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ABSTRACT 

Liquid Composite Molding (LCM) processes are widely used for 

manufacturing Fiber Reinforced Plastic Composites (FRPCs), and most 

common of these processes are Resin Transfer Molding (RTM) and Vacuum 

Infusion (VI). In these processes, parts are manufactured by placing a 

preform of glass or carbon fibers in a mold and impregnating the preform by 

a thermoset resin. To ensure the part is completely filled without any dry 

spots and to achieve this in a repeatable manner with predictable flow 

patterns and cycle times, a good understanding of resin flow through the 

porous medium is crucial and requires the knowledge of fabric permeability 

(i.e., inverse of resistance to flow). Thickness distribution in VI varies spatially 

and with time due to varying resin pressure (thus, compaction pressure) in 

the mold. In this context, this thesis investigates (i) characterization of the 

fabric permeability in the presence of rigid inclusions such as microcapsules 

or fillers and (ii) monitoring and modeling the thickness variation in VI 

typically consisting of two stages. In the first filling stage, thickness variation 

increases due to pressure gradient within the mold; and in the second post-

filling stage, the excess resin is removed out of the mold to reduce the 

thickness and the variation in it. 
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In some cases, a second solid phase, generally in the form of granular 

particles, may be introduced to FRPCs, to ease the handling of preform, to 

improve mechanical, thermal and electrical properties, or to functionalize 

with self-healing capsules (to introduce self-healing capability) or with 

hollow microspheres (to improve the buoyancy or to decrease the overall 

weight). The effect of rigid spherical inclusions on the permeability of textile 

fabrics was investigated by using glass beads as model inclusions. Glass 

beads with a range of diameters (40 to 800 μm) and volume fractions (2.5 to 

10%) were sieved between layers of woven E-glass fabric targeting a constant 

fiber volume fraction of 40%. Experimental characterization of permeability 

was followed by X-ray microtomography to reveal the underlying 

relationship between permeability and microstructural features including 

pore size distribution, pore shape anisotropy and spatial bead distribution. 

Furthermore, permeability of the X-ray samples was estimated using 

Computational Fluid Dynamics simulations and with a Kozeny model taking 

into account the porosity and the specific surface of samples, and compared 

with the experimental permeability results. 

Thickness variation in VI and its minimization is usually dealt with a 

trial and error based approach. This study offers an alternative approach to 

overcome this drawback of VI process, by integrating thickness monitoring 

and resin flow modeling in a flexible mold. A Structured Light Scanning 

system was verified for its suitability of monitoring thickness during VI and 

was used for full field thickness monitoring in experiments. A Control 

Volume Finite Element Method (CVFEM) solver, capable of coupling resin 

flow, fabric compaction and permeability, was implemented. Two different 

scenarios were studied experimentally and numerically. Full field thickness, 

resin pressure at some locations and mass of the infused resin were recorded 
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during filling and post-filling stages of experiments; and simulations were 

performed with corresponding process parameters. Thickness monitoring 

system was able to capture the instantaneous thickness distribution of the 

specimen as well as its evolution during the experiments. Thickness variation 

within the specimen reached its maximum at the end of mold-filling due to 

the high resin pressure at the inlet (thus low compaction pressure) compared 

to vacuum pressure at the exit. The thickness variation was reduced in the 

post-filling stage by removing the excessive resin and almost equalizing resin 

pressure. Simulations resulted in a reasonably close estimation of fill time and 

infused resin mass. Evolution of pressure was simulated successfully as well 

as the resulting thickness distribution. The thickness variation increased in 

filling stage and the effects of post-filling actions were in agreement with the 

experimental results. 
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ÖZETÇE 

Sıvı Kompozit Kalıplama (LCM) yöntemleri Fiber Takviyeli Plastik 

Kompozit (FRPC) üretimi için yaygınca kullanılmaktadır ve bu yöntemlerin 

en çok kullanılanları Reçine Trasnfer Kalıplama (RTM) ve Vakum İnfüzyon 

(VI) yöntemleridir. Bu yöntemlerde, cam veya karbon elyaf bazlı kumaş 

katmanları kalıp içerisine yerleştirilip, kalıp kapatıldıktan sonra, termoset 

reçine ile ıslatılmaktadır. Kalıbın kuru yer kalmayacak şekilde doldurulması 

ve bunun tekrar edilebilirliğinin sağlanması, yani öngörülebilir bir akış 

ilerleyişiyle, yaklaşık olarak tahmin edilen bir sürede başarılabilmesi için 

kumaş geçirgenliğinin (yani akış direncinin tersi) doğru karakterize edilmesi 

gerekmektedir. Ayrıca, VI yönteminde üst kalıp olarak plastik bir torba 

kullanılmasından ötürü kalıp içerisindeki reçinenin basıncı (dolayısıyla 

sıkıştırma basıncı) hem konuma hem de zamana bağlı olarak değişmektedir. 

Bu bağlamda, bu tezde şu konularda inceleme yapılmıştır: (i) elyaf 

katmanları arasında mikrokapsüller ya da dolgular gibi katı takviyelerin 

varlığında geçirgenliğin karakterizasyonu ve (ii) kalınlık varyasyonunun 

basınç dağılımına bağlı olarak arttığı dolum aşaması ve fazla reçinenin 

kalıptan çıkarılarak kalınlığın ve kalınlık varyasyonunun azaltıldığı dolum 

sonrası aşamalarından oluşan VI üretim yönteminde, kalınlık değişiminin 

deneysel olarak gözlemlenmesi ve modellenmesi. 
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Fiber Takviyeli Plastik Kompozit’lere bazı durumlarda parçacıklar 

halinde katkı maddeleri katılabilir. Örneğin, elyaf katmanlarının bir arada 

durmasını sağlamak, mekanik, termal ve elektrik özelliklerini değiştirmek 

veya kompozitlere ek bir fonksiyonu mesela öz-iyileşme özelliği veya 

batmazlık özelliği katmak amacıyla çeşitli mikroparçacıklar katılmaktadır. 

Bu çalışmada, katı takviyelerin kumaş geçirgenliği üzerindeki etkisi kumaş 

katmanlarının arasına cam tozu eklenerek incelenmiştir. Farklı çaplar (40-800 

μm) ve hacim oranlarındaki (%2.5, %5, %10) cam tozları, %40 hacim 

oranındaki örgü cam elyaf katmanları arasına mikroelek kullanılarak 

elenmiştir. Geçirgenliğin deneysel karakterizasyonunun yanı sıra, X ışınları 

mikrotomografisi (μ-CT) aracılığıyla mikroyapı incelenmiş ve geçirgenlik ile 

boşluk boyut dağılımı, boşluk anizotropisi, ve cam tozu dağılımı arasındaki 

ilişki araştırılmıştır. μ-CT ile elde edilen görüntüler üzerinde Hesaplamalı 

Akışkanlar Dinamiği (CFD) ve boşluk oranı ile spesifik yüzey alanını baz alan 

Kozeny modeli kullanılarak geçirgenlik hesaplanmış ve deneysel sonuçlarla 

karşılaştırılmıştır.  

VI yönteminde karşılaşılan kalınlık varyasyonunun anlaşılması ve 

azaltılması genellikle deneme-yanılma yoluyla olmaktadır. Bu çalışmada, 

kalınlığın deneysel olarak takibi ve kalınlık değişimini hesaba katan akış 

modellemesi kullanılması yoluyla, deneme-yanılma bazlı yaklaşıma bilimsel 

bir alternatif sunulmuştur. Yapısal Işıkla Tarama (SLS) temelli bir sistem, bu 

ihtiyaca uygunluğu doğrulandıktan sonra, deneylerde parçanın 

tamamındaki kalınlık değişimini takip etmek için kullanılmıştır. Kontrol 

Hacmi Sonlu Eleman Metodu (CVFEM) temelli ve geçirgenlik ile sıkışmanın 

basınca göre değişiminin hesaba katıldığı bir sayısal çözüm geliştirilmiştir. 

İki farklı senaryo, deneysel ve sayısal olarak incelenmiştir. Deneylerin dolum 

ve dolum sonrası aşamalarında, kalınlık dağılımı, reçine basıncı ve kalıba 
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giren reçine miktarı ölçülmüş ve simülasyonlar aynı sınır koşulları ve üretim 

parametreleri kullanılarak gerçekleştirilmiştir. Kalınlık tarama sistemi 

kalınlığın anlık dağılımının yanı sıra, zaman içindeki değişimini de başarıyla 

ölçmüş ve deneylerde kalınlığın reçine girişine yakın bölgelerde deney 

süresince artan reçine basıncı (dolayısıyla azalan sıkıştırma basıncı) 

nedeniyle arttığını, ve reçinenin en son ulaştığı çıkışa yakın bölgelerle 

arasındaki kalınlık farkının dolum aşamasının sonunda en yüksek düzeye 

ulaştığını göstermiştir. Benzer şekilde, dolum sonrası aşamada, reçine 

basıncının tüm kalıpta neredeyse eşitlenmesi sonucunda, kalınlık 

varyasyonu önemli derecede azalmıştır. Simülasyonlarda elde edilen kalıp 

dolum süreleri ve kalıba giren reçine miktarları deneysel sonuçlarla uyum 

içindedir. Bunun yanı sıra, kalınlık dağılımının dolum aşamasındaki artışı ve 

dolum sonrası aşamadaki azalışı da başarıyla modellenmiştir.  
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1. INTRODUCTION 

1.1. Liquid Composite Molding 

Fiber-Reinforced Polymer Composites (FRPCs) are manufactured 

with a reinforcement material (usually carbon or glass) and a polymer matrix. 

These materials are extensively used in aerospace, automotive, sporting 

goods and other applications due to their high strength, stiffness and light 

weight in comparison to traditional materials. They are manufactured by 

adapting a variety of techniques offering different initial investments, 

production rates and final properties [1]. In processes like injection molding, 

compression molding and extrusion, short fibers (aspect ratio less than 100) 

are blended within the polymer matrix. Even though these processes allow 

manufacturing of parts with very complex geometries, the use of short fibers 

limit the mechanical properties. On the other hand, the use of continuous 

fibers allows production of parts with relatively less complex geometries and 

significantly better mechanical properties which can be used in structural 

load-bearing applications.  

Main routes for manufacturing the “advanced composites” made of 

continuous fibers is Autoclave Processing and Liquid Composite Molding. In 

Autoclave Processing, pre-impragnated layers of fabrics are placed in pre-

determined orientations and consolidated in an autoclave under high 
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pressure (up to 6 bar) at high temperatures (up to 200°C). Even though, the 

use of autoclave allows the evacuation of air and excess resin which in turn 

provides superior mechanical properties, this process requires a high initial 

investment of autoclave and manufacturing of large parts with this 

processing route is not very feasible. 

Conversely, Liquid Composite Molding (LCM) processes offer the 

capability to manufacture complex parts for semi-structural and structural 

components at low-cost investments. The two most common LCM techniques 

are Resin Transfer Molding (RTM) and Vacuum Infusion (VI, a.k.a. Vacuum 

Assisted Resin Transfer Molding (VARTM)). 

1.1.1. Resin Transfer Molding (RTM) 

Figure 1.1 shows the steps of RTM process. Firstly, layers of dry fabric 

are cut to desired dimensions and then placed onto lower mold and 

compacted to the final thickness by the upper mold. Resin is then injected 

into the mold, to fill the cavities in the preform, by an injection machine which 

operates under pressure or flow rate control. Part is kept in the mold until 

resin cures partially, and then it is demolded. Two sided mold allows 

manufacturing parts with a good surface finish and high fiber volume 

fractions, 𝜙𝑓. Thus, RTM is preferred for manufacturing structural parts at 

mid to high production rates. 
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Figure 1.1 Schematic of the steps in RTM process [1]. 

To achieve a desired cycle time and ensure the complete impregnation 

of the part, a good understanding of the flow propagation and resin curing is 

necessary in RTM process [2–4]. For this need, resin flow modeling enables 

to estimate the fill time and predict the flow pattern. Several numerical 

simulation tools have been developed in order to optimize the mold design 

as well as the production cycle [5–8]. The most common approach is to couple 

Darcy’s law and continuity equation. Darcy’s law represents the flow 

through a porous medium as follows: 

𝑢⃗ =  −
1

𝜇
[
𝐾𝑥𝑥 𝐾𝑥𝑦

𝐾𝑦𝑥 𝐾𝑦𝑦
] {

𝜕𝑃 𝜕𝑥⁄

𝜕𝑃 𝜕𝑦⁄
} =  −

1

𝜇
[𝐾] ∙ ∇𝑃 (1.1) 

where 𝑢⃗  is the average fluid velocity or Darcy’s velocity, 𝑢⃗ = 𝑢𝑖̂ + 𝑣𝑗̂ for 2D 

flow (since composites are usually thin parts and flow is in the in-plane 

directions), 𝜇 is the viscosity of the liquid resin, [𝐾] is the in-plane 
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permeability tensor of the porous medium and 𝑃 is resin pressure. Darcy’s 

velocity is related to the superficial resin velocity, 𝑢⃗ 𝑟, by 

𝑢⃗ = 𝜙𝑝𝑢⃗ 𝑟 (1.2) 

where 𝜙𝑝 denotes porosity and related to fiber volume fraction 𝜙𝑓 as 𝜙𝑝 =

1 − 𝜙𝑓. Flow of an incompressible fluid in infinitesimal volume with height, 

ℎ, continuity equation is as follows [9]: 

𝜕ℎ

𝜕𝑡
+ ∇ ∙ (ℎ𝑢⃗ ) = 0 (1.3) 

1.1.2. Fabric permeability 

In Eq. (1.1), permeability tensor defines the inverse of resistance of the 

porous bed to the flow and should be characterized in advance for accurate 

prediction of flow pattern. Permeability is characterized either by one-

dimensional rectilinear flow experiments along each of the two principal 

directions of the permeability [10–13] or a radial flow experiment [11,14–17]. 

Radial flow experiments provide the two principal permeability values 

simultaneously, while one-dimensional (or linear) rectilinear flow 

experiments are usually preferred since the experiments are easier to set-up, 

saturated and unsaturated permeability for a pre-determined volume 

fraction can be obtained from a single experiment, and reproducibility of the 

results is high with standardized test equipment and procedure [11].  

In linear permeability experiments with constant injection pressure, 

unsaturated permeability is calculated by recording the flow propagation 

and flow front arrival to pre-determined locations to construct the flow front 

location (𝑥𝑓𝑓) versus time (𝑡) curve. The following equation is then used to 

obtain the unsaturated permeability following the Squared Flow Front (SFF) 

approach 
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𝐾𝑆𝐹𝐹 =
𝑚𝜙𝑝𝜇

2𝑃𝑖𝑛𝑗
 (1.4) 

where 𝑃𝑖𝑛𝑗 is the injection pressure and 𝑚 is the slope of the 𝑥𝑓𝑓
2  versus 𝑡 curve, 

𝑥𝑓𝑓
2  being the square of 𝑥𝑓𝑓. Once the rectangular mold is filled, flow rate (𝑄) 

of the fluid coming out of the mold is recorded and used to calculate the 

saturated permeability as follows: 

𝐾𝑠𝑎𝑡 =
𝑄𝜇𝐿

𝐴𝑃𝑖𝑛𝑗
 (1.5) 

where 𝐿 and 𝐴 are the length and the cross-sectional area of the fabric 

specimen in the mold cavity, respectively. 

1.1.3. In-plane permeability and microstructure of fabrics in the 

presence of inclusions 

In some cases, a second solid phase, generally in the form of granular 

particles, may be introduced to FRPCs. As an example, reactive or non-

reactive binders (or tackifiers) are introduced at the preforming stage to ease 

the handling of multiple layers of reinforcement and improve the efficiency 

of processing [1,18]. Particles may also be integrated to the polymer matrix to 

improve mechanical, thermal and electrical properties [19–23]. In addition, 

for composite functionalization, self-healing capsules are sieved between the 

layers of reinforcement [24,25], hollow microspheres are introduced to 

improve the buoyancy or to produce lightweight parts [26,27], and powders 

are added to tailor capillarity effects in porous structures [28]. 

The effect of the presence of a second solid phase on the mechanical 

properties of FRPCs has been extensively investigated and reported in the 

literature [18,19,24–26,29–34]. It is also well known that additional solid 



23 

 

phases in FRPCs alter the manufacturing processes. For instance, in the 

Liquid Composite Molding (LCM) processes, where a fibrous preform is 

compacted in a mold and resin is injected into the preform, the preform 

should be fully impregnated before resin gelation [9]. Hence, an accurate 

estimate of the permeability of a fibrous structure is essential to predict the 

flow kinetics and mold filling time [10,11,35,36]. Studies on the flow of 

particle blended matrix show that introduction of particles increases the 

viscosity of suspension and particles are clogged progressively during 

processing which results in spatially varying permeability [37–39]. Flow is 

either modeled by coupling the resin flow with particle filtration by a 

retention function [40–43] or by simulating the solid-liquid interaction at 

individual particle level [44–46].  

In the case of functionalization by introducing a second solid phase 

between the layers of fabric, both in-plane and out-of-plane permeabilities 

are influenced. Out-of-plane is typically one to two order of magnitude lower 

than the in-plane permeability [47]. For investigation of influence of 

inclusions on permeability, Shih and Lee [48] studied the tackification of 

carbon fiber woven fabrics and used PT 500 binder from 3M with various 

binder size between 25 μm and 1000 μm. They noted that smaller powders 

tended to have a better coverage of the fabric surface and showed that 

holding the preforms at temperatures higher than the melting temperature of 

the binder resulted in an increase of the in-plane permeability. Similar to 

Rohatgi and Lee [49],  they explained the increase of permeability by the 

shrinkage of fiber tows following the penetration of molten binder which 

results in larger channels outside the fiber tows. Both studies showed that if 

the system was held at low temperatures, binder stayed between the fiber 

tows and caused a decrease of permeability at high binder concentrations. 
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Estrada et al. [50] investigated the binder influence by modeling the flow in 

unit cells obtained from micrographs of cut specimens. Unit cell based model 

resulted in different permeabilities in principal directions of the anisotropic 

fabric, but was limited in permeability value prediction mainly because the 

unit cell lacked the repeatability due to distribution of binders and the 

selection of a coarse grid. Recently, Becker and Mitschang [51] investigated 

the influence of preforming technologies (sewing, binder application, 

shearing and pre-compaction) on out-of-plane permeability and they 

reported that out-of-plane permeability of a glass fiber woven fabric 

decreased by addition of both activated and not activated binders. Results 

showed a lower permeability with activated binder since activated binders 

caused a more homogenous reduction of available space while not activated 

binders hindered nesting thus some flow channels remained available. In 

another study [52], they studied the out-of-plane permeability of preforms 

manufactured by dry fiber placement, which exhibit one to two order of 

magnitude lower out-of-plane permeability than conventional fabrics and 

they investigated the potential strategies to enhance the out-of-plane 

permeability of these preforms. They studied the effect of binder particle size 

by sieving three different particle size ranges: medium sized (125-250 μm), 

coarse (>250 μm) and mixed (in delivery condition) at same concentration. 

Highest permeability was observed with the medium sized particles and they 

discussed that coarse binders were expected to result in a higher permeability 

by impeding nesting, but a lower number of binder particles was introduced 

at same concentration thus the positive effect of sieving large particles was 

reduced. They also studied the influence of binder concentration by sieving 

different amounts of mixed (in delivery condition) binders and reported that 

a slight increase was observed with increasing binder concentration, but 
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positive effects of preserved flow channels was counteracted by blockage of 

resin flow at high concentrations.  

Contrary to the binders whose effect on permeability and 

microstructure depend on the degree of melting, particle size and 

concentration; self-healing capsules are rigid inclusions and Manfredi and 

Michaud [53] investigated the influence of capsule concentration on in-plane 

permeability by sieving capsules with a size of 125-250 μm. They reported an 

increase of permeability by addition of self-healing capsules in comparison 

to samples with no capsules, but without a correlation between capsule 

concentration and permeability. 

1.1.4. Vacuum Infusion (VI) 

Vacuum Infusion (VI, or Vacuum Assisted Resin Transfer Molding, 

VARTM) is a variant of RTM and the main difference of this process is the 

use of a plastic bag as the upper mold instead of a rigid mold. Process steps 

of VI are shown in Figure 1.2. Firstly, layers of dry fabric are cut to desired 

dimensions and then placed onto lower mold. After placing the inlet and vent 

tubes, a plastic bag is placed to cover the preform and sealed to the lower 

mold by a sealant tape. In the next step, a vacuum is applied to the mold and 

the preform is compacted. In addition, applied vacuum creates the pressure 

differential which allows driving the resin into the preform.  
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Figure 1.2 Schematic of the steps in VI process [1]. 

 

The use of a vacuum bag as an upper half mold decreases the overall 

tooling cost significantly and allows the visual tracking of flow front 

propagation during infusion. However, pressure differential cannot exceed 1 

bar, thus requires the optimization of inlet and vent design to optimize the 

cycle time and ensure complete mold-filling without dry spots. Optimization 

of cycle time is achieved by carefully designing the placement of inlet tubes 

and highly permeable layer [54–56] and can be linked to minimization of dry 

spots [56]. Formation and transport of microscale voids in FRPCs is linked to 

the unsaturated flow as summarized in [57,58]. 

Prior to infusion, whole preform is under the same compaction 

pressure (see Figure 1.3 for definition of compaction pressure). However, 

once the resin reaches a particular location and then propagates away, 

compaction pressure starts decreasing with time (i.e., resin pressure 

increases), which in turn results in a spatially varying thickness distribution. 

The relationship between resin pressure, 𝑃, compaction pressure, 𝑃𝑐 and 

thickness is shown in Figure 1.3. 
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Figure 1.3 Spatially varying resin pressure, 𝑃, and compaction pressure, 𝑃𝑐 [1]. 

 

1.1.5. Modeling of thickness in VI 

 To achieve the thickness with acceptable dimensional tolerances, a 

good understanding of the relationship between the part thickness and the 

compaction pressure (i.e. compaction behavior) is essential. To couple the 

resin flow and compaction behavior, several studies experimentally 

characterized the compaction behavior and integrated it with the resin flow 

simulation tools. In addition to the studies where an analytical solution is 

attempted [59–62], some researchers also used commercially available Resin 

Transfer Molding (RTM) simulation tools (e.g. LIMS, PAM-RTM or others) 

for the analysis of VI or validation of VI models [63–65] by introducing 
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additional subroutines to consider the pressure dependency of the thickness. 

The most common approach in modeling the resin flow in LCM is to couple 

the pressure and thickness distributions, using finite element based solvers 

[4,9,66–69]. In these solvers, resin pressure solution obtained by Finite 

Element Method (FEM) solution is coupled with a flow propagation 

algorithm using Control Volumes (CV), and this combined approach is called 

Control Volume Finite Element Method (CVFEM). In literature, it was 

reported that the mass balance was achieved for 1D flow while mass 

imbalance issues arise for 2D and 3D flow due to discretization of flow 

surface [65,70]. Temporally and spatially varying nature of thickness in VI 

necessitates the integration of refinement algorithms to resin flow simulation 

tools in order to gain the capability of modeling the evolution of thickness 

distribution and flow front propagation accurately while minimizing the 

mass imbalance. To this end, several researchers offered ways to minimize 

the mass imbalance as well as improving the flow front update scheme, 

mostly by refining and/or adapting mesh [70–73] or by defining floating 

nodes [74], all coming at an expense of computational load. In this study, a 

new solution approach will be exploited to combine resin pressure 

distribution and flow front propagation in filling and post-filling stages of VI 

by coupling the compaction behavior and resin pressure while advancing the 

pressure distribution and flow front at small time intervals without refining 

the existing mesh. 

1.1.6. Monitoring of thickness in VI 

For experimental investigation of evolution of thickness distribution 

during VI, researchers employed various methods. In several studies [75–78], 

dial gages have been used for measuring the part thickness during part 
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manufacturing as well as measuring the thickness in compaction 

experiments. However, use of dial gages are limited due to several reasons: 

(1) owing to the fact that, despite the magnitude is small, dial gages apply a 

force on the fabric which may result in a thickness measurement error; (2) 

taking measurements from multiple points is troublesome since each dial 

gage takes a certain space, making it difficult to use multiple dial gages in a 

limited space. A more practical approach for thickness measurement is to use 

non-contact laser displacement sensors [79,80]. This type of sensor is useful 

for measuring the time dependent thickness at a certain location, thus have 

limited capability in terms of capturing the inherent variation within the 

fabrics. If full field measurement of thickness is desired using laser 

displacement sensors, they need to be carried between successive 

measurements by integrating them with a mobile platform. However, sample 

rate decreases significantly since it takes a certain amount of time for the 

mobile platform to complete one cycle and return to the same location [81]. 

Optical methods have proven to be useful for full field measurement of 

thickness in VI. These non-contact methods are based on either the use of 

multiple cameras as in the case of speckle stereophotogrammetry [82–85] or 

the use of a projector and a camera for Structured Light Scanning systems 

[86]. Feature matching between the stereo images is the main hurdle in 

speckle stereophotogrammetry method and it does not guarantee that the 

same points (features) will be matched in measurements at different times 

[87]. Conversely, Structured Light Scanning systems are based on reflecting 

pre-determined fringe patterns on a surface and they capture the detected 

fringe patterns to estimate the depth map.  
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1.2. Objectives & Outline of the Thesis 

This thesis focuses on the processing of Fiber Reinforced Plastic 

Composites (FRPCs) by Liquid Composite Molding (LCM) techniques and 

investigates the impregnation phase where the cavities within the fabric 

preform are filled with a resin. In both Resin Transfer Molding (RTM) and 

Vacuum Infusion (VI), fabric permeability determines the flow pattern 

during impregnation and the fill time, and it should be well characterized to 

ensure complete filling. Permeability is subject to change by inclusions and 

requires an in-depth analysis to reveal the relationship between the 

permeability and microstructure. A final part should not only be fully 

impregnated but also have desired dimensional tolerances. In this context, 

thickness distribution in VI requires attention since it varies spatially and 

with time, contrary to RTM where thickness is constant (i.e., does not vary 

with time) and dictated by the rigid mold parts. 

In Chapter 1, RTM and VI are introduced and literature review on 

following subjects are reported: (i) permeability characterization and 

investigation of microstructure in the presence of inclusions, (ii) modelling of 

thickness variation in VI and (iii) monitoring of thickness variation 

experimentally (during both mold filling and post-filling stages). 

Influence of spherical rigid inclusions on microstructure and 

permeability of a woven fabric is investigated in Chapter 2. In addition to 

experimental characterization of permeability in the presence of inclusions 

with different concentrations and diameter ranges, X-ray microtomography 

measurements are conducted to estimate the permeability by (i) 

Computational Fluid Dynamics simulations, and (ii) a semi-analytical 

approach based on Kozeny equation. In addition, spatial distribution of 
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beads, pore shape anisotropy and pore size distribution are analyzed and 

their relationship with fabric permeability is revealed. 

In Chapter 3, a full field thickness monitoring system is integrated to 

an experimental VI setup. Thickness distribution, pressure at several 

locations and mass of the infused resin are analyzed in two different 

scenarios. A numerical simulation tool is developed to combine resin flow 

with the spatially and temporally varying thickness by considering the 

permeability and compaction models. Experimental and numerical results 

are analyzed to assess the capabilities and limitations of the thickness 

monitoring system and of the numerical simulation tool. 

Chapter 4 is devoted to summarizing the main findings of this thesis 

and to presenting an outlook for future work. 
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2. IN-PLANE PERMEABILITY AND 

MICROSTRUCTURE OF TEXTILE FABRICS WITH 

SPHERICAL INCLUSIONS 

2.1. Introduction 

Studies on the permeability in the presence of rigid inclusion is limited 

and the novelty of this work is the investigation of the effect of the second 

phase content, morphology, granulometry and spatial distribution on both 

the porous structure topology and permeability to develop general 

guidelines and constitutive models to optimize flow kinetics, a feature which 

lacked in the composites literature. 

This study, thus, investigated the effect of rigid inclusions on both the 

porous structure and the permeability of textile fabrics, by introducing 

spherical glass beads with a range of bead volume fractions and diameters. 

The 3D porous structure of the reinforcements and the role of the beads were 

finely characterized using X-ray microtomography. In parallel, the in-plane 

permeability of the reinforcements was estimated using both in-plane 

permeability experiments and pore-scale Computational Fluid Dynamics 

(CFD) simulations using the scanned volumes from microtomography 

analysis. Guidelines were then provided to assess the effect of inclusion size 
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and inclusion volume fraction on the textile permeability, as a function of the 

microstructural features of the textile.  

2.2. Materials and methods 

2.2.1. Materials 

A 2 × 2 twill weave E-glass fabric (Suter Kunststoffe AG) with a 

superficial density, 𝜌𝑠𝑢𝑝 = 390 g/m2 and a fiber specific mass, 𝜌𝑏𝑢𝑙𝑘 = 2.60 

g/cm3 was used in this study. The fabric properties were given as follows by 

the manufacturer:  fabric was made of fibers with a diameter of 9 μm and 

consisted of 6 ends/cm along warp direction and 6.7 picks/cm along weft 

direction with 340 and 272 tex, respectively. Rounded glass beads 

(Microbeads AG) with specific mass, 𝜌𝑏 = 2.45 g/cm3 were used as model 

inclusions. As summarized in Table 2.1, various bead diameter ranges, 𝑑𝑏, 

were used (40-70, 70-100, 100-200, 200-300, 300-400, and 400-800 µm), as well 

as various bead volume fractions, 𝜙𝑏 (2.5, 5.0 and 10%). Figure 2.1(a-b) shows 

two typical micrographs corresponding to the 40-70 and 100-200 µm beads. 

The bead-diameter distributions in Figure 2.1(c) were calculated from the 

micrographs using the Matlab function imfindcircles (~7600 beads were 

examined under a microscope for 40-70 µm range, and similarly ~4200 beads 

for 100-200 µm range). 
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Figure 2.1 Optical micrographs of beads with two different diameter, 𝑑𝑏 ranges: (a) 

40-70 μm, (b) 100-200 μm. (c) Corresponding diameter distribution of the beads.
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Table 2.1 Experimental, numerical and normalized permeability, and specific surface results of studied configurations. 

Sample # Bead Properties 
Permeability, 𝐾 [10-11 

m2] 
Specific Surface, 𝑆 [103 m-1] Normalized Permeability, 𝐾∗ 

 Bead 

Diameter, 𝑑𝑏 

[µm] 

Bead Volume 

Fraction, 𝜙𝑏 [%] 

Experimen

t, 𝐾𝑒𝑥𝑝 
Simulation, 

𝐾𝑛𝑢𝑚 
 

Experiment, 
𝐾𝑒𝑥𝑝

∗  
Simulation, 

𝐾𝑛𝑢𝑚
∗  

Semi-

Analytical, 𝐾𝑆
∗ 

1 0 0 7.92 12.2 6.31 1.00 1.00 1.00 

2 

40-70 

2.5 6.50 11.4 5.98 0.82 0.93 0.98 

3 5.0 4.04 5.77 8.05 0.51 0.47 0.47 

4 10 1.86 4.29 10.1 0.23 0.35 0.23 

5 70-100 5.0 3.71 6.78 7.32 0.47 0.56 0.57 

6 

100-200 

2.5 4.96 9.70 6.20 0.63 0.80 0.91 

7 5.0 3.89 7.29 7.01 0.49 0.60 0.62 

8 10 3.01 5.40 7.22 0.38 0.44 0.44 

9 200-300 5.0 5.65 10.6 6.05 0.71 0.87 0.84 

10 300-400 5.0 5.94 10.6 5.67 0.75 0.87 0.95 

11 

400-800 

2.5 6.05 12.2 5.78 0.76 1.00 1.05 

12 5.0 6.50 13.3 5.62 0.82 1.09 0.97 

13 10 6.84 12.1 5.01 0.86 0.99 0.92 
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The samples consisted of 𝑛 = 8 layers of fabrics. During sample 

preparation, the prescribed mass, 𝑚𝑏, of beads was manually sieved between 

adjacent layers and the resulting stack was then compacted in a mold of 

volume 𝑉𝑚 and thickness ℎ = 3 mm. The volume fractions of fibers 𝜙𝑓, of 

beads 𝜙𝑏, as well as the porosity 𝜙𝑝 of processed samples could thus be 

estimated as 𝜙𝑓 = (𝑛𝜌𝑠𝑢𝑝) (ℎ𝜌𝑏𝑢𝑙𝑘)⁄ = 40.0 ± 0.1%, 𝜙𝑏 = 𝑚𝑏 (𝜌𝑏𝑉𝑚)⁄ , and 

𝜙𝑝 = 1 − 𝜙𝑓 − 𝜙𝑏 (see Table 2.1). For the permeability experiments, samples 

had rectangular in-plane dimensions, i.e., 260 mm along the weft direction 

(the direction along which the permeability was measured, see below) and 60 

mm along the warp direction. For X-ray microtomography analysis (see 

below), the in-plane shape of samples was circular with a 40 mm diameter. 

To characterize the permeability of the samples, a solution of 

polyethylene glycol (PEG, Sigma Aldrich, 35000 molar mass) was diluted in 

distilled water with a concentration of 5.7 mmol l-1 to form the test fluid. The 

shear viscosity 𝜇 of the PEG solution was measured using a Couette 

rheometer (AR 2000ex, TA Instruments) in continuous flow mode. For 

characterization of temperature dependency between 18°C and 25°C, 

temperature was increased with a ramp of 0.1°C min-1 and viscosity was 

measured at a constant shear rate of 1 s-1. For shear rate dependency between 

0.1 s-1 and 100 s-1, the viscosity was measured at a constant temperature of 

20°C. The PEG solution exhibited a Newtonian behavior as illustrated in 

Figure 2.2 in which the shear viscosity 𝜇 versus temperature and shear rate 

was plotted. 
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Figure 2.2 Shear viscosity 𝜇 of the tested PEG solution as a function of temperature 

(blue data) and shear rate (red data). 

 

2.2.2. Permeability experiments 

Permeability measurements along the weft direction of the fabrics 

were conducted under constant injection pressure using the mold illustrated 

in Figure 2.3(a-b). The guidelines proposed in a recent round-robin study for 

1D flow was followed [10] except that a different test-fluid was used. The 

saturated permeability, denoted as 𝐾𝑒𝑥𝑝, was measured in all experiments 

and to this end injection pressure, 𝑝, as well as the temperature of the test 

fluid were recorded by a Keller S35X piezoresistive transmitter (0 - 10 bar, 

0.02 bar accuracy for pressure, -20 - 150°C, 0.05% relative accuracy for 

temperature) placed between the pressure pot and resin inlet. A Mettler 
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Toledo PM2500 scale was placed at the exit to record the mass with an 

accuracy of 0.001 g at a data acquisition rate of 8 Hz. Mass flow rate was 

calculated using the acquired mass and time data; additionally, the density 

of resin was used for calculating the volumetric flow rate, 𝑄. The saturated 

permeability was then calculated as 𝐾𝑒𝑥𝑝 = (𝑄 𝜇 𝐿)/(𝐴𝑝), 𝐿 being the 

specimen length along the flow direction (260 mm) and 𝐴 its cross-sectional 

area (60 mm x 3 mm). 
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Figure 2.3 (a) Experimental setup used for permeability measurements, (b) 

schematic of the experimental permeability measurement setup, (c) an X-ray 

microtomography sample 
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In order to determine the permeability of the plain fabric (without 

bead) for a range of fiber volume fractions, the experiments initially 

conducted at ℎ = 3.0 mm were also carried out at ℎ = 2.8 and 2.5 mm, and the 

following empirical exponential relation between 𝐾𝑒𝑥𝑝 and 𝜙𝑓 (a first order 

polynomial relation between ln 𝐾𝑒𝑥𝑝 and 𝜙𝑓) was fitted to the experimental 

data 

𝐾𝑒𝑥𝑝 = 𝐴𝑒−𝑏𝜙𝑓   (2.1) 

by a least-square method to determine the constants 𝐴 and 𝑏.  

2.2.3. X-ray microtomography 

2.2.3.1. Image acquisition 

Cylindrical fabric samples with a diameter of 40 mm were prepared 

for all configurations listed in Table 2.1, inserted into cylindrical PMMA 

containers and compacted to the same thickness, ℎ, of 3 mm as in the 

permeability experiments, with help of cylindrical PMMA covers held in 

place with pins (see Figure 2.3(c)). The samples’ microstructures were 

characterized using a laboratory X-ray microtomograph (RX Solutions, 3SR 

Lab, Grenoble, France). To acquire the 2500 radiographs of size 1840 × 1456 

pixels during the 360° rotation of samples with respect to the X-ray source, 

the generator voltage and the current intensity were set to 120 kV and 83 µA, 

respectively. After suitable reconstruction, filtering and smoothing 

operations, 3D greyscale images of the sample absorption coefficients were 

obtained with a voxel size of 9.85 × 9.85 × 9.85 µm3. Regions Of Interests 

(ROIs) of size 1244 × 1244 × 304 voxels were then extracted and subjected to 

the image analysis procedure detailed hereafter. Figure 2.4 shows small crops 

(304 × 304 × 304 voxels) achieved inside the reconstructed ROIs to 
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qualitatively illustrate the typical 3D microstructures of four different 

samples with different bead diameters. 

 

Figure 2.4 3D images (304 × 304 × 304 voxels) showing the structure of  (a) a plain 

sample (i.e., with no beads), and samples with embedded beads with diameters of 

(b) 40-70 μm, (c) 100-200 μm, and (d) 400-800 μm. Sample thickness, ℎ, in z 

direction is the same in all samples in (a) – (d); and volume fraction of beads is 

𝜙𝑏 = 10% in all samples in (b) – (d). 
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2.2.3.2. Image analysis 

In order to assess relevant microstructure descriptors from the 

scanned samples (see below), the 3D images were first segmented using 

ImageJ [88] so that the porous phase, the fibers and the beads could be 

extracted and analyzed independently. The segmentation of the porous 

phase was readily achieved using a standard thresholding operation due to 

its strong absorption contrast with respect to the glass fibers and beads. A 

procedure was used to extract beads from the remaining glass phase, as a 

consequence of the poor absorption contrast between beads and fibers (see 

Figure 2.5). Thus, in each greyscale slice along the thickness of the imaged 

samples, i.e., along the 𝑧 direction, the structure tensor was computed using 

the plugin FeatureJ of ImageJ [89], and beads were isolated as they exhibited 

a more isotropic shape than the fibrous network (see Figure 2.5(b-c)). 

Thereby, additional analyses were conducted:  

 The bead segmentation allowed us to locate the beads. Consequently, the 

normalized 𝑧-distribution of the bead content was computed as 𝜙𝑏𝑧
∗ =

𝜙𝑏𝑧/𝜙𝑏 where 𝜙𝑏 is volume fraction of beads in the entire specimen and 

𝜙𝑏𝑧 is the bead content in each slice parallel to 𝑥𝑦 plane (i.e., fraction of the 

slice occupied by the beads). We also built in-plane 2D maps of the bead 

content 𝜙𝑏𝑥𝑦, defined as the volume fraction of beads in the vertical 

column of height ℎ and cross section area of 1 pixel located at the position 

(𝑥, 𝑦). That means, 𝜙𝑏𝑥𝑦 can have a value between 0 and 100% such that 

𝜙𝑏𝑥𝑦 = 100% if all of the 304 slices have a bead at a pixel coordinate of 

(𝑥, 𝑦). 

 From the binarized image of the porous phase, it was possible to estimate 

the pore size distribution: (i) by using successive dilation and erosion 
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morphological operations with a cubic structural element; (ii) by counting 

the remaining voxels after these operations; and (iii) by repeating these 

operations for increasing sizes of the cubic element [90,91]. 

 We estimated the mean intercept number of the images, the chord lengths 

of pores in three principal directions (𝑙𝑥, 𝑙𝑦, and 𝑙𝑧), their mean values (𝑙𝑥̅, 

𝑙𝑦̅, and 𝑙𝑧̅) as well as the specific surface 𝑆 of the porous structures, using 

the method proposed by Rolland du Roscoat et al. [92]. Ratio of mean 

chord lengths, 𝑟𝑥𝑦 = 𝑙𝑥̅ 𝑙𝑦̅⁄ , 𝑟𝑥𝑧 = 𝑙𝑥̅ 𝑙𝑧̅⁄  and 𝑟𝑦𝑧 = 𝑙𝑦̅ 𝑙𝑧̅⁄  were calculated to 

quantify the anisotropy of the pores. The specific surface 𝑆, defined as the 

surface area of the pore-solid interface per unit volume, is closely linked 

to the permeability [93]. For example, the following Kozeny equation for 

unidirectional porous media relates the permeability 𝐾 to the radius of 

fibers, 𝑅 [94,95]: 

𝐾 =  
𝑅2

4𝑐

𝜙𝑝
3

(1 − 𝜙𝑝)
2  (2.2) 

where 𝑐 is the Kozeny constant. Considering that the porous structure is 

uniquely made of a network of non-overlapping cylinders of radius 𝑅 and 

volume fraction 𝜙𝑓, one gets 𝑆 = 2𝜙𝑓 𝑅⁄  so that:   

𝐾 =
𝜙𝑝

3

𝑐𝑆2
 (2.3) 

These equations will be further discussed in section 3. 
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Figure 2.5 (a) Slice along thickness direction (i.e., in xy plane) of a sample with 100-

200 μm beads at 𝜙𝑏 = 10%. (b) The beads are seen as white circles after the image 

treatment of the same slice. (c) 3D volume (304 × 304 × 304 voxels) showing the 

segmented beads (see Figure 2.4(c) for 3D reconstruction of the original volume). 

 

2.2.3.3. Numerical estimation of permeability 

The permeability of the samples along the weft direction was also 

estimated numerically. For these estimations, fluid flow simulations were 

performed using the commercial Finite Volume software GeoDict [96]. Using 

the CFD module FlowDict and the Explicit Jump-Stokes (EJ-Stokes) solver, 
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localization Stokes flow problems, deduced from the homogenization 

method with multiple scale asymptotic expansions [97], were solved within 

the 3D binary volumes of the pore structures with sizes of 812 × 812 × 304 

voxels; the local velocity field as well as the first order pressure fluctuation 

field were considered as in-plane periodic and the in-plane macroscale 

pressure-gradient was imposed [98,99].  

2.3. Results and discussion 

2.3.1. Permeability measurements 

2.3.1.1. Experimental results 

Experimental values of the textile in-plane permeability 𝐾𝑒𝑥𝑝,𝑖 for each 

tested sample 𝑖 (the index 𝑖 = 1 stands for the twill weave) are reported in 

Figure 2.6(a) and Figure 2.6(b) as a function of porosity and bead diameter, 

respectively. They have also been gathered in Table 2.1. The permeability of 

plain fabrics decreased with increasing 𝜙𝑓, and thus with decreasing 𝜙𝑝, as 

expected. The parameters of Eq. (2.1) were found to be 𝐴 = 5.99×10-8 m2 and 𝑏 

= 17.2. Figure 2.6(a) shows that increasing 𝜙𝑏 of the smallest beads category 

(40-70 µm), thus decreasing 𝜙𝑝, had a similar effect on permeability as 

increasing  𝜙𝑓 of the plain fabric. Permeability decreased as 𝜙𝑏 increased with 

a similar trend of the permeability curve as for the plain samples, except for 

the lowest bead content where the permeability was slightly higher than that 

recorded for the twill weave at the same volume fraction of solid. Introducing 

beads with 100-200 µm diameters had a similar effect on permeability and 

caused an initial decrease in permeability for increasing volume fraction 𝜙𝑏. 

However, when 𝜙𝑏 ≥  5.0%, the trend for this range of bead diameter 

diverged from the trend observed with the plain fabrics, the decrease of the 

permeability with decreasing porosity being less pronounced. Surprisingly, 
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for the largest beads (400-800 µm), when 𝜙𝑏 ≥  2.5%, the deviation from the 

plain fabrics data was significant and such that the permeability even 

increased when increasing 𝜙𝑏, although the overall porosity decreased. In 

addition, data plotted in Figure 2.6(b) for 𝜙𝑏 = 5.0% shows that the 

permeability was in the same range for 𝑑𝑏 < 200 µm (samples #3, #5 and #7), 

whereas it was significantly higher for 𝑑𝑏 > 200 µm (samples #9, #10, and #12). 

These trends suggest that small beads have mainly filled the existing pores 

while larger ones have deformed the fabric, mainly forming new pores 

and/or enlarging existing ones.  
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(a) 

 
(b) 

Figure 2.6 Textile permeability measured along the weft direction as a function of 

(a) porosity and (b) bead diameter. In (b), permeability at zero bead diameter 

corresponds to the permeability of the twill fabric without bead, the horizontal 

error bars indicate the range of particle size within one type of sample and the 

vertical error bars are standard deviations in three samples. 
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2.3.1.2. Numerical results 

Table 2.1 reports numerical estimations of the permeability 𝐾𝑛𝑢𝑚,𝑖 

based on the acquired 3D images and pore-scale fluid-flow simulation (see 

subsection 2.4). As seen in Table 2.1, simulated trends were in good 

agreement with the experimental results from a qualitative standpoint. 

However, as already observed for other fibrous structures [100], numerical 

values were higher than experimental ones: the ratio, 𝐾𝑛𝑢𝑚 𝐾𝑒𝑥𝑝⁄  ranged 

between 1.43 and 2.31. Various factors can cause this discrepancy. The two 

most probable ones may be related to the spatial resolution used for scanning 

the samples and to the subsequent image analysis operations. Indeed, we 

chose a voxel size of (9.85 µm)3 in order to have sufficiently large images with 

representative volumes of the textiles and beads. However, in doing so, 

microstructure details lower than the characteristic length of voxels (9.85 

µm), such as the fiber scale surface roughness and fiber scale narrow channels 

in between fiber bundles or inside fiber bundles, could not be numerically 

captured very well, although they could contribute significantly to the fluid 

drag [101,102]. In addition, the filtering and smoothing operations required 

to delete noise and contributions from other tomography artefacts could have 

smoothed  these microstructural features and thus to slightly overestimate 

the permeability. Taking into account these uncertainties, permeability 

results were normalized in order to provide a suitable quantitative 

comparison between experimental and numerical results [99,100]. Thus, the 

following dimensionless experimental 𝐾𝑒𝑥𝑝,𝑖
∗ = 𝐾𝑒𝑥𝑝,𝑖 𝐾𝑒𝑥𝑝,1⁄  and numerical 

𝐾𝑛𝑢𝑚,𝑖
∗ = 𝐾𝑛𝑢𝑚,𝑖 𝐾𝑛𝑢𝑚,1⁄  permeability was introduced. As seen in Table 2.1 

and Figure 2.7, values of  𝐾𝑒𝑥𝑝,𝑖
∗   and 𝐾𝑛𝑢𝑚,𝑖

∗   were very similar quantitatively, 

the numerical estimates being slightly higher: both of them captured the 

effects of the bead content and diameter well. 
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Figure 2.7 Normalized permeability as a function of 𝜙𝑝 for samples with diameter 

ranges of  40-70 μm (a),  100-200 μm (b),  400-800 μm (c), and as function of bead 

diameter for samples with 𝜙𝑏 of  2.5% (d),  5.0% (e) and  10% (e). In (a) – (c),  

denotes the fitted curve using Eq. (2.1), normalized with respect to its value at 𝜙𝑝 = 

60%. In (d) – (f),  denotes the value of the same curve at corresponding 𝜙𝑝 

values of 57.5%, 55.0% and 50.0% respectively. In (a) – (f), data shown with 

symbols , , and  denote experimental results, CFD results and semi-

analytical permeability results, respectively. Colored clouds around experimental 

trends account for the experimental uncertainties. 
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2.3.2. Microstructures  

2.3.2.1. Spatial bead distributions 

Figure 2.8(a) and Figure 2.8(b) are 2D maps of the bead content 𝜙𝑏𝑥𝑦 

for samples #7 and #13, respectively. Although the beads were sieved 

manually, a random bead distribution was achieved when large beads were 

used (in Figure 2.8(b)), and a quasi-periodic pattern formed when small beads 

accumulated into the crossing zones of warp/weft bundles (Figure 2.8(a)). 

These trends are confirmed in Figure 2.8(c) and Figure 2.8(d), which show the 

change of 𝜙𝑏𝑧
∗  along the thickness direction of sample #7 (𝜙𝑏 = 5%, 𝑑𝑏= 100 – 

200 μm) and sample #13 ((𝜙𝑏 = 10%, 𝑑𝑏= 400 – 800 μm)), respectively.  In these 

graphs, the mean values of 𝜙𝑏𝑧
∗  are close to 1 with corresponding 𝜙𝑏𝑧 being 

5.80% and 9.69% respectively, the small deviations being attributed to the fact 

that only a small section of a sample was analyzed (the overall volume of a 

sample was (𝜋(20 𝑚𝑚)2) × 3 𝑚𝑚 =  3770 𝑚𝑚3 while the evaluated volume 

was 12 𝑚𝑚 × 12 𝑚𝑚 × 3 𝑚𝑚 =  432 𝑚𝑚3). In Figure 2.8(c), 𝜙𝑏𝑧
∗  varies with a 

smooth and quasi-periodic oscillatory distribution where seven peaks are 

observed. These peaks, together with the pattern observed in Figure 2.8(a), 

correspond to interlayer spaces within which beads tend to accumulate 

during the sample fabrication (see also Figure 2.4(b)). On the contrary, in 

accordance to what is observed in Figure 2.8(b), such a quasi-periodic 

distribution is not observed in Figure 2.8(d). During the fabrication of these 

samples, the large beads rather deformed the fibrous fabrics, mainly by 

consolidation but also bending fiber bundles: this is clearly illustrated in 

Figure 2.4(d) in the case of beads with 𝑑𝑏 of 400-800 μm, where fiber bundles 

are severely bent along the z direction. It should be noted that for all the 
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samples with 𝑑𝑏 smaller than 200 µm (samples #2 - #8), the distribution of 𝜙𝑏 

was similar to that of sample #7 showing quasi-periodic in-plane and out-of-

plane distributions. In addition, for samples with 𝑑𝑏 larger than 200 µm 

(samples #9 - 13), in-plane and out-of-plane distributions were similar to that 

of sample #13 with a more pronounced deviation from the smooth oscillatory 

behavior for increasing bead diameter.  

 

Figure 2.8 Analysis of bead distribution in slices along thickness direction, z. (a) – 

(b) Superposed bead distribution at pixels, 𝜙𝑏𝑥𝑦, (c) – (d) variation of 𝜙𝑏𝑧
∗  within 

304 slices along z direction of samples #7 and #13, respectively. Dashed lines in (c) 

and (d) correspond to the mean 𝜙𝑏 values of 5.80% and 9.69%, respectively. 
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2.3.2.2. Pore size distributions 

Resulting cumulative pore size distributions for three different 𝑑𝑏 

ranges (40-70, 100-200, and 400-800 μm) are plotted as a function of pore size 

in Figure 2.9(a-c) (colored curves) along with the pore size distribution of the 

plain sample (black curve). Figure 2.9(a) reveals that the cumulative 

frequency increased faster with increasing 𝜙𝑏 values so that corresponding 

curves were skewed towards the left. Though the effect was not very clear for 

the smallest 𝜙𝑏 value of 2.5%, for larger 𝜙𝑏 values it is obvious from this 

graph that large pores present in the plain samples were progressively filled 

with increasing 𝜙𝑏. In Figure 2.9(b), a similar trend is observed for samples 

containing beads with a larger diameter range of 100-200 μm. In Figure 2.9(c), 

the opposite trend is observed so that cumulative pore size distribution were 

skewed towards right with increasing 𝜙𝑏, due to formation of new and larger 

pores when the embedded beads have 𝑑𝑏 = 400-800 μm (see previous 

subsection).  

To better understand the effect of bead diameter on pore size 

distribution, Figure 2.9(d-f) shows the pore size distribution for the samples 

with beads at a fixed 𝜙𝑏 of 2.5%, 5.0%, and 10%, respectively, along with the 

pore-size distribution of the plain sample. The pore-size distribution of the 

samples with 𝜙𝑏 of 5.0% in Figure 2.9(e) verifies that sample #9 had a similar 

pore-size distribution as the plain sample (#1), indicating that the embedded 

beads with 𝑑𝑏 = 𝑑𝑏,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 200-300 μm did not alter the pore-size 

distribution whereas beads with 𝑑𝑏 < 𝑑𝑏,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 and 𝑑𝑏 > 𝑑𝑏,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 altered the 

distribution with opposite effects. In other words, at 𝜙𝑏 = 5.0%, this implies 

that samples with a bead diameter smaller than 200 μm (samples #3, #5, and 

#7) had pore size distributions that skewed curves towards left and this effect 
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was more pronounced as the bead diameter decreased. In addition, the 

opposite is true for samples with bead diameter larger than 300 μm (samples 

#10, and #12) where larger pores were formed by the consolidation and the 

bending of fiber bundles. Even though only three different diameter-ranges 

were studied for 𝜙𝑏 of 2.5% and 10%, similar behavior in pore-size 

distributions was observed, i.e., beads with diameter smaller than 200 μm 

filled the existing pores whereas beads with diameter larger than 300 μm 

formed larger pores as seen qualitatively in the 3D reconstructions in Figure 

2.4(b-d).  

The change in dimensionless permeability reported in Figure 2.7(d-f) 

directly related to the aforementioned results. Indeed, at fixed porosity, the 

permeability is highly affected by the pore space, which is in turn affected by 

the dimensions of solid (fiber and beads) making the porous medium [103–

105]: increasing the particle diameter, or more generally shifting the particle 

size distribution towards larger characteristic lengths usually leads to an 

increase of the permeability. As shown in Figure 2.7(d-f), this is in accordance 

with the results, except for samples with 𝜙𝑏 = 2.5% and 5% of the smallest 

beads. Presumably, particle locations for these samples may have differed 

from those observed for other beads contents or sizes.  
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Figure 2.9 Cumulative pore size distribution of samples with embedded beads 

which have a diameter range, 𝑑𝑏, of  40-70 μm (a),  100-200 μm (b),  400-800 μm (c); 

and a fixed bead-volume-fraction, 𝜙𝑏, of 2.5% (d),  5.0% (e) and  10% (f). Pore size 

distribution of twill sample alone (𝜙𝑏= 0) is included in plots for the purpose of 

comparison
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2.3.2.3. Pore shape anisotropy 

 Anisotropy ratios of the mean-pore chord-lengths were 

calculated, 𝑟𝑥𝑦 = 𝑙𝑥̅ 𝑙𝑦̅⁄ , 𝑟𝑥𝑧 = 𝑙𝑥̅ 𝑙𝑧̅⁄  and 𝑟𝑦𝑧 = 𝑙𝑦̅ 𝑙𝑧̅⁄  and plotted as a function of 

𝜙𝑏 of samples with 𝑑𝑏 = 100-200 μm in Figure 2.10(a) and plotted as a function 

of 𝑑𝑏 of samples with 𝜙𝑏 = 5.0% in Figure 2.10(b). Both figures indicate that 

the pores exhibited flat shapes. The in-plane anisotropy (𝑟𝑥𝑦) of the twill 

sample without bead, due to inherent difference between the warp and weft 

directions of the fabric, was reduced by introduction of the beads. In Figure 

2.10(a), increasing 𝜙𝑏 resulted in a transition towards more isotropic pores, 

highlighted by the significant decreases in 𝑟𝑥𝑧 and 𝑟𝑦𝑧. Similar trends were 

observed among the samples with 𝑑𝑏 = 40-70 μm and 𝑑𝑏 = 400-800 μm, which 

were not plotted here for the sake of brevity. In Figure 2.10(b), no clear 

dependency of anisotropy was observed on 𝑑𝑏, yet all the samples were less 

anisotropic than the plain sample and same behavior is observed among the 

samples with 𝜙𝑏 = 2.5% and 10%, again not plotted for the sake of brevity. 
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(a) 

 
(b) 

Figure 2.10 Anisotropy ratio as a function of bead volume fraction 𝜙𝑏 for samples 

with bead-diameter range of 100-200 μm (a), as a function of bead diameter 𝑑𝑏 for 

samples with bead-volume-fraction of 5.0% (b). In (a), 𝜙𝑏= 0 corresponds to the 

twill sample alone. In (b), 𝑑𝑏= 0 of 𝑑𝑏 of samples with 𝜙𝑏 of 5.0% in (b). In (a), and 

the vertical dashed lines correspond to the lower and upper bounds for each 

diameter range. 
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2.3.2.4. Specific surface and semi-analytical estimation of 

permeability  

Values of the computed specific surface, 𝑆, are listed in Table 2.1. 

Recall that these values were obtained with a voxel size of (9.85 μm)3, i.e., with 

a characteristic length close to the fiber radius (9 µm): they can be considered 

as mesoscale values, well suited for fiber bundles and beads only. For the 

sample without bead (#13), following the 𝑆 = 2𝜙𝑓 𝑅⁄  relationship, 𝑅 was 

evaluated from the measured surface area and was on the order of hundred 

microns, which is comparable to the geometric mean of the semi-minor and 

semi-major axes of ideally elliptical fiber bundles. By embedding beads into 

a fabric preform, values reported in Table 2.1 prove that the specific surface 

𝑆 of the overall media (fabric preform and beads) exhibited complex trends 

due to various competing mechanisms:  

 At a fixed bead diameter, (i) increasing the bead content was prone to 

increase 𝑆. However, at the same time, this could induce (ii) the 

consolidation of the fiber bundle and thus a decrease of the mesoscale 

specific surface. As shown in Table 2.1, mechanism (i) ruled the structure 

of the assemblies at low bead diameters, whereas mechanism (ii) was 

predominant at higher bead diameters: for samples with bead diameter 

higher than 100-200 µm, the resulting specific surfaces were even lower 

than those recorded for the twill weave alone. 

 At a fixed volume-fraction of solids, (iii) decreasing the bead diameter was 

also prone to increase the mesoscale specific surface, provided that 

subsequent consolidation mechanisms of the fiber bundles were 

restrained. Table 2.1 verifies that mechanism (iii) governed the 

mesostructures of the assemblies for the two highest investigated bead 
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contents. For the lowest investigated bead content, mechanism (iii) 

seemed to be important above bead diameters of 100-200 µm. Below this 

diameter range, mechanism (ii) might be predominant.   

Lastly, dimensionless semi-analytical permeability values based on 𝑆 

measurements, 𝐾𝑆,𝑖
∗ = 𝐾𝑆,𝑖 𝐾𝑆,1⁄ , were calculated using Eq. (2.3) as follows 

𝐾𝑆,𝑖
∗ = 

𝑆1
2 𝜙𝑖

3

𝑆𝑖
2 𝜙1

3 (2.4) 

under the assumption that Kozeny constant, 𝑐, was equal for all 

configurations. These estimates are reported in Figure 2.7 and Table 2.1. As 

obvious from this figure and this table, 𝐾𝑆,𝑖
∗  follow rather closely the trends 

given both by the experiments (𝐾𝑒𝑥𝑝,𝑖
∗ ) and the pore scale CFD simulations 

(𝐾𝑛𝑢𝑚,𝑖
∗ ) and the correlation between 𝐾𝑆,𝑖

∗  and 𝐾𝑛𝑢𝑚,𝑖
∗  is better as analytical and 

numerical estimates were obtained from the same volumes. Thus, these 

results indicate that from a “simple” analytical model and the knowledge of 

the specific surface of the samples, pretty good semi-analytical estimate of 

𝐾𝑆,𝑖
∗  can be obtained, emphasizing the well-known leading roles of the 

porosity 𝜙𝑏 and the specific surface 𝑆 on the permeability.   

2.3.2.5. Pore chord length and bead diameter relationship 

As reported in Figure 2.6 and Figure 2.7 for 𝜙𝑏 = 5.0 and 10%, a change 

in permeability regime occurred at critical bead diameters 𝑑𝑏 of ≈ 100-200, 

and 40-70 μm, respectively. Above these critical values, the specimens’ 

permeability was higher than that of the twill weave alone at the same 

volume fraction of solid. This transition was attributed to the extensive 

deformation of fabric (consolidation and distortion) as large beads were 

introduced. Though a similar transition was observed for the pore-size 

distribution (see Figure 2.9(d)) and bead distribution along the thickness 
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direction (see Figure 2.8(c) and Figure 2.8(d)), it deserves further attention to 

disclose the characteristics of the studied fabric.  

An analysis on the smallest chord length of the twill weave without 

bead, i.e., the out-of-plane pore chord length 𝑙𝑧, showed that (i) the porosity 

exhibited a strong out-of-plane anisotropy (Figure 2.10) and (ii) adding beads 

into the twill weave mainly resulted in yarns distortion along 𝑧 direction (see 

Figure 2.4(c), Figure 2.4(d)). The continuous line in Figure 2.11 plots the 

dependence of the cumulative porosity 𝜙𝑝𝑧 on the out-of-plane chord length 

𝑙𝑧. Due to the voxel size used to image the sample (9.85 μm)3, 𝜙𝑝𝑧 goes from 

0 to 𝜙𝑝𝑧,𝑚𝑎𝑥 = 35%, this value being obviously lower than the overall porosity 

of the twill weave (60%). However, this difference does not affect the 

relationship between the pore-size distribution of the mesostructures and the 

bead diameters, since the smallest of the studied beads has a diameter range 

of 40-70 μm, which is significantly larger than the voxel size. Thus, for a given 

value 𝑙𝑧,𝑖, the corresponding porosity value 𝜙𝑝𝑧,𝑖(𝑙𝑧,𝑖) represents the volume 

fraction of pores with chord lengths equal to or smaller than 𝑙𝑧,𝑖. This also 

means that chords larger than 𝑙𝑧,𝑖 occupy a porosity of 𝜙𝑝𝑧,𝑚𝑎𝑥 − 𝜙𝑝𝑧,𝑖(𝑙𝑧,𝑖). 

Therefore, bearing in mind that pores are highly anisotropic (see Figure 2.10), 

it is reasonable to imagine two possible scenarios when beads with a diameter 

𝑑𝑏 close to 𝑙𝑧,𝑖 are added into the twill weave: 

(a) They first fill the empty space of porosity 𝜙𝑝𝑧,𝑚𝑎𝑥 − 𝜙𝑝𝑧,𝑖(𝑙𝑧,𝑖), without 

causing significant consolidation or bending of fiber bundles (see Figure 

2.4(b)). This would be possible as long as the volume content of beads in 

these pores remains below a critical bead content which we can here 

approximate, as a first approach, as the maximal random close packing 

fraction for spherical particles 𝜙𝑙𝑝 ≈ 0.64 [106].  
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(b) Above such a bead content, a consolidation of fiber bundles and/or an out-

of-plane bending of fiber bundles takes place; the prevalence of one of the 

two aforementioned mechanisms may occur as follows:  

i. The lower the bead diameter, the higher the bead content to reach 

regime (b) and the higher the consolidation of the twill weave, as 

illustrated in the example shown in Figure 2.4(c).   

ii. Conversely, the higher the bead diameter, the lower the bead 

content to reach regime (b), and the higher the distortion of the 

fabrics that result in significant pore opening (Figure 2.4(c), Figure 

2.4(d)).  

Figure 2.11 reports the values of 𝑑𝑏 , 𝜙𝑏/𝜙𝑙𝑝 used in the tested samples, in 

order to emphasize whether scenarios (a) or (b) (i.e., the points below or above 

the black curve, respectively) were prone to occur. In addition, the green 

rectangular points in Figure 2.7 indicate that the experimental dimensionless 

permeability 𝐾𝑒𝑥𝑝
∗  of the samples was close to the permeability of the 

consolidated twill weave without bead, 𝐾𝑝𝑙𝑎𝑖𝑛
∗ (𝜙𝑓 + 𝜙𝑏). Similarly, red 

circular points indicate samples whose experimental dimensionless 

permeability 𝐾𝑒𝑥𝑝
∗  was higher than 𝐾𝑝𝑙𝑎𝑖𝑛

∗ (𝜙𝑓 + 𝜙𝑏). Figure 2.11 clearly proves 

that all samples located above the continuous black curve, i.e., those  

corresponding to the bead-filling scenario (b), exhibited a higher 

permeability than the twill weave at the same porosity. In addition, as 

illustrated in Figure 2.4(c) and Figure 2.4(d), these samples all exhibited 

pronounced bundle bending, i.e., following filling mechanisms (b-ii) with 

pore opening. Consequently, the prevalence of bundle distortion during the 

filling of the twill weave with adequately big beads induced pore opening 

and limited the increase of, or even decreased, the sample specific surface. 

Thus, in spite of the overall decrease of the sample porosity, the decrease in 
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sample permeability was less pronounced than the twill weave alone, or even 

increased (see Eq. (2.4)).   

In addition, as emphasized in Figure 2.11, data located below the 

continuous black curve correspond to filling scenario (a). It is interesting to 

notice that at given volume fraction of pores, the permeability of most of them 

is rather close to the fabric without bead (see also Figure 2.7). For these 

situations, filling mechanisms thus resulted in specific-surface changes 

similar to that encountered during the compaction of the twill weave alone. 

This general trend is however not fulfilled by the sample at the lowest bead 

content and diameter; as mentioned previously, the bead placement of this 

sample might have differed from the other samples during filling.  

 
Figure 2.11 The black continuous curve represents the cumulated porosity of the 

twill sample without bead as a function of chord length in z direction 𝑙𝑧, dividing 

the domain into two regions: in one region 𝐾 ≈ 𝐾𝑝𝑙𝑎𝑖𝑛(𝜙𝑓 + 𝜙𝑏); and in the other 

region 𝐾 > 𝐾𝑝𝑙𝑎𝑖𝑛(𝜙𝑓 + 𝜙𝑏).  and  denote the experimentally studied bead 

diameter and volume fraction combinations, the former classifies the combinations 

respecting the 𝐾 ≈ 𝐾𝑝𝑙𝑎𝑖𝑛(𝜙𝑓 + 𝜙𝑏) behavior and the latter classifies the rest. 
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2.4. Summary 

This study investigated the influence of spherical inclusions on textile 

permeability. For that purpose, we carried out a systematic analysis using a 

glass twill weave and glass beads with various diameter ranges (40-70, 70-

100, 100-200, 200-300, 300-400, and 400-800 µm) and volumetric 

concentrations (2.5, 5.0 and 10%). The analysis was carried out by combining 

3D imaging of the fabric mesostructures (using X-ray microtomography) 

together with experimental and numerical estimations of fabric in-plane 

permeability (using a permeability setup and pore scale CFD simulations, 

respectively). Experimental and numerical results were in good agreement 

and indicated that the dimensionless permeability was a complex function of 

the bead content and diameter. For low bead contents and diameters, a 

permeability decrease was observed with introduction of beads, which 

mostly followed the trend of the twill weave alone at the same porosity. At a 

sufficiently large bead diameter, a reversion of this trend was observed.  

To better understand these observations, various useful results were 

obtained from the 3D analysis of the sample mesostructures. It was first 

shown that during the sample preparation, small beads were accumulated in 

the meeting zones of warp/weft bundles, thus filling larger mesopores and, 

at higher bead contents, consolidating the fiber bundles. Conversely, larger 

beads were randomly distributed and could deform the fiber bundles 

significantly via consolidation but also via out-of-plane bending and 

distortion of fiber bundles. Pore-size distributions as well as specific-surface 

estimations were in agreement with experimental and numerical 

permeability estimations, showing that the in-plane permeability was 

influenced by the presence of two competing mechanisms, namely pore 

filling (mostly in the case of small beads) and new pore formation and/or pore 
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opening due to fabric distortion (mostly in the case of large beads). In 

addition, we showed that from the knowledge of the sample porosity and 

specific surface, together with a Kozeny-like permeability approach, it was 

possible to give relevant semi-analytical estimates of the dimensionless in-

plane permeabilities of the filled fabrics. This could be used for guidelines if 

one lacks access to experimental or numerical facilities. 

Analysis of pore mean chord length inside the 3D images of the 

samples also showed that both in the absence and in the presence of beads, 

pore shapes were strongly anisotropic and exhibited flat shapes. The 

anisotropy was reduced by introduction of the beads, in comparison to the 

twill sample, especially the anisotropy between in-plane directions. The 

mean chord length along the thickness direction remained significantly lower 

than the in-plane ones. In addition, critical couples (𝑑𝑏 , 𝜙𝑏) were emphasized. 

Below these couples, beads mainly fill the fabric without pronounced 

modification of its mesostructure. Under such circumstances, both the 

sample specific surface and permeability follow trends of the compacted 

fabric alone. Above these couples, beads induce consolidation and high 

distortion of the fiber bundles (mainly out-of-plane bending), pore opening, 

modification of the specific surface towards slight increase or even decrease 

with respect to what could be expected with the compacted fabric, and thus 

higher permeability. We also showed that critical couples (𝑑𝑏 , 𝜙𝑏) were 

closely correlated to the distribution of pore chord lengths of the twill weave 

alone along its thickness. Thus, a simple analysis of the plain fabric 

mesostructure would be enough to reach first estimates of the influence of 

inclusions on permeability.  
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3. MONITORING AND SIMULATION OF PART 

THICKNESS IN VACUUM INFUSION PROCESS  

3.1. Introduction 

The aim of this part are twofold. First aim in this part is to integrate a 

full field thickness monitoring system to a lab scale experimental VI setup 

containing pressure sensors, pressure controllers and DAQ unit and conduct 

1D and 2D flow experiments to monitor the evolution of full field thickness 

profile and resin pressure. Second aim is to develop a simulation tool capable 

of simulating the filling and post-filling stages of VI, using incremental 

evolutions of pressure and flow front through a mesh-free refinement 

technique. By achieving these objectives, this study aims to contribute to the 

research in the field by combining experimental and numerical efforts to 

couple resin flow and thickness variation during the filling and post-filling 

stages of Vacuum Infusion. 

3.2. Experimental setup 

Figure 3.1 shows the experimental setup used in this study. Resin, 

driven by the pressure differential due to the applied vacuum by the vacuum 

pump, is infused into the part and then carried to a resin trap. Vacuum level 

is adjusted by an electronic vacuum regulator, SMC ITV2090, which is 

controlled via a computer. To record the evolution of resin pressure, 10 
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piezoelectric sensors (Microsensor MPM280, 0-100 kPa range with ±0.3 kPa 

accuracy) are located on the mold as shown in Figure 3.2(a) and Figure 3.2(b). 

To track the amount of resin entering the mold, the resin pot is placed on a 

scale (King EC-312, 0.1 g resolution). For recording the evolution of thickness, 

a Structured Light Scanning system is used and its details are given in the 

following section. 

 

Figure 3.1 Experimental setup. 
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(a) 

 

(b) 

Figure 3.2 Configuration of inlet, vent and locations of pressure sensors in (a) 1D 

flow experiment and (b) 2D flow experiment. The distance between sensors is 60 

mm in both 𝑥 and 𝑦 directions. 

3.2.1. Structured Light Scanning (SLS) 

Structured Light Scanning (SLS) is an optical metrology method 

allowing the full field monitoring of the thickness of an object (a composite 

part in this study) with respect to a reference plane. In this method, thickness 

of an object visible to a projector and a camera is calculated by relating the 

amount of phase shift to in-plane position in both absence and presence of 

the object. Temporal phase-shifting and spatial phase-shifting are the two 

2
0
 m

m

IN
L

E
T

V
E

N
T

1
0

0
 m

m

Pressure Sensor
5
0
 m

m

x

y
300 mm

60 mm

4
0
 m

m

20 mm

4
0

 m
m

V
E

N
T

 2
V

E
N

T
 1

1
2
0
 m

m

4
0
 m

m

100 mm 180 mm

160 mm

IN
L
E

T

VENT 3

2
0
 m

m

HOLE

5
0
 m

m

60 mm



67 

 

methods used for extracting the thickness profile of a geometry using 

projected fringe patterns [87]. Temporal phase shifting offers lower 

computational complexity and higher spatial resolution in the absence of 

high thickness gradients (which is the case in typical VI applications with a 

constant number of layers throughout the part). Wang et al. [107] 

demonstrated the suitability of spatial phase-shifting for measuring the 

thickness at five points along the flow direction in VI in a 1D flow case. In this 

study, we will exploit temporal phase-shifting in order to measure the full 

field thickness distribution in VI in both 1D and 2D flow cases. 

Three-step phase-shifting algorithm [108] is one of the temporal phase-

shifting algorithms, based on reflecting three sinusoidal fringe patterns on 

the surface using a projector and capturing the corresponding images using 

a camera. Phase of each reflected sinusoidal fringe pattern is shifted 120
o
 from 

the previous pattern and in turn camera captures three images with pixel 

intensities (𝐼1, 𝐼2, 𝐼3) that can be expressed by the following as detailed in [109–

111]: 

𝐼1(𝑥, 𝑦) = 𝐼′ (𝑥, 𝑦) + 𝐼′′ (𝑥, 𝑦) cos[𝜙(𝑥, 𝑦) − 120o] (3.1) 

𝐼2(𝑥, 𝑦) = 𝐼′ (𝑥, 𝑦) + 𝐼′′ (𝑥, 𝑦) cos[𝜙(𝑥, 𝑦)] (3.2) 

𝐼3(𝑥, 𝑦) = 𝐼′ (𝑥, 𝑦) + 𝐼′′ (𝑥, 𝑦) cos[𝜙(𝑥, 𝑦) + 120o] (3.3) 

where 𝐼′ (𝑥, 𝑦) is the average intensity, 𝐼′′ (𝑥, 𝑦) is the amplitude of the sine 

wave shaped intensity and 𝜙(𝑥, 𝑦) is the phase of each pixel. Here, 𝐼′ (𝑥, 𝑦) 

and 𝜙(𝑥, 𝑦) can be calculated as 

𝐼′ (𝑥, 𝑦) =
𝐼1 + 𝐼2 + 𝐼3

3
 (3.4) 

𝜙(𝑥, 𝑦) = tan−1 (
√3(𝐼1 − 𝐼3)

2𝐼2 − 𝐼1 − 𝐼3
)    (3.5) 
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A phase unwrapping algorithm is then used for removing the discontinuities 

and obtaining the continuous phase [112]. Due to the similarity between 

triangles 𝐶1𝐶2𝑃1 and 𝑃3𝑃2𝑃1 as noted in [113], height of a point 𝑃1 in Figure 3.3 

with respect to the reference plane, with a phase 𝜙𝑟𝑒𝑓(𝑥, 𝑦), is 

ℎ𝑃1
=

|𝑃2𝑃3|𝑙

𝑑 + |𝑃2𝑃3|
 (3.6) 

where |𝑃2𝑃3| is the distance between points 𝑃2 and 𝑃3. Considering that 𝑑 ≫

|𝑃2𝑃3|, Eq. (3.6) becomes 

ℎ𝑃1
=

|𝑃2𝑃3|𝑙

𝑑
= 𝑐0∆𝜙(𝑥, 𝑦) (3.7) 

where ∆𝜙(𝑥, 𝑦) = 𝜙(𝑥, 𝑦) − 𝜙𝑟𝑒𝑓(𝑥, 𝑦) and 𝑐0 is a function of 𝑙 and 𝑑 and it is 

determined by a calibration procedure [113]. 

 
 Figure 3.3 Schematic showing the phase-height relationship [113], see Eq. (3.6) for 

estimation of ℎ𝑃1
. 

To ensure the accuracy of the system during the calibration and the 

measurements, the system is isolated from any external vibration source and 

a constant level of illumination is attained by minimizing the ambient 

illumination during the experiments. In order to verify the suitability of SLS 

system, two types of measurements are conducted, namely static and 
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dynamic measurements. In both types of measurements, the camera and the 

projector are focused at a height of 3.5 mm from the reference surface and are 

calibrated. Results for static measurements are presented in Table 3.1 and 

they indicate that the maximum deviation from the actual thickness is 0.08 

mm in the studied range which is between 2.87 mm and 7.18 mm. However, 

it should be noted that system is more accurate when the height of the 

measured is surface is close to the focal distances of camera and projector 

(approximately 3.5 mm above the reference surface in this case). To ensure 

the accuracy during the filling experiments, the camera and the projector 

were focused on the sample surface. The deviation between the caliper 

measurements and the measurements with SLS system increases slightly as 

the thickness increases since the measured surface starts becoming out-of-

focus. 

Table 3.1 Comparison of thickness measurement with caliper and proposed 

method when camera and projector are focused at approximately 3.5 mm from the 

reference surface 

Caliper Measurements [mm] Scanner Measurements [mm] 

2.87 2.84±0.03 

3.59 3.59±0.03 

5.03 5.05±0.04 

6.46 6.54±0.05 

7.18 7.26±0.07 

 

Our previous compaction characterization studies, on the fabric 

architectures to be used in this study, yielded that the most rapid thickness 

change occurs in the compaction stage (mimicking the dry loading of the 

fabric in Vacuum Infusion) where compaction pressure is ramped from its 

lowest value (1 or 5 kPa) to highest value (100 kPa) with constant pressure 
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change rate [75,76,114,115]. Thickness change in the compaction stage was 

observed to be on the order of a few millimeters while the compaction stage’s 

duration was on the order of ten seconds, resulting in a thickness change rate 

smaller than 1 mm/s. To verify that SLS system is capable of capturing the 

thickness accurately in the presence of time-dependent changes in thickness, 

a set of dynamic measurements are conducted by moving a platform away 

from the reference plane with three different velocities, 2.1, 4.2,  and 6.3 mm/s; 

and recording its height with respect to the reference plane. As seen in Figure 

3.4, measured thickness values match the real thickness, even for the 6.3 mm/s 

case which is much higher than the maximum thickness change rate for the 

fabric architectures used in this study. As in the static measurements, 

deviation from the actual thickness increases as the surface moves away from 

the focal distance. In addition, standard deviation increases as the speed of 

the platform increases, indicating a dependency of the quality of the image 

on the rate of thickness change. 
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Figure 3.4 Dynamic measurements at three different speeds, 𝑉 = 2.1, 4.2, and 6.3 

mm/s. Dashed lines represent the movement of the platform away from the 

reference plane with constant speed. All values in the table are in millimeters, and 

the values denoted as “expected” correspond to the distance of the platform from 

the reference plane at the half-point of each scan. 

 

3.3. Materials and experimental methods 

In this study, two different cases are studied through experiments and 

simulations of filling and post-filling stages. Case A corresponds to a 

rectilinear (1D) filling experiment and Case B corresponds to a 2D filling 

experiment. In these experiments, evolutions of pressure and thickness are 

recorded and compared with the results of the simulations conducted for the 

same experimental parameters and material properties. Properties of the 

fabrics and resin used in Case A and Case B are given in Table 3.2 and 

photographs of single layers of fabrics along with their corresponding 

thickness profiles under applied vacuum of 80 kPa are shown in Figure 3.5. 

V = 2.1 mm/s V = 4.2 mm/s V = 6.3 mm/s

Expected Measured Expected Measured Expected Measured

3.41 3.38±0.06 3.95 3.93±0.09 4.49 4.47±0.10

4.49 4.52±0.06 4.67 4.65±0.08 4.85 4.83±0.11

5.56 5.61±0.07 5.39 5.42±0.07 5.21 5.23±0.10

6.64 6.71±0.08 6.10 6.14±0.08 5.56 5.58±0.12

V = 2.1 mm/sV = 4.2 mm/sV = 6.3 mm/s
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Table 3.2 Material properties 

Resin 
 Diluted Corn Syrup 

Viscosity [Pa.s] 0.180 

Random 

Fabric 

(Fibroteks) 

Superficial density per layer 

[g/m2], 𝜌𝑠𝑢𝑝 
450 

Number of layers, 𝑛 8 

Biaxial Fabric 

(Metyx) 

Superficial density per layer 

[g/m2], 𝜌𝑠𝑢𝑝 
850 

Number of layers, 𝑛 8 

Bulk density of glass fibers [kg/m3], 𝜌𝑏𝑢𝑙𝑘 2540 

 

 
Figure 3.5 (a) Random and (b) biaxial fabrics used in this study. (c) - (d) Thickness 

distributions of 80mm×80mm samples under applied vacuum of 80 kPa (units in 

mm). 
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Eight layers of random and biaxial fabrics are used and placed as 

shown in Figure 3.5(a) and Figure 3.5(b) and after checking for any potential 

leakage, 80 kPa of vacuum is applied which in turn infused the resin into the 

part. In Case A (1D flow experiment), the instance when flow front reaches 

the tube at the exit is marked as 𝑡 =  𝑡𝑓𝑖𝑙𝑙. At this instant, the inlet is closed 

and excess resin is ventilated by bleeding through vent until 𝑡 =  2𝑡𝑓𝑖𝑙𝑙. In 

Case B (2D flow experiment), resin arrived to the vents in the order of 1, 3, 

and 2. Vents 1 and 3 are closed 30 seconds after resin arrival to these vents. 

The instance when resin reaches the Vent 2 is marked as 𝑡 =  𝑡𝑓𝑖𝑙𝑙. At this 

instant, the inlet is closed in order to bleed excess resin. Second post-filling 

action is taken at 𝑡 =  1.5𝑡𝑓𝑖𝑙𝑙 by converting the inlet (which was closed at 𝑡 =

 𝑡𝑓𝑖𝑙𝑙) to a vent and post-filling stage continued with this configuration until 

𝑡 =  2𝑡𝑓𝑖𝑙𝑙. 

To ensure that the SLS system is not affected from (i) the reflection into 

the optics of the camera and (ii) the changes in reflection and transparency of 

the surface that can occur during impregnation with resin, an experiment is 

designed as shown in Figure 3.6(a) with a vacuum bag divided into three 

regions: plain, tape-coated, and paint-coated vacuum bag. An instant during 

the experiment and the corresponding thickness distribution are shown in 

Figure 3.6(b) and Figure 3.6(c), respectively. Figure 3.6(c) shows that the 

system is capable of measuring the thickness of the specimen in all three 

regions and thickness is slightly higher in coated regions (both tape and 

paint). Though it is not visually evident from Figure 3.6(c), system could not 

measure the thickness of several points in plain vacuum bag region due to 

strong reflection into the optics of the camera. In addition, this region is prone 

to changes of reflectivity by resin arrival. Whereas, paint coating does not 

allow visual tracking of flow front as seen in Figure 3.6(b), thus tape is used 



74 

 

for coating the vacuum bag in the experiments and its thickness is accounted 

for in the post-processing stage. 

 
Figure 3.6 (a) Three regions with different coatings. (b) Flow propagation through 

the specimen. (c) Thickness distribution of the specimen (units in mm). 

 

3.3.1. Compaction characterization 

Compaction of random and biaxial fabric reinforcements are 

characterized to identify the relationship between compaction pressure, 𝑃𝑐, 

and its fiber volume fraction, 𝜙𝑓, for dry and wet cases. According to 

Terzhaghi’s principle [74], 𝑃𝑐 is defined as difference between atmospheric 

pressure, 𝑃𝑎𝑡𝑚, and resin pressure, 𝑃 

𝑃𝑐 = 𝑃𝑎𝑡𝑚 − 𝑃 (3.8) 

and fiber volume fraction, 𝜙𝑓, is defined as the ratio of the fiber volume to 

volume of the fabric specimen and calculated as 

𝜙𝑓 = (𝑛𝜌𝑠𝑢𝑝) (ℎ𝜌𝑏𝑢𝑙𝑘)⁄  (3.9) 
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where 𝑛 is the number of fabric layers, 𝜌𝑠𝑢𝑝 is the superficial density of a 

single fabric layer, ℎ is the thickness of the fabric specimen and 𝜌𝑏𝑢𝑙𝑘 is the 

bulk density of the fibers. 

In compaction experiments, a dry specimen is placed on a flat acrylic 

mold and covered by a vacuum bag. Vacuum pressure is set to 2, 10, 20, 40, 

60, and 80 kPa and kept constant for 5 minutes at each vacuum level to allow 

for thickness to settle. While specimen is under vacuum pressure of 80 kPa, 

it is impregnated with resin, in approximately 15 seconds, and vacuum 

pressure is decreased from 80 kPa to 60, 40, 20, 10, and 2 kPa again by keeping 

it constant for 5 minutes at each level. Thickness is measured using the SLS 

system at the end of each 5 minute interval and experiment is repeated for 

three times for both fabric types. 

A power law is fitted to the experimental results  

𝑣𝑓 = 𝐴𝑃𝑐
𝐵 (3.10) 

to determine the constants 𝐴 and 𝐵. The values of 𝐴 and 𝐵 for both fabric 

types are presented in 

Table 3.3. Results of compaction experiments and power law fits are 

presented in Figure 3.7. 

 

Table 3.3 Compaction model coefficients 

 𝐴 [1/Pa] 𝐵 

Random Fabric 
Dry loading 0.0567 0.1753 

Wet unloading 0.1525 0.0927 

Biaxial Fabric 
Dry loading 0.2197 0.0792 

Wet unloading 0.3608 0.0384 
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Figure 3.7 Compaction experiment results of both fabrics and corresponding 

curve fits. See  

Table 3.3 for coefficients of the fitted curves. 

 

3.3.2. Permeability characterization 

In-plane permeability of the reinforcements used in this study are 

characterized for unsaturated and saturated flow conditions. Details of the 

experimental setup, experimental procedure and results are reported 

elsewhere [12]. The following exponential function is fitted to the saturated 

and unsaturated permeability experiments separately: 

𝐾 = 𝐶𝑒−𝐷𝜙𝑓 (3.11) 

and the constants 𝐶 and 𝐷 are determined.  

BIAXIAL

RANDOM
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The constants for unsaturated and saturated flow conditions are 

presented in Table 3.4. It should be noted that unsaturated permeability 

values are used in mold-filling modeling since the nature of the unsaturated 

permeability characterization experiments is similar to the transient filling 

stage in VI. Saturated permeability values are used in post-filling modeling 

due to the similarity between the nature of post-filling stage in VI and 

saturated permeability characterization experiments. 

Table 3.4 Permeability model coefficients in [12]. Range of applicability is 0.22 < 𝜙𝑓 

< 0.50 for random fabric and 0.33 < 𝜙𝑓 < 0.55 for biaxial fabric. 

 𝐶 [m2] 𝐷 

Random Fabric 
Unsaturated 3.06 E-09 9.91 

Saturated 8.58 E-09 7.93 

Biaxial Fabric 
Unsaturated 2.22 E-07 16.05 

Saturated 1.08 E-06 21.61 

 

3.4. Modeling 

Combining Darcy’s law (Eq. (1.1)) and continuity equation (Eq. (1.3)) yields 

𝜕ℎ

𝜕𝑡
− ∇ ∙ (ℎ

[𝐾]

𝜇
∙ ∇𝑃) = 0 (3.12) 

In literature, Eq. (3.12) and its equivalents are solved [116,117] or it can be 

further re-arranged as follows using chain rule 

𝜕ℎ

𝜕𝜙𝑓

𝜕𝜙𝑓

𝜕𝑃

𝜕𝑃

𝜕𝑡
− ∇ ∙ (ℎ

[𝐾]

𝜇
∙ ∇𝑃) = 0 (3.13) 

where 
𝜕ℎ

𝜕𝜙𝑓
 is calculated using Eq. (3.9) and 

𝜕𝜙𝑓

𝜕𝑃
 is calculated using Eq. (3.10).  
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3.4.1. Solution of pressure 

In this study, Eq. (3.13) is solved to obtain 𝑃 using 4-node hierarchical 

(diagonally dominant) rectangular finite elements (see Figure 3.8). Elements 

with side length of 2 mm in both directions (i.e., square elements) are used, 

after verifying the convergence of the simulated fill times with decreasing 

side length. Galerkin’s approximation is adopted and the corresponding 

finite element formulation is in the following form 

[𝑀]{𝑃̇} + [𝐶]{𝑃} =  {𝐹} (3.14) 

where, owing to the solid mechanics literature, [𝑀] is the mass matrix, [𝐶] is 

the stiffness matrix, {𝐹} is the flow vector and {𝑃̇} is the first order time 

derivative vector of resin pressure vector, {𝑃}. Here, a lumped mass matrix 

rather than a consistent mass matrix is used to avoid numerical difficulties in 

transient solution. Mass matrix is constructed for each element, 𝑒, and 

assembled into the global mass matrix, [𝑀] 

[𝑀𝑒] = ∫ 𝑐1
𝑒𝜓𝑖

𝑒 𝑑Ω
 

Ω𝑒

         𝑖 = 1,2,3,4 (3.15) 

where 𝑐1
𝑒 =

𝜕ℎ𝑒

𝜕𝜙𝑓
𝑒

𝜕𝜙𝑓
𝑒

𝜕𝑃𝑒
 is calculated at the centroid of the element, 𝑒, by averaging 

the nodal values, 𝜓𝑖
𝑒  is the linear interpolation function, and Ω𝑒 is the domain 

of the element. Similarly, global stiffness matrix is assembled by first 

constructing the stiffness matrix at each element, using 

[𝐶𝑒] = ∫ [𝑐2
𝑒 (

𝜕𝜓𝑖
𝑒

𝑑𝑥

𝜕𝜓𝑗
𝑒

𝑑𝑥
) + 𝑐3

𝑒 (
𝜕𝜓𝑖

𝑒

𝑑𝑦

𝜕𝜓𝑗
𝑒

𝑑𝑦
)] 𝑑Ω

 

Ω𝑒

         𝑖, 𝑗

= 1,2,3,4 

(3.16) 

where 𝑐2
𝑒 =

ℎ𝑒𝐾𝑥𝑥
𝑒

𝜇
 and 𝑐3

𝑒 =
ℎ𝑒𝐾𝑦𝑦

𝑒

𝜇
. ℎ𝑒 is the thickness, 𝐾𝑥𝑥

𝑒  and 𝐾𝑦𝑦
𝑒  are the 

permeability in x and y directions, respectively.  
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Figure 3.8 Details of the finite elements and control volumes used throughout the 

study. 

 

Dry and wet reinforcements are known to have different compaction 

characteristics due to the lubrication and nesting of the fabric layers when 

they are wetted [75]. To account for the thickness difference between dry and 

wet states, compaction behavior is characterized for both dry and wet states 

(see Materials and Experimental Methods section) and the corresponding 

compaction curve fits are used in the simulations in order to calculate the 

thickness of the specimens. 

Flow propagation is handled by defining a term, 𝑆, to denote the 

saturation at each nodal control volume (CV) where 𝑆 can get any value 

between 0 and 1 (0 for completely dry state and 1 for completely saturated 

state) and detailed in the following section. To avoid any discontinuity in the 

thickness distribution at the nodes around the flow front, which can arise 

from the difference between dry and wet thickness for a given pressure, 

thickness of a node 𝑖 located at the flow front is calculated by using rule of 

mixture 

Control volume (CV) boundary

Finite element boundary

Finite element node

Empty node

Partially filled node

Filled node

Filled CV

Partially filled CV

Actual flow front

Numerical flow

front

x

y

(a) (b)
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ℎ𝑖 = 𝑆𝑖ℎ𝑤𝑒𝑡(𝑃𝑐,𝑖) + (1 − 𝑆𝑖) ℎ𝑑𝑟𝑦(𝑃𝑐,𝑖) (3.17) 

where ℎ𝑖 is the thickness, 𝑆𝑖 is the saturation, 𝑃𝑐,𝑖 is the compaction pressure 

on the 𝑖𝑡ℎ node. ℎ𝑑𝑟𝑦(𝑃𝑐,𝑖) and ℎ𝑤𝑒𝑡(𝑃𝑐,𝑖) are thicknesses at 𝑃𝑐,𝑖 when the fabric 

preform is completely dry and wet, respectively.  

Flow vector is assembled for each element as 

{𝐹𝑒} = ∫ 𝑢⃗ ∙ 𝑛⃗  𝑑𝛤
 

𝛤𝑒

 (3.18) 

where 𝛤𝑒 is the boundary of the element domain and 𝑛⃗  is the outward normal 

unit vector on the domain. Flow vector is non-zero if it is defined as the 

injection gate for which flow rate can be prescribed as in a constant-flow-rate 

RTM case. Otherwise, if the pressure is controlled at the inlet and vent,  as in 

the cases of constant-pressure RTM and VI, pressure can be prescribed to the 

corresponding elements of {𝑃} vector. 

Evolution of pressure is modeled by solving Eq. (3.14) using Euler 

method, as summarized in [118,119], according to 

[𝑀]𝑛
{𝑃}𝑛+1 − {𝑃}𝑛

∆𝑡
+ [𝐶]𝑛{𝑃}𝑛 = {𝐹}𝑛 (3.19) 

where 𝑛 denotes 𝑛𝑡ℎ time step. By re-arranging Eq. (3.19) 

[𝑀]𝑛{𝑃}𝑛+1 = ∆𝑡 {𝐹}𝑛 + ([𝑀]𝑛 − ∆𝑡 [𝐶]𝑛) {𝑃}𝑛 (3.20) 

{𝑃}𝑛+1 is computed for a pre-determined ∆𝑡 where ∆𝑡 is should be lower than 

the critical time step size ∆𝑡𝑐𝑟 which is calculated as 

∆𝑡𝑐𝑟 =
2

𝜆𝑚𝑎𝑥 
 (3.21) 

where 𝜆𝑚𝑎𝑥 is the largest eigenvalue of the system such that 

([𝑀]𝑛 − 𝜆[𝐶]𝑛){𝑃}𝑛 = {𝐹}𝑛 (3.22) 
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In conventional CVFEM solvers, time step size is equal to the time 

required to fill the CV to be filled the earliest [72]. This approach assumes that 

material properties do not change between the successive steps of solution, 

which holds true for RTM where the specimen thickness (thus, fiber volume 

fraction) is constant, therefore permeability (a function of fiber volume 

fraction), does not change over time. However, in case of VI, thickness, as 

well as the permeability, is subject to change as flow propagates. The most 

straightforward way to achieve high accuracy in the presence of varying 

properties is to refine the mesh which results in smaller time steps, to increase 

the accuracy at an expense of computational load [70,120].  

Here in this study, a new method is proposed which allows for time 

integration solution with time steps smaller than the time required to fill the 

CV to be filled the earliest. A graphical comparison between conventional 

CVFEM solver and the proposed method is given in Figure 3.9(a) and Figure 

3.9(b). 

In the post-filling stage, evolution of pressure is solved using Eq. (3.20) 

similar to the filling stage. However, the mold is completely filled in this 

stage, hence saturated permeability experiments are considered for modeling 

the permeability behavior. Similarly, for modeling the compaction behavior 

of the fabric, results obtained by wet specimens are considered. 
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Figure 3.9 Comparison of conventional CVFEM method and proposed method. 

Evolution of pressure ((a) and (b)) and evolution of thickness ((c) and (d)) between 

two successive updates of flow front location. 𝑥𝑓𝑓 denotes the flow front location. 

 

3.4.2. Flow front propagation 

As illustrated in Figure 3.9(c) and detailed in the previous section, 

evolution of pressure distribution over time is achieved by using time step 

sizes smaller than time required to fill the CV which is to be filled the earliest. 

In this approach, following the solution of pressure at each time step, 𝑡𝑛, resin 

flow to each control volume, 𝑖, at the flow front is from its filled neighbor 

control volumes, 𝑗, and it is updated using the following equation 

𝑞𝑖 = ∑∆𝑡

𝑚

𝑗=1

ℎ𝑖𝑗

𝐾𝑖𝑗

𝜇

𝑃𝑗 − 𝑃𝑖

𝑙𝑖𝑗
𝐿𝑖𝑗  (3.23) 

where 𝑚 is the total number of filled neighbors of the control volume 𝑖, ℎ𝑖𝑗 

and 𝐾𝑖𝑗 are the average of the thicknesses and permeabilities, respectively, 𝑙𝑖𝑗 

is the distance between the centers, and 𝐿𝑖𝑗 is the width of the common 

(a) (c)

(b) (d)

PROPOSED METHODCONVENTIONAL CVFEM
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surface of the control volumes 𝑖 and 𝑗 (see Figure 3.8). Saturation of control 

volume 𝑖 is updated at each time step as 

𝑆𝑖(𝑡𝑛) = 𝑆𝑖(𝑡𝑛−1) +
𝑞𝑖

𝑉𝑖
   (3.24) 

where 𝑉𝑖 is the volume of the control volume 𝑖. As illustrated in Figure 3.9(d), 

thicknesses of the control volumes at the flow front change as it is saturated 

thus 𝑉𝑖 is updated at each time step. 

 

3.5. Results and discussion 

3.5.1. Case A: 1D flow experiment 

In the filling experiment, the part was filled in 1212 seconds (i.e., 𝑡𝑓𝑖𝑙𝑙 = 

1212 seconds) while in simulation it took 1160 seconds, resulting in a 

deviation of 5.9% between experimental and simulated fill times which is an 

acceptable deviation considering the inherent unpredictability of VI process 

that may arise due to the variation in material properties. Figure 3.10 shows 

the thickness distribution of the specimen in experiment and simulation at 

five different instants normalized with respect to the fill time, 𝑡𝑓𝑖𝑙𝑙 and these 

instants are 𝑡 = 0, 𝑡 = 0.5𝑡𝑓𝑖𝑙𝑙, 𝑡 = 𝑡𝑓𝑖𝑙𝑙, 𝑡 = 1.5𝑡𝑓𝑖𝑙𝑙, 𝑡 = 2𝑡𝑓𝑖𝑙𝑙. At 𝑡 = 0, 

thickness is not uniform in the experimental result, due to the random 

structure of the fiber bundles within the layers of the random fabric. As flow 

front propagates, thickness around the inlet increases (see Figure 3.10, for 𝑥 <

150 mm at 𝑡 = 0.5𝑡𝑓𝑖𝑙𝑙 and 𝑡 = 𝑡𝑓𝑖𝑙𝑙) due to decreasing compaction pressure 

(i.e., increasing resin pressure, see Figure 3.12(b)). In the post-filling stage, 

specimen’s thickness decreases since the excess resin is ventilated and a more 

uniform thickness distribution is achieved at the end of the post-filling stage 

(see also Figure 3.12(a) and the difference between ∆ℎ𝑚𝑜𝑙𝑑 at 𝑡 = 𝑡𝑓𝑖𝑙𝑙 and 𝑡 =



84 

 

2𝑡𝑓𝑖𝑙𝑙). Figure 3.10 shows that thickness is significantly lower in the vicinity 

of pressure sensors. The decrease of thickness around the pressure sensors is 

due to extensive deformation of specimen in these regions since pressure 

sensor surface is lower than the mold surface. 
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Figure 3.10 Thickness distribution at five different instants in the experiment and 

the simulation of Case A. Dashed circles in experimental results correspond to the 

pressure sensor locations. 
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Experimental and simulation results in Figure 3.10 look different than 

each other. However, one should be aware that fabric has inherent structural 

variation and it is observable in the experimental results. To make a 

comparison without taking the variation into account, one can take the 

average in the width (i.e., 𝑦) direction and compare the thickness variation in 

length (i.e., 𝑥) direction throughout the experiment by calculating ℎ(𝑥, 𝑡). 

Herein, instead of using ℎ(𝑥, 𝑡) =
1

𝐿𝑦
∫ ℎ(𝑥, 𝑦, 𝑡)𝑑𝑦

𝐿𝑦

0
 to calculate the average 

thickness in the width direction, the following is used 

ℎ(𝑥, 𝑡) =
1

90
(∫ ℎ(𝑥, 𝑦, 𝑡)𝑑𝑦

45

0

+ ∫ ℎ(𝑥, 𝑦, 𝑡)𝑑𝑦

100

55

) (3.25) 

in order to find the average thickness without taking into account the 

substantial decrease in thickness due to pressure sensors. 

In Figure 3.11, change in thickness is presented as a function of 

distance to inlet and time normalized with respect to 𝑡𝑓𝑖𝑙𝑙, namely √𝑡∗. 

Change in thickness is calculated by subtracting the initial thickness, ℎ(𝑥, 0), 

from ℎ(𝑥, 𝑡). As seen from Figure 3.11(a) and Figure 3.11(b), change in 

thickness is captured well by the simulation in both filling and post-filling 

stages (i.e., √𝑡∗ < 1 and √𝑡∗ > 1, respectively) and the trends are similar in 

the simulation and the experimental results. In this figure, black circles 

indicates the flow front arrival in the experiment and dashed line indicates 

the flow front progression as a function of √𝑡∗. In Figure 3.11(a), flow front 

arrival is followed by thinning due to further fiber nesting by lubrication 

effects and similarly a thinning occurs in simulation upon flow front arrival 

due to transition from dry to wet compaction as detailed in Modeling section. 
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(a) 

 
(b) 

Figure 3.11 Change of thickness, with respect to the initial thickness, along the flow 

length of the part during (a) the experiment, (b) the simulation. In (a) and (b), black 

circles correspond to the flow front arrival in the experiment and dashed curve 

corresponds to flow front progression as a function of √𝑡 (i.e., 𝑥 =  𝑐√𝑡∗ where 𝑐 is 

a constant).
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Figure 3.12(a) shows the evolution of thickness at five different distances 

from the inlet (𝑥 = 25, 85, 145, 205, and 265 mm) which correspond to the 

distances of the centers of the pressure sensors to the inlet (see Figure 3.12(d)). 

Similarly, Figure 3.12(b) shows the evolution of pressure at the same locations. 

As seen in Figure 3.12(a), experimental and simulated thickness values follow 

similar trends in both filling and post-filling stages. Thickness variation, ∆ℎ𝑚𝑜𝑙𝑑 

is 0.75 mm at the end of filling stage and it is reduced to 0.05 mm at the end of 

post-filling by resin bleeding. A sudden drop of thickness is observed in the 

simulated results and it corresponds to the transition from dry compaction to 

wet compaction when flow front reaches a location. In addition, the simulated 

thicknesses of the five points is slightly lower than the experimental ones in the 

filling stage (i.e., 𝑡∗ < 1), thus the part volume as well as volume of infused resin 

is slightly underestimated as shown in Figure 3.12(c). This underestimation 

might be contributing to the difference between the experimental (1212 seconds) 

and simulated (1160 seconds) fill times. The agreement between experimental 

and simulated pressures is very good in the filling stage and the slight difference 

between the two in the post-filling stage is suspected to be due to the relationship 

between the resin pressure and thickness (i.e., compaction behavior). It should 

be noted that the wet compaction behavior is characterized in unloading (by 

decreasing 𝑃𝑐 during the measurements) whereas 𝑃𝑐 increases with time during 

the post-filling stage and this difference is likely to contribute significantly to the 

deviation between experimental and simulated pressure profiles in the post-

filling stage [115]. 
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Figure 3.12 (a) Thickness and (b) resin pressure at five different locations and (c) mass of the infused resin in the experiment and the simulation of Case 

A. (d) Corresponding locations of thickness measurement (colored lines) and numbering of pressure sensors. In (a)-(c), continuous and dashed curves 

correspond to experimental and simulated results, respectively.
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3.5.2. Case B: 2D flow experiment 

Experimental and simulated fill times are 1312 seconds and 1343 seconds, 

respectively. The deviation between the fill times is 2.4%, significantly lower 

than the deviation in 1D Flow Experiment. Significant reduction in the deviation 

is expected to be due to biaxial fabric having less inherent variability with respect 

to the random fabric used in 1D experiment. 

 Figure 3.13 shows the thickness distribution of the specimen in 

experiment and simulation at five different instants normalized with respect to 

the fill time, 𝑡𝑓𝑖𝑙𝑙, and these instants are 𝑡 = 0, 𝑡 = 0.5𝑡𝑓𝑖𝑙𝑙, 𝑡 = 𝑡𝑓𝑖𝑙𝑙, 𝑡 = 1.5𝑡𝑓𝑖𝑙𝑙, 𝑡 =

2𝑡𝑓𝑖𝑙𝑙. Both experimental and simulated results demonstrate that, in filling stage, 

thickness variation within the specimen increases as flow propagates because 

regions close to the inlet get thicker due to decreasing 𝑃𝑐 (or increasing 𝑃 as seen 

in Figure 3.14(b) for sensors 𝑃1, 𝑃2, 𝑃3 and 𝑃4). In the experimental results shown 

in Figure 3.13, similar to Case A, the specimen has a lower thickness in the 

vicinity of the pressure sensors. In this figure, fiber bundles along the length 

direction of the specimen and wrinkles on the vacuum bag are visible.  In 

addition to the qualitative comparison of thickness distribution in Figure 3.13, 

Figure 3.14(a) shows the evolution of thickness at five locations (𝑥 = 5, 50, 110, 

170, and 230 mm; and 𝑦 = 80 mm, also visualized in Figure 3.14(d)) during the 

filling and post-filling stages in order to provide a quantitative comparison of 

experimental and simulated thickness. In the experiment, a slight decrease is 

observed in the thicknesses of the three closest points to the inlet (denoted by 𝐻1, 

𝐻2, and 𝐻3 in Figure 3.14(a)) upon resin arrival and it is followed by an increase 

with time due to decreasing compaction pressure. However, thinning upon resin 
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arrival in the other two points (𝐻4 and 𝐻5),  is not followed by an increase due to 

relatively higher compaction pressure. 
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Figure 3.13 Thickness distribution at five different instants in experiment and in 

simulation of Case B. Dashed circles in experimental results correspond to the ten 

pressure sensor locations.
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Figure 3.14 (a) Thickness at five different locations and (b) resin pressure, (c) mass of the infused resin as measured in the experiment and the 

simulation of Case B. (d) Corresponding points of thickness measurement (colored squares) and numbering of pressure sensors. In (a)-(c), 

continuous and dashed curves correspond to experimental and simulated results, respectively. 
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Simulated thickness matches well with the experimental thickness for the 

first three points (𝐻1, 𝐻2, and 𝐻3) while overestimating the thickness of the other 

two points (𝐻4 and 𝐻5). As shown in Figure 3.14(c), mass of infused resin is 

slightly higher in the simulation which is in agreement with the overestimation 

of the thickness in simulation. It should be noted that the pressure cycle applied 

in the compaction experiments is similar to the pressure cycle around the inlet 

region in the filling experiment. Thus, the evolution of thickness is successfully 

modeled in this region by using the elastic compaction model. Good agreement 

between experimental and simulated pressure distributions in this region (see 

𝑃3, 𝑃4 and 𝑃5 in Figure 3.14(d), which are located close to 𝐻1, 𝐻2 and 𝐻3) during 

the filling stage indicates that the flow propagation algorithm and elastic 

compaction model were successfully coupled.  

Interestingly, pressure (𝑃6 and 𝑃7) is underestimated in the simulation in 

the regions where thickness (𝐻4 and 𝐻5) is overestimated. The contradiction 

between the pressure and thickness results in this region hints at the limitation 

of the selected compaction model to model time-dependent changes in 

thickness. Use of detailed compaction look-up tables [75,76,121] or viscoelastic 

compaction models [115,122,123] in modeling of LCM processes has the 

potential to model time-dependent changes in thickness. However, these 

strategies are out of scope and will be investigated in our continued studies. 

Thickness variation is minimized in the post-filling stage and the effect of 

the two post-filling actions are distinctly visible in both experimental and 

simulated results. The aim of the post-filling actions is to ventilate the excess 

resin and since most of the excess resin is around the inlet region (evident by the 
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significantly higher thickness at the end of filling stage, (see 𝐻1, 𝐻2, and 𝐻3 in 

Figure 3.14(a))), second post-filling action, where the inlet is converted to a vent, 

has a more significant effect in terms of reducing the thickness variation. At the 

end of the experiment, thicknesses of four of the five points (𝐻1, 𝐻2, 𝐻4, 𝐻5) 

converge to values between 4.70 mm and 4.72 while the thickness of the point 

denoted by 𝐻3 is 4.76 mm. Considering that the point 𝐻3 is the furthest point to 

the vents activated in the post-filling stage, it takes longer to bleed the excess 

resin from 𝐻3 in comparison to 𝐻1, 𝐻2, 𝐻4 and 𝐻5 and results in a relatively higher 

thickness. Nonetheless, thickness variation, ∆ℎ𝑚𝑜𝑙𝑑, is reduced from 0.45 mm at 

the end of filling stage to 0.06 mm at the end of post-filling stage as a result of 

post-filling actions. 

In the simulation, thickness distribution (see Figure 3.13 at 𝑡 = 2𝑡𝑓𝑖𝑙𝑙 and 

Figure 3.14(a)) and pressure distribution (see Figure 3.14(b)) are more uniform 

at the end of the experiment.  Simulated thickness values converge to 4.77 mm 

at the end of post-filling stage, close to the experimental thickness of the point 

𝐻3, thus the final thicknesses of the aforementioned four points (𝐻1, 𝐻2, 𝐻4, 𝐻5) 

are slightly overestimated. In the simulation, two elastic compaction models are 

used, one for the dry state and one for the wet state; and the wet compaction 

model is used in both filling and post-filling stages. In reality, the specimen goes 

through another loading stage (increase in compaction pressure) in the post-

filling stage and one may consider characterization of compaction under 

debulking cycles and use the results of the additional debulking cycles in order 

to model the compaction behavior in the post-filling stage. In our future work, 

we will focus on this issue by using more detailed compaction characterization 

strategies in order to cover a wide range of processing conditions. 
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3.6. Summary 

In this study, a Structured Light Scanning (SLS) system was used for 

monitoring the full field thickness. SLS system was based on the use of a 

projector to project pre-determined fringe patterns on a surface and a camera to 

record the images of the surface with projected patterns; and in the post-

processing stage recorded images were used for determining the thickness 

distribution with respect to a reference surface. SLS system was integrated to a 

lab scale Vacuum Infusion (VI) experiment setup and in addition to the full field 

thickness distribution, resin pressure at several points and the mass of the 

infused resin were measured during filling and post-filling stages of two 

different VI experiments. In these experiments, namely Case A and Case B, SLS 

system was able to capture the fabric texture, collapsed regions due to pressure 

sensor holes and even wrinkles on the vacuum bag in terms of instantaneous 

thickness distribution. In Case A and Case B, thickness variation within the 

mold, ∆ℎ𝑚𝑜𝑙𝑑, was, respectively, 0.75 mm and 0.45 mm at the end of the filling 

stage and it was decreased to 0.05 mm and 0.06 mm at the end of post-filling 

stage as a result of post-filling actions to bleed out excess resin. In this study, SLS 

system results were analyzed in the post-processing stage, however, this system 

allows real-time or near real-time monitoring of thickness. Thus, SLS system can 

be used in online monitoring and online control of thickness in VI process. 

A flow simulation tool, based on Control Volume Finite Element Method 

(CVFEM) with rectangular finite elements and using Euler method for time 

integration of pressure distribution, was developed; and permeability and 

compaction models of the fabrics were incorporated into the simulation. 

Simulations were performed by defining the part geometries and inlet/vent 
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configurations in accordance with the experiments. In Case A and Case B, fill 

times in simulation were close to fill times in experiment with deviations of 5.9% 

and 2.4%, respectively. Simulated results of pressure distribution and mass of 

the infused resin were in agreement with the experimental results in both cases 

and followed very similar trends. Thickening due to decreasing compaction 

pressure was modeled successfully in filling stage of both cases and yielded 

comparable results with the experiments. Similarly, thinning in the post-filling 

stage was modeled with a good agreement between experimental and simulated 

thickness results. Some discrepancies were observed between simulated and 

experimental thickness results (see evolution of 𝐻4 and 𝐻5 during filling stage 

(i.e., 𝑡∗ < 1) in Figure 12(a) and evolution of 𝐻4 during filling stage (i.e., 𝑡∗ < 1) 

as well as the final thickness of 𝐻3 in Figure 14(a)). These discrepancies were 

attributed to the limitation of elastic compaction models to account for the rate-

dependent and time-dependent thickness changes. In our future studies, we will 

investigate the possibility of handling this shortcoming by integrating spring-

damper based mechanical viscoelastic models and detailed compaction look-up 

tables to the presented CVFEM tool. 
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4. CONCLUSION 

This thesis aimed at coupling experimental and numerical approaches for 

permeability characterization and flow monitoring in LCM processes. In 

Chapter 2, the effect of rigid spherical inclusions such as microcapsules and 

fillers on the permeability of textile fabrics is investigated by using glass beads 

as model inclusions. Glass beads with a range of diameters (40-70, 70-100, 100-

200, 200-300, 300-400 and 400-800 μm) and volume fractions (2.5, 5 and10%) were 

sieved between layers of woven E-glass fabric whose volume fraction was fixed 

at 40%. Saturated permeability was measured experimentally and followed by 

X-ray microtomography to analyze the pore structure of the fabrics and estimate 

their permeability using (i) Computational Fluid Dynamics simulations and (ii) 

a Kozeny model taking into account the porosity and the specific surface. There 

was a good agreement between the normalized permeability trends of these 

three calculation methods. Furthermore, the analyses of spatial distributions of 

the beads, pore shape anisotropy, pore size distribution, and pore chord length 

showed that the alteration of permeability with respect to that of plain sample 

was closely linked to the changes in microstructural features. The coupling of 

permeability and microstructural features was taken one step further by 



99 

 

defining a threshold curve to relate bead diameter and bead volume fraction. 

Below this curve (relatively small diameter and/or low bead volume fraction) the 

sample permeability followed that of a packed textile without beads, and above 

it (relatively high diameter and/or high bead volume fraction) a strong departure 

from these values was observed, induced by strong distortions of the textile. 

Considering the increasing popularity of FRPCs and increasing diversity 

of its applications, further functionalization of these materials will be of scientific 

and industrial interest in the future. Even though the results of this study is 

specific for a specific woven fabric, they are expected to provide an insight on 

influence of inclusions in other fabric types as well. In this sense, the analyses 

performed in this study can be extended to other fabric types to characterize the 

fabric-specific changes in the microstructure and permeability. Also, the 

permeability analysis can be extended to investigation of unsaturated 

permeability. Dynamic capillary effects already pose a challenging question for 

typical fabrics which exhibit a bimodal pore size distribution. Addition of 

inclusions alters the pore size distribution as well as the topology, so 

characterization of unsaturated permeability will definitely require an in-depth 

analysis at a finer scale by considering the capillary effects. 

In Chapter 3, an alternative to trial and error based approach is offered to 

tackle the main hurdle of controlling the part thickness in VI for achieving 

repeatability during part manufacturing. To this end, experimental and 

numerical techniques were used: (i) thickness monitoring throughout filling and 

post-filling stages and (ii) resin flow modeling by taking into account 

compaction and permeability. A Structured Light Scanning (SLS) system is 
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verified for its suitability for monitoring thickness during VI and is used for full 

field thickness monitoring in experiments. A Control Volume Finite Element 

Method (CVFEM) solver, capable of coupling resin flow, compaction and 

permeability, is implemented. Two different scenarios are studied both 

experimentally and numerically. In the first scenario, a random glass fabric (with 

a superficial density of 450 g/m2) is used to conduct a one-dimensional filling 

experiment on planar specimen with a rectangular shape. In the second scenario, 

a biaxial glass fabric (with a superficial density of 850 g/m2) is used and a two-

dimensional filling experiment is conducted on a specimen with more complex 

geometry. In both scenarios, mold filling is followed by a post-filling stage where 

the excess resin is bled out of the specimen. Full field thickness and resin 

pressure are recorded during filling and post-filling stages of experiments in 

addition to the mass of the infused resin during filling; and simulations are 

performed with corresponding process parameters. SLS system captured the 

evolution of thickness successfully during filling and post-filling stages of both 

scenarios. In both experiments, the vicinity of the resin inlet was significantly 

thicker than the regions that are filled the latest. Also, the overall specimen 

thickness as well as its variation was decreased in the post-filling stage of both 

experiments. Assigning different compaction and permeability models for filling 

and post-filling stages resulted in a good agreement between experiments and 

simulations in terms of thickness, pressure and fill times, and demonstrated the 

usefulness of this approach to predict the flow and thickness distributions in 

Vacuum Infusion. 

In this study, elastic compaction models were used to relate the 

compaction pressure and fabric thickness. In elastic models, thickness changes 
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instantaneously when pressure changes, and recovers to its original value when 

the pressure on the material is removed. The use of elastic compaction models 

could be linked to the deviation of simulated thickness from the experimental 

thickness in the regions where the specimen undergoes significantly different 

pressure cycles than the pressure cycle in compaction experiments. To improve 

this shortcoming, use of the viscoelastic compaction models can be considered 

in future, since they take into consideration not only the instantaneous pressure 

but also the pressure history. However, these models are generally in the form 

of ordinary differential equations; thus coupling these models with resin flow is 

not straightforward. 

Thickness monitoring was achieved by recording the image sets during 

the experiments and analyzing these images in the post-processing stage. 

However, each image set was obtained in a few seconds and can be further 

decreased by controlling the trigger timing of the camera and the projector. SLS 

system is already used in literature to get real time (or near real-time) surface 

profiling, usually at lower resolution or accuracy. Considering the increasing 

computational power, reduction of our analysis time to order of seconds seems 

acceptable. By achieving this task, SLS system can be used for online monitoring 

of thickness as well as for online control of thickness by creating a closed loop 

between the thickness input coming from SLS system and inlet/vent settings 

which can be based on on-off control or proportional control. 
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