where § is a jump stress coefficient ranging between
—1 and 1.47 [20]. However, Phillipe Angot [186] demonstrated mathematically that well-
posedness of the Stokes-Brinkman problem is only possible when g > 0. The theoretical
estimation of the value of 5 was developed in [187], [188], where it was established that
depends on the porosity of the porous medium in the inter-region channel-tow, ... The
physical meaning of [ at the micro-scale is still debatable, but some works have
demonstrated that this coefficient is related to the excess quantities for ., and for the ratio
e.+/K: along the interface between the free fluid and the porous medium, and that these
quantities vary with the position of the interface region and lead to changes in the viscosity
and in the drag force (friction) [189]. In a work focused in the prediction of the effective
saturated permeability, K.rfsq:, Of dual-scale fibrous reinforcements [20], it was taken
B = 0.7 for all simulations, concluding that the type of matching condition used for the
tractions (continuity or jump) has a strong influence on the boundary layer thickness in the
porous medium for unidirectional flow in parallel domains, but a non-significant influence
on Ke¢r sqt» Which is dependent on the pore geometry. In this point, it is relevant to mention
that the study of the pore geometry dependency of the effective saturated permeability,

Keffsat, could be a complicated and computationally expensive task, but some recent
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efforts have been addressed to reduce the computational cost without compromising the
accuracy. For instance, a multiscale framework relating K sf sq; With some microstructural
attributes extracted by X-Ray tomography was proposed in [190], where several
computational techniques were efficiently combined (Level Set, Graph Theory and Lattice
Boltzman/Finite Element) to determine the tortuosity, porosity and homogenized effective
permeability at the specimen scale. The particular problem solved in [20] by FEM is also
considered here for validation of the numerical technique implemented.

The Brinkman equation includes an effective viscosity term, u.rr, to consider the viscous
diffusion not deemed in the Darcy’s law. In order to explain the meaning of this term, it is
necessary to consider that the volume averaging method allows describing the porous
medium flow in terms of averages of the local quantities by means of the Darcy-Brinkman
equation, which is given by Eq. 99c considering p.rr = u, where p is the real fluid
viscosity. The expression p.rr = u is valid provided that a non-slip condition on the
interfaces between the fluid and solid phases of the porous medium is considered, as done
in the traditional volume-averaging method. However, the non-coincidence between p s
and u has been demonstrated in several experimental, numerical and theoretical works,
suggesting that the non-slip condition is not necessarily valid in all cases. For instance,
Givler and Altobelli [191] experimentally found that u. . is 7.5 times the value of u for
high-porous open cell foams and moderate Reynolds numbers, whereas Starov and
Zhdanov [192] studied the dependency of p,¢r on the porosity and particle size in porous
media composed of equally sized spherical particles, finding that u.r can be lower or
larger than u. On the other hand, the numerical flow simulations conducted by [193] in 3D
regular arrays of cubes showed that u.rr < u, whereas those ones executed by [194]
indicated that u.rr > p in order to match the Brinkman equation with the numerical
solutions in the boundary layer developed in the porous medium domain when it is in
contact with a free-fluid domain. A very illustrative theoretical work was published by
[195], where it was demonstrated that the effective viscosity, p.ff, is different to the fluid
viscosity, ¢, when a slip condition at the fluid-solid interface of the porous medium is
considered. Using an up-scaling procedure, a boundary-value problem to compute p, s was

obtained in that work, achieving important conclusions. In general, the effective viscosity is
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different to the fluid viscosity, i.e, Herr * W, because it is a term that ‘absorbs’ the
microscale variations of the velocity gradient when a variationless velocity gradient model
is used at macroscopic scale. Furthermore, as the prescribed slip coefficient at the fluid-
solid interface increases, the boundary layer thickness decreases and a non-slip condition
tends to be reached, in such a way that in the limit when the slip coefficient tends to
infinity, uerr = p.

The estimation of the effective viscosity term, p.sf, in the Brinkman equation is known to
depend on the geometry of the porous medium and the interface matching condition. For an
array of cylinders, an acceptable approximation for ., is to assume that p,rr = u when
the continuous stress condition is used, while p.rr = u/e, is a better approximation when
the jump stress condition is employed [20], [196], [197], where &, represents the tow
porosity.

In the present section, simulations of RUC fillings of dual-scale fibrous reinforcements are
carried out using BEM-based techniques. For the channel domain, pure BEM for Stokes is
applied, whereas for the porous domain, three approaches are implemented: pure BEM for
Darcy, pure BEM for isotropic Brinkman (BEM-ISO) and DR-BEM for Brinkman. Firstly,
the last two approaches are validated by comparison with a benchmark analytical solution
used previously in the literature to assess the robustness of FEM-based numerical solutions
of flow problems in dual-scale porous media [20], [85]. Additionally, the solutions of
simple isotropic problems using these two approaches are compared one another in order to
determine which of the following strategies is better to deal with the more complex free-
boundary problems: 1) to use an only-boundary integral formulation for the Brinkman
equation, which implies fundamental solutions for anisotropic domains that entail
numerical complexity, or 2) to use a boundary-domain integral formulation for the
Brinkman equation in terms of the Stokes fundamental solutions, where the domain integral
is transformed into a boundary integral using the Dual Reciprocity Boundary Element
Method (DR-BEM). To the best of the author’s knowledge, the comparison between these
two strategies has not been done yet in any other work.

The developed BEM numerical schemes are then used to simulate the simultaneous filling
of channels and tows inside the RUC at constant pressure regime with the purpose of

analyzing the influence of the matching conditions, at several capillary ratios (Ccap), on the
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void formation. This type of filling problem has been previously considered in the literature

using different formulations and numerical techniques. For instance, Gourichon et al. [5]

studied the influence of the RUC porosity in the formation of voids using a Darcy-Darcy

formulation and the FEM/CV conforming method. On the other hand, Schell et al [81]

studied the influence of the tow porosity, &, on the final void content using the same

formulation and numerical technique as [5], while the problem of unidirectional filling
considering circular tows and radial coordinates was tackled in [22] using a Stokes-

Brinkman formulation and the Finite Volume method, where it was studied the effect of the

filling velocity, resin viscosity, inter-tow dimension and intra-tow dimension on the shape

of the fluid front. Considering the mentioned works and some other publications in the

composites area solving Stokes-Brinkman by domain-meshing techniques [20], [23], [24],

[85], [96], it is important to emphasize the main advantages of the BEM approach

employed here: firstly, the use of BEM-based techniques does not imply any mesh

discretization of the problem domain, and, secondly, the tracking technique used here

(Appendix C) assures a higher order accuracy of the shape of the fluid front regarding other

techniques like the Volume of Fluid (VOF) [36], [111] or the Level Set Method [46], [50],

[58].

From the viewpoint of the physical analysis, the principal contributions of this chapter are

summarized as follows:

e The study of the influence of two types of Stokes-Brinkman matching conditions,
continuous stress and jump stress, on the void formation process is carried out. Other
works have analyzed the influence of these conditions on the effective saturated
permeability, K¢ qqe [20], [85], but not on the size, shape and location of the voids
formed by mechanical entrapment of air.

e The processes of the void formation using Stokes-Brinkman and Stokes-Darcy
formulations are compared each other in this chapter, which has not been presented
before to the best of the author’s knowledge.

e The influence of the RUC compaction on the void formation is also investigated here
and the results are compared with previous works.

In this chapter, it is considered a 2D RUC geometry emulating a longitudinal plane of a

cross ply fabric (Figure 39). The unidirectional filling of 3D RUC’s of fabrics has been
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recently considered by superposition of 2D simulations at several longitudinal planes of the
RUC, showing good agreement with experimental results [80]. Therefore, it can be inferred
that the parametric study of the 2D geometry represented in the Figure 39 can be useful to
understand the influence of some factors on the void formation in cross ply fabrics using

the Stokes- Brinkman formulation.

tongitudinalbundle#arp}

I
N
e
N
i

Channel
Transverse bundle (Weft) H
- 1 RUC
Longitudinal
plane Longitudinal bundle {Warp) v

LRUC

Figure 39 Scheme of RUC for the problem of simultaneous filling using the Stokes-
Brinkman formulation.

4.2 Governing equations, matching conditions and boundary conditions

In the Stokes-Brinkman formulation, the governing equations are the following (volume-
averaged symbols are omitted):

Mass conservation (For all domains):

6ui _
a_xl- =0 (99&)

Momentum for the Stokes domain (Channels flow):

u (6_u> _9 _ (99b)

axjxj
Momentum for the Brinkman domain (Porous media flow):

9%u; op _ u
'ueff 6xj6xj Ox; - K; U (99C)

Here u;, p, 1, uerr and K; represent the velocity vector, pressure, liquid viscosity, effective
viscosity and main permeabilities, respectively. The next non-dimensional variables are

defined for the length, velocity, time and pressure [198], [199]:

118



For all domains:

fi = xi/L* (1003.)
@l = u;/Upax (100b)
t= t/(L*/Umax) (1000)
For the Stokes domain (Channels flow):
~_ D
p= UWUmax/L* (100d)

For the Brinkman domain (Porous media flow):

p

P= Ueff-Umax/L*

(100d)
where L* and U,,,,, are the characteristic length and the maximum velocity of the problem,
respectively. In terms of these characteristic values, the non-dimensional form of Egs. 99a-

c is the following:

a’\.
= =0 (101a)
o%a; _ 0P _
oxz, 95 0 (101b)
o2m;  ap "
W — 0_9?1 = )(izui (101C),

where x? = 1/Da; = (L)?u/(K;. uesr) is the inverse of the Darcian number, Da;, in the
principal direction “i”.

The non-dimensional matching conditions for the Stokes-Brinkman problem are as follows
[186]:

e Continuity of velocities:

2 = (102)
¢ Normal and tangential component of the jump of stress:
~ ~(D)\ A L* ~(S) A
(& + Quers/m)E? )i = Pt (103a)
~ ~(b)\ A L* ~(8) A
(B9 + e/ WD o = =7 et (103b)

where "s" and “b” represent the Stokes and Brinkman domain, respectively, whereas
£ * A~ 2 b * A .

£ = (L) (WUpa))oyf;  and £ = (L /(tesfUnmax))oyfy;  are defined as the
dimensionless traction vectors, with g;; as the Newtonian stress tensor. Here K, and K; are

the effective permeabilities in the normal and tangential direction at the interface channel-
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tows, respectively, with the effective permeability in any orientation, ¢;, given by Eq.29.
On the other hand, 8, and S, are the normal and tangential jump coefficients. It is very
important to mention that some authors consider that the minus sign of the right hand side
term of Egs. 103a,b is implicit in the stress jump coefficients, 8, and S, [20], [85].
In the present chapter, the RUC filling is carried out at constant inlet pressure for all cases.
Therefore, the non-dimensional inlet boundary conditions are as follows:

At the Stokes domain:

£9) = — L/ (WUpa) n®, 25 = 0 (104a)
At the Brinkman domain:

b b) ~(b
ED) = — Pl (tep s Umax)nD, 28 = 0 (104b)

where p,,, represents the prescribed inlet pressure. No-flux condition, 4;7; = 0, and zero
traction in the tangential direction, £;#; = 0, are used in boundaries where symmetry is
specified. At the fluid fronts, kinematic and dynamic boundary conditions are defined. The
former condition is equivalent to Eq.73 in non-dimensional form, whereas the dynamic
condition accounts for the discontinuities of normal stress due to the capillary pressure,
P.qp; these conditions have the next form:

Kinematic condition (For all domains):

dz;/dt = t,7; = (4.7 (1052)
Dynamic condition (At the Stokes domain):
. = L (Peap = Pair)/ (WUma) fis (105b)
Dynamic condition (At the Brinkman domain):
8" = 1" (Peap = Pair)/ (egfUmax) i (105¢)

where 7; is the outwardly oriented normal vector of the fluid front, P,;, is the air pressure
in the fluid front and i, is the dimensionless normal pore velocity, defined as the
dimensionless normal Darcy velocity divided by the tow porosity, €; [75], [130]. The same
mathematical model used in Chapter 3 for the calculation of P4, in the channel and tows,
Egs. 76 to 80, can be applied in the present case. The main permeabilities of the tows, K;
and K,, can be also computed using the Gebart model [135], which was previously

presented in Chapter 3, Egs. 63 and 64.
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The Stokes-Darcy formulation is also considered in the present chapter only for comparison
purposes with the Stokes-Brinkman formulation. In dimensionless form, the Darcy

equation is as follows:

o =~k (57) (106),

0%
where K; = K;/(L*)? is the non-dimensional permeability in the principal direction “i” and
P =p/(U. Unq/L?) is the non-dimensional pressure, while x; and i; were defined in Egs.
100a and 100b, respectively. The matching and boundary conditions for the Stokes-Darcy
formulation shown in Chapter 3, Egs. 65 to 70, are applicable in this case in non-

dimensional form.

4.3 Integral equation formulations and numerical techniques

Three numerical approaches are considered to deal with the governing equations presented
in Section 4.2. For the Stokes-Brinkman problem, both pure BEM for isotropic porous
domains and DR-BEM for isotropic and anisotropic porous domains are implemented. For
the Stokes-Darcy problem of this chapter, the pure BEM formulation presented in Chapter
3, Eqgs. 81 to 85, is applied as well.

The integral formulation for the isotropic Brinkman equation has the same form as for the
Stokes equation, Eg. 81, with fundamental solutions given by [200], [201]:

Ul (€y) == [Al (26 + Ay (z) LE00178) )] (107a)

(vj-¢)m
TZ

=€) (¥j=&;) k=& Tk
4

(V=) (yi—-§)7;
Dy(2) + L b, (25, + L2 D, (2) +

T

K& = — |
(107b),

Dy(2)]
where:

zZ=xr

A(2) = 2[Ky(2) + z7 1K, (2) — z72]

Ay(2) = 2[-Ky(2) — 227 K, (2) + 2z72]

D,(z) = 2K,(z) + 1 — 4272

D,(z) = 2K,(2) — zK,(z) + 4z~ 2

D;(z) = —8K,(z) — 2zK,(z) + 16272,
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with K,(z),K;(z) and K,(z) as the modified Bessel functions of second class, of order
zero, one and two, respectively. In the kernels corresponding to the fundamental solutions
represented in Egs. 107a and 107b, singularities of order O(z3) and 0(z*) arise,
respectively, when r — 0. These singularities cannot be tackled using Rigid Body Motion,
but a decomposition method instead. This method is described in [202] and has been
implemented successfully by other authors in Stokes-Brinkman problems [200], [201]. In

this method, the Brinkman fundamental solutions are decomposed into two parts:
Ul &y =U/O¢ +Uu/9E ) (1082)
K& y) = KSE) + K € y) (108b),
where the first right-hand side terms of the Egs.108a and 108b are the Stokes fundamental
solutions for velocity and traction, respectively, and the last ones are complementary terms.

The singularities associated to the Stokes fundamental solutions, U’(S) (¢,v) and K(S) (£,9),
are treated as mentioned in Chapter 3, while the Telles transformation [166] is used to deal
with the weak singularities of the complementary terms, U/ (€, y) and K (¢, 7).

The explicit forms of U’(C)(f y) and K(C)(E, y) are obtained after expanding in power

series the modified Bessel functions of second class that appear in the Brinkman
fundamental solutions, Eqgs. 107a,b, and subtracting the Stokes fundamental solutions,

Uij(s) (¢,y)and Ki(js) (&, y), resulting in:

' . 1 2l 21+1

1)—ln(z/2))_m>l 2% [Zl 12210')2<(l+1) W+ 1D - g~ (10%)

)|

KO 54 _ 2 _ Lz
€y = {rz i [Zl 122l-1(11)2 (l+1tp(l +1 2(l+1)2 l+1ln (2))] +
Fi g o FkTk o _z2 (P42l 202
(r2 m At 5”) [Zl:l 22L(11)2 ((z+1)2 P D)l (109b),

21 2 2l(1-1
- x]xknk lzl 1 22121(11)2 (1 ITNE + ( : (lp(l - ln(z/@))l}
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where ¥(1) = —yg and W+ 1) = —yz + Zﬁ-zl(l/j) , with yz = 0.5772 .... as the Euler
constant. The last pure BEM formulation, referred as BEM-ISO in the present work, can be
also used in anisotropic porous domains when the flow is unidirectional, taking the
equivalent permeability in the flow direction as calculated by Eq.29. Moreover, Kohr and
Sekar [203] deduced Green functions for the anisotropic Brinkman equation in the Fourier
space, which reduce to the ones employed here when y; = y, (isotropic domain). An
alternative approach for anisotropic Brinkman consists on structure this equation as a
Stokes equation with a non-homogeneous term, which is treated using DR-BEM [63]. The

integral formulation in that case is as follows:
cij (O (€) =
Js KyEy)wO)dS, = [ Ul y) 4GS, + f, U/ y) g;()da,

In the present DR-BEM implementation, the non-homogeneous term, g;(y) = )(fuj(y), is

(110)

approximated using Radial Basis Function (RBF) interpolation given by Augmented Thin
Plate Splines (ATPS). The augmented part of a generalized thin plate spline of order n is a
polynomial of order n — 1 that is added to obtain an invertible interpolation matrix [204].
In the present work, n = 2 and the form of the ATPS is as follows:
r?In(r) for me[1,Ng + N;]
por=l 3 o)
k y, form= Ng+ N;+3

(111),

where Ny is the number of boundary points, N, is the number of interior points and
r(y,z™) = |y — z™| is the distance between the field points, y, and the trial points, z™.
Accordingly, the non-homogeneous term can be expanded as follows:

9;) = TN e (), j = 1,2 1=1,2 (112),
where a;* represent the approximation coefficients in the direction "I". The ATPS
represented in Eg. 111 requires the addition of orthogonality conditions, as shown in the
following equation:

ZNB+N1 am = ZNB+NI oy = ZNB+N1 o™y =0 (113)

m=1 I — 4am=1 m=1

After substituting Eq.112 into Eq.110, the integral representation takes the following form:
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cij(Ow; () =
Jo Kij(&y)wi()dS, — [ U/ (&) t;(»)dS, + (114)
BN gm [ Ul (€, ) 8uf ™()dQ,
The transformation of the domain integrals into boundary integrals is accomplished by
defining the following auxiliary Stokes field:

~ (ml)
ou;

= 115
o, 0 (115a)

with the particular solutions for the ATPS given in [205], [206]. The substitution of the
auxiliary field defined in Egs.115a,b into Eq. 114 and the application of the Green’s
identities in the domain integral, lead to the following boundary-only integral
representation:

¢ij (O () =
[y K@ (S, — [, U/(E,y) ;(3)dS, + InEiM ™ o (e (98, (©) - (116),

f; K@M &GS, + [ v] € 5™ 0)ds,)

where the coefficients a;"* are achieved by collocation of Nz boundary nodes and N;
internal nodes according to Eqg. 112; in other words, Eq.112 can be written in vector form
as g; = [Flaj, from which @; = [F] g, with [ = 1,2.

The treatment of the singularities arising in the kernels K;; and Ul’ the contour and
variables discretization, and the solution of the final matrix system are carried out as done
in Chapter 3. In the DR-BEM formulation of the Stokes-Brinkman problem, the coordinate
systems of the saturated porous domains (warps and weft in this case) are continuously
updated as the fluid front advances, in such way that each coordinate system is located in
the corresponding centroid of each saturated domain to avoid the increment of the condition
number of the final system as the filling takes place. As in Chapter 3, the technique
described in Appendix C. is used to track the moving fronts. In this case the magnitude of

the time step decreases as the capillary ratio, C.,,, increases. The normal vector and

ap:
curvatures of the moving interface are updated using Eqgs. 86 to 89.
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4.4 Results and discussion

4.4.1 Validation and comparison of the BEM approaches for Stokes-Brinkman

problems

Two problems admitting analytical solutions are considered to validate and compare the
Stokes-Brinkman approaches implemented here. The first problem is sketched in Figure
40a and it consists on a pressure-driven, fully developed flow in an isotropic porous
medium with no slip and no penetration conditions in the walls. The non-dimensional

analytical solution for the velocity profile is given by:

0(9) = c1e?? + c,e™¥ — ((1/x*)(4p/AD)) (117a)
¢z = ((1/x)(2p/A%)). (eX = 1)/(eX — &™) (117b)
c1 = ((1/x»)(2p/AR)) - c; (117¢),

where i, is the dimensionless horizontal velocity and Ap/Ax is the dimensionless pressure
gradient. In this case, the characteristic length is taken as L* = H, where H is the total

height of the domain (Figure 40a).

No slip Symmetry
No penetration
- < | 1Y Free fluid o
E 3 4l 3
H| Brinkman fluid I Hi X Tl
=Y Brinkman a
= X & fluid
No slip _
No penetration Symmetry
) Ax | Ax
a) b)

Figure 40 Scheme of problems of Brinkman admitting analytical solutions. a) Only
Brinkman. b) Coupled Stokes-Brinkman.

Data to run the simulations of this first problem are summarized in Table 8, in which the
mesh-size is reported as h = e/H, where e represents the size of one quadratic element.
The plots of L? relative error norm vs. Meshsize are presented in Figure 41la-d, where a
power convergence is obtained for both BEM-I1SO and DR-BEM. In general, the L? relative
error norm is greater in BEM-ISO than in DR-BEM for any combination of mesh-size (h)
and x2. Additionally, BEM-ISO diverges for y? =1 x 103, which means that this
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approach is not suitable for small permeabilities and/or large ratios of p/u.sr. For both

approaches, the accuracy increases as the coefficient y? decreases and, for a determined

value of y?, the convergence order, n., is higher in DR-BEM, which implies another

advantage of this scheme with respect to BEM-ISO.

Analytical and numerical results for h = 5.00 x 10~2 are compared in Figure 42, where it

is confirmed that BEM-1SO is much less accurate than DR-BEM for high values of y2. As

expected, the velocity profile tends to flatten as the flow approximates to the darcian
regime and this behavior is well predicted by DR-BEM, but not by BEM-ISO.

Table 8 Data to run the simulations of Brinkman problem of Fig 40a

Geometric Material data Processing Meshsize
data data
H Ax u Heff Xz P Pout h
(m) (m) | (Pa.s) (Pa.s) (Pa) (Pa)
1x 1x 1x 1x 250 3.33 5.00 1.00
102 10-3| 91 0.1 | 103 102 10 1 01)1000 0 x 1072 x 10~ x 1072 x 107%
1.2E-03 1.2E-02
€ 10603 o102 £ 1.0e-02 g ot
2 g.0e04 O 8.0£-03 S0
o 6.0E-04 . DR-BEM, x2=1 5 6.06-03 BEM-ISO, x2=10
E 4.0E-04 - DR-BEM, x2=0.1 || = 4.0E-03 oo n.=0.11 DR-BEM, x2=10
&
,1' 2.0E-04 2 BEM-ISO, x2=0.1 NGJ 2.0E-03 n=095 n
0.0E+00 —' 0.0E+00 pe—
0.0E+00 5.0E-02  1.0E-01 0.0E+00 5.0E-02 1.0E-01
Meshsize(h) Meshsize (h)
a) b)
3.5E-02 9.70E-02
€ 3.0E-02 O £ 9.65E-02 &
S
O 2.5E-02 DRBEM, 1| & 9.60€-02
c X2=100 o P
o 2.0E-02 N € 9.55E-02 S
O 1.5E-02 0 UDREEM || 5 9.50E-02 ¢ PENHS0,x2=100
o 1.0E-02 g ot e & 9.456-02 7
~, 5.0E-03 g ~, 9-40E-02 .
0.0E+00 9.35E-02
0.0E+00  5.0E-02  1.0E-01 0.0E+00 5.0E-02 1.0E-01
Meshsize (h) Meshsize (h)
c) d)

Figure 41 Plot of convergence for Brinkman problem of Fig 40a. a) x°=[0.1,1],
b) x*=[1,10], ¢) ¥°=[1x10%1x10°] (DR-BEM), d) y*°=1x10° (BEM-ISO).
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Figure 42 Graphical comparison between analytical and numerical solutions for
Brinkman problem of Fig.40a with h=5.00x10?,

The second problem considered in this section is represented in Figure 40b. It is a coupled
Stokes-Brinkman problem that has been used by other authors to validate FEM-based
algorithms [20], [85], [96]. In this problem, the inlet and outlet are subjected to pressure
boundary conditions and the upper and lower boundaries, to symmetry boundary
conditions. Both continuous and jump stress matching conditions at the interface between
the two layers are considered. The analytical solution for the velocity profiles is given by
Egs. 118a,b and it is only valid provided that the boundary layer thickness of the Brinkman
flow is smaller than the height of the porous medium, in such a way that the solution tends
to a Darcy flow in the lower part of the porous medium domain.
Analytical solution for the Stokes domain:
uz () =
—(H/2).(9 —9*/H). (ap/A%)s — (H/ L)) JoKi /(1 + B/d)(Ap/A%)S —  (118a)
Ki/(L*(1 + By ¢)o) (4p/A%)°
Analytical solution for the Brinkman domain:
@) =

118b),
—K,/(L*¢) (ap/A%)° — (180
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{[(A/@L))J K (ap/82)° + Ki /(L) (8p/8%)°]/ (1 + B ) —
Ki/ (L) (Ap/A%)P}. eWe/KisL)

where ¢ = u/uery.

Data to run simulations of this second problem are given in the Table 9.

Table 9 Data to run the simulations of Stokes-Brinkman problem of Fig 40b

Geometric Material data Processing Meshsize
data data
H(m) dx(m)| F = Perf X B b (o h

(Pa.s) (Pa.s) (Pa) (Pa)

6 X 1x Ix 1x 1x 250 3.33 5.00 1.00
10-3  10-3 0.1 01 |i0* 103 102 18 0 05 1[100 0 |[x X X x
1072 1072 1072 107!

The plots of L? relative error norm vs. Meshsize are represented in Figure 43a-c for the
BEM-ISO approach and Figure 43d-g for the DR-BEM approach. In general, DR-BEM is
more accurate than BEM-ISO in all situations. In fact, for y? = 1 x 10*, BEM-1SO does
not converge. For BEM-ISO, the convergence order, n., increases as f is increased for
x? =1 x 103 (Figure 43a), but for y? = 1 x 102 (Figure 43b) and y? = 18 (Figure 43c)
an opposite behavior is obtained. In the three plots of convergence of BEM-ISO (Figure
43a-c), it is observed that the L? relative error norm diminishes with the increase of g, and,
when compared Figure 43b and Figure 43c, it is also worth noting that the L? relative error
norm is not as sensitive to the parameter y2 as it is to the parameter B, for y? between
1% 10% and 18.

The plots of convergence for DR-BEM are shown in Figure 43d-g. According to Figure
43d to Figure 43f, from y2 = 1 x 10* to y? = 1 x 102, the order of convergence, n,, is
greater as y? decreases for a constant value of 8; on the other hand, a contrary behavior is
observed from y? = 1 x 102 (Figure 43f) to y? = 18 (Figure 43g). If the jump coefficient,
B, and the mesh-size, h, are kept constants, the L? relative error decreases with the
reduction of x2, which is reasonable because in the DR-BEM formulation the
approximation error of the non-homogeneous term has a stronger influence on the results as
x? is larger. Another thing to notice in the plots of convergence of DR-BEM is the

reduction of the L? relative error norm with the increase of g for y2 = 1 x 10* (Figure
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43d) ,x? =1x 103 (Figure 43e) and y% = 1 x 102 (Figure 43f); for y? = 18 (Figure
43g), an opposite behavior is found. The last aspect to highlight in Figure 43e-g is the

reduction of the convergence order with 8 for y2 = 1 x 103, y2 = 1 x 10% and y* = 18.

1.2E'01 BEM_'SO’ 2.0E_02 BEM'ISO,
% 1.0E-01 0o XEE | E 18802 o0 n 000 o
i > -
c 8.08-02 @ 018 0 [ gemuso, || S 19802 _ ne0041 o 0 BEMHSO,
B 6.0E-02 ga—oO )(2:1E3,, o 1.3E-02 o8 x2=1E2,
% 4.0E-02 B=0.5 © 1.0r-02 B=0.5
| -
~, 2.0E-02 BEM-Iso, || @ 7.5E-03 BZE_'VI"E'go'
0.0E+00 2183, || 50803 b
0.0E+00 5.0E02 1.0E01 ™ 0.0E+00  5.0E-02  1.0E-01
Meshsize (h) Meshsize (h)
a) b)
2.0E-02 o BEM-I50,
¢O— 971 20,029 2-18,
£ 1.86-02 n=0.0% bo
| .
8 1.56-02 BEM-ISO,
o 1.3E-02 08 Br0024 - =18,
 1.0e-02 B=0.5
@ 7.5E-03 BEM-ISO,
i 5.06-03 X2=18,
=1
0.0E+00 5.0E-02 1.0E-01 g
Meshsize (h)
c)
DR-BEM, _ DR-BEM,
. 2.2E-02 . n=0.058 ¢ Y2-1E4, e 1.8E-02 020120 Y2163
<& & )
= 2.0E-02 & B=0 5 1.66-02 p p=0
8 -~ O DR-BEM, || C < [ DR-BEM,
1.8E-02 14E-02
(- n.=0.045 Xx2=1E4, e LALES n=0.081 ¢ X2=1E3,
O 1.6E-02 Lo B=0.5 o o— B=0.5
= < 1.2E-02 a
o 1.4E-02 DR-BEM, || @ - DR-BEM,
o~ -
o 1.2E-02 )é2_=11E4, —1 1.0E-02 )é2:-11E3,
0.0E+00  5.0E-02  1.0E-01 0.0E+00  5.0E-02  1.0E-01
Meshsize (h) Meshsize (h)
d) e)
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Figure 43 Plot of convergence for Stokes-Brinkman problem of Fig. 40b. a) y°=1x10°
(BEM-1S0) b) *=1x10? (BEM-1S0), c) *=18 (BEM-1S0), d) y*=1x10* (DR-BEM),
e) x*=1x10° (DR-BEM), f) y’=1x10% (DR-BEM), g) °=18 (DR-BEM).

The analytical and numerical results for h = 5.00 x 10~2 are compared in Figure 44a-d,
where it is confirmed that the DR-BEM solution is more accurate than the BEM-ISO. In
general, the increase of the jump stress coefficient, 3, reduces the velocities in the Stokes
domain, being this reduction more important as y? decreases (See for example Figure 44d).
As expected, for a constant 8, the thickness of the boundary layer increases with the
reduction of y2. On the other hand, the increase of g reduces the boundary layer thickness
and this reduction is more notorious as y? decreases. The same conclusions were reached in
[85] using a FEM-based method®, which means that the present approaches are consistent
with other results.

It is important to remember that BEM-ISO and DR-BEM are different numerical
approaches to obtain the fluid flow solution only in the porous domain. For the coupled
Stokes-Brinkman problem of Figure 40b, pure BEM was used to solve the governing
equations in the channel domain in all cases. Considering this and having concluded that
DR-BEM is more suitable for this particular case, the numerical formulation used in this
chapter to solve the subsequent Stokes-Brinkman problems is referred as BEM/DR-BEM

from now on.

! The authors presented the formula of the stress jump condition with the minus sign implicit in the coefficient . Thus,
B assumes a different sign with respect to the one of the present work, but both models are equivalent each other.
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Figure 44 Graphical comparison between analytical and numerical solutions for
Stokes-Brinkman problem of Fig. 40b with h=5.00x10-. a) y°=1x10*, b) ¥*=1x10°,
c) ¥*=1x107 d) y°=18.

The problem represented in Figure 40b was also solved in [20] using a modified Brinkman
approach that reduces to the Stokes flow in the channel domain. In that approach, the stress
jump condition is incorporated by a level-set formulation and the numerical solution is
obtained by the Finite Element Method (FEM). The authors considered the following
parameters in the simulations: H = 1cm, B = 0.7, perr = u/e with & = 0.5, and
K = 10"*cm?, where K is the permeability of the porous medium in the flow direction.
Considering a characteristic length of L* = H, the inverse Darcian number is y? = 5.00 X
103 in this problem. Four mesh-sizes were evaluated, h = 0.1cm, h = 0.05cm, h =
0.01cm and h = 0.005cm, using a uniform distribution of a regular mesh of square
elements over the entire domain, with "h" as the length of the side of one square element,
obtaining a total number of elements in each case equal to 0.1/h2. In a similar fashion, in
the present BEM/DR-BEM scheme, "h" represents the size of one quadratic element of the
contour mesh, which leads to Ny =(3x0.1+2x1)/h, Ny =4(0.6/h+1) and
N, =(0.2/h—1) x (1/h — 1), with N as the number of boundary elements of the whole
domain (Stokes and Brinkman), whereas Nz and N, are the boundary and interior trial
points in the Brinkman domain, respectively. The characteristics of the meshes for this
particular case and the corresponding L? relative error norms of the BEM/DR-BEM

solution are presented in Table 10.
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Table 10. Characteristics of meshes and L? relative error norms of BEM/DR-BEM

solution
FEM scheme BEM/DR-BEM scheme
Element Number of Number of boundary Number of trial Number of trial L

size, uniformly elements for the whole points in the points in the relative

h (cm) distributed domain boundaries of the interior of the error

elements (Stokes+Brinkman) Brinkman domain  Brinkman domain ~ norm
0.1 10 23 28 9 1.01E-01
0.05 40 46 52 57 1.35E-02
0.01 1000 230 244 1881 9.89E-04
0.005 4000 460 484 7761 3.21E-04

According to [207], the application of the Finite Element Method (FEM) to fluid flow
problems implies the use of mixed formulations where multiple field variables shall be
considered, like the velocity and pressure in the case of an incompressible fluid flow. In
such a cases, the discretization scheme of the domain should fulfill three conditions with
the purpose to assure the solvability, stability and optimality of the FEM solution, namely,
consistency, ellipticity and Inf-Sup condition, being the last one the most difficult to satisfy
due to the choice of numerical constants to be introduced in the FEM formulation or to the
modification of the original FEM scheme in order to satisfy implicitly such a condition.
The statement of the Inf-Sup condition depends on the problem being analyzed; in the case
of Stokes-Darcy problems, this condition is detailed in [208]. For both Stokes and
Brinkman flows, some distorted FEM meshes could not satisfy the Inf-Sup condition,
resulting in spurious pressure modes (for more details see [207]). On the other hand, in the
present BEM/DR-BEM formulation for Stokes/Brinkman problems, in both flow fields,
spurious pressure modes are not possible due to the unique relationship between the
velocity and pressure fundamental solutions in the integral formulation of the problems.
However, significant numerical errors and inaccuracy can be found by using very distorted
BEM meshes, due to the ill conditioning of the global matrix system and/or the
appearance of near-singularities in the numerical integrations. Therefore, in our scheme, it
IS convenient to avoid a distorted mesh, i.e., a mesh having adjacent elements with very
dissimilar sizes, to preserve the accuracy of the solution. As mentioned in Appendix C.,
since the points at the fluid front are not uniformly spaced just after the fluid front
advancement, a remeshing algorithm is implemented with the purpose to obtain a balanced

mesh in every time instant and avoid in this way the loss of accuracy in the solution.
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The comparison of the present BEM/DR-BEM scheme with the FEM scheme of [20] is
shown in Figure 45a,b, where a semi-log plot is adopted in order to distinguish the
velocities in the porous domain, which can be several orders of magnitude lower than the
velocities in the channel. In the present BEM/DR-BEM scheme, the positions of the interior
trial points for the RBF interpolation are determined by an extension of the boundary mesh
points into the domain, with exception of the points close to the corners. In both BEM/DR-
BEM and FEM schemes, the numerical solution converges satisfactorily to the analytical
one, obtaining very accurate solutions for the two finer meshes, h = 0.01cm andh =
0.005cm; however, a domain mesh is required in the FEM instead of the only boundary
discretization used in BEM/DR-BEM, which represents an advantage of the last one. Two
main differences between the two numerical schemes can be observed. Firstly, the
BEM/DR-BEM shows high accuracy in the Stokes velocity profile, channel flow, for all
mesh sizes, while the Brinkman velocity profile is over-predicted for the coarser meshes.
On the other hand, the FEM scheme always predicts an accurate velocity profile in the
porous medium (Brinkman), but the velocity profile in the channel (Stokes) is under-
predicted for the coarser meshes. As commented in [20], the observed behavior in the FEM
solution is due to the interpolation scheme used in the level-set formulation. To be more
specific, it is necessary to mention that a single equivalent momentum equation for the
coupled Stokes-Brinkman domain was considered in [20], which is essentially a Stokes
equation modified with permeability and jump stress terms to account for the fluid flow in
the porous medium and the stress matching condition in the interface, respectively.
Additionally, the domain geometry was defined by a level set function, ®, where ® = 0 at
the interface, ® > 0 at the free-fluid domain and ® < 0 at the porous medium. When
|P| < g, With g, as the half thickness of the diffuse interfacial region, an interpolation
functions is defined to express the permeability and jump stress terms as a function of @
and g;,¢, and the errors of such interpolation led to greater numerical errors in the Stokes
velocity profile than in the Brinkman one, as explained in [20]. On the other hand, the
observed behavior of the numerical solution with the mesh size in the BEM/DR-BEM
approach is due to the approximation error on the evaluation of the volume integral in the
integral representation formula used to represent the Brinkman flow, Eq.110. As mentioned

before, in the case of the Stokes flow an exact only-boundary integral formulation is
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known, Eq.81, requiring only the discretization of the boundary integral densities, u; and t;,
without any additional approximation. The discretization of the densities, u; and ¢;, is also
required in EQ.110, besides the corresponding approximation of the volume integral. The
transformation of the domain integral appearing in Eq.110 into the boundary integrals
arising in Eq.116 by DR-BEM involves the interpolation of the non-homogeneous term,
g;(»), using Augmented Thin Plate Splines (ATPS) as shown in Eq.112. In this case, the
approximation error of such interpolation, which is greater as the permeability is lower
and/or the mesh is coarser, is the principal error source of the Brinkman velocity profiles.

It is worth-mentioning that in the BEM/DR-BEM results no oscillations are present in
points close to the interface Stokes-Brinkman for any mesh-size, contrary to the FEM
scheme used in [20] where oscillations can be noticed for the coarser meshes (See details of
Figure 45a and Figure 45b).

The Stokes-Brinkman simulations of the following sections are conducted using the
BEM/DR-BEM scheme with a mesh-size of h = e/H = 5.00 x 1072, with corresponding
L? relative error norms of order 0(—2) for y? ranging between 103 and 10* according to

the last analyses.
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Figure 45 Velocity profiles for coupled Stokes-Brinkman problem at several mesh
sizes. a) BEM/DR-BEM approach (Author). b) FEM approach [20].
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4.4.2 Simulation data and void characterization

Simulations considered in the following sections are classified into five different series.
Series 1 to 4 provide different data to be used in the simulations performed with the Stokes-
Brinkman formulation, while Serie 5 defines the data of the simulations run with the
Stokes-Darcy formulation. The parameters of the Serie 1, which is taken as the reference
case, are presented in Table 11, where the fixed parameters are prescribed values and the
computed parameters are determined from the former ones. The geometrical parameters of
the RUC considered in this chapter are represented in Figure 39. The jump coefficient, 3,
of the simulations of Serie 1 is calculated using the model of Valdés-Parada et al. [187],
[188] together with the Larson-Hidgon coefficient in the inter-region channel-tow, y*
[209]:

3/2

- %
B =3 NTCTT R (119a)
Y =(2x1073)/(1 — g,)*/3 (119b),

where the porosity of the inter-region channel-tow, €., is approximated as the porosity of
the bundle, &, and it is considered that p.rr = u/e.. In simulations of Serie 2, the jump
coefficient is changed to g = 0.7, which corresponds to the approximation considered in
[20], where prr = u/e.. For Serie 3, the RUC is compacted and the following parameters
are changed with respect to Serie 1: Hrye = 1.2 X 1073m, H, =4.0x 107*m, a, =
8.4 x 10~*m and b; = 2.0 X 10~*m (See Figure 39). In Serie 4, the continuous stress
condition is considered taking g =0 and p.rr = p. Considering a characteristic length
equal to the tow height, i.e., L* = H, (See Figure 39), to be consistent with the
characteristic lengths of the benchmark problems of Figure 40a,b, the inverse Darcian
numbers in the principal directions for the Series 1 and 2 are y? = 1.40 x 103 and
x> = 6.80 x 103; for Serie 3 (compacted domain) the corresponding values are y? =
9.80 x 102 and y? = 4.76 x 103, whereas for Serie 4 (continuous stress case), they are
x?=226x10% and y7 = 1.10 x 10*. For simulations of Serie 5, a Stokes-Darcy
approach is taking into account and therefore, the jump stress coefficient, B, is not
applicable in such case, but the slip coefficient, y, which is approximated as y = 1/(e,/?)

[158]. As a constant pressure regime is considered in all simulations, the imbalance
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between viscous and capillary forces is quantified by mean of the capillary ratio, C.q) =
Peapmax/Pin [11], Where P.qy may and Py, stand for the maximum capillary pressure and
inlet pressure, respectively. For Series 1,2,3 and 5, three different capillary ratios are
contemplated: C.qp =1 X 1072, Cppqpp = 1 X 107 and Cpqp, = 5 X 1071, whereas for Serie
3 only the lower value of C,,, is taking into account, i.e, C.q, = 1 x 1072. The following
results are acquired from each simulation:

e Size, shape and location of voids, expressed as (See Figure 46):

Size = Ayoia/ ((Lruc)?) (120a)
Size" = Ayoia/ (2Aruc) (120b)

Shape = a/b (120c)
Location = l,;q/(2a;) (120d),

where A, is the void area, Agyc = Lryc- Hryc 1S the RUC area, Lgy is the RUC
length, "a" and "b" are the semi-major and semi-minor axes of the ellipse
circumscribing the void, a, is the semi-major axis of the weft, and L,,;, is the distance
between the front edge of the weft and rear edge of the void (See Figure 46). When the
size of voids of two different domains are compared one another, either "Size" or
"Size*" could be used indistinctively as long as both Agy,- and Ly remain constant;
otherwise, it is convenient to take into account both "Size" and "Size™" in the analysis.
For example, if the influence of the RUC compaction is going to be study, both
variables should be considered since they do not necessarily have the same meaning
because Agyc is modified when the RUC is compacted.

e Real, dimensionless and normalized times for several filling instants: The
dimensionless time was defined in Eq.100c, while the normalized time is defined as
t™ = t/trining, Where teyimg is the total filling time of the RUC. In the simulations of
the following sections, two adjacent RUC’s are considered and the filling stops when
the partial equilibrium of the bubble formed in the second RUC has been reached.

e RUC’s saturation vs. Normalized time.

e Velocity profiles at inlets, fluid fronts and interfaces.

e Compression of the voids, defined by the compressibility ratio:
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where V3,4 and V.. stand for the initial and final volume of the void, respectively.

Table 11 Simulation data for the reference case (Serie 1) in Stokes-Brinkman

formulation

Fixed parameters

Half- Length
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Figure 46 Scheme of void characterization

4.4.3 Comparison between Stokes-Darcy and Stokes-Brinkman approaches

Despite the most of cases in composites processing involve low permeability tows and,

therefore, are prone to be modeled by the Darcy approximation, some authors prefer to use

the Brinkman equation in its original form [20], [85], [96], since it is possible to impose

explicitly the matching conditions at the channel-tow interface in terms of the interfacial
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velocity and traction components, considering that the Brinkman and Stokes partial
differential equations are of the same order. As expected, several authors have used the
Darcy equation to model the flow in the tows [3], [8], [103], but, considering that this is a
first order partial differential equation, a slip matching condition for the tangential
velocities in the channel-tow interface has to be imposed as shown in Chapter 3 and the
value of the slip coefficient, y, appearing in that condition is not a closed problem.
Considering that both approaches, Stokes-Brinkman and Stokes-Darcy, have been used in
the literature and are consistent with the problem dealt here, the present section is devoted
to compare the results of void formation obtained by both of them, namely, Serie 1 for
Stokes-Brinkman and Serie 5 for Stokes-Darcy. It is important to mention that a coupled
solution system is considered for both approaches, i.e., the equations of the free-fluid and
porous medium domains, as well as the matching conditions, are directly included in a
single solution system, which could be ill-conditioned as mentioned before. In other works,
decoupled strategies have been used for the solution of Stokes-Darcy problems, such as:
iterative subdomain methods [210], Lagrange multipliers [211], two-grid method [212],
among others. For instance, Mu and Zhu [208], who used the Saffman matching condition
for the tangential velocities, proposed and assessed a decoupling FEM methodology based
on interface approximations via temporal extrapolation for non-stationary cases. This
methodology allows solving two decoupled sub-problems independently by invoking
conventional Stokes and Darcy solvers. After analyzing the behavior of the convergence
rate and approximation errors with the time step and element size regarding a coupled
strategy, it was concluded that the proposed methodology is computationally effective for
this kind of problems. In future works, decoupled strategies could be implemented using
BEM.

Comparison of the RUC filling process for Ccqp = 1 X 1072
In Figure 47, they are compared several filling instants of the Stokes-Darcy (S-D) and
Stokes-Brinkman (S-B) approaches for C.,, = 1 x 1072; in each instant, the fluid front

position along the channel is the same for both approaches, S-D and S-B, but different
evolution times are predicted. First filling instant looks very similar for both approaches

(Figure 47a vs. Figure 47b), but S-D predicts a slightly greater time than S-B. As expected
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for Coqp = 1 x 1072, the fluid fronts in the channels exceed the fluid front in the tows and
the first weft is surrounded by the liquid. At the filling instant of Figure 47c and Figure 47d,
when the liquid at the channel is approximately half the way along the first weft, 6.57% of
the total filling time has elapsed according to S-D, whereas S-B predicts a value of 5.78%.
Additionally, the minimum position of the fluid front in both the warps and the weft is
larger for S-D. When the channel fluid fronts totally surround the first weft and merge one
another, the air is trapped and the void compression occurs. According to Figure 47e and
Figure 47f, the fluid fronts in the warps and the weft for S-D are ahead with respect to S-B,
and this causes a smaller initial bubble for S-D. Moreover, the real arrival time to this
position is longer for S-B, but the normalized time is shorter instead. This last feature is
common for all the cases analyzed in Figure 47a-h, where the normalized times of the fluid
front evolution are always shorter for the S-B simulation. In the Figure 47g and Figure 47h,
it is important to realize that for both simulations, S-D and S-B, the maximum position of
the channel fluid front is almost 80% of the total length of the domain, while the time has
not reached 60% of the total filling time. This is a manifestation of the reduction of the
saturation rate regarding the initial one, as it will be confirmed later. When the channel
fluid fronts totally surround the second weft, they merge one another again and the second
bubble is formed. This bubble undergoes a compression until the partial equilibrium is
attained (Figure 47i and Figure 47j). In this case, S-D predicts a smaller void and a lower

void aspect ratio than S-B in both wefts, as it can be confirmed in Table 12 for Ccop, = 1 X

1072, In general, the influence of the formulation type, S-D or S-B, on the void location is

not as significant as the influence on the void size and shape.

140



Stokes-Brinkman, 8 = 1.24

TIME:
Real: 5.90 microseconds
Dimensionless: 6.88
Normalized: 2.50E-3

Stokes-Darcy, y = 1.27

TIME:
Real: 6.16 microseconds
Dimensionless: 7.86
Normalized: 3.03E-3

03
02
01

>0

0.1
02
-03

06 08 1\ 12 14 16 1.8 2
X
a)
TIME:
Real: 1.37E+2 microseconds

Dimensionless: 159.16
Normalized: 5.78E-2

03|
02|
0.1
< 0]
01
02

-0.3}

TIME:
Real: 1.34E+2 microseconds
Dimensionless: 170.41
Normalized: 6.57E-2

03
02
0.1

>0

0.1
02|
03|

0.3]

0.2
0.1
> o-

-0.1

-0.21

-0.3]

T T T T T = T

0.4 06 0.8 i 12 14 16 18 2
X
<)
TIME:
Real: 6.80E+2 microseconds

Dimensionless: 792.30
Normalized: 2.88E-1

TIME:

Real: 1.29E+3 microseconds
Dimensionless: 1504.58

Normalized: 5.47E-1

TIME:

Real: 6.26E+2 microseconds

Dimensionless: 798.06
Normalized: 3.08E-1

03F
0.2
o)
@ o
0.1
-0.2
-0.3F

T T T T

TIME:
Real: 1.16E+3 microseconds
Dimensionless: 1482.45
Normalized: 5.72E-1

03
02
0.1
o 0
0.1
-02
03

T T T T T

0.3-
0.2+
0.1+
o o
0.1+
-0.21-
-0.3+

TIME:
Real: 2.36E+3 microseconds
Dimensionless: 2752.16
Normalized: 1.0

TIME:
Real: 2.03E+3 microseconds
Dimensionless: 2593.37
Normalized: 1.0

0.3
0.2;
0.1
@ 0
-0.1
-0.2

-0.3]

Figure 47 Comparison of void formation between Stokes-Brinkman with g=1.24 and
Stokes-Darcy with y=1.27, for Cap=1x10"
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Void size difference between the first and second weft.

For Ceqp = 1 X 1072, the bubble of the first weft is smaller than the one of the second weft
for both approaches, S-B (Figure 47i) and S-D (Figure 47j). To explain this, the details of
void formation for S-D and S-B are shown in the Figure 48a-d, where the fluid fronts
corresponding to the instants of flow merging (blue) and bubble equilibrium (violet) are
highlighted in different colors The comparison between these fluid fronts (blue and violet)
in each figure is an indication of the void compression. Accordingly, in the first weft
(Figure 48a for S-B and Figure 48b for S-D) the void compression is higher than in the
second weft (Figure 48c for S-B and Figure 48d for S-D) for both approaches, and this is the
main cause of the size difference between the final voids; for the first weft the
compressibility ratio is ¥ = 0.512 for S-B and ¢y = 0.587 for S-D, whereas, for the second
one, it is ¥ = 0.304 for S-B and ¥ = 0.332 for S-D. This is reasonable since higher
pressures are reached in the neighborhood of the first bubble because it is closer to the inlet
of the RUC.

The RUC fillings for the other two capillary ratios studied here (C.qp = 1 X 10~1 and
Ceap = 5% 1071) are presented in Figure 49a-d. In those cases, the relationship between
the size of the first and second void is opposite to the one described above (Ccap =1x
10‘2), that is, the second void is smaller than the first one. This apparent unexpected
behavior is well predicted by both the S-D and the S-B approach and it is due to the
relationship between the capillary and viscous forces, and to the void compression. In
general, during the filling of two adjacent RUC’s at constant pressure regime, the velocities
of the channel fluid fronts surrounding the first weft are greater than those ones surrounding
the second weft because the saturated domain is smaller in the first case, which represents a
lower flow resistance, and the inlet pressure is kept constant during the whole injection.
Considering this and the fact that the capillary forces promote the weft impregnation, the
separation between the channel fluid front surrounding the weft and the fluid front inside
the weft tends to be inferior for the second weft as the capillary effects are more relevant,
i.e., as C.qp is larger. Considering that for C.qp =1 x 107" and C.qp = 5 x 1071 the
capillary effects are more important than for C.,, = 1 X 1072, it is expected a greater fluid

infiltration in the second weft than in the first one before the channel fluid fronts merge one
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another, leading to a smaller initial void size in the second weft regarding the one in the

first weft in the cases of C.,, =1 x 107! and C,4, = 5 % 1071, Additionally, the void

compression is lower for those cases with respect to the case of C,q, = 1 X 1072 since the

inlet pressures are lower as well, and the initial and final void sizes are almost the same for

both wefts (See Figure 50a and Figure 50b, corresponding to the case of Cq, = 1 x 1071

for S-B). As the initial and final void sizes are very similar for both wefts (low void

compressibility), and considering that the initial void size is smaller in the second weft due

to the greater infiltration of liquid into this weft before the channel fluid fronts merge each

other, it is reasonable to obtain smaller voids in the second weft.

Stokes-Brinkman, B = 1.24
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&> O o0
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X
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Stokes-Darcy, y = 1.27

Figure 48 Detail of void formation for Stokes-Darcy and Stokes-Brinkman
formulations and Ccap=1% 1072. a) First weft (Stokes-Brinkman, p=1.24), b) First weft
(Stokes-Darcy, y=1.27), c) Second weft (Stokes-Brinkman, §=1.24), d) Second weft
(Stokes-Darcy, y=1.27)
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Figure 49 Total fillings of RUC’s in S-D and S-B for Cgap=1x10"" and Cgap=5x10",a)
Ceap=1x10" (Stokes-Brinkman, p=1.24), b) Ccap=1x10" (Stokes-Darcy, y=1.27), c)
Ceap=5%10" (Stokes-Brinkman, p=1.24), d) Ccap=5x10" (Stokes-Darcy, y=1.27).
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Figure 50 Detail of void formation for C(;ap:1><10'1 in Stokes-Brinkman approach
with p=1.24 . a) First weft, b) Second weft

Results of void characterization.

The characterization of the final voids is shown in Table 12. Both approaches, S-D and S-B,
predict a similar behavior of the void size and shape with the capillary ratio, C.qp,. The
largest voids of the first weft are obtained for C.,, =1 X 10~1 and the smallest ones for
Ceap =5 X 1071, with the void size corresponding to Ceap = 1 X 1072 in between them.
On the other hand, for the second weft, the void is always smaller as C,,, is higher, with no
void formation, Size* = 0, for C.q), = 5 X 10~ when using the S-B approach (See Figure
49c), while the S-D predicts the formation of a very small bubble (See Figure 49d).
Regarding the void shape, the increase of C.4,, generates bubbles with a higher aspect ratio

for the first and second weft in both approaches, S-B and S-D.
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Table 12 Characterization of final voids for S-B with §=1.24 and S-D with y=1.27

Capillary Void of first weft Void of second weft

Approach ]
ratio Size* Shape Location| Size” Shape  Location

1.00E-02 | 7.58E-03 2.34E+00 9.48E-01 | 9.87E-03 1.93E+00 9.35E-01
Bi:(r?:jns;n 1.00E-01 | 1.08E-02 2.84E+00 9.83E-01 | 6.55E-03 3.32E+00 9.87E-01

5.00E-01 | 1.97E-03 4.24E+00 9.65E-01 | 0.00E+00 NA NA

1.00E-02 | 5.08E-03 2.10E+00 9.32E-01 | 8.01E-03 1.86E+00 9.46E-01
Sl:t;;t:- 1.00E-01 | 1.07E-02 3.10E+00 9.84E-01 | 7.34E-03 3.59E+00 9.91E-01

5.00E-01 | 4.94E-03 4.17E+00 9.78E-01 | 2.45E-03 5.21E+00 9.66E-01

Comparison of saturation curves.

The global saturation curves predicted by the S-D and S-B approaches for the three
capillary ratios are compared in Figure 51a, where it can be seen a similar general behavior
for all curves. In the Figure 51b, the S-D curve for C.,,, = 1 x 10~ is showed to describe
the general behavior of the curves of Figure 51a and several filling instants are highlighted
using marker points that are numerated from 0 to 5. According to Figure 51b, the highest
saturation rate, i.e., the slope of the curve, is reached at the beginning of the injection (from
0 to 1), but when the fluid front arrives to the first weft (point 1), the saturation rate
decreases until the merging of the fluid fronts (from 1 to 2) due to the flow resistance
exerted by the first weft. When the channel fluid fronts have surrounded the first weft and
encountered one another, an increase in the saturation rate can be noticed (point 2) and this
rate is kept almost constant until the arrival of the fluid front to the second weft (from 2 to
3), moment from which the saturation rate progressively decreases again until the second
merging of the fluid fronts (from 3 to 4) due to the resistance exerted by the second weft. In
point (4), saturation rate barely increases, and from (4) to the end of simulation (5),
saturation rate is essentially constant. The nearly constant saturation rate between 2 and 3,
as well as between 4 and 5, is expected since no porous obstacles are present in the channel
in those intervals, in contrast with what happens in the intervals from 1 to 2 and from 3 to
4, where the saturation rate decreases due to the presence of the first and second weft,
respectively.
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According to Figure 51a, for C.q, = 1 x 1072 and C,,, = 1 x 1071, the saturation curves
of both approaches (S-D and S-B) are almost similar, but the final saturation is slightly
higher for S-D (See detail in Figure 51a). The highest differences between the predicted
saturation curves of both approaches (S-D and S-B) are found for Cq, = 5x 1071, i.e,
when the capillary effects are the most important; in this case, the final RUC saturation is

barely higher for the S-B scheme (See detail in Figure 51a).

1 o -
__-|| ---Stokes-Brinkman (C =1x10'2)
e cap
0.8 B 1| -—Stokes-Darcy (C__ =1x10?)
C P cap
-2 06 /51;:/”{:,%’/ - Stokes-Brinkman (Ccap=1x10"1)
E ,//1/”/’/ 0.95 A
- P Stokes-Darcy (C__ =1x107")
204 A, ] ] cap
%) 2 T ---Stokes-Brinkman (C___ =5x10")
0 2 P 0.85 < .t cap
i : | - -1
/ o5 ---Stokes-Darcy (Ccap—5x10 )
0 i 0.85 0.9 0.95 1
0 0.2 0.4 0.6 0.8 1
Normalized time
a)
1r | I Equilibriﬁm of second X:1 l 1
bubble (End of simulation) ’ o.s:m -5
4
0.8; Y0868
C Merging
9 06! Merging of gf ﬂSW |
"(B' : flow fronts . _ onts
b e 3% 03040 Arrival to the
S Y:04153] 1105415 gecond bundle
"(B' 0.4f 2 7
v
0.2 + 00003103 Arrival to the 1
.if 006731 first bundle
L0 , i

% 02z 04 06 08 1
Normalized time
b)
Figure 51 Saturation curves for S-D and S-B formulations.a) Comparisson Stokes-
Brinkman with g=1.24 vs. Stokes-Darcy with y=1.27, b) Stokes-Darcy for Ccap=1><10'1
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4.4.4 Influence of matching conditions on the void formation for the Stokes-Brinkman

approach.

Influence of the jump stress coefficient.

The influence of the jump stress coefficient, §, on the void formation can be studied by
comparing results of Series 1 (f = 1.24) and 2 (§ = 0.70). For Serie 2, the total RUC
fillings are shown in Figure 52a-c, where, in the case of C.,,, = 1 X 10~% (Figure 52a), the
fluid fronts with the same positions in the channel as the ones reported in the first column
of Figure 47 for the Serie 1, are highlighted in black color. In general, the real,
dimensionless and normalized arrival times corresponding to these positions are shorter for
B = 0.70.

As it can observed in the Table 13, the behavior of the void size with C,,, in the case of
B = 0.70 is similar to the one previously obtained for § = 1.24, that is, the void size does
not vary monotonically with C,,,, in the first weft, but it does in the second weft, in which
the increase of C.4, brings about the reduction of the void size. According to Table 13,
when void is formed, smaller voids are obtained in both wefts for g = 0.70, being this
difference less significant for C.,, = 5 x 107" in the first weft. The total void size, which
is the sum of the void size of both wefts, is thereby also lower for 8 = 0.70. Although the
size of the first bubble is not a monotonic function of C,,, for both values of g, the size of
the second bubble is a decreasing monotonic function of C,,, and the resulting total void
size also decreases with C.4p,. This last behavior is in agreement with results previously
reported in the literature [11], where unidirectional macroscopic simulations were carried
out using the software LIMS and it was found that the saturated length corresponding to the
arrival of the fluid front to the extreme of a cavity is larger as C.,,, increases, which, from a
mesoscopic viewpoint, can be interpreted as the reduction of the total void size with the
increment of C¢,,, for a determined position along the cavity.

In general, the void shapes obtained in this work are physically consistent with some
experimental works. For instance, Hamidi el al [170], [213], [214] studied the void
morphology in the Resin Transfer Molding process (RTM), obtaining that the bubbles
formed inside the bundles can be cigar-shaped, i.e., bubbles with a very high aspect ratio
(See Figure 53a, Figure 49d-second weft, Figure 52b-second weft), elliptical bubbles with a
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lower aspect ratio tan the previous ones (See Figure 53b, Figure 49a, Figure 49b, Figure
52a, Figure 52b-first weft), and, in less proportion, almost circular bubbles having an aspect
ratio close to one (See Figure 53c, Figure 54). According to the results of Table 14, the
behavior of the shape of the first and second bubbles with C.,, in the case of g = 0.70 is
similar as for g = 1.24, that is, the aspect ratio increases with Cegp,. FOr Ceqp = 1 X 1072,
the aspect ratio of the first and second bubble does not considerably change with g, while
for C.qp = 1 x 1071, a significant reduction of the aspect ratio with 8 can be noticed for
each bubble. In the case of C.,, =5x 1071, only the first bubble is formed for both
values of £ and the aspect ratio increases with 8. The BEM/DR-BEM results do not reveal
a relevant influence of g and C.4, On the location of the void, which is always formed at
the rear edge of the weft, in agreement with the experimental research of Hamidi et al.
[170], where radial injections in a circular mold were conducted, finding that the most of
voids were formed at the rear edge of the wefts corresponding to the flow direction, both
inside the tow and in the transition tow-channel. Other numerical works have also predicted
the void formation at the extreme of the weft [3], [25], [171].

In summary, it can be concluded that the process of void formation by mechanical
entrapment of air is defined by a dynamic balance between the inlet and capillary pressures,
which is characterized by the capillary ratio, C.,,. The void size and shape are also

influenced by the magnitude of C.,,, as well as by the value of the jump stress coefficient,

ap:
. On the other hand, the void location appears to be independent on both C,, and f, since
the voids are always located at the rear edge of the wefts, which is in agreement with

previous numerical and experimental works.
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Table 13 Influence of p and Ccp 0N the void size

Void size

Capillary

. First weft Second weft Total
ratio

p=1.24 B=0.70 p=1.24 B=0.70 B=1.24 p=0.70

1.00E-02 | 7.582E-03 6.573E-03 9.866E-03 8.796E-03 1.745E-02 1.537E-02
1.00E-01 | 1.077E-02 1.039E-02 6.548E-03 2.150E-03 1.732E-02  1.254E-02
5.00E-01 | 1.973E-03 1.927E-03 0.000E+00 0.000E+00 1.973E-03  1.927E-03

Figure 53 Optical microscopic images of voids formed inside bundles, a) Cigar-shaped
bubbles, b) Elliptical bubbles, c) Almost circular bubbles. Source: Hamidi et al [170]

Table 14 Influence of p and Cgyp 0N the void shape.
Void aspect ratio

Capillary First weft Second weft
ratio
p=1.24 p=0.70 p=1.24 p=0.70
1.00E-02 2.34 2.22 1.93 1.90
1.00E-01 2.84 3.19 3.32 4.18
5.00E-01 4.24 3.48 NA NA

Comparison of void size between continuous-stress and jump-stress simulations.

The influence of the type of interface condition on the void formation for C,o, = 1 X 1072
is studied by comparing results of Serie 2 (stress jump condition, 8 = 0.7) and Serie 4
(continuous stress condition, § = 0). The total RUC filling for the continuous stress
condition is represented in Figure 54, where the fluid fronts having the same positions in
the channels as those ones shown in Figure 52a are highlighted with the corresponding
black arrows. The comparison between both simulations (Figure 52a vs. Figure 54)

indicates that, for a same fluid front position in the channel, the positions of the fluid front

151



in the warps and wefts are more advanced in the continuous-stress case (f = 0), and
consequently, the initial size of the first and second bubbles, corresponding to the instants
when the channel fluid front completely encloses the first and second weft, respectively, is
smaller in the continuous stress condition. The initial and final void size for the first weft
in the jump-stress condition, Figure 52a, are Size* = 1.52 x 1072 and Size* = 6.57 X
1073, respectively; on the other hand, these values for the continuous-stress condition,
Figure 54, are Size* = 6.30 x 1073 and Size* = 2.69 x 1073, Thus, the compressibility
ratio is ¥ = 0.567 for the jump-stress case and i = 0.573 for the continuous stress case.
Accordingly, the void compression does not have a relevant influence in the difference
between the final void sizes of these two cases (continuous-stress and jump-stress) since it
is almost the same, and the principal cause of this difference is the initial void size, which is
smaller in the case of g = 0, leading to a smaller final void size in such a case. A similar
behavior can be appreciated for the void size in the second weft, namely, the initial void is
smaller in the continuous-stress case and the compressibility ratio is almost the same for
both cases (continuous-stress and jump-stress); the difference between the final void sizes
of these two cases for the second weft is even higher than for the first weft, in such a way
that for the jump-stress condition, the final void size is Size* = 8.80 x 10~3 and for the

continuous-stress condition is Size* = 2.02 x 1074,
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t*=2.50E-3  t*=5.14E-2 t*=2.71E-1 t*=5.73E-1 t*=1.00
|
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Figure 54 Total filling of the RUC for the continuous-stress condition and Ccap=1><10'2
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Comparison of saturation curves between continuous-stress and jump-stress simulations.
Saturation curves are very important since they allow describing quantitatively how the
behavior of the saturated volume is in the time or in the space, and they can be useful for
comparing two or more filling processes at several filling instants. The saturation curves for
the continuous (C-S) and jump stress (J-S) filling processes are compared in Figure 55. For
any value of the normalized time, t* = t/tsyng, the saturation is higher in the C-S
simulation, but the general behavior of both curves is very similar to the one presented in
Figure 51b. In both curves, the same representative filling instants shown in Figure 51b are
indicated with arrows. The saturation difference between the C-S and J-S simulations for

any filling instant i can be written as:

ds = sfont — sJumP (122),

where s£°™ and s/*™ stand for the RUC saturation at the instant “i” in C-S and J-S,
respectively. The absolute change of the saturation difference, ds, between two filling

instants, i and j, is represented as follows:

A(ds)i—j = (SJ_COnt _ Sjjump) _ (Sicont _ Sijump)

. . (1232)
— (cont cont jump jump
= (57" = s{") = (57" = /")
A(ds);—; =
(AVcli]lannels+AVVlV]anS+AVvlv]eft1+AVMl/]eft2) _(AVCL{Lannels+AVM1/]¢1TPS+AVVLV]eft1+AV\:1Jeft2) ( )
Vruc
where AV ...« is the change of the saturated volume in the channels between instants i

and j, AVMZWS is the change of the saturated volume in the warps, AV

wert1 18 the change of

saturated volume in the first weft and AVVZ,ft2 is the change of saturated volume in the

second weft. It is very important to take into account that ds is not referred to the saturation
difference for a determined value of the normalized time, t*, but to the saturation difference
for the filling instants highlighted in Figure 55, which do not necessarily have the same
normalized times in both curves.

In the first filling instant (point 1), when the flow reaches the first weft, the RUC saturation
is very similar for both simulations, C-S and J-S, because it is primarily determined by the
saturation of the channel, which is almost the same in both cases. So, when the fluid front
reaches the first weft, ds is very small, namely, ds = 0.00774. During the impregnation of
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the first weft (from 1 to 2), ds increases until the merging of the channel fluid fronts (point

cont

2). This happens because (AV,2q,) > (AVviﬁftl)j “" hetween the arrival of the fluid

front to the first weft and the merging of the channel fluid fronts; in other words, this
happens because the first weft saturates more in C-S than in J-S when the fluid surrounds it
(from 1 to 2). Therefore, in the flow merging instant (point 2), the saturation difference
between C-S and J-S has increased to ds = 0.0242.

The change of the saturated volume of the first weft between the flow merging instant and

the arrival of the fluid front to the second weft (from 2 to 3), can be expressed as AV, eftl

Vv(jl)dl - val)dl, where VU(O )dl is the initial volume of the bubble (void volume at instant 2)

and Vv(o )dl is the volume of the bubble at the instant when fluid front reaches the second
weft (void volume at instant 3). From the definition of the compressibility ratio, 1, in
Eq.121, it is obtained that AV,23 -, = Y DV,2 4, where 33 is the compression of the

void between instants 2 and 3. According to results presented above, the compression of the

void is very similar in the C-S and J-S simulations, so, it can inferred that (AV, eftl)]ump

(av2s weft1 ™ because the initial void volume, V. | is greater for the J-S simulation.

' Yvoid1’
Accordingly, if (AV, eftl)]ump > (8V2,)"" !, and considering that (AVZ23,, ,.)°mt ~
(AV22 1) ™ and (AV23,5) " ~ (AV23,,5)"™™ according to the simulation results,

it is achieved that A(ds),_; < 0 according to Eg.123b, which means a lower saturation
difference between C-S and J-S, ds, at the moment when the flow reaches the second weft
(point 3) than the one previously obtained at the moment of the fluid front merging (point
2). So, when the fluid front arrives to second weft (point 3), ds = 0.0195, which is lower
than the difference obtained for the instant 2.

The behavior of ds between the arrival of the fluid front to the second weft and the second

merging of the channel fluid fronts (from to 3 to 4), considering that (AV3}, ..;)°™ ~

)COTlt

AV ners)’ ™ and (AV,odps ~ (AVVE;"TPS)J “ according to the simulation results,

jump

is determined by the following differences (See Eq. 123b): dweftl = (aV, eftl)

cont cont

(A eftl) weftz (A eftZ)

dyese1, ds should increase. Considering that the change of saturation associated to the

— (av, eftz) ?. Accordingly, if d3%., >
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compression of the void in the first weft is larger for J-S, i.e., djtsy >0, as it was
previously demonstrated, it is a necessary but not sufficient condition that d; ., > 0 in
order to obtain an increment in ds. This condition is satisfied in this case due to the larger
infiltration occurring in the second weft for the C-S condition, as it was mentioned before.
Additionally, considering that the change of the saturated volume in the first weft due to the

void compression, Angﬂl, is negligible with respect to the change of the saturated volume

in the second weft, Angm, in both C-S and J-S, the behavior of ds between the instants 3
and 4 is primarily determined by the change of the saturation in the second weft, which is
larger for the C-S condition (dﬁ,‘gm > 0), leading to an increment of ds (See instant 4).
Hence, when the channel flows merge again each other (Point 4), ds = 0.0257, which is a
higher saturation difference between C-S and J-S than the one obtained when the flow
arrives to the second weft (Point 3), ds = 0.0195. At the end of the simulation, the RUC
saturation is s = 0.928 for C-S and s = 0.904 for J-S (See filling instant 5).

i | . I (4 I1\/Iclrging of fluid I
(2) Merging of fronts (5s=0.0257) >+
0.8 fluid fronts P / |
' (8s=0.0242) = (5) End of
S simulation
= 06 (5s=0.0239) -
©
5
o 04 :
@ (3) Arrival to —C-8 (B=0)
0.2/ (1) Arrival to the second weft 7
[ 4 the first weft (85=0.0195) —J-S (p=0.7)
gl (85-0.0077), , . : |
0 0.2 0.4 0.6 0.8 1

Normalized time

Figure 55 . Comparison of saturation curves for continuous and jump stress
conditions and Ceap=1x10"
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Comparison of interfacial velocities between continuous-stress and jump-stress
simulations.

The change of the matching condition can also modify the velocity along the interface
channels-tows. The velocity vectors along this interface for the J-S and C-S conditions are
shown in the Figure 56a-f, corresponding to filling instants having the same fluid front
position in the channel. As it is logic, the velocities of the channel domain are greater than
those ones of the tows domains, warp and weft (Figure 56a,b). Along the interface channel-
warp, in both C-S (Figure 56d) and J-S (Figure 56¢), the magnitude of the velocity
increases from the inlet towards the fluid front and the net mass transfer occurs from the
channel towards the warp. In the interface channel-weft, in the neighborhood of the left
extreme of the weft, both C-S (Figure 56f) and J-S (Figure 56e) simulations predict a mass
transfer taking place primarily from the weft into the channel; then, the mass transfer
direction is reversed and it reaches its peaks in points close to the fluid front. The total mass
transfer from the channel towards the weft is considerably larger than the mass transfer in

the contrary direction for both simulations, C-S and J-S.
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Figure 56 Velocity vectors for jump-stress and continuous-stress conditions along the
interface channel-tows. a) Velocity vectors for jump-stress, b) Velocity vectors for
continuous-stress, c) Velocity vectors for interface channel-warp (Jump-stress), d)

Velocity vectors for interface channel-warp (Continuous-stress), e) Velocity vectors
for interface channel-weft (Jump-stress), f) Velocity vectors for interface channel-weft
(Continuous-stress).

The comparison between the velocity profiles along the interface channel-warps is shown
in Figure 57a, in which it can be observed that the normal velocity is inferior to the
tangential velocity in all positions along the interface for both C-S and J-S conditions. For
any position along the interface, the C-S tangential velocity is greater than the J-S
tangential velocity, while the difference between the normal velocities of C-S and J-S
depends on the position along the interface, but, in general, it not so significant, which is in
agreement with the relatively small difference between the warp saturations of C-S and J-S
during the filling process of the first weft (from point 1 to 2 in Figure 55).

On the other hand, the velocity profiles for the interface channel-weft are shown in Figure
57b, where it can be observed that for both C-S and J-S, in points near to the left extreme of
the weft (corresponding to the left extreme of the plot), negative normal velocities are
obtained (which correspond to the mass transfer from the weft towards the channel, see
Figure 56f and Figure 56e), and there is an increment of the tangential velocity that is more
notorious in the C-S simulation, being this increment the main cause by which the
tangential velocities in C-S remain above the tangential velocities in J-S for all positions
along the interface. For the C-S simulation, once the direction of the mass transfer is
reversed (positive normal velocities), the normal velocity undergoes an increment along all
interface positions until the fluid front (the fluid front corresponds to the right extreme of
the plot), whereas the tangential velocity increases until certain point nearby the fluid front

and then decreases. On the other hand, for the J-S simulation, once the mass transfer
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direction changes, the normal and tangential velocities increase first and then they are
subjected to a small reduction and subsequent increment until a certain point nearby the
fluid front; this increment is kept for the normal velocity, but the tangential velocity
decreases instead. In the neighborhood of the fluid front, the increment of the normal
velocity and the decrease of the tangential one are more notorious for the C-S simulation.
According to Figure 57b, the mass transfer from the channel into the weft is greater for C-
S, which is in agreement with the previous analysis of Figure 55, where a higher saturation

of the first weft between instants 1 and 2 was obtained for C-S.
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Figure 57 Interfacial velocity profiles for continuous-stress and jump-stress
conditions. a) Velocity profiles for interface channel-warp, b) Velocity profiles for
interface channel-weft
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4.4.5 Influence of RUC compaction on void formation

Statement of problem of void compaction.

A typical compaction curve of fibrous reinforcements is shown in Figure 58 [128], [215],
[216]. Three zones can be distinguished in this curve and the fiber volume fractions
delimiting these zones (Vfo,Vfl, sz) depend on the RUC architecture, fiber material and
ply stacking. In the first zone, the dominant phenomenon is the nesting, which causes
changes in the inter-tow space, in the aspect ratio of the tows and, probably, the shearing
deformation of the tows. In the second zone, in addition to the nesting, the tow fibers could
undergo an axial deformation, changing their aspect ratio. The third zone is dominated by
the bending deformation of the tows, where a breakage of fibers can occur. In the present
work, it is only considered the nesting of the RUC expressed as the reduction of the inter-
tow distance and the change of the aspect ratio of the tows, and it is considered that the

tows are always in contact with the liquid of the channels.

Fiber content (Vs)

Compaction pressure (P)

Figure 58 Typical compaction curve of fibrous reinforcements

Influence of RUC compaction on the RUC filling process.

For C.qp = 1 x 1072, the comparison between the first column of Figure 47 and the Figure
59a allows establishing the influence of the RUC compaction in the filling times and in the
fluid front shapes considering the same fluid front positions in the channel, which are
highlighted with black color in Figure 59a. In the following analysis, R-D stands for the
reference domain considered in Figure 47 and C-D stands for the compacted domain of

Figure 59a. For the first filling instant (Figure 47a and first fluid front highlighted in Figure
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59a), the real, non-dimensional and normalized times are longer in C-D. This is reasonable
because after the fluid front reaches the first weft, the fluid front velocity in the channels
decreases due to the mass transfer from the channels towards the first weft, and in the
compacted domain, C-D, this event takes place first because the left extreme of the first
weft is closer to the RUC inlet. For the second filling instant (Figure 47c¢ and second fluid
front highlighted in Figure 59a), the times are still longer in C-D, in which 2.35 x 102 us
have elapsed to this position, whereas 1.37 x 102 us is the time elapsed for R-D. In the
filling that occurs between the second and third instants, with the third filling instant
corresponding to Figure 47e and the third fluid front highlighted in Figure 59a, the fluid
front in the first weft advances more in the C-D simulation because the weft is more
flattened in the compacted domain, and, in consequence, the initial void is smaller for C-D.
The initial void size for R-D is Size = 1.87 x 10™2 , which corresponds to Size* =
1.54 x 1072, whereas, for C-D, this value is Size = 1.28 x 1072 (Size* = 1.32 X
1072) . After the void compression, the final void size is still smaller for the C-D
simulation, in which Size = 5.10 X 1073 (Size* = 4.88 x 1073) in contrast to the final
void size for the R-D simulation, Size = 9.23 X 1073 (Size* = 7.58 X 1073).

The real and normalized times in the third and fourth fluid front positions are still greater
for C-D (compare Figure 47e to the third fluid front highlighted in Figure 59a, and Figure
479 to fourth highlighted position of Figure 59a). In the fourth fluid front, 70.7% of the
total filling time has elapsed for C-D and 54.7% for R-D, which means that the fluid front
in the channels is decelerating more in R-D than in C-D. From the fourth fluid front to the
instant when channel fluid fronts have totally surrounded the second weft, the change of
saturation in the weft is higher for C-D, which leads to the generation of a smaller initial
void in the compacted domain. The initial void size is Size = 1.73 X 1072 (Size* =
1.42 x 1072) for R-D and Size = 1.04 X 1072 (Size* = 9.98 x 1073) for C-D. In R-D
the compressibility ratio of the bubble is ¥ = 0.304 and the final void size is Size =
1.20 X 1072 (Size* = 9.87 x 1073); on the other hand, the compression of the bubble is
larger for C-D, ¥ = 0.476, and the final void is thereby smaller, Size = 5.46 X
1073 (Size* = 5.23 x 1073). The total filling time is longer in C-D than in R-D, i.e., the

RUC impregnation process is slower in the compacted domain.
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The influence of the inter-tow space on the fluid front positions has been studied in [22],
where a geometry consisting on two concentric domains, namely, a channel surrounding a
tow, was considered. As it is shown in Figure 60a, in which the half distance between the
tows, h, is represented from r = 1.5mm upwards, Yang et al.[22] found that the reduction
of the inter-tow distance, i.e., the compaction of the RUC, reduces the difference between
the maximum position of the fluid front at the channel and the minimum position of the
fluid front at the tow for a certain filling instant. In Figure 60b the minimum fluid front
positions at the warps of R-D and C-D for the filling instants analyzed here are compared.
As observed, these positions are always larger for C-D. Bearing in mind that the maximum
position of the channel fluid front is the same in both simulations, R-D and C-D, in each
filling instant, this implies a smaller difference between the minimum fluid front position at
the warps and the maximum fluid front position at the channel for the compacted domain
(C-D) in each filling instant. This is in agreement with the results presented in Figure 60a
taking into account that the inter-tow dimensions of the compacted domain, C-D, are

smaller than those ones of the reference domain, R-D.
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Figure 60 Influence of RUC compaction on fluid front positions. a) Influence of inter-
tow distance on fluid front positions according to Yang et al [22] b) Comparison
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Influence of the RUC compaction on the voids characteristics.

The influence of the RUC compaction on the void characteristics can be determined by
comparing results of Serie 1 and 3. According to Table 15, for a constant value of C,,,,,
smaller voids are obtained for the compacted domain (C-D) in both wefts. From an
experimental viewpoint, the influence of the compaction of fibrous reinforcements on the
void content is still debatable. To make reference to experimental works, it is important to
consider that the RUC compaction leads to the increase of the global fiber volume content,
V. Bearing this in mind, whereas an increase of the void content with V; was obtained in
hemp fiber reinforced polyethylene terephthalate composites by Madsen el al. [217], which
IS not in agreement with the present results, Shah et.al [218] found a reduction of the void
content with V; for flax reinforced and jute reinforced unsaturated polyester composites,
coinciding with the present results.

According to Table 15, for the first weft, the void size decreases with the increment of C,,,
for the compacted domain (C-D), whereas the relationship between the void size and Cc,y,
is not monotonic for the reference domain (R-D) as commented before. The void size of the
second weft and the total void size have the same behavior with C.,, for C-D and R-D, i.e.,
they decrease as C.,;, increases.

The void shapes obtained in Figure 59a-c are also physically consistent with the ones
observed in Hamidi el al [170], [213], [214], see Figure 53a-c. According to Table 16, for
the first weft and C,,, = 1 X 1072, the void aspect ratio is barely smaller for C-D, while
for Ceop =1X% 1071 and Ceap = 5 X 1071 the increase of the void aspect ratio with the
RUC compaction is important. For the second weft, the RUC compaction causes the

increase of the void aspect ratio for both C,p, = 1 X 1072 and Ceap = 1X 10~1. No void
formation is obtained in the second weft for C.,, = 5 x 107" in both cases (R-D and C-D),
while the bubble formed in the first weft for C-D and C,,, = 5 x 107" is very small as can

be appreciated in Figure 59c. The location of the final void, when formed, is not

considerably affected by the RUC compaction.
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Table 15 Influence of compaction and Cc,, 0N the void size.

Void size

Capillary

. First weft Second weft Total
ratio

R-D C-D R-D C-D R-D C-D

1.00E-02 | 7.582E-03 4.883E-03 9.866E-03 5.230E-03 1.745E-02 1.011E-02
1.00E-01 | 1.077E-02 2.134E-03 6.548E-03 2.572E-03 1.732E-02 4.707E-03
5.00E-01 | 1.973E-03 3.338E-05 0.000E+00 0.0000E+00 | 1.973E-03 3.338E-05

Table 16 Influence of compaction and C,p 0n the void shape.

Void aspect ratio
Capillary First weft Second weft
ratio
R-D C-D R-D C-D
1.00E-02 2.34 2.24 1.93 2.33
1.00E-01 2.84 3.80 3.32 4.41
5.00E-01 4.24 13.35 NA NA

4.5 Conclusions

In this chapter, BEM techniques have been implemented for the simulation of void
formation in fibrous reinforcements using a Stokes-Brinkman formulation. Firstly, in order
to define which numerical approach was more appropriate to deal with the Brinkman
equation, pure BEM (referred here as BEM-ISO) or DR-BEM, two problems with
analytical solutions were solved numerically using both approaches and the solutions were
compared each other, obtaining that DR-BEM is more accurate, has better convergence
orders and is even suitable for darcian regimes where the pure BEM approach diverges.
Both numerical solutions, pure BEM and DR-BEM, predicted the increase of the error with
x? and, for the Stokes-Brinkman problem admitting analytical solution, they also predicted
the reduction of the Stokes velocity and of the boundary layer thickness with the increase of
S and x2, which is in agreement with other results [85]. For y? = [1 x 10%,1 x 103,1 X
102 ], the DR-BEM solution is more accurate as 8 increases and the convergence order
reduces with y2. Having demonstrated the superior performance of DR-BEM for the
solution of the Brinkman equation and considering that pure BEM is always employed for

the channel domain, the present numerical formulation was name as BEM/DR-BEM.
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The numerical solution obtained with the present BEM/DR-BEM formulation for the
Stokes-Brinkman problem was compared with the FEM solution of [20], finding that both
ones converge satisfactorily to the analytical solution, with more notorious errors in the
Brinkman domain than in the Stokes domain in BEM/DR-BEM, contrarily to the FEM
solution where the errors in the Stokes domain are greater. Conversely to the FEM
approach, no numerical oscillations in the boundary layer were gotten with the present
BEM/DR-BEM formulation.

The problem of void formation during the filling of two adjacent RUC’s, for three different
capillary ratios, C.qp =[1x107%1x1071,5x107"], was tackled using two
formulations: Stokes-Darcy (S-D) and Stokes-Brinkman (S-B), which predicted the same
general behavior of the void size and shape with C.,,,. Accordingly, for the first weft, the
change of void size with C,,, is not monotonous, since the largest voids were obtained for
Ceap = 1 x 1071 and the smallest ones, for C,, = 5 x 1071, whereas for the second weft,
the void is smaller as C.,, is higher; regarding the void shape, the aspect ratio increases
with C.q, for both wefts. On the other hand, for a same value of C,,,, similar saturation
curves were obtained with S-D and S-B, with exception of the case where the capillary
effects are more relevant, i.e., C.qp = 5 x 107", In the case where capillary effects are not
significant, i.e., C.qp = 1 x 1072, S-D predicted smaller voids and lower aspect ratios than
S-B for both wefts.

According to the BEM/DR-BEM results, void size and shape are also influenced by the
matching conditions Stokes-Brinkman. When using the jump stress condition (J-S), the
smallest voids at both wefts were obtained for the lowest value of the jump stress
coefficient, g = 0.7, for all values of C.q,, with exception of the second weft when
Ceap =5 X 1071, where no void formation was obtained; regarding the void shape, a single
relationship between the coefficient f and the void aspect ratio was not reached for all
values of C,,;, and both wefts. The general behavior of the void size and aspect ratio with
Ccap In both wefts, which was described above, did not change with g, as well as the
decreasing behavior of the total void content with C,,,,. On the other hand, for Cc,, = 1 X
1072, the lowest void content was obtained for the continuous-stress case (C-S), and this is

coherent with the larger saturation obtained in C-S with respect to J-S for all filling

165



instants, despite both saturations curves, C-S and J-S, showed a similar general behavior.
According to the BEM/DR-BEM results, for the specific filling instant where interfacial
velocities were analyzed, the net mass transfer takes place from the channel towards the
warps and from the channel towards the weft in both C-S and J-S, with the net mass
transfer channel-warps in C-S barely superior to the one in J-S, and the net mass-transfer
channel-weft in C-S considerably greater than the one in J-S. Along the interface channel-
warp the tangential velocities are larger than the normal ones for both C-S and J-S, with the
C-S tangential velocities greater than the J-S ones. For the interface channel-weft, this last
conclusion is also valid, namely, tangential velocities are greater in C-S.

The BEM/DR-BEM results also showed that the RUC compaction generates smaller voids
for both wefts and all values of C,,,, with exception of the second weft when C.,, = 5 X
1071, where no void formation was obtained in both the original domain (R-D) and the
compacted domain (C-D). Moreover, the impregnation process of the C-D is slower than
the one of the R-D. The RUC compaction also modifies the general behavior of the void
size with Cgp, in the first weft regarding the original domain (R-D), since a decreasing
relationship is obtained, i.e., the void is smaller as C.4, increases. On the other hand,
BEM/DR-BEM results also revealed that the RUC compaction causes the increase of the

void aspect ratio in the first weft for Cq, =1 x 107" and C,qp = 5 x 1071, and in the

second weft, for Cqp =1 x 1072 and Cpqp = 1 X 1071
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5. DYNAMIC VOID EVOLUTION IN DUAL-SCALE FIBROUS
REINFORCEMENTS USING THE STOKES-DARCY FORMULATION*

5.1 Introduction

In dual-scale fibrous reinforcements, once the voids are formed, several processes can take
place in such voids, like compression, displacement, migration and splitting. The physical
assumptions and governing laws of each process depend on the zone where the bubble is
located. For channel voids (macrovoids or inter-tow voids), Lundstromg [86] supposes a
spherical bubble that experiences a compression governed by the ideal gas law, where the
capillary pressure needs to be considered and the void shape does not change when
compressed. On the other hand, the displacement of macrovoids along the channels has
been studied in both numerical [4], [78], [79], [95], [96] and experimental works [4], [89],
[219], [220], where it has been mentioned that this process is mainly governed by drag and
adhesion forces. The former type of forces makes reference to the pressure difference
between both extremes of the bubble, while the second one, to the interfacial adhesion
between the bubbles and the walls of the domain, which, in the present case, represent the
contour of the tows. According to Kang and Koelling [89] if the void is smaller than the
inter-tow space (channel) it tends to be spherical to minimize the free surface energy and it
moves easily until it reaches a constriction, where a minimum pressure gradient is required
to induce the movement according to [221], [222]. On the other hand, if the frontal section
of the bubble is equal to the inter-tow space, the bubble tends to be cylindrical as its volume
increases [89]. The bubble length has a double effect in its mobility [86], [89], [222]: as the
bubble is larger, the pressure difference is higher, promoting the bubble’s motion, but the
contact surface with the tows increases, as well as the interfacial forces, which make more
difficult the bubble’s motion. Strictly speaking, the motion of macrovoids along the
channels depends mainly on the pressure difference, the frontal area, perimeter and length
of the bubble, the surface tension at the liquid-gas interface, the liquid viscosity, the

advancing and receding contact angles and the architecture of the channels [221], [222].

* The results of the present chapter are intended to be published in: Ivan David Patifio Arcila, Henry Power, César Nieto
Londofio, Whady Felipe Florez Escobar, “Boundary Element Method for the dynamic evolution of intra-tow voids in fibrous
reinforcements using a Stokes-Darcy approach”, to be submitted (In preparation).
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Since some of these parameters are difficult to determine experimentally, some

phenomenological models have been proposed to relate the average liquid velocity, (u4)9,

which can be straightforwardly measured, and the void velocity [4], [79], [222], (u"), with
the piecewise function proposed by Lee et al [4], [79] as one of the most cited in the
literature. In that model, a critical liquid velocity for the onset of void mobilization,
(ugm)g, is proposed, in such a way that the void motion can be neglected below this
critical value.

The bubbles formed inside the tows (microvoids or intra-tow voids), which are the principal
focus of the present chapter, can also undergo several processes. The microvoid
compression takes place by the overall effect of the pressure of the liquid surrounding the
tow, the air pressure at the fluid front, which in turns depends on the initial air pressure,
bubble volume and air dissolution, and the capillary pressure. According to Park and Lee
[79], the process of microvoids compression in dual-scale fibrous reinforcements is
considerably more delayed than the corresponding macrovoids compression due to the
dissimilar permeabilities of the tows and channels; in general, almost any void process
occurring inside the tows is more delayed than the corresponding process occurring in the
channels, as it is also appreciated here in Section 5.3.1. As it was mentioned in [79], and
confirmed in this work, the compression of the bubble inside the tow takes place provided
that the air pressure at the fluid front is lower than the average liquid pressure surrounding
the tow plus the magnitude of the capillary pressure, otherwise, the bubble moves inside the
tow without changing its volume and could migrate towards the channels.

The conditions that lead to the void migration from the tow towards the channel have been
studied in different numerical and experimental works. For instance, Lundstrom et al. [223]
introduced the concept of critical bubble volume according to which the bubble compresses
until a critical value where it is able to migrate into the channels as a result of the high
pressure, and then it is transported along the channels. This concept was brought up later in
the experimental work of Guorichon et al. [175] to explain the reduction of the microvoid
content with the modified capillary number, C;, in constant flow rate injections, after
reaching a certain value of the inlet pressure; this value of pressure was identified as the
critical pressure for the onset of void migration, P.; for pressures below this value, no void

migration is obtained. The concept of critical pressure was used in the development of a
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numerical model to predict the dynamic void content in macroscopic simulations in Liquid
Composites Molding processes (LCM) [5], [84], where the FEM/CV conforming technique
was used to solve the governing equations. The critical pressure, P., was taken as an input
parameter that modifies the equivalent fiber volume fraction appearing in the calculation of
the fill factor of the Control Volumes (CV’s), in such a way that when the pressure is
greater than P, in the CV, the equivalent fiber volume fraction is set to its initial value in
order to consider the void elimination out of the tow. According to Yamaleev and Mohan
[224], the increase of the liquid pressure not only favors the reduction of the void content
because of the void compression, but also because it promotes the air dissolution into the
liquid by molecular diffusion.

The void migration model presented in [79] suggests that the pressure gradient, AP /Ax, is
the same in the macropore (inter-tow space) and in the micropore (intra-tow porous space),
and that the void migration is related with this pressure gradient and, consequently, with the
average liquid velocity, (u,)9. On the other hand, Lundstrom et al. [78] used the Monte
Carlo method to solve the bubble transport equations and the Level Set Method to track the
fluid front, finding that the wettability of the fibers favors the motion of the microvoids
from the tows towards the channels and that the gas diffusion is the principal mechanism of
microvoids elimination in points far upstream of the fluid front.

In the present chapter the Boundary Element Method (BEM) is applied in the problem of
the dynamic evolution of voids formed in dual-scale fibrous reinforcements using a Stokes-
Darcy formulation. The processes of compression, displacement, migration and splitting of
intra-tow voids are analyzed at the mesoscopic level, i.e, considering the filling in a
Representative Unitary Cell (RUC). It is assumed that the channel is fully filled of liquid
before any infiltration can take place inside the tows, as it has been assumed in other works
devoted to the filling simulations in LCM processes [8], [13], [14], [102], [225], [226]. This
assumption is valid provided that the channel viscous velocity is considerably larger than
the tow capillary velocity at the fluid front, which is more realistic when the channel is
significantly more permeable than the tows and the injection pressure or flow rate are high
enough to neglect the capillary effects at the macroscopic fluid front. This is a common
particular case in real applications of LCM processes. The principal contributions of the

present chapter can be summarized as follows:
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The simulation of void motion at both macroscopic and mesoscopic scales has been
tackled by several numerical techniques: FEM/CV conforming [5], [79], [84], Monte
Carlo Method [78], FEM/CV non-conforming [41], among others. The works using
FEM/CV techniques require the domain discretization, whereas the present BEM
approach only requires the use of a mesh along the contour of the problem.
Additionally, as mentioned before, the tracking of the fluid front in FEM/CV
techniques is carried out by assigning a fill factor to each control volume (CV) and
using interface capturing schemes to approximate the shape of the fluid front. On the
other hand, the numerical technique used to track the fluid front in [78] is the Level Set
Method, where specific solvers for hyperbolic equations are required to find a signed
distance function; additionally, a domain mesh is required and the accuracy of the fluid
front position depends on the refinement of that mesh, in whose points the extended
velocities need to be calculated [108]. The present numerical scheme to track the fluid
front, see Appendix C, is much simpler, computational cheaper and assures a higher
order accuracy of the fluid front shape since the fluid front position is directly obtained
from the velocity field of the moving interface.

To the best of the author’s knowledge, the migration of the bubbles from the tows
towards the channel at the mesoscopic scale has not been directly simulated, but
considered in  macroscopic simulations by stochastic approaches [78],
phenomenological models involving experimental tests [4], [79], or experimental
parameters, like the critical pressure, that account for the void migration in
macroscopic simulations and are introduced as input parameters in the numerical codes
[5], [84]. In the present chapter, the migration and splitting of intra-tow bubbles is
simulated at the mesoscopic scale using BEM, and the influence of the average pressure
((Pg)g), pressure gradient (AP/Ax) and surface tension (1) on those processes is
studied as well. Additionally, the behavior of the source term associated to the void
migration is also analyzed, as well as the behavior of the ratio between the average void
migration velocity, (ug;-), and the average liquid velocity in the channel, (uy)?. This
ratio is important because it relates a variable that is difficult to measure, namely, the
void migration velocity, with a straightforwardly measurable variable, namely, the

average liquid velocity in the channel.

170



¢ In the composites area, when it is assumed that the channels are totally filled with liquid
before the infiltration of the tows takes place, most of authors suppose a uniform
pressure for the liquid in the channels in the mesoscopic simulations [8], [13], [14],
[102], [225], [226]. This assumption is not physically consistent with the fact that the
fluid in the channels is actually moving. Additionally, the processes of displacement at
constant volume, migration and subsequent splitting of the intra-tow bubbles are not
possible under this assumption since the fluid front moves towards the center of the
tows, no matter the direction of the fluid velocity in the channels, causing that the
bubbles remain trapped or disappear depending on the air entrapment parameter
considered [11]. Some experimental and numerical researches have confirmed that the
bubbles are not necessarily located at the center of tows and can even migrate towards
the channel depending on the liquid pressure gradient and the internal pressure of the
void [3], [25], [171], [175], [220], [227]. In the present chapter, the channel and tows
are modeled using the Stokes and Darcy equations, respectively, a pressure gradient is
considered along the RUC length and the matching conditions between the tows and the
channels determine the filling of the former ones. In this way, descentered bubbles are
formed inside the tows and the displacement, migration and splitting of those bubbles

are possible, which is more consistent with the experimental researches.

5.2 Mathematical model and numerical techniques

The governing equations and matching conditions for the Stokes-Darcy formulation, which
were presented in Eqgs. 61-62 and 65-68, are applicable in this case. On the other hand, the
boundary conditions can be classified into three types in the present case (See Figure 61):

¢ Inlet and outlet conditions at the Stokes domain (channel or gap):

til = —p. 77, U, =0 (124a)
7" = —poye- T, Uy =0 (124b),

where ti™ and t%%¢ are the inlet and outlet surface tractions in the horizontal direction,
while p;,, and p,,; Stand for the prescribed inlet and outlet pressures of the RUC.

e No penetration conditions at the Darcy domains (tows):
dp/on =0 (125)
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e Free-surface conditions at the both domains: these conditions are applied at the moving
boundaries between the liquid and air phases, which correspond to the fluid fronts
inside the tows and to the bubble front in the channel when the void migration is
present. Kinematic and dynamic conditions shown in Eqgs.73 and 74a-b, respectively,
are applied. Capillary pressures in the fluid fronts in the tows and in the bubble front in
the channel when migration occurs, are computed as it was exposed in Chapter 3.

The Gebart’s model [135] is also applied in this case for the calculation of the main tow

permeabilities, K; and K, see Eqs.63a,b and 64a-c.

The integral equation formulations and all numerical considerations exposed in Section 3.3

are applicable as well to this particular problem.

5.3 Results

5.3.1 Stokes-Darcy approach for filling of tows assuming fully filled channels

Description of the problem.

The RUC geometry and boundary conditions considered here are shown in Figure 61,
where three domains can be clearly differentiated: longitudinal tows (warps), transverse
tow (weft) and channel. In dual-scale porous media, subscript “t” is commonly used to
represent the tow domain, whereas “g” is employed to represent the channel domain since
this is also referred in the literature as the gap domain [6], [8], [10]. The channels are totally
filled with liquid while the tows impregnation occurs, and pressure boundary conditions are
prescribed at the inlet and outlet of the RUC, generating a pressure gradient along the RUC
length, which is the principal difference with previous works that have assumed fully filled
channels, in which a uniform channel pressure has been considered instead [8], [13], [14],
[102], [225], [226]. In this chapter, a full compressibility is deemed for the air inside the
weft and the total saturation is thus not possible. For the warps, on the contrary, the air
compression is not taken into account because it is considered that the air can displace
towards the adjacent RUC in the flow direction considering that, when the problem is
conceived at the macroscopic frame (filling of cavities), this adjacent RUC is less saturated

than the analyzed RUC. Contrary to other works, the vacuum pressure, B,,., iS considered
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here since it is usually applied in LCM processes and considerably facilitates the void
compression.
The BEM code employed here was previously validated in Chapter 3 with the analytical

solution of a coupled problem Stokes-Darcy developed in Appendix B.

Prr = p/(‘lir — Pcap
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—Y

Lryc
Hgyc < LRy

Figure 61 Scheme of the mesoscopic problem assuming full-filled channels

Simulation data.

To illustrate the principal differences between the classical approach, where the channel
flow is not modeled and a uniform pressure is supposed in the channel, and the present
approach, where the channel flow is modeled by the Stokes equation and it is prescribed a
pressure gradient along the RUC, two BEM simulations are compared each other (Figure
62a-c and Figure 63a-k). In both simulations, for each instant of filling, they are shown the
normalized time, i.e., the ratio between the real time and the total time of simulation
(t/tsim), the warps saturation (Syqrps), Weft saturation (S,,.r.) and total tows saturation
(S;); the x and y coordinates are reported in non-dimensional form as x* = x/Lgyc and
y* = y/Lgryc. The geometric and material inputs of both simulation are the same and they

are shown in Table 17, where Hgyc, Lryc, Hy,

aq, az, 4, Ky, K5, A, 8, Ry and &, stand for
the height of the RUC, length of the RUC, height of the channel or gap, semi-major axis of
the weft, semi-minor axis of the weft, liquid viscosity, major permeability, minor

permeability, surface tension, contact angle, fiber radius and tow porosity. In Table 17 it is
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also observed that in the classical approach (Figure 62a-c) a uniform channel pressure of
(Py)9 =122 kPa is prescribed, while in the present one (Figure 63a-k), inlet and outlet
pressures of p;, = 125.5 kPa and p,,; = 118.5 kPa are considered, which originate a
pressure gradient along the RUC of AP/Ax = 5.83 x 103 kPa/m, with a corresponding
average pressure of (F,)9 = 122 kPa, coinciding with the average pressure of the other
approach. For the classical approach, Figure 62a-c, the air pressure is the atmospheric and it
remains constant during the whole filling due to the full air dissolution assumption; in the
current approach, Figure 63a-k, a vacuum pressure of P,,. = —75 KPa is taken into
account and it remains constant in the warps due to the above exposed reasons, but changes

in the weft in virtue of the air compression.

Table 17 Simulations data for comparison between the classical and the present
approach for tows filling assuming full filled channels

Geometric and material data

Hryc Lryc Hg aq a U K]2 K% A 9 Ry <

m m @m @ @ ((Pas) (M) (m) (MN/m) (um)

450 120 3.00 500 1.00 2.07 1.08 0

E-04 E-03 E-04 E-04 E-04 0.1 E-13 E-14 15 30020 015

Processing data

Classical Present Stokes-Darcy approach

approach

B9 (PR | pin(PD) o (PR (IR (B)Y (PR R (Pa)
122 125.5 118.5 5.83 x 103 122 -75

Simulation of filling with the classical approach.

Several filling instants of the simulation with the classical approach are shown in the Figure
62a-c. As it is observed, the fluid front moves uniformly in the warps and the weft, towards
the edges and towards the center of the RUC, respectively, which is logic since the pressure
is the same in all points of the interface channel-tows. In this case, the warps saturate first
(Figure 62b) and then, the total saturation is reached once the weft is completely filled
(Figure 62c). Thus, according to this approach, the air in the weft escapes as the filling
takes place (full air dissolution) and this leads to the total saturation of the RUC. However,

this is an ideal case that does not necessarily correspond to the real process. The real

174



behavior of the air inside the bundles is still an open problem. According to the
experimental research of Neacsu et al [228], this behavior ranges between the two extreme
scenarios compared in this section: full air compressibility and full air dissolution. To
consider the effects of air compressibility and air dissolution at the same time, experimental
tests are required in order to determine a lumped function for the fraction of escaped air
[163], [228], and this is out of the scope of the present work. However, as shown later, the
assumption of full air compressibility allows considering the processes of bubble migration
and splitting (which are not present in the situation of full air dissolution), coinciding with
other experimental results that have reported the presence of those processes in the
processing of composites by Liquid Composites Molding, LCM [175], [220], [223], [229].

t/tsim=0.41 5 t/tsim=0.71 4 (Total saturation of warps)
Swarps=0.758, Sweﬂ=0.717, St=0.739 Swarps=1, S, e=0-871, S,=0.944
0.2 : : 0.2 ! . .
0.1 - 0.1 I
S ) o oo
0.1 — 0.1 i -
0325 -0.25 0 0.25 05 D5 0.25 0 0.25 05
x* x*
a) b)
t’tsim=1 (Total filing)
S =1,8 =1,S=1
warps weft t
0.2 : — —
0.1f]
*> 0
-0.1
= = —
035 -0.25 0 0.25 0.5
X*

Figure 62 Instants of tow filling with the traditional approach. a) Warps and weft
unsaturated, b) Total saturation of warps, ¢) Total saturation of the RUC

Simulation of filling with the current Stokes-Darcy approach.

For the current Stokes-Darcy approach, assuming full air compression in the weft, several
instants of filling are represented in the Figure 63a-k. In the classical approach, under the
assumption of full air dissolution, the void formation is not possible (Figure 62a-c), but, in

the present case, three stages can be clearly identified in the dynamic void evolution in
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Figure 63a-k: compression, displacement and migration. In the first stage (compression),
conversely to the other approach, the fluid fronts in the warps are not parallel to the
superior and inferior edges of the RUC, and the fluid front in the weft is slightly
decentered, as it can be noticed by comparing the datatips of the Figure 63a among them.
This phenomenon is logic because the inlet pressure is higher than the outlet pressure to be
consistent with the flow direction in the channel; for larger pressure gradients, this
phenomenon is more notorious. The filling of the warps occurs at a time instant equivalent
to 2.7% of the total time of the simulation, but the permeation of the weft still remains in
this time (Figure 63b). When the pressure of the trapped air inside the weft has reached the
value of the average pressure of the liquid surrounding the weft plus the magnitude of
capillary pressure, the air compression stops and the onset of void mobilization takes place
(green line in Figure 63c). From this time instant until the onset of void migration, the
change of the weft saturation, Sy, is negligible and an equilibrium saturation, S, is
achieved, because the bubble moves towards the right extreme of the weft, changing its
shape, without changing its volume (Figure 63d to Figure 63g). The details of Figure 63d
and Figure 63f are shown in Figure 63e and Figure 63g, respectively, and are off-scale for
visualization purposes; in these details the void displacement is represented by green lines.
Small changes of S, during this process of void displacement are caused by numerical
errors in the tracking of the fluid front, but they can be neglected. It is important to notice
that, according to the BEM results, the compression of the void until the equilibrium
saturation, S/, is reached (Figure 63a to Figure 63c) takes less time than the motion of the
void towards the right edge of the weft (Figure 63d to Figure 63g). The first phenomenon
lasts 13.3% of the total simulation time, whereas the second one takes almost the
remaining time, namely, 86.7%.

As it can be observed in Figure 63f, when the flow reaches the right extreme of the weft,
the normalized time is t/tg,, = 1 — 2.80 x 10~>, which is almost the unity because the
time elapsed from this point until the end of the simulation, which corresponds to the
partial migration of the bubble from the weft towards the channel, is much shorter than the
times of the other two phenomena undergone before by the bubble (compression and
displacement at constant volume), given that the order of magnitude of the velocities in the

channel is considerably larger than the order of magnitude of the velocities inside the tows
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due to the dissimilar permeabilities of these domains. The process of void migration can be
seen in Figure 63h to Figure 63k. This process is governed by the difference between the
capillary forces on the bubble surface and the pressure forces of the compressed air. The
capillary forces depend on the surface tension, A, and on the curvature of the bubble
surface, k, while the air pressure, P,;,, decreases as the bubble expands in the channel. As
observed in Figure 63k, the bubble tends to be ovoid-shaped in this case. The influence of
the average pressure, pressure gradient and surface tension on the migration and splitting of
the bubble is analyzed in the Section 5.3.2.

Utsim= 0.012
X 05 Swarps=0'721’ Sweﬂ=0'627’ St=0.680 o
0.21v:01719 T I . Y: 0.1702
0.1+ H
X -0.3271

* Y: -3.129-1
> 0 N
-0.1r i
_0_ I I I
—%.5 -0.25 0 0.25 0.5
X*
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tltsim= 0.027 (Total saturation of warps) t/tsim=0.1 33 (Onset of void mobilization)
oz swarps=1 , sweft=lo.801 , St=0.9(I)0 o Syarpe™1" Syer=0-888, 8;=84=0.948
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Figure 63 Instants of tows filling with the current Stokes-Darcy approach assuming
full air compressibility. a) Warps and weft unsaturated, b) Total saturation of warps,
c) Instant of end of compression and onset of void mobilization, d) Motion towards
right extreme of the weft, e) Detail of Figure 63d, f) Arrival of bubble to right
extreme of the weft and onset of void migration, g) Detail of Figure 63f, h) Stage 1 of
void migration, i) Stage 2 of void migration, j) Stage 3 of void migration (until bubble
is in the neighborhood of the RUC’s edge), k) Detail of void migration

Velocity fields and streamlines when the bubble is compressing.

The velocity fields and streamlines when the bubble is compressing inside the weft and the
warps are totally saturated, that is, there is not mass transfer from the channels into the
warps, are shown in the Figure 64a-h, where some figures are off-scale for visualization
purposes. Several features can be identified in the Figure 64a-c for the channel domain.
Firstly, the velocity vectors at the interface with the weft are almost tangential to such

interface (See Figure 64b and Figure 64c), which means that the magnitude of the normal
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penetration velocity into the weft is very small in comparison with the tangential velocity.
It is also important to highlight the increment in the magnitude of the velocity with the
reduction of the inter-tow space (Figure 64a-c) because this indicates that the effect of this
reduction in the velocity field is more relevant than the effect of the liquid absorption into
the tows that reduces the velocity magnitude along the RUC. Regarding the streamlines, the
BEM code predicts that the inferior ones (nearby the lower edge of Figure 64a) tend to
concentrate in the symmetric boundary as the inter-tow space reduces. In general, when a
streamline traverse the whole RUC, it ends in a lower vertical position with respect to its
starting vertical position and this is more notorious as the streamlines are closer to the
symmetric boundary.

On the other hand, for the weft domain (Figure 64d-h) it can be appreciated that the

velocity in the interface channel-weft is essentially normal to the interface; this means that
(d)

the tangential Darcy velocity appearing in Eq. 66, u; ~, is negligible in this particular case.
It is also worth noting, by comparing the magnitudes of the velocity vectors along the
interface channel-weft (Figure 64d), that the mass transfer is greater as the inter-tow space
is lower, in such a way that the normal velocities at the interface channel-weft are larger in
points close to the center of the weft, whereas they are smaller in the neighborhoods of the
right and left edges of the weft. The mass transfer in the left half of the weft is barely
greater than the mass transfer in the right half, but this difference is enough to generate a
decentered bubble, as it was shown in the Figure 63a. As it can be appreciated in Figure
64h, most of the streamlines whose starting point has a horizontal position beyond the
horizontal limits defined by the fluid front, converge in the right and left extremes of such a
fluid front, and the starting points of these streamlines coincide with the points of low mass

transfer, as it can be noticed by comparing Figure 64d and Figure 64h.
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Figure 64 Velocity field and streamlines when bubble is compressing. a) Velocity field
and streamlines for the channel domain, b) Detail 1 of Fig. 64a, c) Detail 2 of Fig. 64a,
d) Velocity field for the weft domain, e) Detail 1 of Fig. 64d, f) Detail 2 of Fig. 64d, g)
Detail 3 of Fig. 64d, h) Streamlines for the weft domain

Velocity fields and streamlines when the bubble is migrating.

The velocity fields and streamlines when the bubble migration occurs are represented in
Figure 65a-g. For the channel domain (Figure 65a,b), it can be appreciated that the highest
velocities are obtained in the region of bubble migration, which means that the average air
migration velocity, (u,;,), is greater than the average liquid velocity in the channel, (u,)9,
for this particular case. However, this is not always the situation as it is shown later in
Section 5.3.2. As observed in Figure 65a, the streamlines starting in the inlet boundary
(violet lines) encounter with those ones starting in the contour of the partially escaped
bubble (red lines) and this causes the accumulation of the former ones in the right inferior
zone of the RUC. In the Figure 65a, likewise to the formerly commented case of void
compression in the weft (Figure 64a), a high density of streamlines can be observed in the
symmetric boundary of the RUC when the inter-tow distance is the smallest, namely, in the
half of the RUC. On the other hand, for the weft domain (Figure 65c-f), the velocity
magnitudes are larger in points whose horizontal position is between the horizontal limits
defined by the fluid front, as in the last case analyzed (Figure 64d-g). In this case, the most
of streamlines starting in the zone of low mass transfer at the channel-weft interface, where
the normal velocities are smaller, converge in the left extreme of the fluid front (See Figure

65c). According to Figure 65g, in the right extreme of the weft, some streamlines are very
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short since the interface channel-weft, where the streamlines start, is adjacent to the fluid

front, where the streamlines finish.
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Figure 65 Velocity field and streamlines when bubble is partially escaping. a) Velocity
field and streamlines for the channel domain, b) Detail of Fig. 65a, ¢) Velocity field
and streamlines for the weft domain, d) Detail 1 of Fig. 65c, €) Detail 2 of Fig. 65c, f)

Detail 3 of Fig. 65c, g) Detail 4 of Fig. 65c

5.3.2 Dynamic evolution of intra-tow void

Definition of the problem.

Two mechanism of transport of intra-tow voids are notable in dual-scale fibrous
reinforcements: molecular diffusion and migration [230]. The first mechanism has been
modeled by introducing an air entrapment parameter that takes into account the fraction of
escaped air through the liquid [11]. The second mechanism is the mechanical migration of

voids occurring from the tows towards the channels, which is the situation studied here.
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The intra-tow void migration in dual scale fibrous reinforcements has been studied in [4],
[5], [78], [79], [84], [175], [220]-[222], [230], [231]; there are several aspects that can be
identified in those works and are the key to address the present analysis. Firstly, the void
migration strongly depends on the balance between the interfacial and pressure forces on
the bubble surface [221], [222], [230], [231]. The modification of the interfacial forces can
be carried out by changing the surface tension of the liquid, A; on the other hand, the air
pressure inside the bubble, P,;,., in the onset of void migration is the same as the pressure
when the bubble reaches the equilibrium saturation, S/, thereby depending on the history
of void compression, which in turn depends on the average pressure, (F;)9, pressure
gradient, AP /Ax, and fluid penetrativity, Ry, = A.cos(8)/u. This last variable, R4,
relates the capillary and viscous forces intervening in the impregnation of the tows. It is
important to mention that the air pressure inside the bubble decreases or increases obeying
the ideal gas law, depending on the bubble expansion or compression, thereby changing the
importance of the interfacial forces with respect to the pressure ones as the bubble evolves.
Another common aspect that has been considered in [4], [78], [79], [219], [222] is the
relationship between the void velocity and the channel liquid velocity, being this last one
directly related with the pressure gradient. For voids moving freely along the channels,
some phenomenological models relating both velocities have been proposed [4], [79],
[219], but, to the best of the author’s knowledge, not too much effort has been focused in
studying the relationship between the void migration velocity and the channel liquid
velocity when the void moves from the tows towards channel. This relationship is concisely
studied as part of the present analysis. Additionally, the effect of the change of the pressure
gradient (which modifies the average liquid velocity) on the void migration is studied as
well.

The third factor found in some researches is referred to the existence of a critical pressure
for the void elimination, P. [5], [84], [175]. The concept of critical pressure, P., was
considered in [5], where the influence of this pressure on the saturation curves in
macroscopic simulations was studied. To explain better this concept, one plot of [5] is
extracted in Figure 66, where some saturation curves of constant flow rate injections in
unidireccional cavities are represented. As it is observed in some curves, the unsaturated

volume stabilizes at determined time instant, in which the critical pressure for void
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elimination is reached. As the inlet flow rate is higher, the critical pressure, P, is reached
faster; when P, is achieved, the premise in [5] is that the air entrapment and air elimination
rates are the same, generating a constant unsaturated volume until the cavity is totally filled,
which happens when t/t;,; = 1 in Figure 66; from that moment onwards the unsaturated
volume decreases due to the compression of the existing voids, until the equilibrium is
attained in the voids. The concept of critical pressure for void elimination was also
implemented in [81] in mesoscopic simulations and experimentally confirmed by [84]. In
the present simulations, it is evaluated if the change of the average pressure in the channel,
(P;)9, could favor the void migration from the weft towards the channel to verify the
concept of critical pressure.

In this Section 5.3.2, several cases are considered to analyze the influence of the

aforementioned variables in the process of void migration.
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Figure 66 Plot of Unsaturated Volume vs. t/tjyj for several inlet flow rates. Source:
Guorichon et al [5]

Case 1 of reference.

The geometric data (Hgyc, Lruc, Hy, a1, a2, Ry, &, K1, K7 ) of the simulation of this Case 1
are given in Table 17. The material and processing data are the following: u = 0.1 Pa.s,
A=12mN/m, 6 =30° p; =105.5kPa, py, = 98.5kPa, (F))Y9 = 102kPa and
AP/Ax = 5.83 x 103 kPa/m. In the Figure 67a-e, it is detailed the bubble front evolution
when the partial migration of air occurs, where it is observed that the bubble is ovoid-

shaped at the end of the simulation (Figure 67¢) like the one obtained in Figure 63k. In each
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time instant, it is reported the ratio between the average air migration velocity, (u,;-), and
the intrinsic phase volume-averaged gap velocity (referred in this chapter as the average
liquid velocity for sake of simplicity), (u,)¢, which is defined as follows:

_ ugiry (frairuair-drair>/rair

7 gy (ng(ul)g.dAg>/Ag

(126),

where (u;), is the pointswise horizontal liquid velocity in the gap or channel domain, A,
is the total area of the channel domain, T[;, is the bubble front in the channel, i.e., the air-
liquid interface in the channel, and wug;, = u®".A%" is the pointwise air migration
velocity, with A% and u®" as the “i” components of the normal vector and of the air
velocity, respectively, at the interface I';,. Additionally, in Figure 67a-e, they are reported
the air pressure, P,;, and the normalized air migration rate defined as (S7)norm =
(Sg)/{Sg ymax, Where (S7) is the source term that appears in the void convection equation,
Eq.129 [4], [79] and (S§)max is the maximum value of (Sg) during the whole simulation.
In this case, (Sg) accounts for the rate of air added from the tow into the channel per unit

of RUC volume, as follows:
(S5 = (1/Vrye) J Azt(u’i’)gt- (A7) grdAge (127),
where Vg is the total volume of the RUC and Ay, is the area of the portion of the channel-

tow interface where air migration occurs, while (u;),4. and (7;) 4, are the "i" components

of the air velocity and normal vector, respectively, at the channel-tow interface.
Considering mass conservation on the domain corresponding to the migrating bubble, the

source term, (Sg), can be computed here as follows:

(55) = (1/VRUC) frair Ugir- Al gir (128),
To understand better the meaning of (S7), it is necessary to consider Eg. 129, which is a

macroscopic, convective-type equation that has been used by several authors to model the
air content in the gaps or channels, (¢4) [4], [79]. In this equation, (u}) is the volume-
averaged void velocity in the channel, which, according to experimental works [4], [89],
[219], is closely related to the average liquid velocity in the channel, (u,)9, as shown in
Figure 68, where it is observed that after the average liquid velocity, (u,)9, reaches a

critical value, i.e., (ug)9 = (ugrit)g, voids start moving faster along the channels than the
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liquid. On the other hand, in Eq. 129, (Sg) is a source term that takes into account the
contributions of air into the channel or gap domain, which can be made by the initial air
content of the liquid, the evaporation of chemical volatile gases and/or the migration of air
from the tows towards the channel, being the last one the contribution analyzed here.

200) 4 2 (Gt Xg)) = (65)

(129)
Summarizing, the source term, (S7), indicates the amount of air passing from the tow
toward the channel (Eq.127), while the ratio r; represents how fast this air migration
happens with respect to the average liquid velocity (Eq.126). In Figure 67a-e, the reported

results of Py, 71 and (Sg )norm in each figure correspond to the last bubble front.
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Figure 67 Instants of air migration from the tows towards the channel for the Case 1
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Having clarified the meaning of r; and (57 )norm, the evolution of these quantities in the
normalized time, t/t;,:q:, 1S represented in the Figure 69a and Figure 69b, respectively,
where the initial time instant corresponds to the onset of void migration and t;,;,; IS the
total time of simulation of the void evolution in the channel. According to Figure 69a, the

ratio r; is initially less than one, which means that void migrates at a lower average velocity
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than the average liquid velocity in the channels. However, r; increases so that the air
migration velocity becomes faster than the liquid velocity after t/t;o;q; = 0.231,
approximately. Then, the increment of r; continues until t/t;,:q; = 0.399; in this time
instant, (ug;,) is 1.581 times greater than (uy)?. The behavior of r; between t/tyrq =
0.399 and t/t;otq; = 0.751 can be characterized by having a zone where r; is almost
constant, another one where an oscillation is noticed and a peak point where r; reaches its
maximum value. In this peak point, (ug; ) is 1.718 times greater than (u,)9. After this
point, r; decreases with the time and it becomes less than one again in t/t;,:q; = 0.935,
approximately. At the end of the simulation, {(ug;,-) is 0.639 times the value of (u,)9.

On the other hand, the Figure 69b represents the behavior of the normalized void migration
rate, (Sg)norm, With the normalized time, t/t;oq. At the beginning of the simulation,
(Sg morm slightly increases until t/tioeq; = 0.133. From t/t;peq; = 0.133 10 t/trorq =
0.564, three well-differentiated zones of almost constant increment of (S¢),,r, can be
observed. After t/tio¢q; = 0.564, the increment of (S¢),,, is more pronounced until it
reaches practically the maximum value in t/t;,;; = 0.828, remaining essentially constant

until t/torq = 0.86. Thereupon, (Sg),orm decreases until the end of the simulation.
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Figure 69 Behavior of r; and (ng)norm in the time for the Case 1. a) Plot 'y vs. tA¢tal
for Case 1, b) Plot of (ng)norm VS. t/tirar for Case 1
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Two important things are worth noting in the curves of Figure 69a,b. If the ratios r; of
Figure 69a are compared to the ratios (u")/(u,)9 obtained from Figure 68, it can be
concluded that the ratio between the void velocity and the average liquid velocity in the
channel is considerably higher when the voids move freely along the channels, i.e., after the
critical velocity, (ug”t)g , has been reached (Figure 68), than when they migrate from the
tows towards the channel (Figure 69a). In other words, it can be asserted that, for a certain
liquid velocity, the process of void migration from the tows towards the channel is
considerably slower than the process of void motion freely along the channels, which is
agreement with the results obtained by Lundstrom et al [78].

The second aspect to be noticed in Figure 69a and Figure 69b is that the reduction of r; and
(Sg morm With t/t;,¢q; at the end of these curves poses the question whether it is possible
or not to obtain negative values of r; and (S7)norm Under other conditions, which would
denote a contraction of the bubble. To tackle this issue, the surface tension of the liquid is
modified to A = 16 mN /m and another simulation is run in the Case 2 keeping constant
the other data.

Case 2: Increase of the surface tension of the liquid, 4

For the case where the liquid has a surface tension of 4 = 16 mN /m several instants of the
void evolution are shown in the Figure 70a-d. As in Figure 67a-d, the reported values of
Pgir, 71 @Nd (Sg )norm in each figure correspond to the last bubble front. A bubble expansion
can be noticed in the Figure 70a, where the last front of the bubble corresponds to the
normalized time t/t;,:q; = 0.325, in which the air pressure is P,; = 41.65 kPa, while
r1 = 1.546 and (57 )norm = 1, that is, the void migration rate reaches its peak in this point.
From the beginning of the air migration until this instant, the air pressure continuously
reduces because of the expansion of the void. Then, in the first four bubble fronts of the
Figure 70b (green lines), the bubble is still expanding in almost all directions, but, in the
fifth bubble front (red line), an important contraction in some points of the bubble contour
can be appreciated. The time where this localized contraction occurs is t/t;orq; = 0.423,
with corresponding values of Py, = 8.46 kPa, r; = 0.323 and (S¢)norm = 0.240, which

means that the void is migrating at a lower velocity with respect to the average liquid
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velocity and it is still increasing in volume, but this expansion is decelerating. The bubble
continues expanding, each time slower, until t/t;,;; = 0.504 (See Figure 71a,b). The
bubble evolution from t/t;,;q: = 0.504 until t/t;,;q; = 0.692 is shown in Figure 70c,
where, for a better understanding, the void evolution is represented from the darker to the
lighter line. The values of the Py, 71 and (Sg ),,rm for the bubble fronts of this figure are:
P, =[6.38,8.49,13.51,25.84,41.02], r, = [0,—0.036,—0.179,—-0.338,0],
(5§ morm = [0,—0.018,—0.125,—0.246,0]. The increment of the air pressure in these
instants indicates that the bubble is compressing, but the zero values of 7y and (Sg)norm
corresponding to the last instant (lighter line in Figure 70c), where t/t;prq; = 0.692,
indicate that the bubble will undergo an expansion just after this time. It is important to
mention that the negative values of r; and (57 )norm in the three intermediate instants of
Figure 70c mean that the net air flow rate has been reversed, thereby going from the
channel towards the tows (bubble contraction). In the last part of the simulation, which is
shown in Figure 70d and where the bubble evolution is also represented from the darker to
the lighter line, one cycle of expansion and another of contraction take place, and, contrary
to the bubble observed in Figure 67e, the final bubble tends to be long drop-shaped. The
last analysis allows concluding that when the interfacial forces on the bubble surface are
relevant with respect to the pressure ones, the surface tension of the injected liquid has an
important influence on the dynamic evolution (expansion and compression cycles) and

shape of the intra-tow voids that migrate from the tows towards the channel.
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Figure 70 Instants of air migration from the tows towards the channel for Case 2,
2A=16mN/m (Reported values of P,r, r1 and (Sy")norm in each figure correspond to the
last bubble front). a) From t/ty =0 to t/tiotar =0.325, b) From ¢/ tigta =0.363 t0 ¢/ tiotal
=0.423, ¢) From t/tta =0.504 t0 ¢/ tiotas =0.692, d) From t/tio =0.764 t0 t/tiota =1.0
The plots of 7 vs. t/t;orq ANd (S norm VS. t/torq TOr the simulation of the Figure 70 are
represented in Figure 71a and Figure 71b, respectively. The general behavior of these
curves until t/t.,:q; = 0.504 is very similar to the behavior obtained for the curves of
Figure 69a and Figure 69D, respectively. Afterwards, r; and (S7)norm Can assume negative
values, which means that the void is compressing. Then, these quantities become positive
again, from t/t;prq; = 0.692 t0 t/t;orqr = 0.929, which indicates one cycle of bubble
expansion, and finally, they are negatives again, from t/t;,;o; = 0.929 to the end of the
simulation, corresponding to a cycle of bubble contraction. The Figure 71a shows that
(uqir) can exceed (ug)9 only in some time instants of the first cycle of bubble expansion;
the maximum value of (u,;,-) is 1.696 times the value of (u,)9. It is important to remark
that during the bubble contraction cycles of Figure 71a, the magnitude of the average air
velocity, [(ug;-)|, always remains lower than the liquid velocity, (u,)9. On the other hand,
Figure 71b has the same cycles of bubble expansion and contraction as Figure 71a and the
slopes appearing in that figure account for the acceleration or deceleration of the bubble
expansion or contraction. Several zones can be distinguished in Figure 71b. For the first

cycle of bubble expansion, the maximum increments of the void expansion rate
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(acceleration) arise between t/t;,rq; = 0.235 and t/t;y:q; = 0.325, and the maximum
decelerations ensue immediately after, between t/t;otq = 0.325 and t/tiprqr = 0.416,
approximately. In the first cycle of bubble contraction, the increment of the void
compression rate takes place between t/t;y:q; = 0.504 and t/t;y:q; = 0.634, whereas this
rate diminishes between t/t; ;o1 = 0.634 and t/t;,+q; = 0.692. In this last time instant, as
it was abovementioned in the analysis of Figure 70, the second cycle of bubble expansion
starts and it is characterized by a pronounced acceleration and the subsequent deceleration.
Then the void compression takes place again int/t;,:q; = 0.929 until the end of the

simulation.
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Case 3: Void migration is not possible

As it was aforementioned, most of authors have found that the void migration is highly
dependent on the balance between the interfacial and pressure forces. If the last simulation,
Case 2, is run with a surface tension of 1 = 20mN/m, BEM results predict that the air
pressure of the trapped bubble is not high enough to induce the partial void migration. This
phenomenon is represented in Figure 72, where the small initial domain that is intentionally
generated to assess if there is or not void migration corresponds to the outer bubble front,
and the arrows represent the direction of the bubble motion. As it can be observed, as the

simulation develops, the bubble front gets back and the initial domain shrinks, which can
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be interpreted as the impossibility of the trapped bubble to migrate from the tow towards
the channel. It can be concluded that the surface tension, 4, has two opposite effects in the
impregnation of dual-scale fibrous reinforcements: it promotes the infiltration of the tows
because as A is greater, the capillary pressure is also greater, but, conversely, an increment

of A causes a greater opposition to the void migration.
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Figure 72 Representation of not void migration for A=20mN/m, (Pg)g:102kPa and
AP/Ax=5.83x10° kPa/m

Case 4: Modification of the pressure gradient, AP /Ax.

Several authors coincide that the increment of the pressure gradient could favor the intra-
tow void migration [78], [86], [220]-[222], [230]. In a recent experimental work, Vila et al.
[220] used the X-ray computed tomography to study the void transport in vacuum assisted
infiltration processes, finding that the intra-tow voids are more prone to migrate as the
pressure gradient is high enough to overcome the capillary forces; they also observed that
very small voids can still remain trapped inside the tow once the larger void has been
removed.

In the present case, it is evaluated if the increment of the pressure gradient induces the void
migration for the case considered in Figure 72, where the liquid surface tension is A =
20mN/m and no void migration is possible. Accordingly, the pressure gradient is
increased from AP/Ax = 5.83 x 103 kPa/m to AP/Ax = 1.08 x 10* kPa/m and the
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average pressure is kept constant in (F,)9 = 102kPa, by prescribing p;, = 108.5 kPa and

Pout = 95.5 kPa; the initial domain of this simulation corresponds to the arrival of the
bubble to the edge of the weft (just before a possible void migration occurs).

According to Figure 73a, when the pressure gradient increases as done here, the bubble
trapped inside the tow barely compresses (see black arrow), thereby leading to a small
increment in the air pressure from 104.22 kPa to 107.11 kPa. In Figure 73a the red line is
the front of the bubble that is not able to migrate when the original pressure gradient is
hold, namely, when AP/Ax = 5.83 x 103 kPa/m, while the green line is the front
corresponding to the small compression undergone by the bubble when the pressure
gradient is increased to AP/Ax = 1.08 x 10* kPa/m. Then, once the small contraction of
the void takes place, the bubble displaces again towards the right extreme of the weft and
the void expansion in the channel is possible in this case, as it can be confirmed in Figure
73b and Figure 73c. Additionally, the bubble experiences a contraction until its splitting
(breaking), which occurs before it arrives to the right edge of the RUC, as it can be
appreciated in Figure 73d, where the bubble evolution is represented from the darker to the
lighter line. Considering that the increment of the pressure gradient along the RUC induces
a higher average liquid velocity in the channel, (u,)9, it can be concluded that, at the
macroscopic scale, the increment of (u,)9 could promote the void elimination, which is in

agreement with previous works [78], [86], [220]-[222], [230].

After the void splitting, the simulation continues using the same parameters. The results of
Figure 74a-h show a process of stepwise void elimination, where several stages of
compression-displacement-migration-splitting occur successively, leading to a smaller void
inside the weft. In this case, two of these stages are presented and the graphical comparison
between the initial and the final bubble inside the weft after three splittings is presented in
Figure 74i, where it can be noticed a small reduction in the void size. This indicates that,
according to the present BEM results, the void elimination from the tows towards the
channels in dual-scale fibrous reinforcements can be considered a slow pulsating process,

but further experimental and numerical works shall be done to confirm this conclusion.
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Figure 73 Effect of increment of the pressure gradient, AP/Ax, on the void migration.

a) Small compression of the bubble, b) Displacement and expansion of the bubble, c)

Expansion of the bubble, d) Contraction and splitting of the bubble (From darker to
lighter line).
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Figure 74 Process of stepwise void elimination. a) Initial splitting, b) Second stage of
compression, ¢) Second stage of mobilization towards the right extreme of the weft, d)
Second stage of void migration, e) Second migration and subsequent splitting, f)
Third stage of compression (red lines and red arrow) and subsequent mobilization
towards the right extreme of the weft (green lines and green arrow), g) Third stage of
void migration, h) Third migration and subsequent splitting, i) Comparison between
the initial (green line) and the final (red line) bubble inside the weft after three
splittings.

Case 5: Modification of the average pressure, (P 4)J

In this last case, it is evaluated if the increase of the average pressure, (F,)9, can lead to the
migration of the bubble considering the same surface tension as in Case 3 (A = 20mN/m),
where void migration is not possible (see Figure 72). A simulation with initial domain

corresponding to the arrival of the bubble to the right edge of the weft is performed,
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considering a higher average channel pressure of (F;)9 = 242kPa, which is obtained by
prescribing p;, = 245.5 kPa and p,,: = 238.5 kPa; notice that the pressure gradient of
Case 3, AP/Ax = 5.83 x 103 kPa/m, is kept constant. The first effect of this change,
contrary to the Case 4 (which corresponds to the increment of the pressure gradient with
respect to the Case 3), is an important compression experienced by the void (Figure 75a),
which leads to an important increment of the air pressure, from 104.22 kPa to
244.37 kPa, in such a way that when the compressed void displaces towards the right
extreme of the weft (Figure 75b), the pressure allows surpassing the interfacial forces and
the void migration occurs for the same pressure gradient and surface tension of the Case 3,
as shown in Figure 75c. In this case, a continuous bubble expansion is maintained until the
bubble is near the right edge of the RUC. This result confirms that the increment of (P, )¢
above a determined value, which is called by some authors the critical pressure [5], [81],

[84], could lead to the migration of the voids formed inside the tow.
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Figure 75 Effect of increment of average pressure, (Pg)g, on the void migration. a)
Bubble contraction, b) Bubble displacement, ¢) Migration of the bubble

5.4 Conclusions

In this chapter, the BEM method has been implemented for the simulation of the dynamic
evolution of intra-tow voids in dual-scale fibrous reinforcements at mesoscopic scale, using
a Stokes-Darcy formulation. As in other works, the assumption of fully filled channels was
considered, but, instead of considering a constant channel pressure, a pressure gradient was
prescribed along the RUC length to be consistent with the fluid motion. This simple
modification allowed contemplating some bubble processes not taken into account in the
traditional approach, namely, displacement at constant volume, migration and splitting
(breaking). According to the BEM results, the processes occurring inside the tows,
compression and displacement, are much slower than those ones occurring in the channel,
migration and splitting, which is coherent with the larger velocities obtained in the channel
regarding the velocities inside the tows; moreover, for the RUC geometry and the cases
deemed here, the BEM code predicts that the process of void displacement inside the tow
takes more time than the void compression. The analysis of the velocity field and
streamlines allowed concluding that, at the interface channel-weft, for the cases considered
here, the tangential Darcy velocity is negligible and the mass transfer from the channel
towards the weft is not uniform along this interface, being greater in points whose
horizontal position is between the horizontal limits defined by the fluid front inside the
tows, and considerably decreasing in points with horizontal positions beyond these limits.
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The streamlines corresponding to the zones of low mass transfer tend to converge in the
horizontal extremes of the fluid front.

Two numerical parameters were taken into account to quantify the process of void
migration: the ratio between the average void migration velocity and the average channel
liquid velocity, 1, and the normalized air migration rate, (Sg),orm. In general, the void
migration velocity is not constant during the whole migration process. The behavior of r; in
the time showed that the bubble can migrate at both a lower and a higher velocity with
respect to the average liquid velocity. It is even possible to obtain negative values of 7,
where the parameter (Sg),.,m is also negative, corresponding to the bubble contraction.
Moreover, from the comparison with other works, it was obtained that, for a determined
liquid velocity, the void migration from the tows towards the channel is considerably
slower than the void migration along the channels.

From the behavior of (S¢),,rm in the time, it can be concluded that the void in the channel
can be subjected to several cycles of expansion and contraction, with corresponding
accelerations (increase in the expansion or contraction rates) and decelerations (decrease in
the expansion or contraction rates), before the void splitting occurs. According to the BEM
results, this splitting is product of a process in which the air pressure drops as a
consequence of the bubble expansion until the interfacial forces on the bubble surface
become significant to modify the shape of the bubble, which can lead to its breaking. Once
the void splitting happens, the air inside the tow is compressed again until the equilibrium
is achieved and the resulting bubble could migrate towards the channel until another
splitting occurs. This allows concluding that, in general, the bubble inside the tow cannot
be totally removed in a single step and the intra-tow void elimination is a slow pulsating
process instead, where partial portions of air are removed; however, this conclusion needs
to be confirmed with further experimental works.

The influence of the surface tension, pressure gradient and average pressure in the process
of void migration was also studied here. Even though the surface tension favors the tow
impregnation due to the increase of the capillary pressure, it also opposes to the void
migration due to the increase of the surface tractions in the bubble surface; on the other

hand, the increase of the pressure gradient (which leads to the increase of the average liquid
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velocity in the channel) and of the average pressure promotes the void migration, which is

in agreement with other numerical and experimental results at macroscopic scale.
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6. MULTISCALE FILLING SIMULATIONS IN DUAL-SCALE FIBROUS
REINFORCEMENTS*

6.1 Introduction

In dual-scale fibrous reinforcements, the channels formed between the tows are
considerably more permeable than the tows, leading to a non-uniform saturation of the
preform as the filling takes place. At the mesoscopic level, the differences between the flow
in the channels and the flow in the tows depend on the relationship between the viscous and
capillary forces; these differences significantly affect the pressure and velocity fields at the
macroscopic level. For instance, in unidirectional injections, the reduction of the pressure is
linear along the mold length in single-scale fibrous reinforcements, whereas this reduction
is almost parabolic for the partially saturated zone in dual-scale fibrous reinforcements due
to the presence of a sink term, S, in the mass conservation equation [83]. On the other
hand, in unidirectional constant flow rate injections, the increment of the inlet pressure with
the time is linear for single-scale fibrous reinforcements, whereas a pressure drooping
occurs for dual-scale fibrous reinforcements [83], [225].

The simulations of filling of dual-scale fibrous reinforcements can be classified into two
main categories: mesoscopic simulations and macroscopic simulations. The mesoscopic
simulations consists on the filling of the Representative Unitary Cell (RUC) and can be
carried out to: 1) determine the effective properties of the porous medium, such as the
effective unsaturated and saturated permeabilities, and the constitutive relationships of
these properties [138]-[140], 2) compute the coupling terms between the mesoscopic and
macroscopic governing equations in order to deduce lumped functions for such a terms, in
terms of volume-averaged quantities [10], [12], [225], [232].

On the other hand, the macroscopic simulations make mention to those ones carried out in
cavities, where the porous medium is initially dry and then a liquid passes throughout it,
driven by positive pressure, gravity and/or capillary pressure. During the filling of the
cavity, the dual-scale fibrous reinforcement is not uniformly impregnated as the fluid front

progresses because of the dissimilar permeabilities of the channels and the tows, which

* The results of the present chapter are intended to be published in: Ivan David Patifio Arcila, Henry Power, César Nieto
Londoiio, Whady Felipe Flérez Escobar, “Multiscale filling simulations in dual-scale fibrous reinforcements using Boundary
Element Techniques” to be submitted (In preparation).
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originates partial saturation effects. Two strategies can be considered to determine the
influence of such effects in the macroscopic variables: in the first one, simultaneous and
iterative-corrected simulations are conducted at both scales (macroscopic and mesoscopic)
[8], [14], [94], whereas in the second one, which is less rigorous but computational cheaper,
functions for the effective properties or for the coupling terms are obtained by running
several mesoscopic simulations of the RUC filling, and those functions are then used in the
macroscopic equations [12], [13], [101], [102], [138]-[140], [225], [232]. This second
strategy, in turns, can be divided into two approaches. In the first approach, some
constitutive relationships permeability-saturation and capillary pressure-saturation are
obtained at the mesoscopic scale and then the Richards’ equation is solved using these
constitutive equations [138]-[140]. In the second approach, which is used in the present
work, a sink function, S, is obtained by running several simulations at the mesoscopic
scale and this function is used afterwards in the solution of a Poisson type equation, which
is obtained from the mass conservation equation considering the sink function, S;, and the
Darcy law with an equivalent channel permeability, K, [12], [13], [101], [102], [225],
[232].
In the present chapter the Boundary Element Method (BEM) is applied to the problem of
impregnation of dual-scale fibrous reinforcements used in the processing of composite
materials, based on the Stokes-Darcy (at the mesoscopic scale) and equivalent Darcy (at the
macroscopic scale) formulations. A new methodology is presented for the calculation of the
sink function, S,, and the influence of several parameters on the effective unsaturated
permeability, K.sf, is studied as well. The principal contributions of this chapter attend
some drawbacks identified in similar works and they are summarized as follows:

e As in the other problems analyzed along this work, the problem of multiscale filling of
dual-scale fibrous reinforcements has been tackled mostly using domain mesh
techniques. For instance, the Finite Element/Control Volume (FEM/CV) conforming
method was used in [13] introducing ‘slave’ elements into the original nodes of the
FEM mesh, with the purpose to simulate the delayed saturation of the tows as the
macroscopic fluid front progresses. On the other hand, Park et al [79] used a modified
FEM/CV method to predict the change of the void content and saturation along the

mold length; in this work, the mesh in the neighborhood of the fluid front was refined in
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adaptive manner by using floating imaginary nodes that were placed in the contour of
the FEM elements taking into account the value of the fill factor [233]; a smoother fluid
front was achieved regarding the traditional FEM/CV methods, but at the expense of the
increase of the computational cost. The change of the saturation at both mesoscopic
(tows) and macroscopic (cavity) levels and the drooping of pressure in constant flow
rate injections were studied in [225] using FEM to solve the governing equations and
the Nodal Saturation Method to track the fluid front [234]. The FEM/CV conforming
method was also used in coupled multiscale simulations of partially saturated flow for
isothermal [14], non-isothermal [8] and reactive [94] conditions, where two FEM
meshes and the corresponding CV meshes were required since the mesoscopic (filling
of tows) and macroscopic (filling of cavity) simulations were run simultaneously,
implying a high computational cost. As important contribution, in the present work, the
use of BEM techniques implies the reduction of the mesh in one dimension, which is
convenient when dealing with moving boundary problems, and the tracking technique
of Appendix C assures a higher order accuracy of the fluid front shape by reasons
mentioned in other chapters. Additionally, only one contour mesh is required for each
scale of simulation because a lumped strategy is used. Some works that make use of
BEM techniques have also dealt with simulations of partially saturated flow in porous
media [15]-[18], but the partial saturation effects were taken into account by using
experimental constitutive laws for the permeability and the capillary pressure in soils-
water systems, which is not our case because of the non-existence of such constitutive
equations for woven reinforced preforms. In [139], [140], constitutive equations
permeability-saturation and capillary pressure-saturation were obtained for non-woven
reinforcements by running several FEM simulations at the microscopic scale, but these
equations are not applicable in this case where woven reinforcements are considered.

The second contribution of the present chapter is referred to the problem of how to take
into account the partial saturation of the RUC’s in the behavior of some macroscopic
variables during the filling of the cavity. As it was mentioned before, there are mainly
two numerical strategies to tackle this problem: 1) to carry out simultaneous and
iterative-corrected simulations at both mesoscopic and macroscopic scales, 2) to

conduct several simulations at the mesoscopic scale in order to deduce lumped
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functions to be used at the macroscopic scale. The second strategy is employed in the
present work because it implies less computational cost, but it is introduced an
important modification in the methodology to obtain the sink function, S;, which is
related to the prescription of a pressure gradient along the RUC instead of considering
an uniform pressure in the channels, as it was exposed in Chapter 5. When it is assumed
that the channels are totally filled with liquid before any infiltration into the tows can
take place, most of authors have supposed that the saturation rate inside the RUC, S,, is

a function only of the uniform pressure of the liquid contained in the channels, (F,)Y,

and of the total saturation, S; [13], [225], [232], [235]. This classical methodology has
several weaknesses due to its simplifications: 1) the impregnation in the tows takes
place towards the center of them, no matter the magnitude or direction of the channel
fluid velocity, which is not in accordance with other researches where the void location
IS not necessarily symmetric with respect to the centroid of the tow [3], [25], [171],
[175], [220], [227], 2) the air compressibility and partial air dissolution are not taken
into account, but a the full air dissolution instead, thereby leading to a constant air
pressure in the fluid front during the whole filling of the tows, which does not
reproduce the real situation of Liquid Composites Molding (LCM) processes [11], [92],
3) the capillary pressure is assumed constant during the whole RUC filling and the
model to compute this pressure is employed indistinctively for the warps and the weffts,
4) the vacuum pressure is not considered as an initial condition for the air pressure,
which is not coherent with some applications of composites manufacturing where the
vacuum pressure is recognized as a relevant processing parameter [223], [236]-[238],
5) the prescription of a constant pressure in the channels of the RUC is not physically
consistent with the fact that the fluid is actually moving, 6) the processes of void
displacement, migration and subsequent splitting, which have been reported in
experimental researches [89], [175], [219], [220], [227], are not possible using this
simplified methodology as it was shown in Chapter 5. Consequently, the classical
methodology to compute S, is refuted in the present work in favor of the prescription of
a pressure gradient along the RUC length, AP /Ax, at it was done in Chapter 5, and, by
mass conservation in the channel domain, the rate of saturation of the tows, S,, is

established in terms of the difference between the inlet and outlet flow rates of the
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RUC, which can be directly accomplished from the BEM simulation. The proposed
methodology is more robust than the classical one because it tackles the aforementioned
drawbacks as follows: 1) decentered voids are obtained in the transverse tow (weft) due
to the prescription a pressure gradient, as shown in Chapter 5, 2) air compressibility and
partial air dissolution are considered simultaneously in the boundary condition of the
fluid front at the mesoscopic scale by means of the air entrapment parameter, A,
proposed in [11], 3) the flow-direction dependent model for the capillary pressure
obtained in Chapter 3 is used here, 4) the vacuum pressure, P,,., is taken into account
as an independent variable of the function S,, 5) there exists a velocity field in the
channel that is consistent with the flow direction as shown in Chapter 5, 6) the
displacement, migration and splitting of voids is possible under the assumption of full
air compressibility, as shown in Chapter 5. Using the proposed methodology, a sink
function, S,, is obtained after running a considerable amount of mesosocopic
simulations (RUC fillings), and, once the function S, is known, macroscopic
unidirectional simulations are run using the Dual Reciprocity Boundary Element
Method (DR-BEM); the macroscopic simulations are performed to assess the coherence
of the present methodology with a previous work [83] by comparing the pressure
profiles, and to analyze the behavior of the global saturation in the space and the time
under both constant pressure and constant flow rate regimes. The DR-BEM code is
validated with an analytical solution at constant pressure regime [101].

Finally, the curves of the effective unsaturated permeability, K.rr, against tow
saturation, S;, are obtained from the mesoscopic simulations, and the influence of the
tow aspect ratio, a,/a,, and tow porosity, &, on those curves is studied. The
relationship between K, r and S; is important when the Richards’ equations needs to be
solved. To the best of the author’s knowledge, there is not another work devoted to the
study of the behavior of the curves of K,.r vs.S, with a;/a, and & in dual-scale
fibrous reinforcements, but some works have studied the effective saturated
permeability instead [20], [85] and these results are compared to the present ones in the

limit when the total saturation is close to one, S; — 1.
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6.2 Governing equations, boundary conditions and matching conditions

At the mesoscopic scale (filling of RUC’s), the Stokes-Darcy formulation is used and the
governing equations and matching conditions of Chapter 3, as well as the boundary
conditions of Chapter 5, can be applied here. At the macroscopic scale, an equivalent Darcy
approach is used, in which the channels of the fibrous reinforcement are conceived as a
porous network having an equivalent permeability, K, and a sink term, S;, accounting for
the liquid absorption into the tows per unit RUC volume, needs to be considered in the
continuity equation [6], [10]. Accordingly, for the channel domain, the following equations

are valid:
Oy = 130a
axi (ulg> - Sg ( )
oy Mg 0 (130b),
(ui ) = o Py)9

where "g" represents the gaps between the tows (channels), in such a way that (u; g) and

(P,)9 stand for i component of the phase volume-averaged velocity and the intrinsic phase

volume-averaged pressure in the channels, respectively, while Kl-g represents the

equivalent channel or gap permeability in the principal direction i assuming impermeable

tows. On the other hand, Sg is defined as follows:

1 .
So=—/, u ¢ T g dAge (131),

9" Veyc“Agt 9
where Ay, Ui gy and ﬁigt stand for the area, velocity and normal vector at the interface
channel-tow, which is represented by subscript "gt".
For the particular case of unidirectional filling at the macroscopic scale, which is
considered here, the non-dimensionalization of the macroscopic variables depends on the

injection regime, as follows (volume-averaged symbols are omitted for sake of simplicity):

For both constant pressure and constant flow rate regimes:

£=x/L (132a)
For a constant pressure regime only:
E=t/(L20/(|Pinj = Prac|K5)) (1332)
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p= p/lpinj - Pvacl (133b)

U = w/((|Pinj = PoaclKq)/ (L) (133¢)
For a constant flow rate regime only:

t=t/(LA/Qinj) (134a)

b =p/(QunsLr/(A-Ky)) (134b)

U = ul/(Qinj/A) (134c¢),

where x, Lss, t, p and u, are the horizontal coordinate, fluid front position along the cavity,
time, pressure and horizontal velocity, respectively, whereas X, fo, t, p and uy are the
corresponding non dimensional variables; on the other hand, L, 1, Pinj, Pyac, Kg, A and Qjp
stand for the length of the mold, liquid viscosity, injection pressure, vacuum pressure,
equivalent gap permeability, cross section area of the mold and injection flow rate,

respectively.

6.3 Integral equation formulations and numerical techniques.

At the mesoscopic scale (filling of RUC’s), the integral equation formulations and all
numerical considerations exposed in Section 3.3 are applicable to this particular problem.
At the macroscopic scale, for unidirectional injections, the combination of the mass
conservation, Eg.130a, and momentum conservation, Eq.130b, leads to a Poisson type

equation, whose integral formulation is given by:

cOP® = J; p'E¥)a0ds, - f; a' €y pG)dS, - [, bep*§y)da, 139
where the fundamental solutions, p* and g*, have the same form as the ones presented in
Section 3.3, considering K; = K, = K;, where K, is the effective gap permeability in the
fluid direction as found in Section 6.5.3. The non-homogeneous term of Eq.135 is given as:
b = (u/K,)S,, where S, is the lumped function for the sink term, which is deduced in the
Section 6.5.2.

The domain integral of the EQq.135 can be transformed into boundary integrals using the
Dual Reciprocity Boundary Element Method (DR-BEM) [63]. Firstly, the non-homogenous
term, b, is approximated using Radial Basis Function (RBF) interpolation with Augmented
Thin Plate Splines (ATPS) of order n = 2 (See Eqgs. 111), as follows:
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b)) =Tl ") (136)
where a™ represent the approximation coefficients, with the orthogonality conditions given
by:

SVEENL g = BN gm g — §NEENL gy — (137)

After substituting Eq.136 into Eq.135, the integral representation takes the following form:
c(Op) =
Je "G y)ads, — [ &) p(y)dS, — (138)
Smii e fo pTEY) M ()AQy
The transformation of the domain integral into a boundary integral is accomplished by

defining the following auxiliary pressure field:

=f"m (139),

with the particular solutions for the ATPS given in [239].

aZﬁm
Oyk0yk

The substitution of Eqs.139 into Eq. 138 and the application of Green’s identities in the
domain integral lead to the following boundary-only integral representation:

c(Op) =
f; P"(€)a0)ds, — [, q'(Ey)p()dS, — TN am (P~ (140),

[y p'EY)a™()dS, + f; q'(€y) P (¥)dS,)
where the coefficients a™ are obtained from the inverse of the matrix [F], which, in turns,
is obtained by collocation of Ny boundary nodes and N; internal nodes according to Eq.
136. In vector form, Eq.136 is b = [F]&, from which @ = [F]~1b.
In the macroscopic problem, the boundary and the physical variables are discretized using
quadratic isoparametric interpolation and discontinuous shape functions with a collocation
factor of ay;s = 2/3 are used in the corners [165]. To compute the regular integrals,
standard Gaussian interpolation is used. The singularities of the integrals of the DLP are
treated using the Rigid Body Motion principle [149], [150] and the singular integrals of the
SLP, using the Telles transformation [166]. The final system at macroscopic scale can be

written as:
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@) - (d) > 7
[H](NB+N1)><(NB+N1)p - [G](NB+N1)><NBq - [M](NB+N1)X(NB+N1+3)' b (141),

where the matrix [M] is as follows:

_ (d) 7
[M](NB+N1)><(NB+N1+3) = ([H](NB+N,)><(NB+N,)[P](NB+N,)><(NB+N,+3) -

142),
[G]E§L+N,)XNB [/C-I\]NBX(NB+N1+3)) [F_l](NB+N1+3)><(NB+N1+3) e
with [p] and [¢] as the matrices corresponding to the evaluation of the particular solutions
in all field points, whereas [F~1] is the inverse of the matrix [F]. As it is shown in Section
6.5.2, the sink function, S,, obtained here is non-linear, and thereby the system defined by
EqQ. 141 is solved using fixed point Picard iteration.
At the macroscopic scale, the fluid front tracking is also carried out by using the technique

described in Appendix C.

6.4 Methodology for calculation of the sink function, S

Description of the problem.
The sink term, S, defined in the Eq.131, is the coupling term between the flow in the

channels and the flow in the tows, and it can be characterized in terms of some volume-

averaged variables of the RUC; once the function for S, has been obtained, it can be used
in the Eq.130a. According to Simacek and Advani [13], S, can be taken as a function of the
volume-averaged pressure, (F;)9, and the saturation of the tows, S;. The sink function, S,

was implemented in macroscopic filling simulations in [101], [102], [235] using FEM/CV
conforming, but neither capillary nor air compressibility and dissolution effects were

considered. One of the most outstanding works to establish a function for S, was developed
in [12], [232], where the next general equation was deduced:

Sg = (A(B)9)/m){er20-50% — 1} (143),
where £;((P,))9) = &,(1 — &,)A:((R,)9), A1((R,)9) = (A1/B*)(P,)Y and the coefficients
Aj, A,, A; and B* are determined after running several simulations of filling of the tows
assuming a constant liquid pressure in the channels, (F,)9.

A different methodology to calculate the function S is proposed in the present work, where

both the air compressibility and air dissolution are considered. When the air dissolution is
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present, it is possible to reach the total tow saturation, S; = 1, otherwise, an equilibrium
saturation, S/, is reached instead, as mentioned in Chapter 5. The RUC geometry and type
of boundary conditions for the determination of the sink function, S, are shown in Figure
61. As mentioned before, the air compression is considered for the weft and the total tow
saturation is thus not possible when the air dissolution is neglected. For the warps, on the
contrary, the air compression is not taken into account and the total saturation is possible in
all cases.

Scale constraints.

As it is well-known from the volume-averaging method [130], several scale constraints
shall be complied in order to simplify the general volume-averaged momentum equation,
which is quite complex as shown in Chapter 2, into the simpler Darcy’s law, Eq.130D,
which is used here for the channel domain at the macroscopic scale. Additionally, the LCM
processes implies another scale restrictions. Therefore, both the RUC geometry and the
prescribed inlet and outlet pressures used for the determination of S, in the mesoscopic
simulations, as well as the physical conditions of the macroscopic problem (filling of
cavity), need to be in accordance with these scale restrictions. First of all, applying the
constraints of [130] on the channel or gap phase, "g", the Darcy’s simplification is possible
provided that the following equation is valid for the phase volume-averaged pressure

gradient, (0F,/0x;):

(0Fy/0x;) = £5(3(Py)? /0x:) + (1/Vauc) [, g~ figedA (144)
where P, stands for the pointwise pressure in the channel domain, whereas P; =P, —(F,)?
is defined as the local variation of the pressure and e, = V,/Vgy is the gap porosity, with
V, as the volume of the channel or gap phase. The Eq. 144, in turns, is valid under the next
scale restrictions:

Ly < Lgyc (145a)

(Lryc)? K LggLyig (145b),

where Lgyc and L, are the characteristic length-scales of the RUC and of the channel or
gap phase, respectively. On the other hand, L., and L, , are the characteristic length-scales
defined by the estimates Ve, = 0(Ag;/Ley) and VYR = O(V(B,))9/Lp1g),
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respectively, where A stands for the absolute change of the variable, while V and VV
represent the first and second derivative, respectively. On the other hand, the symbol O is
used to denote the order of magnitude. The constraint of Eq. 145a is satisfied in this case
because the average inter-tow distance, which can be taken as the characteristic length-
scale of the channels, L, is chosen smaller than the RUC length, Lgyc. In a similar fashion,
the constraint of Eq.145b is also satisfied here because a homogeneous porous medium at
macroscopic scale is considered, leading to L., — oo [130]. For heterogeneous porous
media, the fulfillment of Eq.145b depends on the gradient of the gap porosity, Ve, and on
the relationship between the first and second derivatives of the volume-averaged pressure,
which can be defined by the ratio r, = V()9 /VV(F,;)9. According to [130], when Vg, is
very large, Lgy = Lgyc, in which case, considering an order of magnitude of 0(-3) for
Lgyc, the minimum allowable order of magnitude of L, 4, in order to comply the Eq.145b,
would be 0(=2), i.e., r; > 1072 to fulfill Eq.145b. The filling of heterogeneous dual-scale
porous media is not tackled in this work, but it could be considered in forthcoming
investigations under the scale restrictions mentioned here.

In LCM processes, the assumption of full-filled channels is more realistic as the viscous
forces exceeds the capillary ones, which can be valid when: 1) the tows permeabilities, K;
and K, are very small regarding the gap permeability, K;, and 2) the inlet injection
pressure, P,;, is at least one order of magnitude larger than the typical capillary pressures
in these processes, which usually have an order of 0(3) [75], [140], [145], [228]. The first
condition is fulfilled in this chapter since K; and K, have an order of O(—13) and 0(—14),
respectively, while the gap permeability has an order of 0(—8) as shown in Section 6.5.3.
To satisfy the second condition, a minimum injection pressure of order O(4) is considered
in the macroscopic simulations.

On the other hand, according to Park et. al [83], the pressure profiles for unidirectional
injections in dual-scale fibrous reinforcements can be divided into three categories, as it is
shown in the Figure 76a-c. For the fully saturated zone, S; = 1, the pressure profile is
linear, while the non-linear part of this profile in the partially saturated zone, S; < 1, can be
approximated by quasi-parabolic curves that could be concave (Figure 76a), convex (Figure

76b) or both ones (Figure 76c), depending on the importance of the sink term, S, in such a
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way that as S is greater, the profile tends to be slightly concave as reported in [240], [241],
while a convex profile is liable to be obtained as S, is lower [242]. Taking into account
the possible forms of this profile and considering a minimum order for the injection
pressure, P;,;, of 0(4), and a maximum order for the length scale of the macroscopic
problem (length of the mold), L, of 0(0), it is expected a minimum order for the pressure
gradient of around O(3). As the order of Lz is O(—3) in the present work, the minimum

order for the change of pressure along the RUC length, Ap, could be taken here as 0 (0).

A A
P inj Pinj

Y
\ 4

\ 4

Figure 76 Typical pressure profiles in unidirectional injections for dual-scale fibrous
reinforcements. a) Linear-Concave, b) Linear-Convex, ¢) Linear-Convex-Concave.
Source: Park et al [83]

On the other hand, the maximum order for the pressure gradient is determined by
considering a mesoscopic scale restriction for the local velocity variation in the channel
phase, i, which establishes that:

(g |yo « (uy)? (146),
where i; = ug; — (ug)9.
In some researches about LCM processes, the maximum order of the volume-averaged
velocity in the channel, (u,)9, has been taken as O(—1) [77], [80], [81] and the maximum
order of the resin viscosity is 0(—1). Consequently, taking into account these orders of
magnitude and that the gap permeability, K, is of order O(—8) for the RUC geometry

considered in this work, the maximum order for the pressure gradient according to the

Darcy’s law is O(6), which corresponds to a pressure change along the RUC length, Ap, of
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order O(3). However, the consideration of an order O(—1) as the upper limit for (u,)?,

could lead to high Reynolds numbers and this is not consistent with the Stokes
approximation for the channels. Consequently, in the present chapter, the starting point for
the maximum order of Ap in the RUC is 0(3) (which corresponds to a channel velocity,
(ug)9, of order 0(—1)), but it is necessary to check that the gap Reynolds number, R,
remains small according to the following definition:

Reg = plug)9Lg/u (147),
where p, u and L, stand for the liquid density, liquid viscosity and characteristic length of

the gap phase.

Calculation of the sink function, Sy

Taking into account the last constraints, a pressure gradient is imposed along the RUC and

the sink term, S, is computed by applying the principle of mass conservation in the gap or
channel domain. Accordingly, for a unitary width RUC, the equation to compute S, is as

follows:

S = (l_lin_l_lout)Hg (148),

g Hruc-Lruc

where the mean inlet and outlet velocities of the RUC , u;,, and u,,,, are defined by:

Uiy = (ffyg;fz Uin dy)/Hg (1493-)

— Hg/2

Uout = (f Hgg/z Uout dy)/Hg (149b),
where u;, and u,,; are the pointwise inlet and outlet velocities obtained from the BEM
simulations.

The total saturation of the tows, S, is defined as:

Se = Viia/ Vot = Vua/ (2’ ) = (ZsP%0) /(2 V7)) (150),
where V;, is the total volume of liquid inside the tows (including warps and weft), V,,; is
the total porous volume of the tows, Vp(,f) is the porous volume of the tow “i” and s® =

Vliiq/Vp(ti) is the saturation of the tow “i”, with Vliiq as the volume of liquid inside the tow “i”.

From now on, considering that the channels are totally filled of liquid in the RUC, S; is

referred as the total saturation.
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The saturation rate can be found by taking the time derivative of Eq. 150:

S, = (Z g(i)%(ti)) /(Z Vp(;)) (151)
By mass conservation, the following is valid:
(250VP) = @in — Toue)Hy (152)

Solving for the term "(it;, — Uoy)Hy" in the Eq.148, substituting into Eq.152 and then
substituting the resulting expression into the Eq.151, it is obtained the next relationship

between the total saturation rate, S,, and the sink term, Sg-

$¢ = |Hruc-Lruc/(ZV)] S (153)
Taking into account that &, =V, /Vgy¢ and considering the same porosity, ., for all tows,

the following expression can be written:

£y = 1= (SV°)/ (g Lave) = 1 - (2) 7t (154),

&t/ Hruc-Lruc
where V. is the volume of the tow “”, with V.’ = &,
Solving for ( V(‘))/(HRUC Lryc) in the EQ.154 and substituting into Eq.153, the
following relationship is obtained for the sink term, S;:
Sy = &S:(1—¢5) (155)
The last equation is useful since it allows establishing the relationship between volume-

averaged quantities and the sink term, S,, once the relationship between those guantities

and the saturation rate, S,, has been obtained.

6.5 Results and discussion

6.5.1 Analysis of saturation in mesoscopic simulations

In this section, the behavior of the total saturation, S;, in the time is obtained using BEM
and the classical methodology, and the results are compared with those previously reported

in [12], [225]. Then, the influence of the total saturation (S,), volume-averaged pressure
((Pg)g) and pressure gradient (AP/Ax) in the inlet and outlet velocity profiles of the

channel, u;, and u,,., and in the phase-intrinsic volume-averaged gap velocity, (u,)9, is
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analyzed using the proposed methodology. Both (£;), (uy)? and (u,) are computed using
the BEM results in the boundary and interior points of the channel domain. In the case of
the phase-intrinsic volume-averaged pressure, (F,)9, BEM results indicate that it is very

similar to the average of the inlet and outlet pressures.

Saturation curves using the classical methodology.

Firstly, some filling simulations of the RUC represented in Figure 61 are run using BEM
and the classical methodology used in [12], [13], [101], [102], [225], [232], namely, a
uniform pressure is supposed in the channel as the boundary condition of the tows and it is
only simulated the filling of such a tows. Additionally, the air compressibility, partial air
dissolution and vacuum pressure are not considered, and it is supposed full air dissolution.
Data to run the simulations using such methodology are shown in the Table 18, where the
channel pressures, (F;)9, coincide with the ones used in [12], [225]. It is defined the
normalized time as follows:

T=t/truy (156),
where tg;;; is the total filling time, which is obtained from the BEM simulations and
reported in Table 19.

The RUC geometries considered in Wang and Grove [225] and Tan [12] are represented in
Figure 77a and Figure 77b, respectively, while the RUC geometry of this work is displayed
again in Figure 77c. Using the BEM results, the curves of S; vs.t for all values of
(P,;)9 were obtained as shown in the Figure 77f. When these curves are compared to the
curves of the Figure 77d and Figure 77e, which correspond to the saturation curves
obtained by Wang and Grove [225] and Tan [12], respectively, some similarities can be
identified. First of all, the results converge into a single master curve in all figures.
Secondly, despite the curves are not exactly the same, a similar general behavior of the
saturation rate is observed: it is very large at the beginning of the injection and decreases as
the filling takes place. The agreement of the current BEM results with the results of [12],
[225] suggests that the present code is reliable enough to tackle the other problems of the
present chapter. The saturation curves obtained by the proposed methodology will be

presented in Section 6.5.2.
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Table 18 Data of simulations of tows filling with the classical methodology

Processing data

Number of simulation

1 2 3 4 5 6 7
g
Channel pzﬁzs)“re’ (Fg) 100 300 500 1000 5000 10000 50000
Geometric and material data
Total Total  Major Minor . .
height Iz)efnt%teh height axis axis Visco Mre:#or Mrlrr1110r Surface Conta Fiber  Tow
of the RUC ofthe  ofthe ofthe sit pt)e"l'tea ps_l_tea tension, ct radius, poro
RUC, ™ channel weft,  weft (IPglsl)l IKI Y. IKI Y 2 angle R, sity,
HRU(; (f];lf y Hg aq a, ’ (m%) (m%) (mN/m) ,0 (ym) &
(m) (m) (m) (m)
4,50 1,20 3,00 5,00 1,00 2,07 1,08 o
E-04 E03 FE-04 Eo04 E04 O g4z gpaa B30 20 015

Table 19 Filling times obtained from BEM simulations with the classical methodology

Number of
. . 1 2 3 4 5 6 7
simulation
Filling time (s) 2354 21,14 19,18 1559 6,22 355 0,80
Longitudinal tow Longitudinal tow (Warp)
. Channel
Fluid
occupied Transverse tow (Weft)
Transverse tow Longitudinal tow (Warp)
c)
10
0 9}
08
307
e
5 2 061 ~ 300Pa
3 2 500 Pa
@ 3 05 ' 1K Pa
g 5K Pa
~ 04 10K Pa
50K Pa
03 Numerical solution
0.2
02

T
0.0

04 05 06 07 08 09 1
Normalized time

d)

02 03
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Figure 77 Comparison of saturation curves obtained by the classical methodology. a)
RUC geometry of Wang and Grove [225], b) RUC geometry of Tan [12], c) RUC
geometry of this work, d) Saturation curve of Wang and Grove [225], e) Saturation
curve of [12], f) Curve S; vs. T of this work

Influence of saturation, volume-averaged pressure and pressure gradient on the channel
velocity field using the proposed methodology.

In this part, several simulations of filling of the RUC represented in Figure 61 are carried
out using the proposed methodology, namely, a pressure gradient is prescribed along the
RUC length, the channel domain is modeled as a Stokes flow and the matching conditions
Stokes-Darcy are considered. Additionally, full air compressibility is deemed as in the
simulation of Figure 63. The geometric and material data of Table 18 are taken into
account.

The influence of the pressure gradient (AP/Ax), average pressure ((Pg)g) and total
saturation (S;) on the horizontal channel velocities is represented in Figure 78 to Figure 83,
where the velocities are normalized with the maximum velocity in each case for
comparison purposes, i.e., u* = u/u,q,, but they are referred in the following analysis as
‘velocities’ instead of ‘normalized velocities’ for sake of simplicity. For the simulations
corresponding to Figure 78, Figure 79 and Figure 80, an average pressure of (F;)9 =
62 kPa and a pressure gradient of AP/Ax = 5.83 x 103 kPa/m?3 are considered. The inlet
velocity profiles of the channel domain for several values of total saturation, S,, are

represented in the Figure 78, where it is observed that for a fixed vertical position,
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y* = y/Lgyc, the inlet velocity, u;,, reduces with the increase of S;, and this reduction is
more significant as the saturation is lower. On the other hand, in the Figure 79 the inlet and
outlet velocity profiles of the channel domain for several values of S; are compared each
other, and it can be noticed that, for a fixed vertical position, y*, and saturation, S;, the inlet
velocity, u;,, is greater than the outlet velocity, u;,;. It is also worth noting that the
difference between the inlet and outlet velocity profiles is lower as the saturation, S;, is
higher, which is in agreement with the reduction of the saturation rate, S,, with the increase
of S,, because the decrease of S, means a lower liquid absorption into the bundles and a
concurrent lower difference between the inlet and outlet velocity profiles by mass
conservation. When S, is close to one, the difference between u;, and ug,, for a fixed
vertical position is very small, see velocity profiles for S; = 0.939 in Figure 79.

The Figure 80 shows that the volume-averaged gap velocity in the horizontal direction
(flow direction in this case), ((ug)g)*, does not change significantly with the saturation, S,
and thereby it can be taken the average value of this velocity for the whole simulation. In
other words, the velocity field in the channel at the mesoscopic scale is clearly affected by
the saturation, S;, but the volume-averaged gap velocity in the flow direction, which is a
macroscopic variable, is not considerably influenced by S;. As the present problem is
symmetric with respect to the “x” axis (See Figure 61), the volume-averaged gap velocity in

the vertical direction is always zero, not requiring any analysis.

—-5,=0.236
- St=0'392
—-5,=0.506

5,=0.592
~$,=0.680
—8,=0.782
. St=0.810
—S8,=0.874
: St=0'939

Figure 78 Influence of the total saturation, S, on the inlet velocity profile
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Figure 79 Difference between the inlet and outlet velocities for several values of S;
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Figure 80 Influence of Syon ((ug)®)”

To establish the influence of (£;)? on the inlet and outlet velocities, some velocity profiles

are plotted in Figure 81a-c for two values of the average pressure, (P,)9 = [22,122] kPa,

three levels of total saturation, S; = [0.235,0.554,0.893], and a single pressure gradient,
AP/Ax = 5.83 x 103 kPa/m. For S, = 0.235 and S, = 0.554 (Figure 81a,b), it can be

noticed that the increment of (F;)? causes the increase of the inlet velocities and the

reduction of the outlet ones, and this effect is more notorious for the lowest saturation,
S; = 0.235, than for the intermediate one, S; = 0.554. On the other hand, for S; =

0.893 (Figure 81c) it is not possible to establish a monotonic relationship between (F,)9

and the inlet and outlet velocities for all vertical positions of the profiles, y*. In this figure,

it is important to notice some vertical positions where the outlet velocity, u;,,;, is greater
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than the inlet velocity, u;,, for the case of (F,;)? = 122kPa, but the total inlet flow rate is
still greater than the total outlet flow rate, which is in accordance with the mass
conservation principle. Figure 81a-c confirm that the difference between the inlet and outlet
velocities is greater as the total saturation, S;, is lower, and this conclusion is corroborated

for all values of (F,;)9 considered in the present chapter. According to the Figure 82 the
influence of (P,)%0n ((ug)g)* is negligible as long as the pressure gradient is constant. On

the other hand, Figure 83 shows that the volume-average gap velocity, ((ug)g)*, increases

with the pressure gradient, AP /Ax.

0.1t 1 —<|=>g>g =122kPa (u_ *)
0.05; ||-e-<P >9=122kPa (u_ *)
.k>‘ o ) g out
. 9— *
005 <P >9=22kPa (u, ")
0.1} S <Pg>g=22kPa (T
02 0.4 0.6

1|——<P >9=122kPa (u. *)
a in
<P >9=122kPa (u_ *)
g out
—<P >9=22kPa (u_*)
g in

||-=-<P >9=22kPa (u_ *)
g out

1|—<P >9=122kPa (u_*)
g in

||-e-<P >9=122kPa (u_ *)

| g out

<P >9=22kPa (u_*)
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= <P >9=22kPa(u_*
i g out
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U*
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Figure 81 Influence of (Pg)g on the inlet and outlet velocities. a) Low saturation
(5¢=0.235), b) Medium saturation (S5t=0.554), c) High saturation (S5{=0.893).
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Figure 83 Influence of the pressure gradient on ((ug)g )*

To conclude this section, the fulfillment of the constraint of Eq. 146 is verified considering

the horizontal velocities in the channel obtained by BEM in the instants represented in

Figure 63a-j. The ratio (|1’I§|)9/(ug)9 for each one of these instants is computed, obtaining

the results summarized in the Table 20, where it is observed that the restriction of Eq.146 is

satisfied in all instants. For all simulations considered in this chapter, Eq.146 is fulfilled.
Table 20 Ratio (Jiig)?/{(ug)® for filling instants of Fig. 63a-j.

Time instant, t/tg;,, Description (|ig )9 /(ug)?

0.012 Warps and weft saturation 0.475

0.027 Total saturation of warps 0.488

0.133 Onset of void mobilization 0.495

0.711 Void displacement at constant volume 0.513
1-2.80x10° Onset of void migration 0.524
1-1.44x10° Void migration (1) 0.567
1-4.21 x10°® Void migration (2) 0.601

1 Void migration (3) 0.613
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6.5.2 Calculation of the sink function

Statement of the problem and simulation data.
As it is mentioned in [11], there are two limits for an air bubble that is trapped inside a tow:
full air dissolution and full air compressibility. Both extreme situations were compared in
Chapter 5, Figure 62a-c and Figure 63a-k. According to [163], the behaviour of the air
entrapped inside the tow can be considered as a weighted average between both limits and
the pressure at the fluid front can be described by the following equation:

Prr = (1= P + AP PP (157),
where Prs, P/ and P/PP" stand for the fluid front pressure, and lower and upper
bounds of the fluid front pressure, respectively, whereas A is the air entrapment parameter,

ranging between 0 and 1, that allows considering the air dissolution. The values of p}‘}wer

and p;7"“"are given by the following equations assuming an ideal gas:
Pfl}gwer = Pyac = Feap (158a)
I;}I}PPW = min(PvaC/(l - Sweft) , Pliquid) - Pcap (158b),

With B,q¢, Pegp and Pyiqyq as the vacuum pressure, capillary pressure and average pressure
of the liquid surrounding the tow, which shall be taken as absolute pressures in Egs. 157
and 158a,b. When A = 0 the case of full air dissolution is obtained (Figure 62a-c), while for
A = 1 the case of full air compressibility is reached (Figure 63a-k).

In the present work, the air entrapment parameter, A, is taken into account in the deduction
of the sink function, S;, with the purpose to consider the combined effect of air
compression and partial air dissolution. Both 4 and B,,. are prescribed values, while F,,
is computed according to the models mentioned in Chapter 3. On the other hand, Py;gyq IS
given by the BEM simulation. The deduction of the sink function, S,, is developed by
running several series of simulations as shown in the Table 21. For each serie of this table,
five air entrapment parameters are considered, namely, A = 1 (full air compressibility),
A =0.75,1=0.50, 4 = 0.25 and A = 0 (full air dissolution), obtaining in this way a total
of 280 simulations, i.e., five simulations for each serie. The geometric and material data
that are kept constants in the simulations are shown in Table 18, with exception of the

viscosity that is changed in the last four series of Table 21. When these geometric and
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material data are maintained constant, the filling of the RUC of Figure 61 depends on the
fluid front pressure, Py, average pressure, (F,)Y, pressure gradient, AP /Ax, and the fluid
viscosity, u. As P, is not considered here as an input parameter of the function S, but as
a computed parameter instead, the function S, obtained here is not valid when the
microstructure and/or porosity of tows, as well as the capillary properties, change. In such a
case, another function S, shall be obtained using the same methodology exposed here.

It is important to mention that the process of void migration (See Figure 63h-k) is not
explicitly considered here in the deduction of S,. However, the change of the weft
saturation, Sy, ., during this process is very small since the void expansion in the channel
is considerably faster than the void compression inside the weft, as it was concluded in
Chapter 5. Therefore, if the warps are totally filled during the void migration process,
which is the present case, S, can be considered almost constant as this migration occurs,
but, if the void splitting (breaking) arises, this approximation is not valid anymore and the

functions obtained here do not apply in such a case.

Table 21 Series of simulations for the determination of the sink function, Sg

Inlet Outlet Vacuum Average Pressure
Serieof  pressure, pressure,  pressure, pressure, gradient, Viscosity,
simulations Pin Pout Pyac (Pg)d AP/Ax u (Pas)
(kPa) (kPa) (kPa) (kPa) (kPa/m)
1 5.500 -1.500 -75 2 5.83E+03 0.1
2 25.500 18.500 -75 22 5.83E+03 0.1
3 45.500 38.500 -75 42 5.83E+03 0.1
4 65.500 58.500 -75 62 5.83E+03 0.1
5 85.500 78.500 -75 82 5.83E+03 0.1
6 105.500 98.500 -75 102 5.83E+03 0.1
7 125.500 118.500 -75 122 5.83E+03 0.1
8 165.500 158.500 -75 162 5.83E+03 0.1
9 205.500 198.500 -75 202 5.83E+03 0.1
10 245.500 238.500 -75 242 5.83E+03 0.1
11 2.500 1.500 -75 2 8.33E+02 0.1
12 22.500 21.500 -75 22 8.33E+02 0.1
13 42.500 41.500 -75 42 8.33E+02 0.1
14 62.500 61.500 -75 62 8.33E+02 0.1
15 82.500 81.500 -75 82 8.33E+02 0.1
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16 102.500 101.500 =75 102 8.33E+02 0.1
17 122.500 121.500 -75 122 8.33E+02 0.1
18 2.038 1.962 =75 2 6.33E+01 0.1
19 22.038 21.962 -75 22 6.33E+01 0.1
20 42.038 41.962 =75 42 6.33E+01 0.1
21 62.038 61.962 -75 62 6.33E+01 0.1
22 82.038 81.962 =75 82 6.33E+01 0.1
23 102.038 101.962 -75 102 6.33E+01 0.1
24 122.038 121.962 =75 122 6.33E+01 0.1
25 2.004 1.996 =75 2 7.33E+00 0.1
26 22.004 21.996 -75 22 7.33E+00 0.1
27 42.004 41.996 =75 42 7.33E+00 0.1
28 62.004 61.996 -75 62 7.33E+00 0.1
29 82.004 81.996 =75 82 7.33E+00 0.1
30 102.004 101.996 -75 102 7.33E+00 0.1
31 122.004 121.996 =75 122 7.33E+00 0.1
32 125.500 118.500 -50 122 5.83E+03 0.1
33 125.500 118.500 -25 122 5.83E+03 0.1
34 125.500 118.500 0 122 5.83E+03 0.1
35 5.500 -1.500 -50 2 5.83E+03 0.1
36 5.500 -1.500 -25 2 5.83E+03 0.1
37 5.500 -1.500 0 2 5.83E+03 0.1
38 25.500 18.500 -50 22 5.83E+03 0.1
39 25.500 18.500 -25 22 5.83E+03 0.1
40 25.500 18.500 0 22 5.83E+03 0.1
41 65.500 58.500 -50 62 5.83E+03 0.1
42 65.500 58.500 -25 62 5.83E+03 0.1
43 65.500 58.500 0 62 5.83E+03 0.1
44 105.500 98.500 -50 102 5.83E+03 0.1
45 105.500 98.500 -25 102 5.83E+03 0.1
46 105.500 98.500 0 102 5.83E+03 0.1
47 165.500 158.500 -50 162 5.83E+03 0.1
48 165.500 158.500 -25 162 5.83E+03 0.1
49 165.500 158.500 0 162 5.83E+03 0.1
50 245.500 238.500 -50 242 5.83E+03 0.1
o1 245.500 238.500 -25 242 5.83E+03 0.1
52 245.500 238.500 0 242 5.83E+03 0.1
53 125.500 118.500 -75 122 5.83E+03 0.01
54 125.500 118.500 -75 122 5.83E+03 0.05
55 125.500 118.500 -75 122 5.83E+03 0.2
56 125.500 118.500 -75 122 5.83E+03 0.3
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Influence of average pressure and pressure gradient on the saturation curves.

Firstly, to study how the pressure gradient affects the behavior of the total saturation, S,
several curves of S; vs.t* are shown in Figure 84, where t* = t/t,,q, IS the normalized
time, i.e., the ratio between the real time, t, and the maximum time considered in the
simulations of Figure 84, t,,,,. The case of full air compressibility is taken into account
and it is prescribed a vacuum pressure of B,,. = —75kPa, which can be considered as a
conventional value in LCM processes [236]. The curves of Figure 84 correspond to some
simulations from series 1 to 31 of Table 21 considering A = 1. In each curve, the time
instant from which the total tow saturation, S;, remains essentially constant can be
identified. This time instant corresponds to the onset of the void mobilization in the case of
full air compressibility (See Figure 63c). According to the BEM code, from this time
instant to the arrival of the bubble to the right extreme of the weft (See Figure 63c to Figure
63f), the change of the void volume is negligible and the total saturation remains essentially
constant as long as the warps are fully saturated. This phenomenon has also been
mentioned in [79]. Taking this in mind, only some results are reported in Figure 84 once
the point of equilibrium saturation has been reached in each curve. As it can be observed,
all simulations having the same average pressure, (F;)9, tend to converge into a single
curve, no matter the value of the pressure gradient, AP/Ax. The same conclusion can be
obtained for the other values of the air entrapment parameter, A, where the total saturation

is possible.
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Figure 84 Influence of (Pg)g and AP/Ax on the saturation curve St Vvs. t
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Equilibrium time and equilibrium saturation.
In order to unify the equilibrium times of the saturation curves, the following normalized
time is defined for each curve:

T=1t/tyq (159),
where t,, represents the equilibrium time in which no net mass transfer from the channels
into the tows is present, i.e., the time when the equilibrium saturation is reached. When
A < 1, the equilibrium time is the one when all tows are fully saturated, thereby coinciding
with t;;;; (See Eq. 156); on the other hand, when A = 1 (full air compressibility), it is time
corresponding to the onset of void mobilization inside the weft (Figure 63c). For A < 1, the
equilibrium saturation is S/? = 1, while for 2 = 1 the value of S/ is not known a priori
and shall be determined using the results of the BEM simulations.

The curves of S, vs.t for several combinations of (F;)9, 4 and P, taking 1 < 1, are
shown in the Figure 85a. The BEM results indicate that these curves tend to converge into a
single master curve for any combination of (F,)9, 1 and P,,., enhancing in this way the
conclusion obtained with the classical methodology that establishes the invariance of the
curves of S, vs.t under (F,)Y, see Figure 77d-f. However, this behavior is not observed
for A = 1 according to the curves presented in Figure 85b, and the principal reason is that
the equilibrium saturation, S, depends on the average pressure, (By)9, in such a way that

as (F;)Y increases, S¢? also increases (Figure 85b). This poses the necessity to obtain a

function for S/ in the case of 2 = 1 and this problem is tackled in the next lines.
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Figure 85 Plots of S; vs T using the proposed methodology, a) For A<1 (Partial or total
air dissolution), b) A=1 (Full air compressibility)

From the Figure 84, it is clear that the equilibrium time, t,,, depends on (F,)9 when 1 =1
and is not sensible to the values of AP/Ax considered in this work, but nothing can be
concluded regarding the influence of the vacuum pressure, B,,., because this pressure was
taken constant in the simulations of that figure, i.e., P, = —75kPa. With the purpose to

determine the influence of the vacuum pressure, P,,., on t,,, four simulations of the Table

eq
21 are initially considered, namely, 7 and 32 to 34 with A = 1, corresponding to an average
pressure of (F;)9 = 122kPa and vacuum pressures of P,,. = [-75,—50,—25,0]kPa,
respectively. In the Figure 86, it is observed that as the vacuum is higher, the equilibrium
saturation, S, is reached more quickly, i.e., teq IS shorter, which is reasonable since the
vacuum pressure is applied in LCM processes to promote the impregnation of the tows. In
that figure, the equilibrium time is reported as t.q/teq patm: Where teq paem Stands for the
equilibrium time when the initial air pressure is the atmospheric one, namely, B,,. = 0 kPa.
In Figure 86, it is also worth noting that S;/? decreases as the vacuum is lower.
Accordingly, results of Figure 86 confirm the importance of the vacuum pressure, P, in
the processing of composite materials because when the filling of the RUC is conducted
considering that the initial air pressure is the atmospheric one, PB,,. = 0 kPa, the
equilibrium saturation is S;? = 0.8355, but, on the other hand, when a vacuum pressure of

P,uc = —75kPa is applied, an equilibrium saturation of S/? = 0.9582 is reached, which
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means a smaller void inside the weft. Additionally, the equilibrium time for the case with
P,oc = —75kPa is 61.90% the equilibrium time obtained for P,,. = 0 kPa, which

represents another advantage of the application of vacuum.

1.1 1
E 1+ _* 0.95 ~+Equilibrium
809 . e s time
S 03 - 09 %o

SR '« Equilibrium

S 0.7 o . 0.85 _
o saturation

0.6 * 08

0 25 50 75
|P,..| (kPa)

Figure 86 Influence of vacuum pressure on the equilibrium time and equilibrium
saturation

From the above analysis, it is therefore obvious that both t,, and S¢? depend on (By)9
(Figure 84) and B,,. (Figure 86) for the case of A = 1. Now, in order to define how the
combination of (F;)¢ and B, affects the behavior of t., and S¢?, some results of the series
35 to 56 of Table 21 with A = 1 are considered. In the Figure 87, the equilibrium time, t.,,
is represented as a function of the variable T’ = .u/lpvac — (Pg)g|, and it can be noticed that
all points tend to coincide into a single curve; this means that t,, can be conceived as a
function of the difference between P,,. and (F,)?, and of the viscosity, u, in such a way
that for all combinations of P,,., (F,)Y and u leading to a same value of T', similar values
of t., are expected. The same conclusion is reached for the cases with 2 < 1. This

conclusion is applicable for the orders of magnitude of (P;)9, P, p and AP/Ax
considered here, but not necessarily extensible to other orders of magnitude of these
variables. As it is shown in Figure 87, a linear type curve fits well to data; so, the function
for t.4 has the next form:

teq = B1T' (160),
where B; = 5.37096 x 107 in this case. In the linear regression model of the Figure 87,

the fit curve is forced to pass by the origin because for a zero viscosity fluid, t,, — 0.
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Figure 87 Plot of teq Vs. T'=u/ IPyac-(Pg)°|

On the other hand, the starting point for the determination of a function for S/ is the curve
of S79 vs. |B,qc| of Figure 86 (red line). According to this curve, the relationship between
qu and |P,qc| is linear when (F;)9 remains constant. To verify this relationship, several
curves of S;7 vs. |B,q| for different values of (B;)9 are presented in Figure 88a, where it
can be observed that the linear relationship is kept, but the slope, "m", and intercept, “b”,
of the linear fitting curves vary with (F,)9. Accordingly, in Figure 88b and Figure 88c, "m"
and “b” are put in terms of (£,;)9. For the slope, m, the better fitting curve is of exponential
type (Figure 88b), whereas for the intercept, b, which corresponds to the equilibrium
saturation when the initial air pressure is the atmospheric one (B,,. = 0 kPa), a second
order polynomial fitting is acceptable (Figure 88c). Accordingly, the general regression
equation for S obtained from the simulations is as follows:
SE7 = (Boe®50) | Pyacl + (Bs((B)9)" + Bs((B)9) + Bs ) (161)

For this particular problem, the fitting coefficients are: B, = 3.072721 x 107°, B; =
—4.695990 x 107°, B, = —4.018033 x 10712, Bs = 1953801 x 107 and B =
6.589545 x 1071, In the Figure 88d, the regression curve of S;/? vs. (B;)9 is compared
with the results of the BEM simulations considering a vacuum pressure of P,,. = —75kPa;

some simulation results presented in such figure were not used in the deduction of the

regression model. The L? relative error norm of the regression model is L? = 9.64 x 1073,
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which allows concluding that the model is reliable enough to describe the behavior of S/*

in terms of (F;)9 and P,,. when A = 1 (full air compressibility).
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Figure 88 Plots of the regression model for S;°%. a) Plots of S;°% vs. |Pyac| for several
values of (Pg)’, b) Plot of slope, m, vs (Pg)°, c) Plot of intercept ,b, vs (Pg)°, d)
Verification of the regression model of S¢™ vs (Pg)° with Py,c=-75kPa
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Determination of the sink function, Sy
Two procedures can be implemented for the determination of the sink term, S,. In the first

one, the saturation rate, S, is computed from the plot of S, vs t taking the numerical
derivatives and then, the Eq.155 is used to calculate S, considering the tow and gap

porosities, £, and &4, respectively, where ¢, can be computed as (See Figure 61):

-1 (Hruc—Hg)Lruc+ma,a; (162)
N Hruc-Lruc ’

corresponding to a value of g, = 0.376 in this case. This indirect procedure for the
calculation of S, has been previously used in [12], [225], [232]. On the other hand, in the
second procedure, S, is acquired directly from the mass transfer from the channel towards

the tows, which can be estimated once the velocity fields along the interfaces channels-tows
are known from the BEM solution. The comparison among the results of both procedures,
direct and indirect, considering A =1, is shown in the Figure 89, where the plots of
Sg vs. S, for several combinations of (F,)9 and P,,. are presented. Considering all marked

points of the Figure 89, the average relative difference between the results of both

( ind dlr) |/(Sdlr l)’ where

«:xn

procedures, defined here as L, = (1/ Omt)( Npomt

Npoine: (s ”‘d) and (s d”) are the number of points, sink term computed at point “i” by

by the direct procedure,

“ "

the indirect procedure and sink term computed at point

respectively, is L; = 0.0593, obtaining an acceptable coincidence.
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On the other hand, using the results of FEM simulations, a three parameter regression
function for the sink term, S;, has been adopted in [12], [225], [232]. The form of this
function was presented in Eq. 143. This function cannot be used here in its original form,
but it is the starting point to purpose another lumped function. Firstly, it is convenient to
remember that when A < 1 the total tow saturation is possible and the Eq.143 does not need
to be modified initially, however, in the case of full air compressibility, A = 1, the total

tow saturation is not possible and Eq.143 is thereby modified with the purpose to set S, to
zero when the equilibrium saturation, S¢7, is reached. Accordingly, Eq.143 is rewritten as

Eq.163, which can be used for any value of 4, considering that S/ = 1 when 1 < 1:

(89) = (1 ((B)9) /) fe 1205850 — 1} (16)
Secondly, in order to evaluate the convenience of the model of Eq.163, some regression
curves of this model for the BEM results, computing S, by the direct method, are
considered (Figure 90a and Figure 90b). The case of full air compressibility, A =1,
considering (F,)9 = 202kPa and B,,. = —75kPa, is represented in Figure 90a, whereas a
second case corresponding to partial air dissolution with 2 = 0.5, (F;)? = 162kPa and
P, = —25kPa, is represented in Figure 90b. In both cases, some important differences
between the fit model and the BEM results can be noticed and these differences are
reflected in the relatively high value of the sum of squared errors, SSE, which is presented
in each figure. Similar differences between FEM numerical results and the fit curves
defined by Eq.143 were found in the work of Wang and Grove [225], as it is shown in the
Figure 90c, which corresponds to a curve of dS,/dt vs.S, that has the same form as the
curve S, vs.S, because dS,/dr and S, are related by a constant (see Eq. 155). With the
objective to improve this fitting model, a potential type function is added to Eq.163 with an
additional free parameter, A,, as it is specified in the Eq. 164. The fitting curves of the
improved model for the two cases previously considered are presented in the Figure 90d
and Figure 90e, where it can be observed a better correlation with the BEM results. The
value of SSE in the improved model is SSE = 0.326 for the first case (Figure 90d) and
SSE = 0.110 for the second one (Figure 90e), whereas, for the original model, these values
are SSE = 13.07 (Figure 90a) and SSE = 13.97 (Figure 90b), respectively, showing that

the proposed model is better.
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Figure 90 Comparison between fitting models of the sink term, Sg. a) Original fit
model for A=1, (Pg)g=202kPa and Py4c=-75kPa, b) Original fit model for 2=0.5,
(Pg)g:162kPa and Py,c=-25kPa, c) Original fit model in the work of Wang and Grove
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model for 2=0.5, (Pg)’=162kPa and Py,=-25kPa.
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As it was shown in Section 6.4, in the original model, Eq.143, f; is a linear function of
(P,)9 such that f;((B,)9) = &,(1 — &;)A:((B,)9), where 4;((B,)?) = (A1/B")(B,)9. In
general, the present model is more complex since it is not considered a uniform pressure in
the gaps and other parameters are taken into account. Accordingly, the dependency of the

fitting coefficients of Eq. 164 on (F;)9, P, and A cannot be disregarded a priori and a

more general form of the Eq.164 can be written as:

A3((Pg)9,Pyqc.)

(5y) = (Fi (R0, uae, 1)) fe 2601 Poac D 5£7-5) 14
(165)
(520 - St)A4(<Pg>g,Pvac,/1)}

Initially, the form of the fitting parameters of the Eq. 165 in terms of (£;)9 and B, for the
case of full air compressibility, A = 1, is obtained. Using a similar methodology to the one
exposed in Section 6.4, the function f; can be written as: fl((Pg)g,P,,aC,/l = 1) =
(1 —¢&5)-A1((P))9, Pyae, A = 1). To establish a function for 4;, 4,, A5 and A,, the plots
of these fitting parameters against (P,)9 and P,,. are taken into account; these plots are
represented in the Figure 91a-i. The fitting parameters for each combination of (£;)9 and
P, Were obtained using the curve fitting tool of MATLAB.

As it can be observed in the Figure 91a, the linear relationship between A; and (F,)9 still
remains when the vacuum pressure, B,,., is constant. Additionally, the fit curves are nearly
parallel each other, as it can be confirmed by comparing the slopes of the regression
equations; the average slope of these curves is m$” = 2.89 x 107°. On the other hand,
according to Figure 91b, the intercept of the fitting curves, b,, changes almost linearly with
|P,qc|, and the slope of the linear fitting curve for the plot of by vs |P,,.| IS m] = 2.94 X
107%. As m%’ and m] are similar, it is reasonable to suppose that A, is approximately a
linear function of |P,,ac — (Rg)g|. This assumption can be confirmed in Figure 91c, where
all combinations of (£;)9 and P,,. tend to converge into a single curve when the abscissa
values are |PmC — (Pg)g|. A similar analysis can be done for the coefficients of the fitting
curves of the parameter A5 (Figure 91g); according to Figure 91h, the parameter A5 can be
also conceived as a linear function of |P,,ac - (Pg)9|, despite the points are sparser with

respect to the fitting curve in this case than for the parameter A; (Figure 91c). The
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parameter A, varies in logarithmic manner with |Pvac — (Pg)9|, as it is shown in the Figure
91i. On the other hand, the fitting parameter A, varies in almost linear manner with (P, )¢
for all values of B,,. (Figure 91d), but it is not a single function of |Pvac - (Pg)9| according
to the BEM results and deserves another treatment. Accordingly, the coefficients of the
regression curves for A, vs.(F,;)?, which are represented as m, and b,, are put in terms of
|P,qc| in the Figure 91e and Figure 91f. For both coefficients, m, and b,, a linear variation
with |P,,.| can be noticed. Consequently, as a result of all conclusions achieved for the

parameters A;, A,, A; and A,, the Eq. 165 can be rewritten as:

(59) = (FullPuae = (B9} /) e 20 )5ty
(166),
(Seq _ St)Az}(vaac—(Pg)gl)}
t
where:
fl(lpvac - <Pg)g|) = gt(l - gg)Al(lpvac - <Pg)g|) (167a)'
= Et(l - gg)(allpvac - (Rg)gl + ,81)
A2(<Pg>grpvac) = mz(lpvacl)- ln(<Pg)g) + bZ(IPvacD (167b)
My (1Pracl) = 5" |Prgel + af” (167c)
bo(1Poacl) = B3 IPoacl + B5” (167d)
A3(|Pvac - <Pg)g|) = a3|Pvac - (Rg)gl + ,83 (1678)
A4(|Pvac - <Pg)g|) = ay. ln(lpvac - <Pg)g|) + 34 (167f)

and the fitting coefficients are shown in the Table 22.

The above-mentioned procedure is repeated for the other values of A considered in this
work. According to the BEM results, the functions for A;, A,, A; and A, has the same form
as for the last case of A = 1, Eq.167a-f, with fitting coefficients also given in the Table 22.
For A1 < 1, the relationship between the fitting parameters shown in Table 22 and the air
entrapment parameter, A, can be approximated by a linear regression. Therefore, for 1 < 1,
each fitting coefficient of Table 22, which can be represented in general form as vy , can be
written as follows:
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where m,, and by, are the slope and intercept of the linear fitting curves, while i =

[al,ﬁl, aﬁ”,af%ﬁ?% 2(2),a3,,83,a4,ﬁ4] . The values of my, and by for each fitting

coefficient are shown in the Table 23.
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Figure 91 Plots to find the fitting coefficients of the sink function, Sy, for A=1. a) A; vs
(Pg)® for several values of Pyac, b) b1 VS [Pyac |, ©) A1 VS [Pyac(Pg )° |, d) Az s (Pg)°
for several values of Pyac, €) My VS |Pyac |, T) b2 VS |Pyac |, 9) Az Vs (Pg)g for several

values of Pyac, ) A Vs [Puac(Pg)° | ) A Vs [Pyac(Pg)° |

Table 22 Fitting coefficients of the regression model for Sy

Air
entrapment  a, [ a? o & as Bs a, Ba
parameter, A
1 2905 1779 1407 -1457 -4992 7.390 1.038 2.558 1.233  -9.840
E-06 E-03 E-10 E-05 E-05 E+00 E-05 E+00 E-01 E-01
0.75 3.445 8251 -3.369 -2.737 -2.1184 2682 1.716 5.804 -1.398  6.568
' E-06 E-05 E-13 E-07 E-06 E+00 E-07 E+00 E-02 E-01
0.50 3323 1041 -1.495 -7.106 -2.079 2.629 6.072 5.205 -8.270 5531
' E-06 E-04 E-12 E-08 E-06 E+00 E-07 E+00 E-03 E-01
0.25 3.279 1283 -3.218 9362 -2.234 2.608 9.452 4.80 -1.781  4.682
' E-06 E-04 E-12 E-08 E-06 E+00 E-07 E+00 E-03 E-01
0 3.160 1454 -4326 2425 -1.602 2585 1.407 4.558 3.332  3.859
E-06 E-04 E-12 E-07 E-06 E+00 E-06 E+00 E-03 E-01

Table 23 Values of m,, and b,, for the fitting coefficients when A<1.

Y my by

a; 3.6058E-07 3.1667E-06
B1 -8.5157E-05 1.4701E-04
a’ 5.4765E-12 -4.3976E-12
a? -6.8480E-07 2.5475E-07

I -6.3742E-07 -1.7859E-06

2 1.2495E-01 2.5792E+00
as -1.6180E-06 1.3896E-06
B3 1.6567E+00 4.4709E+00
a, -2.3373E-02 3.5894E-03
B4 3.5911E-01 3.8131E-01
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6.5.3 Calculation of effective unsaturated permeability and gap permeability from

BEM simulations.

As it was aforementioned, the macroscopic modeling of dual-scale porous media can be
tackled in different manners. One of these is based on the Richards’ equation, where it is
necessary to know a relationship between the effective unsaturated permeability, K., also
called the total permeability by Ashari [139], [140], and the total saturation, S;. From the
results of the BEM simulations, the curves of K. vs S; can be obtained by computing the
value of K, ¢, in each time instant as follows:

Keps = (uhu/(AP/Ax) (169),

where (u;) is the phase volume-averaged horizontal velocity in the liquid phase, [, obtained
from the BEM simulation. In this case, the liquid phase includes both the channel and the
saturated volume of the tows.
The second approach for dealing with dual-scale porous media at the macroscopic scale is
the equivalent Darcy approach, which requires the calculation of the gap permeability, K,
to model the flow in the channels as a Darcy flow. The gap permeability, K, was suggested
in [10] and accounts for the easiness of impregnation of the channels considering that the
tows are impermeable. Accordingly, this property is only dependent on the RUC
architecture and can be determined in this case by setting the normal permeability of the
tows, K, to zero and using the following equation:

Ky = (ugh/(AP/Ax) (170),
where (u,) is the phase volume-averaged horizontal velocity in the channel or gap domain.
It is important to remind that both (w;) and (u,) are referred to the total volume of the
RUC.

Series 1, 4, 7, 11, 14, 17, 18, 21 and 24 of Table 21 for A = 1, where &, = 0.15, and the
equivalent simulations with &, = 0.46, are initially considered to compute K; and K.y,
and the results are shown in Figure 92a for K, and Figure 92b,c for K,rr. As shown in
Figure 92a, which corresponds to the plots of K, vs.(F,;)9 for three values of AP /Ax, the
standard deviation of the results is negligible for K;, SD = 6.82 x 10~**, which
demonstrates the coherence of the BEM results with the premise that K, should remain

constant, independent on the value of AP/Ax and (F;)9, as long as the RUC geometry is
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not altered. Therefore, the gap permeability can be reported here as the average value
shown in Figure 92a, i.e., K; = 1.35 x 107® m?, which is employed in the macroscopic
simulations of the next section. It is very important to notice that this value of K, confirms
the principal assumption of the present chapter: the equivalent permeability of the gap or
channel is several orders of magnitude larger than the permeability of the tows.

The curves of K.sf vs S, for two values of tow porosity, £, = 0.15 and & = 0.46, are
presented in Figure 92b and Figure 92c, respectively, where it is observed that these curves
are not dependent either on the pressure gradient, AP/Ax, and on the average pressure,
(P;)9. To the best of the author’s knowledge, there is not another work devoted to the study
of the behavior of the effective unsaturated permeability, K,¢r, with the saturation, S, in
cross-ply or woven fibrous reinforcements, but some works dealing with non-woven
fibrous reinforcements have also found the non-dependency of the curves of K.sf vs S; on
the processing parameters. For instance, Landeryou et al. [138] carried out some
experiments in samples at different flow rates and found that the relationship between the
unsaturated permeability and the saturation does not depend on the flow rate. Afterwards,
Ashari [139], [140] run some FEM simulations to study the influence of the saturation,
fiber diameter and fiber content on the unsaturated permeability of non-woven

reinforcements, not finding any influence of the applied pressure.
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Figure 92 Influence of (Pg)° and AP/Ax on Ky and K. @) Plot of Ky vs. (Pg)° for
several values of AP/Ax, b) Curves K¢t VS S¢ for several values of AP/Ax and (Pg)g,

€t=0.15, ¢) Curves K¢t vs S; for several values of AP/Ax and (Pg)g, £t=0.46.

The influence of the tow porosity, &, and the geometry of the weft on K, and K./ is
studied as well in this section. For this purpose, some additional simulations were run
considering the data of the Serie 7 of Table 21 with A =1 (p;,=125.5 kPa, p,,;=118.5
kPa, P,,.=-75kPa, (F;)9=122 kPa, AP /Ax=5.83x10° kPain, p =0.1 Pa.s) and modifying
some geometrical parameters of the Table 18 (g, Ky, K3, a4, az, &;), as it is shown in the
Table 24. The influence of the tow porosity, &, on the curves of K.rrvs S, can be
appreciated in the Figure 93, where it can be noticed that when the tows are almost
unsaturated, namely, S, — 0, BEM results predict that K, is lower as ¢, increases, but, as
the warps and wefts are permeated by the liquid (S; increases), the differences between the
unsaturated permeabilites reduce and all curves tend to converge into a single point, which,
in the present case, corresponds approximately to S, = 0.44 and K,r = 9.22 x 10~°m?.
After this point, the behavior of K.rr with &, is reversed, that is, K.¢¢ is larger as &,
increases, and the differences between the unsaturated permeabilities increases with S; (the
curves diverge each other). This behavior is maintained until the total saturation is almost

reached, namely, S, — 1. Accordingly, the BEM results suggest that the variation of K, s¢

with the tow porosity, &, in dual-scale porous media depends on the saturation, S;.
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Table 24 Additional simulations to study the influence of & and the weft geometry on

ls\:lrJnTJFaiEoorf Geometrrrlltéz:jlizzgameters Values of parameters modified
1 Porosity- g = 0.25,K; = 1.69 x 10712m?
Permeability tensor K, =3.06 x 10713 m?
5 Porosity- & =0.37,K, =7.72%x10712m?
Permeability tensor K, = 1.70 x 10712 m?
3 Porosity- g = 0.46,K; = 2.09 x 107 11m?
Permeability tensor K, = 4.64 x 10712 m?
4 Aspect ratio of weft a; = 4.17 X 107*m, a, = 1.20 x 10™*m,
a;/a; =347, = 0.376
5 Aspect ratio of weft a; = 5.50 x 10™*m, a, = 9.00 x 10™5m,
a;/a; = 6.11, ¢, = 0.376
. a; =5.86x107*m, a, = 1.17 x 10™*m,
6 Gap porosity a,/a, = 5.00, z = 0.268
. a; =3.91x107*m, a, = 7.82 X 10™°m,
7 Gap porosity a;/a; = 5.00, &g = 0.489
-9
x 10
1 3 T T T T
+ £=0.15 **
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Figure 93 Influence of the tow porosity, &; on the curve of Kes VS St

A possible explanation for the variation of the curves of K,¢r vs. S, with the tow porosity,

&, can be constructed by taking into account the phase volume-averaged horizontal

248



velocity of the liquid phase, (u;), which appears in Eq. 169. In the unit-width RUC of

Figure 61, this velocity can be expressed as:

() = (J, g dAg + [ygar (uf™). dAs )/ Apuc (172),
where u, is the pointwise horizontal velocity of the liquid in the channel or gap domain, A,
is the area of the channel domain, (uf°"s)! is the intrinsic-phase volume-averaged
horizontal velocity of the liquid in the tows, A3%, . is the saturated area of the tows and

Agryc is the total area of the RUC. Eq. 171 can be also written in terms of the phase

volume-averaged velocity in the channel domain, (uy), as follows:

() = (ug) + (Lo W) dATSL)/Aruc (172),
According to Eq. 172, for a determined RUC geometry, (u;) only depends on the velocity
field in the channel domain and the velocity field in the saturated volume of the tows. The
change of these velocity fields will determine whether (u;) augments or diminishes, and
thus, will also regulate the value of K, according to Eq. 169. However, the construction
of an explanation for the behavior of the curves of K. vs.S, with & by comparing

velocity fields could be very complicated and other variables are going to be introduced to
justify such a behavior.
Firstly, by mass conservation in the channel domain and considering a unit-width RUC, the
rate of liquid that is absorbed by the warps and the weft, Q,,, can be expressed as:

Qavs = (115977, uin dy) = (S5, uoue dy) (173)
The Eq. 173 is divided by H, and Egs. 149a,b are substituted into the resulting expression
to obtain the following equation:

Qavs/Hg = Tin = Toue (174),

where the right hand side terms are the mean inlet and outlet velocities of the RUC.

Now, the following expression for the non-dimensional velocity at mesoscopic scale is

introduced:

@t = up/(ApLryc) (175),
whereby the phase volume-averaged horizontal velocity of the liquid phase, (u;), can be

written as (u;) = (E)ApLRUC/u, and, considering that Ax = Lgyc in this case, the
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effective unsaturated permeability defined in Eq.169 can be expressed as K.rr =

() (Lryc)?.
Taking into account Eq. 175, the non-dimensional form of Eqs.172 and 174 is as follows:
@) = (tg) + ([0 U7 AT )/ Aruc (176)
& Qabs-ﬂ
Au = ApLrycHyg (7o),

where the variable Al = ii,,, — U, Stands for the difference between the non-dimensional
mean inlet and outlet velocities.
Considering the definition of the sink term, Eq.131, it is obtained that Qs = Sg-Vruc, and

the EQ.177 can be written as follows:

~  SgVrucH
Au = ApLruycHg (178)
Then, Eqg. 155 is substituted into Eq.178 to obtain the next expression:
Aa — StSt(l_gg)VRUC-Ii (179)’

ApLrycHg

which clearly shows that the difference between the non-dimensional mean velocities at the
inlet and outlet of the RUC, A1, is an indication of the amount of liquid absorbed by the
tows, expressed here as the total saturation rate, S,. This was also analyzed in the Section
6.5.1, where it was remarked that the inlet and outlet velocity profiles are farther away from
each other as the saturation rate, S,, is higher (Figure 79). According to Eq. 179, if the
viscosity (w), pressure difference (Ap) and RUC geometry (Lgyc, VRUC,Hg,eg) do not
change, as in the present analysis, the value of Au can be only modified by changing &, and
S;, and the value of S, in turns, decreases as the total saturation, S;, increases.
Consequently, it can be concluded that if &; is kept constant, the increment of S; causes the
reduction of A, as it is confirmed in Table 25.

On the other hand, the tow porosity, &, has a well-defined influence on A1, (ﬂ;) and (u;)

for a constant value of S,. As it can be observed in Table 25, A# increases and (ﬂ;)
decreases as ¢, increases for both saturation levels, S; = 0.039 and S; = 0.953.

For S, = 0.039, considering that the saturated area of the tows, A%, is very small and
according to the Eq. 176, it can be asserted that (;) is almost exclusively dependent on

(ﬁ;). Accordingly, the reduction of (17;) as &, increases leads to the reduction of (u;) as
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well, as it can be appreciated in Table 25, and hence, to the reduction of K., with ¢,
considering that Keffz(ﬂ?)(LRUC)z. As the RUC filling evolves, S, increases, S,

decreases and A$%¢ . increases. Additionally, as &, is higher, the magnitude of (u?’m)l §
greater because the tow permeabilities, K; and K,, are greater as well, and, additionally,
A38L is larger for a same saturation level, S, considering that the inter-fibers spaces inside
the tows are larger too. Therefore, the second right-hand side term of the Eq.176 is more
important as the total saturation, S;, and the tow porosity, &;, increase, in such a way that in
the situation of nearly total saturation, S, = 0.953, (u;) increases with the tow porosity, &,
(See Table 25), leading to the increment of K, ¢f with &, in spite of (11;) still decreases with
the increment of &;.

The decrease of the saturated effective permeability with the fiber content of the tows, ¢,,
in dual-scale fibrous reinforcements has been reported in [20], which is in agreement with
the present results since it is equivalent to say that K¢, increases with &, when S; — 1, as

obtained here, considering that the fiber content of the tow is defined as ¢, = 1 — &;.

Table 25 Influence of the tow porosity, &, on (U;) for two levels of total saturation, St.

Total tow Tow A {uy) (u)
saturation, S, porosity, &. (Dimensionless)  (Dimensionless) (Dimensionless)
0.15 2.009 x 10~* 5.682 x 1073 5.708 x 1073
0.039 0.25 1.198 x 1073 5.339 x 1073 5.351 x 1073
0.37 5.943 x 1073 5.001 x 1073 5.021 x 1073
0.46 9.203 x 1072 4,849 x 1073 4869 x 1073
0.15 9.899 x 107> 5.680 x 1073 7.295 x 1073
0.953 0.25 3.585 x 10~* 5.335x 1073 7.806 x 1073
0.37 4.628 x 1074 4,998 x 1073 8.235 x 1073
0.46 5.527 x 10~* 4.845 x 1073 8.587 x 1073

The influence of the weft geometry on K,¢¢ and K, can be studied by considering Serie 7
of Table 21 with A = 1 and simulations 4 to 7 of Table 24. The plot of K, vs.a,/a, for a
constant value of e, = 0.376, with a;/a, as the aspect ratio of the weft (See Figure 61),
can be appreciated in the Figure 94a, according to which K, increases as a,/a, increases
provided that e, remains constant. On the other hand, according to Figure 94b, if the weft

aspect ratio is kept constant, a, /a, = 5, K, is greater as &, increases.
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Figure 94 Influence of weft geometry on the gap permeability, Kg. a) Influence of
aspect ratio of the weft on the gap permeability, b) Influence of the gap porosity on
the gap permeability

The curves of K,¢r vs.S, for the three values of a,/a, considered in Table 24 and ¢, =
0.376 are represented in the Figure 95a, where it is noticed that the increase of a, /a, leads
to the increase of K. for any value of S.. In the limit when the RUC is nearly
saturated, S; — 1, this is in agreement with the results reported in [20] for the effective
saturated permeability of dual-scale fibrous reinforcements. On the other hand, the curves
of Krr vs.S, for the three values of ¢, considered in Table 24 and a, /a, = 5 are shown
in the Figure 95b, where it can be appreciated that the increase of the gap porosity, &4,

brings about an increase of K, for any value of S,.
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Figure 95 Influence of weft geometry on the effective permeability, Kess. a) Influence
of the weft aspect ratio on the curve of K¢ Vs St, b) Influence of the gap porosity on
the curve of Kess VS St
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6.5.4 Macroscopic unidirectional simulations

Assessment of accuracy of DR-BEM scheme.

In this section, the DR-BEM scheme presented in Section 6.3 is used to simulate the
unidirectional filling of dual-scale fibrous reinforcements at macroscopic scale. Firstly, this
numerical scheme is validated with the analytical solution proposed in [101] for
unidirectional filling of molds at constant pressure regime. The problem is represented in
Figure 96, where a dual-scale fibrous reinforcement is positioned into a cavity and the
liquid is injected in unidirectional form at constant inlet pressure, p;, . Three zones can be
clearly differentiated in the Figure 96: fully saturated zone, partially saturated zone and the
dry zone, and the variables L, Lsrand L, stand for the mold length, position of the
macroscopic fluid front and length of the partially saturated zone, respectively. In the
analytical solution presented by [101], the non-dimensional position of the macroscopic
fluid front, iff, and the non-dimensional length of the partially saturated region, L,, are
predicted as follows:

Non-dimensional position of the macroscopic fluid front, L:

L=—cosh (Yt +1),0<t<hq 180
ff = 5. €0S §+ ,0<t <t (180a)
" —\/(ERUC)Z—(Eg)2+\/(ERUC)Z—(Sg)2+2€Rucll)§(f—fs) 1 (e N 180b
L= — w—lcosh 1 (’;—;’C),ts <t <tay ( )
£ =1/v, (180c)

Non-dimensional length of the partially saturated region, L,:
71 -1 (ErRUC

Ly = o cosh ( s ) (181),

where f; and t7,; are the dimensionless times (see Eq.133a) when the total saturation is
reached at the inlet of the mold and when the fluid front arrives to the end of the mold,
respectively, while &gy, ¥, and Y, are the bulk porosity of the RUC and two model
parameters, respectively, defined as:

ZV;S?"'VQ _ stZVt(i)+Vg _

= g te,(1—g) (182)

g =
RUC Vruc Vruc

_ [a(1-¢g)I2K,
Py = /—hgl(g (183a)
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— (183b),

- (1-gg)et

where 1, Vt(i), Vp(,f) and Vzyc were defined in Section 6.4. On the other hand, in the

calculation of ; and vy, (Eq’s. 183a and 183b) three parameters of the tows are
considered, namely, K;, h; and &, with K, as the transverse permeability and h; as the
height of the tow. The details of the calculation of the fitting parameter "a" appearing in
Eq. 183a can be found in [101]. A linear pressure dependent function for the sink term, S,

is considered in [101], as shown in the following equations:

Sy = c(P,)9 (184a)
_ aK¢
= an (184b)
| Mold Length, L |

Pin

Fully-Saturated Partially-Saturated Dry Zone
Zone Zone

Figure 96 Scheme of unidirectional filling of dual-scale fibrous reinforcements in
molds. Source: Zhou, Alms and Advani [101]
The fixed and computed parameters used in the present validation are summarized in the
Table 26. The comparison of the analytical and numerical results is carried out on the basis

of the L? relative error norm and the relative error, E, which are defined as follows:

] i 2 . 2
_ (D) e o
b= \/ Li (Lff,anal B Lff,drbem) /Zi (Lff‘anal) (185a)
E= \/ |Lus.anat = Lus arvem|/ Lusanat (185b),

where Z}i},anal and Z}i}‘drbem are the analytical and DR-BEM solutions of the non-

dimensional fluid front position along the mold at the time instant “i”, whereas fus,anaz and
Eus,drbem represent the analytical and DR-BEM solutions of the non-dimensional length of

the partially saturated region, L.
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Table 26 Data for comparison between the analytical and DR-BEM results of
macroscopic unidirectional simulations.

Fixed parameters

Half distance Length

Radius of Height of Gap Gap Inlet Fluid
the fiber, t_)etween the tow,  porosity, permeability, pressure, of the viscosity,
Ry (um) RS A ) e Ky (M) p (kP3) ML (pas)
! (um) ‘ 9 g i (m) |
54 2.92 2x1073 0.268 1x 10710 100 0.1 0.1
Computed parameters
Transverse Bulk
TOV_V tow porosity of ~ -
porgs'ty’ permeability,  theRUC, ¥ V2 ¢ ts Lus
¢ K, (mY) €ruC
018 497x107% 040 022 1578 18779 %9, 00533 0607

The plots of L? relative error norm vs Meshsize for several values of the constant of
Courant-Friedrich-Levy, CFL, which is used in the advancement of the moving interface
during the mold filling, are presented in the Figure 97a, where the meshsize is reported as
h =e/L, with e as the size of one quadratic element and L as the length of the mold.
Details about the fluid flow advancement using the CFL condition can be found in
Appendix C. The results allow concluding that the DR-BEM scheme is accurate enough to
conduct macroscopic unidirectional simulations of dual-scale fibrous reinforcements.
Additionally, the small relative errors, E, between the analytical and the numerical
solutions of the non-dimensional length of the partially saturated region, L., which are

shown in the Figure 97b, confirms the accuracy of the present DR-BEM scheme.
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© 0.0103f * CFL=1 7 { Yooo27 e -
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— sl e

® [
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© * B © 0.0012}*  CFL=2

o * [4))

D 00053 o ~CFL=1

o . | | CFL=05

08%07 0.0095 0012 001450017 200807 0.0095 0012 001450017
Meshsize (h) Meshsize (h)
a) b)

Figure 97 Plots of convergence for the solution of macroscopic unidirectional filling
using the present DR-BEM scheme, a) L? relative error norm vs Mesh-size for the
fluid front positions, b) Relative error, E, vs. Mesh-size for the length of the partially
saturated region.
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The graphical comparison between the analytical and the DR-BEM results of the time
evolution of the fluid front position is shown in the Figure 98 for h = 1.11 x 1072 and

CFL = 1, which are the parameters employed in the forthcoming simulations.

——————————————
0.8 Pl :
,f/{{w
«. 0.6 e =
<S -
0.4 /,/ i
W ~—Analytical |
02{/ - DR-BEM
% 002 004 006 008 01 012 014 016
t

Figure 98 Comparison between the analytical and DR-BEM non-dimensional fluid
front positions for macroscopic unidirectional injections at constant pressure.

Series of simulations.

After having validated the DR-BEM scheme used here, this scheme is employed for
unidirectional macroscopic simulations using the lumped function for S, deduced in
Section 6.5.2 and the gap permeability, K, = 1.35 x 1078 m?, obtained in the Section
6.5.3. The material parameters of the following simulations are the same as in Table 18
(u=0.1 Pa.s, 1=15 mN/m, 8 = 30°) and the geometric characteristics of the RUC used in
Section 6.5.2 to obtain the function S, shall be kept unaltered; on the other hand, the
geometric data of the mold, as well as the processing data of the different series of
simulations are presented in the Table 27. In Serie 1, it is considered a constant pressure
regime with two inlet pressures, i.e., P;,; = [10,100] kPa, a single vacuum pressure of
P,,. = 0 kPa and three cases of air dissolution, namely, full air dissolution, A = 0, partial
air dissolution with 2 = 0.75 and no air dissolution (full air compressibility), A = 1. On the
other hand, Serie 2 also corresponds to constant pressure injections, but in this case two
vacuum pressures are considered, i.e., B,;. = [0, —75] kPa, while the inlet pressure is kept
constant in P;,,; = 50 kPa and the air entrapment parameters are the same as in Serie 1,
namely, A = [0,0.75,1]. In Serie 3, a constant flow rate regime is considered with inlet
flow rates of Q;,; =[5x107%,1x 107°] m3/s, a single vacuum pressure of PB,,. =
0 kPa and the same air entrapment parameters considered in the other two series.
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Table 27 Data of macroscopic unidirectional simulations considering the lumped
function for the sink term, Sy

Geometric parameters of the mold

Length of the mold, L (m) Width of the mold, b (mm) Thickness of the mold, t;, (mm)
0.3 30 3
Parameters of the Serie 1
Inlet pressure, P;,; (kPa) Vacuum pressure, P,,. (kPa) Air entrapment parameters, A
10 100 0 0 0.75 1
Parameters of the Serie 2
Inlet pressure, P;,; (kPa) Vacuum pressure, P,,. (kPa) Air entrapment parameters, A
50 0 -75 0 0.75 1
Parameters of the Serie 3
Inlet flow rate, Q;,; (m3/s) Vacuum pressure, P,,. (kPa) Air entrapment parameters, A
5x 107 1x 107> 0 0 0.75 1

Results of Serie 1: Change of inlet pressure, Py,;

In the Figure 99a, several curves of S; vs.x of the Serie 1, with X as the non-dimensional
horizontal position along the mold, are presented for seven fluid front positions, fo, which
correspond to the intersection of the curves with the abscissa axis. According to this figure,
each pair of curves corresponding to the same fluid front position and having the same air
entrapment parameter, A, are almost identical, independent on the injection pressure, Py ;
(see the matching between the cross-type and the point-type markers for the blue and red
curves in Figure 99a). The dimensionless times, £, of each one of these pairs of curves are
very similar each other and the average value of £ is reported for each pair in Figure 99a.
Considering this, for a determined fluid front position, the curves of S, vsx having the
same value of A can be represented as a single curve independent on P, ;, provided that
A < 1 (Figure 99b). On the other hand, in the case of full air compressibility, A = 1, the
curves are not the same for different values of P;,; because the equilibrium saturation, s2,
depends on P;,; (Figure 99b). Bearing this in mind, the curves of the Serie 1 are compared
each other in the Figure 99b, where several aspects, some of them denoting the physical
consistency of the obtained sink function, S,, are worth noting. Firstly, the difference
between the saturation curves is larger as the unidirectional injection evolves, in such a way
that the influence of 4 is very small at the beginning of the injection, but it becomes more
important as the filling takes place. Additionally, for a determined fluid front position, the
global saturation (area under the curve) is higher as the air entrapment parameter, 4,

decreases, and, for the two cases of full air compressibility, 1 = 1, as the inlet pressure

257



increases; this is the expected macroscopic behaviour during the filling of molds because 4
accounts for the resistance exerted by the air on the fluid fronts inside the tows and, in the
cases with 2 = 1, because the equilibrium saturation, S/?, is greater for the higher inlet
pressure, P,; = 100 kPa ; therefore, the reduction of 4 and, in the cases with A = 1, the
increase of P;,,; promote the tow impregnation, which contributes to the global saturation
for all fluid front positions.

According to the dimensionless times of Figure 99b, for a constant inlet pressure, P ;, the
increase of the air entrapment parameter from A = 0.75 to A = 1 (full air compressibility)
can both increase or decrease the velocity of the fluid front, which is understandable
considering that the change of A can have a double effect on the fluid front advancement: as
A is lower, the liquid absorption through the tows is promoted as mentioned before, which
retards the impregnation in the channels, but, on the other hand, as the tows saturate faster,
the saturation rate also decreases faster, which promotes the impregnation in the channels.
For the cases when air dissolution is considered, A < 1, the first effect prevails, since
longer values of ¢ were obtained for A = 0 than for 2 = 0.75 in all fluid front positions.

If the results of A =0 and A = 0.75 in Figure 99b are compared one another, it can be
noticed that the total saturation at the inlet is achieved at a lower fluid front position in the
former case, whereas the comparison of the results for the cases with 2 =1 (full air
compressibility) and different injection pressures, shows that the fluid front position
corresponding to the instant when the equilibrium saturation, S/, is reached at the inlet is

lower for the inferior pressure, P,; = 10 kPa.
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Figure 99 Curves of saturation for Serie 1, a) Coincidence of curves having the same
air entrapment parameter, A, when A<1 , b) Influence of the air entrapment

parameter, A, and injection pressure, Pjp;

Results of Serie 2: Change of vacuum pressure, P,

For Serie 2, the independency of the curves of S; vs.X on the vacuum pressure, P,,.,
considering A < 1, can be appreciated in the Figure 100a, where it is observed that the
dimensionless times, £, for 2 = 0 are longer in all fluid front positions, as in Serie 1. On the
other hand, according to the results presented in Figure 100b, for each fluid front position,
the domain is less saturated (global saturation is lower) as the air entrapment parameter, A,
increases and, for the two cases of A = 1, as the magnitude of the vacuum pressure,| P, 4./,
decreases, being this more notorious as the injection evolves. On the other hand, for a
constant value of | B,q.|, the increase of the fluid front velocity (decrease of £) with A
during the whole injection is only valid when the air dissolution is considered, i.e., for
A < 1 (compare the values of £ for A = 0 and 2 = 0.75 in each fluid front position). In a
similar fashion as Serie 1, for A < 1, the fluid front position corresponding to the instant
when the total saturation is reached at the inlet is lower for the case of full air dissolution,
A = 0. Moreover, for the cases of A =1, the fluid front position corresponding to the

instant when S/ is reached at the inlet is lower for the inferior vacuum, | P,q.| = OkPa.
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Figure 100 Curves of saturation for Serie 2, a) Coincidence of curves having the same
air entrapment parameter, A, when A<1, b) Influence of the air entrapment parameter,

2, and vacuum pressure, Pyac

Results of Serie 3: Change of inlet flow rate, @y,

Similar conclusions as those ones obtained in Serie 1 and 2 can be addressed for Serie 3,
but some differences can be also identified. Likewise to the other series, the curves of
S¢ vs.X are independent on the processing parameter (injection or inlet flow rate, Q;,;, in
this case) when 1 < 1, and the dimensionless times, £, are longer for A = 0 in all fluid front

positions (See Figure 101a). According to Figure 101b, for each fluid front position, the
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domain is less saturated as the air entrapment parameter, A, increases and, for the two cases
of 2 =1, as the inlet flow rate decreases, obtaining a more notorious difference between
the saturation curves as the injection develops. Conversely to constant pressure injections
(Figure 99b and Figure 100b), the behaviour of the global saturation with A is directly
related to the behaviour of £ with 4 in constant flow rate injections (Figure 101b), because
the time elapsed from the beginning of the injection to any fluid front position is directly
proportional to the volume of fluid injected; as the global saturation decreases with A at any
fluid front position, the injected volume and, consequently, the injection time also decrease
with A, as shown in Figure 101b. This means that, for a constant inlet flow rate injection,
the fluid front velocity always increases with A.

There is an important difference between the curves corresponding to 4 = 1 of the constant
inlet pressure regime (Figure 99b and Figure 100b) and those ones of the constant inlet
flow rate regime (Figure 101b): in the first ones, the saturation at the inlet reaches an
equilibrium saturation, S/, which depends on the injection pressure, P;,;, and on the
vacuum pressure, P,,., Whereas, in the second ones, the saturation at the inlet increases
continuously because the injection pressure also increases to maintain a constant flow rate.
Additionally, for some curves of S, vs.x (Figure 99b, Figure 100b and Figure 101b), it is
worth noting that there are two well-differentiated curve portions separated by a break point
in which the change of the slope is significant. In the first portion (from the inlet to the
break point), the slope is almost constant. For the cases of full air compressibility, 1 = 1,
this slope is more pronounced for the constant flow rate regime (Figure 101b) than for the
constant pressure ones (Figure 99b and Figure 100b). This general behaviour of the curves
of Figure 101b for A =1 is very similar to the one recently obtained in [92], where a
constant flow rate regime and the air compressibility were also considered, which
demonstrates the coherence of the present DR-BEM results. It is important to highlight that
in the cases of A = 1 for the constant flow rate regime, Figure 101b, if the unidirectional
injection continues indefinitely, the total saturation at the inlet is not going to be reached,

and Py, j —> o as S, — 1 at the inlet.
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Figure 101 Curves of saturation for Serie 3, a) Coincidence of curves having the same
air entrapment parameter when A<1, b) Influence of the air entrapment parameter, A,
and injection flow rate, Qin

Pressure profiles.

The assessment of the macroscopic simulations using the function S, obtained in the
Section 6.5.2 can be also carried out by comparing the form of the numerical pressure
profiles with the profiles presented in the Figure 76. According to [83], the flow rates from
the channels towards the tows in the partially saturated region determine whether the
pressure profile is convex or concave, and these flow rates, in turns, depends on the

saturation degree, S;. As in the present work the saturation degree, S;, in the fluid front is
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zero due to the assumption of fully filled channels, and the change of S; in the partially
saturated region close to the fluid front is not pronounced (See Figure 99b, Figure 100b and
Figure 101b), high values of S, are expected in that region, which, according to [83], leads
to a slightly concave pressure profile, as shown in Figure 76a. The pressure profiles
corresponding to the curves of the Figure 99a (constant pressure) and Figure 101a (constant
flow rate), with A = 0, are depicted in Figure 102a and Figure 102b, respectively, and mark
points are added to some profiles to indicate the longitudinal position until which the
reinforcement is fully saturated, i.e., the length of the fully saturated zone; some dotted
lines are also shown indicating the projection of the linear part of these profiles. As it can
be observed for each one of these profiles (Figure 102a,b), the change of the pressure from
the inlet until the mark point is linear, but from the mark point until the fluid front, the
curve is slightly concave, coinciding with the results reported in [83], [240], [241].

The slope of the pressure profiles in the fully saturated region for the constant flow rate
regime (Figure 102b) is another parameter to verify the DR-BEM results. As S, = 0 in this
region (no mass transfer from the channel towards the tows), according to Eqs.130a-b and
considering that the volume-averaged horizontal velocity is (u,) = Q;,;/A, the slope of the
pressure profile in the fully saturated region shall be the same for all fluid front positions
where this region is present and equal to
Miinear = (Dsat = Pinj(£))/Xsar = — Qinjit/ (AKg), Where the point (Xsae, Psac) IS the
coordinate corresponding to the threshold of the fully saturated region in each pressure
profile (this threshold is represented in non-dimensional form by the mark points of Figure
102a,b). Taking into account the Eqg.134b, the non-dimensional slope shall be ;e =
—1, which is in agreement with the slopes obtained in Figure 102b. It is important to notice
that pg,. 1S practically constant during the whole injection for the constant flow rate regime
(Figure 102b), whereas it decreases as the injection develops for the constant pressure
regime (Figure 102a).
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Figure 102 Pressure profiles for unidirectional fillings of dual-scale fibrous
reinforcements, a) Constant pressure regime (Figure 99a, 2=0), b) Constant flow rate
regime (Figure 101a, 2=0)

6.6 Conclusions

In the present chapter, multiscale filling simulations of dual-scale fibrous reinforcements
were carried out using Boundary Element Techniques. At the mesoscopic scale, a Stokes-
Darcy BEM approach, previously validated in Chapter 3, was employed for the simulation
of the tows filling assuming fully filled channels, whereas, at the macroscopic scale, an
Equivalent Darcy DR-BEM approach was satisfactorily validated with the analytical
solution obtained in [101] and then used to simulate the unidirectional filling of cavities at
both constant pressure and constant flow rate regimes using the sink functions, S, obtained
here by running several mesoscopic simulations.

At the mesoscopic scale, two methodologies were considered for the tows filling. The
classical methodology, consisting on the prescription of a uniform pressure in the channels,

was used to obtain the saturation curves of the RUC’s, S; vs 7, finding a good agreement
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with previous works that have implemented this methodology [12], [225]. On the other

hand, the proposed methodology, consisting on the prescription of a pressure gradient along

the flow direction and the modeling of the channels flow using the Stokes equation, was

used to analyze the influence of saturation, volume average-pressure and pressure gradient

on the channel velocity field, reaching the following conclusions:

The inlet and outlet velocity profiles of the RUC are parabolic, which is consistent with
the Stokes flow, with the highest velocities reached at the interfaces channel-bundles
and the lowest velocity, at the center of the channel.

The difference between the inlet and outlet velocity profiles is an indication of the
saturation rate of the tows. As the saturation of the tows takes place, the saturation rate
decreases and this difference reduces since the inlet velocities decrease and the outlet
ones increase.

The velocity field in the channel is affected by the saturation, S;, in such a way that
larger changes of velocities along the RUC length are obtained as S; decreases,
however, the volume-averaged gap velocity in the flow direction, (uy)?, which is a
macroscopic variable, remains essentially constant with the change of S,.

For a constant pressure gradient, the influence of the average pressure, (F,)9, in the
inlet and outlet velocity profiles depends on the saturation, S;. For low and intermediate
values of S;, the increase of (F,)Y causes the increase of the inlet velocities and the
reduction of the outlet ones, being this effect less important as S, increases; on the other
hand, for high values of S;, a monotonic relationship between (F,;)? and the difference
between the inlet and outlet velocities is not necessarily achieved.

Despite (P,)7 affects the inlet and outlet velocities, the volume-average gap velocity,
(ug)?, is not significantly influenced by this macroscopic variable as long as the
pressure gradient, AP/Ax, is constant. On the other hand, if AP/Ax increases, (u,)9

increases as well.

The gap permeability, K, and the effective unsaturated permeability, K., were calculated

using the simulations results obtained with the proposed methodology. Both permeabilities

are independent on the average pressure, (F,)9, and the pressure gradient, AP /Ax; in the

case of Ksf, this conclusion is in agreement with previous works in non-woven
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reinforcements [138]-[140]. On the other hand, K.r; is directly proportional to the
saturation, S¢, and the curves of K, vs S, are influenced by the tow porosity (&), the weft
aspect ratio (a,/a,), and the gap porosity (eg). In the former case, K.sf is lower as &,
increases when the tows are almost unsaturated (S, — 0), but, as S; increases, the
differences between the curves of K, vs S; reduces until all curves converge into a single
point, from which K. increases with &, for each value of S; until the tows are fully
saturated. On the other hand, the increase of a,/a, keeping constant ,, and the increase of

&4 keeping constant a, /a,, lead to the increase of K., for any value of S;, as well as to the

increase of the gap permeability, K.

The proposed methodology was also used to determine four-parameter sink functions, S,

in terms of the saturation, average pressure, vacuum pressure, viscosity and air entrapment

parameter, by running several mesoscopic simulations with input data complying certain
scale restrictions, and by using fitting equations for the simulation results that are
physically consistent with the impregnation process of the tows. The proposed sinks

functions fit better to the curves of S, vs S, than sink functions of other works [12], [225].

Once the functions S, were determined, several macroscopic unidirectional simulations

were run using an Equivalent Darcy formulation, with the gap permeability, K, previously

found. A DR-BEM scheme was used to solve the governing equations, obtaining the
following conclusions:

e In both the constant pressure and constant flow rate regime, the influence of the air
entrapment parameter, A, on the saturation curves is more relevant as the injection
develops. In general, for each fluid front position along the mold, the global saturation
is larger as A decreases and for the cases of full air compressibility, A = 1, as the input
processing parameter (inlet pressure, vacuum pressure or flow rate) increases.

¢ Since in constant flow rate injections the global saturation is directly proportional to the
injection time, the reduction of the global saturation with A for all fluid front positions
signifies an increase of the fluid front velocity with A. On the other hand, for constant
pressure injections, the fluid front is faster as A increases when the air dissolution is
present, i.e., 1 < 1; when full air compressibility is considered, i.e., A =1, this

behavior is not necessarily kept in all fluid front positions.
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e For the cases of full air compressibility, A =1, at constant pressure regime, the
equilibrium saturation, S;7, is higher as the input processing parameter (inlet pressure
or vacuum pressure) increases, and this causes that the fluid front position
corresponding to the instant when S;? is reached at the inlet is lower as the input
processing parameter decreases. On the other hand, at constant flow rate regime, the
saturation at the inlet increases continuously because the injection pressure augments to
maintain a constant flow rate

The pressure profiles of the macroscopic simulations were obtained for both regimes

(constant pressure and constant flow rate), finding that the general behavior of these

profiles is in agreement with the profiles commonly found in the literature when the sink

term is important in the neighborhood of the fluid front [83], [240], [241]. It was obtained a

good agreement between the analytical and numerical slopes of these profiles in the totally

saturated zone when the injection is conducted at constant flow rate. Despite the general
behavior of the constant-pressure and constant-flow rate profiles are very similar, namely,
both are linear in the totally saturated zone and slightly concave in the partially saturated
one, two important differences were identified: 1) the magnitude of the slope in the linear
zone is constant in the constant flow rate regime, whereas it decreases in the constant
pressure one, 2) the pressure corresponding to the threshold of the totally saturated zone,
Psat» 1S practically constant during the whole injection for the constant flow rate regime
(Figure 102b), whereas it decreases as the injection develops for the constant pressure

regime (Figure 102a).
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7. CONCLUDING REMARKS, CONTRIBUTIONS AND FUTURE WORKS.

Summary of problems considered.

In this work, Boundary Element Techniques were implemented in several problems of
impregnation of dual-scale fibrous reinforcements used in the processing of composites
materials. Three kinds of problems were tackled: 1) simultaneous filling of channels and
bundles at mesoscopic scale to study the void formation by mechanical entrapment of air;
2) filling of bundles at mesoscopic scale considering fully filled channels, to study the
dynamic evolution of intra-tow voids, to determine sink functions that couple the
macroscopic and mesoscopic equations, and to analyse the behaviour of the effective
unsaturated permeability under several variables; 3) unidirectional filling of molds at
macroscopic scale, to study the behaviour of the global saturation and pressure profiles in
time and space when the RUC impregnation is not uniform.

During the development of the above mentioned problems, several issues were overcome:
1) the incorporation of suitable constraints for the time interval based on geometric
restrictions and on the modified capillary number (C;) and capillary ratio (Ccap), as well as
the implementation of smoothing and remeshing algorithms, in order to track complex fluid
front shapes using a simplistic numerical technique, namely, the Direct Euler Integration of
the kinematic condition; 2) the solution of coupled problems free fluid-porous media,
which are usually ill-conditioned, by using special solvers (Singular Value Decomposition
in this case); 3) the treatment of the defective boundary condition that arises in the constant
flow rate regime, by considering a physically consistent assumption at the RUC inlet; 4) the
deduction of a flow direction-dependent model for the capillary pressure in the porous
media in order to avoid using experimental shape factors; 5) the treatment of the numerical
errors associated to the calculation of the surface tractions on the channel fluid front, which
can have a significant impact on the fluid front advancement when the capillary effects are
important; 6) the choice of an appropriate BEM-based numerical scheme to deal with the
anisotropic Brinkman equations in coupled problems free fluid-porous media; among
others. In the following paragraphs, the main conclusions obtained in this work are

summarized and possible future works are identified.
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Problem 1: Simultaneous filling of channels and bundles at mesoscopic scale.

For the first type of problem abovementioned, two consistent mathematical formulations
were considered: Stokes-Darcy and Stokes-Brinkman. In the former case, a pure BEM
scheme was used for both the Stokes and Darcy domains; in the second one, two numerical
schemes were compared each other: 1) pure BEM for both the Stokes and Brinkman
domains, 2) pure BEM for Stokes and DR-BEM for Brinkman domain (BEM/DR-BEM
scheme). Superior accuracy and convergence rates were obtained in BEM/DR-BEM.

All numerical schemes were validated by means of problems admitting analytical solutions.
For the validation of the pure BEM scheme used in Stokes-Darcy problems, an analytical
solution of a simple case was developed. On the other hand, the validation of the BEM/DR-
BEM scheme used in Stokes-Brinkman problems was carried out with a benchmark
analytical solution previously employed for the robustness assessment of FEM codes. After
evaluating the accuracy and convergence of both numerical schemes, i.e, pure BEM for
Stokes-Darcy and BEM/DR-BEM for Stokes-Brinkman, it can be concluded that they are
reliable for the solution of coupled problems free fluid-porous media within the limits of
the numerical parameters established here, namely, for Stokes-Darcy, anisotropy ratios of
permeability, K,;/K,, and slip coefficients, y, with orders of magnitude ranging between
0(—1) and 0(2) for the first parameter (K;/K,), and between O(—2) and 0(0) for the
second one (y) ; in the Stokes-Brinkman case, inverse Darcian numbers, y2, and jumps
stress coefficients, £, with orders of magnitude ranging between 0(0) and O(4) for the
first parameter (x2), and having a value of ©(0) for the second one (B).

Problems formerly tackled by other numerical techniques were solved using the present
numerical schemes, obtaining important similarities and differences. Pure BEM for Stokes-
Darcy was used to solve a pressure-constant, moving-boundary problem previously solved
in [3] using a CV/FAN approach. The increase of the void size with the anisotropy ratio of
permeability, K, /K,, was obtained in both numerical solutions, but differences in the filling
times, fluid front shapes and void characterization (size and shape) between both solutions
were noticed as well. In both solutions, void remains trapped at the rear edge of the weft,
with a smoother void obtained with pure BEM due to the tracking technique of the fluid
front. On the other hand, a pressure-driven, fully developed problem, formerly solved by
[20] using FEM and a Level Set formulation, was solved here using BEM/DR-BEM for
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Stokes-Brinkman. Both FEM and BEM/DR-BEM converged correctly to the analytical
solution, but the errors in the Stokes and Brinkman domains were different between both
numerical schemes due to the dissimilar interpolation strategies, namely, Level Set
interpolation in [20] and Radial Basis Function interpolation here. In both schemes, the
reduction of the Stokes velocity and the boundary layer thickness with the increase of g and
x? was predicted. Moreover, the boundary layer solution by BEM/DR-BEM was more
stable than the one in FEM since no oscillations appeared in the first one.

Parametric studies of simultaneous fillings of RUC’s were conducted using both numerical
approaches, pure BEM and BEM/DR-BEM, with the purpose to determine the influence of
the following aspects on the void formation process: 1) Processing, geometric and material
variables, 2) formulation type and corresponding interface matching conditions, 3) injection
regime, and 4) RUC compaction. Some results obtained are in agreement with previous
experimental, analytical and numerical works, whereas some few results are not. Other
results have not been reported yet in other works and pose the necessity of further
investigations. According to the simulations of void formation in highly compacted
preforms at constant flow rate, the tow porosity, width of transverse tow, fluid penetrativity
and RUC porosity have influence on the final void size and shape for different values of the
modified capillary number, C;. If the former four parameters are kept constant, numerical
results show an increase of the void size with C; in logarithmic manner, which is in
agreement with other researches [25], [44], [75], [77], [81]. Other results obtained here that
are congruent with previous researches can be highlighted: the void shapes obtained in the
parametric studies [170], [176], [177], the increase of the void aspect ratio as the void size
decreases [117], the increase of the void size with K; /K, [3] and the location of the void at
the rear edge of the weft [3], [4].

The comparison between the processes of void formation using the Stokes-Darcy (S-D) and
Stokes-Brinkman (S-B) formulations was carried out considering the filling of two adjacent
RUC’s (two wefts). Even though the fluid front shapes, filling times and voids
characteristics were different between both formulations, the behavior of the size and
aspect ratio of voids with the capillary ratio, C.4,, in both wefts, was the same; the
reduction of the total void size with C,,, was predicted by both S-D and S-B, which is in

agreement with the experimental work in [11].
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According to the BEM/DR-BEM results, the size and aspect ratio of the voids, as well as
the saturation curves, are also influenced by the matching conditions Stokes-Brinkman.
When void formation occurs, the void size at both wefts, and consequently the total void
size, decreases when S decreases, in such a way that the smallest voids are obtained for the
continuous-stress condition, f = 0. On the other hand, the change of the void aspect ratio
with B depends on the weft considered and on the capillary ratio, C.q4,. For the jump stress
condition, the behavior of the void size and void aspect ratio with C.,,, in both wefts, as
well as the decreasing behavior of the total void content with C,,,,, remain unaltered under
the jump stress coefficient, 5. Regarding the RUC saturation, it can be concluded that its
general behavior in the time is consistent with the RUC geometry for the matching
conditions evaluated here, with the continuous stress condition predicting larger saturations
than the jump-stress one at all filling instants. In addition to the reduction of the total void
content with C,,,, the shapes and location of the voids obtained with the S-B formulation
are also in accordance with results previously reported in the literature [3], [4], [170], [176],
[177] .

The BEM/DR-BEM results also showed that the RUC compaction has several effects on
the void formation process regarding the original domain. When the RUC is compacted, the
impregnation process takes more time, the behavior of the void size with C.,,, for the first
weft is modified, the void size for both wefts and all values of C.,, decreases, and the
distance between the minimum fluid front position at the warps and the maximum fluid
front position at the channel decreases for all filling instants. This last result was also

reported in [22].

Problem 2: Filling of bundles at mesoscopic scale considering fully filled channels.

The second kind of problem considered in this work consisted on the simulations of filling
of bundles considering fully filled channels at mesoscopic scale. The modelling of the
channel fluid flow using the Stokes equation, the consideration of the matching conditions
free fluid-porous media and the prescription of a pressure gradient along the flow direction,
instead of considering a uniform pressure in the channel, were the principal methodological
changes adopted here with respect to other works devoted to this kind of problems [8], [13],
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[14], [102], [225], [226]. These simple changes allowed considering some phenomena and
parameters that are proper of LCM processes and have been neglected in other works. For
instance, the dynamic evolution of intra-tow voids was deemed using the present
methodology and the pure BEM scheme for Stokes-Darcy problems. According to the
numerical results, the elimination of intra-tow voids from the tows towards the channel is a
pulsating process, i.e., a process that occurs in several cycles. Each cycle comprises four
void stages: compression and displacement that take place inside the tows, and migration
and splitting that occur in the channel and are faster than the former two processes. The
numerical results showed that the void compression occurs until the air pressure at the fluid
front matches the average liquid pressure surrounding the tow plus the magnitude of the
capillary pressure, moment from which the void displacement starts; this confirms the
hypothesis of [79]. On the other hand, when the void migrates from the tow towards the
channel, it can be subjected to several cycles of expansion and contraction that depend on
the evolution of the air pressure and the surface tractions of the bubble. The magnitude of
the average velocity of void expansion or contraction is variable and can be lower or higher
than the average liquid velocity in the channel domain, but it is considerably inferior to the
velocity of the bubbles when they migrate freely along the channels. The void splitting or
breaking could arise when the bubble surface deforms enough due to the surface traction
effects. According to the numerical results, the increase of the surface tension of the liquid
generates a greater opposition to the void migration, whereas the increase of the average
liquid velocity and the average pressure in the channel promote the void migration,
coinciding with the conclusions reported in [5], [78], [81], [84], [220], [222].

Several simulations of filling of bundles considering fully filled channels were also run to
establish lumped functions for the sink term, S,, that couple the mesoscopic and
macroscopic equations, and to determine the influence of the tow saturation and some
geometrical variables on the effective unsaturated permeability. The principal contributions
of this work to the computation of S, with respect to other works [12],[225] can be
summarized as follows: 1) the inclusion as independent variables of the air entrapment
parameter, A, to consider the air compressibility and air dissolution at the same time, and of
the vacuum pressure, P,,., Which is a relevant parameter in LCM processes, 2) the

consideration of a flow-direction dependent capillary pressure for the porous media, 3) the
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statement of a direct methodology to compute the saturation rate in terms of the difference
between the inlet and outlet flow rates of the RUC, and 4) the modification of the fitting
equation with an additional free parameter to improve the matching with the numerical
results.

The simulation results also showed that K, is directly proportional to the saturation, S;,
and the curves of K. vs S, are influenced by the tow porosity (e;), weft aspect ratio
(a;/a,) and gap porosity (eg). Some results obtained here are also in agreement with
previous results, such as: the independency of K,rr on the processing parameters [138]—
[140], the increase of K, with the tow porosity and with the aspect ratio of the weft when
the bundles are totally saturated [20], and the general behavior of the RUC saturation in the
time when full air dissolution is considered [12],[225]. Since the channel velocity field
needed to be calculated in all filling instants in order to compute S; and K.rr, some
interesting conclusions about the influence of the tow saturation, average pressure and
pressure gradient on the inlet and outlet velocity profiles and on the volume-averaged
horizontal velocity in the channel were obtained. In general, as the tows saturate more, the
inlet and outlet velocity profiles get closer each other and consequently the velocity
variations along the RUC length decreases; additionally, as S; is higher, the influence of the
average pressure on the velocity profiles is less significant. On the other hand, according to
the numerical results, the volume-averaged horizontal velocity in the channel is only

affected by the pressure gradient.

Problem 3: Unidirectional filling of molds at macroscopic scale.

The last type of problem considered here was the unidirectional filling of molds at
macroscopic scale considering the partial saturation effects arising inside the RUC at
mesoscopic scale. A lumped strategy was adopted, i.e., the sink functions for S,
previously obtained via mesoscopic simulations, were introduced in the macroscopic
governing equations, which in turn were solved using the DR-BEM technique and Piccard
iteration. The analytical solution of a problem consisting on the unidirectional filling of
dual-scale fibrous reinforcements at constant pressure, with the sink term varying as a
linear function of the pressure [101], was compared to the DR-BEM solution for validation

purposes, obtaining a good accuracy and convergence. On the other hand, both constant
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pressure and constant flow rate macroscopic simulations were considered in the parametric
study of this problem. Some similarities between both injection regimes (constant pressure
and constant flow rate) were found: the influence of the air entrapment parameter, 4, on the
saturation curves is more important as the injection develops; the global saturation is higher
as A decreases and, for A = 1 (full air compressibility), as the input processing parameters
(inlet pressure, vacuum pressure and inlet flow rate) increases. However, some important
differences between both regimes can be also mentioned: for constant flow rate injections,
the fluid front velocity always increases with A, whereas for constant pressure ones this is
not necessarily valid in all fluid front positions; on the other hand, the saturation at the inlet
of the mold continuously increases in constant flow rate injections for A = 1, while in
constant pressure ones it reaches an equilibrium value instead. The shapes of the pressure
profiles obtained in both regimes are in agreement with previous works [83], [240], [241].

Summary of contributions of the present work.

In this part, it is convenient to emphasize the main contributions of the present work

regarding previous researches, in light of the objectives initially posed in Section 1.4. These

main contributions can be summarized as follows:

Regarding the general objective.

¢ Implementation for first time of Boundary Element Techniques (BEM) on the processes
of formation and dynamic evolution of voids in dual-scale porous media used in the
processing of composites materials. As it was mentioned in this work, this
implementation entailed several numerical issues, like the solution of ill-conditioned
systems, the prescription of defective boundary conditions, the application of constraints
for the time step and of smoothing and remeshing algorithms to assure the stability of
the fluid front tracking scheme, among others. In addition to the well-known advantages
of BEM over domain-mesh techniques in moving boundary problems, which lie in the
reduction of the meshing requirements, some benefits of the present numerical scheme
with respect to other ones were identified: 1) the fluid front shape is more accurate
because it is directly obtained from the kinematic condition, 2) the dynamic condition

can be directly imposed on the nodes of the fluid front, 3) neither reconstruction
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algorithms nor the solution of a pure advection equation are required to acquire the fluid

front position, among others.

Regarding the specific objectives.

As in previous works, the influence of the modified capillary number (C;), tow
porosity, width of transverse tow, fluid penetrativity and RUC porosity on the size,
shape and location of voids was studied here as well. However, the use of a Stokes-
Darcy formulation in this work allowed considering two important things usually
disregarded in other works: 1) the capillary forces associated to the curvature of the
moving fluid front in the channel, which can have a relevant influence on the fluid front
evolution and consequently, on the void formation process, for small values of C;; 2)
the tangential velocities of the porous medium at the interface free fluid-porous
medium, which were not neglected a priori in this work by reasons previously argued,
allowing in this way to known the complete velocity field at such interface in both the
channel and the porous medium domain.

Analysis of the influence of the stress matching conditions and the formulation type
(Stokes-Darcy and Stokes-Brinkman) on the void formation process at several capillary
ratios, C.qp, Which had not been considered before to the best of the author’s
knowledge. On the other hand, the influence of the RUC compaction on the void
formation process was also analyzed here; previous works only considered the
influence of the RUC compaction on the imbalances of the fluid fronts inside the RUC,
but not on the formation and final characterization of the voids as done here.

One simple methodological modification to tackle the problem of tows filling at
mesoscopic scale considering fully filled channels was made here. It is based on the
prescription of a pressure gradient in the direction of the fluid motion instead of the
consideration of an average pressure in the channels. This simple modification, together
with the consideration of the air compressibility, led to the following contributions: 1)
analysis of the influence of the volume-averaged pressure, pressure gradient and
capillary properties on the dynamic evolution of intra-tow voids (compressibility,
displacement, migration and splitting) by means of simulations at mesoscopic scale; 2)
analysis of the influence of the processing parameters, tow porosity, gap porosity and
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weft geometry on the behavior of the effective unsaturated permeability with the
saturation in dual-scale fibrous reinforcements.

Deduction of lumped functions to account for the sink effect in macroscopic
simulations. In previous works, lumped sink functions were obtained in terms of the
volume-averaged pressure and the saturation only, but, in the present work, two
additional parameters that play a major role in the impregnation process of the tows
were considered: the vacuum pressure and the air entrapment parameter. The
incorporation of the obtained sink functions in the macroscopic governing equations
allowed analyzing the influence of these two parameters on the evolution of the global
saturation in the space and time, considering the unidirectional filling of cavities at both
constant pressure and constant flow rate regimes.

Development of an analytical solution for a coupled problem free fluid-porous medium,
on the basis of the lubrication approximation for the free fluid flow and the EIS
transformation for the anisotropic porous medium. This solution can be used later as a
benchmark solution for validation of other numerical schemes.

Deduction of a flow-direction dependent model to compute the capillary pressure, Py,
inside the tows without experimental shape factors. In that way, the dynamic condition
of the fluid front inside the tows was prescribed more accurately here than in previous

works where a constant value of P, was considered, even though P.,, actually

depends on the fluid flow orientation regarding the fibers as it was considered here.
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Future Works.

The statement of future works can be motivated by the following reasons: the necessity of
confirming or extending some of the obtained conclusions, the consideration of more
complex problems in the area of composites, and the identification of potential applications
of the numerical schemes implemented here in other areas.

In the first case, some important aspects deserve a deeper numerical and experimental
study, such as: 1) The influence of the tow porosity on the void characteristics considering
several RUC geometries and compaction levels, 2) the non-sensitivity of the void location
to all parameters studied here considering other RUC geometries, 3) the influence of the
RUC compaction on the total void content considering others compaction levels and RUC
geometries, 4) the slow stepwise elimination process of intra-tow voids from the tows
towards the channel, 5) the behavior of the total void content with C; for larger capillary
numbers than the ones considered here, to numerically confirm the reduction of this content
once a certain value of C; has been reached, 6) the relationship between the times of the
stages involved in the void elimination process taking into account other processing
conditions and RUC geometries, 7) the consideration of the void splitting phenomenon on
the sink functions calculations, among others.

The numerical codes developed in this work can be considered a first important step to

tackle more complex problems of processing of composites manufactured with dual-scale
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fibrous reinforcements. One of these problems is the incorporation of non-isothermal and
reactive conditions in the filling process at both mesoscopic and macroscopic scales. This
problem has been previously considered by [8], [94] using FEM/CV and the classical
methodology of prescribing a uniform pressure in the channel to account only for the filling
of bundles. This strategy implies the use of two domain meshes at different scales (leading
to a very high computational cost), the implementation of tracking techniques that do not
reproduce the exact shape of the fluid front and the acceptance of the limitations of the
classical methodology that were exposed in this work. These drawbacks can be overcome
by incorporating the solution of the energy and species transport equations to the present
work, which is part of the ongoing work developed by the author. Considering that
continuity, momentum, energy and species equations are coupled altogether, the first
developed algorithms for this particular problem have been much more time-demanding
than the ones employed in this work, but the obtained results have been satisfactory so far.
The consideration of non-newtonian fluids associated to the impregnation of reinforcements
with thermoplastic resins or thermosetting resins modified with nanofillers, the simulation
of the fabric deformation mechanisms when the impregnation takes place, the consideration
of hybrid and/or heterogeneous dual-scale preforms, and the simulation of the mechanical
response of dual-scale fibrous reinforcements under the presence of voids, are forthcoming
investigations.

Apart from the applications to the composites area, other potential applications of the
numerical schemes implemented here to solve coupled problems free fluid-porous media
can be identified. As mentioned before, the principal characteristic of those problems is the
presence of two domains with very dissimilar permeabilities, which can be found in many
applications such as: transport of contaminants in coastal areas and rivers, flooding of dry
areas, transport of chemicals from the main blood stream in the arteries through a porous
membrane, groundwater infiltration in karst aquifers, flow modeling through oil filters,
among others. The simulation of the dynamic response of peatlands under rewetting
operations to restore its carbon sink function is another application of particular interest to

the author.
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Appendix A.

Equivalent Isotropic System (EIS).
The EIS transformation is implemented to transform the pressure field equation of
anisotropic Darcy porous media into a simple Laplace equation. This transformation and
BEM were previously used in the simulation of single-scale porous media in [50], [58]. The

EIS transformation can be conceived as the transformation of an ellipse with main axes

equal to \/K; and /K, into a circle having a radius of R = /K., with K, = \/K,K, as the

equivalent isotropic permeability (Figure Al).

X2 i = (ny,ny)

K,—/ B s

\/K—l transformation

Figure Al Scheme of EIS transformation

In the original coordinate system, the pressure field equation can be obtained by

substituting the Darcy law into the mass conservation equation:

2’ p _ (A1)
K; P + K, P 0
The EIS transformation is defined as follows [59], [144]:
x8 (K,/K)'/* 0 X1
[ }f] =0 4| o) (A2)
X2 0 (K1/K>3) 2
in such a way that the Eg. Al in the EIS system becomes:
9’p _ (A3),
€ axf =0

whereas the components of the normal vector in the EIS system, ne = (n%,n¢), can be
computed in terms of the normal components in the original system, (ny, 71;), by using the
inverse-transpose of the transformation matrix defined in Eq.A2:

1
fe
where ¢ = ||(Ky /K" *7i7, (Ko/K) Y *753 ).

(Ad),

(8, n8) = — (K, /K) Y7y, (Ko /Ky) Y *755)
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Taking into account (A2) and (A4), the normal flux in the EIS system can be expressed as
follows:

00 _ 9 7z _ 0P 0% _hi b o (AS)

on®  oaxf Tt ox; xf ! fe ox;’

where the scale factors, h;, are given by:

h, = (K1/K2)1/4 (A6)
hy, = (1{2/1{1)1/4 (A7)
If the Eq. A5 is multiplied at both sides by " — K, /u ", the following is achieved:
_Kedp _ _ 1 Kidp (A8)
u one feluox;

After applying the Darcy’s law in the right hand side of the Eq.A8 and dividing at both
sides by &, the next expression is obtained for the normal pore velocity, u,, in terms of
variables in the EIS system:

Kef® 0p. (A9)

St OﬁE

un
The domain integral formulation in the EIS system can be achieved by applying a similar

procedure to the one exposed in Section 2.4, obtaining the following:

er (p a2%p* _ p 0 p)dﬂe _ fQ i<pa_p*_p* aa_;}) dQe (AlO)

axiez x> € oxf axf

Considering that p and p* satisfy the original and the singularly forced Laplace equation in

the EIS system, respectively, the next equation is obtained:

a ap* All
= Joe P02 (x¥ = §6)d0e = Qeax (pa_z?_p oxf )dﬂe A

Taking into account that dQ° = h h,dx{dx5 = d, the fundamental property of Delta
Dirac function applies in the EIS system, ie, [ ,p8,(x¢— £9)dae = Jo P82(% —
£)da = c(&)p(¢) = c(£€)p(59). Thus, the Eq.A11 becomes:
ap* « 0p Al2
—C(Ee)p(fe) er ax ( axie -p a_xf) dQe ( )
Divergence theorem cannot be directly applied in right hand side terms of Eq.A12 since the

scale factors, h;, do not appear. It is necessary first to apply the chain rule and consider that

dQ°f = dQ to accomplish the next expression:
ap* « Op 0x; Al3 )
~EWE) = Iy = (p P 2%) (32t a0 (AL3)
Considering Egs. A2, A6 and A7, the Eq. A13 can be written as:
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@) = I, = (P2~ v %) mde (AL4)

As the scale factors, h;, are constants, (A14) can be rewritten as:
ap* . 0 Al5
—c(Ep(E) = fy 5 (p “Lehi—p a—;hi) dQ (A15)

By applying the divergence theorem in the right hand side integral, the following is

obtained:
~c(EW(E) = J, pihimds [, p SEhi,ds (Al6)
Considering that h;71, = nef¢ from Eq.A4, the Eq.A16 becomes:
(T =, p'ymfentds — [, pifentds (AL7),
or equivalently:
@) = I, p'fey5ds — [, pfeIEds (AL8),

which corresponds to the integral formulation for the anisotropic Darcy equation in the EIS
system.

The integral formulation in the original coordinate system can be also obtained directly and
it is equivalent to Eq.A18. To demonstrate this, the equation corresponding to the Second
Green ldentity, Eq.39, is applied in one dimension for both i = 1 and i = 2 separately; the
resulting expressions are multiplied at both sides by K;, with i = 1,2, and added up, to

obtain the following:

2%g* wpr 0D _ 9 ag* «pr OD (A19)
Jo (pKia_xiz_g Ki@>dﬂ =Jq a—xi(PK -9 Kia_xi)dﬂ

L ox;
Likewise to the last case, the divergence theorem is applied in the right hand side integral.
Besides, p is a solution of the original anisotropic Darcy equation, Eq.AL, and the solution
of the corresponding singularly forced equation, K;(9%g"/dx;%) + &,(% — ) = 0, is given
in [149]:

g"= Ilz—e = —Fll(eln(re) (A20)

Therefore, the integral formulation in the original system can be written as follows:

c@p@) =1, p' () semds — f, p (i) e uds (A21)
Considering that h? = K;/K,, the following is obtained:
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c()p() = J, p'hisEmds - [, ph? P ds (A22)

Applying the inverse of the transformation defined in Eq.A2 and considering the Eq.AS5, the

following equation is obtained:
Te Ze * 0 op*
(@) = [, p'feymds— [ pfe3%ds (A29),

which is the same Eq.A18 obtained before.
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Appendix B.

Development of analytical solution of a coupled Stokes-Darcy problem.
The coupled Stokes-Darcy problem used for the validation of the numerical approach
considered in this work consists on a thin rectangular channel coupled with an adjacent
rectangular porous channel (Figure 16). The main goal of this solution is the prediction of
the pressure and velocities fields in both domains. In the channel, according to the
lubrication approximation (thin film flow), the Stokes system of equations is reduced to:

a2 d

U = o (10) (B1)
dp/dx, =0 (B2)
6u1 auz _
o Tom, = 0 (B3),

while in the porous medium, the problem is described by Darcy’s model (Eq. 62a-b).
Symmetry conditions are prescribed at the lateral walls (du,/dx, =0 and u, = 0),
namely, bottom of the channel and top of the porous medium. At the surface between the
two regions, x, = 0, an unknown tangential velocity coming from the channel, u7 (x;), is
considered, and it will be determined from the slip condition, Eg. 66, in terms of the
tangential velocity at such surface coming from the porous medium, ui(x;). Direct
integration of (B1) between x, = —hg and x, = 0, taking into account (B2), and

considering the symmetric condition at x, = —hg and that u; = uj at x, = 0, follows:
(d—p> (%2 + 2hgxy) + uy (xy) (B4)
dx1

Having an explicit expression for u,, the value of u, can be obtained from the integration

1

Uuq :Z

of the continuity equation (B3), taking into account the no-flux condition at x, = —hg, as:

_ L (%p) (2 2 _2p3) _ (du1
bl Zu'(dx%) ' ( 3 T heXz =3 hS) (dxl) (xz + hs) (B5),
from where it follows that the infiltration velocity towards the porous medium at x, = 0 is
given by:
o B () _ (dup
U2 =2 = 3#'(dx§) (dxl)hs (B6)

To complete the formulation of the lubrication flow in the channel, it is necessary to
prescribe inlet and outlet pressures, which are considered as p = p;, atx; = 0andp =0

at x1 == l
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On the other hand, at the porous medium, the pressure and velocity fields are obtained
using Eq’s 62a-b, which are reduced to the Laplace equation by using the EIS
transformation, as it is shown in Appendix A. Pressure boundary conditions are prescribed
at the inlet and outlet of the porous medium, with p = p;,, at x; = 0, i.e., a uniform
pressure is considered at the inlet of the two regions, and p = pc,, at x; =1, ie., a
capillary pressure is considered at the end of the porous domain; this capillary pressure can
have a major role in the impregnation of LCM processes, as it is shown in this work. A
harmonic pressure field in the EIS transformed domain that satisfies the inlet and outlet

pressure conditions and the no-flux condition at x, = hg, is given by:
P = apX{ + by + X-q ap. cosh(Ay. (hy® — x£)) .sin(A,.x5), for0<x, <hy; (B7),

where  ay, = (Peap — DPin)/1é, bo =pin and A, = (nm)/1°, with n=12,.. The
coefficients a,, need to be determined from the continuity of surface tractions at the
interface between the two media (channel and porous medium). In the above equation
superscript “e” stands for the EIS system.

The pressure field in the porous medium can be written in terms of the original space

variables as:

P = ao(Ka/Ki)xs + b + Ttz . cosh (An. (K1/K2)4(ha — xz)) sin (e (a/K)oxs ), oo
fOT' 0 < Xy < hd
Taking the derivative du,/dx, in Eq. (B4) and substituting the resulting expression into

the slip condition, Eq. 66, yields:

() = o uf - up) (B9)

u dx1 K1 +K2

Taking the x; derivative of the above equation and substituting the obtained value of
duy /dx; into (B6), results in:

d?p duf

(52) = (w0 + h 3 (B10),

where 4; = h3/(3p) + Ki + Ky h2/(uyv2).
Expressing the velocity field in the porous medium, ut = (uf,u3), in (B10) by using

Darcy law, the Reynolds equation for the pressure field in the channel is obtained:
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()= (26 -n2 @) (B1)
In the above equation the pressure p* represents the pressure in the surface between the
porous medium and the channel, looking from the porous medium side, which is given by
evaluating (B8) in x, = 0. Integrating twice (B11) in the x; direction and using the
pressure inlet and outlet conditions in the channel, it is found the following expression for
the channel pressure field:
P =Din — @in/Dx1 + X1 an My, -Sin(ln- (KZ/K1)1/4XI)1 for —hs<x, <0 (B12)
Where:

1 K Ky ((Ky/K2)3/%\ .
My =7 s " cosh(An. (Ki/Kx)"*hg) + 2 (T) sinh (An. (K1 /K2)"*(hg) )|
In (B12), the only unknowns are the coefficients of the series, a,, which are determined by

the surface traction condition, Eq. 68, as previously commented:

—p~+2u(32) =-p* (B13)
or
—p~ — 24 (Z—Zi)_ =—p* (B14),

where the last expression, (B14), was obtained by imposing the equation of continuity in
(B13). Taking the x; derivative of (B9) to express (du,/dx;)~ in terms of the pressure
field in the channel and the tangential velocity in the porous medium, uf, and using Darcy

law to express uf in terms of the corresponding pressure gradient, the final equation is:

(ao(KZ/Kl)l/4 - Co)xl - Z?zozl An- Fn .sin (An- (KZ/Kl)%xl) =0 (815)1

with:

1 1
Fo = My (14 20225 by 23, (K, /K ) = cosh (. (Kn /K)o ha) (1= 2K, 2. (Ko /K2

and corresponding Fourier coefficients: a, = — 2l(a,(Ky/K)Y* = ¢,)/(nwF,) (=1,

completing the analytical solution of the problem.
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Appendix C.

Tracking of the fluid front.
The Euler integration of the kinematic condition, commonly known as marker particle
technique, is a very simple technique to advance the fluid front position, but it could entail
some complications. Integrating the kinematic condition defined in Eq.73, the advancement
of any evolution point "i" of the moving interface can be computed as (Figure C1):

xgc) = x&) + u,(li)nil)At (C1)

xé? = xélo) + u,(f)ngl)At (C2),

where (x&)xg,)) and (x(i) ®

10 X2f

"i", respectively, while u,(f), At, ngl) and ngl) are the normal velocity, time interval,

) are the initial and final positions of the evolution point

horizontal component and vertical component of the normal vector.

Several restrictions shall be imposed on the time interval, At, in order to keep the numerical
stability of the solution, to avoid the crossing of points and to prevent the points to advance
beyond the limits of the corresponding domain. Firstly, the numerical stability of the

solution can be achieved by applying the CFL condition:

atly, < (i, aL®) /ul (C3).

CFL — n,max

where Atg;)L, AL® and %) are the CLF time interval, mesh-size and maximum normal

n,max
velocity corresponding to the domain "k", whereas CE’?L is CFL constant for the domain "k"
given in terms of the modified capillary number, C;, for constant flow rate injections, and
of the capillary ratio, C.q,, for constant pressure injections, as shown in Figs. C2 and C3,
where S-D and S-B stand for Stokes-Darcy and Stokes-Brinkman, respectively. The sign
“k” refers to any domain that is being impregnated by the fluid front, which in this case

could be the channel, the warps and/or the weft (Figure C1). The final CFL time interval is

taken as the minimum of all domains "k", i.e., Atc r < min(Atg?F).
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To avoid the crossing of points and to control the smoothness of the curve, the following
restriction is applied for each pair of points "p" and "j" on any moving boundary (Figure
Cl1):

At < min(At), AtP) (C4),

crossing

where At;; is the time taken by the point "p" to intersect the line of movement of the point

'j", and, in a similar fashion, At}" is the time taken by the point "j" to intersect the line of

movement of the point "p". The time interval At{a' can be computed as follows:
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where d’ is the distance travelled by point "p" to the intersect line of movement of point

"j" as given by:
d} = |22 1(dy) ] (C6)
Ay = T €
i ng])(xg))—xi?)—ngj)( (0)] x%)) (C8)
= n’gﬁn’g)_ng)n;p) ’
where n(p) and x,(,’fg represent the m component of the normal vector and of the initial
position of the evolution point "p", respectively. On the other hand, the time interval Atp

can be computed by interchanging indexes "p" and "j" in equations (C5) to (C8). The

restriction for the time interval is given in terms of the minimum value of Atg’?ssmg for the

whole pairs of points "p" and "j", as follows: Atrossing < min(At(’”) )

crossmg
Another restriction for the time interval considers that any point cannot advance beyond the
limits of the domain to which the point belongs (Figure C1); these limits are defined by the

interfaces and/or the boundaries, and can be described by parametric curves, (p,(,f) (vg), as

follows:

x5 = of (Vs), M=1,2 (o),

()

where x,,” stands for the “m” coordinate of the curve corresponding to the boundary or

interface “s”, <p,(n) is the parametric function and vy is the independent parameter. The sign

"s" represents any interface or boundary, namely, the edges of the RUC, the interfaces
channel-warp, interface channel-weft and interfaces warp-weft.

On the other hand, the line of movement of any evolution point "g" can be described as:

xr(r‘l?) (Q) +Tq (Q)’ m:1,2 (ClO),
where x( and x(‘n stand for the “m” coordinate of the line of movement of the point “q”

and the “m” component of the initial position of the point “q”, respectively, whereas 7, > 0

is the independent parameter.
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The parameters v, and 7, assumes the values vs = vy and 7, = 7 in the intersection points

between the curves defined by Egs. (C9) and (C10). Bearing this in mind, the restriction of

the time interval for any evolution point "g" is as follows:
Atgfrzut < min(Atg) (C11),

where Atg is the time taken by the point "g" to intersect the boundary or interface defined

by “s”, which can be computed as follows:

At = d /ul® (C12)
5= [Bm(dn)] (C13)
ds,, = 5@ (C14),

where the form of 73 depends on the parametric curve defined in (C9). In the present work,

all limits can be described in terms of straight lines and ellipses, where the form of the

parametric function, (p(s) and g is as follows:

For straight lines:

0Py = x +vn® (C15)
o (vg) = X +vgn (S) (C16)
PP () e
q MONOENOMO) '

where ( ff,),xé?) is a known point of the straight line corresponding to the boundary or

interface “s” Whereas n ) and n(s) are the direction cosines.

For ellipses:
S) (vg) = x(s) + a( )cos(vy) (C18)
S) (vg) = x(s) + a( Dsin(vy) (C19)

((A5)° + (B9)") (s2)" + 2445 + BB ez + (499 + (597Y ~1) =0 (C20)

409 — (xii? (s)) /a® (C21)
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A9 = 7@ /4 (C22)

Bl(qs) _ (xg(z)) _ xésc))/agS) (C23)
BU = n@ /4 (C24)

where (xg),xg?) is the center of the ellipse corresponding to the boundary or interface

“s”, whereas a'” and al” are the major and minor semi-axes of the ellipse. The time

interval to avoid the advancement of any point beyond the corresponding domain is the

o _

minimum  value  obtained  for all evolution points q’, namely,
(@

Atyim;e < min(At,; ;). Thus, taking into account all constraints above referred, the next
expression is achieved for the final time interval, At:
At = min(Atepr, Aterossing Atiimits) (C25)

After defining the suitable At and advancing the points of the fluid front according to (C1)
and (C2), small-scale oscillations might be present in the resulting interface when the
capillary effects are relevant (Figure C1), namely, when C; has an order of magnitude
lower or equal than O(—2), or C¢4y, has an order of magnitude greater or equal than O(—1).
These oscillations, if not suppressed, can be amplified as the fluid front evolves, originating
important errors. Therefore, a second-order five-point polynomial fitting is employed here
to suppress small-scale oscillations, where the position of each evolution point is corrected
taking into account the two adjacent points of each side and using a quadratic fitting curve
obtained with the Fitting Toolbox of MATLAB.

Then, parametric cubic splines are fitted to the corrected points (Figure C1), in such a way
that for each space interval "r" defined by two adjacent points, "h" and "h + 1", the next

parametric curve is defined:
x,(p = ?zoagrzul,m=l,2, uel0,1] (C26),
where u is the independent parameter, while re[1, N,ines] for closed curves and

T€[1, Npoines — 1] for open curves, with Npines as the number of evolution points
™)

conforming the moving boundary. The constants a;,

are found by forcing the curves
defined in (C26) to pass by the evolution points and by forcing the continuity of the first
and second derivatives between the curves of adjacent intervals. Additionally, the splines
are forced to be perpendicular to the boundaries where the symmetric condition is
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prescribed and its slope is maintained continuous in the interfaces considered here: channel-
warp, channel-weft and warp-weft. Then, a remeshing algorithm is employed to generate a
new set of uniformly spaced points located along the splines, keeping constant the mesh-

size defined for each moving boundary (Figure C1).
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