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Abstract

Nowadays, Liquid Composite Molding techniques are often used to manufacture high quality fiber re-
inforced composite parts at a relatively low cost. These involve an infiltration process, in which a liquid
resin is forced to ingress into a dry fibrous porous medium confined into a shaped mold. An optimal
control of the material and process parameters is hence sought since multiple factors can contribute
to process uncertainties that may compromise the mechanical performance of the final composite part.

Fabrics commonly employed in composite industry are made of dense fiber tows weaved to form tex-
tiles that present a dual-scale architecture with micro-pores in between the fibers and meso-voids in
between the tows. A dual-scale flow is known to stem from this particular pore distribution from
which a void-trapping mechanism arises. Researchers agree with the existence of an optimal injec-
tion condition, corresponding to a given flow velocity at which fluid flows with the same speed in
micro-spaces in the tows and in meso-spaces in between tows and the amount of voids is minimum.
Unfortunately, this optimal condition is specific for a given fabric/resin system, and is mostly found
by trial and error. Given the strong complexity of flow in porous media, due to the interplay of several
factors such as heterogeneity of the porous network, fluid properties (viscosity, density, and surface
tension), wettability, flow displacement speeds, void formation and transport mechanisms as well as
the considered length scales, the quantification and analysis of the spatial distribution of fluid flow in
porous media is to date a major scientific challenge in composites but also in many other natural and
engineering occurrences.

The goal of this thesis is thus to gain a better understanding of flow in fibrous media as found in com-
posite manufacturing, where the porous medium is a non-translucent textile formed of an assembly of
fiber tows, and where the infiltrating fluid, due do its viscosity, may show dynamic wetting effects. To
this end, the study focuses on (i) designing a novel X-ray based dynamic flow visualization method
adapted to carbon based textiles, (ii) developing a two-phase flow model to describe the progressive
preform saturation as a function of the flow rate conditions, and identify the velocity dependent cap-
illary pressure and relative permeability, and (iii) investigating the effect of the fluid static wetting
properties and the textile pore geometry on flow patterns and pore formation.

The potential of an in-situ X-ray phase contrast imaging technique was investigated, to observe the
through-thickness flow progression through translucent and non-translucent preforms in a lab scale
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setup, with an imaging time of 9 seconds per shot. This interferometric technique enhances the
contrast between low density materials that present a highly heterogeneous microstructure (such as
fibrous sheets). We were thus able to successfully track the displacement of a model fluid through
different translucent and non-translucent fibrous preforms, thus extracting the fluid saturation as a
function of time and position, and investigated the effect of several material parameters on the signal
quality.

Alternatively, to increase the resolution of the flow patterns in capillary led flows, we explored conven-
tional X-ray absorption imaging together with contrasting agents added to the fluid. We performed
experiments with the same UD carbon fabric and model fluid, over a range of imposed flow rates,
and extracted the corresponding saturation curves. We observed that, by increasing the flow rate,
as expected, the flow front patterns changed from a capillary led flow in the tows, to a viscous led
flow in the meso-spaces. In light of these results, we used a two-phase flow model to identify the
hydraulic functions corresponding either to drainage and imbibition displacements and demonstrated
its suitability to model unsaturated flows into fibrous porous media, over a range of flow rates. We also
compared the multiphase approach to a simpler slug-flow model and demonstrated a good correlation
between them through the use of an apparent dynamic contact angle.

Based on the visualization method proposed, we improved it by reducing the acquisition time, in-
creasing the image resolution and conducting full 3D XCT scans before and after impregnation. We
analyzed the fluid progression into three woven carbon architectures and related the impregnation
quality to the meso-pore geometry using a pore-network model, and the fluid wetting properties. Re-
sults showed that the probability of meso-void entrapment in capillary led flows increases when the
fabric displays a wide pore size distribution together with throats that form an angle with respect to
the fluid direction. The increased wettability of the fluid also enhanced the occurrence of corner flows,
thus leading to more void formation when crossing obstacles.

As a conclusion, the in-situ observation of infiltration dynamics, using X-ray scattering or absorption
methods, is a suitable tool to elucidate the progressive saturation of carbon fiber preforms, which
could be further extended beyond model fluids to the actual resin systems. The resulting saturation
curves, coupled to higher resolution static 3D tomographs, can be exploited using a multiphase flow
approach to identify the relevant hydraulic parameters, as a function of the flow conditions, paving
the way for a systematic analysis of dynamic wetting and void formation in composite processing.

Keywords: liquid composite molding, resin flow, carbon fibers, fibrous preforms, dual-scale flow,
capillary effects, dynamic saturation, two-phase flow modelling, wettability, void formation, X-ray
imaging.
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Resumé

De nos jours, les techniques de moulage de composites par voie liquide sont souvent utilisées pour fab-
riquer des pièces renforcées de fibres de haute qualité à un coût relativement faible. Elles impliquent
un processus d’infiltration dans lequel une résine liquide est forcée à pénétrer dans un milieu poreux
fibreux sec, confiné dans un moule de forme donnée. Un contrôle optimal des paramètres du matériau
ainsi que du procédé est requis, car de multiples facteurs peuvent entraîner des incertitudes dans le
procédé, qui peuvent compromettre la performance mécanique de la pièce composite finale.

Les tissus couramment utilisés dans l’industrie des composites sont constitués de mèches de fibres
compactes, tissées pour former des textiles qui présentent une architecture à double échelle avec des
micro-pores entre les fibres et des méso-pores entre les mèches. Il est connu que l’écoulement à double
échelle qui résulte de cette distribution particulière des pores engendre un mécanisme de création de
vides. Les chercheurs s’accordent sur l’existence d’une condition d’injection optimale, correspondant
à une vitesse d’écoulement donnée à laquelle le fluide s’écoule avec la même vitesse dans les micro-
pores des mèches et dans les méso-pores entre les mèches, pour laquelle la porosité est minimale.
Malheureusement, cette condition optimale est spécifique pour chaque combinaison de tissu/résine
et est le plus souvent trouvée par tâtonnement. Étant donné la grande complexité des écoulements
dans les milieux poreux, due à l’interaction de facteurs tels que l’hétérogénéité du réseau poreux, les
propriétés du fluide (viscosité, densité et tension superficielle), la mouillabilité, les vitesses de déplace-
ment de l’écoulement, les mécanismes de formation et de transport des porosités ainsi que les échelles
de longueur considérées, la quantification et l’analyse de la distribution spatiale de l’écoulement des
fluides dans les milieux poreux constituent à ce jour un défi scientifique majeur dans le domaine des
composites mais aussi dans de nombreux autres phénomènes naturels ou d’ingénierie.

L’objectif de cette thèse est donc de mieux comprendre l’écoulement dans les milieux fibreux tels qu’on
les trouve dans la fabrication de composites par voie liquide, où le milieu poreux est un textile non
translucide formé d’un assemblage de fibres, et où le fluide infiltré, en raison de sa viscosité, peut
présenter des effets de mouillage dynamique. À cette fin, l’étude se concentre sur (i) la conception
d’une nouvelle méthode de visualisation de l’écoulement dynamique basée sur les rayons X et adaptée
aux textiles à base de fibres de carbone, (ii) le développement d’un modèle d’écoulement biphasique
pour décrire la saturation progressive de la préforme en fonction des conditions de débit, et identifier
la pression capillaire et la perméabilité relative dépendant de la vitesse, et (iii) l’étude de l’effet des
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propriétés de mouillage statique du fluide et de la géométrie des pores du textile sur les schémas
d’écoulement et la formation de pores.

Le potentiel d’une technique d’imagerie in-situ par contraste de phase aux rayons X a été étudié,
afin d’observer la progression de l’écoulement à travers l’épaisseur de préformes translucides et non
translucides dans une installation à l’échelle du laboratoire, avec un temps d’imagerie de 9 secondes
par acquisition. Cette technique interférométrique améliore le contraste entre les matériaux de faible
densité qui présentent une microstructure très hétérogène (comme les couches fibreuses). Nous avons
ainsi pu suivre avec succès le déplacement d’un fluide modèle à travers différentes préformes fibreuses
translucides et non-translucides, extrayant ainsi la saturation du fluide en fonction du temps et de la
position, et avons étudié l’effet de plusieurs propriétés des matériaux sur la qualité du signal.

Alternativement, pour augmenter la résolution des schémas d’écoulement dans les débits capillaires,
nous avons exploré l’imagerie conventionnelle par absorption de rayons X en ajoutant des agents de
contraste au fluide. Nous avons réalisé des expériences avec le même tissu UD en carbone et le même
fluide modèle, sur une gamme de débits imposés, et extrait les courbes de saturation correspondantes.
Nous avons observé que, en augmentant le débit, la morphologie du front d’écoulement change, passant
d’un écoulement capillaire progressant d’abord dans les mèches à un écoulement visqueux progressant
d’abord dans les méso-espaces comme prévu. A la lumière de ces résultats, nous avons utilisé un
modèle d’écoulement biphasique pour identifier les fonctions hydrauliques correspondant aux déplace-
ments de drainage et d’imbibition et nous avons démontré son aptitude à modéliser les écoulements
non saturés dans les milieux poreux fibreux sur une gamme de débits. Nous avons également comparé
l’approche multiphasique à un modèle d’écoulement saturé plus simple ("slug-flow") et démontré une
bonne corrélation entre les deux grâce à l’utilisation d’un angle de contact dynamique apparent.

Sur la base de la méthode de visualisation proposée, nous avons proposé des améliorations en ré-
duisant le temps d’acquisition, en augmentant la résolution de l’image et en réalisant des scans XCT
3D complets avant et après l’imprégnation. Nous avons analysé la progression du fluide dans trois
architectures de tissus de carbone et avons relié la qualité de l’imprégnation à la géométrie des méso-
pores en utilisant un modèle de réseau de pores, et aux propriétés de mouillage du fluide. Les résultats
ont montré que la probabilité de piégeage des mésopores dans les flux capillaires augmente lorsque le
tissu présente une large distribution de la taille des pores ainsi que des constrictions qui forment un
angle par rapport à la direction du fluide. L’augmentation de la mouillabilité du fluide a également
favorisé l’apparition d’écoulements en coin, entraînant ainsi une plus grande formation de vides lors
du franchissement d’obstacles.

En conclusion, l’observation in-situ de la dynamique d’infiltration, en utilisant les méthodes de diffu-
sion ou d’absorption des rayons X, est un outil approprié pour élucider la saturation progressive des
préformes en fibre de carbone, qui pourrait être étendu au-delà des fluides modèles aux systèmes de
résine réels. Les courbes de saturation résultantes, couplées à des tomographies 3D statiques à plus
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haute résolution, peuvent être exploitées en utilisant une approche d’écoulement multiphasique pour
identifier les paramètres hydrauliques pertinents, en fonction des conditions d’écoulement, ouvrant la
voie à une analyse systématique du mouillage dynamique et de la formation de vides dans la fabrica-
tion de composites.

Mots-clés: moulage de composites par voie liquide, flux de résine, fibres de carbone, écoulement à
double échelle, effets capillaires, saturation dynamique, modélisation d’écoulement diphasique, mouil-
labilité, formation de porosités, imagerie rayons X.
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Chapter 1

Introduction

1.1 Motivation

There is a stringent need for the development of lighter and stronger structures, with the aim of
reducing the carbon footprint of transportation and thus mitigating the major concern that global
warming represents. Fiber Reinforced Polymer Composite materials (FRPC) turn out to be a very
attractive alternative given their versatility in terms of mechanical properties and design space. Fibers
and polymers can be selected according to the final part requirements, and in terms of manufacturing.
Since parts with complex shapes can be produced, the waste and the use of joints or fasteners is
significantly decreased. In addition to their excellent mechanical properties, composites offer good
resistance to fatigue, moderately high temperature and corrosion, and can even include additional
phases to obtain newer "cutting-edge" multifunctional materials with enhanced properties, i.e. self-
healing properties [1, 2]. As a result, the ascending demand for customized materials has boosted the
composite market in diverse industries such as automotive, aerospace or wind energy among others [3].

Nevertheless, the mechanical properties of composites strongly depend on the adhesion between fibers
and the polymer matrix, which is somehow linked to the chosen manufacturing process. Two main
routes are mainly employed to embed the stacked fiber sheets in a polymer, namely (i) consolidation of
pre-impregnated stacks or (ii) infiltration processing of stacked dry fabric. Liquid Composite Molding
techniques, which belong to the second category are widely employed as structural parts with complex
geometries can be achieved in a cost-efficient manner [4]. The principle of those processes is to inject
a liquid polymeric resin into a dry fibrous preform placed inside a closed mold by applying a pressure
gradient. Once the preform is filled, the resin is cured and the composite demolded. During the
infiltration step, the liquid has to travel through the whole pore space and it is sought that all the
pores end up filled. Hence, this step is crucial and needs to be well controlled to ensure that no defects
such as unfilled areas or voids remain before the resin final solidification by curing [5].

For the sake of producing final parts with outstanding properties at minimal cost and time, a large
body of research has been carried out to better understand physical phenomena taking place during
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the infiltration and therefore better predict and control the flow kinetics [6, 7]. However, even if flow
through porous media is a largely studied phenomenon as it occurs in many engineering branches,
a thorough understanding has never been reached so far, owing to the interplay of several physical
phenomena taking place at different scales thus triggering a very complex process. As presented in
Fig. 1.1, textiles employed in composites industry are formed by an assembly of tows containing
several thousands of fibers, forming a dual-scale architecture with micro-pores in between fibers and
meso-pores in between the tows. Furthermore, when multiple fabric layers are stacked, a complex
porous space results. Then, the resin properties (density, viscosity and surface tension) together with
the processing parameters such as the injection conditions (constant pressure or flow rate) will have a
direct impact on the interaction with the fibrous solid and thus the physics of impregnation.

Figure 1.1: Schematic of phenomena and parameters influencing the flow kinetics during the infiltration step.

2



Chapter 1. Introduction

Researchers sought to assess the role of processing parameters and the geometrical and physical prop-
erties of both fibers and polymers. For that, experimental methods based on optical observations of the
flow are usually coupled to mathematical models [7]. A special attention is made on visualizing the flow
front since researchers found that many phenomena take place there, such as strong capillary forces
resulting from the narrow interstices created within compacted tows, a dynamic wettability influenced
by the fluid speed and a void entrapment mechanism arising from an inhomogeneous filling which has
proved to be the most common flow induced-defect in this type of processing. However, a lack of pre-
cise time-resolved experimental tools, e.g. that can observe the flow through non-translucent preforms
and of accurate numerical models, e.g. that considers the phenomena from micro to macro-scales, has
limited the quantification of fluid kinetics and pore formation.

1.2 Objectives

The goal of this thesis is to deeply probe the dynamics of flow in porous media as applied to advanced
liquid composite molding manufacturing. Based on the infiltration characteristics presented in Fig.
1.1, the study focuses on the exploration of physical phenomena occurring during impregnation of
fibrous preforms by model resins. The approach is based on an experimental observation of flow
patterns, to analyse the correlation between the optimal flow conditions and the materials physical
and microstructural properties. The main research questions we aim to address are:

Which methodology can be applied to observe fluid flow patterns in LCM processing for a
given set of materials, in particular for non-translucent carbon textiles?

How to reliably extract the degree of saturation as a function of position and time from
the visualization experiments?

Which numerical model can be suitable to describe the progressive fluid filling in infiltration
experiments, taking into account the flow patterns?

How do physical properties such as the fluid wetting characteristics and the porous medium
architecture affect the fluid displacement in a fibrous medium?

To answer those questions, the main research activities are defined as followed:

1. Develop novel, fast and precise experimental methods to visualize the progressive filling of fibrous
reinforcements at the macroscale, in particular for non-translucent preforms such as carbon fiber
preforms.

2. Evaluate the contrast resolution to assess dual-scale flow patterns typically encountered in tex-
tiles.

3. From optical observations, build the saturation curves describing the preform progressive filling.

4. Model the displacement of resin inside the fibrous medium with a two-phase flow approach by
using the saturation curves as inputs.
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5. By employing the developed techniques, investigate the interplay of specific physical phenomena
on flow kinetics as well as pore formation.

1.3 Structure and approach

The diagram on Fig. 1.2 presents the structure of the current research study. The thesis is structured
in eight chapters as follows:

Chapter 2. State of the art reviews the research carried out on the analysis of resin flow behavior
trough fibrous preforms to describe infiltration in the frame of LCM.

The porous reinforcements, infiltrating model fluids and setups employed as well as the methodology
to visualize and model the progressive saturation are presented in Chapter 3. Materials and methods.

The Chapter 4. Visualization of dynamic flows with X-ray phase contrast imaging explores the po-
tential of X-ray based Talbot-Lau interferometry to visualize through-thickness the impregnation of
different fibrous preforms (which nature, architecture and thickness were varied) and a 3D printed
structure by conventional model fluids. Scattering images, specific to this technique provided an in-
creased fluid/fabric contrast when compared to conventional absorption, notably for carbon fabrics.

The next Chapter 5. Assessment of dual-scale flows for impregnation studies highlights the strengths
and weaknesses of X-ray phase contrast on observing dual-scale flows. X-ray phase contrast allows to
track the flow progression even with conventional resins, however, it lacks the adequate resolution to
depict capillary flows. This is why an alternative solution combining conventional X-ray radiography
and contrasting agents added to the model fluid was then adopted.

The following Chapter 6. Modelling of dynamic fluid saturation in carbon reinforcements focuses on
the modelling of unsaturated curves extracted from the grayscale analysis of the images acquired with
the visualization approach presented in the previous chapter. A two-phase flow approach is employed
and revealed to be in accordance with the widespread slug-flow assumption.

The Chapter 7. Effect of wettability and textile architecture on fluid displacement and pore formation
introduces the use of X-ray computed tomography to assess the pore geometry and final void content
for different fluid/fabric impregnated systems. Additionally, how wettability and pore space geome-
try influence flow kinetics and void entrapment mechanisms is discussed with particular emphasis on
capillary dominated flows.

Finally, the chapter Chapter 8. Conclusions and perspectives summarizes the findings and exposes
the project outlook.
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Figure 1.2: Thesis charter.
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Chapter 2

State of the art

Composites are a combination of two materials resulting in a new material with specific properties,
defined to fulfill a given application. They are either produced by nature such as wood or muscles, or by
human beings such as chocolate with hazelnuts or reinforced concrete among an infinity of examples.
In particular, fiber reinforced polymers combine thin fibers and polymers to produce lightweight
materials that can be easily shaped, and with outstanding mechanical properties. Liquid composite
molding (LCM) is one of the most employed techniques to manufacture these composite parts and
encompasses a family of processes whereby a liquid resin is infiltrated inside a dry fibrous preform
placed inside a closed shaped mold. In order to obtain final parts with desired final properties, a
controlled and optimized impregnation is essential. The resin progression can be described by the
simultaneous displacement of two fluids (liquid and air) inside a porous medium which is governed by
several physical phenomena taking place at different scales and thus triggering a very complex process
which has been the aim of intense research. This chapter reviews the state of the art on flow studies
approaches by:

• Introducing the different materials constituting fiber reinforced polymer composites (section 2.1),

• Explaining how those materials are manufactured (section 2.2),

• Describing the main physical phenomena taking place in infiltration processes (section 2.3),

• Presenting the common equations and models used to describe fluid flow inside a porous medium
(section 2.4),

• Highlighting succinctly the physics of voids arising from the impregnation step (section 2.5),

• Reviewing the different techniques employed by researchers to observe and characterize resin
flows (section 2.6).

• In section 2.7, the visualization technique employed in the frame of this thesis is presented.
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Part of this chapter has been published as:

Helena Teixidó*, Jeroen Staal*, Baris Caglar, Véronique Michaud. "Capillary Effects in Fiber Rein-
forced Polymer Composite Proceesing: A review". Frontiers in Materials, Volume 9, 2022 [8].
(*Same contribution)

2.1 Polymer matrix composites

Polymer matrix composites are versatile engineering materials made out of a combination of two
or more materials with unique synergetic properties such as light weight, high stiffness, freedom of
design and excellent environmental resistance among others. This is why composites are spread in
an increasingly number of industrial sectors and composite manufacturing has thus received much
attention to achieve cost effective and reliable processing methods to produce high quality final parts.

2.1.1 Fiber reinforced polymer composites

In fiber reinforced polymer composite materials (FRPC), fibers are the structural material responsible
for the primary load-bearing and the polymer matrix is used to hold the fibers together and transfer
the load through the interfaces. Fibers’ contribution to the final composite properties depends on
their nature and thus their intrinsic mechanical properties, their surface interaction with the resin,
their volume fraction in the final part and their arrangement and orientation. Commonly, glass and
carbon fibers are used as reinforcements. Carbon fibers offer the best properties in terms of mechanical
performance (modulus range from 200 to 500 GPa or more), including high stiffness in both tension
and compression and high resistance to creep and fatigue, but owing to their high cost, their usage
is limited to high-end products. Despite the lower mechanical properties of glass fibers compared to
carbon (e.g. higher density, lower fatigue resistance and stiffness around 70-80 GPa), they still present
good properties at a relatively low cost and are as a result the most employed fibrous material in
composite manufacturing for high-volume applications. Other fiber types can also be good candidates
depending on the product requirements. For instance, polymeric fibers such as aramid fibers, are
widely used in aerospace and ballistic applications due to their excellent physical and chemical prop-
erties, and natural fibers such as flax or hemp gain interest due to their lower environmental impact
as well as good damping properties [9].

The configuration and orientation of fibers are also key in composite design. Fibers are usually dis-
tributed in tows or yarns (composed of several thousands of fibers) which are later combined by textile
techniques to form porous sheets (fabrics). Depending on their architecture, fabrics can be two- or
three-dimensional. Two-dimensional fabrics are the most common and are usually classified in three
categories: aligned fibers (unidirectional or multidirectional), randomly arranged (mat) and textiles
made by weaving, braiding or knitting techniques as shown in Fig. 2.1. Unidirectional fabrics (UD)
are highly anisotropic; in the fiber direction, composites present high mechanical properties, close to
those of the individual fiber contribution depending on the level of crimp. Fabrics with multidirectional
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fibers such as non-crimp fabrics are made by stitching unidirectional fabric stacks (plies) in different
orientations, obtaining a more isotropic response. This enables to tailor the fabric architecture rein-
forcing selected directions and build a material that suits a particular loading case. Woven fabrics
are made by weaving two set of yarns (weft and warp) and many different woven architectures can be
designed (plain, twill and satin are the most common). Knitted fabrics are made by creating multiple
loops which are intermeshed leading to a complex topology with a spring-like behavior, giving an
excellent elasticity compared to woven fabrics, but a lower tensile modulus. Braided fabrics are made
by interlacing fibers, creating tubular or flat fabrics. Three-dimensional fabrics, as interlock fabrics,
are used in composites to increase properties in the through the thickness direction and improve the
delamination resistance [10].

Figure 2.1: Summary of common 2D fiber architectures found in composite processing.

The matrix nature also plays an important role since it provides to the composite, additional properties
such as thermal and chemical resistance, electric insulation, ductility and toughness. Thermoset and
thermoplastic polymers can be used, but since their chemo-rheology properties are very different, the
matrix choice determines the manufacturing process. Thermosets (e.g. epoxy, polyester and phenolic
resins) are the most widely employed due to their high stiffness and strength, good chemical resistance
and low cost. However, they are not easily recyclable and present low toughness and ductility. They
are formed in-situ by an irreversible curing reaction between a monomer and a curing agent (resin and
hardener) or between a monomer and a catalyst. Once polymerized, a thermoset polymer cannot be
re-melted or returned to its original state. Besides, if thermosets are heated above their characteristic
glass transition temperature, their properties will decrease significantly (to a rubbery state, and finally
to thermal decomposition). Before curing, thermosets in their initial monomer state are low viscosity
fluids (< 1 Pa · s) and can easily impregnate a preform. Contrariwise, thermoplastics (e.g. polyolefins,
polyamides and polystyrene) are macromolecules, and can be remelted and thermoformed by increasing
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the temperature above their glass transition and, if semi-crystalline polymers, melting temperatures.
Although thermoplastics have many advantages such as recyclability and impact resistance, they
generally present a high viscosity and need to be processed at high temperatures with a significant
amount of applied pressure.

2.1.2 Complex composite systems

Composites are attracting considerable interest due to their versatility and freedom in design that
allows tailoring the material according to the final product specific requirements. Nevertheless, the
infinite freedom of materials assembly adds complexity to the composite system and makes manufac-
turing more challenging.

For example, natural fibers (mainly cellulose-based) are nowadays gaining interest in the composite
field due to their renewable sourcing, easy biodegradability and low cost. In particular, flax fibers are
promising given their abundance and outstanding mechanical properties (e.g. stiffness similar to glass
fiber with better damping properties than carbon and glass fibers). Nevertheless, one of the main
drawbacks of natural fibers is their high hygroscopy that produces dimensional changes in the fiber
and in consequence, results in a weak fiber-matrix interaction [11, 12]. Some researchers tried to over-
come this problem and proposed many surface treatments to enhance the bonding interface [13–16].
In addition, compared to synthetic fibers, natural fibers present irregular and complex morphological
and surface properties. Fibers are built-up from elementary cells with a given length and an irregu-
lar cross-section, and are composed of a hierarchical sequence of wall layers of different composition
and thicknesses around an internal closed cavity called the lumen [17]. Depending on the extraction
conditions, fibers can be present in the fabric as elementary fibers with variable diameters (from 20 to
80 µm) or technical fibers (several elementary fibers bonded together with the middle lamella which
acts as matrix) with larger variable sizes in the order of some hundred micrometers [18]. The fiber
surface roughness together with the composition of lignin, cellulose and hemi-cellulose of the outer
layer define the wetting properties of the natural fiber.

Sometimes, two or more different type of fibers are employed in a single part for properties shaping
and cost lowering, those are mentioned as “hybrid composites”. Five types of hybridisation are distin-
guished depending on how fibers of different nature are arranged: intercalated layers (interply hybrid),
fibers mixed into the same fabric layer (intraply hybrid), fibers are randomly distributed (intermingled
hybrid), strategic placement of fiber type depending on the properties required in a specific location
(selected hybrids) and composites containing metal foils or composites (super hybrid) [19]. The use
of different types of fibers will influence the porous medium architecture and wetting properties.

Additional material phases can also be incorporated into composites with the aim of adding specific
properties beyond their primary structural properties, such as self-healing capability, magnetic prop-
erties or heat protection, those are called Multifunctional Composites (MFC) [20]. The nature of these
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additional phases mainly depends on the desired function but also on the composite manufacturing
process [21]. In LCM, functional phases are generally a polymer or a flexible material which is added
to the dry textile preform and thus should survive the impregnation step, without affecting the struc-
ture and properties of the final part. For example, some researchers sought to design self-repairing
composite materials, for the sake of increasing their lifespan by healing interlaminar damage since de-
lamination and crack growth easily occur in composites after being subjected to mechanical loading by
adding capsule-based systems, vascular systems with hollow fibers and intrinsic resins with reversible
covalent bonds [2].

2.2 Liquid composite molding techniques

The process route and conditions that matrix and reinforcement will go through to manufacture
the composite will directly impact its final properties and performance. In all composite processing
techniques, the resin is forced to flow within a potentially compressible porous media. However,
depending on the flow path length, techniques are classified as either consolidation or infiltration
processes. Liquid composite molding technologies belong to the second family. Compared to prepreg
technologies that will fit in the first category, in LCM the fluid needs to travel large distances (distance
is assumed to be greater than the length-scale of the reinforcement) to fully impregnate the preform.

2.2.1 Liquid composite processing

In LCM, a low viscous liquid resin is injected under a constant applied pressure or flow rate into
the reinforcement which is placed in a total or partly rigid mold. LCM represents a wide range of
techniques that can even include variants. Resin transfer molding (RTM) and vacuum infusion (VI)
(or vacuum assisted resin transfer molding (VARTM)) are the most frequent methods. RTM manu-
facturing steps are illustrated in Fig. 2.2. First, the fabric preform is placed carefully in the bottom
part of the mold with the desired orientation. For complex shapes, it is possible to first prepare a
preform and stack the different layers with a binder or a previous stitching operation. Once the fabric
is fitted, the mold is closed and clamped. Then, the resin is pushed into the mold cavity through one
or more inlets by an injection unit. When the resin starts exiting the mold through the vent ports,
injection is stopped and ports are closed. At this point, the resin cures (mold can be heated to acceler-
ate this process), the final composite part can be demolded and some final operations can be performed.

In RTM, impregnation takes place into a closed and rigid mold which enables a good control of the
final part thickness whereas in VARTM, the top is flexible (vacuum-proof bag often including a high
permeability layer to ensure a faster, through thickness impregnation of the preform) and the vacuum
is responsible to drive the resin flow along the preform and also to compact the preform. Thermoset
resins are commonly used in those processes due to their low viscosity, resulting in reasonably fast
impregnation under relatively low pressure differentials (around 1 bar). Although these processing
methods are not commonly used for thermoplastics, some techniques have been developed, albeit still
under research [22], one example is reactive TP-RTM [23, 24]. LCM processes are thus very versatile
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Figure 2.2: Schematic representation of the steps of a typical RTM process.

and by adjusting some processing parameters such as the injection pressure, the temperature and the
fabric compaction, it is possible to manufacture final parts with higher efficiency and flexibility at a
relatively low cost, resulting in an attractive process for complex structures in serial production [25].

2.2.2 Defects in LCM

The wider usage of LCM in structural applications can be limited by process induced defects. Several
defects types arise in LCM and they can be classified either by their location: fiber (e.g. waviness,
misalignment, broken fibers), interface (e.g. fiber/matrix weak adhesion, delamination) and matrix
defects (e.g. inadequate curing and voids) [26] or by the processing step in which they appear: pre-
form defects, flow induced defects and cure induced defects [27]. In particular, void type defects, i.e.
entrapped voids or unfilled areas, have proved to be of great importance since they detrimentally affect
the final part mechanical properties such as interlaminar shear, flexural and compressive strength [28].
For instance, a void fraction lower than 1-2 % is generally required for high performance composites.

In the frame of LCM processes, air entrapment stemming from the preform filling step turns out to be
the main mechanism of void creation. Owing to the highly anisotropic pore network of textiles, the
medium permeability is heterogeneous causing local variations in the resin speed. Voids are generally
formed at three different scales: macro (dry spots usually coming from a distorted flow of an improper
injection, observable with the naked eye), meso and micro (arising from the dual-scale architecture
of fabrics, their formation and evolution is controlled by more complex physical phenomena). In
order to characterize voids and figure out where they come from, their content, shape, size, location
and distribution should be analyzed. In particular, the material properties (e.g. wettability of fibers
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by resins or rheological properties) and impregnation conditions (temperature, pressure) are closely
linked to void content and distribution whereas the geometry of the porous media will rather define
the void shape, size and location. Hence, a thorough understanding of the correspondence between
flow kinetics and void generation physics is crucial to produce composite parts without flaws [26].

2.3 Flow through porous media

Modelling of flow kinetics has driven a large body of applied research with the aim of predicting
manufacturing strategies to produce optimal quality parts at minimal cost and cycle time. However,
infiltration of fibrous preforms is complex because it is governed by a combination of several physical
phenomena taking place at various scales, which are in addition influenced by the processing param-
eters (e.g. fluid speed, temperature, mold design), the geometrical properties of the fabric (e.g. pore
size distribution), the physical properties of the resin (e.g. viscosity, surface tension) and the fiber-resin
wettability. Although it is well known that flow phenomena are scale-dependent, to date no rigorous
connections between flow descriptions at different scales have been achieved. In composites, the fi-
brous porous medium is usually defined at two scales: microscopic, where fluid flow is described by
Navier-Stokes equation on a small volume element between individual fibers, and macroscopic where
fluid flow is considered in an averaged volume with volume elements containing tows and inter-tow
spaces, and where usually Darcy’s law is used. The considered scale is thus crucial for flow studies
and in the frame of this work, flow will be regarded as a macroscopic phenomenon, close to the real
processing scale.

2.3.1 Fluid flow modelling

To model flow kinetics, a representative elementary volume (REV) with the different phases present:
air, fibers and liquid with respective volume fractions Va, Vf , Vl, such that Va +Vf +Vl = 1, is generally
defined. In composites, the fiber volume fraction Vf can be easily calculated as:

Vf = nAw

ρfh
(2.1)

where n is the number of layers, Aw the areal mass of the fabric, ρf the fiber material density and h

the height of fabric. The pore space of the porous media ϕ is equal to 1−Vf [7]. Then, resin infiltration
is generally modelled with a continuum mechanics approach [6] and it is commonly assumed that the
resin is an incompressible Newtonian fluid and that infiltration takes place without heat exchange (this
assumption can be relaxed by adding an equation for thermal transport). Then, mass conservation
equations for the fluid phase and the solid (fibers) are written as follows:

∂Vf

∂t
+ ∇ · (Vf u⃗f ) = 0 (2.2)
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∂Vl

∂t
+ ∇ · (Vlu⃗l) = 0 (2.3)

where u⃗f and u⃗l are the average local velocities of the solid and liquid respectively and t the time. The
saturation S of the fluid phase in the porous media is the ratio between the injected liquid volume
and the total pore of the porous medium:

S = Vl

1 − Vf
(2.4)

S varies between 0 and 1, 0 corresponding to a preform not yet impregnated and 1 to a preform fully
saturated with liquid. Finally, Darcy’s law is applied to write the momentum equation [29]:

(1 − Vf )S(u⃗l − u⃗f ) = −K

η
∇P (2.5)

where K is the permeability tensor of the porous medium in the REV (the symbol K can cover several
descriptions of the permeability), η the liquid viscosity and ∇P the pressure gradient that drives the
flow. The fabric preform is often assumed to be an incompressible porous medium with interconnected
porosity and u⃗s = 0 (even though some researchers have worked on the effect of compressibility of
preforms on flow dynamics [30]). The superficial (also called infiltration or Darcy) velocity U is defined
as the product of the flow front velocity times the total pore volume and was also initially defined by
Darcy as the ratio of the volumetric flow rate Qout coming out of a porous medium, over the porous
medium cross section A:

U = ϕul = Qout

A
(2.6)

Darcy’s law as written above relates the instantaneous flow rate through a homogeneous porous
medium, the dynamic viscosity and the pressure drop over a given distance, this is why equation (2.5)
is commonly applied for flow progress and mold filling time measurements.

Permeability of a porous medium is an intrinsic property of the medium, assimilated to a hydraulic
conductivity, and defines how easily a fluid can be conducted into it under an applied pressure gradient.
Fibrous structures present an anisotropic permeability which is described by a second order tensor. By
definition, the saturated permeability (when the preform is fully saturated) Ksat, depends only on the
geometrical characteristics of the preform and does not vary with the nature of the infiltrating fluid.
The most common technique to determine permeability is experimentally and it is possible to measure
flow kinetics through radial-, rectilinear- or through-thickness impregnation but since impregnation
occurs predominantly along the fabric plane, in-plane (radial and rectilinear) flow experiments are
often carried out. For unidirectional measurements, its value can be easily obtained from integration
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of Darcy’s law:

Ksat = −QoutηLf

A∆Papp
(2.7)

where Lf the fabric’s length (in the flow direction) and ∆Papp the fluid pressure difference between
the outlet and the inlet [31]. In literature, permeability measurements are a source of debate due
to existing discrepancies arising from a large list of factors: inhomogeneity of the material, different
experimental setups or measurement techniques, an inadequate fabric cutting or placement, among
others. There is an urgent need to develop a reliable and reproducible method and this is why, for
almost thirty years, efforts are being made in order to standardize permeability measurement meth-
ods [32–39]. Alternatively, computation-based simulations are increasingly proposed for permeability
prediction to bypass long and arduous experimental tasks [40, 41].

Besides its void fraction and permeability, a dry porous medium is defined by its specific surface Sf

and the size and the shape of the different pores existing which will also influence the fluid dynamics
[31]. Considering fibers being perfect cylinders arranged in a square array configuration, Sf can easily
be calculated as:

Sf = 2
rf

(
Vf

1 − Vf

)
(2.8)

with rf the fiber radius. However, fibers can present some roughness leading to an increased sur-
face area differing from the geometrical one. It is quite difficult to measure the specific surface of a
reinforcement, it can be done by using either the BET technique [42] or by modelling the geomet-
ric architecture, even though pore size and distribution are also two parameters hard to measure.
Nowadays, X-ray tomography is gaining interest to define and characterize 3D fibrous pore structures
[43–45].

2.3.2 Capillary effects

Owing to the micron-sized pore space in fiber preforms, capillary effects manifest themselves signifi-
cantly in composite processing. Those are generated in the compacted tows and are exacerbated by
the degree of fiber compaction [46]. In particular, many researchers observed that the permeability
within the fiber tows is lower by several orders of magnitude as compared to the bulk preform perme-
ability. Consequently, a high pressure gradient is generated inside the tows (when compared to the
inter-tow region) to counteract this lower permeability [47–49].

Capillary action is defined as the phenomenon whereby a fluid phase is displaced by another immiscible
fluid phase on a solid surface (for example a fiber) under no external forces. This effect arises from
the competition between intermolecular forces between phases, and the difference in surface energies
between the various phases in presence. Considering a system surrounded by air, the force balance
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between the interfacial energies in static conditions is described by Young’s equation as:

γsa = γfl + γla cos θe (2.9)

where cos θe is the static contact angle and γsa, γfl, γla are the surface tension for fiber-air, fiber-liquid
and liquid-air interfaces, respectively. The wettability, defined as the affinity of a fluid to a solid surface
in the presence of another fluid and quantitatively described by cos θe, is governed by the competition
between adhesion and cohesion forces in the liquid phase as shown in Fig. 2.3. If θe < 90◦, adhesive
forces are dominant and the fluid is wetting (w). Inversely, if θe > 90◦, cohesive forces are stronger
and the fluid is non-wetting (nw).

Figure 2.3: Force balance and liquid drop shapes in wetting and non-wetting conditions.

The capillary pressure pc at the microscopic level is then defined as the difference between the air
and fluid interfaces arising from the surface and interfacial tensions. An example of wetting and
non-wetting fluids in a capillary tube of radius r with the pressure balance and the capillary rise hc

is shown in Fig. 2.4. The capillary pressure drop pc can be written as the difference between the
non-wetting and wetting phases pressures, pnw and pw:

pc = pnw − pw (2.10)

In the particular case of the cylindrical tube with a radius r, pc is equal to:

pc = −2γla cos θe

r
(2.11)

pc is negative in the wetting case (capillary suction), and positive in the non-wetting case (capillary
depression). When the fluid is wetting (concave meniscus), it pulls itself towards the solid surface
and thus the displacement is governed by capillary forces (in the absence of viscous forces). In the
non-wetting case (convex meniscus), an extra force should be applied in order to initiate the fluid
movement [50].
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Figure 2.4: Schematic of wetting and non-wetting fluids in a capillary tube surrounded by air (air pressure is
assumed to be 0).

In LCM, since the flow is mainly driven by an externally applied pressure due to the high viscosity
of resin when compared to water, the magnitude of capillary effects is rather low when compared to
hydrodynamic effects [51]. Therefore, capillary effects have henceforth largely remained overlooked
but are now rapidly gaining interest as researchers observed that they play a significant role at the fluid
flow front. Neglecting them may lead to errors in measurements and misunderstanding of infiltration
processing. However, capillary effects and wettability are pore scale phenomena and the upscaling of
microscopic to macroscopic flow behavior is still the topic of intense debate.

2.3.3 Dual-scale flow

The flowing patterns resulting from the displacement of air by a fluid within a porous medium are
shown in the diagram in Fig. 2.5 and are described by the invading to displaced fluid viscosity ratio
Mη and the dimensionless capillary number Ca which is the ratio between the viscous and capillary
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forces:

Mη = η

ηair
(2.12)

Ca = Uη

γla
(2.13)

Some authors proposed a modified capillary number Ca∗ including the apparent static contact angle
and they defined Rl as the fluid penetrativity [52]:

Ca∗ = Uη

γla cos θe
= Uη

Rl
(2.14)

Figure 2.5: Phase diagram of fluid patterns as a function of the viscosity ratio and the capillary number. The
blue ellipse indicates the location of typical LCM processes. Figure adapted from [7].

Textiles used in composite processing present a complex pore architecture, usually assumed to be
bimodal with meso-pores in between the bundles (inter-tow spaces) and micro-pores in between the
fibers inside the bundles (intra-tow spaces), thus triggering a fluid/fabric interaction at different scales,
found to be linked to an air entrapment mechanism [28, 53]. The different flow patterns arising from
the non-uniform fluid progression and the quantity of voids are determined by the extent of viscous
and capillary flows.

In particular, at high impregnation speeds (high Ca), fluid is driven by viscous forces and preferentially
fills meso-spaces in between the tows, hence micro-voids remain trapped inside the tows (Fig. 2.6).
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In this case, the pressure gradient between the inlet and the outlet is the promoter of the injection
at a macroscopic level and is the only force considered by Darcy’s law to describe fluid movement.
Conversely, at low impregnation speeds (low Ca), fluid is driven by capillary wicking and preferentially
fills micro-spaces inside the tows, meso-voids in this case remain trapped in between the tows.

Figure 2.6: Influence of the capillary number on the void formation and final part properties based on fluids
paths under capillary- and viscous-dominated flow regimes.

A constant competition between viscous and capillary forces take place at the flow front and researchers
agree with the existence of an optimal capillary number Caopt, for which capillary and viscous effects
compensate each other and the amount of the voids is minimal (flow velocities are comparable in
inter- and intra-bundles regions) [54–56]. It was found experimentally [55] and numerically [57] that
the void content in function of the capillary number or impregnation velocity creates a “V-shaped”
curve which varies nearly logarithmically. Since Caopt is influenced by the textile architecture and the
fluid properties, it is specific for a given resin/reinforcement system. To date, its value is measured
experimentally and no one has been able to predict it quantitatively or clearly explain the fundamental
physics behind this parameter.
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2.4 Modelling of unsaturated flows

A thorough study of flow front is sought since many phenomena are taking place there directly affecting
the filling quality. For the sake of facilitating numerical models, it is often preferred to describe the
flow at the processing scale and microscopic effects are regrouped and regarded as a macroscopic
phenomenon. Several approaches have been proposed towards the development of reliable numerical
models to describe fluid displacements at a realistic scale.

2.4.1 Slug-flow assumption

For simplicity, it is often considered that the liquid progresses with a fully saturated front and homo-
geneously fills the preform, resulting in a step function of the saturation as shown in Fig. 2.7. This is
known as the slug-flow assumption and solution of the equations turn out to be quite straightforward
since capillary effects are lumped in the saturated fluid flow equations as a pressure difference created
at the flow front, called the capillary pressure drop ∆Pγ and written as [6, 42, 44]:

∆Pγ = −Sfγla cos(θ) (2.15)

Figure 2.7: Saturation and pressure profiles for slug-flow and unsaturated flow descriptions: (a) optical image
a flow front progression in a glass preform, (b) saturation and (c) pressure versus position curves.

By influencing the pressure profile, ∆Pγ has an impact on the infiltration kinetics. Indeed, if ∆Pγ is
negative, the fluid has a wetting behavior and a spontaneous infiltration occurs enhanced by capillary
suction. Inversely, if ∆Pγ is positive, the resin has a non-wetting behavior and a pressure must be
applied for infiltration to take place. Nonetheless, when the fluid moves with a certain velocity ul, the
thermodynamic equilibrium is not respected anymore. The wettability becomes a dynamic property
of the resin-fabric system which can be either wetting or non-wetting depending on the fluid speed
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[42, 58–61]. The deviation between the dynamic contact angle θ from the static contact angle θe can
be defined by Tanner’s law [62]:

θ3 − θ3
e ≈ cTCa (2.16)

where cT is the Tanner coefficient, that has to be experimentally measured. Consequently, ∆Pγ

strongly depends on the capillary number and equation 2.15 can be rewritten as [42]:

∆Pγ = −Sfγla cos
(

3
√
cTCa+ θ3

e

)
(2.17)

At the fiber scale, the dynamic contact angle and resulting capillary pressure can be measured by a
tensiometric method coupled to Wilhelmy’s equation [63–67]. The setup consists of extracting the
force needed to pull or push (advancing and receding) a fiber or a tow partially submerged in a liq-
uid. As a similar approach, wicking experiments have been also performed on single tows [68–71],
and single fabric layers [63, 72–74], the capillary pressure and advancing dynamic contact angles can
be determined by means of Lucas-Washburn’s equation [75]. Since this method assumes a constant
porous geometry and does not consider attraction forces between fibers, arising from elasto-capillary
effects leading to a densification phenomenon, some modifications have been proposed [63, 71, 74, 76].
Based on the Lucas-Washburn’s equation, Lebel et al. [54] proposed a simplified method to obtain
the optimal flow speed for a given resin/fabric system, used thereafter in Refs. [52, 77–79].

At the fibrous stack scale, the capillary pressure drop can be quantified within an experiment in
which the fluid is injected into the preform either at constant pressure or constant flow rate. In
unidirectional cases it is possible to track the fluid movement using Darcy’s law and the Dupuit-
Forchheimer approximation according to:

dL

dt
= − K

η(1 − Vf )
dP

dz
(2.18)

where L(t) is the position of the flow after a time t and ∆P is the fluid pressure difference at a certain
position z. The total fluid pressure difference ∆P is defined as the pressure difference ∆Papp between
the inlet (i) and the outlet (f) (∆Papp has thus a negative value) considering the capillary forces:

∆P = Pf − Pi = ∆Papp + ∆Pγ (2.19)

Pf is assumed to be the pressure of the air typically the atmospheric pressure. Thereupon, if the fluid
is injected under constant pressure, (dP/dz) from equation 2.18 is constant and is equal to ∆P/L(t).
Thus, L2(t) versus t is linear and the slope is equal to L2(t)/t = ψ2 which can be written as:

ψ2 = −2Kuns(∆Papp + ∆Pγ)
η(1 − Vf ) (2.20)

where Kuns is the unsaturated permeability. Based on equation 2.20, ψ2 is a kinetic parameter that
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can be plotted against the applied pressure difference ∆Papp. After several measurements at different
inlet pressures, the obtained curve should be linear and the capillary pressure drop ∆Pγ value corre-
sponds to the x-intercept of the plot ψ2 as a function of ∆Papp (Fig. 2.8a).

(a) (b)

Figure 2.8: Determination of the capillary pressure drop ∆Pγ in (a) constant pressure and (b) constant flow
rate experiments. Reproduced with permission from [42].

When the resin is applied under constant flow rate, dL/dt from equation 2.18 remains constant and is
equal to Lf/t. The flow front position moves forward linearly with time and can be written as follows:

L(t) = Q

A(1 − Vf ) t (2.21)

And thus,

∆Papp = − Q2η

A2Kuns(1 − Vf ) t− ∆Pγ (2.22)

In this case, ∆Pγ can be obtained in a single measurement, inversely to constant pressure experiments.
As shown in Fig. 2.8b, the pressure versus time curve presents a nonlinear profile at the beginning of
the impregnation corresponding to a transient phase (point 1). Later, the resin progressively saturates
the preform, the flow reaches a steady-state regime and the curve becomes linear (point 2). A linear
regression can be performed and ∆Pγ corresponds to the value obtained at time zero.

Verrey et al. [42] proved that it is more suitable to measure ∆Pγ in a constant flow experiment rather
than constant pressure experiment, since the velocity changes significantly during the impregnation
resulting in a range of capillary numbers. In addition, they concluded that it is possible to measure the
dynamic contact angle realizing different experiments at constant flow rate injections as the capillary
number remains constant all along the test (Fig. 2.9).
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Figure 2.9: Dynamic contact angle as a function of the capillary number for a carbon-epoxy system. Repro-
duced with permission from [42].

Theoretically, unsaturated and saturated permeability should be equal as they depend only on the
preform structure. However, significant differences between these two values have been reported in
literature [80–85]. Intuitively, those differences stem from capillary effects taking place at the flow
front which do not affect the saturated permeability measurement. Indeed, capillary effects can alter
the fluid velocity leading to erroneous unsaturated permeability measurements if they are not taken
into account (Eq. 2.20 and 2.22). Bréard et al. [82] introduced for the first time the unsaturated to
saturated permeability ratio Rs which can be linked to the capillary pressure as:

Rs = Kuns

Ksat
= 1 + ∆Pγ

∆Papp
(2.23)

As already introduced in equations 2.16 and 2.17, ∆Pγ depends on the capillary number and the
dynamic wettability of the system. Hence, Kunsat relies on the fluid-fabric wettability and does not
exclusively depend on the porous medium architecture. If infiltration is carried out under conditions
close to the optimal capillary number, capillary effects are negligible and Rs will be close or equal to
1. On the contrary, if ∆Pγ is not negligible, the two permeability values will differ. In particular, if
∆Pγ is negative, the system is wetting and Rs > 1 (Kuns > Ksat) (∆Papp is negative, cf. Eq. 2.19)
and if ∆Pγ is positive, the system is non-wetting and Rs < 1 (Kuns < Ksat).

The ratio Rs was found to be generally below 1, considering that the fluid acts with a non-wetting
behavior [82] even though values above 1 have been also been observed [81]. Salvatori et al. [44] showed
for a classic woven fabric, that Rs is greater than 1 at low capillary numbers, below 1 for high capillary
numbers and around 1 close to the optimal conditions. For a fabric with large meso-channels, Rs was
found to be close to 1 for a wide range of capillary numbers since inter-tow flow dominates the overall
flow kinetics. Caglar et al. [86], studied the effect of corona treatment on glass fibers and found a Rs

value higher for treated fabrics indicating an increasingly wetting dynamic behavior. Recently, Staal
et al. [87] investigated the effect of grafted aligned carbon nanotubes (CNT) on alumina fiber woven
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fabrics and found Rs values to be higher than 1 arising from a strong capillary wicking happening in
forest areas created by CNTs.

2.4.2 Unsaturated flow

Notwithstanding the extensive use of the slug-flow assumption, many authors found significant devi-
ations from this fully saturated state together with a nonlinear pressure profile along the infiltrated
preform [32, 88–94]. As shown in Fig. 2.7, three regions can be identified during an impregnation: the
dry preform, a transition zone where the saturation is less than one, and a fully saturated area. To
tackle unsaturated flow phenomena two main strategies are commonly adopted. The first one is more
specific to the polymer composite processing field and considers the preform as a dual-scale body with
flows in intra- and inter-tow regions. The second approach is inspired from soil science and relies on
traditional multiphase flow equations for porous media.

Dual-phase approach

This method separates intra- and inter-tow impregnations introducing a sink term into fully saturated
methods [28, 30, 82, 95–103]. It assumes that viscous forces dominate the infiltration and the system
is thus non-wetting. During infiltration, the flow preferentially fills the macro spaces and fluid flow
in bundles is delayed, thus altering the local pressure. The delayed secondary flux fills gradually the
pores inside the bundles as shown in Fig. 2.10. Generally, the length of the delayed zone with unsat-
urated tows is assumed to be constant. Then, the pressure drop creates an apparent change in the
permeability and this delayed effect is considered by adding a sink term into the flow equations which
represents the liquid volume rate into the fiber tow over time (which also corresponds to the rate of
degree of saturation).

Figure 2.10: Schematic of the dual-phase approach with delayed impregnation of the tows.

In this approach, tow and overall fabric permeability are usually measured in saturated mode, however,
for more accuracy, some researchers proposed to model the permeability in terms of degree of saturation
or void content (K(S)) [100, 101]. The mass conservation equation, is thus written integrating a sink
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term, as [28]:

∇
(
K(S)
η

∇P
)

= ϕ
∂S

∂t
(2.24)

with ∂S/∂t the saturation rate representing the delay in tow saturation. Consequently, the delayed
saturation results in a non-linear pressure profile P (z), which proved to be convex and/or concave,
depending on how capillary effects manifest themselves during flow kinetics [28].

Multiphase flow approach

Although this approach is commonly used in other branches of engineering such as petroleum engi-
neering, agriculture, biological engineering or hydrology among others, researchers applied it seldom
to model polymeric resin infiltration processes [82, 104–108]. Several references can be found for metal
matrix impregnation which can serve as a basis for polymer-based composites [6, 51, 94, 109–111].
This approach relies on the displacement of two different immiscible fluids inside a porous medium in
which permeability and pressure are dependent on the infiltrating fluid saturation.

In the case of polymer infiltration, the resin invades the porous medium (fabric), displacing and ex-
pelling the fluid which saturates the porous medium (air). As already discussed, depending on the
fiber/matrix system and the impregnation conditions (mainly fluid velocity), resin and air can be ei-
ther wetting and non-wetting, or inversely. Considering the common high processing speeds, the resin
is generally considered to be non-wetting phase. Thus, since in static conditions, resins wet fibers,
a capillary driven flow can be assimilated to an imbibition process and inversely a viscous driven
flow to drainage process. Based on that, the fluid progression in drainage and imbibition systems is
schematically presented in Fig. 2.11.

Two-phase flow problems are commonly solved by finite element method given their appealing ad-
vantages in terms of numerical robustness. The system of equations consists of: partial differential
equations (PDE) describing the transport of the phases in the model and some auxiliary equations
describing for example hydraulic properties and coupling the wetting (w) and non-wetting (nw) phases
[112, 113]. Mass balance and momentum equations are linked through the saturation as:

Sw + Snw = 1 (2.25)

In multiphase studies, the capillary pressure is considered at the macroscopic level. If the porous
medium is assimilated to a random assembly of tubes of various radii, the macroscopic capillary
pressure will thus depend on an average of several radii of menisci. Each of these tubes will drain the
fluid differently and a strong relationship is created between the saturation and the capillary pressure.
Analogously to what was presented before, the macroscopic capillary pressure Pc is defined as the
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pressure difference between the two phases as:

Pc(Sα) = Pnw − Pw (2.26)

with α refering either to w of nw and Pnw and Pw the averaged pressures respectively of the wetting
and non-wetting phases within the REV. There are five formulations to tackle two-phase fluid flow,
and their differences mainly come from the variables that are solved. The two main formulations are:
the two-pressure (or partial pressure, solved for Pnw and Pw) and the fractional flow (solved for (Ps,
Sw) or (Ps, Snw) with Ps = Pnw + Pw) formulations.

Figure 2.11: Schematic of drainage and imbibition in fibrous preforms.

The two-pressure formulation uses mass balance equations and the single-phase Darcy’s law to de-
scribe the velocity of the two fluids through the same porous material. This approach has separate
equations for wetting and non-wetting phases and uses the fluid capacity C. If the air pressure is
assumed to be relatively low, the mass balance equation for the resin can be solved independently and
is reduced to Richard’s equation [114] as used by Nordlund et al. [105]. The fractional flow method
treats the multi-phase flow as a total mixed fluid and the individual phases are described as fractions
of the total flow. This approach considers the saturation of one of the two phases and a global pressure
as independent variables [115]. Two equations stem from this approach: the global pressure equation
and the saturation equation using a diffusive coefficient due to capillary effects [106, 107].
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To solve multiphase flow equations, the definition of some constitutive relationships for pressure and
permeability versus saturation are also required, known as hydraulic functions. The permeability is
divided in two terms krKsat, kr being the relative permeability, a dimensionless value between 0 and
1 and function of S. The relative permeability is defined for both phases as kr,nw and kr,w, and
describes how fluid and air phases flows in respect to each other into the porous media. The satu-
ration as a function of pressure curve S(Pc) is known as the imbibition-drainage curve [116]. Many
mathematical descriptions for kr and S(Pc) have been proposed, but the most employed ones are the
ones developed by Brooks and Corey [117] and the ones from van Genuchten and Mualem [118–120]
which exhibit a power law dependence. Their equations are presented in Table 2.1, where λ, β, L,
M and N are fitting parameters and Hb and Hp the bubbling and capillary pressure heads respectively.

Table 2.1: Hydraulic functions descriptions.

Hydraulic function Brooks and Corey Van Genuchten-Mualem

Conductivity kr(S) kr,w = (Sw)
2+3

λ kr,w = (Sw)L

(
1 −

(
1 − S

1
M

w

)M
)2

kr,nw = S2
nw

(
1 − (1 − Snw)

2+λ
λ

)
kr,nw = SL

nw

(
1 − (1 − Snw) 1

M

)2M

Retention S(Pc) Sw = (Hb/Hp)λ Sw =
(
1 + |βHp|N

)−M

Snw = 1 − (Hb/Hp)λ Snw = 1 −
(
1 + |βHp|N

)−M

For example, Nordlund et al. [105] used the Van Genuchten-Mualem semi-empirical expressions to
model the impregnation of a glass preform by a resin in non-wetting conditions and Gascón et al.
[106, 107], the Brooks and Corey formulation with λ = 2 to model the saturation in a glass fiber
reinforcement to predict void formation and transport mechanisms.

It should be noted that those models are generally employed for rather homogeneous porous media,
which do not exhibit a dual scale porosity distribution. Nevertheless, since natural porous media
(for which these models are highly employed), may also exhibit a variety of heterogeneities such as
cracks, fractures or an assembly of porous aggregates, researchers proposed to adapt these models to
dual-scale architectures. Gerke and van Genuchten [121] proposed to superpose two saturation curves:
one for the highly permeable fractured system and one for the less permeable matrix or aggregate
system. The resulting hydraulic functions, thus show an inflexion point typical of dual scale media.
This approach, however, requires the identification of a large number of fitting parameters, which
make the identification very challenging. In the present work, the single scale multiphase approach
presented in Fig. 2.11 is adopted to model unsaturated flow since the fabric employed is sufficiently
uniform that we did not see any strong separation of scales in the saturation profiles. Nevertheless,
the dual-scale description developed in the frame of soil science is encouraging to further investigate
the application of multiphase models to describe LCM processes, in particular with highly permeable
fabrics [44].
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2.4.3 Additional challenges in flow kinetics

So far, attempts to model the simple case of a resin flowing through a porous medium have been
presented. In section 2.1.2, the existence of more complex composite systems has been highlighted,
which further increase the challenge of describing and understanding infiltration phenomena. In this
small section, some of the strategies formulated by researchers to model more complex systems are
summarized.

Natural fiber reinforced composites still present a large amount of porosity and processing defects
mainly due to an incomplete understanding of the role of initial humidity level in fibers, surface
characteristics and their complex geometry. Moreover the impregnation kinetics is altered by fiber
intrinsic absorption and swelling mechanisms. During impregnation, fibers first absorb the resin, re-
moving liquid from the main stream, acting as a sink component and decreasing the velocity at the
flow front. Then, fibers swell, inducing a change on fiber diameter and as a result on the overall
microstructure. These coupled effects have a large impact on permeability measurements, and thus on
Rs. In particular, absorption influences Ksat and swelling the Kuns [11]. Several authors proposed to
model these effects during infiltration by introducing modifications to the conventional fluid models,
by adapting the permeability as a function of time and fiber radius, for example [17, 122–127]. As a
remark, fibers are highly sensitive to polar fluids, highly affecting permeability measurements when
water-based model fluid are employed [124].

In systems including additional phases, the new material is either placed in between the fabric layers
or mixed to the resin and infiltrated depending on its size and shape. In the first case, it modifies
and adds complexity to the porous media architecture and should overcome the impregnation step
[45, 128]. It has been observed that third phases generally decrease unsaturated permeability by ex-
acerbating capillary effects. In the second case, particles should be homogeneously mixed to the resin
and uniformly distributed in the final composite [129–137]. However, the introduction of particles can
lead to undesired filtration effects even with nano-scale particles flowing through a preform of 40%
volume fraction [138].

In order to ensure a strong interface region between fiber and polymers, commercial fibers are coated
with sizings [139]. Sizings are generally made to functionalize fibers and increase their compatibility
with specific monomer types. As a result, they alter the surface chemistry of the fiber, thus affecting its
wettability and thereby capillary effects. Commercial sizings’ wettability is reported to vary strongly
due to differences in the sizing composition but the confidential nature of commercial sizing composi-
tions has impeded further investigations into the role of sizing compositions on the (intra-yarn) flow
behavior. Besides, some surface treatments (such as physical or chemical) can be applied onto sized
fibers, to further improve and control resin-fiber interactions [140].
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2.5 Physics of voids

In section 2.3.3, micro and meso-voids formation by air entrapment arising from the strong dual poros-
ity of textile architectures has been tackled. Nevertheless, a discrepancy between the void content
stemming from a non-uniform impregnation and the final one is often observed. As a matter of fact,
trapped voids can still change their shape and size and move with the flow throughout the impreg-
nation before consolidation [28, 56], as depicted in Fig. 2.12. Just after formation, voids rearrange
themselves to reach a lower surface tension and can be subsequently deform depending on surround-
ing forces and pore geometry. For example, Kang and Kurt [141] showed that the void deformation
increases with its size but when the void diameter is too large, the force balance is lost and the void
breaks up. Then, voids can also shrink by compression due to a surrounding pressure change or by
dissolution into the resin and grow because of the diffusion taking place at the void-resin interface [142].

Figure 2.12: Stages of void life during resin infiltration in LCM. Figure adapted from Refs. [26, 56].

The void mobility is governed by a force balance between the drag force stemming from the pressure
drop across the void and the interfacial adhesion due to surface tension as well as the advancing and
receding contact angles [143]. In general, adhesion forces are smaller than hydrodynamic pressure
resulting in the free movement of voids with the flow. However, this becomes more complex when
voids are constricted into channels and particularly when they face geometrical constrictions [143, 144].
Gardescu [145] applied the Young Laplace equation to calculate the pressure required for a bubble
to pass through a circular tube. He showed that when an horizontal fluid drag force is applied to
the void, the adhesion force is lowered due to a change of the receding contact angle stemming from
a void local deformation enhancing the fluid displacement. The equation he proposed can also be
extrapolated to describe the force balance arising when a void faces a channel size reduction, in which
the gap radius plays a crucial role [79, 146].

As a result, two main parameters are crucial to characterize void mobility: the main radii (channel
and/or void), highly dependent on the fabric architecture and the pressure gradient between the
void ends, strictly connected to the resin velocity and thus the capillary number Ca. Researchers
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[92, 141, 147–149] defined a critical capillary number Camob, defined from the competition between
dynamic capillary forces and viscous shear forces, above which voids start to become mobile for a
given system and can be expressed as [52]:

Camob = 4Ksatkr

lvoid cos Ω

(cos θr

De
− cos θa

D

)
(2.27)

where lvoid, De, D are respectively, the void length, pore throat (corresponding to the smallest pore)
diameter and the averaged pore diameter. The angle Ω corresponds to the angle between the void
length direction and the average flow direction and θr and θa are the dynamic receding and advancing
contact angles between the fluid and the fibers.

Researchers found that it is more difficult to remove micro-voids inside the tows while meso-voids can
easily be evacuated with the resin. For example, Rohatgi et al. [150] state that in the smaller gaps in
between the fibers as compared to meso-gaps in between the tows, the drag force is not high enough,
preventing micro-voids to move. Lundström et al. [144] claimed that micro-voids could be removed
by compression and diffusion, subsequently, migrating to inter-tow areas and become inter-tow voids
when merging with other micro-voids albeit this step is not so easy to carry out in some LCM processes.

In the present work, void formation and migration mechanisms stemming from the fluid displacement
into a fibrous preform as well as the resulting void location and morphology as a function of the
wettability and the porous medium architecture will be addressed.

2.6 Impregnation assessment

To accurately assess flow and void phenomena, the impregnation is usually studied by coupling post-
mortem or in-situ observations of the flow to the mathematical models previously presented. Never-
theless, although several methods have been proposed, no agreement has been reached on the preferred
technique since each specific method brings its own advantages and trade-offs between spatial resolu-
tion, recording speed and ease of implementation.

2.6.1 Post-mortem measurements

Post-mortem measurements were the first proposed method to analyze the final composite part quality
resulting in varying process parameters, by determining the residual void content after consolidation.
Composite parts were observed by performing a micrograph of the cross-section [103, 105, 150–152],
burn-off [52], Archimedes method [151], non-destructive ultrasonic C-scan [153–155], active thermog-
raphy [156] or micro-CT [157, 158]. However, while bringing the advantage of being an easy method
with low equipment costs, post-mortem analysis could lead to large inaccuracies. In addition, since
the void content is also affected by phenomena occurring after passing of the flow front, post-mortem
measurements are not fully representative to describe flow mechanisms.
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2.6.2 In-situ flow visualization practices

Direct flow visualization techniques offer a more accurate way to assess the flow morphology, enabling
a better understanding of flow kinetics. Many experimental methods have been proposed over the
years, for the sake of elucidating flow patterns either very locally at the scale of a few fiber tows, or
through the macroscopic analysis of the porous medium progressive saturation by the flowing fluid.
However, seldom techniques have been developed for non-translucent fabrics such as glass and rare
studies tackled the impregnation through non-translucent fabrics such as carbon.

Flow through translucent preforms

The most widespread and simple approach relies on optical techniques to record impregnation in a
non-intrusive manner and at a relatively high spatial and time resolution [52]. The recorded images
are thereafter analysed to extract the required information [48, 60, 100, 102, 105, 142, 159–161]. In
order to enhance the fluid/fabric visual contrast, colorants compatible with the test fluid can be added
[44, 162–164]. For example, Nordlund and Michaud [105] and Faccioto et al. [48] employed optical
methods to record the linear flow with a conventional camera and estimate the width of the unsatu-
rated region over time in glass preforms. An increase in spatial resolution can be achieved with optical
microscopes, though at the cost of a smaller field of view [60, 159, 165]. For instance, Yoshiara et al.
[60] observed the dual-scale flow and void formation on single woven pristine and fluorine coated fabric
layers at the micron-scale. They found that the void formation is drastically affected by a change in
the static contact and the dynamic contact angle is a critical parameter controlling the impregnation
and meso-void formation processes.

These techniques however allow the capture of flow patterns only at the surface (in contact with the
mold) and wall-effects, race-tracking as well as nesting effects which are known to highly influence the
flow might be neglected [166]. This is why they are often reserved to single layer experiments and are
not fully representative of real fibrous preforms impregnation. To overcome this issue, some authors
proposed to use Visible Light Transmission (VLT) to observe the through-thickness flow [100]. The
principle is to place a diffuse light below the transparent mold and a camera above to record the
light intensity averaged over the preform thickness. The addition of fluorophores, employed by Refs.
[52, 54, 72, 106, 107, 167], provided an improved contrast to assess the progressive saturation of glass
fibrous preforms and characterize the local void content to estimate the optimum capillary number.

Alternatively, Caglar et al. [86] recently proposed a novel approach based on UV-photocurable resins,
where infiltrating flows are in-situ UV-frozen to be analyzed afterwards. Neitzel et al. [168] employed
the same technique to observe dual-scale flows and void formation. One single layer was used in both
studies but Caglar et al. [86] concluded that this technique can be extrapolated to multilayer systems.
Although there is no time resolution constraint with this approach, allowing the visualization of a
large range of flow regimes, the use of specially designed resin systems is required as well as thin and
transparent samples to avoid inhibiting the cure reaction that is highly dependent on the penetration
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of UV light.

Indirect recording of the flow

Some researchers were also able to extract the flow front location and saturation without directly visu-
alizing the flow. For instance, Villière et al. [108] developed an experimental methodology to build the
saturation curve taking advantage of the strong sensitivity of the thermal properties between wet and
dry glass preforms recorded by several heat flux sensors placed along the mold. Alternatively, Guéroult
et al. [169] infused a non-conductive glass fabric with an electrically conductive liquid and recorded
in-situ the voltage which increased with liquid saturation. Similarly, Carlone et al. [97, 98, 170] used
dielectric sensors to monitor the capacitance variations induced by the fluid movement while impreg-
nating a glass preform, this method allowed to use less conductive resins. Recently, Neitzel et al. [171]
used the same technique to automatically adjust the injection pressure with the aim of controlling and
uniforming the flow front velocity to obtain specimens with reduced void content.

However, the requirement of a non-conductive preform limits the previous techniques to other conven-
tional fabrics. To overcome this, recent studies proposed to insulate the sensor or use novel sensors
for increased characteristics [172–175]. To-date these novel sensors have not been employed to study
unsaturated flows. The discrete nature of sensor limits the observations that can be made with optical
techniques while the spatial resolution of these techniques remains relatively low.

Flow through non-translucent preforms

The aforementioned techniques are generally only suitable for translucent glass preforms and infiltra-
tion through many commercially available fibers, which are opaque, such as carbon, flax or Kevlar,
has seldom been addressed in literature. Few methods have been proposed and are hereunder outlined.

Some researchers were able to optically visualize flow fronts in carbon, for example Lystrup et al.
[176], by means of fluorescent dyes, but as previously discussed those are limited to single layers or a
top view [177, 178]. Ravey et al. [77] proved the feasibility of tracking the flow front position of glass
and carbon fabrics during wicking experiments by Infrared Thermography (IRT) but again, the single
ply limitation arises.

Ultrasound techniques, known for their high acquisition rates, have been tested as alternative to track
resin flows in fibrous preforms. Thomas et al. [179] tracked through-thickness resin flow via acoustic
C-scan measurements giving a planar view of the sample. While this method gives an indication of
through-thickness saturation of the preform, the limited spatial resolution does not allow for distinc-
tion of capillary effects such as localized saturation and void formation. Alternatively, Liu et al. [180]
were able to visualize the advancement of a resin flow impregnating into one and two layers of carbon
fabric using an ultrasound imaging system. However, the scale resolution and the detecting depth are
presented as the main limitations of the approach. Ultrasounds were also used as an indirect measure-
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ment to track the front position and characterize the unsaturated permeability in carbon preforms in
Refs [181–183].

Endruweit et al. [184] investigated the use of Magnetic Resonance Imaging (MRI) to in-situ map the
local fluid concentration and distribution at the meso-scale during the impregnation of several layers
of glass and carbon fabrics. However, the authors pointed out two main drawbacks when using this
imaging technique: the scanning times were between 7 and 20 minutes, far away from conventional
infiltration speeds and the spatial resolution was limited by signal relaxation effects.

2.6.3 Flow visualization by means of X-ray techniques

X-ray imaging relies on the ability of the electromagnatic waves (with wavelengths ranging from 0.01
to 10 nm) to penetrate matter allowing high speed measurements (over 20 frames per second). It is
possible to study dynamic processes with 2D radiographic tools or carry out more complex processes
with 3D tomographic reconstruction methods although more complex equipment is needed [185]. As a
result, X-ray visualization techniques proved to be potentially very powerful techniques to observe ma-
terials with an increased spatial and temporal resolution with thickness averaged information. Their
ability to pass through objects and provide photographic reconstruction of the transmitted signal
makes them an attractive alternative for non-destructive inspection as well as for the study of dy-
namic transport phenomena. In the particular case of composites, given the low density of both resins
and fibers leading to low absorption properties, the observation via conventional radiography is not
simple and request high beam energies or the use of contrasting agents.

Bréard et al. [186] were pioneers in applying X-ray techniques by tracking through-thickness the flow
through a random mat by X-ray radiography. Resulting images had a sufficient resolution to capture
the flow path whereas the geometry of the fibrous preforms was not elucidated. The use of X-ray
Computed Tomography (XCT) has allowed to assess dual-scale flows at an unprecedented resolution
(features up to the sub-micron scale can be reached). However, it remains more suitable for static or
very slow processes since blurring effects can appear due to the flow movement, lowering the image
resolution [79]. To solve this, the acquisition time should be fast enough to limit the movement to
less than 1 voxel per scan. Owing to the scanning time limitation, some studies employed XCT to
indirectly assess the dual-scale behavior, e.g. by evaluating fiber stack thickness changes [187] or use
the preform 3D scan to carry out computational fluid dynamics simulations [188].

All the same, the swift development in X-ray imaging tools has allowed recent researchers to image
in-situ dual-scale flow behavior. Vilà et al. [146] were the firsts to use XCT to image the intra-tow
impregnation of a glass bundle using a synchrotron beamline. Fluid front speeds were very slow to
reproduce capillary flows and the injection was stopped to perform the imaging recording, since the
3D scan (with voxel size 2.5 µm) took about 120 min. Then, Larson et al. [189, 190] drastically
reduced the imaging time to 1.5 min at the cost of resolution, and recorded the flow through fibers
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bundles at higher speeds, more representative to processing speeds used in LCM. Vilà et al. [146] and
Larson et al. [189, 190] exploited the progressive saturation of glass fiber bundles from the recorded
images and related it to local capillary pressure and relatives. In the same vein, Castro et al. [70],
imaged capillary wicking in a fiber bundle with increased resolution to study 3D local contact angles
by means of synchrotron radiation.

Recently, Castro et al. [79] made use of so-called synchrotron radiation computed laminography and
were able to significantly gain in field of view as well as in acquisition times (1.8 min) per tomo-
gram to image planar samples, being the first to in-situ image dual-scale flow behavior in woven
textiles with micron-scale resolution as shown in Fig. 2.13. They analyzed equilibrated and capil-
lary flows and segmented both inter- and intra-yarn void distributions, gaining novel insights in void
formation mechanisms. Interestingly, Gayot et al. [191] just published a proof-of-concept study to
in-situ dynamically monitor the void formation and curing with a lab-based XCT method (also re-
ferred to as 4D-XCT) at a scan time of 2 min 15 s per scan. Nevertheless, the temporal resolution
of XCT technologies remains low when compared to impregnation speeds used in LCM processes [192].

Figure 2.13: Flow progression recorded by synchrotron radiation computed laminography. Reproduced with
permission from [79].
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2.7 X-ray phase contrast imaging

Conventional X-ray techniques based on X-ray attenuation can be limiting when a contrast between
low density materials, which weakly absorb X-rays such as composites, is sought. A novel technique
named X-ray phase contrast combining grating interferometry [193–199] has enabled to overcome this
limitation, enhancing the contrast between materials that present similar densities and features such
as boundaries between similar materials, by using the refraction and scattering ability of X-rays [200].
Furthermore, this technique allows to image large samples and can be adapted to conventional X-ray
laboratory sources instead of synchrotron sources [201–203].

2.7.1 X-ray Talbot-Lau interferometry

The typical configuration of a Talbot-Lau interferometry is shown in Fig. 2.14 and consists of a con-
ventional X-ray source, three gratings (G0, G1 and G2) and an X-ray detector. Grating based imaging
uses periodic structures to diffract the incident waves. These gratings act as a dispersive element
and every fractional distance, the same signal pattern is repeated but appears phase-shifted with a
fractional period [194, 195, 204].

Figure 2.14: Representation of a Talbot-Lau interferometry setup, using three optical gratings.

Thus, the principle of this method is to create an image from the modified structured interference
pattern of the grating when a sample is placed in between the source grating G0 and G1 and G2

gratings. In particular, G0 is an absorbing grating placed close to the beam source and its function
is to divide the beam coming from the X-ray source to increase the spatial coherence. G1 is a phase
grating whose mission is to split and divide the incoming beam, thus inducing periodical phase modu-
lations on the X-ray wave front and an intensity pattern If is produced in the plane of G2. The local
changes of the interference pattern are thereupon recorded on the detector with the help of G2 which
is an absorption analyzer grating. The changes in the intensity modulation are finally converted into
changes in the intensity Ipix recorded by the corresponding pixel of the X-ray detector (Fig. 2.15) [195].
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Figure 2.15: Representation of the X-ray wave front perturbations introduced by an object, which are trans-
lated into intensity variations and thereafter measured by a detector.

In the presence of an object, the X-ray beam propagation is affected by three phenomena: atten-
uation, refraction and ultra-small angle scattering, as presented in Figure 2.16. In the case of a
pure absorbing object, the intensity curve is decreased due to the absorption of photons that interact
with matter mainly in form of photoelectric effect and Compton scattering. Then, a purely phase-
shifting object induces a deviation of the X-ray beam by an angle αs. Finally, a pure scatterer object
presents internal inhomogeneities, which will induce fast variations of the wave front by small and
ultra-small angle scattering (SAS) (very small angular deflection in the order of arc-seconds) and a
beam broadening w. Those inhomogeneities are variations in the electron density at a length scale
close or below the grating period of G1. It should be noted that the refraction angle and the SAS
are measured only perpendicular to the grating’s lines. As a result, intensity variations parallel to
the grid lines are observed and defects in the perpendicular direction to the grating lines might not
be identified in the images. For this reason, the gratings can be rotated 90◦ in order to acquire dif-
ferent images and observe the sample in different direction and try to identify anisotropic defects [205].

Figure 2.16: Schematic of the X-ray front and the amplitude transmission function (If ) perturbations induced
by a pure absorber, refractive and scatterer objects.
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It is possible to decouple the aforementioned different contributions and extract three different im-
ages, namely absorption, refraction and scattering images by applying a reconstruction method. The
operating principle for image extraction is as follows: the period p2 of the analyzer grating G2 and
the interference pattern caused by G1 are matched. For each measurement, the analyzer grating G2 is
moved in small steps in transverse direction over one period of the grating. Then, an intensity curve is
recorded for each exposure, the intensity is a function of the grating position xg and the pixel position
(Fig. 2.17).

Figure 2.17: Representation of a measured intensity Ipix in function of the relative grating position over the
pattern period (xg) by a detector.

To analyze the changes quantitatively, the recorded intensity for each detector pixel Ipix(x, z) can be
written by means of a Fourier series as follows:

Ipix(x, z, xg) =
∑

i

ai(x, z) cos (ikgxg + φi(x, z)) ≈ a0(x, z) + aa(x, z) cos (ikxg + φi(x, z)) (2.28)

where ai are the amplitude coefficients, k the number of steps (k = 2π/p2) and φi the corresponding
phase coefficients. The absorption image T is given by the normalized average transmission of the
specimen for each pixel as T (x, z) = as

0(x, z)/ar
0(X, z), where the subscripts s and r denote "sample"

and "reference". The absorption image would be the same as the one measured by conventional X-ray
radiography. The differential phase (or refraction) image DP is given by DP (x, z) = (φs

1 − φr
1)/2π.

The scattering image V is given by the normalized visibility V (x, z) = (vs(x, z))/(vr(x, z)), where v
is the visibility and it is expressed as vr(x, z) = ar

1(x, z)/ar
0(x, z). For samples with negligible small

angle scattering, visibility remains unchanged and is equal to 1. Conversely, for samples that present
strong internal density variations on the micrometer scale, strong small-angle X-ray scattering signal
is produced leading to a decrease of the visibility with values lower than 1 [195, 204].
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2.7.2 Applications

X-ray phase contrast technique is mainly used in the medical imaging field [206–217], but it is gaining
interest in other sectors as a non-destructive evaluation techniques to observe for example, natural
samples [218], elucidate hidden features in archaeological findings [219] or for materials science to
detect porosity [220, 221]. In particular, this technique turns out to be very interesting to assess the
internal structure of composite materials.

Gresil et al. [205] compared traditional non-destructive methods with grating based X-ray phase con-
trast imaging for the detection of defects such as porosity, foreign objects, cracks, resin rich areas,
cut fibres, wavy fibres in carbon composite structures for aerospace applications showing the interest
of this technique to provide unique features in terms of reliability and detailed insight. Similarly,
Hannesschläger et al. [222] studied the main fiber orientation of injected short glass fiber reinforced
polymer, Revol et al. [223–225] evaluated the size of fiber bundles, the resin content and the fabrics
weave pattern, Gusenbauer et al. [226] made an extensive study to determine the porosity in carbon
and glass composites and Senck et al. [227, 228] determined the fiber lay-up and characterized micro-
craks in loaded carbon fiber laminated in 2D and 3D among others [229]. Pathak et al. [230] observed
in-situ the dynamic failure mechanisms of carbon composites in tensile mode.

Nevertheless, all those studies were based on observations of cured samples. So far, no studies have been
focused on observing the processing of composites materials by means of X-ray phase contrast imaging.
Some researchers nonetheless succeeded in observing with clarity the presence and distribution of a
liquid in gas or liquid phases. This is mostly the case in medical applications, but a first application
in cementitious materials was successfully proposed. Yang et al. [231] worked on the visualization of
unsaturated water transport in mortar and they manage to track a fast transport process which can
be compared to LCM process in terms of speed. They found that capillary water uptake leads to a
decrease in scattering which is produces a high contrast between wetted and non-wetted zones. Then,
Prade et al. [232] visualized the transport of water during the hardening of a cementitious sample
which is a slow dynamic process on the micrometer scale which can be interesting in the case of LCM
to understand slow phenomena such as void migration.
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2.8 Conclusions

Impregnation of fibrous preforms by a liquid resin is a key step in LCM processes that should be con-
trolled to avoid flaws and achieve manufactured parts with outstanding properties. Since infiltration
falls in the wide class of phenomena wherein a fluid displaces another within a porous media, it is
found in several natural and engineering processes and an extensive literature exists on the subject.
Nevertheless, a clear understanding of flow kinetics and the interplay between different physical phe-
nomena taking place from micro to macro scales has never been reached so far.

Engineering textiles present a hierarchical architecture, with densely packed fiber tows, leading to
strong capillary effects. During infiltration, the fluid flow pattern is determined by the extent of vis-
cous and capillary forces and it is commonly assumed that a dual-scale flow arises from the specific
architecture of fabrics generating a void entrapment mechanism. Moreover, wettability which is a
pore scale property turns out to be dynamically dependent affecting the overall kinetics and thus the
behavior of the flow pattern. Researchers found that there is an optimum impregnation speed at
which this dual-scale is mitigated and the void content is minimal. However, to date no one has been
able to predict this optimum condition according to the system physical parameters and/or processing
conditions for instance.

Many efforts have been carried out over the past thirty years, to visualize the flow dynamics and de-
scribe its behavior with mathematical models, with the aim to better predict industrial manufacturing
processes. Several techniques have been developed for glass preforms given their translucency but few
studies have focused on non-translucent preforms such as carbon. Nowadays, X-ray based techniques
gain a foothold as non-destructive techniques in many sectors given their increased spatial and tem-
poral resolution. Furthermore, given the sparking interest of these techniques, several technologies
are developed around X-rays to extract information from the different signals coming out from their
interaction with matter leading to a wide range of materials that can be analyzed. For instance, the
novel X-ray phase contrast image, will be exploited in the present work, to bring further insight into
the dynamics of fluid flow in carbon based preforms.
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Materials and methods

This chapter first introduces the selected materials for this work: porous preforms and infiltrating
liquids. Then, the design of the impregnation experiments and flow assessment methodology are pre-
sented. Finally, the flow modelling approach is detailed.

3.1 Materials

3.1.1 Porous materials

A glass fabric supplied by Suter Kunststoffe AG (Switzerland) was selected as translucent reference
material. The glass fabric (Fig. 3.1 is a woven 2 × 2 twill made out of E-glass with an areal weight
Aw = 390 gsm and previously used by Caglar et al. [45, 86]. The glass fiber density is 2.61 g/cm3 and
its diameter 9 µm.

Figure 3.1: Reference twill glass translucent fabric.

Two carbon fabrics were employed: a unidirectional and a twill, both supplied by Suter Kunststoffe
AG (Switzerland) as well. The unidirectional fabric (Fig. 3.2a) was selected as non-translucent refer-
ence material. Actually, is a quasi-unidirectional fabric with thin E-glass threads in the weft direction
to maintain the position of the carbon tows, with a total areal weight of 270 gsm (with 96.3 wt.% of
carbon). The 2 × 2 twill fabric (Fig. 3.2b) was used as alternative fabric given its strong dual-scale;
its areal weight is Aw = 285 gsm. According to the datasheet, the carbon fibers for both fabrics are
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sized Tenax HTA 3151 fibers from Teijin with a density of 1.77 g/cm3 and diameter of 7 µm.

(a) (b)

Figure 3.2: Pictures of the (a) reference non-translucent unidirectional and (b) twill carbon fabrics.

Two flax fabrics supplied by Bcomp (Switzerland) were chosen as alternative non-translucent preforms.
One is a 2 × 2 twill fabric (ampliTexTM5040) with an areal weight of 300 gsm (Fig. 3.3a). The other
one is a unidirectional fabric (ampliTexTM5057) with a polyester thread in the weft direction to main-
tain the structure, its areal weight is 150 gsm (Fig. 3.3b). Flax fibers’ diameter varies from 20 to 40 µm.

(a) (b)

Figure 3.3: Pictures of (a) the twill and (b) the unidirectional flax fabrics.

Finally, the 3D printed structure designed by Morren et al. [233, 234] was used to visualize im-
pregnation of a polymeric based porous structure. The structure is a grid of 3 mm thickness, with
macro-spaces interconnected with micro-channels to mimic a textile-like solid as shown in Fig. 3.4.
Initially, the purpose of this porous structure was to produce a reference textile-like solid specimen with
anisotropic permeability, for calibration of permeability measurement set-ups and validation of perme-
ability modelling. The porous grid was reproduced by a FlashForge Hunter Digital Light Processing
(DLP) 3D printer with the resin FlashForge FH110 (density about 1.1 g/ml) and had a dimension
of 5 cm × 12 cm and 3 mm thick, the length was limited by the maximal printing size of the 3D printer.
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(a) (b)

Figure 3.4: Pictures of the 3D printed structure (a) from above and (b) from the side showing the intercon-
nected porosity.

3.1.2 Fluids

As a reference test fluid, a water based solution of poly(ethylene glycol) (PEG) (Mw = 35 kDa, Sigma
Aldrich) at a concentration of 16.7 wt.% was prepared, previously employed and also characterized
by Salvatori et al. [44], to obtain a viscosity similar to those of thermosetting resins typically used
in composites manufacturing. For optical experiments a small amount of Rhodamine B colorant from
Carl Roth, was added to the fluid, without altering the solution properties.

With the aim of increasing fluid-fabric contrast in X-ray absorption, a zinc iodide-based contrasting
agent solution was prepared following the recipe of Sket et al. [235]: by mixing 60 g of ZnI2 (Mw

= 319.19, Fluorochem) to 20 ml of water and 10 ml of surfactant Kodak Photo-Flo 200. Then, the
reference PEG solution was mixed to 20 vol.% of the contrasting solution leading to a final composition
of: 62.5 wt.% of water, 22.6 wt.% of ZnI2, 11.0 wt.% of PEG and 3.9 wt.% of surfactant.

Then, it was sought to design a fluid with similar properties to the previous PEG-ZnI2-based solution,
i.e. viscosity and X-ray attenuation, but different wetting properties. To this end, a water-based
solution of glycerol (99.5%, Mw = 92.09, Sigma Aldrich) at a concentration of 87 wt.% was pre-
pared and was mixed to 20 vol.% of a second contrasting agent prepared avoiding the surfactant to
not modify the wetting properties of the fluid, in which 60 g of ZnI2 were mixed to 30 ml of water.
The final composition of this mix was: 62.5 wt.% of glycerol, 20.1 wt.% of ZnI2 and 17.4 wt.% of water.

Another fluid with similar viscosity and X-ray attenuation properties was also developed but finally
not used in the frame of the thesis. The fluid was an epoxy blend with ZnI2 also as contrasting agent.
Its properties are presented in Chapter 9 section 9.1.1.

The fluids were characterized by measuring their density, surface tension and viscosity-temperature
dependence in order to be able to measure the permeability from Darcy’s law (Eq. 2.5) and calculate
the capillary number (Eq. 2.13). The density was simply measured with an analytical balance Mettler
Toledo XSR204. The surface tension in air (γla) at ambient temperature was measured through of
the pendant drop method on a Drop Shape Analyzer (DSA30, Krüss). The viscosity measurement
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was assessed in a concentric cylinder rheometer (AR2000ex, TA Instruments), by means of a Peltier
Couette setup with a temperature ramp ranging from 15 ◦C to 30 ◦C at a heating rate of 0.1 ◦C/min
and constant shear rate of 10 s−1. The viscosity vs. temperature curve η(T ) was fitted with an
Arrhenius law:

η(T ) = B exp
[
− Ea

RT

]
(3.1)

where B and Ea are the fitted pre-exponential and activation energy parameters and R the gas con-
stant. The Newtonian behavior of fluids was verified by performing a shear logarithmic sweep ramp
from 0.1 s−1 to 100 s−1. Table 3.1 summarizes the properties of the test fluids used in the current thesis.

Table 3.1: Properties of test fluids.

Fluid Density*
[g/ml]

Surface tension*
[mN/m]

Viscosity*
[Pa · s]

Ea

[kJ · mol−1]
B [Pa · s]

PEG 16.67% 1.026 57.3 0.089 -20.39 2.39 · 10−5

PEG 16.67% + CA1 1.276 32.7 0.075 -20.79 1.72 · 10−5

Glycerol 87% + CA2 1.400 65.5 0.074 -40.96 4.90 · 10−9

* Values at 25 ◦C.

3.2 Impregnation experiments

3.2.1 Wettability characterization

The static contact angle θe between liquid and fabric was measured by means of the drop-on-fiber
method following the geometrical analysis proposed by Carroll [236]. For that, a single fiber was
carefully separated from the fabric, taped straight on a metal frame and the liquid was sprayed
manually onto the fibers. The droplets were analyzed by a Keyence VHX-7000 microscope equipped
with a zoom lens (100× to 1000×) and imaged at a resolution of 1600 × 1200 pixels.

3.2.2 Impregnation setup

A mold for flow experiments was designed to perform impregnations on fabrics of maximum size of 50
mm × 150 mm. The mold is composed of two aluminum external frames, two poly(methyl methacry-
late) plates of 15 mm thick with one of the two perforated with tubes fittings for the fluid entry
and exit, a stainless steel spacer (interchangeable spacers of different thickness were built to adapt
the mold cavity thickness), a joint made out of silicon to prevent and minimize race-tracking, and
fourteen bolts to close the overall setup. PMMA was chosen as transparent mold halves as it does not
scatter X-rays and the thickness was optimized to reach a compromise between minimum noise in the
X-rays which results from the PMMA absorption and maximum rigidity to avoid the setup deflection
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from the fabric compaction.

Impregnation experiments were carried out as follows: fabrics layers were cut to a width of 4.95 ±
0.05 cm and desired length up to 15 cm and were fitted in the mold cavity. The fluid was injected
either at constant flow rate or constant pressure, an injection unit R-100E syringe pump from Razel
Scientific Instruments and a pressure pot were used respectively. Reinforcements were impregnated
vertically from bottom to top (z-direction) and contribution of the hydrostatic pressure buildup due
to the vertical position, was neglected (and assumed to be maximum of few kPa) since it was limited
due to the fluid low density and short impregnation length. Then, a sensor Keller Series 35XHTT was
employed to monitor the fluid pressure and temperature all along the impregnation. The overall setup
is shown in Fig. 3.5. Optical observation of flow progression was performed through the transparent
mold by a digital camera Canon EOS700D the video acquisition was set to 30 frames per second with
a resolution of 1920 × 1080 pixels.

Figure 3.5: Impregnation setup.

3.3 Flow assessment

3.3.1 Visualization by means of X-ray phase contrast

The phase contrast X-ray imaging apparatus developed within the EVITA project (Non-Destructive
Evaluation, Inspection and Testing of Primary Aeronautical Composite Structures Using Phase Con-
trast X-Ray Imaging) was used in the frame of this thesis [205]. The system is a Talbot-Lau grating
interferometer based on the principles presented in Chapter 2 and allows imaging an area of approx-
imately 70 mm × 70 mm per acquisition. Moreover, the setup incorporates a moving platform (in x

and z-directions) for large parts scanning and whose movement can be synchronized with the image
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acquisition. The resulting images have a resolution of 1334 × 1331 pixels. The X-ray setup is the
same as shown in Fig. 2.14 and includes a conventional X-ray source, three X-ray gratings and a X-ray
detector. In the current setup, the grating lines of G1 and G2 are positioned along the z-direction and
the gratings move in the x-direction as represented in Fig. 2.14.

As already introduced, this methodology allows to obtain three different images, namely absorption,
refraction and scattering images. Preliminary experiments were performed to qualitatively assess the
contrast between a stack of 8 layers of the reference carbon fabric and some drops of PEG-based
solution embedded in two PMMA plates. An example is shown in Fig. 3.6 elucidating a clear contrast
obtained in scattering images.

Figure 3.6: Images obtained with X-ray phase contrast imaging of a drop of liquid into a carbon fiber.

3.3.2 Acquisition methodology

After performing preliminary tests to define the required X-ray setup parameters to obtain scattering
images with a satisfactory resolution and a good fluid/fabric contrast at a minimum time, it was set
to acquire images from a series of 7 phase steps with an exposure time of 700 ms resulting in an
averaged acquisition time of 9.2 s. There is an additional time (9.2 s - 7 × 700 ms) corresponding
to the duration required to transfer data between phase steps. The acceleration voltage of the X-ray
tube was 60 kV.

An acquisition methodology was conceived to track the impregnation along the preform length by syn-
chronizing the X-ray stage movement in the z-direction and the flow speed. First, the impregnation
mold was carefully positioned and centered in front of the acquisition window. The procedure was
developed to center the flow front in the resulting images. As shown in Fig. 3.7, six different positions
were defined, corresponding to five vertical platform movements of 25 mm. Then, the following steps
were performed:
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i. before launching the impregnation, the dry perform was scanned at one acquisition per position;

ii. the dynamic impregnation was tracked by adjusting for each experiment the number of acquisi-
tions per positions, which was predefined, according to the flow front speed previously measured.
It should be noted that it is possible to run constant pressure experiments, by defining a different
number of acquisitions for each position;

iii. once the fluid reached the outlet, the impregnation was continued for a certain time (the time
was set according to the flow conditions) ensuring a complete saturation of the fabric and a third
scan was performed at one acquisition per position.

At the beginning of each of the three steps, a calibration routine was performed because the system
calibration is sensitive to changes in ambient conditions. Finally, after each experiment, a data base
file with the different acquisition times was generated and was used to couple the flow front spatial
and temporal positions.

Figure 3.7: Representation of the acquisition procedure.

3.3.3 Saturation curve construction

A methodology was developed to extract the saturation curve versus the position S(z) from the
grayscale analysis of X-ray images, in particular for absorption and scattering images. An image
processing routine was applied for each set of images to correct the verticality, cropping the selected
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area of the impregnation for the saturation analysis (e.g. to remove flow edge effects) and smoothing
the image if needed with an averaging filter. The saturation assessment was based on defining the
deviation of the grayscale values of images acquired during impregnation from those of images from
dry and wet states as illustrated in Fig. 3.8, where the light area corresponds to the dry fabric and
the dark one to the fabric wet with fluid. It is assumed that the pixel intensity of the wetted fabric
scans corresponds to a saturation equal to 1.

Figure 3.8: Methodology for the construction of S(z) curve form the grayscale of X-ray acquisition images
from an example of a scattering image of an impregnation in a carbon fabric.
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For each image, the averaged pixel intensity value over each column, i.e. along the part width, was
calculated. Then, for each position of X-ray setup acquisition, the pixel intensity versus pixel position
curves of the dry and wetted fabric were generated and compared to the impregnation curves of that
position. Three zones were thereafter distinguished: fully wet, unsaturated and dry fabric. The
pixel intensity value Imin defines the transition between fully and partially saturated zones and Imax

between the unsaturated area and the dry fabric. Finally, each pixel intensity value was converted into
a saturation value by linear interpolation and the position z in pixels into millimeters by using the
corresponding pixel size (between 50 and 55 µm). As all the instances linked to the image acquisition
are recorded by the X-ray system and the stage displacement is known, S(z, t) curves can be easily
extracted.

3.3.4 Three-dimensional measurements

In the last stage of the project, infiltration experiments were performed and visualized in 2D and
3D by X-ray radiography and X-ray computed tomography respectively with the setup shown in Fig.
3.9. The same impregnation configuration as presented in Fig. 3.5 was employed but the mold was
modified in order to remove the metal parts that would interfere in the 3D tomographic scans. For
that, the inner steel spacer was replaced by one made out of PMMA and the external aluminium
frames were removed. The setup was closed with twelve metal screws, leaving the 3D scan are free of
high-density materials. From the 3D scans, the mold deflection was measured to be less than 2%. The
impregnation mold and the pressure sensor were placed in a rotating stage for the 3D scans acquisition.

Figure 3.9: Impregnation setup adapted for X-ray tomographic scans. The yellow arrow shows the impregna-
tion direction, the blue rectangle the total 2D scan area and the red the 3D scan area.
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The flow progression was visualized by X-ray absorption using a laboratory X-ray microtomograph
(RX Solutions Ultratom, PIXE Platform, EPFL, Switzerland) at 80 kV and 230 µA and an imaging
rate of 2 images per second. Images were acquired at a pixel size of 15 µm and the flow front was
tracked for an area of approximately 5.5 cm long and 3 cm width (blue area in Fig. 3.9). The
location of the scanning area was the same for all experiments, more or less centered, in the middle
of the fabric length and width. For that, three different positions were defined corresponding to three
vertical movements of the X-ray source of 12 mm following a similar procedure as the one presented in
section 3.3.2. A dry scan was performed followed by the progressive acquisition of the impregnation
(the number of acquisitions per experiment was set according to the flow speed) and finally by a wet
scan. Then, to evaluate dry and wet states of the preform, before and after each impregnation a
tomographic 3D scan was performed at 3 images per second at a voxel size of 10 µm using the same
X-ray facility. The 3D scans were performed in the middle position of the 2D scans as illustrated in
Fig. 3.9 with the red rectangle.

3.3.5 Segmentation of 3D reconstructions

Scanned volumes were cropped to 1650 pixels × 310 pixels and 1200 slices, resulting in a volume
size of 16.5 × 12.0 × 3.1 mm3. The stack thickness was set to get rid of the mold and facilitate the
segmentation analysis. An averaging filter was applied to the original data in the three x, y and z

directions in Fiji [237]. Then, dry and wet scans were segmented by means of Ilastik [238], a machine-
learning-based image analysis tool for pixel classification in which the user manually labels several
regions corresponding to the different phases.

Three segmentation training algorithms were developed, each using a volume of 100 consecutive slices
that were manually labelled to generate training data: one for the dry unidirectional fabric with “car-
bon”, “glass” and “pores” as labels; another for the dry twill with only two labels, namely “carbon”
and “pores”; and one to treat the wet images with two phases “liquid” and “void”. An example of
segmentation for dry and wet states for the UD fabric is illustrated in Fig. 3.10. The corresponding
training algorithm is thereafter applied for each scanned volume and segmented images were then
assembled in Avizo software to analyze the void content, location, and geometry.

In addition, a pore network model (PNM) construction was applied to the 3D segmented images, by
using the PNM module from Avizo, to quantitatively assess the geometry and topology of the meso-
pore space. The segmented pore label, corresponding only to the meso-space in between bundles,
was separated into different objects which were automatically assimilated to pores connected with
pore-throats [239, 240].

50



Chapter 3. Materials and methods

Figure 3.10: Segmentation of two-dimensional cross-sections for dry and wet states of the UD carbon fabric.

3.4 Flow modelling

3.4.1 Two-phase flow approach

In this thesis we chose to describe the dynamic displacement of the resin flow at the macroscopic scale
by a two-phase flow model adapted from soil-science as previously proposed in Refs. [104, 105]. The
flow behavior of two immiscible fluids inside complex porous media is affected by several factors such
as wettability, viscosity ratio, heterogeneities of the pore geometry among others. This widely used
approach encompasses all fluid-solid surface effects through the capillary pressure and the relative
permeability descriptions.

The medium is defined by a representative elementary volume (REV) with three phases, namely air,
resin and fibers. Even though the UD carbon fabric employed for the modelling has a bimodal pore
size distribution, we assume here that the separation of scales in the textile considered is small enough
that a dual porosity approach is not necessary [121, 241], which will be further confirmed. In addition,
as already suggested in previous work (Ref. [105]), and considering the rather high viscosity of the
fluid as compared to water (as the fluid of consideration in soil science studies), we consider that flow
takes place far from equilibrium conditions, and so that the capillary pressure acting at the fluid/air
interface depends on the flow rate conditions. Thus, the resin phase will be considered either wetting
or non-wetting depending on the Ca value, and the air phase takes the opposite wetting properties.
The two phases are thus defined by their wetting behavior, wetting or non-wetting and their respective
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contents are θw and θnw and their sum is equal to the available pore space ϕ:

ϕ = θw + θnw (3.2)

Before impregnation, the porous preform is fully saturated with air and no resin phase is contained.
Unlike soil media which can be initially partially saturated, in liquid composite molding, there is no
residual resin. The degree of effective saturation Sα for each phase is thus defined as the ratio between
the phase volume and the total free space:

Sα = θα

ϕ
(3.3)

with α denoting either the wetting (w) or the non-wetting (nw) phase. S varies between 0 and 1, 0
and 1 corresponding respectively to a dry and fully saturated preforms. Consequently, their effective
saturations are coupled as:

Sw + Snw = 1 (3.4)

The macroscopic capillary pressure description Pc, combines the two phases through their pressures
with the relation:

Pc(Sα) = Pnw − Pw (3.5)

In LCM, the air pressure is generally atmospheric, and for simplicity it is set to zero as a baseline.
The specific capacity Cα of each phase is also defined as:

Cα = θα
∂Sα

∂Pc
(3.6)

The capacity of both phases is the same but with opposite sign and thus related as: Cw = −Cnw.
Resin infiltration is modelled with a continuum mechanics approach and it is assumed that air and
fluid are incompressible Newtonian fluids and that infiltration takes place without any heat exchange
(for non-isothermal cases, an equation for thermal transport can also be added). For each phase, the
mass conservation equation is written as:

∂θα

∂t
+ ∇ · (θαu⃗α) = ∂ϕSα

∂t
+ ∇ · (ϕSαu⃗α) = 0 (3.7)

with uα the average fluid velocity. It should be noted that equation 3.7 neglects gravitational or other
momentum transfer between bodies and is only valid for a Reynolds number less than one, defined
in relation to the average fluid velocity and the pore diameter. Darcy’s law is applied to write the
momentum equation for the liquid [29] (the mass balance equation is null for the solid since it is a
rigid preform):

ϕSαu⃗α = −Ksatkr,α

ηα
∇Pα (3.8)
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with Ksat is the preform saturated permeability, Ksatkr,α the relative permeability, ηα the phase
viscosity (considered to be constant along the impregnation) and ∇Pα the pressure gradient in the
phase α. The term ϕSαu⃗α from Eq. 3.8 is known as the superficial or infiltration velocity. Then, since
air pressure is assumed to be null, the governing equation for the liquid phase is reduced to Richards’
equation as [114, 242]:

Cα
∂pα

∂t
+ ∇ ·

[
−Ksatkr,α

ηα
∇Pα

]
= 0 (3.9)

To solve the whole set of equations describing a non-linear problem, initial and boundary conditions
need to be defined as well as the retention and permeability relationships, Sα(Pc) and kr,α(Sα) respec-
tively. Those hydraulic functions are generally not known and need to be identified experimentally.
For simplicity in a numerical point of view, van Genuchten and Mualem relationships have been chosen
[118–120].

Sw =


1

(1+|βHp|N)M for Hp > 0

1 for Hp ⩽ 0

(3.10)

Snw = 1 − Sw (3.11)

kr,w =


SL

w

[
1 −

(
1 − S

1/M
w

)M
]2

for Hp > 0

1 for Hp ⩽ 0

(3.12)

kr,nw =


SL

nw

[
1 − (1 − Snw)1/M

]2M
for Hp > 0

1 for Hp ⩽ 0

(3.13)

where Hp = Pc/(ραg) is the pressure head and L, N , M and β the van Genuchten parameters, which
all depend on Ca, with M = 1 − 1/N .

In literature, hydraulic properties and the relation of these parameters are generally assumed to be of
static nature. In particular, β is inversely related to the "bubbling" or "entry" pressure which represents
the pressure that a non-wetting fluid must overcome to displace a wetting fluid, specific for a fluid/solid
pair and its value is close to the capillary pressure for homogeneous and isotropic media [109, 117] and
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N and M are related to the distribution of particle sizes in the porous medium. The parameter L is
usually set to 0.5 and it is related to the tortuosity and connectivity of the medium according to the
original work of Mualem [118]. However, its physical meaning have been questioned and since it often
takes a negative value, most of the times it is just regarded as a free fitting parameter [105, 243, 244].
Thus, these parameters are essentially shape parameters without a clear physical meaning and it
is crucial to correctly constrain them to obtain parameters with reasonable meaning [244]. In our
pressure driven flow case, depending on the fluid kinetics, the resin may be either the wetting or
non-wetting phase, and the respective descriptions for saturation and permeability will be adapted
accordingly. Hence, it is expected that hydraulic functions are unique for a given injection condition,
namely the imposed flow rate, and that all parameters are functions of Ca.

3.4.2 Numerical modelling

Richards’ differential equation is non-linear and requires the definition of hydraulic properties as func-
tion of the saturation. Its solutions were numerically approximated thanks to a 1D model which was
implemented to simulate the unidirectional flow in COMSOL Multiphysics 5.6. In particular, equa-
tions 3.9 to 3.13 were solved by a finite element method (FEM) with quadratic shape functions to find
the resulting pressure field for the resin. It should be noted that quadratic shapes functions were used
for simplicity as they are defined by default and computation times were very short, nevertheless,
linear shape functions can also be used and might be interesting for more complex geometries. A
requirement of the developed model is to know in advance if the fluid progresses with a wetting or a
non-wetting behavior.

Two models were thus developed to solve Eq. 3.9: one where the infiltrating resin is the wetting phase
(α = w) and the other, the non-wetting phase (α = nw). Since air pressure is assumed to be zero, for
the wetting case, the fluid pressure is defined by Pw thus Pc = −Pw. Analogously for the non-wetting
case, the fluid pressure is Pnw and Pc = Pnw. The retention equations 3.10 and 3.12 define the fluid
behavior in the wetting case and equations 3.11 and 3.13 the non-wetting case. To completely define
the problem, initial and boundary conditions were set. Following a convergence study, the geometry
was spatially discretized into a mesh with an element size of 5 · 10−4 m resulting in 300 domain
elements. An implicit backward differentiation formula method was used as stepping method for the
time-dependent solver and a maximum time step of 0.1 s was set.

3.4.3 Parameters identification

Retention equations are defined by the empirical parameters β, L and N , that need to be found to
solve the whole model. However, those cannot be directly measured and they were thus identified by
solving an inverse problem. Building on the pythonic scripting interface for COMSOL, Mph (version
1.1.6) [245], a Python optimization procedure was implemented to fit the model over the experimental
data. To perform the optimization, S(z, t) training curves should be selected per experiment and then,
the following four steps were carried out:
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1. Numerical results were extracted by evaluating the model at experimental times and saturation
at experimental points was computed with a cubic spline interpolation.

2. The Weighted Mean Squared Error (WMSE) was calculated for each time and the error E for
all curves was aggregated with the mean of the individual errors as:

E = 1
k

k∑
i

∑a
j wj (S(zj , ti)sim − S(zj , ti)exp)2∑a

j wj
(3.14)

where k is the number of selected times, a the number of data points, wj the user defined weight
(equal to 1 for the linear part of the curve, between S = 0.1 and S = 0.9 and 10 for the rest),
S(zj , ti)sim and S(zj , ti)exp are respectively modeled and experimental saturation data of the ith

time at jth position. The error E was measured for more than 15000 combinations of β, L and
N over a large range of values (β = [1, 100], L = [-2, 0] and N = [1, 30]) to build a surface
response plot.

3. The combinations of parameters giving an error value up to 20% of the lowest error were selected
as initial inputs for the optimization routine. Eq. 3.14 was set as objective function and mini-
mized. However, it is crucial to notice that the saturation S(zj , ti)sim is the output of the FEM.
Therefore, it is impossible to obtain the objective function derivatives directly with respect to
the input parameters. Furthermore, the response is not linear and exhibits several local minima.
The optimization was thus performed with one of the Nelder-Mead, Powell, Dual Annealing, or
Differential Evolution algorithms implemented in Scipy (version 1) [246], to overcome these lim-
itations. The Nelder-Mead algorithm based on an heuristic (and evolutionary) search [247, 248]
was found to offer the best compromise between result quality and convergence speed and the
Differential Evolution to better minimize the error at the expense of long convergence times.

4. The quality of the fitting was checked by computing the error E for additional validation curves
that were not used in the optimization. Finally, the problem was constrained by setting upper
and lower boundaries for the different parameters as well as a maximum number of iterations
[243, 249].
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Chapter 4

Visualization of dynamic flows with
X-ray phase contrast imaging

Direct visualization of resin infiltration is often sought to elucidate flow patterns and validate models
to predict the filling kinetics during liquid composite model processes. In this chapter, we evaluate
the use of X-ray phase contrast interferometry as an imaging technique to visualize fluid progression
through different translucent and non-translucent preforms. To that end, constant flow rate experi-
ments were performed with a model fluid into glass, carbon and flax fabrics and a 3D printed structure.
Moreover, by taking advantage of the increased contrast between fluid and fabric in scattering images,
we build the dynamic saturation curve in which the pixel intensity values are transformed into sat-
uration level versus position and time. The results prove the suitability of this technique to observe
the progressive saturation averaged through the thickness of translucent and non translucent porous
preforms even with conventional resins. The porosity network formed by the layers of fabric, the
refractive properties of the material, the fabric geometry and its position relative to the X-ray setup
are reported to be the main parameters affecting image contrast.

Part of this chapter has been published as:

Helena Teixidó, Baris Caglar, Vincent Revol, Véronique Michaud. "In-operando dynamic visualization
of flow through porous preforms based on X-ray phase contrast imaging", Composites Part A: Applied
Science and Manufacturing, Volume 149, 106560, 2021 [250].
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4.1 Introduction

In this chapter, an in-operando experimental method based on X-ray phase contrast imaging is pro-
posed for the visualization of fluid flow through translucent and non-translucent textile preforms using
standard test fluids, at an image acquisition rate of less than 10 seconds with the aim of studying
the progressive saturation during infiltration of fibrous preforms by polymeric resins. After validating
this novel method through flow experiments with translucent glass fiber fabrics against traditional
video imaging methods, the thickness-averaged flow evolution in non-translucent carbon fabrics was
assessed. Impregnation conditions were varied through the imposed flow rate, the number of layers
and the volume fraction, analyzed the resulting effect on image contrast and resolution, and taking
advantage of the increased contrast, the saturation curve was built from the grayscale analysis of
scattering images. Finally, the potential and limits of the method are discussed towards the study of
impregnation of natural fibers and a polymeric pore network produced by 3D printing.

4.2 Materials and methods

4.2.1 Materials

Four fibrous reinforcements (which properties are summarized in Table 4.1) and a polymeric structure
were employed. The twill glass fabric and the unidirectional carbon fabric were selected as reference
translucent and non-translucent fabrics respectively. The twill and unidirectional flax fabrics were
used as alternative non-translucent preforms. The orientation of fabric reinforcements was 0◦ for all
experiments. The 3D printed structure was based on the geometry designed by Morren et al. [233, 234].

Table 4.1: Fibrous reinforcement properties.

Fiber type Structure Aw [g/m2] Fiber density [g/m2] Fiber diameter [µm]

E-glass 2 x 2 Twill 390 2.6 9

Carbon Unidirectional 270 1.8 7

Flax 2 x 2 Twill 300 1.3 20 - 40

Flax Unidirectional 150 1.3 20 - 40

The test fluid was the aqueous solution of PEG (Mw=35 kDa, Sigma Aldrich) at a concentration of
16.7 wt%. For optical experiments around 0.08 wt.% of Rhodamine B colorant (Carl Roth), which
provides a strong coloration, was added to the fluid. Given the small amount of colorant, the properties
of the PEG solution are considered to be equal to those of the solution containing a colorant and in
the frame of this work, a viscosity of 0.11 Pa · s (value at 20 ◦C) was considered.
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4.2.2 Methods

Flow experiments were carried out with the setup shown in Fig. 3.5, from Chapter 3 section 3.3.1.
Fabrics were cut to a width of 4.95 ± 0.05 cm and a length of 15 cm. Porous structures were fitted
in the cavity of a metal spacer with an inner silicon joint to minimize race tracking, then enclosed in
between transparent PMMA top and bottom parts placed in between metal frames and fastened with
screws. Metal spacers of different thicknesses were employed to vary the mold cavity thickness.

The setup was placed in the EVITA imaging facility, in front of the grating G1 and impregnation was
performed vertically from bottom to top (z-direction) at constant flow rate. The progressive impreg-
nation was recorded with the acquisition procedure presented in Chapter 3 section 3.3.2, at an imaging
rate of 9.2 seconds approximately. Then, from scattering images, the saturation S(z, t) curves were
built for the experiments of interest following the procedure described in section 3.3.3, using a study
area with a width of 400 pixels (roughly corresponding to a width of 2.2 cm) and a pixel size of 54 µm.
An overview of the experimental campaign is given in Table 4.2, with n the number of layers employed,
h the spacer thickness and resulting volume fractions Vf , flow front speeds u and capillary numbers Ca.

Table 4.2: Impregnation experiments visualized by X-ray phase contrast.

Test # Fabric n [-] h [mm] Vf [%] u [mm/s] Ca (10−4)

1 Twill Glass 9 3 45 0.13 1.37

2 Twill Glass 9 3 45 0.23 2.42

3 Twill Glass 9 3 45 0.48 5.04

4 UD Carbon 9 3 45 0.26 2.73

5 UD Carbon 9 2.5 54 0.22 1.93

6 UD Carbon 9 3.5 39 0.23 2.68

7 UD Carbon 6 2 45 0.25 2.63

8 UD Carbon 3 1 45 0.22 2.31

9 UD Carbon 12 4 45 0.27 2.84

10 UD Carbon 15 5 45 0.27 2.84

11 UD Carbon 18 6 45 0.27 2.84

12 Twill Flax 3 2 35 0.16 1.99

13 Twill Flax 9 6 35 0.16 1.99

14 UD Flax 6 2 35 0.12 1.49

15 UD Flax 12 4 35 0.10 1.24

16 Polymeric structure 1 3 48 0.15 1.51

59



Visualization and modelling of dynamic flow in fibrous preforms for liquid composite molding

Impregnation of the twill glass fabric (with constant n and Vf ) was carried out at three flow rates and
conducted under X-ray phase contrast imaging and repeated under conventional optical methods to
provide a validation of the proposed visualization method. The flow front advancement was recorded
by a digital camera through the transparent mold and corresponding dynamic saturation curves were
built adapting the methodology of Nordlund et al. [105] and were thereafter compared with the curves
obtained by X-ray image analysis.

Then, as the aim of this work is to demonstrate the potential of the method for non-translucent fabrics,
different tests were performed with the carbon fabric, in particular to analyze the effect of the number
of layers and the volume fraction on scattering images’ contrast. Finally, the two flax fabrics were
impregnated with the same volume fraction, varying the number of layers and one impregnation was
carried out for the 3D printed structure.

4.3 Results

An example of absorption, refraction and scattering images obtained for each porous structure type
is shown in Fig. 4.1. Contrasts and features obtained for each type of image are thereafter discussed
and explained based on physical properties.

4.3.1 Validation with a glass fabric

A good contrast between fabric and fluid is revealed by the scattering image for the glass fabric (Fig.
4.1a), whereas the absorption and refraction images exhibit very low contrast, with a barely visible
flow front. Nevertheless, the dry and wet areas of the preform can also be differentiated in the refrac-
tion image since the structural pattern disappears when the fabric is fully saturated. Compared to
absorption images, in which the fabric structure is highlighted and can be assimilated to a square grid,
in scattering and refraction images, the fabric structure was only identified in the vertical direction
and probably related to the grating orientation in the X-ray setup [223].
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Figure 4.1: Example of flow patterns observed in optical, absorption, refraction and scattering images obtained
for the different reinforcements (a) Twill Glass (test #2), (b) UD Carbon (test #4), (c) Twill Flax (test #12),
(d) UD Flax (test #14) fabrics and (e) the 3D printed structure (test #16). The image of the optical view does
not correspond to the flow shown in X-ray images as the X-ray infrastructure did not allow capturing videos
during the measurements. The scale is the same for all pictures.
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For the sake of elucidating the flow front patterns, the three glass fabric impregnations were performed
under a Keyence VHX-7000 digital microscope equipped with a zoom lens 10×. The resulting images,
displayed in Fig. 4.2, revealed that the unsaturated zone increases with the flow speed. At the low
capillary number, Ca = 1.37 · 10−4 (test #1, Fig. 4.2a), a narrow unsaturated zone is observed,
corresponding to a rather balanced flow, nonetheless with a slight predominance of capillary driven
fluid flow in the tows. For the medium capillary number Ca = 2.42 · 10−4, (test #2, Fig. 4.2b), the
fluid first fills the inter-tow spaces; the tows behind the flow front are not completely saturated thus
indicated a viscous flow. The fastest flow with a higher capillary number Ca = 5.04 · 10−4, (test
#3, Fig. 4.2c), presents the same trend as the medium impregnation case (test #2) but with a large
unsaturated zone and has thus a more viscous behavior.

(a) (b)

(c)

Figure 4.2: Flow patterns in the twill glass fabric imaged by a digital microscope for impregnation conditions
(a) #1 (b) #2 and (c) #3.

Dynamic saturation curves S(z, t) were constructed for the three glass impregnations for similar times,
from optical and X-ray image methods. The results are shown in Fig. 4.3 and prove a clear agreement
between the two methods. The slight differences in unsaturated areas between the two methods can
derive from the fact that the flow is observed only from the surface in the video acquisition where wall
effects take place [251] whereas the flow is thickness averaged in X-ray acquisition. In addition, we
calculated flow displacements of the three tests during one single image acquisition for both imaging
methods (Table 4.3). A phase-dependent anticipation or delay of the flow was observed during fast
impregnation resulting in a lower precision on the saturation measurement by the X-ray approach.
This effect could be minimized in improved setups by reducing the acquisition time with a more pow-

62



Chapter 4. Visualization of dynamic flows with X-ray phase contrast imaging

erful X-ray source and/or optimizing the grating geometry which was initially developed for static
measurements. Considering the curve shapes, the steeper curve with the narrower unsaturated zone
corresponds to the more balanced flow (test #1), while with increasing flow speed, the saturation
curves become less steep (tests #2 and #3). These findings are in good agreement with observations
from Fig. 4.2.

Figure 4.3: Comparison of S(z, t) curves built from optical and X-ray acquisitions.

Table 4.3: Comparison of flow progression during in-situ flow imaging.

Acquisition method Acquisition time [s] Flow displacement per image acquisition [mm]

Test #1 Test #2 Test #3

X-ray 9.2 1.20 2.12 4.42

Video 0.04 0.005 0.01 0.02

As the thickness averaged flow front location for glass preforms was successfully captured via X-ray
phase contrast imaging and the method was validated, the current aim is to extend the technique
towards the visualization of fluid flow through non-translucent preforms, in particular carbon fabrics.

4.3.2 Carbon fabric

Test #4 was defined as reference and its corresponding X-ray images are displayed in Fig. 4.1b. In-
terestingly, the scattering image for carbon fabric revealed a better fluid-fabric contrast as compared
to glass fabric. As expected, the carbon preform did not show much contrast in absorption images
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and horizontal glass stitches appeared better since the density of glass is higher than that of carbon.
It should be noted that, in scattering images, glass stitches were also identified by the pixel intensity,
which was slightly lower in the zones where the glass stitches were present, compared to areas with
only carbon. This observation proves the convenience of the proposed technique for the study of flow
through preforms made up of different materials. Finally, as for the glass fabric, no significant contrast
was obtained from the refraction image apart from the loss of pattern in the region with liquid. Spaces
between the tows were visible in scattering and refraction images in the form of vertical lines, albeit
thinner as compared to those of the glass fabric as the structure is more compact.

The saturation curve S(z) for each acquisition for impregnation #4 was constructed. A subset of col-
lected curves and three image reconstructions for different times illustrating the impregnation along
the fabric length are shown in Fig. 4.4. Based on the graph, the saturation decreases almost linearly
over the unsaturated region and for all curves, the slope is nearly identical as expected since the fluid
was injected at a constant flow rate and the impregnation conditions were invariable along the fabric
length and time.

Figure 4.4: S(z) curves for test #4 taken every 4 acquisitions (corresponding to approximately 37 s) (right)
and three reconstructions of the impregnation along the fabric length at three instants with the measurement
zone highlighted in red.

Then, the role of fiber volume fraction on scattering images contrast was investigated, by compressing
a pre-determined number of layers to different thicknesses, and also the role of the number of lay-
ers, by compressing several numbers of layers leading to the same fiber volume fraction at different
thicknesses. Fig. 4.5 depicts an increase of the contrast (as well as the signal-to-noise ratio) with
the number of layers. The low value peak of the histograms corresponds to the dark area (wetted
fabric) and the high value peak to the white area (dry fabric), the contrast can be simply visualized
by the separation of these two peaks. According to literature, the scattering signal increases with
the porosity level as well as the pore size [205, 206, 221, 252]. Indeed, considering that transitions

64



Chapter 4. Visualization of dynamic flows with X-ray phase contrast imaging

between air and material act as the X-ray scattering inhomogenities and that the number of scattering
events increases with the number of layers, the current observations are thus well aligned with the
underlying physical phenomena. On the other hand, the change in number of scattering transitions
due to change in volume fraction (while having same number of fabric layers) is limited since the same
number of fibers are present in the cavity and this is why, experiments #4, #5 and #6 resulted in
similar contrast. Therefore, the majority of scattering events arise from the fiber-pore transitions and
the change in the size of pores created between the fibers is not significant enough to contribute to
the scattering signal.

Figure 4.5: Comparison of scattering images obtained for the different impregnation configurations for the
carbon preform (tests #4 to #8) with the corresponding histograms.

Three additional tests (#9, #10 and #11) in which the number of layers was increased to 12, 15 and
18 were performed to further investigate the effect of the number of layers on the pixel intensity. From
scattering images in Fig. 4.6, an apparent change in the contrast between the two phases (fluid and
fabric) is not observed. Increasing the number of layers from 9 to 12 (tests #4 and #9) results in a
greater separation between the two peaks in the histogram and thus more contrast. However, for 15
and 18 layers (tests #10 and #11), histograms are almost superposed and contrast cannot be further
enhanced by increasing the number of layers.
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Figure 4.6: Comparison of scattering images obtained for tests #9, #10 and #11 with the corresponding
histograms which are compared to the one of test #4.

4.3.3 Flax fabrics

Fig. 4.1c and d show respectively, the images obtained for test #12 with the twill flax and test #14
with the unidirectional flax fabrics. In scattering images, the flow front is barely visible for the twill
whereas it is clearly observed for the UD. Based on our previous results with carbon fabric, this dif-
ference in contrast can be related to the number of layers used. This is why, tests #13 and #14 (Fig.
4.7), were performed with the aim to evaluate the increase of contrast by increasing the number of
fabric layers. For both cases the contrast slightly improved. For the twill case (Fig. 4.7a), the flow
front starts to appear when the number of layers was increased from 3 to 9 and for the UD case (Fig.
4.7b), the contrast between fabric and liquids is increased. However, despite the increased contrast
by increasing the number of layers for the two flax fabrics, the contrast was far from reaching a level
comparable to that observed in glass or carbon fabrics. Moreover, there is still a significant difference
between the two fabric configurations twill and UD, that is potentially linked to the resolution of the
flow front rather than the contrast (e.g. contrast in tests #13 and #14 seems very close in Fig. 4.7,
but the flow front outline hardly recognized for the twill case). Thus, the fabric structure is suspected
to play a major role in the imaging principle.

Then, for both samples (Fig. 4.1c and d), the absorption image brought the flow pattern out for the
two cases. A flow pattern directly linked to the fabric structure is depicted: in the weave case, the
unsaturated zone is larger because large pores created by the weft and warp tows enhance viscous
flow between tows while intra-tow spaces require longer time scales for impregnation; conversely, the
unidirectional fabric presents a more compact structure with more evenly distributed pores in which
the fluid cannot easily progress in between the tows and the boundary is crisper. The present results
provide a stimulus for further investigation of flow through natural preforms and in order to better
visualize impregnation of natural fiber preforms with the present technique, other solutions can be
explored such as changing the fluid nature, changing the orientation of the gratings or increasing the
X-ray source power.
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(a) Twill flax

(b) UD flax

Figure 4.7: Comparison of contrast in scattering images through the (a) twill (using 3 and 9 layers) and (b)
UD (using 6 and 12 layers) flax fabrics with an increase of fabric layers. An interference pattern strongly affects
images of tests #13 and #15, this was due to a default in a piezoelectric cable throughout the testing day.

4.3.4 Polymeric structure

The obtained images corresponding to the polymeric structure impregnation (test #16) are shown in
Fig. 4.1e. No significant contrast was obtained for the scattering image between the grid and the
fluid since the grid is a homogeneous material and the porosities are in the range of a millimeter.
In addition, the fluid path in between the small pores of the structure was hidden by the polymeric
structure. Vertical lines corresponding to the edges of the large cavities were the only elements that
were barely visible. Absorption images revealed more interesting results: the location of the small
cavities was distinguished, corresponding to less dense zones where the grid appeared lighter, the fluid
path was easily tracked and empty, partially-filled and filled cells were clearly highlighted. Thus,
the observation of flow through the 3D printed polymeric porous preform under X-ray techniques
is enhanced by attenuation rather than scattering. Interestingly, this approach could be extended to
more complex networks for fluid dynamics studies. This example shows at the same time the limitation
and versatility of the presented technique.
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4.4 Discussion

The increased contrast obtained in scattering images mainly arises from the difference between the
very heterogeneous internal structure of fabrics that scatters X-ray and the homogeneous medium
that the fabric becomes once it is impregnated with liquid. It is thus expected that this technique
will be equally suitable to observe specific thermoset resins used for LCM. However, different con-
trast was obtained for the different materials and test conditions. In order to quantitatively compare
the contrast achieved in scattering images for the studied fibrous reinforcements, an intensity range
value was defined for each sample by the subtraction of Imin from Imax (Chapter 3 section 3.3.3).
An overview of the contrast values obtained for all experiments is illustrated in Fig. 4.8 where the
intensity range was plotted versus the number of layers. The three main factors responsible for the
contrast are presented hereunder.

Figure 4.8: Intensity range of scattering images versus the fabric number of layers.

4.4.1 Effect of the number of layers and fiber diameter

From previous findings, the volume fraction has a minimal effect on the scattering contrast. However,
the contrast strongly depends on the number of layers since fibers act as main scatterers. Fig. 4.8
illustrates this observation for the UD carbon fabric, since the signal intensity versus the number of
layers a follows a linear trend till it reaches a saturation value as we previously suggested.

Moreover, fibers with larger diameters have lower specific surface area per volume compared to fibers
with smaller diameters and thus will create fewer scattering events. Indeed, fibers with a diameter
comparable to the grating size (4 µm), are in the “sensitive size window” [253] and scatter the X-ray

68



Chapter 4. Visualization of dynamic flows with X-ray phase contrast imaging

signal better, resulting in an enhanced contrasts. By referring to Table 4.1, fiber diameters are in
line with the obtained contrast. Glass and carbon fabrics which have fibers with diameters of less
than 10 µm gave better contrast compared to flax fabrics which possess fibers with significantly larger
diameters. As carbon and glass fabrics have similar diameters, the contrast difference between them
in the scattering images arises mostly from their refraction coefficients.

4.4.2 Effect of the material composition

The highest fluid/reinforcement contrast was achieved with carbon fabric, thereupon glass and fi-
nally flax (Fig. 4.8). According to the literature, inhomogeneities that create scattering refer to
variations in the electron density which are related to the materials’ refraction coefficient δ [204]. In
Table 4.4, linear absorption µ and refraction δ coefficients from tabulated databases are presented for
the different materials at the X-ray intensity used in this work, assuming that water is the main ele-
ment of the fluid mixture, carbon, silica and cellulose those of carbon, glass and flax fibers respectively.

Evidently, the refraction coefficient has a direct impact on refraction images, indeed, the flow front
was pinpointed for glass and carbon samples because their refraction coefficients are high enough com-
pared to that of the fluid whereas for flax fabrics, the front was hardly detected given the proximity
of the cellulose and fluid refraction coefficients. In addition, it can be highlighted that refraction
coefficients prove to be also directly linked to the scattering ability of each material, since carbon and
glass have higher values, they gave better contrast in scattering images when compared to flax. Then,
the absorption coefficient (related to the ability to attenuate X-ray) is directly linked to the material
density and this is why glass showed higher contrast in absorption.

Table 4.4: Absorption and refraction properties of carbon, silica and cellulose at 60 keV from [254, 255].

Material Formula µ [m−1] δ (10−7) [-]

Water H2O 0.21 0.6

Glass C 0.32 2.0

Carbon SiO2 0.63 1.5

Flax C12H10O5 0.24 0.8

4.4.3 Effect of the structure

The fabric configuration also influences the scattering contrast. For a given material, more compact
and homogeneous fabric layers with fibers parallel to the grating lines provided a higher contrast, the
phenomena is clearly illustrated by twill and UD flax fabrics experiments (Fig. 4.1c and d). For uni-
directional fabric configurations, where fibers were parallel to the grating lines we obtained a stronger
signal with respect to the twill configuration. Indeed, in refraction and scattering images, variations
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on the x-direction (perpendicular to the grating lines) are only measured and thus variations on the
z-direction such as the horizontal bundles of the twill fabrics do not appear on those images.

By rotating the fabric and thus creating an angle between the gratings and vertical/horizontal bun-
dles, it would be possible to observe weft and warp directions of twill fabrics. We repeated test #4 by
rotating the setup around the y-axis by 45◦ for a glimpse of the influence of the fabric orientation: an
example of scattering image is shown in Fig. 4.9. As expected, the fabric weave patterns are observed
in x and z directions, the contrast, though, is decreased at 45◦.

(a) (b)

Figure 4.9: Scattering images (a) resulting of a rotating the setup 45◦ and (b) reference at 0◦.

4.5 Conclusions

X-ray phase contrast imaging proved to be a powerful tool to visualize in-operando dynamic fluid flows
across the thickness of translucent and non-translucent fibrous preforms. In particular, we observed
the progressive saturation of carbon fabric preforms by collecting images with an acquisition time
of less than 10 s, transcending previously reported approaches, and on a relatively large sample size
window of 7 cm × 7 cm. Moreover, given the enhanced contrast between fabric and liquid, progressive
saturation curves were built from a grayscale image analysis.

Then, taking advantage of the wide range of materials that this technique can visualize, glass pre-
forms were used for validating the current method by comparing the resulting progressive saturation
through glass preforms by X-ray and conventional optical techniques. The visualization method was
then extended to carbon and flax fabrics and a 3D printed preform.

By comparing different geometric and flow velocity configurations, we identified the main parameters
affecting the scattering contrast, including the number of layers, the fiber diameter, the refraction
properties of the material as well as the fabric structure. This provides guidelines for the in-depth
analysis of flow patterns, in particular in non-transparent carbon fabrics, with model fluids or reac-

70



Chapter 4. Visualization of dynamic flows with X-ray phase contrast imaging

tive resins, for model validation and identification of the relevant parameters governing flow in liquid
composite molding processes.

Finally, once the factors affecting the image resolution have been evaluated, in Chapter 5, it is sought
to explore the potential of X-ray phase contrast technique to elucidate and study dual-scale flow
patterns.
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Chapter 5

Assessment of dual-scale flows for
impregnation studies

In infiltration studies, it is sought to assess the flow front progression with as much accuracy and detail
as possible, since it is there that many phenomena take place. Concretely, the dual-scale geometry
characteristic of fibrous media triggers a dual-scale fluid pattern, inducing subsequently, a void forma-
tion mechanism which directly impacts the final part properties. Depending on the extent of viscous
and capillary forces, the fluid adopts different preferential paths. Besides, the transition from capillary
to viscous dominated flows is linked to the dynamic wettability in which the fluid switches from wet-
ting to non-wetting states. Here, conventional X-ray radiography is compared to X-ray phase contrast
technique to image in-situ constant flow rate impregnation of a non-translucent unidirectional carbon
fabric. X-ray attenuation of the fluid phase was increased by using a ZnI2-based contrasting agent,
leading to enough contrast between the liquid and the low density fibers. We proved the suitability of
conventional X-ray transmission to visualize fluid paths by elucidating different flow patterns, span-
ning from capillary to viscous regimes and a meso-void entrapment phenomenon. The versatility of
the technique was strengthened by visualizing flow through two flax and a twill carbon fabrics.

Part of this chapter has been published as:

Helena Teixidó, Baris Caglar, Véronique Michaud. "Dual-scale visualization of resin flow for liquid
composite molding processes", Proceedings of the 20th European Conference on Composite Materials,
ECCM20, Lausanne, Switzerland, 2022 [256].

73



Visualization and modelling of dynamic flow in fibrous preforms for liquid composite molding

5.1 Introduction

In the previous chapter, we proposed to use an X-ray phase contrast device to assess the progressive
saturation of several distinct fibrous preforms even with conventional resins with acquisition rates
below 10 seconds per acquisition. This technique is sensitive to the ultra-small angle scattering
and allows to enhance the contrast between materials with low density but with enough micro-scale
heterogeneities such as fabrics and resins. In this chapter, the potential of this technique to evidence
dual-scale flow patterns is explored. We found out that sometimes, a sufficient resolution was not
achieved and to to overcome this limitation, we investigated the use of contrasting agents added to
the fluid phase to enhance the fluid/fabric contrast in conventional absorption images. The benefits
and limitations between the two methods for elucidation of dynamic patterns in different fibrous
preforms and entry data for mathematical models are addressed.

5.2 Materials and methods

5.2.1 Materials

The unidirectional carbon fiber reinforcement (Fig. 3.2a) was selected for the dual-scale visualization
assessment. The twill and unidirectional flax fabrics (Fig. 3.3) and the twill carbon fabric (Fig. 3.2b)
were used for the final method validation.

Two PEG-based solutions were used as tests fluids. One is the aqueous solution of PEG at 16.67 wt.%
and the second one is the same PEG-solution but with the ZnI2-based contrasting solution (CA1)
added to the first solution. The properties of the mixtures assumed for this chapter are listed in Table
5.1.

Table 5.1: Considered fluids properties.

Fluid Viscosity [Pa · s] Density [g/ml] Surface tension [mN/m]

PEG 16.7 wt.% 0.103 1.026 56.5

PEG 16.7 wt.% + CA 0.087 1.276 32.7

5.2.2 Methods

Flow experiments were performed with the setup and procedure from Chapter 3 sections 3.3.1 and
3.2.2. Fabric layers were accurately hand-cut to a dimension of 4.95 ± 0.05 cm x 15 ± 0.10 cm and
fitted into the PMMA mold with the desired cavity thickness. Vertical constant flow rate experiments
were carried out, the capillary number thus stays constant along the test and the fluid velocity was
estimated by measuring the average front velocity.
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Three experiments were conducted at different flow rates to obtain a range of flow regimes spanning
from capillary to viscous dominated with the PEG 16.7 wt.% solution (tests #1, #2 and #3) and were
repeated with the solution with contrasting agent (tests #4, #5 and #6). Two additional experiments
were performed with the two flax fabrics (tests #7 and #8) and one with the twill carbon fabric (test
#9) with the fluid containing ZnI2. A summary of the experimental campaign is given in Table 5.2.

Table 5.2: Impregnation experiments.

Test # Fluid Fabric n [-] h [mm] Vf [%] u [mm/s] Ca (10−4)

1 PEG 16.7 wt.% UD Carbon 9 3 45.0 0.08 0.80

2 PEG 16.7wt.% UD Carbon 9 3 45.0 0.26 2.61

3 PEG 16.7wt.% UD Carbon 9 3 45.0 0.38 3.81

4 PEG 16.7wt.% + CA1 UD Carbon 9 3 45.0 0.08 1.17

5 PEG 16.7wt.% + CA1 UD Carbon 9 3 45.0 0.26 3.80

6 PEG 16.7wt.% + CA1 UD Carbon 9 3 45.0 0.38 5.56

7 PEG 16.7wt.% + CA1 Twill Flax 9 6 34.6 0.17 2.96

8 PEG 16.7wt.% + CA1 UD Flax 12 4 34.6 0.10 1.74

9 PEG 16.7wt.% + CA1 Twill Carbon 8 3 42.2 0.25 3.84

5.3 Results and discussion

5.3.1 Observation of flow regimes by X-ray phase contrast

Tests #1, #2 and #3 correspond respectively to capillary, balanced and viscous flows and the images
recorded by X-ray-phase contrast are shown Figure 5.1. As already reported in Chapter 4, the higher
fabric/fluid contrast is obtained in scattering images, when conventional fabrics and impregnation
liquids are employed.

Viscous fingering and unsaturated length are depicted in the scattering images for test #3, when
compared to absorption and refraction images. It should be noted that the unsaturated length can be
also extracted from the refraction image even though not through the contrast obtained but rather
from the homogeneity of the signal. In absorption images, viscous fingering in between the tows can
be recognized but the intensity is very weak and disturbed by horizontal glass stitches that gave a
strong signal. Results for test #2, showed a rather balanced flow as expected with a flat and sharp
flow front, similarly observed for the three images. However, for capillary flows (experiment #1),
the scattering image appears to underestimate the flow pattern. Although the flow front position is
identified, the intra-tow capillary fingering is not elucidated in the scattering image. Absorption and
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Figure 5.1: Absorption, refraction and scattering images obtained for the UD carbon impregnated with the
PEG 16.67% solution (tests #1, #2 and #3).

refraction images, nonetheless, show a large unsaturated area and a flow preferentially filling the tows.
The interpretation of the flow front in these images is unfortunately hampered by the low contrast
obtained.

This is why, to further explore the potential of X-ray phase contrast imaging to observe dual-scale flow
patterns, it was sought to combine these images to strengthen the signal and better draw the flow front
contour. Analogously to what was done by Senck et al. [227] for dual-scale characterization of cracks
in fiber reinforced composites, the combination of absorption and scattering images was tried. The
idea is to create a superimposed image by using the power of each technique as the dark field image is
sensitive to subpixel variations and thus the fabric porosity, while the absorption image depends on the
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material density and elucidates the fabric macrostructure. Since, it was observed that the unsaturated
area was visible in refraction images, it was used as well. For the three flow conditions, a Gaussian
filter was applied to the scattering image and refraction and absorption images were combined by
calculating their absolute difference. Then, by using the Red-Green-Blue (RGB) coding, the B and R
channels were attributed to the absorption-refraction and scattering images respectively to construct
the superimposed images shown in Fig. 5.2.

(a) (b) (c)

Figure 5.2: Superimposed absorption, refraction and scattering images for visualization of flow patterns.
Acquisition corresponding to tests (a) #1, (b) #2 and (c) #3.

The different patterns are highlighted for all cases and the fabric structure appears clearly in the
impregnated length. However, the mathematical analysis of these images is limited to extract quanti-
tative information such as the saturation ratio. To overcome this limit, and since in absorption images
the flow front line is neat, the potential benefit of a contrasting agent in the solution to increase the
effect of the fluid on the attenuation signal is investigated thereafter.

5.3.2 Observation of flow regimes by X-ray radiography

Flow front images obtained for experiments employing the ZnI2-based contrasting solution (tests #4,
#5 and #6) are shown in Figure 5.3. With this approach, a high resolution and fluid/fabric contrast
is obtained in absorption images whereas little information can be extracted from refraction and scat-
tering images in which the flow front is disturbed by the fluid composition, affecting its refraction
properties.

In this set of impregnations, the different flow domains are distinctly identified in absorption images:
capillary and viscous fingering are observed for tests #4 and #6 respectively with a large unsaturated
area and as expected, test #5 is a rather balanced flow with a small unsaturated zone. Moreover,
inter-tow meso-voids resulting from strong capillary effects are apparent for test #4, as shown with
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Figure 5.3: Absorption, refraction and scattering images obtained for the UD carbon impregnated with the
PEG 16.67% + CA1 (tests #4, #5 and #6).

more detail in Fig. 5.4. It can be observed that for the capillary case (test #4), the flow front is
almost flat due to the domination of homogeneous diffusion inside the tows whereas for the viscous
dominated flow (test #6), it is less sharp since it is highly influenced by fabrics layup resulting in an
irregular meso-porosity network.
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Figure 5.4: Meso-void formation observed in absorption images (test #4). From left to right the images spaced
of 36.8 seconds. Red arrows show some examples of void entrapment due to the horizontal stitches.

The fabric architecture and in particular the presence of the horizontal stitches were found to be the
major factor affecting the flow pattern. In the capillary-driven case, fiber bundles create “pools” in
the upstream areas which lead to meso-void entrapment as shown in the sequence of images in Fig.
5.4 and explained in Fig. 5.5a. In the viscous case, they form large empty areas within the fibrous
preform leading to a stabilization of the flow as shown in Fig. 5.5b. As a result, the saturation as a
function of position will result in an almost linear decrease over the unsaturated area for all cases.

(a) (b)

Figure 5.5: Schematic of the influence of the fabric architecture on (a) capillary and (b) viscous flow patterns.
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5.3.3 Visualization methods comparison

With the aim of comparing the two visualization methods to assess the flow front pattern and satu-
ration rate, histograms of absorption, refraction and scattering images for tests #2 (Fig. 5.1) and #5
(Fig. 5.3) were built and are grouped in Fig. 5.6.

Figure 5.6: Comparison of histograms for absorption, refraction and scattering images of tests #2 and #5.

The absorption image discloses differentiated peaks of dark and light grays when the contrasting agent
is added, whereas without it, nearly only one peak appears. Moreover, when compared to scattering
images that display separated peaks as well, the pixel intensity range per peak (i.e. for fluid and fab-
ric) is narrower for absorption images. This leads to better differentiation between the two materials,
simplifying the image interpretation and analysis since the objective is to build the dynamic satura-
tion curve for each experiment following the grayscale analysis method presented in Chapter 3 section
3.3.3. Refraction image histograms were very similar for both techniques and with a single peak, since
as already mentioned, information is transmitted through the texture (or signal homogeneity) rather
than through the contrast.

Table 5.3 summarizes the main advantages and disadvantages of the two approaches. As a matter
of fact, conventional radiography by means of contrasting agents seems to be a powerful technique
to observe flow patterns with satisfying resolution of the flow front, allowing to elucidate preferential
flow paths and void formation mechanisms. Even though, some hurdles need to be overcome to carry
a thorough flow analysis: (i) for viscous flows, the flow displacement per image acquisition can be too
significant leading to a slight error when building the saturation curve, to overcome this, it is sought
to reduce the time of acquisition; (ii) a complete analysis of the final saturation state (accurate mea-
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surement of the residual porosity) is needed to properly describe the flow behavior for the modelling;
(iii) micro-void formation and location is hardly identified with this method.

Table 5.3: Advantages and disadvantages between the studied visualization methods.

Advantages Disadvantages

X-ray phase contrast
imaging

• Scattering image gives a good
fluid/fabric contrast to track flow
progression at a real scale

• Conventional resins can be used
• Additional information about the flow

can be extracted from the refraction
image

• Scaterring image resolution is not
sufficient to extract flow patterns, in
particular, intra-tow flow.

• Grating orientation can conceal some
features

• Time of acquisition can be too long for
fast flows

X-ray transmission • Fine detail is obtained
• Flow patterns are highlighted for all

impregnation speeds
• Since the grating movement is not

needed, the acquisition time can be
reduced

• Meso-void formation can be observed

• Need of contrasting agents to visualize
flow patterns, modifying fluid
properties

5.3.4 Examples with other systems

In this section, the visualization of flow through other preforms rather than the unidirectional carbon
fabric with conventional radiography is evaluated. Impregnation of the two flax preforms is shown
in Fig. 5.7 and 5.8. Interestingly, an unsaturated area varying over time is observed for both cases,
even though the phenomenon is more pronounced for the twill fabric due to the pronounced dual-scale
porosity of this medium (larger meso-pores when compared to the UD). This was attributed to ab-
sorption and swelling effects happening behind the flow front as introduced in Chapter 2 section 2.4.3.
Hence, this approach can be extended to study the impregnation of natural preforms. However, it
should be noted that the test fluid employed is water-based, thus swelling and absorption are expected
to be significant.
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Figure 5.7: Representative absorption images of the twill flax fabric impregnation (test #7).

Figure 5.8: Representative absorption images of the unidirectional flax fabric impregnation (test #8).
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Finally, an impregnation in the twill carbon preform was carried out and the flow front behavior is
shown in Fig. 5.9 with a sequence of three images. A small unsaturated area is observed depicting a
rather balanced flow. A lot of meso-voids were formed, those stemming from the highly heterogeneous
geometry, with large meso-spaces in between the tows and large horizontal bundles, perpendicular
to the flow direction. Moreover, the interconnected meso-pore structure led to void migration events
throughout the impregnation.

Figure 5.9: Visualization of the twill carbon fabric impregnation (test #9). Absorption images correspond
to an acquisition position visualizing roughly the middle position of the fabric. Each image is separated by 46
seconds.

5.4 Conclusion

The present results show that scattering images obtained by X-ray phase contrast imaging were not
able to elucidate flow front patterns with enough detail. In particular, capillary fingering happening
in slow flows was hindered by an inter-tow signal close to that of partially saturated tows. A com-
bination of absorption, refraction and scattering images was proposed to obtain images in which the
flow regime was depicted. However, those images do not allow to build the saturation curve from a
simple mathematical analysis, e.g. from the grayscale analysis as done in the previous chapter with
scattering images.

To overcome these drawbacks, we proposed to use conventional X-ray radiography and proved that
it can be a suitable technique for in-situ flow analysis for LCM studies and in particular for non-
translucent preforms. Despite the low density of carbon and flax fabrics, by adding a ZnI2-based
contrast agent to the model fluid, we were able to enhance the fluid/fabric contrast in absorption
images and elucidate fluid path at a real impregnation rate with a satisfactory resolution.

The flow front for different impregnation conditions was successfully tracked for a unidirectional car-
bon preform. Capillary to viscous fingering regimes were clearly identified and the location and shape
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of meso-porosity for the capillary case was even observed. Then, the method was successfully ex-
tended to observe flow through unidirectional and twill flax fabrics and a twill carbon. A variable
size of the saturated area was observed for the natural fiber preforms and attributed to swelling
and absorption phenomena. Void formation and motion in the twill carbon fabric was also depicted
revealing the versatility of the technique to study different phenomena taking place during infiltration.
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Chapter 6

Modelling of dynamic fluid saturation
in carbon reinforcements

A methodology is proposed to monitor and model the progressive saturation of a non-translucent
unidirectional carbon fabric stack through its thickness making use of the approach presented in the
previous chapter to assess the progressive saturation by means of X-ray radiography and extract the
dynamic saturation curves using image analysis. Four constant flow rate injections with increasing
flow speed were carried out. These were simulated by a numerical two-phase flow model for both
capillary and viscous leading flow conditions. The hydraulic functions describing pressure and rela-
tive permeability versus saturation were determined by fitting the saturation curves using a heuristic
optimization routine. As the fluid velocity increases and the flow regime at the flow front shifts from
capillary to hydrodynamically driven, the resulting capillary pressure curves for a given saturation
level are shifted to higher values, from negative to positive. These as well as the capillary pressure
calculated from the pressure drop within the unsaturated region of the fabric correlate well with a
corresponding change in the averaged dynamic contact angle.

Part of this chapter has been published as:

Helena Teixidó, Guillaume Broggi, Baris Caglar, Véronique Michaud. "Measurement and modelling
of dynamic fluid saturation in carbon reinforcements", Composites Part A: Applied Science and Man-
ufacturing, 107520, 2023 [257].
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6.1 Introduction

Modelling fluid flow through fibrous reinforcements at the processing macro-scale has received much
attention in the past decades with the aim of predicting the preform filling step to manufacture
composite parts [7, 8]. For simplicity, infiltration studies often assume a fully saturated flow front
progression. However, approaches considering multiphase flows taking place at different scales seem
to be more realistic and are increasingly proposed.

One method is the two-phase flow initially developed in soil-science and used in liquid composite
molding in the frame of metal-based matrix materials [109, 110, 258, 259] but still seldom applied for
polymeric composites [104–108]. A continuum mechanics framework in which a resin phase displaces
air (second phase) contained in a porous medium is applied. Then, in order to solve mass and mo-
mentum conservation equations for each phase within a representative volume element, constitutive
relationships for pressure and relative permeability vs saturation are defined. Nevertheless, those re-
lationships are not straightforward to directly measure experimentally and rely thus on the fitting of
semi-empirical equations which are subsequently inserted into multiphase flow equations [117, 120].

The modelling of fluid flow in carbon fabrics has been barely addressed given the few available ex-
perimental setups to observe flow through non-translucent preforms. In this chapter, we employ the
methodology developed in previous chapters: we observe the progressive saturation of the unidirec-
tional carbon fabric via radiography and enhance the fluid/fabric contrast by means of contrasting
agents added to the model fluid, gaining further details in the impregnation of a unidirectional carbon
preform, thus with a rather uniformly bi-modal pore size distribution. The progressive saturation is
then analyzed for injection conditions covering various flow regimes and modelled with a two-phase
flow model as developed in Ref. [105], further extended to account for both capillary and viscous lead-
ing flow scenarios each related to a given value of the capillary number. An optimization procedure is
proposed to extract the relevant constituting parameters from the experimental drainage-imbibition
curves. Finally, we propose to link the results of the two-phase flow model with the mesoscopic capil-
lary pressure drop approach, based on saturated flow assumptions, through the dynamic contact angle
dependency on the capillary number.

The terminology presented in Fig. 6.1 is employed in this chapter; when the flow progresses ahead
inside the tows, we will describe it as capillary leading flow and it is modelled with an imbibition
model in which the displacement phase, the liquid, is wetting; conversely, when the flow progresses at
the front in meso-spaces (in between the layers and the tows), we will describe it as viscous leading
flow and it is modelled with the drainage model in which the liquid is the non-wetting phase.
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Figure 6.1: Schematic of the terminology employed in the current chapter.

6.2 Materials and methods

6.2.1 Materials

The quasi unidirectional carbon fabric with Aw = 270 gsm. According to the description of the fabric
on section 3.1.1, the fabric is uniformly bi-modal and we do not expect this fabric to show extreme
dual-scale effects as observed in other textiles where large flow channels are present [44]. We thus
expect flow patterns to mostly relate to dynamic wetting effects.

The UD fabric impregnated with the aqueous solution of polyethylene glycol including the contrasting
agent with formulation: 62.5 wt.% of water, 11.0 wt.% of PEG (Mw = 35kDa, Sigma Aldrich), 22.6
wt.% of ZnI2 (Mw = 319.19, Fluorochem) and 3.9 wt.% of Kodak Photo-Flo 200. A surface tension
value of a value of 32.7 ± 0.2 mN/m was obtained, averaging four measurements and since the fluid is
water based, we estimated that the change in surface tension between experimental conditions varied
by not more than 1% [260].

For the permeability study, the water-based solution of PEG at 16.67 wt% was employed.

6.2.2 Flow experiments

Flow experiments were performed with the X-ray phase contrast imaging setup presented in Chapter
3 section 3.3.1 and acquired with the methodology from section 3.3.2. Only absorption images were
used in this study, since according to Chapter 5 an optimal flow front resolution was not achieved
with the scattering images. It should be noted that the grayscale is thus inverted in the present work,
the liquid being the dark phase and the fluid the light one.

Nine fabric layers with a dimension of 4.95 ± 0.05 cm × 15 cm were fitted in a 3 mm thick metal
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spacer enclosed in the PMMA based mold, leading to a fiber volume fraction of Vf ≈ 45 %. In-plane
injections at four different constant flow rates were performed in the vertical position, obtaining a
range of flow regimes spanning from capillary to viscous driven.

The approximate fluid front flow velocity was adjusted by controlling the pump settings and the actual
one was then measured by averaging the front speed from the saturation curves. In particular, the
position z at S = 0.5 was plotted versus time and the resulting curve was fitted with a linear function,
the average velocity corresponding to the slope. All along the infiltration, the fluid pressure and tem-
perature were measured. The flow front u and superficial U velocities, the average fluid temperature
T with the respective viscosity µ and capillary numbers Ca are listed in Table 6.1.

Table 6.1: Impregnation experiments.

Test # u [mm/s] U [mm/s] T [°C] µ [Pa · s] Ca (10−4)

1 0.082 0.045 25.4 0.074 1.02

2 0.213 0.117 26.7 0.072 2.58

3 0.258 0.142 22.8 0.082 3.47

4 0.429 0.236 25.0 0.075 5.41

6.2.3 Dynamic saturation assessment

For each experiment, the saturation curve S(z, t) was built as a function of location z in the fabric
and impregnation time t. The same routine to build the saturation curve from the grayscale analysis
of X-ray images as described in Chapter 3 section 3.3.3 and validated in Chapter 4 was employed.

A region of interest of 500 pixels was selected, corresponding to a width of 2.5 cm approximately
located in the middle of the sample to get rid of flow edge effects. The averaged pixel intensity
value over fabric width was calculated and converted into saturation value by comparing the pixel
intensity values to those corresponding to fully wet and fully dry states. Saturation value extraction
was calibrated to ensure that the value always remained between 0 (fully dry state) and 1 (final state
after flushing the resin for several minutes).

6.2.4 Numerical modelling

Flow experiments were modelled with a two-phase flow approach, whose equations are developed in
Chapter 3 section 3.4.1 and implemented in a 1D model in COMSOL Multiphysics 5.6 as introduced
in section 3.4.2. At the inlet (z = 0 m), a normal inflow velocity equal to the superficial velocity
U , representing the constant flow rate was set and at the outlet (z = 0.15 m), a no-flow condition
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(ensuring that no flow is entering at this point).

Infiltration experiments were all carried out with the same fluid and fibrous preform. As introduced in
section 3.4.2, a requirement for the developed model is to know in advance if the fluid progresses with
a wetting or a non-wetting behavior. This was visually determined by observation of the dynamic flow
front: if flow within the tows led the overall flow front, the fluid was considered as wetting for this
range of flow rates, whereas if flow within the tows lagged, the fluid was considered as the non-wetting
phase (and air the wetting phase).

In the present macroscopic approach, all effects and processes that will influence the equilibrium be-
tween the two fluid phases (such as surface tension, wettability of the solid, porosity distribution)
are lumped into Pc − S − kr relationships for a given value of Ca. Moreover, since Pc is determined
under different injection conditions in this work (the desaturation rate Ṡ = ∂S/∂t is not equal to 0),
it is regarded as a dynamic capillary pressure. Consequently, the difference between non-wetting and
wetting pressures is not only due to capillarity but also depends on the flow dynamics (such as the
pressure gradient needed to overcome viscous forces) [261]. Even if saturation curves are generally
determined in literature under static conditions (and thus only dependent on the system properties),
researchers proved that they lead to a poor prediction of two-phase flow kinetics in real non-steady
cases.

Dynamic effects manifest themselves, notably as differences in hydraulic functions descriptions [262,
263]. Thus a dynamic capillary pressure, Pc,d(S, Ṡ) with a more general thermodynamic definition,
is increasingly employed and is related to the static one Pc,e(S) by introducing a dynamic term de-
pendent on the temporal rate of saturation change τ , such that Pc,d(S, Ṡ) = Pc,e(S) − τ(Ṡ). This
term τ , also called the capillarity coefficient, is a measure of the fluid speed to reach an equilibrium
state. Even though some studies showed a dependence between τ and S, the functional relationship
is still unclear [264–266]. Experimentally, the dynamic capillary pressure is observed to be greater
than the static one in drainage and lower in imbibition, and their discrepancy is suggested to arise
from the change of static to dynamic contact angles [263, 267–271]. This arises from the fact that
capillary pressure (in a saturated slug-flow assumption) is related to the contact angle θ by Eq. 2.15
as previously introduced in Chapter 2 section 2.4.1.

The link between dynamic contact angle (which in this case corresponds to an averaged contact
angle, as it is averaged over the whole REV) and capillary pressure obtained from the multiphase
flow approach is however not often directly made in the literature, in part because fluids used in soil
science have a much lower viscosity than organic resins, hence less marked dependency of the contact
angle on flow velocity.
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6.2.5 Permeability measurement

To solve equation 3.9, a proper measurement of the saturated permeability Ksat is first sought. Per-
meability experiments were performed with the same mold and setup configuration as the flow ex-
periments, thus with an aspect ratio of 3 between length and width. At the outlet, a beaker and a
scale were added to record the outcoming mass after full impregnation of the preform related to the
outcoming flow rate Qout with the fluid density. Before each experiment, the fabric stack was weighed
to accurately estimate the fabric volume fraction. In an in-plane impregnation, Ksat can be easily
calculated from the relation derived from Darcy’s law (Eq. 2.7), with ∆Papp, the average pressure
difference during the saturated flow.

Since in a constant flow rate, the pressure increases first linearly during the saturation of the preform
and then becomes stable once the preform is saturated, the fluid was let to flow enough so the pres-
sure was constant (varying ± 0.001 bar) to measure the saturated permeability. Three experiments
per constant flow rate condition (same as tests #1 to #4) were carried out to elucidate if the Ksat

was somehow dependent on the flow rate. The twelve permeability results as a function of the su-
perficial velocity are shown in Fig. 6.2 and as no trend was observed, a mean value of the Ksat was
calculated resulting in an averaged value of 8.63 · 10−11 ± 1.33 · 10−11 m2 which is highlighted in red.

Figure 6.2: Saturated permeability results.
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6.2.6 Parameters identification

To perform the optimization, eleven S(z, t) training curves were selected per experiment with the aim
of representing various instances throughout the mold-filling. The optimization routine presented in
Chapter 3 section 3.4.3 was employed to identify β, L and N parameters that better fit the experimen-
tal data. As the saturation curves are almost self-similar over the position z and linear over a large
domain, the error minimization resulted in the fitting of the average linear region. Thus, the WMSE
was used to increase the weight of the non-linear region, namely below 0.1 and over 0.9 saturation
by assigning the value of wj accordingly. The problem was constrained by choosing upper and lower
boundaries for the different parameters and the maximum number of iterations was set to 1000.

Since, the Nelder-Mead algorithm [247, 248] based on an heuristic was found to offer the best compro-
mise between result quality and convergence speed and the Differential Evolution to better minimize
the error at the expense of long convergence times, they were employed to run the optimization
computations.

6.3 Results

6.3.1 Flow experiments

An example of a sequence of three images per experiment taken at different times is shown in Fig.
6.3, for the four experiments with resulting flow regimes elucidated with this approach.

Capillary fingering is clearly observed for test #1, with flow leading within the tows, resulting in an
unsaturated length up to 20 mm. Test #2 shows a slight capillary behavior and test #3 turned out
to be a rather balanced flow with a small unsaturated zone. For both experiments, the unsaturated
length was close to 10 mm. Viscous fingering is observed for test #4 with a larger unsaturated area
(up to 15 mm), and flow leading between the tows. In this last case, the front is slightly more blurred
due to the nesting induced changes in the meso-porosity network. Thus, for experiments #1 and #2,
the resin is considered wetting and for #3 and #4 non-wetting.
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(a) Ca1 = 1.02 · 10−4

(b) Ca2 = 2.58 · 10−4

(c) Ca3 = 3.47 · 10−4

(d) Ca4 = 5.41 · 10−4

Figure 6.3: X-ray absorption images showing the flow progression at three different times for the four injection
conditions.
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The pressure difference between the inlet and the outlet ∆P shows a linear behavior with time in
all cases as expected, as illustrated in Fig. 6.4. Moreover, for tests #3 and #4, the pressure does
not increase immediately because no pressure builds up at the inlet in the early phases of flow due
to capillary wicking, which confirms our previous visual observations [42]. However, due to the low
pressure values of the current experiments, these could not be exploited to directly evaluate a capillary
pressure drop, as was done in Ref. [42].

Figure 6.4: ∆P pressure measurements.

6.3.2 Numerical simulation and optimization

The numerical simulations were carried out for the four injection conditions with the aim of exploiting
S(z, t) curves to extract S(Pc) and kr(S). According to the previous observations, tests #1 and #2
were modelled as a wetting infiltrating fluid displacing non-wetting air and conversely, #3 and #4 as
a non-wetting fluid displacing wetting air. Table 6.2 lists the times ti used for the optimization of
S(z, t) curves. Those were selected so that the flow front was between 20 and 130 mm from the inlet
with an increment of 10 mm approximately, giving a representative section of almost the entire steady
fabric impregnation.
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Table 6.2: Selected instances for optimization.

Times (s) Test #1 Test #2 Test #3 Test #4

t1 236.9 91.5 76.1 49.3

t2 347.1 138.1 121.3 68.1

t3 467.1 183.4 156.9 96.4

t4 577.0 228.8 195.5 116.0

t5 697.9 275.9 231.9 143.4

t6 825.5 330.6 278.0 161.8

t7 960.2 377.9 313.9 180.8

t8 1087.0 422.6 349.6 207.4

t9 1204.4 468.1 395.0 234.6

t10 1332.4 514.1 431.4 252.8

t11 1442.8 560.3 466.7 280.0

With the aim of determining the fitting parameters with accuracy, the error E (Eq. 3.14) between
experimental and numerical data was calculated for several combinations of β, L, N and then the
best candidates (giving smaller error) were used as inputs to the optimization routine. Details of the
optimization procedure are provided in Chapter 9, section 9.2.1.

The minimized aggregated error E as well as the optimized β, L, N and resulting M values are pre-
sented in Table 6.3. A general trend was observed for β that increases as Ca decreases as Nordlund et
al. [105] previously observed and the inverse for N that increases with Ca, even though values of N
for drainage experiments were very close. Finally, L was found negative in all cases similarly to Refs.
[105, 243, 244].

Table 6.3: Parameters identification results.

Test # Model β L N M E (10−3)

1 Wetting 26.79 -1.09 3.00 0.67 2.36

2 Wetting 14.39 -1.07 5.04 0.80 0.20

3 Non-wetting 4.70 -0.78 19.41 0.95 0.22

4 Non-wetting 2.43 -0.90 20.85 0.95 0.78
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The numerical simulations using the optimized parameters are compared with the experimental data
in Fig. 6.5. For flow regimes close to a balance between capillary and viscous forces (tests #2 and #3),
the saturation curves are very similar and the curve fitting matches almost perfectly. For viscous and
capillary flows, since the flow front is slightly time-variant due to potential slight fiber rearrangements
and more pronounced dual-scale effects, saturation curve shapes differ more along the fabric length
and experimental times.

For all cases, the saturation curves were quite steep due to a relatively small and rather stable unsat-
urated area, as previously introduced in Chapter 5, a characteristic dictated by the fabric geometry
more specifically by the transverse stitches that limits extensive capillary flow before filling the larger
gaps around themselves.

(a) Ca1 = 1.02 · 10−4 (b) Ca2 = 2.58 · 10−4

(c) Ca3 = 3.47 · 10−4 (d) Ca4 = 5.41 · 10−4

Figure 6.5: Experimental and numerical S(z, ti) curves.
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6.3.3 Hydraulic functions as function of capillary regime

Previous results allowed to build the hydraulic functions describing the unsaturated flow behavior for
the experimental injections. The relative permeability versus the liquid saturation functions kr(S)
obtained by modelling the different flow regimes with the optimized parameters from Table 6.3 are
given in Fig. 6.6. The shape of the curve differs when fluid is treated either as non-wetting (increasing
concave) or wetting (increasing convex) even though this is more pronounced for capillary leading cases
compared to viscous leading cases where curves present almost a linear profile as already suggested
by Nordlund et al. [105].

Moreover, it is observed that the relative permeability is an increasing function of flow rate (and conse-
quently of the Ca) for a given saturation level. Current results agree with published data since concave
to convex shapes for wetting and non-wetting fluids as well as the displacement rate and wettability
effects on the relative permeability have already largely been reported in literature for non-fibrous
media [272–275]. This result can also be intuitively understood in our case, since we expect that fluid
fills mostly the intra-tow region in the low Ca case, leading to a low value of relative permeability,
whereas the fluid fills mostly the inter-tow regions in the high Ca case, leading to a higher value of
relative permeability, since the large spaces between tows mostly govern the permeability.

Figure 6.6: Hydraulic relative permeability function kr(S).
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Similarly, the respective retention functions S(Pc) were obtained and are presented in Fig. 6.7.
Drainage curves (describing tests #3 and #4) were found to be rate dependent: for the fastest flow
rate (test #4), the unsaturated region is spread over of a wider range of capillary pressures when
compared to the lower flow rate (test #3). Thus, increasing the flow rate results in a less steep
drainage curve, indicating a larger unsaturated zone with a large distribution of capillary pressures.
The drainage curve dependency on the flow rate to describe unsaturated flow in dual-scale fabrics was
already observed by Nordlund et al. [105] and related to the dynamic wetting conditions.

However, the same trend was not observed in imbibition curves (describing tests #1 and #2) which
were very similar for both injection cases even though the pressure at smaller saturation rates was
found to be higher for the slower case (test #1) as suction in the tows is higher. The imbibition curve
of test #1 is in fact very close to spontaneous imbibition in static conditions (which corresponds to
a wicking experiment), since the pressure increase is very low, as shown in Fig. 6.4. Conversely, in
drainage, narrow pores between bundles massively affect the S(Pc) curve and the entrance pressure
effect shifts the curve to higher positive values. This was also observed by Smiles et al. [276], who
found retention curves to be non-unique during drainage (dynamic drainage curves present higher
suction than static ones) whereas dynamics effects are not observable during imbibition and the reten-
tion description is unique. In other words, since the dynamic effects depend on the pressure change,
the retention curve is also influenced by the pressure head caused by viscous effects, which is more
important at high flow rates [277].

Figure 6.7: Hydraulic retention function S(Pc).
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Finally, it is of interest to point out that the attribution of the liquid phase to a wetting or a non-
wetting phase was made here based on our observation of the flow front. As a result, tests #2 and #3
show very similar saturation curves S(z, t) because they are close to the balanced regime but the kr(S)
and S(Pc) descriptions are very different, since one is considered an imbibition whereas the other one
was considered as a drainage experiment. For intermediate flows, capillary and viscous fingering are
hardly discernable in the unsaturated length and in addition, the unsaturated length is even more
sensitive to the flow front shape when compared to viscous or capillary dominated flows. Thus, it is
tricky for intermediate flows to define sharp boundaries between the two wetting conditions since there
is not a given speed at which a fluid pass from wetting to non-wetting behavior but rather an interval
of speeds at which both coexist, regarded in literature as crossover pattern [278]. This is why the
multiphase approach can be limiting when considering the capillary to viscous leading flows transition
state. Nevertheless, Foroughi et al. [279] very recently proposed a saturation-capillary pressure rela-
tionship taking into account dynamic wetting. Encouragingly, this equation might be implemented in
the current model to define for example constant pressure driven impregnation in which the dynamic
wetting switches from a non-wetting to a wetting state.

The determination of Pc–S–kr relationships is essential to model unsaturated flows with a two-phase
flow approach. These parameters are affected by fluid and porous media properties but how is still a
subject of intense research [275]. Commonly, they are fitted to experimental data based on stationary
measurements and the non-uniqueness of these relationships, in particular in dynamic conditions, is
well acknowledged in soil science literature for both drainage and imbibition phenomena [280]. In
particular, the dynamic effect was shown to be more significant for low permeability porous media
[281] and was proven to be impacted by several factors such as porous medium and fluid properties
as well as some external factors [267]. In soil science, the averaged pore throat size has been shown
to have the greatest impact leading to a constant redistribution of fluid flow at the pore scale.

In our case, where liquid resins flow through fibrous porous media, with rather stable pore sizes over
the length of the preform, wetting phenomena proved to be a dynamic property highly influencing the
relative movement and distribution of fluid inside the porous medium at the macro-scale and thus the
flow descriptions Pc and kr [7, 42, 282]. Current results show that dynamic wetting results in a change
of the hydraulic descriptions. Concerning the relative permeability curve, a decrease of Ca correspond-
ing to an increasingly capillary dominated flow pattern led to a decrease of the relative permeability for
a given saturation value. Since the relative permeability reflects the connected pathway of flow based
on saturation distribution, it seems logical that viscous flow dominated cases present high kr values at
the Darcy scale when compared to capillary dominated flows (permeability values far from Ksat). For
the drainage cases, the relative permeability function is almost linear; this can be attributed to the
dominant flow taking place in meso-spaces, so that the overall permeability is expected to be close to
the saturated permeability, as was already noted in previous work [44, 283–285]. It should be noted
that some authors questioned the use of the saturated permeability for the definition of the Darcy’s
permeability since the Ksat is sensitive to the flow in meso-pores and unsaturated flows occur across
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all the pore scale range [243].

Although capillary pressure plays a major role in the description of fluid flow in unsaturated porous
media, the theoretical basis and practical implications of it remain poorly understood [263]. In static
conditions, there is only one capillary pressure Pc which depends on the system and is described as
the pressure difference between the wetting and non-wetting phases as described earlier. However, in
dynamic conditions, Pc also depends on the saturation speed Ṡ and the difference between pressures
is not only due to capillary effects close to equilibrium but also to the pressure gradient needed to
overcome the viscous forces. In the present work, we show that the dynamic wetting also influences
the S(Pc) relationship. In drainage processes, we observed that a higher flow rate results in a decrease
of the system wettability and thus a higher capillary pressure is observed for a given saturation.
Conversely, in imbibition processes, a higher wettability has a small impact on the capillary pressure
description [263, 264, 280, 286, 287]. Dynamic forces are highly scale dependent and although several
studies agreed on the influence of the dynamic effects in drainage processes, a consensus on how
dynamic effects affect imbibition processes at large scales has not been reached so far given the interplay
of physical phenomena happening at the microscale [287–289].

6.3.4 Comparison with the slug-flow approach

In fully saturated flow studies, following a slug-flow approach, capillary effects are lumped into a
capillary pressure drop at the flow front ∆Pγ , defined as the pressure difference between the local
pressure in the fully saturated fluid phase just behind the infiltration front and the pressure in the
preform ahead of the infiltration front [6, 86]. With this approach, Verrey et al. [42] showed the
velocity dependence of the capillary pressure drop and the dynamic contact angle using the Hoffman-
Voinov-Tanner law (Eq. 2.17).

With the aim of evaluating the difference between a capillary pressure drop evaluated using the slug
flow approach and our approach, and characterizing the relationship between capillary effects and
wetting changes, the capillary pressure drop ∆Pγ was estimated in our four experiments. Since we
could not make use of the pressure curves (as performed in Ref. [42]), due to the relatively low preci-
sion of the injection pump impacting the pressure readings at very low pressure regime, we evaluated
the pressure difference between the beginning and end of the unsaturated region from the simulation
results as ∆Pγ = P (S = 0.99) − P (S = 0.01), with P the pressure in the fluid phase, as illustrated in
Fig. 6.8 for test #1 case at time t4.
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Figure 6.8: Schematic representation of ∆Pγ determination from the saturation and pressure of the fluid phase
versus the position z. Example from test #1.

The values are then correlated to the capillary pressure curves found using the multiscale flow ap-
proach as shown in Fig. 6.9. The capillary pressure drop ∆Pγ corresponds indeed to the distance
between Pc = 0 and Pc(S = 0.01) for imbibition and Pc(S = 0.99) for drainage. It can be remarked
that for imbibition curves, the overall ∆Pγ is equal to the capillary pressure curve since the flow in
the unsaturated region progresses only due to capillary effects whereas on the drainage case, ∆Pγ

corresponds to a pressure Pe (or entry pressure) that should be overcome so the non-wetting liquid
starts displacing the wetting fluid plus the capillary pressure needed to fill all the pores as previously
suggested.

This approach can be directly related to the relative position of the flow fronts within the tows and
in the meso-space region: indeed, this approach means that locally, the local pressure in the tows
is lower, or higher as compared to the local pressure between the tows, which must be closer to at-
mospheric pressure, since the wetted perimeter is small as compared to the air-fluid surface in these
areas. Thus, the resulting average pressure close to the flow front is negative or positive and is related
to the dynamic capillary pressure identified in this work. We explore the idea to compare this to
a dynamic wetting angle to find out if it is possible to make the link between the multiphase flow
approach and the usual slug-flow approach often used in composite processing. We nonetheless keep
in mind that a more detailed, local scale analysis would be required to explore the limits of this ap-
proach, in particular when the separation of scales between inter- and intra-tow regions becomes large.
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Figure 6.9: Representation of ∆Pγ determination from drainage-imbibition curves.

Thus, the liquid-fiber interface per unit of liquid volume, Sf was calculated assuming fibers as perfect
cylinders of radius rf with Eq. 2.8, leading to an estimated value of Sf = 467,532 m−1. However,
as suggested in Ref. [42], the use of equation 2.17 is very sensitive to the value of Sf and a more
accurate measurement could be necessary. Figure 7.2 shows a representative drop of fluid onto a car-
bon fiber extracted from the fabric following the methodology from Chapter 3 section 3.2.1. A static
contact angle θe value of 23.4◦ ± 4.6◦ was obtained by averaging the measurements for about 50 drops.

Figure 6.10: Drop analysis on a carbon fiber.
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Analogously to Verrey’s work, the experimental values of capillary pressure drop were plotted against
the capillary number to illustrate the influence of the fluid velocity on capillary effects and fitted to
Eq. 2.17, and cT was found to be equal to 14510 (Fig. 6.11). The evolution of the capillary pressure
drop is directly linked to the dynamic contact angle θ which can be easily determined by Tanner’s law
(Eq. 2.16, Fig. 6.11).

Figure 6.11: Influence of the fluid velocity on the capillary pressure drop and the resulting θ(Ca) curve.

Despite the differences in original assumptions between slug-flow and two-phase flow approaches, the
results revealed to align well when converged with the definition of the dynamic contact angle, which
can be considered here as an averaged contact angle, since it is extracted from a volume averaged
measurement. Current capillary pressure values (and the location of the optimal capillary number,
when the dynamic contact angle is 90◦) were found to be rather low when compared to literature
[42, 105]; this was attributed to the volume fraction which was less than 50% in our case and the
strong wettability of our liquid (with low surface tension and contact angle). This methodology is
however not restricted to the use of model fluids, in particular when using X-ray phase contrast which
does not require the addition of contrasting agents, and further tests can be carried out following this
methodology with epoxy resins and higher volume fractions.
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6.4 Conclusions

A methodology was presented to analyze the progressive saturation of a carbon fabric preform. Impreg-
nation under constant flow rate was visualized by means of conventional X-ray radiography. Taking
advantage of an enhanced absorption contrast between the low-density fibers and the high intensity
signal of a model fluid containing contrasting agents, the corresponding dynamic saturation curves
were built. Then, a two-phase flow model inspired from soil-science was applied to numerically de-
scribe the infiltration of the fluid into the dry preform for wetting and non-wetting systems. Hydraulic
functions S(Pc) and kr(S) were obtained by fitting experimental and numerical S(z, t) curves and find-
ing van Genuchten and Mualem’s parameters with a heuristic optimization algorithm. The effect of
the capillary number on hydraulic functions was elucidated and found to be in accordance with the
literature from soil science.

In the current work, simple 1D models have been developed but can be easily extrapolated to 2D or
3D simulations in COMSOL or other numerical codes, to represent impregnation of parts with more
complex geometries. Moreover, a simple correlation was found between the multiscale flow approach
and the slug-flow assumption allowing to build the dynamic contact angle and capillary pressure versus
the capillary number from the progressive saturation analysis. Those results emphasize the validity
and usefulness of the slug-flow assumption employed in previous works [42, 44, 86] and give new in-
sights on the multiphase flow method.

Two-phase flow models are used in many engineering branches leading to a very well-documented topic
but unfortunately barely developed in the frame of LCM infiltration where the meso and microstructure
exhibits rather anisotropic features unlike other domains. Moreover, some observed natural phenomena
such as the effect of swelling media [290–293] or the significant air entrapment mechanism happening
during imbibition (since the pore scale invasion mechanisms are more complex) when compared to
drainage [294, 295], can be extrapolated to impregnation studies that would encourage the use of
this approach. For that purpose, this work has gone some way towards promoting the application
of two-phase models in the frame of LCM infiltration. In case of textiles with larger meso-channels,
leading to a very clear dual-scale morphology, the use of a superposition of saturation curves could
be investigated, as proposed in fractured porous media, and a more local approach, considering flow
in inter- and intra-tow regions separately would be of interest. In addition, since hydraulic functions
are directly linked to flow kinetics happening at the pore-scale, it is sought in the next chapter, to
investigate the effects of wettability and porous medium configuration on the flow invasion patterns and
consequently on these continuous descriptions at the macro-scale, with a deep insight on intermediate
states at which a fluid potentially switches from a wetting to a non-wetting state.
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Chapter 7

Effect of wettability and textile
architecture on fluid displacement and
pore formation

Void formation arising from an irregular resin flow has been shown to be the most common flow-
induced defect during LCM. In this chapter, we seek to address how air entrapment mechanisms are
influenced by the wetting characteristics of the fluid and by the pore architecture. To this end, we
evaluate the behavior of two model fluids with different surface tensions flowing through three carbon
fiber reinforcements by means of X-ray radiography and we assess initial and final states for each
experiment by performing X-ray computed tomography scans. The scan of the dry preform is used
to describe the pore space geometry employing a pore network model and that of the wet preform to
quantify the void content, location, and morphology. We found that the fluid characteristics strongly
affect the flow front patterns and pore filling events for a given fabric architecture, and that two main
promoters of snap-off events resulting in meso-void formation are involved in capillary dominated
flows: a very wetting system leading to corner flows and the fabric bundles oriented perpendicular to
the flow acting as obstacles.

This chapter is based on an article in preparation for submission to a peer reviewed journal:

Helena Teixidó, Baris Caglar, Véronique Michaud. "Effect of wettability and textile architecture on
fluid displacement and pore formation during infiltration of carbon fibrous preforms".
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7.1 Introduction

Fluid transport in porous media can be described at the scale of a pore (micro-scale) in which pa-
rameters such as pore connectivity, roughness, and fluid/solid interfacial properties govern the fluid
movement or at the meso- or Darcy-scale in which the flow is defined by a continuum mechanics
approach in a representative volume element characterized by the medium porosity, permeability and
saturation. The relationship between the physical phenomena taking place in these two scales remains
unclear particularly because the pore-scale spatial heterogeneity highly affects the flow at the macro-
scale [296–298]. For example, the wettability is known to affect micro-displacement events and pore
connectivity, exerting a powerful impact at the Darcy-scale, i.e. on the invasion pattern related to cap-
illary effects and the efficiency of the fluid displacement and consequently air entrapment [282]. Hence,
the dynamic effect of wettability on infiltration behavior in a confined porous medium with a given
spatial distribution of pores and this topic remains to this day a major scientific challenge [61, 299–302].

In composites, a good wetting between matrix and fibers is sought to ensure good interfacial adhesion.
Commonly, static and dynamic wetting are characterized at the microscale with single fiber measure-
ments techniques (and extended to the meso-tow scale in Ref. [66]) by direct optical visualization
and the Wilhelmy method [68, 303–306], and at the meso-tow and macro-layer scales with wicking
experiments and the Washburn method [63, 73, 74, 177]. The influence of wetting on the overall
pressure driven flow kinetics has still seldom been addressed in LCM. Recently, Caglar et al. [86]
showed an increased dynamic wetting behavior for corona treated glass fabrics and characterized the
related change of the flow front morphology for a similar flow rate. Similarly, Yoshihara et al. [60],
showed that wetting exerts a strong effect on the impregnation behavior and the void processes in a
single layer of pristine and fluorine coated woven glass fabrics.

Flow studies also rely on a good description of the pore space geometry and topology. Nowadays,
X-ray techniques have allowed to image and reconstruct in 3D the porosity of fibrous preforms with
unprecedented spatial resolution [44, 307, 308]. An improved description of the pore-network has en-
abled to perform numerical models to simulate, predict and gain a better insight on flow kinetics (in
LCM processes, mainly to assess the permeability). For porous media made out of soil or rocks, a pore
network model (PNM) is frequently employed to simply characterize the architectural features of the
porous media, such as tortuosity, pore size distribution and connectivity. The principle is to describe
the available volume as a set of pores linked with throats that describe the connectivity [239, 309].
Nevertheless, this approach is still seldom applied in the frame of composite systems [240, 310, 311].

In the previous chapter, we modelled the displacement of a model fluid into a carbon preform by
means of macroscopic saturation profiles and the two-phase flow extension of Darcy’s law. However,
these descriptions give very little insight on the flow regimes at the pore scale, where local capillary
forces play a major role. In the present chapter, we investigate the effect of a change in the fluid
wetting characteristics on the flow morphology, and the fluid displacement events taking place in the
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unsaturated area close behind the flow front, for three woven architectures. For this, we performed
constant flow rate experiments with two fluids of different static surface tensions but similar viscosity,
both containing contrasting agents, that we observe in-situ, in 2D averaged over the thickness with
X-ray radiography. We then assessed the pore network geometry by using a pore network model and
carried out a void analysis stemming from capillary/viscous phenomena by performing 3D tomographic
scans of the dry and wet preform states, in order to better elucidate the role of wetting and fiber
architecture on the flow and porosity patterns.

7.2 Materials and methods

7.2.1 Materials

The three fabrics are shown in Fig. 7.1: the quasi-unidirectional carbon fabric (Aw = 270 g/m2)
was employed as a reference fabric (called UD); then, the original fabric structure was modified by
removing two over three horizontal glass bundles, and its areal weight was then estimated to 263 g/m2

(called UDM); and the twill carbon fabric (Aw = 285 g/m2, called TW).

Figure 7.1: Form left to right: original unidirectional (UD), modified unidirectional (UDM) and twill (TW)
carbon fabrics.

Two model fluids were employed: the water-based solution of polyethylene glycol (PEG, Sigma Aldrich,
35 kDa) with contrasting agent CA1 and the water-based solution of glycerol (99.5%, Mw = 92.09,
Sigma Aldrich) with the contrasting solution CA2. The properties of each fluid are presented in
Chapter 3 section 3.1.2.

7.2.2 Flow experiments

Flow experiments were performed with the setup described in Chapter 3 section 3.3.4. Fibrous pre-
forms were prepared by stacking 9 layers of accurately hand-cut fabric with a dimension of 4.95 ±
0.05 cm × 10 cm. To accurately measure the volume fraction, the fabric stack was weighed with a
scale (with a repeatability of ± 0.001 g). Then, layers were fitted in the cavity of a PMMA spacer
of 3.2 mm with an inner silicon joint and enclosed in between two thick PMMA halves. To prevent
from bending, outer PMMA plates were fastened with twelve metal screws, leaving the 3D scan area
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free of high-density material. In-plane injections at a constant flow rate were performed vertically
(from bottom to top, z-position) thanks to a syringe pump and the pressure and temperature were
monitored along the test. The fluid velocity was adjusted by controlling the pump setting and was
estimated by measuring the averaged front progression from the 2D scans. A summary of the experi-
mental campaign is given in Table 7.1, with the resulting fiber volume fraction Vf , flow front velocity
u, average fluid temperature T with respective viscosity µ and capillary number Ca.

Table 7.1: Impregnation experiments.

Test # Fabric Fluid Vf T [°C] µ [Pa · s] u [mm/s] Ca (10−4)

1 UD PEG + CA1 43.1 25.8 0.074 0.708 9.06

2 UD PEG + CA1 42.9 26.6 0.072 0.244 3.06

3 UD PEG + CA1 43.0 26.2 0.073 0.074 0.94

3 bis UD PEG + CA1 43.1 26.5 0.072 0.074 0.93

4 UDM PEG + CA1 42.2 26.1 0.073 0.077 0.99

5 TW PEG + CA1 44.5 24.1 0.077 0.087 1.14

6 UD Glycerol + CA2 42.9 24.0 0.078 0.626 4.24

7 UD Glycerol + CA2 42.9 23.7 0.079 0.270 1.19

8 UD Glycerol + CA2 43.2 24.1 0.077 0.070 0.47

9 UDM Glycerol + CA2 41.6 24.0 0.078 0.073 0.51

10 TW Glycerol + CA2 44.5 23.9 0.078 0.083 0.55

The flow progression was visualized following the procedure from Chapter 3 section 3.3.4. 2D X-ray
radiography was employed to track the flow front as well as the dry and wet states and images were
acquired at a rate of 2 images per second and a pixel size of 15 µm. 3D tomographic scans of the
dry and wet states were performed in the middle position of the 2D scan and acquired at 3 images
per seconds with a voxel size of 10 µm. The resulting 3D scans were segmented by employing the
methodology developed in Chapter 3 section 3.3.5.

7.2.3 Unsaturated length measurement

From the 2D scans, a mean unsaturated length was measured for each experiment: images were
cropped at three different locations with a width of 110 pixels for the UD fabric and 210 pixels for
the twill, corresponding roughly to three bundles located in the middle and right and left sides of the
image. Separate bundles were selected instead of a larger fabric width in order to only capture the
unsaturated length arising from the capillary versus viscous forces competition and avoid effects such
as race-tracking that would lead to non-flat fronts. Then, similarly to the procedure developed in
Chapter 3 section 3.3.3, the average pixel intensity value was calculated over the cropped area width
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and plotted versus the fabric length for each impregnation state as well as for the wet and dry states.
By comparing the curves, two boundaries are set to define the unsaturated length as shown in Fig.
3.8.

7.3 Results

7.3.1 Static contact angle measurement

In order to assess the static contact angle between carbon and glass fibers and the two model fluids,
20 to 25 droplets were analyzed for each condition following the methodology presented in Chapter
3 section 3.2.1. An example for each fiber/fluid system is shown in Fig. 7.2. For the model fluid
with PEG, a static contact angle of 23.42◦ ± 4.36◦ was obtained for carbon, and for glass 10.25◦ ±
5.61◦ (Fig. 7.2a). For the glycerol solution, a static contact angle of 52.54◦ ± 4.66◦ was obtained
for carbon, and 41.35◦ ± 5.07◦ for glass (Fig. 7.2b). Hence, the PEG solution has a stronger static
wetting behavior when compared to the glycerol towards the fiber surfaces.

(a) PEG-based solution (b) Glycerol-based solution

Figure 7.2: Droplets of the (a) PEG-based and (b) glycerol-based model fluids on carbon and glass fibers.

7.3.2 Front displacement behavior in the UD carbon fabric

The morphological characteristics of the two model fluids displacement inside the unidirectional carbon
preform under the different injection conditions were carefully explored. A sequence of four snapshots
per experiment illustrating the flow patterns are depicted in Fig. 7.3 for the impregnation with the
PEG solution and Fig. 7.4 with the glycerol solution. Corresponding movies can be dowloaded after
obtaining permission, following the link provided in the figure caption.

109



Visualization and modelling of dynamic flow in fibrous preforms for liquid composite molding

Figure 7.3: Sequence of images showing the PEG-based fluid distribution in the unidirectional carbon rein-
forcement for decreasing capillary number, thus from viscous to capillary dominated flows for the PEG-based
solution (tests #1 to #3). The videos are available online in Ref.[312].
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Figure 7.4: Sequence of images showing the fluid distribution in the unidirectional carbon reinforcement for
decreasing capillary number, thus from viscous to capillary dominated flows for the glycerol-based solution (tests
#6 to #8). The videos are available online in Ref. [312].
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For the fastest injections (tests #1 and #6), the flow leads in between the tows, and thus is similar to
drainage, in which the fluid has a non-wetting behavior, and the porous medium has a better affinity
to the defending fluid (air) when compared to the invading fluid (liquid). The flow progresses along
the center of the largest pores as the fluid attempts to minimize the contact with the fibers, resulting
in a viscous flow elucidated by the dominance of well-connected longitudinal paths in between the
tows. This follows a piston-like advancement and the corresponding dominant pore-scale invasion
mechanism under drainage condition is known in soil science as burst (or Haines jump) [313, 314].
Moreover, where horizontal bundles are present, these longitudinal paths converge. The viscous fin-
gering is as expected more significant for the less wetting fluid (Fig. 7.4), where a clear domination of
positive curvatures over negatives is clearly observed, whereas for test #1 (Fig. 7.3), fingering is less
pronounced, and the unsaturated area is more compact.

For the intermediate cases, a rather balanced displacement is captured for both experiments #2 and
#7. Capillary and viscous flows are hardly distinguished in the unsaturated length, and it is difficult
to define sharp boundaries between the two displacement patterns. As matter of fact, we observe that
there is an intermediate flow rate condition for which the fluid adopts both wetting behaviors at the
same time depending on the displacement location. This can be linked to the variability in the pore
distribution and the local heterogeneity with meso and micro-pores, which lead to the coexistence of
different displacement mechanisms, regarded as a crossover pattern [278].

Finally, for capillary dominated cases (tests #3 and #8), the fluid invasion pattern is assimilated to
an imbibition type. The flow progresses with a corner flow behavior, by filling pores with smaller
cross section located inside the tows; the flow front is hence led by capillary wicking. As described
by Bico et al. [315], two macroscopic fronts can be identified: ahead, a thin flow that propagates
using the thin pore structure (capillary flow leading the flow) and at the bottom, a main flow which
saturates the medium. For the strong wetting conditions (test #3, Fig. 7.3), the unsaturated area is
larger and the flow progresses less homogeneously as compared to test #8 (Fig. 7.4). As observed in
the literature, a high wetting together with a low surface tension makes the air/fluid interfaces very
easy to deform and stretch resulting in very unstable interfaces, resulting either in local fluid fast
advance to re-equilibrate itself or in snap-off events, resulting in air entrapment [316–318]. Moreover,
meso-void formation was not observed in the delayed front and took place where horizontal stitches
were present, demonstrating that the porous medium geometry also plays an important role on the
location and shape of entrapped voids. Then, test #8 falls in a less wetting condition, and even if
capillary wicking is significant in the tows, the flow progresses backwards with a rather cooperative
behavior and no snap-off events occur. The horizontal stitches were found to act as barriers, leveling
and redistributing the delayed viscous flow.
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The different patterns were better elucidated by applying a variance filter and subsequently adding
the filtered and original images. An overview of the different flow fronts for tests #1 to #3 and
#6 to #9 is presented in Fig. 7.5. Strong capillary and viscous fingering from test #3 and #6
respectively as well as the simultaneous flow fronts are highlighted. As a summary, the pore-scale
displacements for drainage and imbibition descriptions differ and these cannot be considered as “sym-
metric” phenomena. This difference stems from the pore-scale wetting. For drainage, the pore size
distribution is the main geometrical factor dominating flow according to literature, which results in
the present case to a vertical viscous fingering since meso-pores in the UD fabric are found along the
flow direction. Conversely, for imbibition cases, the corner flow pattern impedes viscous fingering and
the fluid front progresses inside the tows. Thus, the fluid front is in addition to the pore structure
also influenced by the pore corner characteristics, and their specific surface area as shown in Ref. [282].

Figure 7.5: Flow paths elucidated with a variance filter for tests #1 to #3 and #6 to #8.

The pressure difference ∆P measured at the inlet for the six tests performed with the UD fabric are
presented in Fig. 7.6. As expected, the pressure curves versus time are very similar per flow rate con-
ditions since the viscosity values are practically the same. Experiments for the intermediate condition
(tests #2 and #7) gave slightly different trends but this is attributed to scattering of experimental
measurements.

113



Visualization and modelling of dynamic flow in fibrous preforms for liquid composite molding

Figure 7.6: ∆P measurements of UD fabric impregnation experiments.

7.3.3 Comparison of front displacements in the UD modified and the twill fabrics

Since previous results proved that horizontal bundles significantly affect the flow pattern and increase
the occurrence of snap-off events, the effect of the fabric geometry on the flow progression and void
entrapment in wetting conditions was investigated. For that, two approaches were selected: the struc-
ture of the UD carbon was modified to observe the effect of the transverse glass tows and a twill fabric
was selected to highlight the influence of a more balanced geometry.

The flow patterns obtained by impregnating the UDM with the two fluids (tests #4 and #9) are shown
in Fig. 7.7. The UDM impregnations confirmed that horizontal bundles act as obstacles, blocking tem-
porarily the vertical flow taking place in the meso-spaces. Then, once the flow overcomes the stitches,
the delayed flow front speeds up locally to find stability, resulting in a large saturation gradient along
the bundles. Thus, as already observed for the UD fabric (tests #3 and #8), the transverse yarns
contribute to locally redistribute the fluid. Just behind the flow front, both cases exhibit a similar
unsaturated area which as expected is longer when compared to simple UD impregnations since the
distance between transverse stitches was increased, while the flow patterns and fluid distribution differ.
For the strong wetting fluid (test #4), concave menisci in between the tows are observed. In addition,
when the fluid arrives to the horizontal glass bundles, those start to be impregnated increasing the
probability of snap-off events. This is similar to what happened in test #3 with pristine UD but
less frequently. For the less wetting fluid (test #9), the delayed front, behind the capillary wicking,
progresses also with concave menisci while with a more “U” shape, indicating a larger contact angle.
The overall flow progression seems to be more cooperative whereas for test #4 the fluid front seems
to be made up of individual fronts confirming previous observations.
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Figure 7.7: Sequence of images showing the fluid distribution in the modified unidirectional carbon reinforce-
ment (tests #4 and #9) for capillary dominated flows. The videos are available online in Ref. [312].

Impregnation of the twill fabric was also performed with both fluids under capillary dominated flow
(tests #5 and #10), and the obtained flow patterns are shown in Fig. 7.8.

Figure 7.8: Sequence of images showing the fluid distribution in the twill carbon reinforcement (tests #5 and
#10) for capillary dominated flows. The videos are available online in Ref. [312].
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This fabric was chosen for its strong bi-directionality and its different meso-porosity (bundles are less
compact leading to larger inter-tow space when compared to the UD). Evidently, this fabric archi-
tecture led to an increased void formation for both experiments, with a higher void fraction for the
strongly wetting fluid (test #5). Snap-off events were found to arise from the early liquid progression
inside the horizontal bundles, leading to an encirclement of air as represented in Fig. 7.9. The void
shape differs between the two wetting conditions, namely, more elongated for the very wetting fluid,
given the low surface tension and more round for the less wetting case.

Figure 7.9: Example of snap-off and break up from three pictures taken at successive times (from test #5).
The arrows at time t indicate the local flow direction.

7.3.4 Void motion phenomena

During the capillary dominated flows experiments, void motion (e.g. a change of void shape and size
as well as void migration) was observed, in particular, with high frequency for the TW fabric and
almost null for the two UD fabrics. An example of the different phenomena observed is presented in
Fig. 7.10, in which the displacement of different bubbles has been tracked.

The evolution of pink, red and brown (1, 2 and 3 respectively) bubbles is illustrated just after their
formation at the flow front; in this case, the void rearranges itself and shrinks to minimize the surface
tension. The white (4) void undergoes a change of shape and size due to two consecutive splitting
occurrences. Given its position and shape, this bubble seems to be not very stable, and the vertical
fraction of the bubble along the fluid direction exerts a pressure on the bubbles that promotes the
deformation and then break up. The blue (5) and yellow (6) voids illustrate a vertical migration
through the preform in the fluid direction which are displaced thanks to the increasing fluid pressure
with time in the constant flow rate experiments [26]. The blue (5) one, reaches the flow front and
disappears whereas the yellow (6) one stays entrapped probably due to a channel constriction as illus-
trated in Fig. 7.11. Similarly, the orange (7) void migrates over a small distance and interestingly in
an opposite direction to the flow, it ends trapped with a different shape from the initial one. Finally,
green (8) bubbles show the formation of several rather small bubbles that are positioned first side by
side, and with time end up coalescing.
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As a conclusion of this observation, several concomitant phenomena are observed during the same
slow flow experiment, depending on the initial size of the bubble, its shape and location with respect
to the transverse bundles.

Figure 7.10: Void motion in the TW fabric under capillary dominated flows (from test #5).

Figure 7.11: 3D view of an entrapped void in a channel constriction (from test #10).
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7.3.5 Void morphology and location

The porosity was segmented from the 3D wet scans. For all cases of capillary driven impregnation,
meso-voids with a volume higher than 0.007 mm3 are presented in Fig. 7.12. For tests #3, #4, #5
and #10, the figures of meso-voids were combined with the 3D scans of the dry states, to illustrate
their location and morphology within the pore space and are provided as movies in the link provided
in the figure caption.

Figure 7.12: 3D volume rendering of meso-void distribution for capillary driven tests. The flow direction
is indicated with the blue arrows. The colors were used to differentiate and label the voids. The videos are
available online in Ref. [319].

From Fig. 7.12, it is clear that highly wetting conditions (PEG solution) were more prone to cre-
ate meso-voids when compared to the impregnations carried out with the less wetting glycerol fluid.
Comparing the UD-PEG and the UDM-PEG experiments, all voids were longitudinally aligned with
the flow direction, with an obvious decrease of void content and size for the UDM. Comparing TW
samples, the voids showed a different shape, very elongated in the very wetting case (test #5) and
more spherical for the less wetting case (test #10) as expected given the different static contact an-
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gles. For both experiments, the residual voids remained oriented perpendicular to the flow in between
horizontal bundles showing that they mainly arise from the presence of these obstacles at 90◦, and
formed by air encirclement as shown in Fig. 7.9.

From the void analysis, it was found that meso-voids for the UD fabric (test #3), were suprisingly
located in between two specific layers as shown in Fig. 7.13a; this was caused by the location and
superposition of horizontal bundles. In particular, meso-voids were observed to be clamped by two
glass bundles which created a channel constriction that promoted the snap-off events. This particular
geometry resulted from a specific stacking of fabric layers that led to this pore configuration hindering
the flow. To verify this, experiment #3 was repeated by varying the stack procedure (test #3bis), to
specifically avoid the superposition of two glass bundles facing each other. The lower resulting void
content is shown in Fig. 7.13b.

(a) (b)

Figure 7.13: Meso-void location in two UD fabric layers stacking configurations, 2D mean projection from the
3D scan of the wet state and segmented meso-voids and glass bundles (in blue): results from (a) test #3 and
(b) test #3bis.

This finding underlines the importance of studying flow displacements in real systems containing
several layers, and the risks created by increased constrictions created by a very regular lay-up. More-
over, these results show the careful attention that should be paid in manual labor parts of composite
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processing such as fabric stacking.

7.3.6 Relation between void content and unsaturated length

For experiments carried out with the UD fabric at different injection conditions (tests #1 to #3 and
#6 to #8), the total void content extracted from the wet state 3D scans as well as the unsaturated
length measured on the 2D impregnations are plotted as a function of the capillary number (Fig.
7.14). It should be noted that, even though the superficial velocity was very close for each pair of
experiments, namely slow (tests #1 and #6), intermediate (tests #2 and #7) and fast (tests #3 and
#8), the Ca differed significantly between fluid types (as expected given the different surface tension
values between fluids). In both cases, a drop in unsaturated length is observed when flow is more
balanced, however the trend of void fraction is not so clear. Nonetheless, what is clearly observed is
that the nature of the fluid strongly affects the void content (Fig. 7.14, gray color).

Figure 7.14: Void fraction and unsaturated length resulting from the UD fabric impregnation with PEG and
glycerol-based fluids as a function of capillary number.

Overall, the void content is higher for all the experiments performed with the PEG-based liquid. In
particular, this liquid led to an increased number of micro-voids in the impregnated preforms for all
conditions, with a baseline amount around 0.3%. In addition, impregnation with PEG solution led
to an increased void content for the low-speed case due to the formation of meso-voids, whereas in-
termediate and viscous flow cases led to a similar void content. For the fastest flow (test #3), the
viscous fingering was indeed not prominent, the flow displacement being thus classified as a rather
low drainage or even cross-flow pattern. For impregnation with the glycerol solution, the number of
voids is very low for both slow and intermediate speeds and voids start to appear when the velocity is
increased, in the form of micro-voids due to the pronounced viscous fingering and delayed flow in the
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tows. As already observed optically in pristine and fluorine coated glass fabrics by Yoshiara et al. [60],
by increasing the static contact angle (in our case from PEG to glycerol), the meso-void formation is
suppressed for small Ca.

A direct relation between the void content and the unsaturated length is not so simple to establish
apart from the fact that the smallest unsaturated area corresponds to a reduced void content as flow
speeds in inter- and intra-tow regions are close. Then, for both cases of slow impregnation (low Ca

value), the unsaturated lengths were very similar (around 9.5 mm ± 1 mm), however, an increased
void content was obtained with the PEG solution as a corner flow, stemming from its low surface
tension enhanced the formation of meso-voids as already discussed. This shows the importance of
pore-scale kinetics and its influence at Darcy’s scale.

Similarly, the unsaturated length was plotted versus void content as a function of the capillary number
for the UD, UDM and TW fabric impregnations, in Fig. 7.15.

Figure 7.15: Void fraction and unsaturated length resulting from the UD, UDM and TW fabrics for capillary
dominated flows impregnations with PEG and glycerol-based fluids as a function of capillary number.

With the aim of investigating the effect of the fabric geometry on the flow kinetics, a dimensionless
number was defined for each fabric type to account for the crossover events describing potential ob-
stacles to the flow. The bundle width (W ) over the average distance between successive transverse
yarns (D) was calculated as illustrated in Fig. 7.16. The ratio W/D gives a value between 0 and 1:
if W/D is close to 0, the fabric is more unidirectional with thin horizontal bundles, and conversely, if
W/D is close to 1, the fabric shows a bidirectional architecture with thick perpendicular bundles.
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Figure 7.16: Example of inter-bundle distance (D) and bundle width (W ) measurement on the UD fabric.

The inter-bundle distance (D) and bundle width (W ) were measured on a fabric over an average of 15
measurements performed by a caliper and under an optical microscope respectively. The results are
presented in Table 7.2 and the ratio W/D was plotted versus void content and unsaturated length in
Fig. 7.17 (for an easier interpretation, the data projection was also plotted).

Table 7.2: Inter-bundle over bundle width results.

Fabric D [mm] W [mm] W/D [-]

UD 3.37 ± 0.10 0.53 ± 0.03 0.16

UDM 10.07 ± 0.28 0.53 ± 0.03 0.05

TW 2.97 ± 0.42 2.37 ± 0.37 0.80

Figure 7.17: Unsaturated length versus void fraction and the W/D ratio for the low speed impregnation of
the UD, UDM and TW fabrics.
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Analyzing the unsaturated length versus void content, taking the UD fabric as reference (dots in
Fig. 7.17), when the preferential bundle direction was increased by removing some horizontal stitches
(UDM), less voids were entrapped, and a larger unsaturated length and standard deviation is observed
on account of the larger space between horizontal bundles (Fig. 7.17, green arrow). Thus, in a more
unidirectional fabric (with fibers and tows aligned with the flow direction), even though the flow does
not progress with the same speed in intra and inter-tow regions, few voids are created because the flow
is not hampered by any obstacles such as transverse bundles or notable channel constrictions. Con-
versely, fiber bundles oriented with an angle to the flow direction triggered more voids and a smaller
unsaturated area, as illustrated with the TW fabric (Fig. 7.17, blue arrow). In this case, horizontal
bundles act as flow barriers, responsible for snap-off events and leveling the flow front thus reducing
the unsaturated length. Hence, the results confirm that the topology of the porous medium plays a
major role in governing flow and influencing void entrapment events and the extent of unsaturated
pore space. It is thus observed that a larger unsaturated area is not strictly linked to an increased
void content.

An increase of theW/D ratio results in a decrease of the unsaturated length (Fig. 7.17, pink arrow) and
an increase of the void content (Fig. 7.17, orange arrow). This trend shows that thick bundle widths
horizontal to the flow direction are determinant to the void formation mechanisms. By comparing
values of Table 7.2, UD and TW fabrics have a similar inter-bundle width, but since the horizontal
tow is thicker for the TW, this makes a higher obstacle and barrier for the flow which creates abrupt
path changes (90◦ from the unidirectional flow direction to the horizontal tow), promoting the number
of snap-off events. Moreover, increasing the number of horizontal bundles makes longitudinal tows to
be wavier, influencing the nesting and having a direct effect on the meso-pore connection in between
layers.

7.3.7 Pore network modelling

Owing to the fabric architecture impact on void entrapment events in particular for capillary driven
flows, a pore network model, characterizing the connectivity and pores size, is applied to better de-
scribe the meso-pore space in 3D for preforms of tests #3 to #5 and #8 to #10. The statistical results
for the different properties of the pore-network, namely the pore-body and pore-throat radii, the pore-
throat length and pore network connectivity for all samples are presented in Table 7.3 [239, 320].

Similar results were obtained for the same fabric types (UD, UDM and TW) as expected. For this
reason, only one example of pore network construction per fabric configuration is shown in Fig. 7.18
as well as the corresponding histograms of the pore-body and pore-throat radii and the pore-throat
length distribution. The predominance of unidirectional throats is observed in both UD and UDM,
while TW presents a grid type topological description of the medium, with several horizontal throats.
The pore-body histogram is very similar for both UD and UDM samples, indicating that the pore size
did not change much by modifying the fabric, whereas the twill configuration led to a higher mean
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Table 7.3: Pore network model results.

Test # Fabric/Fluid Number
of pores

Number of
throats

Pore-body eq.
radius [mm]

Pore-throat eq.
radius [mm]

Pore-throat
length [mm]

Coordination
number

3 UD/PEG 763 1869 0.31 ± 0.11 0.11 ± 0.06 1.57 ± 0.89 4.91 ± 2.44

3bis UD/PEG 712 1775 0.32 ± 0.10 0.11 ± 0.06 1.58 ± 0.87 4.99 ± 2.22

4 UDM/PEG 534 1208 0.31 ± 0.11 0.11 ± 0.07 2.11 ± 1.47 4.52 ± 2.01

5 TW/PEG 405 887 0.40 ± 0.14 0.15 ± 0.09 1.78 ± 0.77 4.38 ± 2.13

8 UD/Glycerol 896 2046 0.28 ± 0.09 0.10 ± 0.05 1.49 ± 0.89 3.57 ± 2.11

9 UDM/Glycerol 467 895 0.32 ± 0.10 0.11 ± 0.07 2.14 ± 1.33 3.83 ± 2.01

10 TW/Glycerol 399 902 0.40 ± 0.05 0.14 ± 0.08 1.80 ± 0.78 4.52 ± 1.15

value of pore-radius as well as a wider distribution. Then, the pore-throat distribution is very similar
for the three fabrics but the pore-length differed, in particular, for the UDM fabric for which the
throats were longer when compared to UD or TW fabrics.

Figure 7.18: 3D views of the pore-network of the scanned fabrics (UD (test #8), UDM (test #4), TW (test
#5) and corresponding histograms for the pore-body and pore-throat radii as well as pore-throat lengths. The
pore bodies and pore throats are respectively rendered as colored spheres and gray cylinders that are smaller
than their actual sizes to improve visualization. For both pores and throats, the size is related to the equivalent
pore size (scale factor 0.5) and for the pores, the color distribution is in relation to the pore volume (from dark
red corresponding to large pores and dark blue smaller pores).
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The twill fabric has a pore size distribution that is shifted to the larger sizes, triggering a more het-
erogeneous pore architecture influencing the spatial scaling effects and increasing the probability of
trapping events which is in line with our previous results. Conversely, UD and UDM show a more
homogeneous architecture, resulting in less trapping as observed in the experiments and it is expected
that this pore topology would facilitate the upscaling from pore description to macro flows in a mod-
elling point of view. For the UD fabric, it is interesting to note that the pore radius is around 300
microns (pore body equivalent radius from the PNM, Table 7.18), whereas the distance between tows
as observed from the surface is about 60 microns (measured from a micrograph). This indicates that
the fabric meso-spaces are dominated by the spaces between layers, in regions where the glass stitches
create locally more compressed tows.

Similarly to the descriptor W/D ratio in 2D, we explored to describe the 3D configuration in terms
of crossover events. In particular, the quantitative analysis of the throat geometry and distribution
illustrates the capacity of fluid transport into the pore network [321]. This is why, on one side, the
throat volume was calculated, as the throat area times the throat length, since it will be proportional
to the volumetric rate of fluid that the throats will drain and on the other side, the orientation of
the throats with respect to the flow direction was measured by calculating the angle between the
z-direction and each single throat in the xz plane. In Fig. 7.19, the 3D histogram of the throat
volume and the resulting angle is plotted for each fabric type. Between the UD and UDM fabrics, the
main orientation in the 0◦ is demonstrated by a wider distribution of throat volume close to the 0°
for the UDM as expected. For these fabrics, above 20◦, there is a more or less constant distribution
of throat volumes. TW fabric with similar proportion of throat volume at 0◦ and 90◦ confirm the
strong bi-directionality. Moreover, for this type of fabric there are really no throats oriented around
45◦, when compared to the other fabrics, proving the abrupt corners that the flow will have to face.

The PNM proves to be an interesting approach to describe the meso-porosity of fibrous porous media
with the aim of predicting fluid patterns and susceptible locations for void entrapment events. For
example, according to literature [322], entrapped voids are located where body-to-throat ratios are
rather large (in fact representing a pore constriction). In other words, the snap-off event occurs in
narrow throats whereby a capillary instability splits the non-wetting phase which then retracts into
the pore bodies and the void stays stable against further displacement. Interestingly, de Vries et al.
[323] also employed pore-scale models to describe the multi-scale fluid transport in an aggregated
dual porosity pore structure which can be inspiring to further use this type of descriptions for fibrous
materials.
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Figure 7.19: 3D histograms of the angle of throats with respect to the z-direction and the throat volume for
UD, UDM and TW fabrics.

7.4 Conclusions

Although resin infiltration is controlled by the porous medium permeability, the infiltration speed
and viscosity, according to Darcy’s law, it is known that the wettability also plays an important role
in multiphase flows since it controls the location and spatial distribution of flow patterns inside the
porous media. In this study, we combined X-ray radiography and X-ray computed tomography to
elucidate the link between dynamic fluid patterns, pore geometry and void entrapment mechanisms
and proved the role of wettability in carbon fibrous preforms infiltration through experimental results
enriched by advanced imaging techniques. In particular, we observed in-situ imbibition and drainage
displacements in a UD fabric and imbibition displacements in a UD modified and a twill fabrics em-
ploying two liquids with different static contact angles.

Pore-scale displacements, observed by 2D scans, differed between drainage and imbibition. In drainage,
a piston like displacement in the meso-pores located between the tows leads the flow and vertical vis-
cous fingering is observed. In imbibition, though, where fluid displacement is very slow, the wettability
was found to play a crucial role in the progression of the flow front and void entrapment mechanisms.
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In particular, a very strong wetting system results in a strong corner fluid flow type triggering a less
cooperative progressive flow front, enhancing the probability of snap-off events [324].

The 3D scan of the wet state allowed measurement of the void content and segmentation of the meso-
porosity to investigate and compare the void morphology (highly influenced by the contact angle)
and location in space. We were able to bring out that the UD fabric stack led to a particular porous
morphology that influenced void entrapment in between 2 layers that present a specific pore config-
uration. Then, by comparing the void content for the capillary impregnations of the UD, UDM, and
TW fabrics, the pore space configuration showed to significantly influence the amount of air trapping
events. Moreover, it was found that bundles oriented perpendicular to the flow act as "obstacles"
that can increase the probability for snap-off events as well as "stoppers" leveling off the flow and
decreasing the unsaturated length. A dimensionless number was calculated in 2D in a single fabric
layer to account for the bundle width over the inter-bundle distance. A pore network model (PNM)
was in addition applied to the segmented 3D scans of the dry state, to better describe these three
meso-pore architectures and two major geometrical parameters were found to affect capillary trapping:
a wide pore (body and throat) size distribution together with and throat angle farther from the flow
direction. The PNM approach could be further exploited to predict fluid patterns and susceptible
locations for void entrapment events even though this would require a more localised analysis, and a
higher resolution 3D scan to fully capture the intra-tow flow [322].

This work presents a complete methodology to assess fluid kinetics in fibrous porous media and leaves
the door open to perform deeper analysis on the effect of wettability and pore geometry to void for-
mation mechanisms. Next steps would be to determine how the Ca versus void content curve evolves
as a function of the wettability and to further investigate the link between the fabric geometry and
void entrapment mechanisms with the PNM approach by studying other fabric types for example
(i.e. non-crimp or knitted fabrics among others) with the aim of quantitatively describing the optimal
capillary number Caopt.
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Chapter 8

Conclusions and perspectives

8.1 Conclusions

This study assesses the visualization of flow progression in fibrous reinforcements in particular for
non-translucent fabrics by means of X-ray imaging with the aim of understanding and modelling the
resin flow behavior in liquid composite molding processes.

In the first part, a novel tool was evaluated to observe in-situ the flow of a model fluid through
translucent and non-translucent preforms. The tool is based on X-ray phase contrast imaging, which
special feature resides in its high sensitivity to the small-angle scattering, thus elucidating features in
low density materials but with enough microscale heterogeneities. Five different porous media were
tested: a twill glass fabric, a unidirectional carbon fabric, a twill and a unidirectional flax fabrics
and a 3D printed polymeric grid. We were able to successfully track the progressive saturation of
the carbon preform at an acquisition time less than 10 s on a sample size window of 7 cm × 7 cm
and the increased fluid/fabric contrast enabled us to extract the saturation curve S(z, t) from the
grayscale analysis. Then, we evaluated the main parameters affecting the contrast by comparing the
different geometric configurations of different nature and we identified the main parameters affecting
the contrast, which are the number of layers employed, the fiber diameters, the refraction properties
of the material and the fabric structure. Carbon UD preforms resulted in the best contrast due to
the small diameter of carbon fibers and their undirectional configuration in line with the gratings.
Glass fabrics also gave a good contrast and were used for the method validation. The two flax fabrics
provided less contrast given their larger diameter as well as lower refraction properties when compared
to the previous fibers. Finally, this technique was not suitable for the polymeric structure, for which
conventional absorption images were sufficient to depict the flow pattern.

Once the method was validated, we sought to evaluate the potential of X-ray phase contrast imaging
to elucidate dual-scale flows. We found that scattering images did not lead to a very precise observa-
tion of capillary fingering, as the contrast between partially impregnated tows and inter-tow areas was
very similar. Although it is possible to combine the different images obtained by X-ray phase contrast
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imaging and highlight the different patterns, the pixel intensity analysis from those images could not
be achieved with a simple mathematical operation (e.q. a mean value of the grayscale) to build the
saturation curve. To overcome this, we conducted impregnations with a model fluid containing a
ZnI2 based contrasting solution and we succeeded in enhancing fluid/fabric contrast in conventional
absorption images. We then depicted capillary and viscous dominated fluid paths in the UD carbon
fabric with increased resolution and extrapolated the method to visualize flow through a twill carbon
and UD and twill flax fabrics.

In light of these results, we carried out injections of the UD carbon fabric at different constant flow
rates spanning from capillary to viscous driven flow patterns and extracted the respective dynamic
saturation curves. A unidirectional two-phase flow model was developed in COMSOL and applied to
numerically describe the infiltration for wetting and non-wetting systems. Then, experimental and
numerical S(z, t) curves were fitted using an optimization algorithm based on an heuristic computation
allowing to determine the van Genuchten and Mualem’s parameters β, N and L. Those permitted
to extract the hydraulic functions S(Pc) and kr(S) for each flow velocity. The relative permeability
was found to be related to the capillary number and the shape of the permeability versus saturation
curve differed between drainage and imbibition cases. This was attributed to the domination of flow
in either intra- or inter-tow spaces: in drainage, a linear trend was observed since the flow dominates
in the meso-pores and the relative permeability is thus defined as kr = S whereas in imbibition,
the function is defined by a concave shape, showing a greater flow restriction when the saturation
takes place first in the bundles, which have themselves a low permeability. Then, a simple correlation
was made between the multiscale flow description of the capillary pressure S(Pc) and the slug-flow
assumption enabling to build the dynamic contact angle and capillary pressure versus the capillary
number from the progressive saturation analysis. Our results emphasized the validity and usefulness
of the slug-flow assumption and gave new insights on the two-phase flow method.

To further investigate flow kinetics, an improved visualization method was proposed. We performed
X-ray radiography for the 2D flow visualization at the faster rate of 2 images per second and pixel size
of 15 µm and performed 3D tomographic images (with voxel size of 10 µm) of the initial dry and final
wet states. The flow progression of two fluids with different surface tension into three carbon fabrics
with different pore architectures was investigated. Flow patterns at the pore scale were found to differ
for imbibition and drainage cases. Drainage was found to be dominated by a piston-like progression
following a displacement pattern regulated by meso-pores whereas imbibition was led by a corner flow
type in the tows. In imbibition, the wettability turned out to play a major role in the progression
of the flow front and void entrapment mechanisms and a very strong wetting system resulted in a
less cooperative progressive flow front, enhancing the probability of snap-off events. Then, the fabric
geometry, described by means of a pore network model (PNM), also proved to play an important role
in controlling the fluid displacement and void formation. More precisely, two main parameters were
highlighted: a wide pore (body and throat) size distribution together with an orientation of the pore
throats making a large angle with the flow direction increased the probability of snap-off events and
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reduced the unsaturated length (for capillary dominated flows).

In summary, the following statements can be made:

1. X-ray phase contrast imaging is a powerful and versatile technique to observe fluid flow at a
real processing scale in translucent and non-translucent preforms even with conventional resins.
Even though dual-scale patterns can be discerned with this method, they do not clearly appear
in scattering images in particular cases such as capillary driven flows which impedes the grays
scale image analysis to build the saturation curve.

2. Conventional X-ray radiography appears to be an interesting alternative since it can bring enough
resolution and detail to depict capillary and viscous flows and even void entrapment mechanisms,
although contrasting agents should be added to the infiltrating fluid, limiting the use of resins.
Zinc iodide, though, proved to be very suitable as X-ray attenuating element as it can be easily
mixed to water based model fluids and even with epoxy mixed to alcohol based solutions.

3. A two-phase flow model can be used to describe and model resin flow infiltration in fibrous
preforms for wetting and non-wetting cases. By fitting experimental progressive saturation
curves S(z, t), obtained from the 2D thickness averaged X-ray images to simulation data with
a heuristic algorithm, it is possible to extract the hydraulic descriptions kr(S) and S(Pc) per
system and impregnation condition.

4. The capillary pressure extracted with the two-phase flow model reveal to be in good agreement
with the definition of the capillary pressure from the slug-flow assumption and could be also
used to describe the dynamic Pc(Ca) and θ(Ca) curves.

5. To gain a better insight on the effect of dynamic flow displacements and void formation mecha-
nisms as well as their relation to the fabric preform geometry and topology, X-ray radiography
can be coupled to 3D XCT scans to assess pre- and post-impregnation states.

6. Pore network models (PNM) were found to be a well adapted method to describe the meso-pore
space geometry and topology of fibrous porous media.

7. Infiltrating a textile preform with a strongly wetting fluid results in a rather non-cooperative flow
that enhances snap-off events triggering entrapped meso-voids, in the case of capillary driven
flows.

8. The pore space geometry plays an important role on fluid displacement and void entrapment
mechanisms. It was found that bundles oriented perpendicular to the flow act as "obstacles"
that can increase the probability for snap-off events as well as "stoppers" leveling off the flow
and decreasing the unsaturated length.
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8.2 Perspectives

8.2.1 Flow kinetics in porous media

In the current work, we developed a two-phase flow model approach to describe the hydraulic proper-
ties of an impregnated porous media from the experimental progressive saturation curves S(z, t). The
interest of multiphase flow models is that they are massively employed in many engineering branches
and have witnessed an extensive literature dedication. Researchers though seldom extrapolated this
method to describe liquid composite processes mainly because of the strong dual-scale poral space
of textile preforms. A requirement of the developed method is to know in advance the fluid wetting
behavior, either wetting or non-wetting which was assimilated to capillary or viscous driven flows
respectively and was determined visually. As a result, the proposed approach relies on an optical and
subjective evaluation of the flow and besides, this choice is sometimes not so trivial to make. In addi-
tion, this can also be limiting when describing constant pressure driven cases in which the wettability
can switch from non-wetting to wetting. An improvement of the numerical description should be thus
made, for example, by building a single two-phase flow model in which the dynamic wettability can
be defined as separate variable and does not need to be determined visually. In literature, researchers
also faced the same challenge and started to develop descriptions of S(Pc) taking into account the
wettability which could be inspiring for our case [279].

Additionally, we presented a complete methodology to assess fluid kinetics in fibrous porous media
and we leave the door open to perform deeper analysis on the effect of wettability and pore geometry
to void formation mechanisms. Since the developed model was only carried out for a single type of
fabric, with a given Vf , it would be interesting to run the model and find the different hydraulic
properties for a given system with some variations and set how kr(S) and S(Pc) vary with a change
of wettability, change of Vf , change of fabric type as well as the effect of those parameters on the Ca
versus void content curve.

We hope that our research will serve as a base for future studies on flow kinetics in the frame of
LCM processes and could be extended to more complex systems such as: multifunctional composites
including third phases (for which 3D tomographic scans will allow to assess the degree of filtration or
movement of the third phase with the flow for example); hybrid preforms with different fiber nature
compositions; or plant based fiber preforms (for which it is expected that swelling and absorption
will highly influence the hydraulic properties). In particular, for experiments with natural fibers, we
can take advantage of the formulated fluids with contrasting agents (PEG, glycerol and epoxy based
solutions), that contain different water contents and could be used to analyze the dimensional changes
of the fabrics and fibers during infiltration.
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8.2.2 Imaging method

X-ray techniques proved to be very powerful to observe in-situ the flow progression through fibrous
preforms. Although X-ray phase contrast imaging could be used for low density carbon fabrics and
with conventional resins the spatial and temporal resolution were slightly limiting when accurate
dual-scale flows are targeted. X-ray conventional radiography allows to overcome these hurdles and
to depict the 3D porous geometry by tomographic reconstructions. It should be noted, that in the
frame of this thesis relatively fast 3D scans were performed (30 min) but if required, the resolution
can be enhanced by increasing the number of acquired images as well as the voxel size to assess the
effects of flow at a smaller scale (the employed X-ray machine can perform scans up to a voxel size
of 0.4 µm). Similarly, the voxel size can be also be reduced for 2D scans to visualize micro-flows and
the scanning time can be lowered to capture fast flow trajectories (the employed X-ray machine can
perform acquisitions up to 9 fps). However, the main inconvenient of the presented approach is that
contrasting agents should be added to the fluid that would change its physical properties, thus limiting
to observe real impregnation cases.

Even though the design and development of visualization techniques is still challenging, our results
were very encouraging and further work is required to validate them by performing infiltration exper-
iments in 4D (3D image + real time) in a synchrotron beamline [325–327]. A large infrastructure is
however needed in this case with high X-ray source energies to perform very fast scans but in return
enables to capture flow dynamics in-situ in the 3D space to identify fluid transport processes at the
pore scale as well as void formation and motion mechanisms with an outstanding resolution. Encour-
agingly, this method has already been employed to observe multiphase flow in geoscience for example
to investigate the effect of flow dynamics on spatially and temporally heterogeneous pore networks
[328].

Another alternative would be to employ neutron imaging which has similar spatial and temporal res-
olution when compared to X-ray imaging [329], with the particularity that neutron interaction with
hydrogen is very high due to the increased scattering probability as shown in Fig 8.1. For instance,
a 1 cm thick layer of water is almost opaque when imaged with this technique [330]. In literature,
some researchers already reported the observation of two-phase flow fluid distribution in porous media
such as sandstone, rocks, concrete and porous asphalt by neutron imaging [331–334]. In the case of
composite materials, this technique will allow to even observe impregnation with conventional fabrics
and resins through metal closed molds and asses final filling stated by performing 3D tomographic
reconstructions.
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Figure 8.1: Comparison between X-ray and neutron attenuation, adapted from [330, 331, 335].
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Chapter 9

Annexes

9.1 Annexes - Materials and Methods

9.1.1 Infiltrating liquids

An extra fluid epoxy-based (without hardener) was developed with similar properties, in particular,
viscosity and X-ray attenuation, to those of the PEG and glycerol based solutions containing ZnI2.
The composition of the mix was: 20 wt.% of epoxy resin Sika Biresin TD150, 58 wt.% of alcohol
benzyl (99.8%, Mw = 108.14, Honeywell) and 22 wt.% ZnI2 (Mw = 319.19, Fluorochem). The alcohol
benzyl was used to decrease the epoxy viscosity, initially of 0.5 Pa · s. In order to get an homogeneous
mix, the ZnI2 was previously mix to the alcohol benzyl before adding the epoxy.

Figure 9.1: Viscosity-temperature curve of the designed fluids and their X-ray attenuation.
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In Fig. 9.1 are shown the visocsity-temperature dependence curves for the different fluids containing
contrasting agents designed as well as the evaluation of the X-ray attenuation. The intensity of the
signal was assessed by comparing the histograms of each liquid contained in the small test-tube of
same volume. The density of the mixture was measured to be 1.276 g/ml and the surface tension in
air 36.2 mN/m.

9.2 Annexes - Modelling of dynamic fluid saturation in carbon re-
inforcements

9.2.1 Optimization procedure to find β, L and N

To explore the relationship between the different fitting parameters, the error E between experimental
and numerical data for several combinations of , L and N was calculated. A 2D matrix plot was built
to visualize at once the screening results of the fitting parameters combinations and the respecting
error, Eβ,L,N . Per experiment, the difference D between each error Eβ,L,N and the minimum error
Emin was calculated and values up to the 100% are plotted in Fig. 9.2:

D = Eβ,L,N − Emin

Emin
· 100 (9.1)

Since β, N and L are shape parameters, for experimental curves which are less self-similar (concept
explained in Fig. 9.3), namely for tests #1 and #4 which have less stable flow fronts over time, a
large number of parameter combinations gave a small error when compared to results for curves in
tests #2 and #3. In order to reduce this “self-similarity effect” on the parameters’ search, another
approach to the curve fitting method could be to build a master curve that would be the average from
all the measured curves. Nevertheless, tests #2 and #3 still gave different parameter combinations
leading to a very small error, which can even be increased by enlarging the research domain, proving
the high sensitivity of the model to these parameters which leads to a non-unique solution for the
description of hydraulic curves. In literature this is well known, and researchers propose to carry out
statistical analysis to better establish porous media characteristics [336, 337]. Moreover, the inferred
distributions of the different pairs of parameters show a strong correlation between β and L for the
wetting cases and between β and N for the non-wetting cases. The parameters β and N exhibit a
power-law like relationship that has also been observed in literature [336, 337].
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Figure 9.2: Scatter plot matrix of the minimal error difference as a function of β, L and N fitting parameters.
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Figure 9.3: Example of saturation curves for test #3, showing self-similar curves and test #4 with curves
with more different shapes over time.
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