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ABSTRACT 
 

CHARACTERIZATION OF PREFORM PERMEABILITY AND FLOW BEHAVIOR FOR 
LIQUID COMPOSITE MOLDING  

 
By 

 
Stephen Joseph Sommerlot 

 
Preform characterization is an important step in the processing of high-performance parts 

with liquid composite molding. A better understanding of preform compressibility and 

permeability creates more accurate process models, ultimately leading to high-quality finished 

composites. Without characterization, mold design and processing parameters are subject to 

guess-work and ad hoc optimization methods, which can result in poor infusions and inconsistent 

part quality. In this study, a complex architecture fiber reinforcement was characterized in 

compaction and permeability for liquid composite molding. Preforms of a four-harness satin 

carbon fabric were assembled with and without a novel inter-layer tackifier for experimentation. 

Compaction and permeability were measured to investigate the effects of the tackifier system, 

debulking, preform layup, and other processing parameters. Permeability and flow behavior was 

measured through saturated and unsaturated techniques, including investigations of fluid effects 

and high-flow rate infusions. The tackifier was seen to decrease permeability in both saturated 

and unsaturated cases, while notably influencing the orientation of first principal permeability. 

Tackified preforms also displayed a sensitivity to fluid type that non-tackified samples did not. 

Experimentally derived permeability was also used to generate numerical mold fill simulations 

of radially injected infusions, which produced favorable results.  
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1. Introduction 

 

1.1 Background 

1.1.1 Presence and Benefits of Composite Materials 

In recent years, integration of advanced composite materials in structural vehicle components has 

become more prevalent. Due to increased regulations for efficiency and demand for high 

performance, composites are a preferred choice for aircraft components. This is driven by their 

exceptional properties and light-weighting potential for the aerospace industry. An excellent 

example of this is the Boeing 787 Dreamliner. This new generation of aircraft has an airframe 

that is composed of 50% advanced composite material which offers weight savings on average of 

20% compared to conventional aluminum designs. Composite implementation also requires less 

scheduled and non-routine maintenance for structures compared to those of traditional metals 

[1]. Composite materials have good fatigue performance, while also possessing a great resistance 

to environmental effects. 

 

Further technological advances, regarding the use of advanced composites, can be seen powering 

the 787; the General Electric next generation (GEnx) jet engine. The GEnx is produced with both 

a fan case and fan blades fabricated from composite materials. Carbon fiber composite fan blades 

are lighter than their traditional metal counterparts, which means less energy is generated in the 

rare case of a blade-out event. This allows a composite fan case to successfully contain the 

projectile, offering further major weight savings. GE has claimed to have saved around 350 

pounds per engine with this composite implementation [2]. These features offer weight 

reduction, which in turn reduces fuel consumption, while component durability is increased. 
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Soutis [3] states, “Carbon fiber composites are here to stay in terms of future aircraft 

construction since significant weight savings can be achieved”.   

 

Direct implementation of advanced composite materials into aerospace design involves many 

technical challenges, including the processing of the material itself. Material and processing 

costs have been cited as one of the main challenges restricting the use of carbon fiber reinforced 

plastics (CFRP) in industry [3]. Time and money must be invested in the processing to produce a 

desired part that meets standards of quality and performance. Care must be taken during 

processing, as wasted material can be costly, thus optimization of the fabrication process is 

highly desired. Many resulting properties of an advanced composite are dependent on the 

processing and fabrication steps. Due to this, processing continues to be a highly researched 

subset in the advanced composite arena.  

 

1.1.2 Liquid Composite Molding  

In general, composites can be split into two categories: those that use a thermoset matrix and 

those that use a thermoplastic matrix. The main difference between these two types of 

composites are that thermosets undergo an irreversible chemical crosslinking when they are 

cured, while thermoplastics can be cured then later reheated, melted, and reprocessed [4]. 

Processing these different categories of composites involves many different methods and 

techniques. For thermosetting based composites, liquid composite molding (LCM) techniques 

generally are used to infuse a fibrous reinforcement with a thermosetting resin and cure a 

finished part. LCM is an umbrella term including specific methods like resin transfer molding 

(RTM) and its variations including compression resin transfer molding (CRTM), and vacuum 
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assisted resin transfer molding (VARTM). Other LCM methods include structural injection 

molding (SRIM), resin film infusion (RFI), and resin infusion under flexible tooling (RFIT) 

technologies, including company-patented processes like Seemann Composites Resin Infusion 

Molding Process (SCRIMP). RTM and RFI have been cited as the predominant curing processes 

being developed today, while VARTM is considered to be the manufacturing process of choice 

for the future in the aircraft industry [3]. RTM processes are attractive due to the potential high 

rate of production and high quality of finished parts. This also allows for efficient fabrication of  

large complex components [5].  

 

The RTM process involves loading a fibrous preform into a mold cavity of set thickness and then 

a low-viscosity thermoset polymer resin is injected, often at elevated temperatures. Then, the 

mold is heated to cure the resin and produce a finished composite part [5]. This process in itself 

contains many processing parameters and variables: part geometry, reinforcement material, resin 

type and viscosity, injection flow rate/pressure, air vent locations, tool temperature, resin 

injection temperature, etc. These process parameters can affect the mold fill and ultimately the 

finished part quality. Thus, it is important to accurately represent and understand these 

parameters in RTM mold design. There are three basic stages of the RTM process: preforming, 

mold filling, and curing. Variation can start in the preforming stage; the reinforcement can 

become deformed when being placed in a mold, especially those of complex shapes. This 

deformation will alter the fiber orientation of the reinforcement, which in turn will alter the resin 

flow during injection [6]. In the mold filling stage, the injected resin’s flow path and fabric 

saturation is subject to the fabric parameters such as architecture and geometry. Darcy’s law has 

been used to describe the resin flow through fabric reinforcements in LCM where resin viscosity 
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and preform permeability are the two important parameters that control fiber wet-out and 

impregnation rate of the preform [5]. These factors drive experimental characterization so that 

accurate process models can be developed to optimize the manufacturing process. Resin 

properties must be investigated through rheology and due to the large variety of fabric types and 

architectures, preform permeability characterization is necessary.  

 

The focus of this research will be on the topic of preform and flow characterization for RTM 

modeling. Methods and experimental approaches for permeability measurement and fluid 

properties will be discussed in detail in later chapters. Process modeling’s main function is to 

make fabrication more cost effective and efficient, producing the highest quality parts possible. 

Originally, trial-and-error approaches were the only options available to develop process cycles 

[7]. Success can be found with these types of methods, but they can come at considerable costs 

due to material and energy waste. A process modeling approach is a natural direction to take in 

LCM research. Simulation of a resin injection prior to an actual infusion allows engineers to 

optimize mold vent locations, injection pressures, and injection locations, while mold fill time 

and possible areas of trouble (dry-spotting, race-tracking, etc.) can be investigated  before money 

is spent on physical mold creation and materials.  

 

Resin flow is a critical issue in the process; it affects the fiber volume fraction distribution, 

formation of resin rich regions and final part dimensions [7]. Modelling this can be very complex 

as the resin flow, heat transfer, and curing reaction are all coupled. However, in most cases, the 

mold is filled before curing takes place, and before the resin viscosity is significantly affected. 

This allows the flow problem to be uncoupled from the heat transfer and cure kinetics, i.e. create 
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an isothermal flow analysis [6]. This isothermal flow assumption permits investigation of fluid 

flow through a fibrous reinforcement to be isolated for experimental characterization and 

implemented in process models to produce accurate results. Cure kinetics and heat transfer 

analyses can then be implemented after the mold filling stage to fully simulate the process.  

 

1.1.3 Preforming and the Use of Tackifiers/Binders 

In RTM, the fibrous reinforcement is initially dry and generally is assembled outside the mold. 

This fibrous assembly is what is referred to as the preform, which often is constructed in the final 

part shape before being set in the mold [8]. Preforms are constructed of many different types of 

fabrics manufactured by methods such as weaving, braiding, knitting, and stitching. Fabrics are 

often composed of glass, carbon, or aramid fibers. This study will focus on a harness satin weave 

carbon fabric reinforcement, which is used for composite structural aerospace components.  

 

The preforming stage of RTM consists of cutting the reinforcement of interest to the part shape 

and laying it up in a desired stacking sequence if necessary. This process is often done by hand 

and can be very time consuming, while maintaining the fiber orientations and conforming the 

reinforcement into part shape can be difficult [8]. Due to these challenges, reinforcements are 

often treated with tackifiers or binders which enable fiber position to be maintained and aid in 

preform construction. These tackifiers are generally thermoplastic polymers or thermoset resins 

that are solid until enough heat is applied to melt them, which then allows fibers of the 

reinforcement to bond together upon cooling. These tackifiers are commonly applied to 

reinforcements in powder, liquid spray, or veil forms [9]. Tackifiers and binders give additional 

benefits of preform consolidation, decreasing preform springback, reducing slip between 
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reinforcement layers by adding sufficient tack, and overall aiding in net-shape production. In 

performance aerospace composites, a partially reacted matrix resin is often used, called a 

reactive tackifier. This is usually a tackifier of chemistry that is compatible to the RTM resin, 

which helps ensure that degradation of mechanical properties does not occur [8].  

 

Adding a tackifier in the preforming stage of a can have multiple effects on the RTM filling 

stage [9]–[12] and final part properties [10], [12]. The presence of tackifier in a preform alters 

the total preform geometry and permeability/resin flow can be affected greatly. The assumption 

that a fiber preform with and without a tackifier will produce the same permeability and resin 

flow characteristics is not accurate without validation. Neglecting an investigation of the 

permeability change could lead to processing issues and failed parts. With many aerospace 

components employing a tackifier for RTM preforming, this is a research area that needs more 

investigation. Tackifier type, pre-processing (e.g. debulking before infusion), and fabric 

geometry all produce a variety of physical effects than can alter preform compaction, 

permeability, resin flow and ultimately the RTM mold fill and final part quality.  

 

1.2 Research Objectives 

In this study, research was conducted largely on an experimental front with a complex 

architecture carbon fiber fabric with and without a low areal weight tackifier. Experimental 

measurements of compaction, permeability, and flow front propagation were conducted on 

preforms to determine the effects of tackifier, and allow for mathematical representation for use 

in component process modeling of resin transfer molding. Research in tackified preforms for 
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permeability and fiber wet out is limited compared to general investigations of neat fabric 

infusions. Specifically, the objectives of this research will address: 

 Compaction 

o Effect of tackifier 

 Saturated permeability measurements 

o In-plane permeability  

 Determination of principal permeabilities 

 Effect of tackifier 

o Transverse permeability 

 Effect of tackifier 

 Unsaturated permeability measurements 

o Effect of tackifier on mold fill time and principal permeability orientation 

 Fluid effects on preforms with and without tackifier 

o Capillary effects 

 Surface tension and contact angle of differing fluid types 

 Non-Darcy Flow  

o High flow rate infusion investigation and possible situations of error with Darcy’s 

law assumption for permeability  

Ultimately, industry interest lies in the ability to create accurate component mold-fill simulations 

in LCM and understand how altering preform parameters will affect resulting infusions and 

component quality. A latter chapter in this thesis will introduce simple mold fill simulations 

produced from experimental preform characterization. Knowledge of resin flow behavior aids in 

the mold design process, where optimal location of vents and gates can be investigated for better 
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infusions. Improper mold design and poor understanding of preform permeability can lead to 

defects in processed components including race-tracking, void formations, and ultimately poorer 

quality finished parts. This presented research will address these issues through an LCM-related 

characterization study of a complex architecture carbon fabric with a previously unstudied 

tackifier additive.  

 

1.3 Materials 

The reinforcement of interest in this study is a four harness satin, carbon fabric. This fabric is 

woven of IM7 carbon fibers in 6K bundles. For ease of representation, this fabric will be 

expressed as “IM7-4HS” in the following chapters. Also, a tackified version of this fabric was 

used in experimentation. This tackified IM7-4HS uses the Cytec CYCOM PR 520-1 low areal 

weight film, which is pre-impregnated on the fabric’s surface by the manufacturer and acts as a 

tackifier for preforming purposes. The exact wt% distributed on the fabric is proprietary. Seen in 

Table 1.1, are the basic weave architecture and composition properties of the IM7-4HS fabric. 

The areal weight displayed here was determined experimentally, while other data is provided by 

the manufacturer.  

Table 1.1: IM7-4HS Basic Properties 

Weave 
Areal Weight 

(g/m2) 
Fiber 
Type 

Tow 
Size 

Fiber Density 
(g/cm3) 

Fiber Diameter 
(microns) 

4-Harness Satin 204 IM7 6K 1.78 5.2 
 

     

      

For permeability and flow testing, SAE 40 single weight motor oil was used as the baseline test 

fluid. This oil has a constant viscosity at room temperature of 0.24 Pa-s. This test fluid allows for 

constant viscosity at temperature similar in value to those seen in common RTM and VARTM 

resin systems. The SAE 40 oil also offers ease of use as the standard test fluid. It is benign in 
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relation to test equipment, whereas resins require extra cleanup time and preparation work so that 

equipment is not destroyed. While investigating the effect of fluid type on permeability, a second 

test fluid will be introduced: Applied Poleramic’s SC-15 epoxy resin. This resin will be 

described in more detail in later chapters and is used in limited test settings.   
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2. Literature Review 

 

For decades, researchers have studied liquid composite molding (LCM) processes and have 

investigated the key process parameters and their resulting effects. Accurate and robust LCM 

process modeling has been a continually sought goal in the field of advanced composite 

manufacturing. Application of well-tuned process models allows for manufacturing optimization 

and leads to better designed tooling and high quality finished composite parts. This present 

research will overview LCM processes with a focus on Resin Transfer Molding (RTM) and go 

further to survey the relevant work conducted on preform characterization including 

compressibility and permeability for process modeling. These material parameters are of the 

most important factors in creating an accurate LCM infusion model.  Experimental techniques 

will be discussed for both preform compressibility and permeability characterization. Modeling 

approaches of empirical, analytical and numerical nature will also be surveyed for these 

parameters.  
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2.1 Liquid Composite Molding 

Liquid composite molding is a class of composite manufacturing that is generally applied to the 

infusion of fibrous reinforcement with a thermosetting resin. In general, LCM processes consist 

of injecting a resin into a dry bed of fiber reinforcement housed in a mold, which is then cured to 

create a finished composite part. The LCM family of processes consists of multiple techniques. 

Some of the most popular techniques include resin transfer molding (RTM), compression resin 

transfer molding (CRTM), RTM light, vacuum-assisted resin transfer molding, (VARTM), resin 

infusion (RI), structural injection molding (SRIM), resin film infusion (RFI), and Seemann 

Composite Resin Infusion Molding Process (SCRIMP). These various techniques offer different 

advantages depending on the application. RTM, a rigid closed mold technique,  has found 

application in the automotive and aerospace industries due to its potential for high production 

rates and quality of finished parts [5]. RTM light possesses a similar setup to RTM but offers the 

ability to visually observe the progress of the resin impregnation through translucent flexible 

tooling. VARTM consists of vacuum-bagging the fiber reinforcement to a tool, which is 

essentially an open mold process where a vacuum pump drives the resin infusion. The VARTM 

process has been used produce medium to large, high performance composite parts, often in the 

marine and aerospace industry, where the equipment cost is much lower than that of RTM [13]. 

In the SCRIMP method, channels are used in the tooling to reduce flow resistance during 

infusions, which distribute the resin quickly across the part then wets out the preform [14]. The 

SCRIMP technique is used to produce large composites such as boats or decks while offering a 

safer alternative compared to the traditional hand lay-up or spray-up techniques used for those 

products, which produce high volatile organic compound emissions [15]. This research will 

focus on the RTM method, and further literature will be reviewed on this subset. Other LCM 
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techniques will not be discussed in detail here, but further background can be found in [14], [16], 

[17].  

 

Traditionally, optimization of composite manufacturing was an experience based and trial-and-

error approach, but in the last few decades, engineers have begun implementing process 

modeling to mitigate manufacturing expenses [17]. The modeling of an LCM processes can 

include reinforcement draping, impregnation, and curing. Of these aspects, understanding the 

flow process is of utmost importance for all the liquid molding processes [14]. Poor 

reinforcement saturation or fiber wet-out can produce low quality or unusable finished parts. 

Using process modeling, simulations can be used to predict resin flow through the fiber 

reinforcement and bring to light potential problem areas in the tooling or infusion. Based on 

these simulation results, tooling, material, and process parameters can be optimized before any 

high-cost decisions are made. LCM process parameters have been studied for decades and still 

can present difficulties in manufacturing environments. Specifically, the RTM process and 

parameters will be reviewed next. 

 

2.1.1 Resin Transfer Molding 

The basic RTM method involves injected a thermosetting resin into a dry fiber reinforcement 

inside a closed mold. The mold is then heated to cure the matrix and opened to reveal a finished 

composite part. RTM was first developed mainly for use in the aerospace sector, and has grown 

to be a widely used method for composite manufacturing in not only aerospace, but also in the 

automotive, civil, and sporting goods industries [14]. Now, RTM is considered the state-of-the-

art method for producing textile reinforced composite parts [18]. Although RTM processing has 
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been studied for many years, it is still considered to be underutilized, while reproducibility and 

better understanding of the resin flow are considered to be the main obstacles holding this 

technology back [14]. In a general sense, the RTM process can be split into three steps: fiber 

preforming, resin infusion, and part curing.  

 

2.1.1.1 Fiber Preforming 

In RTM, the fiber reinforcement is often assembled outside of the mold into a preform, which is 

in the shape of the finished part [8]. For complex shape composite parts, the fiber reinforcements 

need to deform to the shape of the mold surface [19], thus a need for the dry reinforcement to 

hold these contours is born. Here, preforming allows for easier handling of the reinforcement and 

the ability to prepare for near net-shape production. The most common preforming techniques 

involve the use of fabrics where a polymer binder/tackifier or stitching and embroidery 

techniques are often employed to hold fiber orientation and multiple layers together [20]. For this 

study, particular focus will be applied to the use of binders or tackifiers. 

 

Tackifiers are most commonly thermoplastic or thermosetting resins that retain a solid structure 

at room temperature but melt with applied heat. The advantage of these resins are that upon 

cooling, resolidification allows the bonding of plies or tows into a consolidated preform [8]. 

Preforms then can be handled without the loss of fibers in a final-part form which can then be 

infused in an LCM process. Methods of tackifier application utilize powder, liquid, veil or string 

forms that are applied to the reinforcement at some point during the manufacturing process [8], 

[21]. Tackifiers have been studied for their effect on preform springback [9], [22], effected 

finished-part mechanical properties [21], [23], [24], and permeability and fiber wet-out [9]–[12]. 
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While several studies exist, compared to other parameters involving permeability and resin flow, 

the effect of tackifiers in RTM and other LCM processes has been investigated on a much 

smaller scale. Due to the variety of different tackifier forms and concentrations, and the added 

variation of pre-processing abilities with tackifiers, the resulting influence on resin flow is 

inherently complex. A main focus of this study will aim to clarify and quantify the effect of a 

specific tackifier on preform compaction and permeability. 

 

2.1.1.2 Resin Infusion 

The majority of this thesis will investigate preform parameters and their effects during the 

infusion stage of the RTM process. In this step, resin is injected at pressure or flow rate into the 

closed mold and infiltrates the preform. Major quality problems have stated to come from 

unbalanced resin flow during the infusion step [25], and thus has become a significant area of 

research. The mold filling stage of the RTM and LCM processes are critical in the development 

of a quality finished composite part. Poor infusion or misunderstanding of preform permeability 

may lead to defects including dry spotting or void formations and can be avoided with 

appropriate prediction methods [26]. These are important considerations as the standard of US 

aeronautics rejects parts that contain more than 2% of void defects [27].  

 

To understand the resin infusion, one must first consider the general multiphase flow and 

thermodynamics inherent to the process. On a general level, the infusion can be considered as 

non-isothermal fluid flow through a porous media, which can be modeled on the basis of fluid 

velocity, pressure and temperature into the media [14]. This can become a very complex problem 

when considering heat transfer from the mold to the preform and resin. The heat transfer, fluid 
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flow, and resin cure reaction are all coupled and must be solved simultaneously. The governing 

equations for this general approach will not be discussed in detail here; more background can be 

found in [14]. For simplification purposes, most researchers apply an isothermal flow 

assumption. This allows investigators to approach the fluid flow uncoupled from heat transfer 

and resin cure kinetics and the permeating fluid can be considered constant in viscosity [6].  

 

Regarding isothermal flow and with the assumption of low Reynolds number, resin flow through 

fibrous preforms has generally been considered to be modeled as flow through porous media 

governed by Darcy’s law seen in Equation 1. 

 
𝑄 = 

𝑆𝐴

µ

∆𝑃

𝐿
 (1) 

In this relationship, 𝑄 is the volumetric fluid flow rate, 𝐴 is the medium’s area normal to the 

flow direction, µ is the fluid viscosity, 𝐿 is the medium length in direction of flow, ∆𝑃 is the 

measured pressure drop across that length, and 𝑆 is the porous medium’s permeability. 

Permeability is proportionality constant in this relation and describes the ease of flow through a 

porous media with units of length squared.  Preform permeability is the key parameter that drives 

the flow in RTM [25]. Depending on the preform geometry, fiber content and flow direction, 

permeability can vary on the order of magnitudes. Significant research has been made in 

experimental and theoretical fronts to define permeability for fiber reinforcements. This study 

will extend research further to investigate flow properties and permeability with reinforcement 

treated with a novel tackifier. Further background and research trends will be surveyed regarding 

preform permeability and flow in Section 2.3.  
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2.1.1.3 Curing  

Ideally after the preform is completely saturated with resin, the RTM mold is heated in a specific 

cycle to cure the composite part. Resin curing is usually sought to be inhibited during the 

infusion stage in order to maintain a low resin viscosity for quick fiber wet out and allow for full 

saturation before the resin gels [28].  For a general, coupled solution, a cure kinetic model can be 

introduced as an auxiliary equation directly into the heat and mass balance equations, as well as 

relating to the flow model by virtue of resin viscosity [29]. Again, this is complex and specific 

integration of this method is described in more detail in [29]. By using the isothermal flow 

assumption as discussed earlier, a simpler thermal model can be used to describe cure. This 

assumption can be justified if the mold fill time is much shorter than the time required for the 

cure to affect viscosity of the resin [6]. This is often the case and will be a basis assumption for 

the work in this thesis. Although resin cure and kinetics are an important aspects of the RTM 

process, this is outside the scope of this study.   

 

2.2 Reinforcement Compaction/Compressibility 

Inherent to LCM processes are the manufacturing steps of loading the reinforcement in a tool or 

mold, closing the mold, infusing, and unloading the finished part. These loading and unloading 

portions of the manufacturing process can apply compression to the preform or reinforcement. 

For example, in the RTM the reinforcement is compressed by the closing of the mold, and with 

VARTM, a vacuum bag and vacuum pressure applies a compressive force to the preform. Also, 

debulking techniques may be applied in the preform process before infusion resulting in desired 

deformations or reinforcement compaction. The amount of compression experienced by 

reinforcement can be directly related to the fiber volume fraction and therefore is an essential 
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area of interest for LCM, as the fiber content will influence permeability and the resin infusion. 

Also for RTM, to acquire a desired fiber volume fraction, the tooling must be able to supply and 

withstand sufficient compressive force, while in VARTM, the vacuum pressure and 

compressibility of the preform will govern the finished part thickness [30]. The relaxation or 

spring-back of a reinforcement may also be relevant in certain the manufacturing situations, 

which is a studied phenomenon and should not be overlooked. These considerations are 

paramount to design of a good LCM process. Understanding of the compression behavior in a 

preform leads to a better understanding towards local preform variations, mold design, and 

ultimately leads to the production of better finished parts.  

 

2.2.1 Defining Compressibility 

Typically, the compression/compaction of a reinforcement can be quantified by relating the 

applied pressure on the material to the resulting reinforcement thickness or fiber volume fraction. 

As compaction pressure increases on a reinforcement, the thickness is generally seen to drop, 

while also the fiber volume fraction increases. Chen et al. [31] reviewed previous experimental 

compaction data [32] for woven fabrics and redefined four regimes existing on a typical 

compressibility curve of thickness versus pressure based on the works of [32], [33]. The authors 

first described a Regime 0 as an initial point where no pressure is applied to the reinforcement. 

Regime 1 was described as a linear portion of the thickness/pressure curve where compaction is 

initiated and slight pressure is produced.  Regime 2 then was described as a nonlinear stage 

where the reinforcement is compacted further and large voids in the fabric’s structure are filled 

and the reinforcement deforms. The researchers explained that the total deformation in this 

regime was due to both compression of the fibers and compression of the voids in the 
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architecture. Finally, Chen et al. [31] described Regime 3, a linear region of the curve where high 

pressure is applied. This region exhibits deformation of the fibers only as the porosity has 

reached a constant minimum. Reinforcements are also measured during unloading of supplied 

compaction pressure. Often, the unloading of a sample will exhibit a hysteresis phenomenon 

evident during compaction cycles as a fully unloaded reinforcement often will possess a higher 

volume fraction than what it initially had before the loading cycle. This difference can be 

attributed to fiber rearrangement, breakage and sliding during a cycle [34].  

 

Another important consideration of reinforcement compressibility is the relaxation of the fiber 

network. Dependent on the loading cycle, the reinforcement may experience a viscoelastic 

recovery, permanent deformation, and/or elastic spring-back. Studying these phenomena has also 

been the aim of many researchers in LCM. The presence of resin or a test fluid in a preform 

during compaction also has been seen to influence compressibility and is of interest for certain 

LCM applications. 

 

Quantifying the compressibility of reinforcements has been of interest in LCM research for many 

years. Experimental methods including empirical modeling have been used successfully by many 

researchers. Investigators have also created theoretical models based on beam theory, 

micromechanical structures, and consideration of the reinforcement during nonlinear elastic and 

viscoelastic behavior [30].  
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2.2.2 Measurement Techniques 

While some theoretical models for the compressibility of fibrous reinforcements have been 

created, they are idealized for specific materials and non-robust so experimental characterization 

of preform compaction under loading and unloading is commonly employed. A common 

compaction experiment will include the loading and unloading of fibrous reinforcement in a 

matched metal mold to empirically derive a relationship between loading/supplied pressure and 

the resulting preform fiber volume fraction/porosity. Li et al. [35] described a fixture used for 

both transverse compaction and permeability measurements of fibrous reinforcements. The 

fixture allowed a fiber bed to be compressed in a cavity under constant compaction pressure 

while micrometers with dial indicators measured the change in the reinforcement’s thickness. 

They used the relationship in Equation 2 to define the reinforcement’s fiber volume fraction in 

terms of the measured thickness. 

 
𝑉𝑓 =

𝑛𝐴𝑤
𝑡𝜌𝑓

 (2) 

Areal Weight 
Here, 𝑉𝑓 is the fiber volume fraction, 𝐴𝑤 is the reinforcement areal weight,  𝑛 is the number of 

layers of the reinforcement, 𝑡 is the sample thickness, and 𝜌𝑓 is the density of the fibers 

constituting the reinforcement. The fixture also featured porous compaction plates so that a test 

fluid could be introduced during compaction experiments. Grimsley et al. [36], [37] performed 

preform compaction experiments for VARTM characterization with a fixture that employed a 

vacuum bag for compression and allowed for resin infusion. A linear variable displacement 

transducer (LVDT) and a laser gage were used to measure the instantaneous preform thickness. 

The fiber volume fractions for these measurements were also derived from Equation 2. 

Somashekar et al. [38] used fixture that was loaded in an electromechanical testing frame. The 

fixture consisted of a top compression platen attached to the testing frame’s crosshead and load 
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cell, while the material to be compacted was placed on a bottom platen. Laser gages were used to 

measure the sample thickness during loading and unloading while a specified strain rate of 

compaction was applied. The compaction study performed in this thesis reflects this method of 

Somashekar et al. [38]. The details of which will be described in Chapter 3.  

 

Additionally, the relaxation of a reinforcement may be studied using a similar setup to 

compaction experiments. A typical relaxation experiment involves applying some type of  

loading/unloading cycle or strain rate to a reinforcement sample, then stopping the load and 

measuring the stress as a function of time as sample thickness is kept constant [39]. Somashekar 

et al. [38] used their compaction fixture to investigate the viscoelastic recovery of reinforcements 

through single compaction hold and quick release experiments and cyclical loading and 

unloading experiments.  

 

2.2.3 Empirical Models and Experimental Trends 

To quantify the compaction of wool samples, Van Wyk [40] applied a power law model, seen in 

Equation 3 based on beam theory, to empirically relate the applied stress, 𝜎,  the fiber volume 

fraction, 𝑉𝑓, and experimental constants 𝑎 and 𝑏.  

 𝜎 = 𝑎(𝑉𝑓)
𝑏
 (3) 

Although this model is simplistic in nature and lacks certain physical and geometrical 

consideration, it has been found to be successful spawning similar variations from following 

researchers [30]. Batch et al. [41] used a heuristic method to describe the applied compaction 

pressure in terms of the reinforcement’s spring constant, 𝐾, which is defined as a function of 

fiber volume fraction, and 𝑉0 is the initial fiber volume fraction. This is seen in Equation 4. 
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 𝑃 = 𝐾(𝑉𝑓)(𝑉𝑓 − 𝑉0) (4) 

The spring constant was defined to be independent of fiber volume fraction or 𝐾 = 𝐾0 when 𝑉𝑓 

is less than 𝑉𝑐𝑜𝑛𝑡, defined in Equation 5 where 𝑉𝑎 is the high limit fiber volume fraction and 𝜂 is 

a parameter of the reinforcement architecture. 

 
𝑉𝑐𝑜𝑛𝑡 = (

1

𝑉0
− 𝜂 (

1

𝑉0
−
1

𝑉𝑎
))

−1

 

 

(5) 

Batch et al. [41] further defined the spring constant for 𝑉𝑓 ≥ 𝑉𝑐𝑜𝑛𝑡  as 

 
𝐾 = 𝐾0 (

1/𝑉𝑐𝑜𝑛𝑡 − 1/𝑉𝑎
1/𝑉𝑓 − 1/𝑉𝑎

) (6) 

 
They denoted that the parameters 𝐾0, 𝑉𝑐𝑜𝑛𝑡, 𝑉0, and 𝑉𝑎 are all to be fitted to experimental 

compaction curves. Others [42] have employed a least squares polynomial fit for their 

experimental compaction curves. Several researchers [43]–[46] have found good empirical fits of 

reinforcement loading curves to follow the simple power law of form in Equation 7 where 𝑃 is 

the supplied compaction pressure. 

 𝑉𝑓 = 𝑎(𝑃)𝑏 (7) 

Robitaille and Gauvin [46] reviewed multiple published compressibility experiments of random 

mats and woven fabrics and fitted the compaction results to Equation 7. The researchers also 

fitted relaxation experiments to the empirical model seen in Equation 8 where 𝑃0 is the initial 

supplied compaction pressure, 𝑡 is the elapsed time, and 𝑐 and 𝑑 are experimentally derived 

constants. 

 𝑃

𝑃0
= 1 − 𝑐𝑡(1/𝑑) (8) 

 
Robitaille and Gauvin [46] further went to give meaning to the empirical constants 𝑎 through 𝑑 

used in Equation 7 and Equation 8. They defined 𝑎 as the fiber volume fraction for compaction 



22 
 

pressure equal to 1 Pa (or essentially the initial fiber volume fraction), and 𝑏 was defined as the 

compaction stiffening index, which is a value less than 1. For the relaxation model, 𝑐 was 

defined as the pressure decay after 1 second, and 𝑑 was called the relaxation index. The authors 

further defined a representative rigidity of the reinforcement, 𝑀, which was based on the linear 

slope of a line passing through a low pressure point and the maximum compaction pressure 

reached. The fiber volume fraction reached during each experiment was defined as the 

representative fiber volume fraction or 𝑅𝑉𝑓. Using these parameters, the investigators made 

several generalizations over the experimental results surveyed. As the number of plies in the 

reinforcements increased, 𝑀 and 𝑎 were found to increase while 𝑏 decreased and 𝑅𝑉𝑓 decreased 

for the oven materials. The compaction curves were seen to move progressively lower as the 

fiber volume fraction reached 𝑅𝑉𝑓. Successive compaction cycles for the same sample were seen 

to increase 𝑎 and 𝑅𝑉𝑓 while 𝑏 descreased. An increase in 𝑀 was also seen for woven fabrics in 

this case. For relaxation experiments, less relaxation was seen as the applied pressure increased. 

More relaxation was seen as the number of reinforcement plies or layers increased.  

 

Regarding the observed hysteresis of loading/unloading cycles, in general, this phenomenon has 

been found to be low for 2D fiber arrangements [34]. Although, significant hysteresis has been 

found with compaction of glass fiber reinforcements [39] and in alumina preforms [47]. These 

preforms of high compaction cycle hysteresis are stated by Michaud and Mortensen [34] to 

possess fibers or binder material oriented along orthogonal to the testing axis. The researchers 

also stated that there is no current model for reinforcement relaxation when hysteresis is 

significant, and therefore phenomenological fitting is used. 
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Another important consideration during compaction experiments is the presence of a fluid. In 

some debulking and LCM processes, the compaction of a resin saturated or partially saturated 

preform may be relevant. This is especially pertinent to the VARTM process where first the 

reinforcement experiences dry compaction, and then upon resin infiltration, a wetting 

compaction and spring-back occur [36], [37]. To study this, researchers have performed wetted 

compaction experiments. Under wetted conditions, the arrangement of the fibrous network is 

altered due a lubricating effect from the wetting fluid and results in an increase of compaction 

[36]. Robitaille and Gauvin [46] also noted this trend in their review of compaction experiments 

as they noted the addition of a lubricant raises the representative fiber volume fraction (𝑅𝑉𝑓).  

 

For the VARTM process or with the presence of resin in the reinforcement, the transverse 

equilibrium inside the mold has been defined as the pressure balance seen in Equation 9 [36], 

[37]. Here, 𝑃𝑎𝑡𝑚 is the applied atmospheric pressure, 𝑃𝑟 is the resin pressure, and 𝑃𝑓 is the 

pressure supported by the fiber preform.  

 𝑃𝑎𝑡𝑚 = 𝑃𝑟 + 𝑃𝑓 (9) 

Grimsley et al. [36], [37] used the relation in Equation 10 to define fiber volume fraction during 

their VARTM compaction experiments in terms of the compressive strain rate, 𝜀, and the initial 

reinforcement porosity, 𝜑0.  

 
𝑉𝑓 =

1 − 𝜑0
1 − 𝜀

 
(10) 

 
Initially in VARTM, the preform is compacted in a dry state by the vacuum pressure. Then resin 

is injected and the local net pressure applied to the preform drops as described in Equation 9 

[37]. With these physics of the VARTM process in mind, Grimsley et al. [36], [37] described the 

compressive strain experienced by the preform with a dry loading compaction test fitted to the 
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empirical formula in Equation 11. Additionally, they used a wet unloading compaction test fitted 

with Equation 12 to describe the wetted strain experienced in the preform. 

 𝜀𝑑𝑟𝑦 = 𝑎𝑑𝑟𝑦(1 − 𝑒
(𝑏𝑑𝑟𝑦𝑃𝑓)) (11) 

 
𝜀𝑤𝑒𝑡 = 𝑎𝑤𝑒𝑡 + 𝑏𝑤𝑒𝑡 (

𝑃𝑓

𝑐𝑤𝑒𝑡 + 𝑃𝑓
) (12) 

 
The wet and dry strains are defined in terms of the fiber pressure, 𝑃𝑓, while 𝑎, 𝑏 and 𝑐 are 

constants from either the wet or dry compaction curves.  

 

Regarding to the reproducibility in experimental results, compaction pressure will vary among 

samples. Generally, greater variation in compaction results are seen in preforms that allow 

significant nesting between layers [48]. Variation not caused by significant nesting has also been 

noted in literature. Bickerton et al. [49] have noted significant variations in compaction stresses,  

which were attributed to the variability in the structure of the reinforcement itself and also the 

variability introduced from the stacking of preform layers. Experimental variables should be 

controlled as best as possible by the investigator to avoid significant compaction variation 

between samples. This although, as reported by Bickerton et al. [49], will not guarantee good 

sample repeatability. The relative stochastic nature of fibrous reinforcements may always play a 

role in compaction experiments.    

 

2.2.4 Analytical, Semi-analytical, and Numerical Models 

Cai and Gutowski [50] described the deformation of a fiber bundle by considering the fibers as 

beams that are bent between fiber contact points under compressive forces. The authors defined 

the following relationship in Equation 13.  
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𝑃𝑓 =
3𝜋𝐸

𝛽4

(1 −√
𝑉𝑓
𝑉0
)

(√
𝑉𝑎
𝑉𝑓
− 1)

4 

 

(13) 

Gutowski  [50]  

In this model, 𝐸 is the Young’s modulus of the fiber, 𝛽 is the span length-to-height ratio for the 

fibers treated as beams, 𝑉0 is the initial fiber volume fraction, and 𝑉𝑎 is the maximum available 

fiber volume fraction. This model has generally been applied semi-analytically to fit 

experimental curves as the parameters 𝛽 and 𝑉𝑎 are difficult measure directly [35]. Toll et al. 

[51], [52] employed micromechanical theory to develop a relationship of compaction pressure 

and fiber volume fraction for fiber networks including a general 3D wad, a planar mat of 

dispersed fibers, a bundle of parallel fibers and woven mats. Using statistical determination of 

fiber contact points, power law relationships were developed for each configuration. Michaud 

and Mortensen [34] summarized these relationships into the form seen in Equation 14. 

 𝑃𝑓 = 𝑘𝐸(𝑉𝑓 − 𝑉0)
𝑛
 (14) 

In this equation, 𝑘 and 𝑛 are analytical parameters dependent on the arrangement of the fiber 

network. Chen et al. [33], [53], [54] applied a unit cell approach to model compaction behavior 

of woven fabrics. The researchers created analytical expressions for the idealized geometries 

used. They concluded that their compaction models delivered good quantification of the preform 

geometry allowing for better representation of the resin flow channels than their previous 

models.  Verpoest and Lomov [55] applied a robust approach where micromechanical models for 

compaction were integrated with WiseTex, a software package that allows generation of the unit 

cell internal geometries of woven, braided, knitted, and multi-axial multi-ply stitched non-crimp 

fabrics (NCF).  Lin et al. [56] used a similar unit cell geometrical software tool in TexGen, an 
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open source code developed at Nottingham University, to model fabric compression. The 

researchers applied a finite element modeling technique with TexGen created geometry of a 

plain weave fabric. They found that the model captured the fabric compression response 

including material nonlinearities, yarn interactions, as well as hysteresis. Nguyen et al. [57] also 

applied a meso-scale unit cell modeling approach using the finite element method for a woven 

fabric. They created their unit cell geometry and meshes with software developed by Hivet and 

Boisse [58]. With this computational setup, the investigators were able to carry out simulated 

compaction tests with multiple layers of the woven fabric.  

 

In recent years, numerical models for compaction have offered a much promise, incorporating 

the detailed geometric consideration that analytic models lack. Numerical models are now 

becoming more robust and moving towards a more ideal approach, where draping models 

including preform compaction are now being coupled directly with resin infiltration models [20].  

 

2.3 Reinforcement/Preform Permeability 

2.3.1 Defining Permeability  

2.3.1.1 Darcy’s Law 

The most critical parameter of the RTM mold filling stage is the preform permeability [43]. 

Permeability describes the ease of fluid flow through a porous media. Henry Darcy [59] first 

described the flow through a porous media by observing water flow through sand beds. He 

concluded the following empirical relationship seen in Equation 15. 

 
𝑄 = 

𝑆𝐴

µ

∆𝑃

𝐿
 (15) 
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Darcy’s law equates the volumetric flow rate of fluid, 𝑄, to a quantity of the permeability, 𝑆, 

fluid viscosity, µ, cross-sectional area normal to the flow, 𝐴, and pressure difference, 𝛥𝑃, over a 

length in the direction of flow, 𝐿. By dividing each side of the equation by the area, Darcy’s law 

can also be expressed in the fashion seen in Equation 16. 

 
𝑞 = − 

1

µ
[S]∇𝑃 (16) 

 
Here, 𝑞 is the fluid superficial velocity, and ∇𝑃 is the pressure gradient, which is the pressure 

difference over the length in the direction of flow. As discussed at the beginning of this review, 

Darcy’s law has been widely accepted in the composite processing community to describe flow 

through a fibrous reinforcement in LCM processes. Here, permeability is the key parameter of 

units of meters squared. Permeability is function of the reinforcement geometry and fiber volume 

fraction. The fiber volume fraction of the reinforcement or 𝑉𝑓 is directly related to the porosity or 

𝜑 of the medium by the relationship seen in Equation 17.  

 
𝜑 = 1 − 𝑉𝑓 (17) 

 
In general, permeability decreases as fiber volume fraction of a fibrous reinforcement increases. 

This relationship is well understood and has been reported in a review of experimental 

permeability measurements [60]. Higher fiber volume fraction directly relates to less porous 

zones for fluids to permeate, creating a greater pressure differential needed to overcome the 

permeability. As for geometry, tightly woven fabrics are seen to have a lower permeability in 

LCM processes than loosely woven/braided fabrics as resin has less porous zones and gaps to 

more easily permeate. Defining this permeability parameter has been researched widely through 

experimental and theoretical work for varying reinforcements and preforms.  
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Permeability is a tensor and a directional property depending on preform type. Preforms 

composed of random fiber mats have been found to be isotropic in nature, where permeability is 

found to be the same in all directions of the reinforcement [60]. For anisotropic preforms, a three 

dimensional form of Darcy’s law must applied to describe the flow. This is seen in open form in 

Equation 18. 

 
{

𝑞𝑥
𝑞𝑦
𝑞𝑧
} = −

1

µ
[

𝑆𝑥𝑥 𝑆𝑥𝑦 𝑆𝑥𝑧
𝑆𝑦𝑥 𝑆𝑦𝑦 𝑆𝑦𝑧
𝑆𝑧𝑥 𝑆𝑧𝑦 𝑆𝑧𝑧

] [

𝜕𝑃/𝜕𝑥
𝜕𝑃/𝜕𝑦
𝜕𝑃/𝜕𝑧

] (18) 

 
The x-, y- and z-directions are represented here where the x- and y-components represent the in-

plane directions and the z-direction is through the thickness. Often for directional fabric 

reinforcements, the x-direction is defined to be parallel to the warp, and the y-direction is along 

the weft/fill or 90° from the warp. The z-direction is then normal to the x-y plane. The 

permeability tensor can be diagonalized by a coordinate transformation seen in Equation 19 to 

produce a set of three principal permeabilities 𝑆11, 𝑆22, and 𝑆33 where 𝑇 is the transformation 

matrix. 

 
[

𝑆𝑥𝑥 𝑆𝑥𝑦 𝑆𝑥𝑧
𝑆𝑦𝑥 𝑆𝑦𝑦 𝑆𝑦𝑧
𝑆𝑧𝑥 𝑆𝑧𝑦 𝑆𝑧𝑧

] = [𝑇] [
𝑆11 0 0
0 𝑆22 0
0 0 𝑆33

] [𝑇]𝑇 (19) 

 
The principal permeabilities and their directions are often of interest for RTM modeling. 

Generally, preforms can often be considered orthotropic in nature. For these orthotropic 

preforms, three-dimensional Darcy’s law seen in Equation 18 will reduce to a one-dimensional 

form for the x-, y- and z-directions [44]. These relations can be seen in Equation 20. 

 
𝑞𝑥 = −

𝑆𝑥𝑥
𝜇

𝑑𝑃

𝑑𝑥
 (20a) 
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𝑞𝑦 = −

𝑆𝑦𝑦

𝜇

𝑑𝑃

𝑑𝑦
 (20b) 

 

 
𝑞𝑧 = −

𝑆𝑧𝑧
𝜇

𝑑𝑃

𝑑𝑧
 (20c) 

 
With this formulation, a series of one-dimensional experiments are able to be carried out to 

determine the permeability tensor of an orthotropic preform or reinforcement of interest. Using 

the formulation in Equation 20, measurements can be made in the in-plane domain (x-y plane), 

including an x-direction, y-direction and an off-axis measurement of 45° from the x-axis. This 

allows a two-dimensional diagonalization of the permeability tensor to be performed resulting in 

in-plane principal permeabilities 𝑆11 and 𝑆22 and their orientations, while a final measurement in 

the z-direction will effectively produce the third principal permeability [45]. Considering two-

dimensional permeability or the in-plane directions only, the permeability tensor takes the form 

seen in Equation 21.  

 
[𝑆] = [

𝑆𝑥𝑥 𝑆𝑥𝑦
𝑆𝑥𝑦 𝑆𝑦𝑦

] (21) 

 
In this two-dimensional system, the permeability tensor components are related to two principal 

in-plane permeabilities and a principal coordinate system, which can be seen in Equation 22 

where 𝛽 is the angle between the first principal permeability and x- or warp axis [6].  

 
𝑆𝑥𝑥 =

𝑆11 + 𝑆22
2

+
𝑆11 − 𝑆22

2
cos 2𝛽 (22a) 

 

 
𝑆𝑥𝑦 =

𝑆11 − 𝑆22
2

sin 2𝛽 (22b) 

 

 
𝑆𝑦𝑦 =

𝑆11 + 𝑆22
2

−
𝑆11 − 𝑆22

2
cos 2𝛽 (22c) 
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This angle 𝛽 is often of high interest in process modeling as it defines the orientation of principal 

flow direction, and 90° to this angle is the second principal permeability or direction of highest 

resistance to flow. This orientation angle can be observed in two-dimensional radial infusions of 

preforms or it can be determined by a series of one dimensional channel flow experiments as 

described by Fingerson [45] or by Weitzenböck [61]. Methods of this nature will be discussed in 

more detail in the Measurement Techniques section. 

 

Commonly in RTM, infusions are made parallel to the direction of the fabric preform, and parts 

are relatively thin compared to their length. Due to this, resin flow is often assumed to be a two-

dimensional problem where in-plane permeabilities are dominant [6]. With thicker parts and 

complex part geometry, transverse permeability plays a larger role in the description of the mold 

fill and must be investigated. For this study, in-plane and transverse or through-thickness 

permeabilities will be investigated for a more robust characterization of the reinforcements of 

interest.  

 

2.3.1.2 Assumptions 

It should be noted that a Darcy’s law formulation for permeability is valid upon the assumption 

of Newtonian fluid and creeping flow or a low Reynolds number [62]. Interpretation of the 

Reynolds number for fibrous reinforcements varies depending on length scale and fabric type. 

Engineering judgment must be used when defining the characteristic length used in the Reynolds 

number calculation. Gauvin et al. [63] defined 𝑅𝑒 as the Reynolds number for continuous strand 

mats with a characteristic length of 𝑑𝑓 or the roving diameter seen in Equation 23, where 𝜌 is the 

fluid mass density, 𝜇 is the dynamic viscosity and 𝑣 is the flow velocity.  
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𝑅𝑒 =

𝜌𝑣𝑑𝑓

𝜇
 (23) 

 
Drapier et al. [64], in perhaps a more sensical approach, defined a maximum Reynolds number 

for their studied biaxial stitched fabric in Equation 24.  

 
𝑅𝑒𝑚𝑎𝑥 =

𝜌𝑣𝑚𝑎𝑥𝑑

𝜇
 (24) 

 
Here, 𝑣𝑚𝑎𝑥 is defined as the maximum fluid velocity encountered and 𝑑 is the largest 

characteristic length defined as the largest stitching hole that was measured from micrographs of 

the reinforcement. The authors were able to show a maximum Reynolds number that was far less 

than 1. Shojaei et al. [65] defined Reynolds number using the square root of preform 

permeability as the characteristic length in Equation 25. 

 
𝑅𝑒 =

𝑣∗𝜌√𝑆

𝜇
 (25) 

 
Here, 𝑆 is the preform permeability and 𝑣∗ is the average particle velocity, which is related to the 

Darcy velocity by the relationship 

 𝑣∗ =
𝑣

𝜑
 (26) 

 
This relation uses the Darcy velocity, 𝑣, and the preform porosity, 𝜑, to define the average 

particle velocity. The significance of non-Darcy flow will be investigated in Chapter 6, as high 

flow rates or injections pressures have been used in industry during RTM applications and this 

flow scenario may be applicable.  

 

2.3.2 Measurement Techniques 

There is no universally accepted, standard method for permeability measurements of LCM 

reinforcements. Basic test methods use similar formulation to determine permeability, but have 
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many variants of fixture types and test parameters. Measurement of reinforcement permeability 

is known to be notoriously variable in results where variation has been found to be up to an order 

of magnitude between test methods for the same material [66]. Attempts have been made to 

standardize methods for collaborative measurement studies where setup consistency and error 

reduction is of main focus [66]–[69]. Other standardization efforts include a permeability 

database creation [70], a proposed 3D woven reference fabric [71], and a proposed epoxy-based 

reference test specimen not of fibrous architecture [18].   

 

Of the myriad of measurement techniques employed to obtain the permeability parameter for 

preforms used in resin infusion modeling, general formulation is based on Darcy’s law. At a 

most basic level, these techniques generally fall in either 1D channel flow or 2D radial 

measurement methods, while a few methods [72]–[76] have been developed to measure 3D 

permeability tensor of a preform. One-dimensional methods involve linearly injecting a test fluid 

(line-source to line-sink) into a preform placed in a rectangular cavity. Radial measurements are 

conducted by centrally injecting a test fluid in a preform and observing the resulting propagation 

of the flow front ellipse in the in-plane directions. Although other methods have also been used 

to obtain permeability, this research will focus on linear injection and radial methods, as these 

are most common and are used in this study. Other notable methods researchers have employed 

include capillary rise techniques to find tow or fiber bundle permeability [77]–[79].  

 

2.3.2.1 1D Linear Techniques 

The basis of the 1D channel flow permeability measurement techniques is to isolate one direction 

of a preform by a linear fluid injection to obtain one component of the permeability tensor. One-
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dimensional flow experiments can be made in either a transient or steady-state case. There are 

benefits and disadvantages to each case. Transient or advancing flow front methods involve a 

measurement of an unsaturated permeability and reflect the transient nature seen an actual RTM 

mold fill. Steady-state or saturated permeability methods are conducted after a preform has been 

completely filled with test fluid. This is at a different physical state than seen in RTM mold fills, 

but these saturated methods allow the ability to measure permeability at unlimited fiber volume 

fractions or preform thicknesses with one sample, while transient techniques can only be tested 

at a single fiber volume fraction [45]. In this respect, saturated methods allow a user to develop a 

much larger range of data points for a preform than what could be done with an unsaturated 

experiment on a sample/material amount basis. Methods and fixtures have also been developed 

to allow an investigation on both unsaturated and saturated flow in a single test sample [11], 

[45]. This is done by first measuring unsaturated permeability in a transient injection, then taking 

steady state measurements at the same or higher fiber volume fraction of the original infusion.   

 

In experimental measurements of saturated permeability, a constant flow rate injection is used to 

permeate the preform and measurements are made after flow has reached a steady-state 

condition. With this technique, saturated permeability 𝑆𝑠𝑎𝑡 can be determined using a Darcy’s 

law formulation seen in Equation 27.  

 
𝑆𝑠𝑎𝑡 =

𝑄𝜇𝐿

𝐴∆𝑃
 (27) 

 
This formulation is used for saturated 1D, in-plane permeability measurements, but also can be 

used successfully in through-thickness or 𝑆𝑧𝑧 measurements with appropriately designed test 

fixtures [44], [45]. In steady-state flow experiments, the volumetric flow rate, 𝑄 should have a 

linear relationship with pressure drop across the preform. A researcher can obtain the saturated 
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permeability over a range of flow rates for a given fiber volume fraction. Any significant 

nonlinearity seen in pressure versus flow rate curves during these investigations points to 

possible test discrepancies of fixture leaking, progressive fiber displacement, or presence of 

inertial effects.  

 

For unsaturated flow methods, either a constant flow rate injection is used and the pressure drop 

across the preform is measured, or a constant pressure injection is used and the flow front 

position at a given time after initiation is measured.  For 1D, transient or advancing front cases 

Darcy’s law can be expressed on a temporal basis seen in Equation 28 where 𝑥(𝑡) represents the 

flow front position (relative to the inlet) at time, 𝑡 [60]. 

 𝑑𝑥

𝑑𝑡
=

𝑆

𝜇𝜑

∆𝑃(𝑡)

𝑥(𝑡)
 (28) 

 
Integrating this equation yields a solution for transient, unsaturated permeability, 𝑆𝑢𝑛𝑠𝑎𝑡, for 

constant pressure injections seen in Equation 29 with initial condition of x(0) = 0 [60]. 

 
𝑆𝑢𝑛𝑠𝑎𝑡 =

𝑥2(𝑡)𝜇𝜑

2𝑡∆𝑃
 (29) 

 
This formulation is used for in-plane directions. Note that to measure a flow front position at a 

given time, an unsaturated permeability fixture usually is implemented with a visualization 

window and the infusion is recorded for analysis or the fixture is outfitted with in-cavity pressure 

sensors along the flow path. At constant pressure injections, the flow front velocity slows with 

increasing time and distance from inlet. To account for capillary effects, the capillary pressure 

should be added to the pressure difference term used in Equation 29 [60]. If a constant flow rate 

injection is used for measuring unsaturated permeability, the formulation seen in Equation 30 

should be used.  
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𝑆𝑢𝑛𝑠𝑎𝑡 =

𝑄𝜇𝑥

𝐴∆𝑃
 (30) 

 
Here, 𝑥 represents the length at which the flow front has reached and ∆𝑃 is the instantaneous 

pressure difference between the mold and atmospheric pressure. In constant flow rate, transient 

experiments, the flow front position should be known for any time given the geometry of the 

mold cavity, while the pressure varies with time and increasing flow front position.  

 

2.3.2.2 2D Radial Technique 

Radial permeability measurement techniques allow the in-plane permeabilities of a fabric to be 

determined in a single infusion. Test fluid is injected at a circular inlet port at a central location 

of a preform in a mold. The radially increasing flow front is then tracked over time in a transient 

case. Generally, radial methods involve a fixture outfitted with a clear top or bottom so that the 

flow front can be visually tracked, although some radial flow fixtures are designed with in-cavity 

pressure transducers or sensors to evaluate flow front position [80]. For isotropic preforms, often 

those of random fiber orientation, flow fronts advance in a circular shape as the permeability is 

the same in all directions [60]. Weitzenböck et al. [81] defined the unsaturated radial 

permeability, 𝑆𝑢𝑛𝑠𝑎𝑡 for isotropic reinforcements to be that seen in Equation 31 where t is the 

time from initiation, 𝑟𝑓 is the radius of the flow front, and 𝑟0 is the radius of the inlet.  

 
𝑆𝑢𝑛𝑠𝑎𝑡 =

𝜇𝜑

4𝑡∆𝑃
{𝑟𝑓
2[2 ln(𝑟𝑓/𝑟0) − 1] + 𝑟0

2} (31) 

 
Weitzenböck et al. [81] also defined the unsaturated radial permeability for orthotropic materials 

along both the x- and y- directions seen in Equation 32 and Equation 33 respectively. Here 𝑥𝑓 

and 𝑦𝑓 are flow front position at time t of the each respective direction and 𝑥0 and 𝑦0 are the inlet 

radii.  
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𝑆𝑥𝑥
𝑢𝑛𝑠𝑎𝑡 =

𝜇𝜑

4𝑡∆𝑃
{𝑥𝑓
2[2 ln(𝑥𝑓/𝑥0) − 1] + 𝑥0

2} (32) 

 
 

𝑆𝑦𝑦
𝑢𝑛𝑠𝑎𝑡 =

𝜇𝜑

4𝑡∆𝑃
{𝑦𝑓

2[2 ln(𝑦𝑓/𝑦0) − 1] + 𝑦0
2} (33) 

 
When preparing preforms for radial permeability measurements, researchers have center hole-

punched their samples at the fixture inlet in order to eliminate any through thickness flow, 

allowing for purely in-plane fluid propagation [67], [80]. This technique is advisable when using 

reinforcements with low transverse permeability characteristics. Others have used a radial 

technique that does not employ a center hole-punch and has the additional ability to measure 

through-thickness permeability and in-plane flow to create a 3D measurement technique within a 

single infusion [72].   

 

2.3.3 Modeling and Prediction 

Regarding theoretical permeability modeling, Lundström et al. [67] stated that “the theoretical 

expressions that have been derived for the permeability are based on some specific and 

simplified fiber arrangement and do not apply to a general case”. This fact continues to drive the 

need for continuing experimental permeability measurement work and leaves a wanting for a 

robust and adaptive permeability modeling tool. Several types of general models have been used 

to characterize permeability for reinforcements: empirical, analytical, and numerical. These 

models are often used to describe preform permeability as a function of fiber volume fraction 

and geometry. While empirical models may present the most accurate and representative values, 

they are based on time-consuming experimental characterization. Analytical and semi-analytical 

models offer a reduction in experimentation but are often too idealized for application to 

complex geometry preforms. Numerical permeability prediction has gained capability in recent 
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years and looks to be a promising future alternative to experimental measurements, although 

added complexity to the numerical simulations can become computationally costly.    

 

2.3.3.1 Empirical Models 

Often, it is useful to model experimentally produced permeability over a range of fiber volume 

fractions. If a suitable fit is found for a range measured permeabilities at several points of fiber 

volume fraction, an accurate prediction of permeability can be extrapolated at fiber volume 

fractions that were not tested with the specific preform. Multiple relations have been used to 

model empirical trends in permeability throughout LCM research. A generalized version of the 

Carman-Kozeny equation, seen in Equation 34, has been applied by many researchers to fit their 

permeability measurements over a range of fiber volume fractions where 𝑎 and 𝑏 are constants 

[6].  

 
𝑆 =

𝑎(1 − 𝑉𝑓)
𝑏+1

𝑉𝑓
𝑏  (34) 

 
Kim et al. [82] proposed a model of form in Equation 35 where 𝑉𝑓∞  is the fiber volume fraction 

at maximum compression and the model is valid when 𝑉𝑓 ≤ 𝑉𝑓∞ and when 1 ≤ 𝑏 ≤ 1/𝑉𝑓∞.  

 
𝑆 = 𝑎(𝑏𝑉𝑓∞ − 𝑉𝑓)

4
 (35) 

 
Gauvin et al. [63] developed the empirical model seen in Equation 36 for continuous strand mats, 

where 𝑎, 𝑏, and 𝑐 are constants and 𝜑 is the mat porosity.  

 
𝑆 = 𝑎 + 𝑏𝑒(𝑐𝜑) (36) 

 
Tuncol [44] found good empirical fits for the fiber volume fraction range tested using a similar 

exponential model in Equation 37.  
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𝑆 = 𝑎𝑒(𝑏𝑉𝑓) (37) 

 
Several other researchers [36], [37], [43], [45], [83], [84] have found an appropriate fit using a 

power law regression, seen in Equation 38, over a range of reinforcements. 

 
𝑆 = 𝑎(𝑉𝑓)

𝑏
 (38) 

 
Overall, any empirical model can be justified to describe permeability if a good fit is resultant.  

 

2.3.3.2 Semi-analytical and Analytic Models 

Analytical and semi-analytical models for permeability prediction have been of interest in the 

LCM community for decades. The ability to reduce experimental preform characterization or to 

eliminate it entirely has great time and resource saving potential for LCM process modeling. 

Researchers have employed method to predict permeability simply from the geometry of the 

reinforcement alone using the lubrication approach. Due to the complexities of reinforcement 

architectures and the dependence of permeability on geometry, accurate analytical prediction 

different reinforcement types can be a difficult.  

   

Many researchers have employed the Carmen-Kozeny equation to predict permeability for 

unidirectional reinforcements [6]. While the relation was originally used for flow through 

isotropic media composed of spherical particles, a modified version is used to describe flow 

through a cylinder bed representative of aligned fibers [7]. This modified version of the Carman-

Kozeny relation defines permeability in Equation 39.  

 
𝑆 =

𝑟𝑓
2

4𝐶𝑘

(1 − 𝑉𝑓)
3

𝑉𝑓
2  (39) 
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Here, 𝑟𝑓 is the fiber radius, 𝐶𝑘 is the Kozeny constant, and 𝑉𝑓 is the fiber volume fraction. The 

Kozeny constant then has to be determined and possesses different values for flow parallel and 

perpendicular to the fiber bed. This relation was modified by Gutowski et al. [85] to account for 

that fact that the Carman-Kozeny equation predicts a non-zero permeability at fiber volume 

fractions higher than the theoretical maximum [7]. Gutowski et al. [85] proposed the following 

modification for transverse permeability in Equation 40.  

 

𝑆 =
𝑟𝑓
2

4𝐶𝑘′

(√
𝑉𝑎′
𝑉𝑓
− 1)

3

(
𝑉𝑎′
𝑉𝑓
+ 1)

 
(40) 

 
In this equation, 𝐶𝑘′ and 𝑉𝑎′ are empirical parameters where 𝑉𝑎′ is the maximum available fiber 

volume fraction.  Later, Gebart [86] proposed that both the Carman-Kozeny equation and the 

model from Gutowski et al. [85] lacked in detailed geometric consideration and could be 

improved upon. Gebart [86] introduced the geometries of quadratic and hexagonal fiber packing 

arrangements into a model for unidirectional permeability. Permeabilities parallel and 

perpendicular to the fiber bed then were defined for quadratic and hexagonal fiber packing as 

seen in Equation 41 and Equation 42.  

 
𝑆∥ =

8𝑟𝑓
2

𝐶∥
(
1 − 𝑉𝑓

𝑉𝑓
2 )

3

 (41) 

 
 

𝑆⊥ = 𝐶⊥ (√
𝑉𝑓𝑚𝑎𝑥

𝑉𝑓
− 1)

5/2

𝑟𝑓
2 (42) 

 
Here, the maximum fiber volume fraction, 𝑉𝑓𝑚𝑎𝑥, constant 𝐶∥ and constant  𝐶⊥ are defined by 

fiber packing arrangement in Table 2.1.  
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Table 2.1: Parameters for Permeability Prediction from Gebart [86] 

Fiber Arrangement 𝑪∥ 𝑪⊥ 𝑽𝒇𝒎𝒂𝒙 

Quadratic 57 
16

9𝜋√2
 

𝜋

4
 

Hexagonal 53 
16

9𝜋√6
 

𝜋

2√3
 

 

Gebart’s [86] models for permeability have continually been used by researchers to define 

unidirectional permeability. The models have also been found successful in application for 

prediction of intra-tow permeability in more complex fabrics [87]–[89]. Further models for 

permeability have also been created, but will not be discussed here. Several more of these 

resources can be found in [90]–[94]. While the predictions of permeability in aligned fiber beds 

have been formulated in an analytical fashion, extensions of these predictions to complex 

geometry reinforcements requires a more robust approach. Here, numerical modeling can play an 

important role.  

 

2.3.3.3 Numerical/Unit Cell Predictions 

In recent years, researchers have begun to find success in numerically predicting preform 

permeability using the geometrical makeup of a fabric or reinforcement, often using a unit cell 

[84], [87]–[89], [95], [96]. The modeling is focused at the meso-scale and incorporates the dual-

scale porosity of intra-tow and inter-tow domains. Generally, this involves modeling the inter-

tow regions with Stokes flow and the intra-tow regions with Darcy flow [88]. With this 

approach, inputs include fabric geometry and permeability is the desired output. Contrarily, the 

practice of obtaining an experimental permeability tensor for a bulk preform, applying this tensor 

to a modeled domain, and solving the fluid equations in this region for a mold fill has been 
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commonplace in LCM research for many years. The details of this modeling approach, including 

resin cure kinetics and thermodynamic considerations, will not be discussed in this work. Further 

background in this area can be found in [29], [97]. Permeability prediction with a unit cell aims 

to reduce or eliminate the time consuming experimental characterization step of this numerical 

modeling process.  

  

Zeng et al. [87] used a numerical unit cell approach to predict permeability of the 2x2 twill 

weave carbon fabric that was widely characterized in an international benchmark study [66], 

[69]. They first geometrically characterized 9 layers of the fabric using x-ray micro-computed 

Tomography (µ-CT). These tow and architecture geometries were then used as inputs into the 

open source TexGen software developed from the University of Nottingham, which created a 

representative unit cell. The tows were treated as porous media and Gebart’s [86] analytical 

relations were used to define intra-tow permeability. The resulting intra-tow permeabilities were 

deemed low enough to assume tow impermeability. Multiple simulated infusions were then run 

on the modeled geometry in a computational fluid dynamics (CFD) package. The researchers 

also incorporated nesting possibilities into their simulations using a Latin hypercube sampling 

technique. It was concluded that, given accurate geometrical data, numerically predicted 

permeability could be more reliable than the experimental data produced in the first round of the 

benchmark exercise. Luchini et al. [84] used a similar approach to predict permeability in plain 

weave glass fabric. Fabric geometry was measured from optical microscopy of a finished 

composite laminate. This procedure took laminate measurements at the tow and intra-tow level. 

The intra-tow geometry consisting of a fiber packing arrangement, fiber volume fraction, and 

fiber diameter was characterized. Gebart’s [86] analytical expression was also used to find the 
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intra-tow permeability, and a representative unit cell was created in TexGen. Tows were treated 

as porous media using the predicted intra-tow permeability and gaps between tows were handled 

with Stokes flow. CFD simulations were run to produce a unit cell permeability, which compared 

very well to experimental saturated permeability measurements of the same fabric in both the 

warp and weft directions.  

  

Tan et al. [89] compared similar CFD permeability predictions of small and large representative 

unit cells of a biaxial stitched mat to experimental permeability. They also used Gebart’s [86] 

analytical permeability for tow permeability and applied an finite element method (FEM) 

approach to solve the fluid equations. It was found that the large unit cells over predicted 

permeability, while the small unit cells under predicted the permeability compared to the 

experimental results. Even with these results, the researchers stood by their conclusion that unit 

cell numerical modeling is still an effective method for permeability prediction. Chen et al. [88] 

also used a similar unit cell method and found acceptable agreement between numerical and 

published experimental permeability results for several plain weave fabrics.  

 

2.3.4 Other Factors of Consideration 

2.3.4.1 Reinforcement Architecture/Fabric Type  

Geometry and fiber volume fraction/porosity are the dominant factors affecting the permeability 

of fibrous reinforcements. Being that there are many different types of complex fiber architecture 

used to create preforms, the reported values of permeability vary greatly among reinforcement 

types. Among those types include random fiber mats, unidirectional, woven, braided, stitched, 

knitted and other architectures. These architecture types offer a wide scatter of potential resin 
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flow paths, which inherently affects the preform permeability. Also, a different fiber network 

may be used in the same architecture being carbon, glass or other fiber types, which can further 

create more possibility for permeability variation. Notably, preforms of natural fibers have been 

reported to swell upon saturation, reducing porosity and affectively increasing flow resistance 

[98]. Also, preforms featuring multiple fiber types (e.g. carbon and glass) can create further 

variability.   

  

As preform geometry as a major consideration, researchers have been able to prescribe some 

generalities for permeability and flow behavior based on architecture. While random fiber mats 

are known to be homogeneous in permeability, the presence of tows and gaps between tows in 

woven fabrics create a heterogeneous medium [99]. Unidirectional reinforcements have been 

seen to possess a higher permeability in the flow direction parallel to the fibers than that in the 

perpendicular direction. This relationship has also been observed in Gebart’s [86] model for 

unidirectional reinforcements. Endruweit and Long [100] investigated the in-plane principal 

permeabilities of triaxial braided carbon fabrics with differing fiber bias angles (angles from the 

warp axis or 0° line to the bias tow) at 45°, 60°, and 70°. With experimental data and numerical 

modeling, the authors presented permeability as a function of triaxial fabric tow bias angle. It 

was suggested that the first principal permeability was at 𝛽 = 0° for triaxial fabrics with bias 

fibers up to approximately 55°. With bias fibers greater than 55°, the first principal permeability 

was seen to shift from 𝛽 = 0° to 𝛽 = 90°. This result offers valuable insight for principal flow 

direction of triaxial fabrics and similar investigations could be applied to other braided fabrics, 

such as biaxial configurations. Permeabilities for other multiple fabric types are summarized in 

[60] by preform direction (𝑆𝑥𝑥 and 𝑆𝑦𝑦). Regarding local preform directions, generally the 
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transverse or through-thickness permeability is seen to be lower than that of the in-plane 

directions for most reinforcements [60]. Transverse permeability has been reported to be over 

two magnitudes lower than the in-plane permeabilities of the same preform [101].  Aside from 

any previously accepted generalization, understanding how fluid will flow through a specific 

reinforcement cannot be confidently known without first employing experimental 

characterization or robust modeling and simulation.  

 

2.3.4.2 Wettability, Fluid and Capillary Effects 

The effect of test fluid on experimental permeability measurements has been something of 

debate in LCM preform characterization. A variety of test fluids have been used in permeability 

experimentation throughout literature in lieu of actual thermosetting resins for reasons likely of 

cost and ease of use where presence of similar rheological properties may be found in the 

alternative fluid. Corn syrup [102]–[104] has commonly been used in experimental permeability 

measurements, as have mixtures of corn syrup, water, and dye [105]–[107]. Previous research 

has also justified the use of corn oil [82], hydraulic fluid [108], [109], silicon oil [110], [111], 

and motor oil [112] in various experimental scenarios. Other notable works have used gaseous 

fluids for permeability measurements including air [113], [114]. A study by Hammond and Loos 

[115] concluded that fluid type had little effect on steady-state and advancing front permeability 

while comparing corn oil, water and EPON 815 resin. Luo et al. [116] also concluded that fluid 

type had an insignificant effect on permeability compared to the experimental variation when 

comparing advancing front measurements made with silicone oil and diluted corn syrup.  

Contrarily, Steenkamer et al. [117] saw large variations in measured permeability with different 

test fluids of motor oil, diluted corn syrup and vinyl ester resin, and concluded that reinforcement 
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fabrics should be characterized with the actual resin to be used in the given application. It was 

concluded that capillary effects were the cause of the discrepancies between fluids.  

 

Altering the test fluid will inevitably alter interactions between the fibrous reinforcement and the 

permeant. Determining whether this has significance on a preform’s permeability is then the goal 

for obtaining accurate and representative measurements. Bahners [118] described wetting as “the 

result of simultaneous spreading on a rough surface, penetration, and capillary motion in the 

multi-porous system”. Material and fluid selection play a role in the wettability of a 

reinforcement as thermodynamic wetting is known to be dependent on the surface free energies 

(SFE) of the materials involved [119]. Fibers of the reinforcement can be studied for their 

interaction with test fluid/resin systems through contact angle and surface tension measurements. 

Low contact angles imply good fiber wetting, while a low permeant surface tension aids in 

elimination of void formation [115]. Surface treatments are often applied to fiber surfaces to aid 

in wetting or to optimize other properties like the adhesion characteristics between matrix and 

reinforcement [118]. The physics of wettability will not be discussed in detail in this review, 

more background can be found in [120].  

  

Multiple test methods have been adopted to measure the wettability of fibrous reinforcements 

including drop penetration tests, capillary rise tests, and tests employing the Wilhelmy method. 

Della Volpe et al. [121] investigated the applicability of using the Wilhelmy plate method, an 

immersion technique that evaluates the resulting forces, to measure fabric advancing and 

receding contact angles. They concluded that the method was applicable with reasonable error 

for stiff fabrics but not for soft fabrics. Bahners [118] concluded that due to complex nature of 
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textile fabrics geometry, the Wilhelmy method with textiles can only be used for qualitative 

analysis. The author further investigated other wettability measurement techniques including the 

sessile droplet, capillary rise methods, and the single fiber micro-Wilhelmy method. Bahners 

[118] concluded that although the stated methods can be useful for qualitative comparisons, the 

only reliable technique to measure contact angles and find the polar and dispersive components 

of SFE is through the single fiber micro-Wilhelmy method. This method is further explained in 

the Fluid Effects chapter, as it is used for characterization of IM7 fibers.   

  

Fluid selection also affects the capillary pressure/forces seen during infusions, which alongside 

the viscous forces, comprise the main driving forces of flow through a porous media [122]. 

Capillary pressure can be defined in terms of the surface tension and contact angle as seen in 

Equation 43. 

 
𝑃𝑐 =

𝜎 cos 𝜃

𝑚
 (43) 

 
Here, 𝑃𝑐 is the capillary pressure, 𝜎 is the surface tension, 𝜃 is the contact angle and 𝑟ℎ is the 

hydraulic radius which is defined in Equation 44 [123] where 𝑑𝑓 is the fiber diameter, 𝑉𝑓 is fiber 

volume fraction, and 𝐹 is a form factor (𝐹 =  4 for flow along axial tows and 𝐹 =  2 for 

transverse flow). 

 
𝑟ℎ = 

𝑑𝑓

𝐹

(1 − 𝑉𝑓)

𝑉𝑓
 (44) 

 
The capillary number, 𝐶𝑎, defined in Equation 45 can be used to compare the ratio of viscous 

forces to the capillary forces where here 𝜇 is the fluid viscosity, 𝑣 is the interstitial fluid velocity 

and 𝜎 again is the fluid surface tension [115].  

 
𝐶𝑎 = 

𝜇𝑣

𝜎
 (45) 
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Advancing front or unsaturated permeability can be compared versus the capillary number, thus 

displaying if permeability has dependence for a given range of produced data. Permeability was 

found to be independent of capillary number by Hammond et al. [43] for their tests.. Amico and 

Lekakou [124] and Lou et al. [116] both stated for injections pressures greater than 1 bar, the 

capillary effect of capillary pressure on permeability is insignificant and can be neglected.  

 

2.3.4.3 Dual-scale Porosity 

Complex fiber reinforcements often can be said to possess dual-scale porosity; a porous zone is 

defined at the tow level where gaps exist between the weave or braid of the tows, while the tows 

themselves are porous, composed of a cluster of individual fibers. Researchers observed 

behaviors of this dual scale porosity through comparisons of infusions with randomly aligned 

and directional fiber preforms. Parseval et al. [125] found that while plotting transient inlet 

pressure for a constant flow rate infusion, instead of seeing a linear increase of pressure as 

predicted by Darcy’s law (and also seen in random fiber mat infusions), the resulting pressure 

curved drooped for directional fabrics. This relationship is reproduced graphically in Figure 2.1.  

                             

Figure 2.1: Pressure Drooping Effect  
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Pillai and Advani [126] attributed this drooping effect to the dual scale porous nature of 

directional fabrics where the permeating fluid first fills the gaps between tows, then lagging tow 

saturation is seen behind the advancing flow front. They also developed a model that accurately 

corrected for this pressure drooping by introducing a sink term to the continuity equation as seen 

in Equation 46, which was substituted directly into Darcy’s law. 

 
∇ ∙ 𝒗 = −𝛼𝑠 (46) 

 
Here, v is the volume averaged velocity and 𝛼𝑠 is the sink term, which the researchers defined as 

the volumetric rate of liquid absorption. Recently, the sink term has been further employed by 

researchers to describe the phenomena characteristic of dual-scale porous media in LCM [127]–

[129].    

  

Pillai [99] defined a dual-scale fabric by a comparison of characteristic lengths. By comparing 

the length between tows, 𝐿𝑡𝑜𝑤, and the length between fibers within a tow, 𝑙𝑡𝑜𝑤, a dual-scale 

fabric for LCM considerations will exhibit a relationship of 𝐿𝑡𝑜𝑤 ≫ 𝑙𝑡𝑜𝑤 . If both characteristic 

lengths are of similar magnitude, the medium can be considered to possess a single scale of 

porosity (e.g. a random fiber mat). A later experimental study by Babu and Pillai [130] 

investigated multiple directional fabrics architectures for inlet pressure drooping and concluded 

some directional fabrics did not exhibit drooping pressure curves. The authors hypothesized that 

for a fabric to be considered dual-scale in nature, it then must possess “continuous uninterrupted 

macro-channels”. It is clear that reinforcements of interest should be characterized carefully 

before applying different models for resin flow and generalizations over entire fabric types. 
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Dependent on the geometry and fiber volume fraction, the fabric reinforcement of interest may 

or may not possess a significant state of dual scale porosity. 

  

Due to the transient saturation this dual scale model involves, it can be stated that in steady-state 

flow scenarios, the permeability will not be affected by this dual scale nature in the same way. 

Steady-state permeability measurements take place after a fabric reinforcement is fully saturated 

with fluid. Thus, one would assume that Darcy’s law in conjunction with continuity without a 

sink term would be sufficient to describe this flow, as no lagging saturation will be present. The 

difference between advancing front and saturated permeability then must be explored.  

 

2.3.4.4 State of Saturation  

Steady-state and advancing front permeability measurement techniques involve different flow 

considerations in porous media, and because of this, there has been much research regarding 

saturated versus unsaturated permeability in LCM [65], [67], [71], [98], [125], [131]–[136]. 

Mold fills will naturally occur in an advancing front flow. Due to this, any difference between 

permeability measurements made at a steady-state or in transient fill should be investigated. One 

might consider that because of the differences between saturated and unsaturated flow through 

porous media, advancing front permeability measurements should take priority over steady-state 

measurements. Although, the benefit of creating permeability values at a full range of fiber 

volume fractions from a single steady-state sample is attractive for reinforcement 

characterization. By comparison, unsaturated measurements involve a process of testing a single 

sample per volume fraction point of interest, which can lead to large material consumption and 



50 
 

labor time for a full volume fraction range of characterization. This aids to the practicality of 

somehow linking saturated permeability measurements to unsaturated values.  

 

A common comparison that has been made by researchers of LCM processes involves using a 

ratio of saturated and unsaturated permeability for a specific reinforcement. Review of the 

reported 𝑆𝑢𝑛𝑠𝑎𝑡/𝑆𝑠𝑎𝑡 values for multiple fabrics has shown a large scatter of results with ratio 

values ranging from ¼ to 4 [137]. This range of values are reported as constants, but 𝑆𝑢𝑛𝑠𝑎𝑡/𝑆𝑠𝑎𝑡 

has also been reported to vary during the saturation of a reinforcement [71], [125]. Pillai [137] 

discussed established techniques in flow through porous media transport theory, and offered a 

relationship between saturated and unsaturated values. Pillai [137] hypothesized that 

permeability will reflect the relation of Equation 47, where 𝑆𝑟𝑒𝑙 is the relative permeability.  

 
𝑆𝑢𝑛𝑠𝑎𝑡 = 𝑆𝑟𝑒𝑙𝑆𝑠𝑎𝑡 (47) 

 
In this relationship, 𝑠𝑟𝑒𝑙 is a function of saturation, and can only vary between 0 and 1, thus 

𝑆𝑢𝑛𝑠𝑎𝑡/𝑆𝑠𝑎𝑡 should never be greater than 1. Using this formulation, reinforcement permeability 

is then defined as a function of saturation. Bréard et al. [138] also explained this permeability 

relationship based on a function of saturation for purposes of numerical modeling. The 

researchers defined a geometrical permeability, 𝑆𝑔𝑒𝑜, which is an intrinsic property of the 

reinforcement. A relative permeability, 𝑆𝑟𝑒𝑙(𝑠), which is dependent on the degree of saturation, 𝑠 

was also defined. With these definitions, the permeability of the reinforcement as a function of 

saturation can then be represented in Equation 48 [138].  

 
𝑆(𝑠) =  𝑆𝑟𝑒𝑙(𝑠)𝑆𝑔𝑒𝑜 (48) 
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The researchers then presented a mathematical fit allowing the relative permeability to be 

defined by the degree of saturation based on the ratio of unsaturated and saturated permeability 

measurements.  

  

In a study by Shih and Lee [139], multiple infusions of stitched, woven, and random fiber mats 

were conducted where the test fluid was dyed a dark and light color. First, the light color fluid 

was injected in the reinforcements. Second, the dark dyed fluid was injected after significant 

sample saturation of the light fluid was attained. During the infusion of a bidirectional stitched 

mat, the dark dye was seen to preferentially progress in the gaps between the tows quickly, while 

the light color fluid stayed saturated within the tows due to the low porosity. This behavior was 

also seen in lesser extent during infusions of a unidirectional and a 4-harness woven mat. This 

research experimentally displays that saturated flow progresses preferentially through certain 

fabrics compared to unsaturated flow. Hence, saturated permeability should be higher than 

unsaturated for these cases. It should be noted that Shih and Lee [139] also performed infusions 

with a random fiber mat which did not show this preferential advancement of saturated flow as 

did the directional preforms. This then corroborates with earlier findings from Chick et al. [140] 

who found the difference of saturated and unsaturated permeabilities for random fiber mats to be 

negligible.  

 
2.3.4.5 Flow Rate/Injection Pressure Effects  

Multiple researchers have investigated flow rate and pressure effects on the permeability of fiber 

reinforcements for LCM. Introduction of the test fluid in LCM experiments generally are 

provided by either a constant pressure inlet, or a constant flow rate injection. Studies have  

identified permeability to increase as the inlet constant flow rate increased [141], [142]. Chan et 
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al. [141] explained this behavior through a phenomenon of “preferential channeling” where the 

fluid is pushed through the larger gaps in the reinforcement geometry, avoiding the lower 

porosity areas as the pressure builds. The authors further added that this preferential channeling 

may lead to tows not being fully saturated during infusions. Trevino et al. [143] also described a 

channeling effect while testing directional fiber mats, but noted that it was observed for low fiber 

volume fractions, below 35% when the preform was not tightly packed. High pressure build ups 

were not seen until fiber volume fraction was higher than 55%. In comparison, Chen et al. [141] 

and Young et al. [142] saw increasing of permeability with flow rate while using preforms 

compacted to 44.8% fiber volume fraction, and lower 30% fiber volume fraction, respectively. 

These results point to the significance of fiber volume fraction. Significant research in high fiber 

volume fraction ranges (those at 55% and higher, often of interest in aerospace applications) has 

not been investigated in this area.  

  

Other researchers have found permeability to be independent of the tested ranges of constant 

inlet pressures injections [65], [67], [144]. Lundström et al. [67] reported constant permeability 

over a tested pressure range of 0.5 to 1.5 bars. Kim et al. [144] also corroborated similar results 

for a pressure range of 1.5 to 2 bars. Shojaei et al. [65] explained that the permeability remained 

independent over a range of 1 to 3 bars because at those selected pressures, the critical flow rate 

for the woven E-glass fabric was not achieved at which non-Darcy flow appears. The authors 

observed this critical fluid velocity to be around 0.2 cm/s through experimental work for their 

specific fabric type and fiber volume fraction. Also, as stated earlier, with pressure inlet 

injections made under 1 bar, capillary effects may be significant and permeability could be 

affected differently at these low pressures [116], [124].     
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This research involving critical flow rates/velocities for constant permeability or Darcy flow can 

become of interest when researching high flow rate or velocity flows in LCM. Although most 

flow in LCM are described to be of low Reynolds number or creeping flow, possibilities of non-

Darcy behavior at high flow rates or pressures in industrial is applicable. Forchheimer [145] 

showed that Darcy’s law is flow rate dependent, and described a second order relationship to 

describe flow through porous media when Darcy’s law fails. This study will investigate 

permeability in high flow rate scenarios with a steady-state, constant flow rate injection fixture. 

High flow rates may also result in fiber washout or unwanted fabric shear due to high pressure 

build up within the mold. Further details will be described in Chapter 6 including application of 

the Forchheimer equation and criteria for defining non-Darcy flow.  

 

2.3.4.6 Reinforcement Deformations: Shear, Nesting, and Fiber Washout 

During the preform process of RTM, the packing of a fibrous reinforcement in a mold can result 

in deformation or shear of the reinforcement, especially when the preform takes a complex 

shape. Dependent on the type of reinforcement, fabric deformations may take different forms. 

Shear is considered the dominant form of deformation for woven fabrics in RTM preforming [6], 

[108], [146]. This in-plane shearing alters the preform geometry including fiber orientation and 

wrinkling. Due to the change in geometry, the preform permeability is directly affected. This has 

driven researchers to investigate resin flow in sheared fabric reinforcements due to draping and 

preforming effects, while fabric shear has also been reported to affect finished laminate 

mechanical properties [147]. Studies have shown that the fabric shear angle has significant effect 

on permeability and that the orientation of the first principal permeability, 𝛽, is altered to a 
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generally greater magnitude than the fabric shear angle [148]–[150]. A recent study of 

reinforcement permeability by Endruweit et al. [151] investigated the effects of a fabric’s shear 

history, which can include multiple deformations per sample during processing. The authors 

concluded that the “involuntary deformation” that may be subjected to the fabric reinforcement 

can result in a variation of the principal permeabilities by twofold. With variation of this 

magnitude, any fabric deformation should be carefully watched and noted during processing.  

  

Not only does fiber reorientation affect permeability, but fabric areal weight and volume fraction 

are also altered after a shear deformation due to a change in geometry [146], [147]. Heardman et 

al. [146] presented a relation that is used to define local fiber volume fraction in terms of the 

shear angle of a fabric as seen in Equation 49. 

 
𝑉𝑓 =

𝑉𝑓0

cos 𝛼
 (49) 

 
Here, 𝑉𝑓 is the sheared fabric fiber volume fraction, 𝑉𝑓0 is the fiber volume fraction of the 

unsheared fabric, and 𝛼 is the fabric shear angle. It should be noted that this relation assumes no 

yarn or tow slip and no wrinkling. Being that the areal density of fabrics can be directly related 

to fiber volume fraction, the authors found good agreement between predicted areal densities 

from Equation 49 to experimental data for multiple fabrics. Depending on the fabric type, 

different shear angles can be achieved before wrinkling or the lock angle is achieved. Draping 

properties including the limit deformation angle of multiple glass and carbon fabrics were 

investigated by Wang et al. [152]. These limits are important as the onset of shear locking and 

wrinkling has been noted to cause deviation in permeability from the trends measured at angles 

smaller than the lock angle [146]. Many researchers have applied modeling approaches including 

the use of fabric unit cells in order to model the permeability of sheared fabric reinforcements 
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[55], [146], [148], [151], [153]–[158]. These meso-scale approaches generally involve receiving 

a sheared geometry as given inputs, and solving for the resulting permeating flow. A more robust 

integration of micro-mechanical unit cell geometries that model shear and permeability have also 

been discussed [55].  

  

Another reinforcement deformation that influences permeability is nesting. Nesting refers to the 

reinforcement deformation through the thickness direction induced from compaction pressures. 

In nesting, upon preform compression, the tows and fibers of the reinforcements are shifted and 

sit or “nest” together more compactly. This will affect the local fiber volume fraction, where 

nesting can increase the fiber content. Chen et al. [33] observed experimentally that for a given 

compaction pressure, the per-ply thickness of 10 and 25 layer preforms was smaller than the 

thickness of single layer preforms of plain weave, unidirectional, and continuous strand 

reinforcements. This result displayed the effect of nesting based on layer number. Also, it was 

noted that the nesting effect was seen to be more prevalent in the woven and unidirectional 

fabrics than in the continuous strand mat. Endruweit et al. [159] also noted this behavior as they 

explained that especially in woven fabrics, where large gaps between tows exist, nesting may 

contribute significantly to variations seen in permeability. Dungan et al. [160] showed a 

corresponding decrease in in-plane permeability with an increase in preform layers. Hoes et al. 

[161] reported that nesting between layers was the main source experimental scatter in their 

permeability measurements of woven glass fabrics. The researchers concluded this by 

performing permeability measurements on preforms that were restricted from nesting by fusing 

layers together, and found very little experimental scatter compared to tests of unrestricted 

samples of the same material. Like fabric shear, nesting can have a significant effect on 
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permeability and therefore should be in consideration in experimental and modeling 

environments.  

  

Another mode of reinforcement deformation that can be seen during LCM processes is fiber 

washout. Fiber washout is caused by high injection pressure or flow rates, where the 

reinforcement’s fibers can be displaced by the permeating fluid. The occurrence of this 

phenomenon is dependent on the fiber volume fraction, fiber topology, mold surface roughness, 

fluid viscosity, and inlet pressure/flow rate [162]. If fluid enters a preform at high enough 

velocity, the surface tension and viscous drag force may prevent the fluid from permeating the 

reinforcements, resulting in the fibers being moved in the direction of flow [163]. While fiber 

washout is undesired in LCM, it’s occurrence in any permeability measurement experiment must 

be noted. Richardson and Zhang [164] observed fiber washout while investigating flow through 

natural fiber composed reinforcements. In their study, fiber washout led to preferential 

channeling and race tracking, which correspondingly, increases measured permeability. The 

researchers also found with increase in fiber volume fraction, the fiber washout was gradually 

reduced. Ultimately, permeability measurements made in presence of fiber washout will not 

reflect the permeability of an undeformed preform, and permeability should be defined in a 

pressure/flow rate range below the critical value where washout occurs.  

 

2.3.4.7 Race Tracking and Edge Effects 

Race tracking in LCM occurs when infiltrating resin passes through high permeability areas in 

the mold cavity or preform resulting in quicker flow or so called “racing” [165].  This race 

tracking often can be produced from edge effects. If space is left between the fibrous 
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reinforcement and mold edge upon preforming, the infiltrating resin will flow faster through this 

region, which can result in altered flow patterns, dry-spotting, and can ultimately lead to a poor 

finished part [6]. Figure 2.2 depicts a gap between the preform and mold wall, which can result 

in race tracking. Gauvin and Trochu [166] stated that gaps as small as 1 to 2 mm are enough to 

cause race tracking during an infusion.  

                                                            

 

Figure 2.2: Depiction of Edge Effect 

A dry spot formation due to race tracking and edge effects is illustrated in Figure 2.3. Initially, 

the injected fluid is seen to preferentially flow through the high permeability edge gap (A). The 

flow path then race tracks further along the mold wall (B), and finally results in a dry spot 

formation (C).  

Inlet Outlet 

Mold Wall 

Gap 

Preform 
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Figure 2.3: Dry Spot Formation from Race Tracking  

 
Edge effects are a major consideration during the experimental measurement of permeability. 

Due to the high permeability of any present gaps, the average preform permeability derived from 

channel flow measurements could be artificially high. It should be noted that during radial 

permeability measurements, the occurrence of race tracking is not typical, and is much more an 

issue in channel flow or rectilinear measurements [80]. With this in consideration, researchers 

have offered techniques to mitigate race tracking effects during experimental measurements in 

1D, channel flow fixtures. These techniques include the employment of silicone sealant between 

the preform edge and mold wall [68], the use of O-rings to compress the preform to high fiber 

volume fractions at the wall and seal from flow [36], and the practice of cutting preforms to 

precise width and visually observing if race tracking is present during infusions for clear-top 

fixtures [130], [167]. Dependent on the reinforcement type, some architecture can be more prone 

(A) 

(B) 

(C) 
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to race tracking than others. Fabrics that are less likely to lose tows or those with secure stitching 

may be less likely to race track. The loss of a tow at the mold edge or fabric fray can also result 

in race tracking during infusion [167]. To combat fabric fray upon cutting some researchers have 

employed tape at the preform edge [71], [124], although Amico and Lekakou [124] found that 

tape increased the effect of race tracking. Amico and Lekakou [124] also investigated the use of 

thin strips of extra test fabric at the mold edge, but found that complete flow blockage and other 

variable results ensued. These researchers found most success in their channel flow experiments 

by cutting the preform slightly wider than the mold width and employing silicone tubes at the 

edge. While not attempting to eliminate the edge effect, Lawrence et al. [167] proposed a 

methodology to correct for experimental permeability in the presence of race tracking for 

isotropic preforms, and furthered the method for orthotropic preforms using an isotropic scaling 

method. 

  

As for modeling purposes, the race tracking effects can be significant and thus should be 

accounted for during mold fill simulations [6]. Researchers have presented multiple methods for 

handling race tracking and edge effects in mold fill modeling. Several researchers have described 

relationships to define the equivalent permeability of the gap between preform and mold wall, 

which can then be used in modeling. This equivalent permeability approach defines the gap air 

channel as porous media and uses Darcy’s law to govern the flow [168]. Ni et al. [165] 

summarized equivalent permeability formulas for various cross-sections including that of 

channel flow with one permeable boundary (i.e. a 2D representation of the edge effect). They 

were able to predict the edge effect using the abovementioned relation, which is seen in Equation 

50. 
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(50) 

 
Here, 𝑆𝑔𝑎𝑝 is the equivalent gap permeability, d is the gap width (the distance between the 

preform and mold edge), h is the thickness of the gap,  𝛾𝑛 = 𝑛𝜋/ℎ , and 𝛼 is the square root of 

the ratio between apparent viscosity of the fluid in the fibrous region and the fluid viscosity. 

Gauvin and Trochu [166] compared two simple relationships for gap permeability seen in 

Equation 51.  

 
𝑆𝑔𝑎𝑝 = 

𝑑2

12
 (51a) 

 

 
𝑆𝑔𝑎𝑝 = 

ℎ𝑑

8𝜋
 (51b) 

 
The authors, using a range of experimental data and an RTM flow processing software, back 

calculated the gap permeability that fits the experimental data. The accuracy of the proposed 

models was found to depend significantly on the ratio of permeability both parallel and 

perpendicular to the flow direction. Young and Lai [169] found good agreement between 

experimental values and their proposed relationship for gap permeability seen in Equation 52.  
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Bickerton and Advani [168] used a mixed Darcian-Stokes approach to model mold fill 

simulations with the edge effect. In this approach, Darcy’s law is solved in the domain of the 

preform and 1D Stokes flow is solved in the channel created by the gap.  

 

2.3.4.8 Tackifier/Binder and Particulate Effects 

In composite manufacturing, the addition of tackifier to preform alters the total preform 

geometry and permeability can be affected greatly. The assumption that a fiber preform with and 

without a tackifier will produce the same permeability and resin flow characteristics is not 

accurate without validation. Neglecting an investigation of the permeability change could lead to 

processing issues and failed parts. Furthermore, tackifiers in powdered resin form have been 

noted to have significant effect on preform permeability depending on the powdered resin type, 

processing parameters and tackifier location relative to the reinforcement [9]–[11]. Estrada et al. 

[11] defined locations of tackifier as inter-layer or intra-layer. Inter-layer denoted tackifier 

placed on the surface of the reinforcement and intra-layer denoted tackifier placement inside 

fiber tows of the reinforcement.  

 

Inter-layer tackifier has been reported by both Rohatgi and Lee [9] and Estrada et al. [11] to 

reduce permeability with increasing tackifier content by blocking flow channels between fiber 

tows that are unobstructed on non-tackified preform counterparts. Tackifier that is distributed 

within fiber tows has been noted to give little effect to global permeability by Rohatgi and Lee 

[9] but Shih and Lee [10] reported increasing permeability with increasing tackifier content if 

intra-layer tackifier was present depending on the processing procedure of the material.  Chen et 

al. [12] investigated the effects of a thermoplastic powered tackifier that were spray-coated onto 
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glass mats. These researchers saw that during heated mold, one-dimensional infusions, the 

tackifier was dissolved in injected resin and was seen to increase resin viscosity more than two-

fold. Viscosity effects at this magnitude, although will not alter geometrical preform 

permeability, will change the effective permeability and alter the ease of flow. Work from 

George [170] saw significant decreases in permeability employing Spunfab, a binder consisting 

of a web of thermoplastic resin, when the binder was blocking inter-tow channels. Also, 

difficulty with the infusions, including preferential channeling around rather than through the 

tackified preforms, was reported in the study.  

 

Similar geometrical additions that affect flow include particulate effects. Manufacturers have 

used nanomaterials to enhance composite parts’ electrical, thermal, and mechanical properties 

[171]. In these cases, the nanoparticles are either dispersed in the matrix to be injected or are 

applied directly to the preform before for the LCM infusion. Regarding bulk preform 

permeability, the effects of nanoparticles should be considered in terms of the alteration of the 

matrix viscosity rather than in terms of geometrical effects when the nanoparticles are first 

dispersed in the matrix. The particle type will also play a role in the resulting LCM infusions, as 

well as particulate washout and reinforcement filtration effects. In a study by Mahrolz et al. 

[172], silica nanoparticles with loadings up to 25 wt%  in epoxy was used to manufacture 

composite parts. The researchers saw slight changes in resin viscosity and concluded that the 

injectability for LCM purposes is nearly unaffected. Umer et al. [173] investigated transient 

permeability of a plain weave S-glass coated with exfoliated graphene nano-platelets (xGnP) at 

0.5 and 1.0 wt%. They found that in-plane permeabilities were interestingly increased with the 

addition of xGnP wt% and attributed this result to a spacer effect where the xGnP coating 
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increased the resistance to compaction. It should be noted that this study employed a VARTM 

vacuum bag system to measure permeability. Therefore, the increase in permeability is coupled 

with the resistance to compaction, which means a lower fiber volume fraction was achieve under 

the vacuum bad with the addition of xGnP. If these tests were carried out in a closed mold with 

fixed thickness and fiber volume fraction, a different trend (possibly lower permeability with 

increase in xGnP) would likely result.  

 

2.3.4.9 Experimental Variability  

As reported in literature, preform permeability has been found to be highly variable. The amount 

of present process variables and the fact that no standard permeability measurement technique 

exists makes it difficult to maintain consistency across the research area. In a recent large-scale 

permeability benchmark exercise [66], 11 different institutions participated to characterize a twill 

weave carbon fabric and a 2x2 twill weave E-glass fabric in in-plane permeability. The 

participants employed unsaturated and saturated, radial and linear measurements techniques with 

different test fixtures and varying test fluids. The study found that for each fabric, the reported 

permeability results from the participants varied by up to an order of magnitude in value. With 

this significant scatter in data, it was concluded that human error was the main source of 

variation where sample preparation, consistent equipment operation, and data evaluation could 

be in question. A sequel benchmark exercise [69] was carried out shortly after. In this exercise, 

13 different institutions participated and a common measurement technique with greater 

parameter control was used throughout. A companion experimental guideline document [68] was 

also created for this study. The specific guidelines for error reduction will not be mentioned here 

and can be found therein. For the same materials, this second exercise produced a standard 
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deviation of ±20%, much smaller than the original study. It was then concluded that differences 

in experimental procedure were the main cause of the variation and the human factor is 

negligible.   

  

Lundström et al. [67] performed a previous collaborative permeability study and also compared 

saturated and unsaturated techniques, albeit on a smaller scale where 3 institutions were 

involved. Materials characterized included a 3D weave glass fabric, a glass NCF and a plain 

weave glass fabric. They found that the best repeatability of in-plane permeability measurements 

is obtained with the unsaturated channel flow technique, which produced standard deviations up 

to 20%. The researchers stated that material variations and sample preparation were the main 

causes for deviation among the measurements. With the current state of no permeability 

measurement standard in the LCM community, the latest collaborative guidelines have produced 

results with standard deviations of about ±20%. This can then be deemed acceptable variation in 

permeability measurements. Due to the inherently variable nature of composite reinforcements, 

especially in complex architecture preforms, this magnitude of scatter should not be unexpected.   
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3. Compaction 

 

Reinforcement compaction behavior is important to characterize for LCM processes. The applied 

compaction pressure on a preform can be correlated to thickness and fiber volume fraction. For 

RTM, the compaction pressure to reach the desired part fiber volume fraction can be used to 

estimate the needed mold clamping forces. For VARTM, the vacuum, fiber bed, and resin 

pressures govern the final part fiber volume fraction of the composite being manufactured. The 

compressibility characteristics of a preform can also be used in conjunction with permeability 

measurements to better understand the overall processing behavior of the material.  This chapter 

will describe a simple compaction technique and fixture setup for characterization of IM7-4HS 

preforms. A heated vacuum debulk cycle will also be presented for construction of IM7-4HS 

preforms. Compressibility will be quantified with focus on the effects of tackifier, debulking, and 

preform layup. Further investigation will explore the effects of fluid saturated compressibility 

versus dry compaction. Results of compaction pressure versus fiber volume fraction will be 

presented, while discussion on these findings will also be made.   
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3.1 Method 

3.1.1 Compaction Setup and Procedure 

Measuring the compressibility of fiber preforms in this study involved a simple technique of 

compacting samples between two steel platens. This technique is similar to that used by 

Somashekar et al. [38]. The compaction fixture was composed of a bottom steel base plate and a 

controllable top compression platen that allowed testing of preforms 15.24 cm (6 inch) square in 

size. The fixture was housed in a 100kN MTS Insight electromechanical testing frame. The 

fixture, seen in Figure 3.1, was outfitted with a Banner L-GAGE laser gauging sensor to monitor 

instantaneous sample thickness and a Mitutoyo dial gage indicator was used to confirm the 

thickness. The compression platen was attached directly to the MTS crosshead, which also 

possessed a load cell. The MTS crosshead displacement also was used to measure sample 

thickness. Compaction tests were run with a constant loading and unloading rate. The fixture 

accepted samples on the base plate, and a loading cycle started when the compression platen was 

lowered onto the preform at a constant rate of 0.254 mm/min until a user specified load limit was 

experienced by the load cell. Then, the unloading cycle was started by raising the compression 

platen at a constant rate of 0.254 mm/min, reducing pressure, until zero load was registered. This 

entire loading and unloading cycle was programmed into the TestWorks software, which allowed 

precise control of the MTS and test repeatability.   
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Figure 3.1: Compaction Test Fixture 

 
Before each test, the thickness monitoring devices were calibrated and the load cell was zeroed. 

This was done by manually lowering the compaction platen until it just touched the base plate 

and load was registered. This point was specified as the zero location for the laser gage, the dial 

indicator, and the MTS crosshead displacement. The fixture was then opened to accept a 

preform. IM7-4HS plies were hand cut with the aid of a cutting die, and laid up in a desired 

sequence and layer number. The preform was loaded onto the compaction fixture’s base plate, 

and the compaction platen was manually lowered onto the preform until a preload of ~10 N was 

registered. This was done for each test in attempt to maintain consistency for a starting point of 

the sample fiber volume fraction. The thickness monitors were read and recorded at this point as 

the initial preform thickness. The loading/unloading cycle described above was then started and 

the resulting thickness and load measurements were recorded throughout the test. Using the 

relation in Equation 53, the measured thickness from the laser gage was converted into fiber 

volume fraction.  
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𝑉𝑓 =

𝑛𝐴𝑤
𝑡𝜌𝑓

 (53) 

 
Here, 𝑉𝑓 is the fiber volume fraction, 𝑛  is the number of plies, 𝐴𝑤 is the fabric areal weight, 𝑡 is 

the preform thickness, and 𝜌𝑓 is the fiber density of the IM7 fibers. The recorded MTS load cell 

data were converted into applied compaction pressure simply by dividing the measured load by 

the 15.24 cm (6 inch) square platen area. With this, the preform fiber volume fraction could be 

plotted as a function of applied compaction pressure, and empirically fitted for modeling 

purposes. Preforms were also tested in a fluid saturated state, to investigate the effects of wetted 

compaction. To do this, plies were individually saturated in the SAE 40 motor oil before preform 

assembly. The compaction tests of wet samples were then carried out using the same method as 

described above for dry samples.  

 

3.1.2 Material/Preform Preparation 

Compaction tests were performed on non-tackified, tackified, and debulked preforms. Non-

tackified preforms were cut from supply rolls of IM7-4HS without the low areal weight prepreg 

tackifier, and tackified preforms were cut from supply rolls with the prepreg. The debulked 

preforms needed an additional preforming step. They were created from a hot debulk process 

described in the next subsection. Several preform variations of the IM7-4HS were used to 

compare compaction effects. These compaction preform variations can be seen in Table 3.1.  
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Table 3.1: IM7-4HS Preform Variations for Compaction Tests 

Variation 
# 

Preform ID Material 
# of 

Layers 
Layup 

Sequence 
Tackifier Debulked 

1 
Warp Aligned Non-

Tackified 
IM7-4HS 6 [0]6 No No 

2 Laminate Non-Tackified IM7-4HS 6 [0,+45]3 No No 

3 Warp Aligned Tackified IM7-4HS 6 [0]6 Yes No 

4 Debulked Laminate  IM7-4HS 6 [0,+45]3 Yes Yes 

5 
12 ply Laminate Non-

Tackified 
IM7-4HS 12 [0,+45]6 No No 

6 
12 ply Debulked 

Laminate 
IM7-4HS 12 [0,+45]6 Yes Yes 

 

Also, comparisons were made between certain preform variations and at different compaction 

pressures. Comparisons between variation #1 and # 3 are made including the effects of wet 

compaction. These tests were made at high compaction pressures to high fiber volume fractions 

up to 75%. This level of compaction should be noted to be close to the maximum attainable fiber 

volume fraction of the material in an RTM process. Focus on the effects of tackifier and 

lubrication was targeted in these runs. Comparisons were also made between variations #2, #4, 

#5, and #6. These compaction runs were made at lower pressures so that a maximum fiber 

volume fraction of around 55% was obtained. The focus of these tests was to investigate the 

effects of debulking and preform ply number. To conserve material for permeability and flow 

investigations, an average between two compaction runs was used for each dry compaction data 

point, while one wet compaction cycle was used for dry vs. wet compaction comparisons.  

 

3.1.2.1 Debulking Process 

To create the debulked IM7-4HS samples listed in Table 3.1, a heated vacuum cycle was applied 

to a laid up stack of the tackified IM7-4HS fabric. The tackified IM7-4HS was laid up in either a 
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6 or 12 ply stack on a steel plate. A thermocouple was placed midplane in the laminate to 

monitor part temperature during the debulk process. The preform was sealed under a vacuum bag 

with sealant tape and pulled to full vacuum using a Welch model 2027 dry vacuum system. The 

plate was then placed between the platens of a TMP 140 ton heated vacuum press; see Figure 

3.2. The TMP press was used only for heating the plate and preform. With increased temperature 

and pressure, the low areal tackifier was melted, cured, and then cooled to room temperature to 

unpack. This process effectively “debulked” the preform to a lower thickness than the original 

layup. Also, the tackifier was cured to firmly hold shape and fiber orientation of the 

reinforcement. The resulting preform was very stiff or “boardy”.  

                              

Figure 3.2: IM7-4HS Preform Sealed for Hot Debulking in TMP Heated Press 

 
The press’ platen temperatures were computer controlled so a heating cycle was created for 

debulking purposes. The goal of this cycle was to heat the preform close to 149° C for at least 10 

minutes to ensure the tackifier was melted. The heat cycle of the press’ platens can be seen 

Figure 3.3, where the “part” or preform temperature from the midplane thermocouple is also 

displayed for the first debulk run. After the 10 minute high temperature soak, the press was 

cooled by a water mist spray inside the platens until 94° C was reached. Then, the platens were 
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cooled further by flooding their interiors with cold water until they reached 38° C. Vacuum was 

then halted and the preform was debagged and allowed to reach room temperature before test 

samples were cut.  

 

Figure 3.3: TMP Platen Temperature Cycle for Debulking Process 

 
The debulk cycle took roughly 70 minutes to complete and produced stiff preforms that were 

compacted to roughly 45% to 50% fiber volume fraction with the aid of full vacuum pressure. 

The interlayer tackifier cured to securely bind together laminate plies. Tackifier melting and 

rearrangement was expected in the process, including the likelihood of tows absorbing some of 

the melted tackifier.  This debulking process was used for several sets of preforms both for 

compaction and permeability measurements. 

 

3.2 Results and Discussion 

A sample compaction graph is displayed in Figure 3.4. This figure illustrates the general 

characteristics of the loading and unloading curves. This specific graph was generated from the 

measurements of a 12 ply, non-tackified IM7-4HS laminate sample. The sample, initially at 
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about 30% fiber volume fraction, was loaded to 105 kPa of compaction pressure then unloaded 

until no compaction was present. A maximum fiber volume fraction just under 55% was reached 

with these compaction pressures. Note the hysteresis of fiber volume fraction starting and ending 

points. After unloading the sample was roughly 8% higher in fiber volume fraction then initially 

before the compaction cycle. Although, some of this could be recovered from relaxation over 

time, this was not studied here, as typically, only the loading curve is needed to characterize 

preforms for RTM applications. Also, consecutive compaction cycles were not run on the IM7-

4HS samples.  

       

      

Figure 3.4: Typical Preform Compaction Graph (12 Ply Non-tackified IM7-4HS Laminate) 
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3.2.1 Debulking and Ply Number Effects 

The following few sets of compaction graphs compares non-tackified and debulked laminate 

preforms at both 6 and 12 ply layups. These curves were loaded to a compaction pressure of 105 

kPa. First, results displaying 6 ply non-tackified and debulked laminate (variations #2 and #4 of 

Table 3.1, respectively) preforms are shown in Figure 3.5. The debulked material’s compaction 

curve is in red, while non-tackified loading and unloading are in blue.  

    

        

Figure 3.5: Comparison between Non-tackified and Debulked 6 Ply Laminate Compaction 

 
Here, the effects of debulking are evident right away in the shape of the loading and unloading 

curves compared to that of the non-tackified material. The debulked preform is initially ~12% 

higher in fiber volume fraction value than the non-tackified due to the heated vacuum 

consolidation process. The debulked preform also shows much smaller difference between fiber 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 20 40 60 80 100 120

Fi
b

e
r 

V
o

lu
m

e
 F

ra
ct

io
n

, V
f 

Compaction Pressure (kPa) 

Debulked Laminate (6 ply) Loading

Unloading

Non-tackified Laminate (6 ply) Loading

Unloading



74 
 

volume fractions reached during the loading and unloading cycles. The amount of hysteresis seen 

further shows this, which is nearly negligible for the debulked preform, while the non-tackified 

material shows the compaction cycle increased the fiber volume fraction roughly 5%. Focusing 

on the loading portion of each material, it can be seen that the debulked preform shows a 

shallower slope of fiber volume fraction as compaction pressure increases than the non-tackified. 

From 0 to 105 kPa of compaction pressure, the non-tackified material was compressed to 

increase its fiber volume fraction by nearly 25%, while the debulked sample was increased only 

about 10% from an uncompacted state. This means that the debulked sample possessed a higher 

resistance to compaction than the non-tackified. Physically, this is because the debulked material 

possessed the cured inter-layer tackifier, which fused tows together to resist nesting and therefore 

fiber volume fraction increase. Evidence of this phenomenon is more clearly seen in a 

comparison of 12 ply preforms of the same laminate stacking sequence. This is seen in Figure 

3.6.   
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Figure 3.6: Comparison between Non-tackified and Debulked 12 Ply Laminate Compaction  

 
The 12 ply debulked material showed large resistance compaction pressures. Virtually no 

increase in fiber volume fraction was seen on the loading curve. The debulked sample was also 

nearly 20% higher in initial fiber volume fraction than the non-tackified material. From these 

results it can be concluded that reaching higher fiber volume fraction in debulked samples should 

require very high compaction pressures compared to non-debulked.  

 

Now, an overlay of non-tackified laminate IM7-4HS preform layups is shown in Figure 3.7, 

where a direct comparison of ply number, 6 versus 12 ply preforms is made. Here, the green 

curves relates to the 6 ply preform, while black curves represent the 12 ply preform.  
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Figure 3.7: Comparison between Non-tackified 6 Ply and 12 Ply Laminate Compaction  

 
Both the 6 and 12 ply loading and unloading curves have similar shape, while interestingly, the 6 

ply sample was compacted to a higher fiber volume fraction (~5%) under the same pressure. This 

is in contradiction to results from Chen et al. [33] and Grimsley [36], who reported decreasing 

per-ply thickness (increasing fiber volume fraction) with an increase in ply number during 

compaction experiments. Thus, the results here imply significant nesting is not present at the 

fiber volume fractions tested.  

 

Figure 3.8 displays the 6 versus 12 ply preform comparison with the debulked IM7-4HS 

laminate.  
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Figure 3.8: Comparison between 6 and 12 Ply Debulked Laminate Compaction  

Both the debulked preforms show very flat loading and unloading curves. The cured tackifier 

provides little give for compaction at these pressures. Again, the 6 ply preform was seen to 

produce a higher fiber volume fraction than the 12 ply at 105 kPa of compaction pressure. An 

explanation for this could be that due to the addition of debulked plies in the 12 ply preform, a 

larger network of the cured tackifier is created and thus produces a stiffer response to the applied 

pressure. Therefore, little increase in fiber volume fraction is seen compared to that of the 6 ply 

debulked preform.   

 

3.2.2 Non-Debulked Tackifier and Wetted Compaction Effects 

The next set of compaction results reflect those loaded to higher pressures. The curves compare 

warp aligned non-tackified and tackified (non-debulked) preforms in a 6 ply layup (variations #1 
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and #3 of Table 3.1, respectively) loaded to 500 kPa. These results also will investigate wet 

compaction and the lubricative effect. Figure 3.9 displays a comparison between warp aligned 

non-tackified and tackified preforms. Here, the blue color curves represent preforms constructed 

of the non-tackified IM7-4HS, whereas the red curves signify the preforms of tackified material, 

but not debulked.  

 

Figure 3.9: Comparisons between Non-tackified and Tackified Warp Aligned 6 Ply IM7-4HS 
Compaction 

 
Here, both the tackified and non-tackified warp aligned preforms were compacted to a similar 

fiber volume fraction at maximum pressure. A smaller difference between the loading and 

unloading curve in fiber volume fraction was seen for the tackified material compared to the 

non-tackified samples. As compaction pressure increased, the slope of the tackified loading 

curve became shallower than the non-tackified material. Surprisingly, the loading curve of the 
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tackified preform was seen to produce higher fiber volume fractions than the non-tackified 

sample for the same compaction pressure up to roughly 375 kPa. 

 

In Figure 3.10, the warp aligned non-tackified (in blue) is compared to the same preform in a wet 

compaction condition (orange). 

 

Figure 3.10: Comparisons between Dry and Wet Warp Aligned Non-tackified 6 Ply IM7-4HS 
Compaction 

The wet or SAE 40 oil saturated preform is clearly seen to have a significant effect on the 

compaction behavior of the reinforcement. The saturated IM-4HS sample was seen to achieve 

roughly a 5% increase in fiber volume fraction at the end of the loading cycle. This behavior has 

been documented before by researchers and is attributed to a lubricative effect the fluid supplies, 

where a rearrangement of fiber network is possible as friction is reduced [36], [46]. Note that the 

unloading curve of the wet sample showed a discontinuity near complete unloading. This artifact 
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comes from a suction effect as the interface between preform, fluid, and compaction platen are 

separated. In Figure 3.11, the same dry verses wet compaction comparison can be seen for the 

warp aligned tackified IM7-4HS preforms.  

 

Figure 3.11: Comparisons between Dry and Wet Warp Aligned Tackified 6 Ply IM7-4HS 
Compaction 

Again, the wet compaction showed signs of the lubrication effect and additional nesting (~5% 

increase in fiber volume fraction) for the tackified material. For VARTM specific applications, 

wet and dry compaction data can be used together to model the resin infusion under vacuum 

pressure. For RTM applications, a fixed mold cavity depth or preform thickness is prescribed, 

and generally a dry preform is closed in the mold before infusion. In this case, wet compaction 

results are less useful.  
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Finally, wet compaction curves of non-tackified (green) verses tackified (black) IM7-4HS 

preforms are presented in Figure 3.12. 

 

Figure 3.12: Comparisons between Non-tackified and Tackified Warp Aligned 6 Ply IM7-4HS 
Wet Compaction 

Very similar compaction behavior is seen between the wet samples of the non-tackified and 

tackified IM7-4HS. From this, it may be concluded that the lubrication effect is a dominant 

feature of the compressibility of the IM7-4HS, and in this case, makes the presence of tackifier 

negligible.  

 
3.3 Conclusions 

In this chapter, simple compressibility experiments were described and results were presented on 

various IM7-4HS preforms, which correlated applied compaction pressure to fiber volume 

fraction. The heated vacuum debulk cycle was also presented, which was used to consolidate 

tackified IM7-4HS preforms. Debulking produced very stiff and boardy preforms. The debulking 
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process provided pre-compaction to the preforms, where samples were seen to reach between 

45% and 50% fiber volume fraction after the cycle was completed.  Debulked samples then 

showed a large resistance to compaction pressures compared to non-debulked preforms. This 

was attributed the cured tackifier fusing tows together, which resisted fiber rearrangement. 12 

ply debulked experiments were seen to resist compaction greater than those of 6 ply. Tackified, 

but non-debulked samples also displayed some resistance to compaction at high pressures, 

although not as great as the debulked material. This is because the unprocessed inter-layer 

tackifier was not cured to fuse tows, so some nesting was still achievable. Further wetted 

compaction experiments (SAE 40 oil saturated preforms) showed results consistent with 

literature, where higher fiber content was achievable under the same compaction pressures than 

dry compaction due to the lubrication effect. Also, the wetted compaction curve comparison 

between tackified and non-tackified preforms showed nearly identical fiber volume fractions for 

the same applied compaction pressures. Notably, the wetting effect was deemed to make the 

presence of tackifier (non-debulked) negligible. Further work could quantify the amount of 

spring-back obtained among non-tackified, tackified, and debulked IM7-4HS preforms.  

 

Regarding application to LCM, Shih and Lee [10] stated that an ideal tackifier should be able to 

prevent spring-back to maintain good preform dimension control. While spring-back and 

relaxation were not explicitly studied in this investigation, it is clear that upon debulking of 

tackified IM7-4HS, a very stiff and compaction resistant preform is created. For RTM then, 

debulking may be beneficial in terms of dimensional control. Although if preform fiber volume 

fractions are desired that are higher than what vacuum compaction can achieve, debulking in 

rigid molds may be necessary.  Compaction experiments at high compaction pressures (like the 
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ones done in this study) then would become helpful. Care should be taken regarding debulking, 

to ensure the preform is not compacted to a smaller thickness than what will be obtained in an 

RTM mold. If this is the case, race-tracking around the preform may occur [10]. Permeability 

and flow through IM7-4HS preforms including debulked samples will be explored next in 

Chapter 4. 
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4. Saturated Permeability 

 

Saturated permeability characterization methods have been used for years to provide input 

parameters for Darcian flow based process models in LCM. While in some cases, these methods 

have been noted to produce different flow and permeability than those of unsaturated flow (flow 

native to the LCM process) [139], their data output per sample is much higher. Saturated 

measurements allow characterization of permeability across multiple fiber volume fractions with 

one sample, while unsaturated methods can only produce one data point per sample. Saturated 

permeability measurements then provide a good baseline method for characterization of the IM7-

4HS preforms. This chapter will present the saturated permeability measurement techniques and 

fixture setup for both in-plane and transverse characterization. The effects of the inter-layer 

tackifier, sample debulking, layup, and ply number on preform permeability are also presented. 

Important inferences regarding tackifier effects will be noted in reference to composite 

manufacturing. The baseline results produced here will be used to compare with unsaturated 

methods in Chapter 5.   
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4.1 Methods 

4.1.1 In-plane Permeability Fixture Setup 

Channel flow or parallel flow permeability fixtures have been commonly employed in LCM 

literature to measure preform permeability by isolating the permeating fluid flow in one 

direction. This isolation allows for permeability formulation based on one-dimensional Darcy’s 

law. Known fabric geometry parameters and measured pressure drops across a preform induced 

from fluid injection are used to define permeability. To obtain these saturated in-plane 

permeability measurements in this manner, a matching steel mold test fixture was employed, as 

displayed in Figure 4.1. Preforms 15.24 cm wide by 15.32 cm long, and up to 1.27 cm thick can 

be accommodated in the test cavity.  Two main components comprise the in-plane fixture: 1) the 

guided plunger on the top half to provide preform compaction, and 2) the bottom half housing 

the test cavity and pressure transducers. The fixture was loaded into a 100kN MTS Insight 

mechanical testing frame that allowed for user control of the fixture’s cavity thickness by 

lowering the plunger into the test cavity. The plunger features a groove machined in the head to 

accommodate a 3.97 mm (5/32 inch), square cross-section O-ring. This O-ring provided a seal 

during testing to ensure built up pressure was not lost. The O-ring also protruded past the head of 

the plunger to ensure no race tracking of fluid over the preform was possible at this recess. 

Preforms were loaded into the test cavity and were compacted to a thickness corresponding to a 

desired fiber volume fraction using Equation 54.  

 
𝑡 =

𝑛𝐴𝑤
𝑉𝑓𝜌𝑓

 (54) 

 
Here, 𝑡 is the preform thickens, 𝑛 is the number of fabric layers, 𝐴𝑤 is the fabric areal weight, 𝑉𝑓 

is the desired fiber volume fraction, and 𝜌𝑓 is the fiber density. Linear variable differential 



86 
 

transformers (LVDT) were positioned at both the ends of the fixture to measure the preform 

thickness and ensure the compaction was uniform across the sample. 

 

                                        

Figure 4.1: In-plane fixture for saturated permeability measurements 

 
After samples were loaded and compacted in the test cavity, SAE 40 motor oil was introduced 

into the fixture at constant flow rates using a Parker Zenith precision metering pump. The sample 

was allowed to fully saturate as fluid from a line source permeated the material and exited the 

fixture at a line sink. This process is visualized through the diagram shown in Figure 4.2.  



87 
 

                            

Figure 4.2: In-plane Fixture Test Diagram. Top and Front View. 

 
Steady-state was reached when inlet pressure readouts from the in-line pressure transducer 

(Omega PX180-100GV) and the outlet digital pressure gage (Omega DPG1000B-15G) remained 

constant after full preform saturation. Pressure drops across the preform were measured for the 

set fiber volume fraction at multiple flow rates. These pressure drops are plotted versus the flow 

rates to attain a slope, m, which can be used in an altered form of Darcy’s law (Equation 55) to 

calculate the average permeability of the preform. Permeability is defined by 𝑆 while µ is the 

fluid viscosity, 𝐿 is the preform length in the direction of the flow, and 𝐴 is the area normal to 

the flow. 

 
𝑆 = µ𝑚

𝐿

𝐴
 (55) 
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This process can then be repeated with the same sample in the fixture for multiple, higher fiber 

volume fractions as further compaction can be induced on the preform.  

 

4.1.2 Transverse Permeability Fixture Setup 

Similar to the in-plane permeability measurement method, the transverse permeability of IM7-

4HS preforms was also characterized. For these measurements, a separate fixture was used that 

allowed for saturated flow through the thickness of the samples tested. This fixture consisted of a 

similar setup to that of the in-plane fixture. It possessed both a bottom half with a sample-

housing cavity and a user-controlled top half with a compaction plunger. This fixture can be seen 

in Figure 4.3 and also was housed in the MTS mechanical testing frame.  

                                                 

Figure 4.3: Transverse Saturated Permeability Test Fixture 

 
The fixture allowed for the testing of samples in a 5.08 cm square cavity. Samples up to 3.20 cm 

thick can be accommodated in this fixture. To obtain the pressure drop across the samples, an in-

line pressure transducer (Omega PX180-100GV) was outfitted at the inlet to the fixture cavity, 

while an electronic pressure gage (Omega DPG1000B-15G) was fixed to the outlet of the cavity. 
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A single LVDT was mounted on the fixture to monitor the sample thickness in the cavity. In this 

fixture’s setup, the fluid flow was introduced underneath the samples. The flow then permeated 

upward through the sample thickness and exited through the plunger, which featured a porous 

fluid distribution plate that allowed fluid passage. A groove was machined on the compaction 

plunger for instillation of a 3.97 mm (5/32 inch) circular cross-section Buna-N O-ring 158 mm in 

length.  Fluid was also introduced at constant flow rates from the Parker Zenith precision gear 

metering pump. A diagram of this fixture setup can be seen in Figure 4.4. 

                            

Figure 4.4: Transverse Permeability Fixture Diagram. Top and Front View. 

 
After steady-state was reached (steady-state is defined when the preform is fully saturated and 

inlet and outlet pressure readouts are constant), pressure drop across the preform was measured 

for several different flow rates at each target fiber volume fraction. The relation in Equation 55 is 

then used in the same fashion as described for the in-plane permeability determination to 

determine the transverse permeability. Note that in the transverse case, the length of the preform 
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in the direction of flow is the sample thickness. Gravitational effects in this transverse setup were 

not included in the permeability measurements as they are small compared to the pressure drop 

produced at the supplied flow rates.   

 

4.1.3 Material/Preform Preparation 

Several different preforms of IM7-4HS fabric were constructed for the saturated permeability 

comparison. These preform variations were used to determine the effects of tackifier, debulking, 

layup sequence, and ply number on saturated permeability. The in-plane and transverse samples 

created are summarized in Table 4.1. Preforms were produced by hand cutting individual plies 

from either tackified or non-tackified rolls of the IM7-4HS with a fabric cutting wheel. Exact 

cutting templates of the fixture cavity dimensions were machined from aluminum blocks to 

ensure ply-by-ply consistency and precise in-cavity fit.   

Table 4.1: IM7-4HS Preform Variations for Saturated Permeability Tests 

Variation 
# 

Preform ID Material 
# of 

Layers 
Layup 

Sequence 
Tackifier Debulked 

1 
Warp Aligned Non-

Tackified 
IM7-4HS 6 [0]6 No No 

2 Laminate Non-Tackified IM7-4HS 6 [0,+45]3 No No 

3 Warp Aligned Tackified IM7-4HS 6 [0]6 Yes No 

4 Debulked Laminate  IM7-4HS 6 [0,+45]3 Yes Yes 

5 
12 ply Laminate Non-

Tackified 
IM7-4HS 12 [0,+45]6 No No 

6 
12 ply Debulked 

Laminate 
IM7-4HS 12 [0,+45]6 Yes Yes 

 

Rolls of the tackified IM7-4HS fabric were stored in a freezer to prevent cure of the pre-

impregnated resin. To prepare tackified preforms, the rolls of material were taken out of the 

freezer, allowed to reach room temperature, cut, and then laid up. The debulked preforms were 
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produced by laying up the cut sheets of tackified IM7-4HS fabric and then exposing the preform 

to the hot debulk cycle described in Chapter 3. They were also allowed to reach ambient 

temperature before saturated testing took place.  

 

4.1.4 Permeability Measurement Procedure 

Before any in-plane or transverse saturated permeability measurements took place, the Parker 

Zenith constant flow rate pump was calibrated. To do this, the SAE 40 motor oil was pumped 

through the equipment at flow rates ranging from 1 cc/min to 20 cc/min into a container placed 

on Mettler Toledo SB1600 scale. At each flow rate, the oil was pumped into the container for 1 

minute, and the weight of the fluid was recorded. Knowing the density of the oil, the weight 

collected and the elapsed time, an average actual flow rate could be calculated and compared to 

the pump’s setting.  

 

Both the in-plane and transverse fixtures were installed on the baseplate of a 100 kN MTS  

Insight material testing machine. The plunger of the fixture was connected to the load cell 

mounted in the crosshead. The crosshead displacement and load cell measurements were 

recorded the MTS TestWorks controlled system. On a separate lab computer, LabVIEW 

programs were written specifically for both the in-plane and transverse setup. These LabVIEW 

programs were used in conjunction with a NI 9219 data acquisition system, which was hard 

wired to both the LVDTs and the pressure transducers. With this, the instantaneous LVDT 

readouts were displayed and recorded, and the pressures were be recorded over time and 

averaged for pressure drop measurements in permeability.  
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4.1.4.1 In-plane Procedure: Step-by-Step 

In-plane IM7-4HS preforms were each tested in 3 different flow direction: along the warp (0°), 

along the weft/fill (90° and perpendicular to the warp), and at 45° from the warp. This was done 

by cutting the preforms at different angles so that the apparent flow path was in these directions. 

The measured permeabilities in the 0°, 90°, and 45° are referred to as 𝑆𝑥𝑥, 𝑆𝑦𝑦, and 𝑆𝑥𝑥
′, 

respectively. Measuring the in-plane permeability of each of these directions allowed the 

principal permeabilities (𝑆11 and 𝑆22) to be determined from a tensor transformation, as well as 

the orientation of the first principal permeability (𝛽). This was done with a simple MATLAB 

script, which can be found in Appendix C. The sensitivity of the angle 𝛽, as a product of 3 

saturated channel flow tests, will be further discussed in the results and discussion portion of this 

chapter.  

  

To measure each preform of the IM7-4HS material, first the fabric was cut from rolls of IM7-

4HS that were either with or without the prepreg tackifier. The samples were laid up according to 

the stacking sequences given in Table 4.1. Next, the LVDTs on the in-plane fixture were 

recalibrated. This was done by manually lowering the compaction plunger into the empty cavity 

of the fixture until significant load was measured on the load cell, meaning that the plunger had 

made contact with the bottom of the test cavity. This was designated as zero thickness for the 

LVDTs, as well as, for the MTS crosshead displacement readout. The fixture was then opened to 

accept the IM7-4HS sample at the appropriate flow angle. A square O-ring, with the dimensions 

specified earlier was cut from a bulk supply, glued, and placed in the groove machined on the 

plunger head. The O-ring was then lubricated with Dow Corning’s Molykote 111 and the 

plunger was slowly lowered into the test cavity as the O-ring created a seal. The plunger was 
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allowed to compact the fiber sample in the cavity until a specific thickness was reached that 

corresponded with the desired levels of fiber volume fraction. The areal weight relation in 

Equation 2 was used to do this. The frictional forces from the fixture guide posts entering the 

couplings were too significant to allow the compaction of the IM7-4HS samples to be defined 

from compaction pressure measured by the MTS load cell. Once the first level of compaction 

was reached, the test fluid (SAE 40 motor oil) was supplied from the Parker Zenith metering 

pump at low flow rates generally in the range of 1 cc/min to 10 cc/min. Low flow rates were 

used so that fluid pressures generated did not exceed the inlet pressure transducer limit of 690 

kPa. In Chapter 6, higher flow rates were used and different measurement equipment was 

employed, which will be described in detail there. Once full saturation and steady-state were 

reached for a test sample, the pressure drop across the preform was measured at multiple flow 

rates (generally 4 to 5 flow rates per fiber volume fraction level). The pump was stopped, further 

compaction on the sample was applied to achieve a higher desired fiber volume fraction level, 

and the measurement process was repeated. For each IM7-4HS preform, fiber volume fractions 

of 50%, 55% and 60% were targeted. This range represents a practical area of interest for RTM 

manufacturing. If at any point, signs of pressure leakage or if test fluid was seen leaking out from 

the O-ring seal, the test was halted and data was not used.  

 

4.1.4.2 Transverse Procedure: Step-by-Step 

The procedure used for transverse permeability measurements is very similar to the in-plane 

setup. The transverse fixture included a single LVDT that was recalibrated before each run using 

the same technique described in the in-plane step-by-step process. Smaller 5.08 x 5.08 cm 

samples were cut based on the stacking sequence of Table 4.1. Circular O-rings were cut and 
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lubricated to seal flow on the plunger’s head. Also, the same sample target fiber volume fractions 

were used for through-thickness permeability. Flow rates in the range of 1 cc/min to 10 cc/min 

were generally used for transverse permeation.  

 

4.2 Results and Discussion 

For each saturated data point, a target minimum of 3 tests was made, although a few variations 

were repeated fewer times due to material supply. This means that for each flow direction (𝑆𝑥𝑥, 

𝑆𝑦𝑦, 𝑆𝑥𝑥
′, or 𝑆𝑧𝑧), and at each fiber volume fraction, multiple tests were made to establish an 

average and standard deviation. It should also be noted that each saturated test would take 

approximately 3 hours to complete (this includes sample cutting, lay up, and permeability 

measurement at the three target fiber volume fractions). This results section will only display 

graphical representations of a pertinent selection of the entire measurement set because of the 

large amount of data produced. The entire body of raw saturated permeability results can be 

found in Appendix A. The results are graphically presented are chosen so that the effects of fiber 

volume fraction, tackifier, layup, debulking, and ply number on IM7-4HS permeability can be 

examined. 

 

4.2.1 In-plane Permeability Results 

A total of 62 samples were cut and laid up amounting to 174 separate saturated in-plane 

permeability measurements at the specific fiber volume fractions of interest (50%, 55% and 

60%). A typical flow rate versus pressure drop curve for a saturated permeability measurement 

can be seen in Figure 4.5. The solid lines are linear regressions of each data set. The slope and R-

squared value of each regression are also displayed on the graph. These data are from a debulked 
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IM7-4HS laminate preform (variation #6 in Table 4.1). The slopes of these data were used to 

calculate the in-plane permeability with the method described in Equation 55.  Note the excellent 

fits of the linear regressions to the experimental data. 

             

Figure 4.5: Sample In-Plane Permeability Test Data for Flow Rate vs. Measured Pressure Drop 

 
In Figure 4.6, a sample of the average in-plane permeability data as a function of fiber volume 

fraction for 3 flow directions is displayed. This data is from the warp aligned, non-tackified IM7-

4HS fabric (variation #1 in Table 4.1). The permeability of the preform was measured in the 

warp direction (0°), the off-axis direction (45°), and the weft direction (90°). These data are 

presented on a semi-log plot and fit to a power law equation (solid lines with respective color to 

their data points). The permeability is seen to be drastically reduced in value as the fiber volume 

fraction increases. Of course, this is a well-defined relationship and has been documented for 

multiple preforms [60].  
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Figure 4.6: Permeability vs. Fiber Volume Fraction for Warp Aligned, Non-tackified IM7-4HS 
Fabric 

 
With measurements from 3 different flow directions for a single preform, the resulting 

experimental permeability tensor could then be transformed to produce the first (𝑆11) and second 

(𝑆22) principal in-plane permeabilities. The principal permeabilities that correspond to data in 

Figure 4.6 are displayed in Figure 4.7. The principal permeability data are fit to a power law 

curve. The error bars represent the standard deviation in the data. 
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Figure 4.7: Principal Permeability vs. Fiber Volume Fraction for Warp Aligned, Non-tackified 
IM7-4HS Fabric 

For this specific warp-aligned preform, the permeability in along the warp axis (0°) of the 

material was seen to be much less permeable compared to flow in the weft (90°) direction. The 

45° permeability measurements fell between values for the warp and weft. The resulting 

principal permeabilities were seen to be slightly higher and slightly lower in value than the weft 

and warp directions, respectively. From this, one can assume that orientation of first principal 

permeability, or 𝛽 angle is approximately 90° from the warp. Further discussion on the 𝛽 angle 

determination and variability will be made later. 

 

4.2.1.1 Fiber Volume Fraction, Layup, Tackifier, and Debulking Effects 

After calculating principal permeabilities for all preforms tested, comparisons among layup, 

tackifier content, and debulking effects could be made. A comparison of all the 6 ply IM7-4HS 

layups can be seen at 55% fiber volume fraction in Figure 4.8. This specific fiber volume 

fraction was used to compare preforms types due to the difficulties and anomalies experienced at 
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50% and 60%  for the debulked samples (this will be explained later). Additionally, the average 

permeabilities from Figure 4.8 are numerically presented in Table 4.2. Following in Table 4.3, 

the percent coefficients of variation (CV) by preform and test direction are displayed.   

     

     

Figure 4.8: Saturated Permeability Comparison of 6 Ply IM7-4HS Layups at 55% Fiber Volume 
Fraction 

 
 

Table 4.2: Average Saturated In-Plane Permeabilities of Various IM7-4HS Preforms at 55% 
Fiber Volume Fraction 

Preform Type 
Average Saturated Permeability by Test Direction (m2) 

Sxx [0°]  Syy [90°]  Sxx' [45°] S11 S22  

Non-tackified Laminate (6 ply) 2.83E-11 2.27E-11 2.42E-11 2.96E-11 2.13E-11 

Debulked Laminate (6 ply) 2.16E-11 2.43E-11 1.96E-11 2.89E-11 1.70E-11 

Non-tackified Warp Aligned (6 ply) 1.64E-11 3.63E-11 2.88E-11 3.70E-11 1.57E-11 

Tackified Warp Aligned (6 ply) 1.39E-11 1.63E-11 1.97E-11 1.98E-11 1.21E-11 
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Table 4.3: Saturated In-Plane Permeabilities CVs of Various IM7-4HS Preforms at 55% Fiber 
Volume Fraction 

Preform Type 
Saturated Permeability Coefficients of Variations (%)  

Sxx [0°]  Syy [90°]  Sxx' [45°] S11 S22  

Non-tackified Laminate (6 ply) 8.09 13.85 14.49 8.26 15.80 

Debulked Laminate (6 ply) 21.43 26.78 13.66 19.80 12.93 

Non-tackified Warp Aligned (6 ply) 17.77 6.72 12.84 7.13 18.99 

Tackified Warp Aligned (6 ply) 18.72 0.93 4.59 4.08 6.80 

 

Multiple inferences can be made from the results displayed in Figure 4.8 and Table 4.2. Firstly, 

we can see that as displayed earlier in Figure 4.6 and Figure 4.7, the warp aligned non-tackified 

preforms displayed a large directional bias in permeability. This meaning, the permeability in the 

90° direction was seen to be roughly 2.2 times greater than that measured in the 0° direction. 

Contrarily, the laminate non-tackified measurements showed the difference between 0° and 90° 

directions to be only 20%, almost within experimental scatter. Across all directions tested, the 

laminate non-tackified preform showed little difference in permeability. This is likely due to the 

fact that laminate layup preforms (stacking sequence of [0, +45]3) provides a nearly quasi-

isotropic stacking sequence. The nature of the harness satin weave has dominantly featured tows 

aligned in the warp direction on the top-side of fabric, while the bottom side of has dominantly 

featured tows aligned in the weft direction. Thus, the preform geometry of the laminate layup 

will exhibit a more isotropic architecture pattern (where the [0, +45] may resemble a 

unidirectional layup of [0/90, +45/-45]) compared to that of the warp aligned preforms of 

stacking sequence of [0]6.  

 

Interestingly, this layup effect is not reflected in the tackified preforms. One might expect that 

the tackified warp aligned preforms would show preferential flow in one direction, similar to that 
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of the non-tackified warp aligned preforms (where permeability is much higher in the 90° 

direction than the other directions tested). As seen in Figure 4.8, the warp aligned tackified 

preforms showed only a 17% difference between 𝑆𝑥𝑥 and 𝑆𝑦𝑦 permeability, which is within the 

experimental scatter of the 𝑆𝑥𝑥 measurements. Thus, the inter-layer tackifier appears to aid in 

creating a more isotropic in-plane permeability by greatly reducing the 𝑆𝑦𝑦 value (roughly 2.2 

times less) compared to the non-tackified warp aligned preforms. Further, the addition of 

tackifier appears to have little effect on permeability measured in the 0° direction. The presence 

of tackifier for the warp aligned preforms showed only a 15% drop in permeability, which was 

well within the experimental scatter for both preforms. Explanation for this effect may be due to 

the manufacturing process, and how the tackifier is applied. 

 

Effects from the debulk cycle on preform permeability can also be gleaned by comparing the 

non-tackified laminate preforms to the debulked laminate preforms. It can be seen that, rather 

surprisingly, no significant difference in permeability was registered between the two laminates. 

This may be best explained by the solidification that occurs as results of the debulking process. 

Once the tackifier is heated in the debulk process, it melts and flows through the preform by the 

vacuum pressure, and then goes through an irreversible chemical change in curing. This 

essentially fuses the tows in place at roughly 50% fiber volume fraction, producing very stiff 

preforms. This cured tackifier aids to resist nesting of the fibers and tows upon compression in 

the permeability fixture. Nesting, of course, reduces local permeability through the increase in 

local fiber volume fraction. A simple schematic diagram of tows of tackified (non-debulked) and 

debulked preforms is seen Figure 4.9 to illustrate this point. 
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Figure 4.9: Illustration of the Nesting Comparison between Tackified and Debulked Preforms 

 
Here, the figure shows that the tackifier (blue) on the unprocessed preform tows still allows 

nesting under compaction. On the other hand, the heated and cured tackifier (purple) shown on 

the debulked preform tows have been distributed throughout the fiber network and fuse the 

reinforcement together to resist the compaction pressure.  

 

This effect was seen in Chapter 3, where debulked preforms required greater compaction 

pressure than non-debulked preforms to achieve the same fiber volume fraction. Difficulty 

compacting the debulked samples in the permeability fixture was also noted during these 

measurements. While the cured tackifier still blocks some inter-tow flow channels, it is 

hypothesized here that the resistance to nesting allows these gaps to stay large enough to affect 

permeability on the bulk scale, producing similar values to that of non-tackified material. This 

also may explain why the debulked preforms tested higher in permeability than the tackified 
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preforms. In this case, the tackified preforms, which have not been cured, supply tack and 

preform stability but still allow fibers and tows to nest under compaction.  

 

Additionally, the tows absorbed some of the tackifier during its low viscosity state before cure in 

the debulk cycle. Rohatgi and Lee [9] investigated powdered tackifier effects on the in-plane 

permeability of a four harness satin carbon fabric. They found that if the tackifier was absorbed 

into the tows during heated debulking, the resulting permeability would be similar to that of non-

tackified samples. If tackifier particles were not absorbed into the tows, they would block inter-

tow gaps, which results in significant reduction in permeability. Similar results could be 

happening with the debulked IM7-4HS, where fewer blockages of the inter-tow flow channels 

are seen. Without further study of debulked IM7-4HS microstructure, the amount of tackifier 

absorption into the tows cannot be definitively concluded. The extent of this, although, is 

expected to be relatively significant due to the apparent stiffness of the entire preform upon 

debulk cycle conclusion. Interesting future work could take multiple debulked cross-sections to 

determine the amount of tackifier absorption into the tows compared to that remaining in inter-

tow gaps at different processing temperatures.  

 

Further comparisons of the debulked preforms can be seen in Figure 4.10, where 6 versus 12 ply 

in-plane permeabilities are displayed in the warp (𝑆𝑥𝑥) and weft (𝑆𝑦𝑦) directions.  
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Figure 4.10: Saturated Permeability Ply Number Comparison for Debulked IM7-4HS Laminate 
Preforms 

 
Here, it is seen that the 12 ply preforms produce in-plane permeability that is ~27% less than the 

6 ply preforms for both the warp and weft directions. Although this is a sizeable reduction, the 

experimental variability for the debulked preforms was large at around 20%, thus the 

permeability results are within scatter. The large amount of experimental scatter could be due to 

the variability of melted tackifier movement during the debulk process. Adding an additional 

processing step to these preforms allowed added geometrical variations. The tackifier was able to 

rearrange itself within the reinforcement at high temperatures of the debulk cycle. This could 

possibly result in areas rich in tackifier or regions with little tackifier, thus altering fluid flow 

paths. This could further add uncertainty to the local compaction of the preform in the 

permeability fixture. While very large reductions in permeability have been reported from 

increasing preform ply number [160], the results here, at 55% fiber volume fraction, display only 
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a slight drop in permeability when number of preform layers is doubled. Thus, the debulking 

process can be further concluded to resist inter-tow nesting.  

 

Now that the general trends of permeability among different preform variations have been 

discussed at a single fiber volume fraction, the preforms can be compared over the range of fiber 

volume fractions. Figure 4.11 shows a comparison of the average 𝑆𝑥𝑥 permeabilities at 50%, 

55%, and 60% fiber volume fraction. The data were fit to a power law equation. Figure 4.12 

shows a similar comparison of the 𝑆𝑦𝑦 permeabilities. The full set of power law fits for every 

flow direction can be found in Appendix C. 

          

          

Figure 4.11: Saturated IM7-4HS Sxx Permeability versus Fiber Volume Fraction 
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Figure 4.12: Saturated IM7-4HS Syy Permeability Comparison over Fiber Volume Fraction 

 
The trends among preform types discussed earlier at 55% fiber volume fraction are relatively 

consistent across fiber volume fraction, although some crossover was seen between preform 

types. The tackified and debulked samples generally tested lower in permeability than the other 

preform types. The 6 ply debulked samples showed the largest variation in trend across fiber 

volume fraction. These preforms were seen to drastically reduce in permeability over fiber 

volume fraction for the 𝑆𝑦𝑦 measurements. A distinct explanation for this is not known, although 

it is possible that at high enough compaction pressures, some of the cured tackifier fusing tows 

together may separate. This would then allow additional nesting to take place and thus 

explaining the low permeability nature of the debulked samples at 60% fiber volume fraction. To 

explain the relatively high permeability of the 6 ply debulked samples at 50% fiber volume 

fraction, the debulk processing must be considered. Shih and Lee [10] noted that tackified 
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preforms should be compressed to a thickness slightly larger than the target thickness for a 

permeability test, so the sample can be re-compressed to the desired fiber volume fraction in the 

measurement fixture to avoid race-tracking over or under the sample. In the vacuum debulk 

process, the vacuum pressure compacted the 6 ply preforms to a thickness very close or past the 

50% fiber volume fraction point. This may allow for some race-tracking over the sample to take 

place and artificially raise the permeability if the pre-compacted sample was of smaller thickness 

than the cavity depth set in the permeability fixture. From the compaction experiments in 

Chapter 3, it was observed that compacting the 6 ply debulked samples to 100 kPa (roughly full 

vacuum pressure) produced fiber volume fractions just over 50%. Therefore, it may be possible 

to observe race tracking effects with these samples at the 50% fiber volume fraction thickness set 

in the permeability measurement cavity. In this case, the saturated permeability testing cavity 

may be of slightly larger thickness than the sample, allowing the fluid a path of low resistance 

over the top of the preform. Alternatively, the 12 ply debulked samples showed no artificially 

high permeability at 50% fiber volume fraction, which corresponds to the trend of more 

compaction resistance seen in these samples than in the 6 ply preforms in the Chapter 3 results.  

 

4.2.1.2 Principal Permeability Ratios and Orientation 

In addition to calculating principal in-plane permeabilities from the tensor transformation, the 

angle of first principal permeability orientation (𝛽) was also found. It was observed that 

relatively small changes in permeability measurements resulted in large changes in the 𝛽 angle. 

For example, using 𝑆𝑥𝑥, 𝑆𝑦𝑦, and 𝑆𝑥𝑥′ data for the 6 ply non-tackified laminate, employing a 

15% change in the original 𝑆𝑥𝑥 value returned a change in the 𝛽 angle of 19° from the original 

tensor transformation. This is disappointing as average experimental scatter among in-plane 
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permeability measurements was seen to be roughly 15% for the non-tackified laminate. This 

15% change in 𝑆𝑥𝑥  also resulted in only a 10% change in the 𝑆11 and a 3% change in 𝑆22 value. 

The 𝛽 angle then appears to be much more sensitive to experimental scatter than the principal 

permeability. Furthermore, employing a 15% change to the 𝑆𝑦𝑦 value results in only a 1° change, 

while a 15% change in 𝑆𝑥𝑥′ results in an extremely large alteration of 40° in 𝛽, all while the 

principal permeabilities are lightly altered in regards to experimental scatter. Demaría et al. [153] 

also reviewed how small variations in the measured channel flow permeability measurements 

make a noticeable change on the angle 𝛽. Even a 5% change in 𝑆𝑥𝑥  permeability was noted to 

cause up to a 13% change in 𝛽 by Weitzenböck et al. [61].  Due to this sensitivity, 𝛽 cannot be 

confidently reported for the IM7-4HS preforms tested in the saturated permeability fixture. A 

radial visualization technique was then required to quantify the orientation angle. This is 

discussed in detail in Chapter 8. 

 

In this case, a more practical approach to quantifying the permeability tensors’ directional biases 

is through comparing permeability ratios. Here, the 𝑆𝑥𝑥/𝑆𝑦𝑦 and 𝑆11/𝑆22 ratios can quantify the 

anisotropy of the permeability of each preform type measured. The 𝑆𝑥𝑥/𝑆𝑦𝑦 ratio is simply the 

warp over weft permeability, while the 𝑆11/𝑆22 shows the maximum ratio of preform anisotropy.  

When the ratios are close to 1, the in-plane permeability behavior should be close to isotropic. 

The permeability ratios calculated from average permeabilities for all preforms measured can be 

seen in Table 4.4. The ratios are displayed over the fiber volume fractions tested. Note that the 

12 ply debulked preform was not tested in the 𝑆𝑥𝑥′ direction, so the principal permeability ratio 

could not be calculated.  
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Table 4.4: In-plane Permeability Ratios over Fiber Volume Fraction by IM7-4HS Preform Type 

IM7-4HS Preform Type 
Sxx/Syy S11/S22 

50% Vf 55% Vf 60% Vf 50% Vf 55% Vf 60% Vf 

6 Ply Warp Aligned Non-
tackified 0.41 0.45 0.50 2.52 2.35 2.27 

6 Ply Warp Aligned Tackified 0.85 0.85 0.87 1.61 1.63 2.06 

6 Ply Non-tackified Laminate 1.16 1.25 1.34 1.49 1.39 1.51 

6 Ply Debulked Laminate 0.67 0.89 1.17 2.86 1.71 1.98 

12 ply Debulked Laminate 0.97 0.87 0.79 - - - 

 

From this data, the warp aligned non-tackified preform shows the greatest anisotropy, with the 

𝑆𝑥𝑥/𝑆𝑦𝑦 ratio showing a very strong bias of high permeability in the weft direction. The addition 

of tackifier, shows a ratio closer to 1, creating a more isotropic in-plane permeability tensor for 

the warp aligned preforms. The laminate preforms also showed less directional bias or 

preferential flow directions, as was described earlier by the more isotropic nature of the layup. 

Interestingly, for all preforms except the 12 ply debulked, the 𝑆𝑥𝑥/𝑆𝑦𝑦 ratio increased with 

increasing fiber volume fraction. Also, it should be noted that the  𝑆11/𝑆22 ratio was greater than 

the 𝑆𝑥𝑥/𝑆𝑦𝑦 ratio for every preform. 

 

4.2.2 Transverse Permeability Results 

Saturated permeability measurements made through-the-thickness of the IM7-4HS preforms 

were conducted on all 6 of the preform variations in Table 4.1. Due to the small sample area (2 

inch squares) of the transverse preforms, material supply was not a concern. Similar to the in-

plane measurements, linear flow rate versus pressure drop relationships were found for all 

preforms. Also, low flow rates (1 cc/min to 10 cc/min) again were used to supply the SAE 40. 

The transverse permeability results are shown in Figure 4.13 over the fiber volume fraction range 
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tested. Table 4.5 displays the numerical values of these through-thickness measurements 

including the standard deviations (StDev) and coefficients of variation (CV) from the tests.  

     

Figure 4.13: Saturated Transverse Permeability by IM7-4HS Preform Type over Fiber Volume 
Fraction 
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Table 4.5: Saturated Transverse Permeability Data by IM7-4HS Preform Type over Fiber 
Volume Fraction 

Vf = 50%    
Preform Type Szz (m2) StDev (m2) CV (%) 

Non-tackified Laminate (6 ply) 1.70E-12 3.15E-13 18.53 

Non-tackified Laminate (12 ply) 2.04E-12 3.52E-13 17.25 

Debulked Laminate (6 ply) 9.51E-13 8.45E-14 8.88 

Non-tackified Warp Aligned (6 ply) 1.18E-12 4.71E-14 3.99 

Tackified Warp Aligned (6 ply) 8.05E-13 2.30E-14 2.86 

Debulked Laminate (12 ply) 1.02E-12 8.76E-14 8.59 

    Vf = 55%    
Preform Type Szz (m2) StDev (m2) CV (%) 

Non-tackified Laminate (6 ply) 8.89E-13 1.56E-13 17.56 

Non-tackified Laminate (12 ply) 7.95E-13 1.96E-13 24.64 

Debulked Laminate (6 ply) 5.97E-13 4.80E-14 8.04 

Non-tackified Warp Aligned (6 ply) 6.38E-13 2.84E-14 4.46 

Tackified Warp Aligned (6 ply) 4.14E-13 2.82E-14 6.82 

Debulked Laminate (12 ply) 7.95E-13 5.06E-13 9.89 

    Vf = 60% 
   Preform Type Szz (m2) StDev (m2) CV (%) 

Non-tackified Laminate (6 ply) 3.91E-13 1.06E-13 22.66 

Non-tackified Laminate (12 ply) 3.36E-13 1.05E-13 31.28 

Debulked Laminate (6 ply) 3.91E-13 3.01E-14 7.70 

Non-tackified Warp Aligned (6 ply) 3.30E-13 1.83E-14 5.54 

Tackified Warp Aligned (6 ply) 1.98E-13 1.58E-14 7.96 

Debulked Laminate (12 ply) 3.36E-13 2.67E-13 11.27 

 

The trend of decreasing permeability with increasing fiber content is dominant in these results. 

On average across all preform variations, increasing the fiber volume fraction from 50% to 55% 

resulted in a decrease in permeability by 50%. Correspondingly, an increase from 55% to 60% in 

fiber volume fraction reduced the across-the-board permeability by 48%. Other general trends 

show that the non-tackified laminate preforms produced the highest transverse permeabilities out 

of all the samples measured. This could be due to the altered tortuosity the laminate stacking 
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sequence provides compared to the warp aligned preform layup, while no tackifier is present to 

block inter-tow flow channels. Generally, the non-tackified preforms also displayed much more 

experimental scatter than the other preforms. This is likely because the laminate stacking 

sequence required more user handling and angled fabric cuts than the warp aligned layups. Also, 

without tackifier, tow loss and slippage was common. These factors combine to add to the 

sample-to-sample variation. The transverse permeability data at only 55% fiber volume fraction 

is highlighted in Figure 4.14 for further discussion. 

          

Figure 4.14: Saturated Transverse Permeability by IM7-4HS Preform Type at 55% Fiber 
Volume Fraction 
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fraction). As described earlier in the in-plane permeability discussion, this is likely because the 

tackifier aids in blocking the inter-tow flow channels, while still allowing nesting to take place 

where the debulked samples resisted nesting.  

 

Another important result to note is, as a whole, the through-thickness direction of the IM7-4HS 

preforms was much less permeable than their in-plane counterparts. This is a trend that has been 

cited and is well known for most reinforcements [60]. Transverse permeability has been reported 

to be over two magnitudes lower than the in-plane permeabilities of the same preform [101]. 

Using sample data from the 6 ply non-tackified laminate permeability measurements, the two in-

plane principal permeabilities and the 𝑆𝑧𝑧, or effectively the 𝑆33, can be plotted across fiber 

volume fraction on one plot. This is seen in Figure 4.15 where the permeability is plotted on a 

logarithmic scale.  

                

                

Figure 4.15: Principal Permeabilities over Fiber Volume Fraction for the 6 Ply Non-tackified 
Laminate IM7-4HS 
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Here, the in-plane permeabilities are seen to be of the same order of magnitude, while the third 

principal permeability, deemed through-the-thickness, is roughly a full order of magnitude lower. 

This relationship can be attributed to the relatively tight weave of the harness satin fabric. Out-

of-plane flow then permeates through very small inter-tow gaps and also largely through intra-

tow regions, which possess a much higher local fiber volume fraction then the bulk preform. In-

plane flow sees much larger inter-tow gaps where comparatively, much less resistance to flow is 

seen.  

 

4.3 Conclusions 

Saturated permeability measurements with various IM7-4HS preform types created a baseline of 

data for further permeability comparisons. The saturated technique also allowed for quicker 

characterization across a range of fiber volume fractions than unsaturated tests would. 

Permeability was seen to decrease largely with the increase of fiber volume fraction for both in-

plane and through-thickness measurements. Three different in-plane measurement directions 

were made per preform so that the permeability tensor could be transformed to define the 

principal permeabilities and their orientation. The orientation angle proved to be too sensitive to 

be confidently calculated based on measurement variability, while principal permeabilities were 

not significantly affected from this variation.  

 

The effects of tackifier, debulking, and preform layup were also highlighted. Layup was seen to 

play a large role in the in-plane permeability tensor anisotropy. Layups with the warp direction 

of each ply aligned possessed much higher permeability in the weft direction than the warp, 

while layups with a more quasi-isotropic stacking sequence delivered similar permeabilities in all 
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test directions. The presence of inter-layer tackifier was seen to reduce permeability in all test 

directions due to a blocking of inter-tow gaps, while some directions were more affected than 

others. Tackified samples in the warp aligned preforms created a much more isotropic in-plane 

permeability tensor compared to the non-tackified. Debulked samples proved to be most difficult 

to characterize in permeability. The curing of the tackifier altered the compaction behavior of 

these samples. Debulked samples resisted inter-ply nesting, and resulted in higher permeability 

than the tackified, non-debulked samples as fewer inter-tow flow channels were blocked. 

Transverse measurements showed similar trends, while permeability here was roughly an order 

of magnitude lower than in the in-plane measurements.  

 

Using the produced permeability data here, Darcian flow based process models can be created to 

simulate mold fills for RTM. If low permeability is not a concern, tackified IM7-4HS should be 

used in a manufacturing setting over the non-tackified material, as the tackifier aids in holding 

fiber orientation and preform shape. Debulking will further hold preform shape, although 

preform compaction and race-tracking may become a concern inside the mold. Note that the 

injected resin should be compatible with tackifier used in preforming. Future work for a more 

robust characterization could include the effect of shear and flow through curved portions of the 

reinforcement. Further work could develop an in situ permeability measurement system, where 

the effects of the unique geometrical features of specific molds could be characterized before 

infusion. 
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5. Fluid Effects 

 

Understanding how reinforcement fibers interact with a permeating fluid is telling to the degree 

of compatibility between the reinforcement and matrix. In this study, the majority of 

permeability measurements was made with SAE 40 motor oil due to the low cost and ease of use 

with respect to equipment cleanup. For actual LCM infusions, epoxy resins are used that possess 

different surface chemistry than that of motor oil. Due to differing surface chemistry, the 

adhesion between the reinforcing fibers and the fluids could be affected. Wettability of the fibers 

may be altered and a natural inquiry asks if the fluid type affects permeability. As stated in the 

literature review, the effect of fluid type on permeability has been controversial. Some 

researchers have found little effect compared to experimental scatter [115], [116], while others 

found large deviations based on the fluid used [117].  To investigate this fiber/fluid interaction 

and compare different fluids, measurements of the liquid to fiber contact angle and fluid surface 

tension can be made. Low contact angles and surface tensions are generally desired for LCM. 

Lower contact angles promote better fiber wet out while lower fluid surface tensions leads to 

better adhesion and ultimately fewer voids in the finished part [43]. Contact angle and surface 

tension measurements can then be implemented to define capillary pressure and a capillary 

number for unsaturated infusions.  

  

To investigate the fluid type effects on permeability, SAE 40 motor oil was compared to Applied 

Poleramic’s SC-15 epoxy resin system (a VARTM resin with similar viscosity to that of the oil 

at room temperature) in unsaturated, one-dimensional flow experiments. The resin system, SC-
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15, has an epoxy component, Part A, and an amine hardening component, Part B (mixing ratio of 

Part A:Part B = 100:30). A basic comparison of the fluids’ properties can be seen in Table 5.1. 

Table 5.1: Basic Properties of Test Fluids 

Fluid SAE 40 Oil 
SC-15 Part A 

(Resin) 
SC-15 Part B 
(Hardener) 

SC-15 Mixed 
(A:B = 100:30) 

Viscosity at 
Ambient (Pa-s) 

0.24 0.58 0.045 0.285 

Density at 
Ambient 
(kg/m^3) 

706 1129 961 1085 

 

A direct comparison of permeability produced from SAE 40 oil infusions and permeability 

produced from SC-15 infusions is made for IM7-4HS preforms with and without the inter-layer 

tackifier. Both the epoxy and motor oil were also measured for surface tension and contact angle 

with IM7. This first half of this chapter discusses the experimental approach and results of fluid 

surface tension and fiber contact angle measurements. The second half of the chapter introduces 

the unsaturated permeability measurement technique and discusses capillary effects on 

permeability induced from the interactions characterized in the first half.  

 

5.1 Contact Angle and Surface Tension Measurements  

5.1.1 Methods 

5.1.1.1 Surface Tension Measurements 

To measure fluid surface tensions of the SAE 40 oil and epoxy portion of the SC-15, the Du 

Noüy ring method was employed. With this measurement technique, a platinum-iridium ring of 

known surface contact angle is introduced into a test fluid with unknown surface tension. The Du 

Noüy ring method was carried out on a Thermo Cahn Dynamic Contact Angle (DCA) analyzer 

model 322, seen in Figure 5.1. The DCA possesses a high-precision balance with sensitivity 
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rating 0.1 µg. The ring has a circumference of 6.00 cm and is immersed into the test fluid. The 

wetting force is measured as the ring is pulled out of the fluid. With this, the surface tension of 

the liquid can be directly calculated. The measurement procedure and data interpretation for 

surface tension calculations described here are from the DCA’s manufacturers tutorial found in 

[174]. 

                                                

Figure 5.1: Cahn DCA 322 

 
A representation of the Du Noüy ring method can be seen in Figure 5.2. A total of three 

measurements per test fluid were measured (SAE 40 motor oil and  SC-15 Part A). Test fluids 

were housed in a 50 mL beaker. The ring was introduced into the test fluids at 20 µm/s, and once 

fully immerged, it was pulled out at the same rate until the fluid broke from the ring surface. The 

ring was cleaned with acetone and flame from a propane torch between each measurement. The 
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ring was allowed to fully cool to room temperature before subsequent testing.  Also, between 

each measurement of the same liquid, a fresh liquid surface was introduced by pipet injection.   

                              

Figure 5.2: Du Noüy Ring Representation 

Using the relation seen in Equation 56, the surface tension of the fluid, 𝜎, can then be determined 

where 𝜎′ is the raw surface tension reading from the wetting force measurement and 𝑐𝑓 is the 

correction factor  

 
𝜎 = 𝜎′𝑐𝑓 (56) 

The raw surface tension is then defined as 

 
𝜎′ = 

𝐹𝑤
𝑝

 (57) 

 

Test Fluid 

Glass Beaker 

Du Noüy Ring  
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Here, 𝐹𝑤 is the measured wetting force during the ring pullout and  𝑝 is the wetted perimeter 

(𝑝 = 4𝜋𝑅 where 𝑅 is the radius of the ring). As recommended from the DCA manufacturer 

[174], the Deutsches Institut für Normung (DIN) standard of using the max pull point (point of 

maximum wetting force during ring pullout) for the surface tension calculation was used rather 

than the American Society for Testing and Materials (ASTM) standard of using the break point. 

The break point (the point during the test at which the fluid breaks away from the Du Noüy ring 

as it is pulled from the fluid) may be altered from vibrations or other outside interferences [175]. 

The correction factor is used to account for the liquid that is attached to the bottom of the Du 

Noüy ring during pullout. The correction factor is defined in Equation 58, where 𝐶 is the mean 

circumference of the ring, 𝜌𝑓𝑙𝑢𝑖𝑑 is the density of the test fluid, 𝜌𝑎𝑖𝑟 is the density of the 

surrounding air, 𝑅 is the radius of the ring, and 𝑟 is the radius of the wire composing the Du 

Noüy ring. The density of the oil was provided by the manufacturer, while the density of the 

epoxy was referenced from the resin system material data sheet in [176].  

 
𝑐𝑓 = 0.7250 + √

1.452𝜎′

𝐶2(𝜌𝑓𝑙𝑢𝑖𝑑 − 𝜌𝑎𝑖𝑟)
+ 0.04534 −

1.679

𝑅/𝑟
 (58) 

 
5.1.1.2 Contact Angle Measurements 

To measure the advancing and receding contact angles of the SAE 40 motor oil and epoxy resin 

on the IM7 carbon fibers, the micro-Wilhelmy method was used. This method is similar to the 

Du Noüy ring method as it also employs the Cahn DCA, although single carbon fibers, attached 

to wire hangers, are introduced into the test fluid. A representation of the micro-Wilhelmy setup 

using the Cahn DCA 322 can be seen in Figure 5.3. 
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Figure 5.3: Micro-Wilhelmy Setup using the Thermo Cahn DCA 322 

 
Using the relation in Equation 59, the advancing and receding fiber contact angles, 𝜃, can be 

determined for each test fluid.  

 
cos 𝜃 =

𝐹𝑤
𝜎𝑝

 (59) 

 
The wetted perimeter, 𝑝, in this case refers to the fiber’s circumference, while 𝜃 is the fiber 

contact angle, and 𝐹𝑤 is the measured wetting force. Also, the work of adhesion between fiber 

and liquid can be determined from these measurements. The work of adhesion is defined as the 

total attraction between two phases, and is produced from both chemical and physical factors 

[177]. The work of adhesion, 𝑊𝐴, can be calculated from the measured quantities of fluid surface 

tension and contact angle as seen in Equation 60 [177], [178].  

 
𝑊𝐴 =  𝜎(1 + cos 𝜃) (60) 

 
To obtain these wetting force measurements, micro-Wilhelmy samples were first laid up. To 

assemble the fiber samples, single carbon fibers were selected from a tow of the IM7-4HS fabric. 
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The fibers were then carefully glued to the wire hangers roughly 1.59 cm in length. The fibers 

were attached to be as straight as possible along the shaft of the hangers with about a 1 cm length 

of the fibers protruding past the end of the hanger. This left a length of the fibers free to contact 

with the test fluids. Sample layup was done under the aid of magnification. A total of 29 samples 

were produced. Each individual micro-Wilhelmy fiber sample was measured in diameter with a 

laser scan micrometer at 3 different points over the fiber’s length. The average fiber diameter 

was calculated from these 3 points. Assuming a circular cross-section for carbon fiber, the wetted 

perimeter was calculated for each sample. A laid up micro-Wilhelmy sample is shown in Figure 

5.4 (due to the carbon fiber size, it is not easily seen in this figure).  

                                          

Figure 5.4: Micro-Wilhelmy Test Specimen 

Micro-Wilhelmy contact angle tests were run with the IM7 samples with the SAE 40 oil, the SC-

15 resin system (a ratio of epoxy to hardener of 100:30), and with epoxy portion only of the SC-

15 (Part A only). The SC-15 resin system and the Part A only samples were vacuum degassed for 

10 minutes before the contact angle measurements were conducted to reduce the presence of air 

bubbles, which are detrimental to the micro-Wilhelmy tests. Elapsed time after mixture of the 

SC-15 system was recorded in reference to when fiber samples were introduced. Advancing and 
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receding contact angles were found by introducing the fibers into the test fluids at 20 µm/s to an 

immersion depth of 3 mm, and then allowed to recede at the same speed until the fibers were 

pulled out of the liquid. The test fluids were housed in 10 mL glass beakers during these 

measurements. The wetting force during advancement and recession of the fibers were recorded 

from the DCA high precision balance and were used to find the contact angles. To do this, the 

advancing and receding portions of the curve were fit separately to linear regressions to account 

for the buoyancy effect. The advancing and receding wetting forces were then solved from these 

regressions at the point of zero depth of immersion (ZDOI) and used for the contact angle 

calculation.    

 

5.1.2 Results and Discussion 

5.1.2.1 Surface Tension Measurements 

A total of 3 surface tension calculations were made for each test fluid using the Du Noüy ring 

method. Surface tension tests were made after the fiber contact angle measurements, and due to 

unsuccessful micro-Wilhelmy measurements with the full SC-15 system (Part A and Part B), 

only the epoxy portion (Part A) of the SC-15 and the SAE 40 motor oil and were measured. The 

surface tension calculations from each run of both tested liquids are listed in Table 5.2 along 

with the average, standard deviation (StDev), and percent coefficient of variation (CV). Note that 

the surface tension measurements for both fluids were made at room temperature in air. 
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Table 5.2: Surface Tension Measurement Results by Test Fluid 

Surface Tension by Test Fluid (dyne/cm) 

Run # SAE 40 Motor Oil SC-15 Part A 

1 29.18 32.36 

2 29.12 32.41 

3 29.14 32.46 

Average 29.15 32.41 

StDev 0.03 0.05 

CV (%) 0.11 0.16 

 

The surface tension results were very consistent for both fluids as seen in the table. Also, both 

the epoxy and motor oil were measured to possess a very similar surface tension value. Due to 

the small difference between surface tensions of the motor oil and epoxy, it is difficult to make 

an inference towards the determination of a better wetting fluid. Contact angle and work of 

adhesion results will aid in this. Literature values for the SC-15 epoxy could not be found for a 

comparison. The SAE 40 motor oil compares close to reported value of 35 dyne/cm for SAE 30 

and SAE 50 oils [179]. A full list of surface tension measurement run data, including values for 

raw measurement surface tension, correction factors, and maximum pull out weights can be 

found in Appendix B. Also, sample wetting force graphs for both oil and epoxy in the Du Noüy 

ring measurements can be found in Appendix B.  

 

5.1.2.2 Fiber Diameter Measurements 

Of the 29 micro-Wilhelmy fiber samples measured, the average diameter of one sample was 

significantly higher than the remaining samples, so it was concluded that this was actually 2 

fibers still twisted together from the tow. That left 28 samples of single fibers diameters. Each 
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fiber diameter was averaged over three points. The average IM7 fiber diameter, perimeter, 

standard deviation (StDev) and coefficient of variation (CV) are listed in Table 5.3. 

Table 5.3: IM7 Fiber Diameter Statistics 

Average Data from 28 Fiber Samples 

Fiber Diameter (µm) 5.59 

Diameter StDev (µm) 0.27 

Diameter CV (%) 4.86 

Fiber Perimeter (From Average) (µm) 17.55 

 

Compared to the manufacturer’s supplied average fiber diameter of 5.2 µm shown in Table 1.1, 

the experimental average was about 7% higher. It should be noted that the sample body average 

diameter was not used for each contact angle measurement. Each individual fiber diameter was 

used for more accuracy. The entire data sample set can be seen in Appendix B.  

 

5.1.2.3 Contact Angle Measurements 

During micro-Wilhelmy testing for fiber contact angles, 13 IM7 fiber samples were designated 

for tests with the oil, 8 samples were designated for the SC-15 resin system, and 8 samples were 

designated for SC-15 Part A measurements. Due to fiber irregularities, bubbles in test fluids, and 

other effects, not all samples test data was used. Also, for some samples, only the advancing 

contact angle data was produced. A full list of the micro-Wilhelmy fibers and their data status 

can be found in Appendix B. Successful measurements were taken from 10 out of the 13 fiber 

samples used with the oil, all 8 fibers samples used with the SC-15 Part A, and none of the 8 

samples measured with the full SC-15 system produced usable data for advancing contact angles. 

The advancing and receding contact angle results can be seen in Table 5.4. A complete list of 

individual fibers and their test data can be found in Appendix B.  
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Table 5.4: Advancing and Receding Contact Angle Measurement Results by Fluid 

Fluid SAE 40 Oil SC-15 Part A (Epoxy only) 

Contact Angle Type Advancing Receding Advancing Receding 

Sample Size 10 9 8 7 

Average θ  
(degrees) 

45.34 56.36 37.54 47.81 

StDev θ (degrees) 5.92 3.96 5.63 6.91 

CV (%) 13.06 7.03 14.99 14.46 

 

These results infer that the epoxy is a better wetting liquid with the IM7 fiber because the 

advancing contact angle is smaller than that of the oil. While this comparison has been made by 

some researchers [43] to indicate a better wetting fluid, Miller [177] argues that only in a 

comparison of a single fluid does an increase in attraction confidently result in a decrease in 

contact angle.  Therefore, the work of adhesion should be examined. While the epoxy possesses 

a lower average contact angle, both sets of fluid produced advancing contact angles with 

standard deviations of about 6 degrees. With this variation and a difference between the fluids 

averages of about 7 degrees, the difference of wettability between the fluids may not be 

statistically relevant. Other results show that the advancing contact angles for both fluids is less 

than their receding counterparts implying that a dry fiber is more attracted to the test fluids than a 

pre-wetted fiber. The calculated work of adhesion for these fluids with the IM7 will further 

investigate these inferences. 

  

The work of adhesion for both advancement and recession were calculated for the motor oil and 

epoxy. The results are displayed in Table 5.4. This table also includes values of a hysteresis ratio, 

which is the ratio of between the work of adhesion of advancement over recession (hysteresis 

ratio= 𝑊𝐴
𝑟/𝑊𝐴

𝑎). This was done for each full micro-Wilhelmy measurement (including both 

advancing and receding portions of the wetting force curve). The hysteresis ratio is clear 
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indication of whether the liquid is more attracted to a dry solid or the solid in a pre-wetted state 

[177].  

Table 5.5: Work of Adhesion of Test Fluids with IM7 Fibers 

Fluid 
SAE 40 Oil SC-15 Part A (Epoxy only) 

Advancing Receding 
Hysteresis 

Ratio 
Advancing Receding 

Hysteresis 
Ratio 

Sample Size 10 9 9 8 7 7 

Average WA 
(erg/cm2) 

49.53 45.26 0.92 58.00 54.04 0.92 

StDev WA 
(erg/cm2) 

2.08 1.64 0.03 2.02 2.91 0.03 

CV (%) 4.21 3.62 3.60 3.48 5.38 3.23 

 

As seen in Table 5.5, the work of adhesion for the epoxy is higher than that of the oil (15.75% 

higher for the advancing portion). This shows that the total attraction between the IM7 fiber and 

epoxy is stronger than interaction between the IM7 and oil, which means that better wetting will 

result. Also, the coefficients of variation of these results is lower than that of the contact angle 

results, creating a more clear indication of the better wetting fluid. The hysteresis ratio for both 

the oil and epoxy is 0.92. While being close to a value of 1 (meaning there is no difference in 

attraction between a dry and pre-wetted surface), the hysteresis ratios for both fluids indicates 

that there is stronger attraction to the dry IM7 fiber surface than the pre-wetted fiber. Note that a 

full set of work of adhesion calculations can be found in Appendix B. 

  

Similar work was produced by Hammond et al. [43], where surface  tension and contact angle 

measurements were reported for IM7 and E-glass fibers with corn oil and EPON 815, a low 

viscosity epoxy resin. The researchers used the advancing contact angles alone to designate that 

the epoxy was better wetting for both the E-glass and IM7. Although the authors did not report 

the work of adhesion, their stated surface tension and contact angle results were used to generate 
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the data in Table 5.6. The fluid and fiber results are compared here with the IM7 fiber results 

from this current study. Note that the IM7 fibers from Hammond et al. [43] were from a 8-

harness satin weave fabric, and due to possible differences with surface treatments, sizing, or 

other manufacturing variables, these results cannot be compared to the current study in a direct, 

quantitative sense, although the general trends of the comparison are relevant.  

 

Table 5.6: Fluid Surface Tension, Contact Angle and Work of Adhesion Comparison with 
Hammond et al. [43] for IM7 Fibers  

 
Current Study Results 

Results from Hammond et al. 
[43] 

Fluid SAE 40 Oil 
SC-15 Part A 
(Epoxy only) 

Corn Oil EPON 815 

Surface Tension 
(dyne/cm) 

29.1 32.4 26.5 37.2 

Average Advancing θ 
(degrees) 

45.3 37.5 36.1 28.5 

Advancing WA (erg/cm2) 49.5 58.0 48.0 69.9 

 

The comparison between these results is strikingly similar. Both results indicate that the epoxy 

was better wetting than their oil counterparts through lower contact angles and higher work of 

adhesion. Also, in both sets of results, the epoxy possessed higher surface tension than its oil 

equivalent. Overall, it can be concluded that the SC-15 epoxy is a better wetting fluid than the 

SAE 40 oil, while these similar results in literature [43] have produced concurring testimony.  

  

Regarding the results of the SC-15 Part A and Part B mixture, the likely causes of the low 

success rate of the micro-Wilhelmy measurements could be due to air bubbles present after 

degassing and the chemical reactions taking place. Even after degassing, some air was still 

entrapped in the SC-15. Since the resin surface properties were time sensitive, extended 
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degassing cycles were not pursued. Also, upon placement of the resin supply in the DCA 

measurement chamber, a thin film or skin would start to form on the surface of resin (in a matter 

of minutes) due to the interaction with the atmosphere. This skin would cause the fiber samples 

to bend upon contact and ruin sampling data. To prevent this, the surface film was manually 

broken up with a sterile glass pipet, although the complete elimination of these highly viscous 

formations could not be confirmed before each test. It should be noted that the low success rate 

of the contact angle measurements made with the SC-15 Part A and Part B system are due to the 

fluid rather than fiber inconsistencies.  

  

A sample graph of fiber contact angle measurement data is shown in Figure 5.5 displaying the 

wetting force being tracked as a function of the fiber immersion depth. This sample was 

immersed in SC-15 Part A. The significant features of the immersion and recession curve are 

noted in the figure. Fiber surface irregularities also can be seen on the advancing portion of the 

curve. The following graph in Figure 5.6 displays the advancing and receding portion of the 

wetting force transient. These curve potions were fitted to linear regressions. The fitted points at 

zero depth of immersion (ZDOI) are also marked, which are used for the fiber contact angle 

calculations to account for the buoyancy effect as described earlier.  

  

Fiber irregularities are also found as spikes in the wetting force curve [180] as seen in Figure 5.7. 

Tests that produced unusable data show results typical to those in Figure 5.8. Throughout testing, 

the IM7 fiber samples produced moderately consistent wetting force readouts, which correlate to 

a fairly smooth surface. This smoothness could be a product of the sizing or surface treatment 

placed on the fibers by the fabric manufacturer. Hammond et al. [43] also mentioned this 
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regarding the apparent smoothness of their IM7 fibers seen in scanning electron micrographs. 

Irregularities in the form of spikes on the advancing and receding curves were excluded in the 

buoyancy correction linear regressions. Some of the irregularities could be due to fiber sizing 

inconsistencies or from deformations experienced when the fibers were manually separated from 

the tow.  

        

Figure 5.5: Sample Micro-Wilhelmy Test Data  

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

W
e

tt
in

g 
Fo

rc
e

 (
m

g)
 

Fiber Immersion Depth (mm) 

Transient Wetting Force

Fiber above fluid 

Fiber advancing in fluid 

Fiber receding in fluid 

Fiber surface irregularities 

Fiber tip 
artifact 

ZDOI 



130 
 

   
 

Figure 5.6: Sample Micro-Wilhelmy Test Data with Buoyancy Correction  

 

        
 

Figure 5.7: Sample Micro-Wilhelmy Test Data  
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Figure 5.8: Sample Micro-Wilhelmy Unusable Test Data  
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5.2 Unsaturated Channel Flow Measurements with Differing Fluids 

5.2.1 Methods 

5.2.1.1 Experimental Setup 

Advancing front permeability measurements for both SAE 40 oil and SC-15 Part A were 

obtained using a channel flow visualization fixture. The full SC-15 resin system (Part A and B 

mixture) was not used here due to the unsuccessful micro-Wilhelmy characterization discussed 

earlier. This permeability fixture provided the ability to visually observe flow fronts progressing 

through preforms of IM7-4HS. The fixture is constructed of aluminum and allows a preform 

15.13 cm in width, 17.11 cm in length, and 6.35 cm in thickness. A line source and line sink lay 

on either side of the fixture’s preform cavity, which produces a rectilinear, in-plane flow. An 

Airtech pressure pot was used to supply constant pressure injections of the test fluids with the aid 

of a pressure regulator. The fixture was outfitted with an Omega PX-180 in-line pressure 

transducer, which monitored the precise supplied injection pressure. Using a camera positioned 

over the visualization window, advancing flow front locations were recorded while the elapsed 

time was monitored with a stopwatch. An exploded view schematic of the fixture can be seen in 

Figure 5.9. 
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Figure 5.9: Exploded View Schematic of the Channel Flow Unsaturated Permeability Fixture 

 
The channel flow fixture has two visualization windows, one on the top and one oriented on the 

side to allow for viewing the preform’s cross-section. Due to the dark color of the IM7-4HS 

preforms, only the flow front view through the top visualization window was recorded by the 

camera and clear differentiation could be made between saturated and unsaturated regions of the 

reinforcement.  

  

The nature of advancing front permeability measurements restricts the number of permeability 

data points to one per preform. As opposed to saturated measurements, permeability at only one 
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in an advancing front test, it cannot be measured again under the same conditions. Due to this 

limitation, IM7-4HS preforms of a single layup, fiber volume fraction, and flow direction were 

tested in order to maximize material supply. The focus of the unsaturated permeability 
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were not investigated as they were studied in the saturated experiments. Two aluminum shims 

were carefully cut and sealed with silicone into the unsaturated test fixture to produce a cavity 

depth of 1.68 mm, resulting in an IM7-4HS preform fiber volume fraction of 54.6% with 8 plies. 

A warp direction aligned preform layup was used for each sample producing a stacking sequence 

of [0]8. Multiple measurements were made at 69, 138 and 276 kPa (10, 20 and 40 psi) target 

constant inlet pressure set points. These unsaturated test parameters and others can be seen in 

Table 5.7.  

Table 5.7: Unsaturated Channel Flow Test Setup Parameters 

Material Layup Vf 
Constant Inlet 
Pressures Set 
Points (kPa) 

# Runs per 
Inlet Pressure 

Set Point 

Flow 
Direction 

Non-tackified IM7-4HS [0]8 54.6% 69, 138, 276 3 Warp or Sxx  

Tackified IM7-4HS [0]8 54.6% 69, 138, 276 3 Warp or Sxx  

 

Each infusion experiment was recorded and post-processed to determine the unsaturated, 

advancing front permeability. The visualization fixture window was graduated every 6.35 mm 

(0.5 inch) so that location and time of the flow front was easily distinguished at these points. The 

flow front locations were recorded over time and the method described by Hammond et al. [43] 

was used to derive the permeability. Beginning with Darcy’s law of form in Equation 61, 

substitutions of 𝑄
𝐴
=

𝑑𝑥

𝑑𝑡
𝜑 and 𝑑𝑃

𝑑𝑥
= −

∆𝑃

𝑥
 can be made to derive an altered form of Darcy’s law in 

Equation 62. Recall that in Darcy’s law, 𝑄 is the flow rate, 𝐴 is the cross-sectional area normal to 

flow, 𝜇 is the fluid viscosity, 𝑆 is the permeability, and 𝑑𝑃
𝑑𝑥

 is the pressure gradient.  

 𝑄

𝐴
= −

𝑆

𝜇

𝑑𝑃

𝑑𝑥
 (61) 

 
 𝑑𝑥

𝑑𝑡
𝜑 =

𝑆

𝜇

∆𝑃

𝑥
 (62) 
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Here, ∆𝑃 is the pressure drop over the preform length, or essentially the injection pressure if 

gage pressure is used, 𝜑 is the preform porosity, and 𝑡 is the time elapsed at the flow front 

location, 𝑥. Then, by integrating Equation 62 with an initial condition of 𝑥(0) = 0, one can 

derive the relationship seen in Equation 63.  

 
𝑥2 = (

2𝑆∆𝑃

𝜇𝜑
) 𝑡  (63) 

 
By using a linear pressure drop versus flow front location assumption, the measured flow front 

location squared (𝑥2) versus time can be fit to a linear regression where (2𝑆∆𝑃
𝜇𝜑

) is the slope (say, 

𝑚, with units of length squared per second) of the experimental data. Then, the unsaturated 

permeability of the preform can be determined directly from the slope of the 𝑥2 verses time 

curve with Equation 64. Note that this derives average unsaturated preform permeability over the 

infusion by taking the slope of all experimental points on the curve.  

 
𝑆𝑢𝑛𝑠𝑎𝑡 =  

𝑚𝜇𝜑

2∆𝑃
 (64) 

 
The linear pressure drop assumption is valid if a good linear regression fit can be made for the 

experimental flow front location squared versus time data. If this is not the case, then the 

assumption cannot be used and permeability must be calculated separately per flow front 

location or time of interest.  

 
5.2.1.2 Capillary Pressure Determination 

If capillary pressure is to be accounted for during the calculation of experimental unsaturated 

permeability, then this value can be added with the injection or mechanical pressure term [123], 

[133]. This gives 
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∆𝑃 =  𝑃𝑖𝑛𝑗 + 𝑃𝑐 (65) 

Here, 𝑃𝑖𝑛𝑗 is the constant injection pressure of the infusion and 𝑃𝑐 is the capillary pressure. Note 

that this formulation neglects gravitational pressure, which is assumed to have little influence on 

the entire pressure drop. This pressure drop can then be directly substituted back into Equation 

63 and Equation 64. To define the capillary pressure, experimental or theoretical techniques can 

be used. In this study, analytical formulations will be used to define capillary pressure 

contributions, as well as, an experimental technique based on constant injection pressure 

infusions, and a dynamic capillary pressure model based on capillary number. These methods 

will be described next. 

 

5.2.1.2.1 Analytical Methods 

Ahn et al. [123] gave a theoretical expression (also, see Equation 43 and Equation 44 in Chapter 

2) for defining capillary pressure in one-dimensional flow through fiber bundles. This is seen in 

Equation 66 where 𝑑𝑓 is the average fiber diameter, 𝜑 is the porosity, 𝜎 is the fluid surface 

tension, 𝜃 is the fiber contact angle, and 𝐹 is the form factor, which is based on the geometry and 

flow direction. 

 
𝑃𝑐 =  

𝐹

𝑑𝑓

(1 − 𝜑)

𝜑
𝜎 cos 𝜃 (66) 

 
For fluid flow parallel to the fiber bundle, 𝐹 = 4 and for transverse flow, 𝐹 = 2. For complex 

architecture preforms, a precise shape factor can only be obtained through experimental capillary 

measurement [124]. Amico and Lekakou [124] found through their experiments form factors in 

the range of 3.79 to 3.84 for their plain weave fabric, which was in the expected range between 2 

and 4. Considering that the four-harness satin material used in this study has a combination fiber 

bundles of both parallel and transverse to any induced one-dimensional flow, a representative 
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form factor would also be expected to be between 2 and 4. Due to this, formulation from Ahn 

[123] in Equation 66 was used in this study to estimate capillary pressure in the SAE 40 and SC-

15 infusions, where the limits prescribed from the range of possible form factors is also 

discussed. Verrey et al. [181] defined a similar theoretical relationship to model capillary 

pressure including the effect of fiber volume fraction. This formulation is seen in Equation 67. 

 
∆𝑃𝑐 = −

𝐴1𝑓𝑖𝑏𝑒𝑟

𝑉1𝑓𝑖𝑏𝑒𝑟
𝜎 cos 𝜃

𝑉𝑓

1 − 𝑉𝑓
 (67) 

 
In this geometrical formulation, 𝐴1𝑓𝑖𝑏𝑒𝑟 is the surface area of one fiber and 𝑉1𝑓𝑖𝑏𝑒𝑟 is the volume 

of one fiber, while 𝑉𝑓 is the fiber volume fraction of the fiber packing. Relationships from both 

Ahn et al. [123] and Verrey et al. [181] were modeled over multiple fiber volume fractions and 

compared to constant flow rate measurements of capillary pressure from SAE 40 experiments.  

 

Further, Ahn et al. [123] also defined a capillary number seen in Equation 68. The capillary 

number relates the relative effects of viscous forces over the surface tension forces.  

 
𝐶𝑎 =

𝜇𝑣

𝜎
 (68) 

 
Here, 𝑣 is the interstitial velocity, which is defined as  

 𝑣 =  
𝑞

𝜑
 (69) 

 
In this relationship, 𝑞 is the Darcy flux, which can be defined from Darcy’s law by  

 
𝑞 = −

𝑆

𝜇

𝑑𝑃

𝑑𝑥
 (70) 

 

5.2.1.2.2 Constant Injection Pressure Method 

Several researchers [123], [124], [181] have used an experimental approach where results from 

constant pressure infusions were used to define capillary pressure. By including capillary 
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pressure in the pressure drop term of Darcy’s law and integrating in the same fashion to the 

formulation of Equation 64, the relationship seen in Equation 71 is formed where the slope, 𝑚, is 

now represented in Equation 72 [181].  

 
𝑥2 = 𝑚𝑡 (71) 

 
 

𝑚 = −
2𝑆

𝜇𝜑
(∆𝑃𝑐 − 𝑃𝑎𝑝𝑝) (72) 

 
Here, 𝑃𝑎𝑝𝑝 is the applied pressure and ∆𝑃𝑐 is the capillary pressure drop. Simply by plotting 𝑚 

against the applied pressure for multiple experiments at different injection levels, the capillary 

pressure drop can be found by fitting a linear regression curve to the plot and extrapolating it to 

𝑚 = 0 [181]. This technique was used to determine the capillary pressures with SAE 40 oil and 

SC-15 Part A in the unsaturated IM7-4HS infusions. It should be noted that this technique 

provides a constant value of capillary pressure.  

 

5.2.1.2.3 Dynamic Capillary Pressure Method 

A similar approach can be applied using constant flow rate experiments where upon 

consideration of the capillary contributions the relationship in Equation 73 is formed [181].  

 
−𝑃𝑎𝑝𝑝 = 

𝑄2𝜇

𝐴2𝑆𝜑
𝑡 + ∆𝑃𝑐 (73) 

 
Here, 𝑄 is the constant flow rate, and 𝐴 is the area normal to flow. By plotting the pressure 

difference at the inlet versus the elapsed time, the capillary pressure can be determined by 

extrapolating the linear portion of the curve to 𝑡 = 0 [181]. Recently, Verrey et al. [181] used 

this technique as a basis for developing a more robust, dynamic capillary pressure determination 

method for LCM infusions. This method will be described here and was also employed with the 

non-tackified IM7-4HS material. To do this, constant flow rate infusions with the non-tackified 
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IM7-4HS preforms were performed. The transient inlet pressure was recorded during resin 

infusion from initiation to preform saturation, producing a pressure verses time curve for 

multiple fiber volume fractions.  

 

Verrey et al. [181] reasoned that the fluid/fiber contact angle is a dynamic function that is 

dependent on capillary number, and therefore, the capillary pressure should also be a function of 

capillary number. The Hoffman-Voinov-Tanner law shows the relationship between the dynamic 

contact angle and the capillary number, and is seen in Equation 74 [181]. 

 
𝜃𝑑𝑦𝑛

3 − 𝜃0
3 ≅ 𝑐𝑇𝐶𝑎 (74) 

 
Here, 𝜃𝑑𝑦𝑛 is the dynamic contact angle, 𝜃0 is the contact angle at thermodynamic equilibrium, 

𝐶𝑎 is the capillary number and 𝑐𝑇 is an experimental constant. Based on the slow speed of 

micro-Wilhelmy experiments, the measured contact angle was considered to be close to 

thermodynamic equilibrium. The experimental constant, 𝑐𝑇, was defined by fitting the constant 

flow rate experiment results, described in Chapter 4, to the Hoffman-Voinov-Tanner law. Verrey 

et al. [181] then used the relation in Equation 74 and combined it with the capillary pressure drop 

definition of Mortensen and Wong [182] shown in Equation 75. 

 
∆𝑃𝑐 = −𝑆𝑓𝜎 cos 𝜃𝑑𝑦𝑛 (75) 

 
In this relation, 𝜎 is the fluid surface tension between fiber, fluid, and surrounding air, and 𝑆𝑓 is 

the surface area of the interface per unit volume of the fluid. Similar to Ahn et al.’s [123] 

theoretical formulation for capillary pressure, 𝑆𝑓 can also be defined from idealized geometrical 

fiber packing considerations with [181] 

 
𝑆𝑓 =

2

𝑟𝑓
(

𝑉𝑓

1 − 𝑉𝑓
) (76) 
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Here, 𝑟𝑓 is the fiber radius and 𝑉𝑓 is the fiber volume fraction. This 𝑆𝑓 value has also been 

determined experimentally through Brunauer–Emmett–Teller (BET) techniques [181], [182]. By 

combining Equation 74 and Equation 75,  the capillary pressure was directly related to the 

capillary number, and thus a critical capillary number could be found where fluid behavior 

changes from wetting flow (enhancing the flow) to non-wetting flow (forced flow). This method 

was employed in this current study to define capillary pressures in the IM7-4HS preforms as a 

function of capillary number. Note that this technique was employed only with the non-tackified 

IM7-4HS due to material supply. Later in the results, permeability correction based on this 

technique will also be explored. 

 

5.2.2 Results and Discussion 

Unsaturated infusions were made for both SAE 40 oil and SC-15 (Part A only) resin at 3 

constant injections pressures of 69, 138 and 276 kPa. A total of 3 runs were made for each test 

fluid, at each of the 3 injection pressures, totaling 18 infusions with non-tackified IM7-4HS and 

18 infusions with the tackified IM7-4HS. A typical example of flow front advancement over 

time is shown in Figure 5.10 with SAE 40 oil as the permeating fluid. To define permeability 

measured in the infusions, capillary pressure estimations were considered first and are discussed 

next. 
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Figure 5.10: Linear Flow Front Advancement through Non-Tackified IM7-4HS. (A) Flow front 
at 24 sec. (B) Flow front at 1 min. 8 sec (C) Flow front at 3 min. 52 sec. 

 
5.2.2.1 Capillary Pressure Determination 

This study employs three different techniques for capillary pressure determination as described 

in the Methods section: 1) analytical, 2) experimental with constant injection pressure infusions, 

and 3) a dynamic capillary determination based on capillary number. Permeability was also 

(A) 

(B) 

(C) 
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determined by neglecting capillary pressure contributions. The results from these methods are 

described in detail. 

 

5.2.2.1.1 Analytical Capillary Pressure 

Using the analytical formulation in Equation 66, it can be seen that capillary pressure varies 

linearly with the form factor. In Figure 5.11, the capillary pressure is plotted against form factors 

ranging from 2 to 4 for both test fluids. 

         

Figure 5.11: Capillary Pressure versus Form Factor 

 
Capillary pressure ranges from 8.8 to 17.6 kPa (1.3 to 2.6 psi) for the SAE 40 oil and 11.0 to 

22.1 kPa (1.6 to 3.2 psi) for the SC-15 Part A. Using the limits of these ranges, the unsaturated 

permeability can be corrected for capillary pressure for each infusion made. Note that these 

capillary pressure drops are assumed to be flow enhancing, or opposite in value (negative) to the 

applied pressure.  
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5.2.2.1.2 Constant Injection Pressure Method 

Using the experimental procedure for capillary pressure determination from constant pressure 

injection pressure tests [123], [124], [181], [182], the 𝑚 versus pressure difference for all 

advancing flow front experiments can be fit to a linear regression curve. As explained in the 

methods section, this regression is extrapolated to 𝑚 = 0, which corresponds directly to the 

capillary pressure value. This can be seen in Figure 5.12 for both test fluids in conjunction with 

the non-tackified IM7-4HS preforms. Similar data can be seen plotted for the tackified IM7-4HS 

preforms in Figure 5.13. Note that each data point represents the average values of 3 constant 

pressure injections with error bars the vertical direction (representing scatter in 𝑚 values) The 

repeatability of injection pressure was excellent for each set, and therefore horizontal error bars 

are not evident for the majority of data points.   

 

Figure 5.12: Capillary Pressure Determination from Constant Injection Pressure Experiments 
for Non-tackified IM7-4HS 
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Figure 5.13: Capillary Pressure Determination from Constant Injection Pressure Experiments 
Tackified IM7-4HS 

 
These linear regressions can be seen extrapolated to zero, where interestingly, positive capillary 

pressures are the result for the non-tackified experiments, while negative pressures are the result 

for the tackified IM7-4HS preforms. Hence, both the SAE 40 oil and SC-15 Part A resisted fiber 

wetting in the non-tackified preforms rather than permit wicking, as a negative capillary pressure 

would allow. The presence of tackifier appears to encourage wicking flow compared to non-

tackified preforms, as negative capillary pressure values resulted for both test fluids. The values 

of the extrapolated pressures are shown in Table 5.8. It should also be noted that the tackified 

preforms produced less scatter than their non-tackified counterparts. This is likely due to the fact 

that the tackifier aided in holding fiber orientation and helped reduce the loss of tows during 

sample preparation. 
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Table 5.8: Capillary Pressures Determined from Constant Pressure Injection Method 

Preform Type 
Pc (kPa) by Test Fluid Type 

SAE 40 Oil SC-15 Part A 

Non-tackified 12.64 16.23 

Tackified -7.12 -0.21 

 
This effect on the sign of the capillary pressure term may be explained by the inter-layer tackifier 

presence in the inter-tow gaps of the tackified preforms. The blocking of inter-tow gaps 

encourages permeating fluid to flow more through the intra-tow regions. This result was verified 

by the low permeability results of tackified preforms in Chapter 4 compared to non-tackified 

material. It is then hypothesized that by increasing the flow through the intra-tow pores, capillary 

action is encouraged. The non-tackified fabric allows greater flow through inter-tow gaps, so that 

fluid preferentially flows first around the low-permeability tows and then slowly saturates them. 

The positive capillary pressure results have been noted in previous research. Verrey et al. [181] 

found similar results with a Diglycidyl Ether of Bisphenol A (DGEBA) epoxy, where the 

experimental capillary pressure was determined to be positive 17.9 kPa when injection pressures 

over a range of roughly 25 to 175 kPa were fit to a linear regression curve. This study used a 

similar, yet slightly larger pressure range from roughly 69 kPa to 275 kPa. Mortensen and Wong 

[182] also found similar results of positive capillary pressures up to 1.5 MPa, although these 

researchers were investigating capillary effects of molten aluminum permeating alumina/silica 

fibers. Considering the fiber contact angles presented earlier, both the oil and epoxy possessed 

values less than 90 degrees, which in contradiction, infers wetting. Verrey [181] explained that 

the dynamic contact angle should depend on the capillary number, and the capillary pressure, in 

turn, depends on the capillary number. Being that constant pressure experiments have variable 

velocity, the capillary number also varies from high at the inlet to low at the exit of the fixture; 

the higher the fluid velocity, the higher the viscous effects.  This being said, the measurements of 
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fiber contact angle and surface tension should be considered close to equilibrium if the capillary 

number is below 10E-5, and thus capillary numbers experienced higher than this value should be 

regarded to be in the dynamic regime [181]. Regarding the tackifier effect, the non-tackified 

preforms tested here allow for more preferential flow through the inter-tow gaps compared to the 

tackified preforms. This allows for higher fluid velocity, and therefore higher capillary numbers. 

In turn, this increases the possibility of capillary numbers to be over the threshold value 

considered to mark the start of the dynamic flow regime. On the contrary, the tackified preforms 

reduced flow in the inter-tow channels, which results in reduced fluid velocity and fill times.  

 

To further interpret these results, the capillary numbers for the constant injection pressure 

experiments were investigated. Figure 5.14 shows the averaged capillary number per target 

injection pressure versus flow front location for the non-tackified IM7-4HS oil infusions. 

Alternatively, Figure 5.15 shows the same relationship with the tackified material. Both sets of 

data are fitted with power law relationships, while the error bars represent the standard 

deviations of the 3 experiments per target inlet pressure set point. Both the non-tackified and 

tackified infusions show high capillary numbers at the start of the infusions, while as the flow 

front reaches the mold outlet, the capillary numbers drop significantly. Also, note that the non-

tackified infusion capillary numbers are higher than their tackified counterparts for the same 

injection pressure. This is because the inter-layer tackifier reduces the apparent porosity of the 

preform and subsequently reduces the fluid velocity.  
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Figure 5.14: Capillary Number vs. Flow Front Location for Non-Tackified IM7-4HS Oil 
Infusions 

 

                  
 

Figure 5.15: Capillary Number vs. Flow Front Location for Tackified IM7-4HS Oil Infusions 
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their positive capillary pressure finding stated earlier. Using this method, the apparent contact 

angles for both the SAE 40 and SC-15 Part A can be determined from the results shown in 

Figure 5.12 and Figure 5.13. These apparent values are displayed in Table 5.9. 

Table 5.9: Experimental Capillary Pressure and Apparent Contact Angles 

  Non-Tackified Tackified 

Fluid SAE 40 Oil SC-15 Part A SAE 40 Oil SC-15 Part A 

Pc (kPa) 12.64 16.23 -7.12 -0.21 

Apparent θ  92.89°  93.34°  73.50°  89.56° 

 

These apparent contact angles were found to be just over 90 degrees for the non-tackified 

material, implying non-wetting behavior. The tackified preforms produced apparent contact 

angles below 90 degrees for both fluids. While these are interesting results, they are limited by a 

constant capillary pressure and apparent fiber contact angle for an entire infusion. It was shown 

in Figure 5.14 and Figure 5.15 that capillary numbers are not constant over constant injection 

pressure infusions, and based on work by Verrey et al. [181], the capillary pressure contribution 

should then also be variable for such scenarios. A more robust dynamic model for capillary 

pressure determination based on flow rate or capillary number is presented next.  

 

5.2.2.1.3 Dynamic Capillary Determination  

Using Verrey et al.’s [181] capillary pressure determination method for constant flow rate 

experiments, the capillary pressure versus fiber volume fraction for SAE 40 oil was determined 

over a small range of fiber content. The epoxy was not used in these set of experiments, and also 

only non-tackified preforms were used due to material supply.  Multiple constant flow rate 

experiments were conducted over a range of fiber volume fractions of ~45% to ~55% where inlet 
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pressure was monitored versus time. A typical result of a constant flow rate IM7-4HS infusion 

can be seen in Figure 5.16.  

                

Figure 5.16: Sample Inlet Pressure vs. Time for Constant Flow Rate IM7-4HS Injection 

 
As explained in the Methods section, the linear portion of the constant flow rate curve is selected 

and extrapolated to 𝑡 = 0 where the capillary pressure is then defined. The capillary number for 

the flow rate is determined from the constant flow rate prescribed and the porosity of the 

medium. In Figure 5.17, the measured capillary pressures verses fiber volume fraction are 

displayed. Note that all constant flow rate tests (made at 3 cc/min and varying porosities) 

produced small positive capillary pressures. Also in Figure 5.17, are the plots of the calculated 

capillary pressure versus fiber volume fraction using the methods of Ahn et al. [123] (Equation 

66 with 𝐹 = 2 and 𝐹 = 4) and Verrey et al. [181] (Equation 67). A favorable agreement is seen 

between experimental data and Ahn et al.’s [123] theoretical fit with a shape factor between 2 

and 4.  
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Figure 5.17: Experimental and Theoretical (Assumed Positive) Capillary Pressures by Fiber 
Volume Fraction 

Using the constant flow rate experiments to determine the constant 𝑐𝑇 in the Hoffman-Voinov-

Tanner law, the theoretical SAE 40 oil dynamic contact angle versus capillary number can be 

plotted for the non-tackified IM7-4HS fabric. This is shown in Figure 5.18.  

                    

Figure 5.18: Dynamic Contact Angle vs. Capillary Number using Hoffman-Voinov-Tanner's Law 
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A critical capillary number of 0.0022 is found from this plot. Beneath this value, the SAE 40 oil 

contact angle is less than 90 degrees and capillary effects are seen to enhance flow, while above 

this value, the flow becomes forced and the oil behaves as a non-wetting fluid.  Verrey et al. 

[181] saw similar results with their epoxy, as they found a critical capillary number of 0.014, 

where the epoxy changed from wetting to non-wetting. The critical value of 0.0022 found from 

the constant flow rate experiments, although small, compares well with the constant-pressure-

produced capillary pressure data, in which low capillary numbers (seen in Figure 5.14), were 

found to a produce positive capillary pressures. The capillary numbers for all SAE 40 constant 

pressure infusions were averaged over the flow distance to produce a value of 0.005. Using this 

average capillary number and the constant flow rate data, the experimental capillary pressure 

drop versus capillary number can be displayed and compared to the theoretical values. This 

comparison is made in Figure 5.19.  

             

Figure 5.19: Theoretical and Experimental Capillary Pressures vs. Capillary Number for IM7-
4HS with SAE 40 Oil 
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The experimental data produces a favorable fit with the theoretical formulation. It can also be 

seen here that capillary numbers lower than the critical 0.0022 value produce negative capillary 

pressures, while the numbers higher than the threshold produce positive values. Hence, flow is 

enhanced beneath the critical capillary number and resisted above it. This will then inevitably 

alter the preform permeability, and permeability could be expressed a function of capillary 

number (which is a function of fluid velocity). The magnitude of capillary the effect then comes 

into consideration, as the experimentally determined capillary pressures are generally seen to be 

small compared to normal LCM injection pressures. The significance of this capillary effect in 

terms of preform permeability is explored next.  

 
5.2.2.2 Permeability Correction for Capillary Effects 

This study compares four different methods for correcting permeability for capillary pressure. 

These methods include: 1) a dynamic correction described earlier using the Hoffman-Voinov-

Tanner law paired with constant flow rate experiments, 2) a constant capillary pressure 

correction derived from constant pressure injection experiments, 3) a theoretical capillary 

pressure correction described by Ahn et al. [123], and 4) neglecting capillary effects altogether 

(i.e. no correction). The dynamic correction method from the Hoffman-Voinov-Tanner law was 

only produced for the SAE 40 oil infusions with non-tackified preforms, and is not used for the 

SC-15 Part A tests. A comparison of the four correction methods and capillary values is shown 

in Table 5.10 for the SAE 40 oil experiments for both tackified and non-tackified preforms.  
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Table 5.10: Capillary Pressure Correction Method Comparison for SAE 40 Oil and IM7-4HS 

Method 
Hoffman-
Voinov-
Tanner 

Constant 
Pressure 
Injections 

Experiments 

Ahn's 
Theoretical 

Formulation, 
F=4 

Ahn's 
Theoretical 

Formulation, 
F=2 

Neglecting 
Capillary 
Effects 

Correction 
Value 
Type 

Dynamic Constant Constant Constant Constant 

Pc (kPa) 
for Non-
tackified 
Preforms 

Function of 
Ca 

12.64 -17.64 -8.82 0 

Pc (kPa) 
for 

Tackified 
Preforms 

N/A -7.12 -17.64 -8.82 0 

 
 
Due to the variable capillary number in the constant pressure infusions, the Hoffman-Voinov-

Tanner method gives a dynamic range of capillary pressures during the infusion. This is difficult 

to consider without employing numerical models in terms of permeability correction. In this 

study, the capillary number over the entire infusion length was averaged so a simple correction 

could be applied based on the injection pressure. The average capillary numbers and resulting 

capillary pressures from the Hoffman-Voinov-Tanner fit can be seen in Table 5.11 for all nine 

SAE 40 oil infusions with the non-tackified preforms.  
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Table 5.11: Average Capillary Numbers and Pressure from the Hoffman-Voinov-Tanner 
Correction for non-tackified IM7-4HS and SAE 40 Oil 

Target 
Injection 
Pressure 

(kPa) 

Run # 

Actual 
Injection 
Pressure 

(kPa) 

Average 
Ca Over 

Length (-) 

Pc from 
Hoffman-

Voinov-Tanner 
Fit (kPa) 

69 

1 67.2 0.00134 -5.0 

2 66.9 0.00142 -4.6 

3 68.0 0.00173 -2.6 

138 

1 141.1 0.00295 3.6 

2 141.3 0.00406 7.9 

3 141.3 0.00436 8.9 

276 

1 280.0 0.00869 18.6 

2 284.9 0.00835 18.1 

3 278.2 0.01196 22.3 

 

For the 69 kPa (10 psi) injection pressure range, the resulting capillary pressures were negative, 

while at the 138 and 276 kPa (20 and 40 psi) ranges the capillary pressures were positive and 

increasing in magnitude, respectively. Figure 5.20 shows a comparison of the capillary 

correction methods and their effect on the unsaturated permeability of non-tackified IM7-4HS 

with SAE 40 oil.  
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Figure 5.20: Capillary Correction Comparison for Non-tackified IM7-4HS with SAE 40 Oil 
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Hoffman-Voinov-Tanner method showed no significant difference from neglecting capillary 

effects at all injection pressures. It is assumed here that the Hoffman-Voinov-Tanner correction 

is more accurate than the constant pressure injection value as it accounts more robustly for 

changes in capillary number. Thus, this constant pressure method to determine capillary pressure 

may lead to inaccurate conclusions in terms of permeability correction. Verrey et al. [181] also 

noted that the constant pressure method should not be used to correct for capillary effects as the 

velocity in these experiments changes strongly throughout testing. Regardless of sign on the 

capillary pressure term, these effects are seen to become negligible as injection pressure 

increases. This is because the capillary pressure drop accounts for less of the total pressure drop 

used to determine permeability as injection pressure increases. The permeability comparison 

with capillary correction methods for the tackified IM7-4HS tested with SAE 40 oil is shown in 

Figure 5.21. 

       

Figure 5.21: Capillary Correction Comparison for Tackified IM7-4HS with SAE 40 Oil 
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Note that the Hoffman-Voinov-Tanner dynamic correction model was not produced for the 

tackified samples. Compared to the non-tackified data, the tackified unsaturated permeability 

measurements produced less experimental scatter. This is because the presence of tackifier holds 

fiber and tow orientation stable throughout sample preparation, while the non-tackified preforms 

were more likely to be subject to tow loss and preform deformation. At the 69 kPa target 

injection pressure range, the permeability was much more sensitive to the correction method than 

at the higher injection pressures. This again points to the importance of capillary pressure at low 

injection pressures, while the higher pressures showed no statistical difference in permeability 

was observed.  

 

Overall from the IM7-4HS testing with the oil, it can be concluded that the capillary correction 

method from the Hoffman-Voinov-Tanner law described in this study is the most robust method 

presented. While being hypothesized as the most accurate, this method still did not show any 

significant difference from neglecting capillary effects altogether in the unsaturated permeability 

calculation at any injection pressure tested. A comparison of the capillary correction methods 

and their values for the SC-15 infusions in preforms with and without tackifier are shown in 

Table 5.12.  
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Table 5.12: Capillary Pressure Correction Method Comparison for SC-15 Part A and IM7-4HS 

Method 
Hoffman-

Voinov-Tanner 

Constant 
Pressure 
Injections 

Experiments 

Ahn's 
Theoretical 

Formulation, 
F=4 

Ahn's 
Theoretical 

Formulation, 
F=2 

Neglecting 
Capillary 
Effects 

Correction 
Value 
Type 

Dynamic Constant Constant Constant Constant 

Pc (kPa) 
for Non-
tackified 
Preforms 

N/A 16.23 22.13 11.06 0 

Pc (kPa) 
for 

Tackified 
Preforms 

N/A -0.21 22.13 11.06 0 

 

Again, note that the Hoffman-Voinov-Tanner correction for capillary pressure is not shown here, 

as it was not determined for the SC-15. In Figure 5.22, the capillary correction permeability 

comparison for the non-tackified IM7-4HS tests with SC-15 Part A is shown.  

         

Figure 5.22: Capillary Correction Comparison for Non-tackified IM7-4HS with SC-15 Part A 
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Here, large variations in permeability are seen between the analytical expressions for capillary 

correction and experimental methods. Although, the dynamic correction for capillary pressure 

based on capillary number is not used, from the SAE 40 oil results, it may be assumed that they 

will offer similar trends in the SC-15 tests. Therefore, further comparisons between SAE oil and 

SC-15 unsaturated permeabilities will be made while neglecting capillary pressure. Again, as 

injection pressure increases, the differences between capillary correction methods become 

negligible. At the 138 and 276 kPa injection ranges, no significant differences outside of 

experimental scatter in permeability may be seen among the correction methods. The unsaturated 

permeability comparison for the tackified IM7-4HS tests with SC-15 Part A is shown in Figure 

5.23. 

      

Figure 5.23: Capillary Correction Comparison for Tackified IM7-4HS with SC-15 Part A 
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Large variations in the permeability correction again are seen at the lowest injection pressure. As 

the injection pressure increases, the difference between correction methods is seen to diminish 

drastically. The tackifier again shows aid in reducing test-to-test scatter. 

 

For both test fluids employed, it can be concluded that large variations between permeability are 

seen only at the lowest injection pressure range (69 kPa) depending on the capillary correction 

method chosen. It can then be concluded that capillary pressures may only be significant for 

these IM7-4HS preforms when injections are made at 69 kPa or less. The permeability 

determined using the dynamic method for capillary correction has been shown to be very close to 

the permeability determined by neglecting capillary pressure. Also, depending on the injection 

pressure used, infiltrating flow may result in forced or wicking flow as capillary pressure is a 

function of capillary number.  

 

5.2.2.3 Fluid Type Effects 

A comparison of unsaturated permeability with fluid type is shown in Figure 5.24 for the non-

tackified. Capillary pressure effects are neglected in this comparison. The data from Figure 5.24 

are tabulated following in Table 5.13. 
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Figure 5.24: Unsaturated Permeability of Non-tackified IM7-4HS by Test Fluid 

 
 
Table 5.13: Non-tackified IM7-4HS Unsaturated Permeability by Target Constant Inlet Pressure 

Sxx Permeability by Test Fluid and Target Inlet Pressure (m2) 

Run # 
69 kPa 138 kPa 276 kPa 

SAE 40 
Oil 

SC-15 Part A 
SAE 40 

Oil 
SC-15 Part A 

SAE 40 
Oil 

SC-15 Part A 

Run 1 1.56E-11 1.31E-11 1.42E-11 1.39E-11 2.04E-11 1.39E-11 

Run 2 1.66E-11 1.48E-11 2.00E-11 1.86E-11 1.93E-11 2.08E-11 

Run 3 1.98E-11 1.43E-11 2.12E-11 1.70E-11 2.83E-11 1.79E-11 

Avg. 1.73E-11 1.41E-11 1.85E-11 1.65E-11 2.27E-11 1.76E-11 

StDev 2.22E-12 8.95E-13 3.77E-12 2.37E-12 4.92E-12 3.47E-12 

CV 
(%) 

12.8 6.4 20.4 14.3 21.7 19.8 

 
The fluid type comparison for the tackified IM7-4HS unsaturated permeability measurements is 

shown in Figure 5.25, and following in Table 5.14 are the numerical data of this plot.  
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Figure 5.25: Unsaturated Permeability of Tackified IM7-4HS by Test Fluid 

 
 

Table 5.14: Tackified IM7-4HS Unsaturated Permeability by Target Constant Inlet Pressure 

Sxx Permeability by Test Fluid and Target Inlet Pressure (m2) 

Run # 
69 kPa 138 kPa 276 kPa 

SAE 40 
Oil 

SC-15 Part 
A 

SAE 40 
Oil 

SC-15 Part 
A 

SAE 40 
Oil 

SC-15 Part 
A 

Run 1 1.06E-11 8.62E-12 1.66E-11 1.02E-11 1.35E-11 9.25E-12 

Run 2 1.27E-11 8.11E-12 1.49E-11 1.14E-11 1.43E-11 9.54E-12 

Run 3 1.37E-11 8.15E-12 1.61E-11 1.03E-11 1.23E-11 9.45E-12 

Avg 1.23E-11 8.29E-12 1.59E-11 1.06E-11 1.34E-11 9.41E-12 

StDev 1.56E-12 2.87E-13 8.56E-13 6.86E-13 1.00E-12 1.48E-13 

CV 
(%) 

12.6 3.5 5.4 6.4 7.5 1.6 

 
 
In a basic comparison of permeability versus fluid type, the average unsaturated permeability 

measured with SC-15 Part A produce lower values than that of the SAE 40 oil. Interestingly, the 

non-tackified preform comparison showed little to no statistically significant difference in 

permeability between the fluid types. It is likely that the chemical makeup of the inter-layer 
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tackifier alters the wettability between the resin and the IM7 fibers. It may also be possible that 

the tackifier causes more intra-tow flow and therefore the influence of capillary effects are 

magnified compared to the non-tackified samples. Capillary effects have been noted by 

researchers to produce significant difference in permeability among fluid types [117].  Other 

reasoning could be that with the addition of tackifier, the test-by-test variation significantly 

reduced, so that less change in permeability is needed to produce statistically significant 

differences. This allows the possibilities of other test inconsistencies (e.g. user variations, small 

ambient temperature changes, etc.) to have larger influence on test outcome.  

 

Researchers including Hammond et al. [43], [133] and Luo et al. [116] have concluded that 

different test fluids had little effect on measured permeability. Although, it should be noted that 

Hammond’s [43], [133] studies directly compared measurements of saturated permeability with 

different fluids and did not directly compare unsaturated measurements of varying fluids. This is 

important to note as saturated permeability experiments involve single phase flow, while 

unsaturated scenarios inherently involve a multi-phase flow. From these current results it can be 

concluded that unsaturated non-tackified IM7-4HS permeability does not depend on test fluid 

when the injection pressure is high enough for capillary effects to be neglected, while tackified 

IM7-4HS permeability is sensitive to the test fluid employed. With this in consideration, future 

preform permeability characterization should be conducted with the resin that will be employed 

during actual manufacturing. Also, at low injection pressure or flow rates, capillary effects may 

cause significant differences in permeability depending on the test fluid. At the high 

pressures/flow rates (often seen in RTM processing), viscous forces dominate and permeability 
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should scale with the viscosity of the fluid. At low pressures, permeability may be affected by 

both fluid viscosity and surface tension (capillary pressure) effects. 

5.2.2.4 Injection Pressure Effects 

A plot of unsaturated permeability (neglecting capillary pressure) versus injection pressures is 

displayed in Figure 5.26 for the non-tackified IM7-4HS constant pressure injection experiments. 

The actual injection pressure was measured by the fixture in-line pressure transducer and 

averaged over the infusion time. A linear regression curve was also fit to the data for both fluids. 

The same plot for the tackified material is presented in Figure 5.27. 

          

Figure 5.26: Unsaturated Permeability of Non-tackified IM7-4HS versus Injection Pressure 
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Figure 5.27: Unsaturated Permeability of Tackified IM7-4HS versus Injection Pressure 

 
It is evident that there is a slight increase in permeability as injection pressure increases for the 

non-tackified preforms, although with considerable data scatter. This relationship was also seen 

by Shojaei et al. [65], albeit in small magnitude. The tackified IM7-4HS permeability showed no 

dependence on injection pressure.  

  

In Figure 5.28, the unsaturated permeability (neglecting capillary pressure) is plotted against the 

average infusion capillary number for the non-tackified IM7-4HS constant pressure injections. In 

this graph, the 3 runs for each target inlet pressure (69, 138, and 276 kPa) for both oil and resin 

are fit separately to linear regression curves. The blue data points represent SAE 40 oil infusion 

results, while the red data points represent SC-15 Part A infusion data. The solid-line linear 

regression curves relate to the oil fits, while the dashed regression curve lines correspond to the 

SC-15 Part A. The regression equations and R2 values are also displayed on the graph. Following 

in Figure 5.29, the same relationship is plotted for the tackified IM7-4HS measurements. Due to 

the capillary number’s dependence on flow front location for the constant pressure injections, an 
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average capillary number was determined over the preform length before being plotted against 

the corresponding permeability.  

     

Figure 5.28: Unsaturated Permeability of Non-tackified IM7-4HS versus Capillary Number 

     
 

Figure 5.29: Unsaturated Permeability of Tackified IM7-4HS versus Capillary Number 
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Within each injection pressure range, the permeability increases with capillary number for both 

fluids in preforms with and without tackifier. The majority of these linear regression curves show 

a high value of fit. Also, the oil and resin regression curves for each corresponding target 

injection pressure range are similar in slope, which alludes to the fact that this behavior is likely 

characteristic to the fabric architecture, not the fluid. Interestingly, no clear trend in permeability 

versus capillary number can be seen across all injection pressure ranges, which corroborates with 

the findings of Figure 5.26 and Figure 5.27. Hammond et al. [43], [133] found permeability to be 

independent of capillary number, while Young et al. [142] saw large increases in permeability 

with fluid velocity for random fiber and bidirectional fiber mats. Although the velocities used 

were high at 1 to 11 cm/s. In a study by Shojaei et al. [65], a critical velocity of only 0.2 cm/s 

was calculated for the glass fabric used. Velocities over this were hypothesized to produce 

permeability values that increased with increasing flow rate, which is induced by increasing 

pressure. Being that within each injection pressure range, an increase in permeability over 

capillary number was seen, it is possible that this may be due to the fluid passing a critical 

velocity barrier similar to that reported by Shojaei et al. [65].  

 

5.2.2.5 Tackifier Effects 

A comparison of unsaturated IM7-4HS permeability measurements with and without the inter-

layer tackifier is shown in Figure 5.30. This is shown with both test fluids, while capillary 

pressure is neglected in the permeability formulations.  
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Figure 5.30: Tackifier Effects on Unsaturated Permeability 

 
On average, the tackified samples produced permeability that was 34% less than their non-

tackified counterparts. This is attributed to the tackifier blocking the inter-tow flow channels and 

forcing more flow through low porosity, intra-tow regions. The tackifier also appears to be more 

sensitive to fluid type, which is likely due to a change in the surface chemistry, and ultimately an 

alteration of reinforcement wettability.  
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comparison for the tackified material is shown in Figure 5.32. The saturated values were 

presented in Chapter 4 and were obtained from the power law fit at the 54.6% fiber volume 

fraction of the unsaturated experiments. 

           

Figure 5.31: Saturated vs. Unsaturated Sxx Permeability for Warp-Aligned Non-tackified IM7-
4HS at 54.6% Vf 

           
 
Figure 5.32: Saturated vs. Unsaturated Sxx Permeability for Warp-Aligned Tackified IM7-4HS at 

54.6% Vf 
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Permeabilities of saturated and unsaturated measurements are well within experimental scatter of 

each other for the all the non-tackified measurements. For the tackified material, both the 

saturated and unsaturated permeabilities measured using a SAE 40 oil were also well within 

experimental scatter of each other for all injection pressure ranges. Interestingly, the unsaturated 

permeability of the tackified IM7-4HS measured with SC-15 Part A tested significantly lower 

than the saturated and unsaturated cases measured with oil. As discussed earlier, it is likely that 

the addition of the tackifier significantly alters the wetting behavior between the oil and resin. It 

is then concluded that for the non-tackified IM7-4HS, fluid type does not affect permeability, 

while the addition of tackifier creates significant difference in permeability depending on the 

fluid type used. Other researchers have found the difference between saturated and unsaturated 

permeability to be negligible depending on the preform type [43], [133]. This could be due to the 

fact that certain fabric architectures may mitigate the role of the dual scale porosity, which has 

been stated to have larger effects when uninterrupted flow channels are present in the 

reinforcement [130]. The dual scale porosity is a function of saturation, while capillary effects 

can cause differences in flow front evolution [138]. By comparing saturated and advancing front 

permeability measurements directly, one is essentially neglecting saturation effects. If this 

simplification can be justified, material characterization can become more efficient as saturated 

flow tests, which can deliver more data per sample, can be used. For this study, saturated 

measurements made in a separate test fixture have produced values within scatter of the 

advancing front tests at a single volume fraction (the environment more native to actual LCM 

infusions) for the non-tackified IM7-4HS. Extending this relationship to other fiber volume 

fractions is not completed in this thesis due to material constraints, but the assumption is 

reasonable. On the contrary, the tackified IM7-4HS saturated versus unsaturated permeability 
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results show significant difference. It is hypothesized that the addition of tackifier may 

encourage more intra-tow flow and capillary effects due to the inter-tow channel blockages. 

Also, the addition of tackifier may result in enough flow channel geometry change to create a 

more severe dual-scale porosity compared to the non-tackified architecture, resulting in the 

significant unsaturated versus saturated permeability difference. 

 

5.3 Conclusions 

Fluid surface tension and IM7 fiber contact angle measurements were performed with SAE 40 

motor oil and SC-15 Part A epoxy resin. The epoxy was found to be a better wetting fluid with 

the IM7 fiber. Then, constant pressure unsaturated permeability experiments were conducted to 

investigate fluid effects on the permeability of IM7-4HS preforms. Capillary pressures were 

calculated with theoretical models and experimental measurements and used in calculation of 

unsaturated permeability. The theoretical expression for capillary pressure was found to affect 

the unsaturated permeability calculations at low injection pressures. The theoretical formulation 

was determined to be a poor representation of capillary effects, as it was based on idealized fiber 

packing arrangements and close-to-equilibrium fiber contact angle values. A constant injection 

pressure experimental technique was used to determine capillary pressure and produced positive 

capillary pressures, inferring non-wetting behavior during infusion for the non-tackified 

preforms. The tackified preforms, on the contrary, produced negative capillary pressures. It was 

hypothesized that the presence of inter-layer tackifier forces more flow through the intra-tow 

capillaries, and encourages wicking flow. Further, constant flow rate experiments were run to 

determine capillary pressure over a range of capillary numbers. Positive capillary pressures were 

also found here for the non-tackified preforms. Starting with the formulation proposed by Verrey 
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et al. [181] and the constant flow rate data, a dynamic capillary correction method was employed 

based on average infusion capillary number. The resulting capillary pressures showed little effect 

on the unsaturated permeability calculation. Significant differences between the SAE 40 motor 

oil and the SC-15 Part A epoxy were only seen at low injection pressures (<69 kPa) for the non-

tackified preforms, while the tackified fabric showed significant differences in permeability 

depending on the test fluid. It was concluded that the resin used in manufacturing should be also 

be used in preform characterization. Unsaturated permeability data were also compared with 

saturated permeability data and the values were within experimental scatter of each other for the 

non-tackified fabric. The tackified fabric, however, showed difference between saturated 

permeability and unsaturated permeability measured with differing test fluid. This provides that 

accurate characterization for LCM mold fill models can be produced from saturated permeability 

measurements for the non-tackified four-harness satin fabric, while tackified fabric should be 

characterized in unsaturated infusions with the resin that is used in manufacturing.  

 

Although in earlier discussions, specific test parameters and effects are highlighted for their 

influence on preform permeability, these effects are closely tied to each other and their 

relationships should be noted. Preform permeability is a function of saturation. In saturated flow, 

a single phase of fluid propagates through the porous media that is already fully saturated with 

the permeant. In advancing front or unsaturated scenarios, the flow will be a multiphase where 

the permeating fluid displaces an existing fluid of different properties (e.g. air in most LCM 

systems). The difference between saturated and unsaturated flow have been shown 

experimentally to be significantly different dependent on the reinforcement type [139]. For 

preforms with a dual scale porous nature, the difference in saturated and unsaturated flow is 
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notable, where low permeability zones act as sinks and lag the preform saturation [99].   

Multiphase flow will also involve the consideration of capillary and surface tension forces. As 

shown in this study and in others [116], [124], the significance of capillary effects is then 

dependent on the injection pressure or flow rate induced. Furthermore, if capillary numbers of an 

infusion are in the dynamic regime, fluid contact angle and capillary pressures may vary. Here, a 

critical capillary number may be determined where the fluid can be defined as transitioning from 

wetting to non-wetting or forced flow [181]. Additionally, Darcy’s law itself is known to 

accurately define flow only for low flow rates [145]. Then, another critical velocity or Reynolds 

number may be defined where Darcy’s law no longer holds and preform permeability alone may 

not accurately represent the flow [65]. Figure 5.33 shows these critical points on a scale of 

general dependency of unsaturated flows on velocity for dual scale fibrous reinforcements.  

           

 

Figure 5.33: Flow Dependency on Velocity for Dual-Scale Fibrous Reinforcements 
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The critical Reynolds number shows where inertial effects become significant and non-Darcy 

flow initiates. Note that it is possible that the region of non-Darcy flow may overlap with the 

regions of wicking and forced flow. The specific critical values of capillary number and 

Reynolds number are highly dependent on the preform geometry and makeup, as well as the 

infiltrating fluid properties.  
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6. Non-Darcy Flow 

 

Generally in LCM, the infiltrating resin has been assumed to have low velocity and low 

Reynolds number, where Darcy’s law can accurately describe the flow. In this creeping flow 

regime, viscous interactions are the dominant sources of pressure gradients, but in high velocity 

flows, an inertial pressure loss is produced from the acceleration and deceleration of the fluid 

[183]. When the relationship between pressure and flow rate is nonlinear, additional pressure 

loss warrants the need for amendment of Darcy’s law. This additional, second order term, 

describes the flow driven through porous media in such regimes. To investigate the possibilities 

of non-Darcy flow during permeability testing, previous saturated measurements made in this 

study were reviewed. Also, high flow rate permeability experiments were conducted with 

tackified and non-tackified IM7-4HS preforms in effort to quantify any observed non-Darcy 

effects. In this chapter, background on non-Darcy flow will be reviewed and criteria will be 

selected for defining the point at which Darcy’s law is no longer valid. This criterion would also 

be useful in a manufacturing setting where process models could alert if non-Darcy flow may 

result during mold fill. The method used for this will be described as well as the technique 

employed to investigate high flow rate effects in the saturated permeability test fixture. The 

applicability and results of non-Darcy flow will also be presented.  
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6.1 Background 

Resin impregnation in LCM has long been represented by Darcy’s law, where the flow rate of 

fluid through a porous media is linearly proportional to pressure drop across reinforcement. This 

is further related by the reinforcement’s permeability, geometry, and the permeating fluid’s 

viscosity. This law is an empirical relationship, which was derived while Darcy [59] observed 

the flow of water through beds of sand in 1856, and later was derived from homogenization from 

first principles. Darcy’s law represents a linear relationship between pressure drop and applied 

flow rate. This relationship describes the influence of viscous forces on the observed pressure 

drop. Forchheimer [145] showed that this relationship can be flow rate dependent. At low flow 

rates, Darcy’s law accurately describes the pressure drop across a porous media, but at high flow 

rates, the pressure drop exceeds that predicted by Darcy’s law. Forchheimer described a more 

general relationship of flow through a porous media as seen in Equation 77.  

 
−
𝑑𝑃

𝑑𝑥
=
𝜇

𝑆
𝑣 +  𝜌𝛾𝑣2 (77) 

 
Here, 𝑃 is the pressure, 𝑥 is the distance,  𝜇 is the fluid viscosity and 𝜌 is the fluid density, while 

𝑣 is the superficial fluid velocity, 𝑆 is the media permeability, and 𝛾 is the non-Darcy coefficient. 

Determining the permeability and non-Darcy coefficient then requires experimental work where 

Equation 77 can be fit to data. Cornell and Katz [184] expressed the Forchheimer equation for 

gas permeability experiments using a constant flow rate pump seen in Equation 78.  

 𝑀𝑤𝐴(𝑝1
2 − 𝑝2

2)

2𝑧𝑅𝑇𝜇𝑙𝜌𝑝𝑄𝑝
=
1

𝑆
+ 𝛾 (

𝜌𝑝𝑄𝑝

𝜇𝐴
) (78) 

 
Here, 𝑀𝑤 is the molecular weight of the gas, 𝐴 is the sample cross-sectional area, 𝑝1 and 𝑝2 are 

the pressure at the sample inlet and outlet, 𝑧 is the gas compressibility factor, 𝑅 is the universal 

gas constant, 𝑇 is sample temperature, 𝜇 is the gas viscosity, 𝑙 is the length of the sample, 𝜌𝑝 is 
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the density of the gas in the constant flow rate pump, and Qp is flow rate in the pump. While this 

may be appropriate for gas permeability measurements, which have been applied for preform 

characterization [113], [114], a different formulation should be applied for non-gaseous flows. 

For non-gaseous, fluid driven LCM permeability experiments (like those of one-dimensional 

saturated flow), an experimental data set of velocity versus pressure drop can be created. Fitting 

this data to a polynomial trendline will yield an expression of form seen in Equation 79 where 

∆𝑃 is pressure drop, 𝑣 is the superficial velocity, 𝑚1 is the first coefficient and 𝑚2 is the second 

[185]. 

 
∆𝑃 =  𝑚1𝑣

2 −𝑚2𝑣 (79) 

 
The non-Darcy or inertial loss coefficient can then be found from the first coefficient of Equation 

79. The permeability can be derived from the second coefficient of the quadratic using Equation 

80 and Equation 81 where ρ is the fluid density, µ is the fluid viscosity,  𝐿 is the length of the 

sample in the direction of flow, and 𝛼 is viscous resistance, which can also be defined as the 

inverse of permeability [185]. 

 
𝑚1 = 𝛾

1

2
𝜌 (80) 

 
 

−𝑚2 =
𝜇

𝛼
𝐿 (81) 

 
A natural question is, at what flow rates do non-Darcy flows begin, or what are the criteria 

needed to consider non-Darcy flow? Chilton and Colburn [186] first described the criteria for 

non-Darcy flow through packed particles using a modified Reynolds number of form shown in 

Equation 82 where 𝑑𝑝 is the particle diameter.  

 
𝑅𝑒 =

𝜌𝑣𝑑𝑝

𝜇
 (82) 
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Using this criterion, the critical Reynolds number was then experimentally found for non-Darcy 

flow. Green and Duwez [187] then redefined critical Reynolds number for non-Darcy flow 

shown in Equation 83 where permeability and the non-Darcy coefficient are used in place of a 

characteristic length. 

 
𝑅𝑒 =

𝑆𝛽𝜌𝑣

𝜇
 (83) 

 
Due to the difficulty in determining the particle diameters, Equation 83 was developed. Similar 

alterations of critical Reynolds numbers have also been created [188]–[190]. Recently, Zeng and 

Grigg [191] have revisited the criteria for non-Darcy flow in porous media and defined variations 

of these critical Reynolds number as either Type-I or Type-II. Type-I criterion was defined as 

that similar to what was proposed by Chilton and Colburn and takes form in Equation 84 where 

here, 𝑑, is the characteristic length of the porous media. 

 
𝑅𝑒 =

𝜌𝑑𝑣

𝜇
 (84) 

 
Type-II criterion was then defined as the Forchheimer number, which has been adopted to 

represent the form originally described by Green and Duwez [187]. Type-II criterion is seen in 

Equation 85 where 𝐹𝑜 is the Forchheimer number. 

 
𝐹𝑜 =

𝑆𝛾𝜌𝑣

𝜇
 (85) 

 
Zeng and Grigg [191] summarized that researchers using different forms of these criteria have 

found critical values for non-Darcy flow of similar media to be in range from 1 to 100 for Type-I 

and 0.005 to 0.2 for Type-II. Due to the large scatter in critical values, the researchers then 

argued for using one single criterion, Type-II, which possesses clear definition and applicability 

over any type of porous media. They further defined this Type-II criterion based on the non-

Darcy error, 𝐸𝑛𝐷, and the Forchheimer number in Equation 86. 
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𝐸𝑛𝐷 = 

𝐹𝑜

1 + 𝐹𝑜
 (86) 

 
The critical Forchheimer number, 𝐹𝑜𝑐, for non-Darcy flow could then be determined based on 

the amount of acceptable error, 𝐸𝑐, by Equation 87.  

 
𝐹𝑜𝑐 = 

𝐸𝑐
1 − 𝐸𝑐

 (87) 

 
The amount of acceptable error must be a carefully considered quantity and needs engineering 

judgement for the specific situation.  

 

6.2 Methods 

6.2.1 Non-Darcy Criteria Definition  

Previously measured permeability results presented in Chapter 4 were reviewed to study the 

implementation of non-Darcy flow criteria. Obviously, these measurements were made at 

relatively low flow rates (1-10 cc/min), and generally, linear relationships were observed in the 

flow rate versus pressure drop data. It was expected that this data would show no signs of inertial 

effects and nonlinearities, but using the previously defined criteria, inferences can be made as to 

when non-Darcy flow may appear in the IM7-4HS fabric. It was then hypothesized that 

additional high flow rate testing (to be described in the next subsection) could verify these 

assumptions and produce non-Darcy flows.  

 

Zeng and Grigg’s [191] formulation for critical Forchheimer number (Equation 87) was used as 

the non-Darcy flow criterion. Based on the average scatter from all saturated permeability 

testing, the amount of acceptable error, 𝐸𝑐, was defined. Using the critical Forchheimer number 

and experimental data, an estimation of the critical velocity or flow rate could then be made for 
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the IM7-4HS preforms. Also, reduction of previously measured IM7-4HS data was carried out 

using the Forchheimer based fit from Equation 79 through Equation 81.  

 

6.2.2 High Flow Rate/Pressure Testing 

To investigate the applicability and effects of non-Darcy flow, high flow rate tests using the 

saturated permeability fixture described in Chapter 2 were conducted. In these experiments, the 

constant flow rate supplied from the metering pump was gradually increased until nonlinearity in 

the pressure versus flow rate curves was observed. These tests were conducted with preforms of 

IM7-4HS with and without tackifier over a range of fiber volume fractions at 50%, 55%, 60%, 

and 65%. These fiber volume fractions were selected to fit a range of practical interest in RTM. 

It should be noted that high flow rate testing was carried out with one preform per fiber volume 

fraction. This was done to ensure that any preform deformation that may be induced from high 

pressure at one volume fraction level of testing would not be carried into the next volume 

fraction and artificially skew the measurements. The permeating fluid was SAE 40 motor oil. 

The saturated permeability fixture was re-outfitted with high pressure equipment to handle these 

aggressive test requirements. A high-pressure, in-line pressure transducer (Omega PX180-

500GV) with a limit of 500 gage psi was employed. The injection tubing linking the flow rate 

pump and the inlet of the fixture was highly pressure resistant up to 800 psi (McMaster-Carr 

high-pressure nylon tubing 9685T3). These precautions insured that at high pressures, any 

nonlinearity between flow rate and pressure drop would not be due to a leak at the inlet side.  

The test parameters can be seen summarized in Table 6.1.  
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Table 6.1: Test Parameters for Saturated High Flow Rate Permeability Tests 

Material 
Layup 

Orientation 
Vf  Range Tested Test Fluid 

Non-Tackified IM7-4HS [0]6 50%, 55%, 60%, 65% SAE 40 Oil 

Tackified IM7-4HS [0]6 50%, 55%, 60%, 65% SAE 40 Oil 

 

It was hypothesized that as the injection flow rate increases, a critical value would be reached 

where the flow rate and pressure drop relationship would become nonlinear, i.e. non-Darcy flow 

would occur. Depending on the slope of the flow rate versus pressure drop curve, the type of 

non-Darcy effect could be speculated, whether it was inertial effects playing a role or race 

tracking and other leaking events.  Figure 6.1 displays these possibilities relative to the linear fit 

described by Darcy’s law relating pressure drop and flow rate. 

                                     

 Figure 6.1: Non-Darcy Flow Possibilities 

 
As the fluid velocity increases, inertial effects may be present if the flow rate versus pressure 

begins to curve downwards. In this case, Darcy’s law will under predict the resulting pressure 

drop based on flow rate while the Forchheimer equation may be a more appropriate fit. If the 

flow rate/pressure drop relationship begins to curve upward from a linear trend, then Darcy’s law 
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will over predict the pressure based on flow rate. This may be the result of a pressure leak from 

the fixture or fiber washout to the extent of race tracking. These interpretations were used to 

describe the result of the IM7-4HS high flow rate tests.  

 

6.3 Results and Discussion 

6.3.1 Data Reduction of Previously Measured Permeability  

To define an acceptable error value for determination of the critical Forchheimer number, 

coefficients of variation of all saturated permeability measurements (including all fiber volume 

fractions) from Chapter 4 were averaged. This average coefficient of variation (CV) was 17.43%. 

Note that the CV did not change significantly with fiber volume fraction. This amount of scatter, 

although high in value, is common in permeability measurements. A recent large-scale effort to 

benchmark a permeability measurement procedure produced scatter of ±20% among multiple 

researchers’ results for the same preform [69]. Therefore critical error of 17.43% is a reasonable 

quantity for the non-Darcy criterion, and any error greater than this this will result in significant 

difference from the standard measured scatter. Implementation into Equation 87 resulted in a 

critical Forchheimer number of 0.210. Thus, infusions producing Forchheimer numbers higher 

than this value should result in a significantly measured non-Darcy effect.   

 

Flow rate versus pressure drop data from the measurements of Chapter 4 for warp aligned, 

tackified and non-tackified IM7-4HS were fit to the second-order, Forchheimer equation to 

investigate non-Darcy flow. From these re-fits, the Forchheimer permeability and non-Darcy 

coefficient were determined, thus ultimately allowing for a critical superficial velocity and flow 

rate to be determined. The Forchheimer fit values of the warp aligned non-tackified IM7-4HS 
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preform tests can be seen in Table 6.2, including the average (Avg.), standard deviation (StDev), 

and coefficient of variation (CV). Also, displayed is the ratio of Darcy permeability over 

permeability from the Forchheimer fit (𝑆𝐷𝑎𝑟𝑐𝑦/𝑆𝐹𝑜𝑟.). Ratio values close to 1 show that no 

significant difference exists between the Darcy and Forchheimer fit. 

Table 6.2: Warp Aligned Non-Tackified IM7-4HS Forchheimer Fit Values 

Vf Value 𝛄 (m-1) 
Forchheimer 

Permeability (m2) 
S

Darcy
/S

For. 

50% 

Avg. 3.61E+09 2.67E-11 1.00 

StDev 1.70E+09 3.44E-12 0.07 

CV (%) 47.13 12.88 7.35 

55% 

Avg. 1.96E+10 1.98E-11 0.90 

StDev 2.34E+10 4.52E-12 0.09 

CV (%) 119.32 22.84 9.66 

60% 

Avg. 7.76E+10 1.46E-11 0.78 

StDev 6.23E+10 2.46E-12 0.13 

CV (%) 80.34 16.84 17.16 

 

As expected, the permeability from the Forchheimer fit was generally similar to that of the Darcy 

fit. This is because these tests were made at low flow rates. Although, the permeability between 

fits was seen to be close in value, as fiber volume fraction increased, an increase in difference 

was seen between Darcy and Forchheimer permeabilities. The 60% fiber volume fraction range 

produced a permeability ratio to be 0.78, which shows a significant difference. This is may be 

due to the fact that non-Darcy behavior is more severe in low permeability porous media [191]. 

Further explanation could be that, at higher fiber volume fractions, less data points could be 

measured experimentally on the flow rate versus pressure drop curve due to the rapid in-cavity 

pressure build-up. This resulted first and second order fits to be calculated from only 3 data 

points, compared to the 4 or 5 data points of lower fiber volume fraction measurements. The 
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Forchheimer fit results for the warp aligned, tackified IM7-4HS saturated permeability tests can 

be seen in Table 6.3.  

Table 6.3: Warp Aligned Tackified IM7-4HS Forchheimer Fit Values 

Vf Value 𝛄 (m-1) 
Forchheimer 

Permeability (m2) 
SDarcy/SFor. 

50% 

Avg. 6.32E+09 2.59E-11 1.09 

StDev 9.02E+09 4.98E-12 0.15 

CV(%) 142.81 19.20 13.81 

55% 

Avg. 2.70E+09 1.84E-11 0.99 

StDev 2.42E+09 3.56E-12 0.03 

CV(%) 89.48 19.31 3.04 

60% 

Avg. 1.59E+10 1.02E-11 0.97 

StDev 2.21E+10 1.89E-12 0.06 

CV(%) 139.51 18.46 6.51 

 

Here, the Darcy over Forchheimer permeability ratios are close to 1 for all fiber volume fractions 

tested. For both tackified and non-tackified IM7-4HS, a Forchheimer (second order) fit is not 

needed to accurately define permeability. With all tests, the linear regression fits of Darcy’s law 

capture the flow rate vs. pressure drop data well with the one described exception, but as 

discussed earlier, these Forchheimer coefficients (𝛾 and Forchheimer permeability) can be used 

to estimate critical superficial velocities. These, in turn, were used to find the critical pump-

supplied constant flow rates, which are shown in Table 6.4 for multiple fiber volume fractions. 
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Table 6.4: Critical Velocity and Flow Rate Estimations for Non-Darcy Flow in IM7-4HS with 
and without Tackifier 

Vf = 50% 

Flow Rate Value Avg. (cc/min) StDev (cc/min) CV (%) 

Non-Tackified IM7-4HS 12.19 9.17 75.21 

Tackified IM7-4HS 21.60 19.53 90.42 

     Vf = 55% 

Flow Rate Value Avg. (cc/min) StDev (cc/min) CV (%) 

Non-Tackified IM7-4HS 6.22 6.90 110.98 

Tackified IM7-4HS 29.90 26.82 89.68 

     Vf = 60% 

Flow Rate Value Avg. (cc/min) StDev (cc/min) CV (%) 

Non-Tackified IM7-4HS 0.97 0.60 61.78 

Tackified IM7-4HS 27.18 29.44 108.32 

 

For the non-tackified material, the critical flow rates drop as the fiber volume fraction increases. 

This is likely because that non-Darcy behavior is becomes more prevalent in low permeability 

porous media, as mentioned earlier. However, for the tackified fabric, no clear relationship is 

seen between critical flow rate and fiber volume fraction. Regardless of observed trends, the 

experimental scatter of the critical flow rates were so large that no reasonable estimation can be 

made regarding a critical value. This scatter may best be explained by the experimental 

variability seen in the non-Darcy coefficient. This coefficient showed large scatter for both 

tackified and non-tackified material, over 100% in some cases (see Table 6.2 and Table 6.3). The 

non-Darcy coefficients proved to be very sensitive to the experimental data compared to the 

Forchheimer permeability, which was seen to possess standard values of scatter (<20%).  

 

Zeng and Grigg [191] argued for the use of a critical Forchheimer number as a criterion for non-

Darcy flow in porous media. As described by the researchers, the definition of this criterion is 
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simple and can be based on critical error. Unfortunately, the applicability of this method did not 

prove consistent, as very large experimental variations were seen in the critical flow rate 

estimations. Due to the sensitivity of the calculation of the non-Darcy coefficient, this criterion 

cannot be used confidently to find the critical flow rate or velocity values for IM7-4HS preforms. 

Nonetheless, further permeability measurements at high flow rates were conducted in attempt to 

observe non-Darcy flow. The results of these measurements are discussed next. 

 

6.3.2 High Flow Rate/Pressure Experiments 

A total of 8 high flow rate experiments were conducted with tackified and non-tackified IM7-

4HS preforms. These tests were run from 50% fiber volume fraction to 65%. A sample 

relationship of the flow rate (𝑄) versus pressure drop (∆𝑃) for a non-tackified IM7-4HS at 50% 

fiber volume can be seen in Figure 6.2. It is seen that as the flow rate increases, deviation from a 

linear fit was found. This nonlinearity curves upward, as a result of a pressure leak.  It was seen 

that for this sample, nonlinearity began around flow rate of 7 cc/min and pressure drop of 

roughly 690 kPa. At a certain point during testing, when the flow rate was increased over 1.6E-7 

m3/s, the measured pressure drop across the preform actually reduced.  



187 
 

                

Figure 6.2: High Flow Rate Effects of Non-Tackified IM7-4HS at 50% Fiber Volume Fraction 

 
Upon further testing, this nonlinearity was found to be systematic. At every fiber volume fraction 

tested, both non-tackified and tackified IM7-4HS were found to result in a lower measured 

pressure drop than calculated from Darcy’s law at the corresponding flow rate. The flow rate 

versus pressure drop for the non-tackified IM7-4HS preforms are shown in Figure 6.3. 

Additionally, the same data for the tackified IM7-4HS can be seen in Figure 6.4. 
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Figure 6.3: Flow Rate versus Pressure Drop for Non-Tackified IM7-4HS  

         

Figure 6.4: Flow Rate versus Pressure Drop for Tackified IM7-4HS  
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While these results were interesting, they were not expected from the experiments. Rather than 

an appearance of inertial effects, the tests produced signs of fixture leak and race tracking at high 

flow rates. The reason for this will be discussed, but notable trends can also be taken from these 

figures. For both the non-tackified and tackified preforms, as the fiber volume fraction increased, 

higher pressure drops could be achieved before nonlinearity occurred. This results show that high 

fiber volume fractions can withstand higher pressures before nonlinearity occurs than low fiber 

content preforms. Also, at high fiber volume fractions, low flow rates produce very high pressure 

drops compared to high flow rates at low fiber volume fractions. 

 

Further investigation revealed that the non-Darcy flow regime could be attributed to a 

combination of the preform type, fiber volume fraction, and the robustness of the fixture. While 

running the high flow rate tests, the fixture’s inlet and outlet side cavity thicknesses were 

monitored by two LVDTs. It was seen that depending on the fiber volume fraction, the inlet side 

of the fixture was pushed upwards once oil pressure increased high enough from flow rate 

injection (Figure 6.5). This fixture displacement proved to be significant, and the initiation point 

for the nonlinearities seen. 
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Figure 6.5: Fixture Displacement Representation from High Pressure/Flow Rate Testing 

 
A sample LVDT readout of the tackified IM7-4HS high flow rate test at 50% fiber volume 

fraction can be seen in Figure 6.6. Here, the LVDT measured cavity depth versus inlet pressure 

is plotted over the entire test. 

                 

Figure 6.6: Sample LVDT Readout vs. Inlet Pressure for High Pressure/Flow Rate Test at 50% 
Vf 
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It can be seen that after the inlet pressure reached roughly 690 kPa (100 psi), the inlet side of the 

fixture was displaced upward a significant amount, increasing cavity depth, while the outlet side 

of the fixture remained constant. For this specific test, cavity depth at the inlet side increased a 

total of 8.9%, which corresponds to a fiber volume fraction decrease of 4%. With this result, 

inertial effects are impossible to explore as the apparent robustness of the saturated permeability 

fixture is not great enough to withstand high pressure while maintaining constant preform fiber 

volume fraction. This critical point of 690 kPa can be seen as the starting point for nonlinear 

behavior in the measured flow rate versus pressure drop curve. The corresponding flow rate 

versus pressure drop curve for the tackified IM7-4HS preform at 50% can be seen in Figure 6.7. 

In this graph, the data points measured before the critical 690 kPa value are marked separately 

and are seen to fit well to a linear regression. After this value, Darcy’s law no longer holds as 

pressure leaking is observed. Again, this trend was seen for all experiments conducted. 

            

Figure 6.7: Tackified IM7-4HS Flow Rate vs. Pressure Drop with Fixture Displacement 
Consideration 
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After the high flow rate tests, fiber washout was also seen for the non-tackified preforms. As the 

inlet side of the fixture was displaced from oil pressure, the compaction of the preforms (and 

fiber volume fraction) was greatly reduced. With low levels of compaction pressure at the inlet 

side of the fixture, the non-tackified preforms were loosely held and easily deformed by the 

infiltrating flow. Interestingly, the tackified preforms did not exhibit significant signs of fiber 

washout. This can be attributed to the added tack and fiber-hold the inter-layer tackifier 

provided. Sample post-test state preforms with and without tackifier can be seen in Figure 6.8. 

 

      

Figure 6.8: Post-test Preform Deformation for (a) Non-Tackified and (b) Tackified IM7-4HS 

 
The addition of tackifier (non-debulked) effectively resists the event of fiber washout and 

deformation in the IM7-4HS compared to non-tackified fabric, while also decreasing the 

permeability. It should be noted that even without fiber washout, the fixture displacement 

became great enough during tackified preform testing to create pressure leaking and non-Darcy 

flow. This leads to the conclusion that while tackifier resists fiber washout, the nonlinearities due 

to pressure leaking are highly dependent on the fixture’s displacement. Interestingly, at higher 

fiber volume fractions, especially at 60% and 65%, higher inlet pressures could be reached 

(a) (b) 
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before the fixture was displaced. This can be seen in Figure 6.9, where the inlet LVDT readout 

for a tackified preform at 65% is plotted versus the measured inlet pressure.  

                    

Figure 6.9: Sample LVDT Readout of Tackified IM7-4HS High Flow Rate Test at 65% Vf 

 
It is clear that significant fixture displacement at the inlet is not measured until the inlet pressure 

is over 1400 kPa. Thus, the nonlinearities seen are a function of the inlet pressure reached, the 

fixture’s robustness and the applied compaction pressure. It is hypothesized that at the higher 

compaction pressures needed to compress the preforms to high volume fractions, the added 

compaction aids to resist oil pressure produced at the inlet. Table 6.5 summarizes the critical 

inlet pressures reached before fixture displacement occurred at each volume fraction for the 

materials tested.  
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Table 6.5: Critical Inlet Pressure before Fixture Displacement and non-Darcy Flow 

Critical Inlet Pressure (kPa) 

Vf 
IM7-4HS Preform Type 

Non-Tackified Tackified 

50% 717 689 

55% 818 717 

60% 1007 979 

65% 1351 1400 

 

This data also show no significant critical pressure difference between tackified and non-

tackified preforms.  

 

6.4 Conclusions 

Overall, it can be concluded that the high flow rate tests did produce non-Darcy flow, although 

this is attributed to pressure leaking due to fixture displacement under high pressure. 

Unfortunately, the test equipment used was not robust enough to investigate the possibility of 

inertial effects. However, the experiments did reveal that tackified preforms were able to resist 

fiber washout on all tests where the non-tackified preforms succumbed to deformation under the 

high pressures produced. Also, using a Forchheimer fit with low flow rate measurement data 

produced very similar permeability to that of Darcy’s law, as expected. Critical flow rates were 

then defined from these experiments, although large scatter in the non-Darcy coefficient proved 

to give little confidence in the criteria defined. Therefore, the Forchheimer criterion 

recommended by Zeng and Grigg [191] cannot be used to accurately predict critical flow rates 

where non-Darcy flow should appear in IM7-4HS preforms. For future studies, test fixtures that 

employ more heavy-duty and robust design should be used to investigate high flow rate 

infusions. If inertial effects could be characterized in future permeability measurements, criteria 

should be implemented into process modeling. Then, a Forchheimer relationship could be used 
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to govern the flow in a mold fill simulation to account for the additional pressure loss. Further 

interesting work would compare non-Darcy flow in saturated versus unsaturated test cases. The 

effects of two-phase flow may result in significant difference from that of a saturated case.  
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7. Radial Flow Measurement and Simulation 

 

Infusion visualization methods offer much insight into the flow and permeability characteristics 

of reinforcements that closed-mold methods lack. Although closed-mold methods can be used to 

determine the principal flow direction with multiple experiments, the sensitivity of the 

permeability tensor transformation is high. As discussed in the Saturated Permeability chapter, 

slight changes in experimental values produce large swing in the 𝛽 angle determination. Due to 

this, a radial visualization fixture was created to verify optically the IM7-4HS fabric principal in-

plane flow directions, while also observing the effects of fabric direction and tackifier. The 

following chapter will describe the radial fixture design, method, and results including tackified 

vs. non-tackified infusions, 𝛽 angle determination, and transient permeability values. This 

chapter will also present simulation results of tackified and non-tackified radial mold fills 

produced from the measured permeability data. Inferences can then be made regarding basic 

mold fills and the effects of the inter-layer tackifier on preform permeability. This fixture’s 

description and infusion results with IM7-4HS preforms can also be found in an earlier published 

work by Sommerlot et al. [192].   
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7.1 Visualization Method 

7.1.1 Experimental Method and Fixture Setup 

To produce transient in-plane permeability infusions, a radial visualization fixture was designed 

and machined. This fixture was created to allow a constant pressure inlet at the fixture’s center, 

which produced a propagating flow front ellipse. The radial fixture features a base plate to house 

IM7-4HS preforms and a clear, cast acrylic top plate, which allows visualization of the transient 

infusions. An exploded view rendering of this fixture can be seen in Figure 7.1. 

               

Figure 7.1: Radial Visualization Fixture Exploded View 

 
To hold tight tolerances in the vertical direction, the fixtures base plate was machined from 

precision ground aluminum and was designed to contain a 25.4 x 25.4 cm preform. The base 

plate has a 3/8 inch diameter, centrally located inlet to allow fluid initiation. The base plate also 

contains a resin runner groove around the outside of the preform area that is 9.53 mm in width 
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and 3.18 mm deep. The resin runner allows fluid to easily flow to the fixture’s outlets once the 

preform area is traversed. This eliminates the unwanted pressure build ups in the fixture and 

controls the outer-edge race-tracking. A precision ground aluminum spacing frame sits on the 

base plate, which controls the preform thickness. Above that, the 5.08 cm thick, clear acrylic top 

plate sits, which is used to compress the  preform to the spacing frame thickness. The thickness 

of the acrylic top plate ensures little to no flex during compaction and infusion, and therefore 

holds a consistent fiber volume fraction throughout testing. A top frame is bolted on to the clear 

top plate for added rigidity with 20 equally spaced bolts.  

  

An Airtech Advanced Materials Group pressure pot was used to supply constant pressure 

injections to the radial fixture. Injections were set to a target pressure on the pressure pot 

regulator, and an in-line pressure transducer (Omega PX180-GV) monitored the exact pressure at 

the fixture inlet. The in-line transducer was connected with NI 9219 DAQ board, which was 

controlled from a laptop outfitted with LabVIEW. The test fluid used here, again was the SAE 40 

motor oil. A Samsung Galaxy Note 10.1 was employed to record infusion from a top viewpoint, 

while infusion time was monitored with a stopwatch. After infusions were recorded, the video 

images were processed with MATLAB. The MATLAB script allowed the user to manually 

select the best fit ellipse of the advancing flow front over time. This allowed calculation of the  

radial wet length and orientation (𝛽 angle), which were then used to determine the radial, 

unsaturated in-plane permeabilities following the formulation of Weitzenböck et al. [81], [193] 

for anisotropic media. The processed images of the advancing ellipses were averaged over the 

infusion time for principal orientation and in-plane permeabilities. The MATLAB script used for 

this processing can be found in Appendix C. Constant pressure injections were made at a target 
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of 138 kPa (20 psi) using the SAE 40 motor oil. From earlier work of Chapter 5, it can be 

concluded that using SAE 40 oil as the permeant will not produce a significant difference in 

permeability than from using a resin (SC-15 Part A). Also, the capillary pressure can be 

neglected in the permeability formulation based on the previous experiments at similar injection 

pressure ranges.  

 

7.1.2 Material Preparation 

Preforms of IM7-4HS with and without tackifier were prepared for the radial infusions by cutting 

individual plies in 25.4 x 25.4 cm squares. For these infusions, warp aligned preform layups 

were used. Based on the precision ground spacing frame in the fixture, 14 plies of the IM7-4HS 

fabric were needed to achieve a fiber volume fraction of 50%. The tackified IM7-preforms were 

stored on roll in a freezer until the preform plies were cut. The tackified preforms were allowed 

to reach room temperature before testing and no additional processing was used (i.e. no 

debulking). Both preforms, with and without tackifier, were center-hole punched with a 9.53 mm 

(3/8 inch) diameter hole to produce a purely in-plane infiltration. The material, layup, and other 

test parameters can be seen in Table 7.1 that were prescribed for the radial infusions.  

Table 7.1: Radial Infusion Experiment Setup Data 

Material Layup Vf (%) # Runs 
Target Inlet Pressure 

(kPa) 

Non-tackified IM7-4HS [0]14 50 4 138 

Tackified IM7-4HS [0]14 50 2 138 

 

7.1.3 Numerical Method 

Numerical models were also produced for the radial infusions with a computational fluid 

dynamics (CFD) method. This modeling routine took the basic approach of implementing 
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experimental permeability values into a prescribed modeled preform region. The entire domain 

consisted of the 3D preform and resin runner regions. The preform was designated as a porous 

media with in-plane permeabilities defined from the experimental radial infusion results, and a 

through-thickness permeability defined from the saturated experimental results described in 

Chapter 4. The resin runner region was prescribed as general void space. Boundary conditions 

matched those of the experiments including a central pressure inlet, atmospheric outlets, and wall 

boundaries around the resin runner. A volume of fluid (VOF) method was employed where 

modeled fluid was injected into the domain, displacing the initially prescribed air-filled mold. 

With this approach, the fluid volume fraction is tracked as the flow front progresses in time 

steps. The he equations are solved in this case using the VOF method. The model is composed of 

the continuity equation given by Equation 88, where 𝜌 is density, 𝑡 is the time and 𝑣 is the local 

velocity.  

 𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑣) = 0 (88) 

 
The permeating fluid volume fraction is given by Equation 89, where 𝑉𝑓 is the volume fraction. 

 𝜕𝑉𝑓

𝜕𝑡
+ ∇ ∙ (𝑉𝑓𝑣) = 0 (89) 

 
The momentum equation for each volume is given by Equation 90, where 𝜏𝑖𝑗  is the stress tensor, 

𝜇 is the fluid viscosity, 𝑔 is the gravity, 𝑃 is the pressure, and 𝐹 is an external source vector that 

can be used to incorporate the resistive force from the porous media.   

 𝜕(𝜌𝑣)

𝜕𝑡
+ ∇ ∙ (𝜌𝑣𝑣) = −∆𝑃 + ∇ ∙ (𝜇𝜏𝑖𝑗) + 𝜌𝑔 + 𝐹 (90) 

 
A simple mesh refinement study was also performed, as meshed domains of both 1,225 and 

390,000 elements were solved with the described VOF method.  
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7.2 Results and Discussion 

7.2.1 Experimental Results 

A sample MATLAB processed image of an advancing flow front is shown in Figure 7.2. Here, 

the IM7-4HS preform’s warp (0°) and weft (90°) directions are noted and the best fit ellipse can 

be seen, which was created from the user defined points. The first and second principal axes are 

also defined, while 𝛽 is shown as the angle between the warp and 𝑆11 direction. The major and 

minor axes of the flow front also can be seen, as well a principal orientation based on the fabric 

0° or warp direction. These axes lengths were scaled and inputted as radial wet lengths for the 

radial permeability calculation from Weitzenböck et al. [81], [193]. The recorded stopwatch time 

in the image was also inputted into the formulation. The exact values of the parameters including 

𝑆𝑥𝑥, 𝑆𝑦𝑦, the principal permeabilities, and 𝛽 angle are then outputted from the MATLAB script.  

   

Figure 7.2: Sample MATALB Processed Radial Infusion Image 
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Although the permeability and 𝛽 angle were averaged over the entire infusion for each run, the 

image processed results can be plotted over time. In Figure 7.3, sample data from a non-tackified 

preform is seen where both the 𝑆11 and 𝑆22 permeabilities and 𝛽 are plotted on the same graph 

over time.   

      

Figure 7.3: Sample Unsaturated Radial Permeability and 𝛽 Angle over Infusion Time 

 
Here, the calculated permeabilities and orientation angle all show stability over time. This can be 

attributed to consistent preform geometry and test parameters. The averaged values from all the 

runs are displayed in Table 7.2. This includes the first and second principal permeabilities as 

well as the angle of orientation of first principal permeability. Following in Table 7.3, the warp, 

weft, and 45° off-axis permeabilities can be seen. These permeabilities were calculated from 

rotations of the best fit ellipse of each run. 
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Table 7.2: Radial Unsaturated Principal Permeability Results 

Run 
S11 (m

2) S22 (m
2) 𝜷 (°) 

Non-
tackified 

Tackified 
Non-

tackified 
Tackified 

Non-
tackified 

Tackified 

1 6.51E-11 2.56E-11 1.83E-11 2.05E-11 91.23 -7.52 

2 2.71E-11 7.01E-12 1.48E-11 6.55E-12 92.68 113.68 

3 2.05E-11 - 1.22E-11 - 98.84 - 

4 2.55E-11 - 1.06E-11 - 90.07 - 

Avg. 3.46E-11 1.63E-11 1.40E-11 1.35E-11 93.21 53.08 

StDev 2.06E-11 - 3.38E-12 - 3.91 - 

CV (%) 59.48 - 24.16 - 4.19 - 

 

Table 7.3: Radial Unsaturated Warp, Weft, and Off-axis Permeability Results 

Run 
Sxx Syy Sxx' 

Non-
tackified 

Tackified 
Non-

tackified 
Tackified 

Non-
tackified 

Tackified 

1 1.83E-11 2.55E-11 6.50E-11 2.06E-11 2.93E-11 2.34E-11 

2 1.48E-11 6.60E-12 2.71E-11 6.95E-12 1.97E-11 7.01E-12 

3 1.23E-11 - 2.02E-11 - 1.66E-11 - 

4 1.06E-11 - 2.55E-11 - 1.50E-11 - 

Avg 1.40E-11 1.60E-11 3.44E-11 1.38E-11 2.01E-11 1.52E-11 

StDev 3.36E-12 - 2.06E-11 - 6.41E-12 - 

CV (%) 23.97 - 59.82 - 31.87 - 

 

Interestingly, the first run for both the tackified and non-tackified preforms showed much higher 

permeabilities than the subsequent runs. A specific reason for this is not certain. Aside from this 

artifact, important inferences can be made. Even with the first runs producing higher 

permeability, the shape of the flow front ellipses remained constant. The non-tackified warp 

aligned IM7-4HS preforms were seen to show a strong bias in permeability in the weft direction. 

This is seen as the 𝛽 angle was calculated to be nearly 90° for every run made. Alternatively, the 

tackified warp aligned preforms showed little directional bias, with warp, weft, and off-axis 

permeability measurements all being similar in value. The 𝛽 values here showed very scattered 



204 
 

results between Run 1 and Run 2. This is explained by the nature of the tackified flow front 

ellipse. As the flow front becomes more isotropic, the angle of first principal permeability 

becomes less important in describing the flow front ellipse. This may be better explained by 

comparing the warp over weft (𝑆𝑥𝑥/𝑆𝑦𝑦) permeability ratio with the 𝛽 angle for non-tackified 

and tackified results. This comparison can be seen in Table 7.4. 

Table 7.4: Radial Permeability Warp/Weft Ratio and 𝜷 Angle Comparison 

Run # 
𝜷 (°) Sxx/Syy 

Non-tackified Tackified Non-tackified Tackified 

1 91.23 -7.52 0.28 1.24 

2 92.68 113.68 0.55 0.95 

3 98.84 - 0.61 - 

4 90.07 - 0.42 - 

Average 93.21 53.08 0.46 1.09 

StDev 3.91 - 0.15 - 

CV (%) 4.19 - 31.51 - 

 

It is very clear here that the addition of tackifier has a strong effect on the orientation of principal 

permeability. The tackified preforms display a warp over weft permeability ratio average close to 

1, which implies a near isotropic advancing front, while the non-tackified ratio average is 0.46. 

This non-tackified ratio shows the average warp direction permeability is over half that of the 

weft direction. Physically, the inter-layer tackifier is blocking some of the inter-tow flow 

channels and reduces permeability to create a more isotropic flow front. This inter-tow gap 

blockage has been cited by several researchers to attribute to permeability reduction [9]–[11]. 

These tackifier effects were also observed in the saturated, channel flow permeability 

measurements of Chapter 4. There, it was found that the addition of tackifier created similar in-

plane permeability values in all directions, creating a more isotropic medium. A graphical 
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comparison of the average saturated, channel flow measurements of the warp aligned IM7-4HS 

is made with the average radial unsaturated permeabilities in Figure 7.4. 

                 

Figure 7.4: Average IM7-4HS Permeability Comparison of Radial Unsaturated and Saturated 
Channel Flow Measurements 

Very similar relationships between the radial and channel flow measurements can be seen over 

the test direction. Tackified preforms showed little change over test direction in both saturated 

and radial unsaturated experiments, while the non-tackified preforms show an increasing bias 

towards the 90° direction. It should be noted that the radial unsaturated permeabilities tested 40% 

to 50% lower than their saturated counterparts. This relationship has also been noted by Estrada 

et al. [11], who found up to ~45% reduction in unsaturated permeability compared to saturated 

test cases with 4 wt% tackified preforms. This, although, is in contradiction from the channel 

flow unsaturated results of Chapter 5, where no significant difference was seen between 

unsaturated and saturated permeabilities. Explanation for this must then be placed on the 

difference between radial and channel flow test parameters. Lundström et al. [67], in a round 
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robin permeability study, reported that radial flow methods produced permeability values up 

23% lower than parallel flow techniques for the same preform. They also explained that radial 

flow techniques suffers from several sources of error that are not present in channel flow tests, 

including deviations of the inlet hole shape, the inlet hole radius, and the local permeability near 

the inlet. With this in consideration, radial flow measurement techniques may represent a higher 

probability of experimental scatter compared to parallel flow techniques. This may also explain 

why both the saturated and unsaturated channel flow measurements of Chapter 5 produced very 

similar permeabilities for the IM7-4HS preforms, while the current radial technique produced 

very different results. 

 

7.2.2 Comparison with Numerical Solution 

To demonstrate the applicability of permeability measurements to simulate mold fills, the 

permeability results from the first run of the experiments with and without tackifier were used to 

generate numerical mold fill solutions. A three-dimensional model was constructed of the mold 

geometry as described in the methods section of this chapter. Numerical simulations results were 

produced with two in-plane permeability experimental measurements (𝑆𝑥𝑥 and 𝑆𝑦𝑦) and a 

transverse permeability measurement, which was presented in Chapter 4. Numerical simulation 

results are compared against actual infusions images at the same time step for both non-tackified 

and tackified IM7-4HS preforms in Figure 7.5 and Figure 7.6, respectively. The results are 

divided in three columns: (A) experimental advancing flow fronts that are image processed 

displaying the best fit ellipse, (B) numerical flow fronts found from a coarsely meshed domain of 

1,225 elements, and (C) numerical flow fronts from a refined domain meshed with 390,000 

elements. Each column of results represents the flow front ellipse at the infusion time displayed 
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in the bottom left of the images in column (A).  Four time intervals images were selected to be 

displayed.  

    

Figure 7.5: Non-Tackified IM7-4HS Advancing Flow Front Comparisons. (A) MATLAB 
processed experimental flow front propagation with best fit ellipse. (B) Rough mesh numerical 
advancing front solutions. (C) Fine mesh numerical advancing front solutions. Numerical 
solutions display volume fraction of the test fluid, SAE 40 oil (red) displacing air (blue). 

 

(A) (B) (C) 

t = 1 min 

t = 2 min 

t = 4 min 

t = 6 min 
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Figure 7.6: Tackified IM7-4HS Advancing Flow Front Comparisons. (A) MATLAB processed 
experimental flow front propagation with best fit ellipse. (B) Rough mesh numerical advancing 
front solutions. (C) Fine mesh numerical advancing front solutions. Numerical solutions 
displaying volume fraction of the test fluid, SAE 40 oil (red) displacing air (blue).    

 

As expected, the numerical results match well with the experimental results. During actual 

infusions, the flow front was seen to have some “fingering” characteristics due to the variable 

t = 2 min 

t = 4 min 

t = 8 min 

 

(A) (B) (C) 

t = 10 min 
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porosity produced from the fabric geometry (including inter-tow and intra-tow porosities). These 

results are not seen in the numerical simulations, as the preforms were modeled as porous media 

of known permeability rather than geometrical representations of the fabric architecture.  

 

A simple numerical mesh refinement study was conducted and the results were shown. Coarsely 

meshed geometries were run with 1,225 elements and compared with a fine mesh refinement of 

319,000 elements. The total fill time was mostly time step dependent and not iteration 

dependent, so the simulation time was similar for the coarse and fine mesh cases. The resolution 

of the flow front boundary was much better for the fine mesh because of the ability to more 

accurately position the volume fraction of fluid in a smaller computational cell. The time step 

was chosen as 1E-3s to start the simulation and once the simulation was advancing steadily an 

adaptive time step was adopted to simulate the advancing flow front more rapidly while 

continuing to keep good convergence.  

 

The simulations for both non-tackified and tackified cases were also run to investigate the resin 

runner effect on each mold fill case. Numerical solutions displaying these results can be seen for 

the non-tackified IM7-4HS sample in Figure 7.7, while Figure 7.8 shows a similar set of results 

for the tackified IM7-4HS sample. Both figures contain 4 images labeled (A)-(F) showing the 

volume fraction of the permeating test fluid displacing air in the mold at selected time steps. 
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Figure 7.7: Numerical Solution of Non-tackified IM7-4HS Mold Fill Including Resin Runner 
Effect. Volume fraction of test fluid (red) displacing air (blue) at advancing time steps (A)-(F). 

 

    

Figure 7.8: Numerical Solution of Tackified IM7-4HS Mold Fill Including Resin Runner Effect. 
Volume fraction of test fluid (red) displacing air (blue) at advancing time steps (A)-(F). 

(F) t = 19 min 

(A) (B) (C) 

(D) (E) 

t = 6.5 min t = 7.5 min t = 10 min 
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(D) (E) (F) 
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t = 26 min t = 31 min t = 35 min 
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The simulated effects of the resin runner for non-tackified and tackified fabrics matched the 

experimental cases well. The channel acted as a low resistance to flow region when the oil had 

reached that part of the geometry. Once the resin runner was reached, the oil flow race tracked 

around the outside of the mold to the pressure outlets.  In a closed mold process, this would give 

the illusion of a filled mold because resin would be leaving the outlet but the preform would not 

be fully saturated at this point. Further, the corners of the preform take a significantly long time 

to fill because of the pressures present there and it is indicative of optimization that could have 

been done before the mold was created, if this was designed for actual RTM application. 

 

7.3 Conclusions 

In this chapter, a radial flow fixture was described and experiments were conducted on warp 

aligned IM7-4HS preforms with and without tackifier. In these experiments, advancing elliptical 

flow fronts were visually tracked in an unsaturated mold filling scenario. Image analysis code 

was prepared that allowed the orientation of first principal permeability (𝛽) to be visually 

determined and the in-plane permeabilities to be calculated from formulation from Weitzenböck 

et al. [81], [193]. The inclusion of an inter-layer tackifier was seen to have similar effects to 

those reported by Rohatgi and Lee [6] and Estrada et al. [11], where permeability was reduced 

with increasing tackifier content and mold filling times increased. For the non-tackified IM7-

4HS, the orientation of the first principal permeability was close to 90° for each run, displaying 

permeation was fastest in the weft fabric direction. However, with tackified samples, the 

orientation of principal permeability was not found to be variable for each measurement, but the 

warp/weft permeability ratio was found to be close to 1, creating less significance for the 𝛽 
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angle. Notably, this effect was also seen from the saturated parallel flow experiments presented 

in Chapter 4. Also, the tackified IM7-4HS exhibited more isotropic flow front ellipses (more 

circular) than the non-tackified samples. This effect is attributed to the tackifier blocking the 

flow channels between tows throughout the fabric, creating a more uniform advancing flow front 

than those that are subject only to the anisotropic fabric architecture (i.e. non-tackified flow 

fronts). Interestingly, much like the results in Chapter 4, the permeability was reduced more 

significantly in the weft fabric direction than the warp. It should be noted that the radial 

unsaturated measurements produced permeabilities much lower than saturated and unsaturated 

parallel flow measurements of Chapter 4 and 5, respectively. Permeability measurements from 

radial flow techniques have also been reported by researchers to be lower compared to parallel 

flow measurements of the same preform, while additional sources of error have been discussed 

to be at play in the radial technique [67].  Thus, the radial flow method, while being very useful 

in quickly defining the full in-plane permeability tensor and 𝛽 angle, may be less reliable than 

the channel flow techniques for determining permeability.  

 

Numerical mold fill models of both the tackified and non-tackified IM7-4HS were also produced 

using the experimentally measured permeability values. The models displayed good correlation 

between experimental and numerical mold fills and also were used to display effects seen from 

resin runners. The effect of tackifier points to need for characterization of such materials for 

accurate mold fill modeling in LCM. The presence of tackifier can not only change preform 

permeability, it can significantly alter the advancing front shape or flow profile of the infiltrating 

resin. Future work would involve validating these measurements and conclusions for the IM7-

4HS material on a complex geometry mold fill. Also, to expand this work further for composite 
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manufacturing modeling, a method of geometrical characterization of the tackified fabric should 

be developed so that CFD can be used to predict the permeability through a known geometry, 

alleviating the need for experimental work. 
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8. Summary and Conclusions 

 

8.1 Summary and Conclusions 

In this study, a compaction and permeability characterization of a four harness satin carbon 

fabric (IM7-4HS) with and without a unique low areal weight inter-layer tackifier (Cytec 

CYCOM PR 520-1) was conducted. Characterization included dry and wetted compaction 

experiments, saturated in-plane and through-thickness permeability measurements, high flow 

rate saturated measurements, unsaturated parallel flow measurements, and radial flow 

unsaturated measurements. These characterization methods were used to investigate the effects 

of tackifier, preform debulking, preform layup, saturation, flow rate, capillary pressure, and fluid 

type on the processing for LCM and RTM applications. Further novel contributions in this study 

include results on the effect of tackifier on principal permeability orientation, a modified 

experimental capillary pressure technique for permeability correction, and an investigation on the 

applicability of a specific criterion for defining non-Darcy flow in high flow rate permeability 

measurements.    

 

Specifically, the investigations revealed that the addition of the inter-layer tackifier significantly 

reduced the permeability of IM7-4HS preforms compared to non-tackified samples, while 

compaction was less affected. Tackifier also significantly altered the orientation of the principal 

in-plane permeabilities. Additional processing of tackified fabric under heat and pressure cured 

the tackifier to produce debulked preforms. These debulked samples were very stiff and provided 

large resistance to compaction pressures and nesting. Consequently, debulked preforms produced 

an interesting behavior in permeability, where the resisted fiber nesting characteristic provided 
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larger inter-tow flow channels than unprocessed tackified samples. This resulted in 

permeabilities generally higher than the unprocessed tackified samples and similar to the non-

tackified material for both in-plane and transverse flow directions. Additionally, it was found 

that the directional biases of the in-plane permeability tensor could be tailored by altering the 

preform layup stacking sequence.  

 

Further investigations compared unsaturated parallel flow permeability measurements with oil 

and a low-viscosity epoxy resin. It was found that fluid type had little effect on permeability on 

the non-tackified preforms, unless injection pressure was very low where capillary pressures are 

significant. However, the tackified preforms showed a large sensitivity to the fluid type, and it 

was hypothesized that the addition of tackifier alters the wettability of the fiber reinforcement 

depending on fluid type, and also encourages more intra-tow flow, which increases capillary 

action. Additional high flow rate testing showed the possibility of non-Darcy flow during 

infusions. From these results, it was concluded that all LCM infusions should be considered 

based on fluid velocity or flow rate. Depending on the velocity, capillary pressures may be 

significant or neglected, inertial effects may require a Forchheimer relationship to describe the 

flow, or Darcy’s law may fit the application well.  

 

For consideration of RTM and other LCM applications, the use of tackifier strongly aids in 

preforming, holding fiber orientation and part shape, and resisting deformation in high pressure 

or flow rate infusions. Although, the addition of tackifier will also reduce permeability and 

increase mold fill times. Debulking can further hold preform shape as the cured tackifier fuses 

the reinforcement fiber network together. However, the mold used must be robust enough to 
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overcome the large resistance to compaction the debulked preform provides. Also, if debulking 

is considered, the injection resin should be chemically compatible, if not the same, as the 

tackifier system to avoid void formations, poor fiber/matrix interfaces, and ultimately low part 

performance. 

 

8.2 Future Work 

For a more robust characterization of the IM7-4HS preforms, specialized test fixtures should be 

produced to measure permeability of deformed geometry native to complex molds, including 

sheared and curved portions of the reinforcement. Further investigations should be made to 

quantify the void formation in IM7-4HS preforms with and without the inter-layer tackifier, as 

well as in the debulked preforms after infusions. Aside from the tackifier showing aid in preform 

creation, the addition of tackifier, especially pre-cured in the debulk process, may result in 

irregular flows and local blockages leading to possible void formations. To further investigate 

the high flow rate experiments, unsaturated infusions should be investigated with a robust fixture 

that will not permit displacement or race-tracking. Also, a visualization window should be 

introduced so that the precise pressure or flow rate can be defined where fiber shift and washout 

initiate for non-tackified and tackified preforms. This would be of very practical interest for 

RTM applications and material selection consideration. 

 

While this study has shown the applicability of permeability measurements to simple numerical 

mold fill solutions, further work should look to predict permeability based on geometry and other 

infusion parameters. This would alleviate the need for expensive, time consuming manual 

characterization techniques. Furthermore, the physical geometry of tackifier should be modeled 
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to predict the altered flow and permeability through tackified fabrics. These permeability 

solutions could then be implemented into Darcian flow based solver for mold fill solutions.  

 

Ultimately, a unified reinforcement draping and resin flow simulation tool would create an 

efficient and ideal approach to process modeling. Here, reinforcement geometry could be used as 

the input while nesting, shear, and other deformations induced from preforming could be solved 

mechanically. Then, with the altered preform geometry and infusion parameters known, the 

permeating flow could be simulated with computational fluid dynamics. This would be a 

powerful tool for process modeling, although further manual characterization must be done 

before this technology is computationally available.  
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Appendix A: Additional Saturated Permeability Measurement Data 

 
A.I Non-tackified Laminate (6 ply) Permeability 
 
 

Table A. 1 Non-tackified Laminate (6 ply) Warp and Weft Direction Saturated Permeability 

 
0 deg. (Sxx in m2) 90 deg. (Syy in m2) 

Run \Vf 50% 55% 60% 50% 55% 60% 

1 4.05E-11 2.48E-11 1.58E-11 4.73E-11 2.30E-11 1.19E-11 

2 5.17E-11 2.86E-11 1.66E-11 4.16E-11 1.94E-11 9.62E-12 

3 5.73E-11 3.00E-11 1.66E-11 3.86E-11 2.23E-11 1.36E-11 

4 5.56E-11 2.76E-11 1.46E-11 3.81E-11 2.09E-11 1.21E-11 

5 4.81E-11 3.06E-11 2.02E-11 5.28E-11 2.77E-11 1.53E-11 

Avg 5.06E-11 2.83E-11 1.68E-11 4.37E-11 2.27E-11 1.25E-11 

StDev 6.70E-12 2.29E-12 2.09E-12 6.28E-12 3.14E-12 2.11E-12 

CV (%) 13.22 8.09 12.47 14.37 13.85 16.90 

 

Table A. 2: Non-tackified Laminate (6 ply) Off-axis Direction Saturated Permeability 

 
45 deg. (Sxx’ in m2) 

Run \Vf 50% 55% 60% 

1 3.99E-11 2.25E-11 1.33E-11 

2 3.74E-11 1.94E-11 1.07E-11 

3 4.58E-11 2.43E-11 1.37E-11 

4 5.91E-11 2.84E-11 1.45E-11 

5 5.59E-11 2.66E-11 1.35E-11 

Avg 4.76E-11 2.42E-11 1.31E-11 

StDev 9.59E-12 3.51E-12 1.44E-12 

CV (%) 20.13 14.49 10.94 
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Table A. 3: Non-tackified Laminate (6 ply) Principal Saturated Permeability 

 
S11 (1st Principal Permeability in m2) S22 (2nd Principal Permeability in m2) 

Run \Vf 50% 55% 60% 50% 55% 60% 

1 4.92E-11 2.56E-11 1.59E-11 3.87E-11 2.22E-11 1.18E-11 

2 5.72E-11 3.05E-11 1.74E-11 3.61E-11 1.75E-11 8.87E-12 

3 5.75E-11 3.04E-11 1.72E-11 3.84E-11 2.19E-11 1.30E-11 

4 6.19E-11 2.96E-11 1.50E-11 3.18E-11 1.89E-11 1.17E-11 

5 5.64E-11 3.21E-11 2.27E-11 4.45E-11 2.62E-11 1.28E-11 

Avg 5.64E-11 2.96E-11 1.76E-11 3.79E-11 2.13E-11 1.16E-11 

StDev 4.60E-12 2.45E-12 2.97E-12 4.61E-12 3.37E-12 1.67E-12 

CV (%) 8.16 8.26 16.86 12.17 15.80 14.33 

 

Table A. 4: Non-tackified Laminate (6 ply) Through-thickness Saturated Permeability 

Through-thickness (Szz in m2) 

Vf Run 1 Run 2 Run 3 Run 4 Run5 Avg. StDev CV (%) 

50% 
1.43E-

12 
1.49E-

12 
1.51E-

12 
2.08E-

12 
2.01E-

12 
1.70E-12 3.15E-13 18.53 

55% 
7.71E-

13 
8.40E-

13 
7.31E-

13 
1.01E-

12 
1.09E-

12 
8.89E-13 1.56E-13 17.56 

60% 
3.76E-

13 
4.40E-

13 
3.78E-

13 
5.26E-

13 
6.24E-

13 
4.69E-13 1.06E-13 22.66 

 

A.II Debulked Laminate (6 ply) Permeability 
 
 

Table A. 5: Debulked Laminate (6 ply) Warp and Weft Direction Saturated Permeability 

 
0 deg. (Sxx in m2) 90 deg. (Syy in m2) 

Run \Vf 50% 55% 60% 50% 55% 60% 

1 3.39E-11 2.24E-11 1.54E-11 9.42E-11 2.67E-11 8.45E-12 

2 6.15E-11 2.45E-11 1.06E-11 5.55E-11 2.24E-11 9.76E-12 

3 7.39E-11 2.72E-11 1.09E-11 6.07E-11 1.69E-11 5.25E-12 

4 3.51E-11 1.62E-11 7.99E-12 9.46E-11 3.42E-11 1.35E-11 

5 3.20E-11 1.76E-11 1.02E-11 4.95E-11 2.15E-11 1.00E-11 

Avg. 4.73E-11 2.16E-11 1.10E-11 7.09E-11 2.43E-11 9.39E-12 

StDev 1.92E-11 4.63E-12 2.70E-12 2.18E-11 6.52E-12 2.98E-12 

CV (%) 40.61 21.43 24.53 30.75 26.78 31.69 
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Table A. 6: Debulked Laminate (6 ply) Off-axis Direction Saturated Permeability 

 
45 deg. (Sxx’ in m2) 

Run \Vf 50% 55% 60% 

1 3.13E-11 1.51E-11 7.74E-12 

2 4.18E-11 2.05E-11 1.07E-11 

3 3.86E-11 2.21E-11 1.33E-11 

4 3.69E-11 2.08E-11 1.23E-11 

5 3.45E-11 1.96E-11 1.17E-11 

Avg. 3.66E-11 1.96E-11 1.11E-11 

StDev 3.97E-12 2.68E-12 2.13E-12 

CV (%) 10.83 13.66 19.07 

 

Table A. 7: Debulked Laminate (6 ply) Principal Saturated Permeability 

 
S11 (1st Principal Permeability in m2) S22 (2nd Principal Permeability in m2) 

Run \Vf 50% 55% 60% 50% 55% 60% 

1 1.09E-10 3.42E-11 1.74E-11 1.95E-11 1.49E-11 6.49E-12 

2 7.55E-11 2.66E-11 1.08E-11 4.15E-11 2.03E-11 9.51E-12 

3 9.67E-11 2.72E-11 1.40E-11 3.79E-11 1.69E-11 2.14E-12 

4 1.06E-10 3.52E-11 1.39E-11 2.40E-11 1.52E-11 7.58E-12 

5 5.15E-11 2.15E-11 1.17E-11 3.00E-11 1.76E-11 8.50E-12 

Avg. 8.76E-11 2.89E-11 1.36E-11 3.06E-11 1.70E-11 6.84E-12 

StDev 2.40E-11 5.73E-12 2.53E-12 9.19E-12 2.19E-12 2.86E-12 

CV (%) 27.38 19.80 18.65 30.05 12.93 41.78 

 

Table A. 8: Debulked Laminate (6 ply) Through-thickness Saturated Permeability 

Through-thickness (Szz in m2) 

Vf Run 1 Run 2 Run 3 Run 4 Run5 Avg. StDev CV (%) 

50% 
9.44E-

13 
8.56E-

13 
9.20E-

13 
9.47E-

13 
1.09E-

12 
9.51E-13 8.45E-14 8.88 

55% 
5.76E-

13 
5.44E-

13 
5.92E-

13 
6.01E-

13 
6.74E-

13 
5.97E-13 4.80E-14 8.04 

60% 
3.67E-

13 
3.60E-

13 
3.95E-

13 
3.97E-

13 
4.36E-

13 
3.91E-13 3.01E-14 7.70 
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A.III Non-Tackified Warp Aligned (6 ply) Permeability 
 

Table A. 9: Non-Tackified Warp Aligned (6 ply)  Warp and Weft Direction Saturated 
Permeability 

 
0 deg. (Sxx in m2) 90 deg. (Syy in m2) 

Run \Vf 50% 55% 60% 50% 55% 60% 

1 2.32E-11 1.32E-11 7.89E-12 6.28E-11 3.36E-11 1.89E-11 

2 2.57E-11 1.89E-11 1.43E-11 6.11E-11 3.82E-11 2.49E-11 

3 3.10E-11 1.71E-11 9.95E-12 7.28E-11 3.71E-11 2.01E-11 

       

       

Avg. 2.67E-11 1.64E-11 1.07E-11 6.56E-11 3.63E-11 2.13E-11 

StDev 3.98E-12 2.92E-12 3.26E-12 6.31E-12 2.44E-12 3.15E-12 

CV (%) 14.92 17.77 30.48 9.62 6.72 14.81 

 

Table A. 10: Non-Tackified Warp Aligned (6 ply) Off-axis Saturated Permeability 

 
45 deg. (Sxx’ in m2) 

Run \Vf 50% 55% 60% 

1 4.63E-11 2.61E-11 1.55E-11 

2 4.54E-11 2.72E-11 1.70E-11 

3 5.84E-11 3.30E-11 1.96E-11 

    

    

Avg. 5.00E-11 2.88E-11 1.74E-11 

StDev 7.27E-12 3.69E-12 2.06E-12 

CV (%) 14.53 12.84 11.86 
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Table A. 11: Non-Tackified Warp Aligned (6 ply) Principal Saturated Permeability 

 
S11 (1st Principal Permeability in m2) S22 (2nd Principal Permeability in m2) 

Run \Vf 50% 55% 60% 50% 55% 60% 

1 6.31E-11 3.40E-11 1.93E-11 2.29E-11 1.28E-11 7.50E-12 

2 6.12E-11 3.83E-11 2.55E-11 2.56E-11 1.88E-11 1.37E-11 

3 7.38E-11 3.87E-11 2.19E-11 3.00E-11 1.55E-11 8.19E-12 

4       

5       

Avg. 6.60E-11 3.70E-11 2.22E-11 2.62E-11 1.57E-11 9.80E-12 

StDev 6.79E-12 2.64E-12 3.12E-12 3.58E-12 2.98E-12 3.40E-12 

CV (%) 10.28 7.13 14.05 13.67 18.99 34.66 

 

Table A. 12: Non-Tackified Warp Aligned (6 ply) Through-thickness Saturated Permeability 

Through-thickness (Szz in m2) 

Vf Run 1 Run 2 Avg. StDev CV (%) 

50% 1.21E-12 1.14E-12 1.18E-12 4.71E-14 3.99 

55% 6.58E-13 6.18E-13 6.38E-13 2.84E-14 4.46 

60% 3.43E-13 3.17E-13 3.30E-13 1.83E-14 5.54 

 

A.IV Tackified Warp Aligned (6 ply) Permeability 
 

Table A. 13: Tackified Warp Aligned (6 ply) Warp and Weft Direction Saturated Permeability 

 
0 deg. (Sxx in m2) 90 deg. (Syy in m2) 

Run \Vf 50% 55% 60% 50% 55% 60% 

1 1.99E-11 1.04E-11 5.73E-12 2.934E-11 1.614E-11 8.915E-12 

2 2.51E-11 1.34E-11 7.59E-12 
 

1.624E-11   

3 3.14E-11 1.84E-11 1.13E-11 
 

1.64E-11   

4 2.56E-11 1.35E-11 7.49E-12    

5 2.55E-11 1.39E-11 8.04E-12    

6  1.64E-11      

7 2.22E-11 1.12E-11 6.25E-12    

8   1.36E-11      

Avg. 2.50E-11 1.39E-11 7.74E-12 2.93E-11 1.63E-11 8.92E-12 

StDev 3.88E-12 2.60E-12 1.97E-12 - 1.51E-13 - 

CV (%) 15.54 18.72 25.44 - 0.93 - 
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Table A. 14: Tackified Warp Aligned (6 ply) Off-axis Direction Saturated Permeability 

 
45 deg. (Sxx’ in m2) 

Run \Vf 50% 55% 60% 

1 3.354E-11 1.871E-11 1.138E-11 

2 
 

2.044E-11   

3 
 

2E-11   

    

    

Avg. 3.35E-11 1.97E-11 1.14E-11 

StDev - 9.05E-13 - 

CV (%) - 4.59 - 

 

Table A. 15: Tackified Warp Aligned (6 ply) Principal Saturated Permeability 

 
S11 (1st Principal Permeability in m2) S22 (2nd Principal Permeability in m2) 

Run \Vf 50% 55% 60% 50% 55% 60% 

1 3.383E-11 1.887E-11 1.142E-11 2.101E-11 1.120E-11 5.535E-12 

2 
 

2.045E-11   
 

1.224E-11   

3 
 

2E-11   
 

1.28E-11   

       

       

Avg. 3.38E-11 1.98E-11 1.14E-11 2.10E-11 1.21E-11 5.54E-12 

StDev - 8.06E-13 - - 8.22E-13 - 

CV (%) - 4.08 - - 6.80 - 

 

Table A. 16: Tackified Warp Aligned (6 ply) Through-thickness Saturated Permeability 

Through-thickness (Szz in m2) 

Vf Run 1 Run 2 Avg. StDev CV (%) 

50% 8.21E-13 7.89E-13 1.18E-12 4.71E-14 3.99 

55% 4.34E-13 3.94E-13 6.38E-13 2.84E-14 4.46 

60% 2.09E-13 1.87E-13 3.30E-13 1.83E-14 5.54 
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A.V Debulked Laminate (12 ply) Permeability 
 

Table A. 17: Debulked Laminate (12 ply) Warp and Weft Direction Saturated Permeability 

 
0 deg. (Sxx in m2) 90 deg. (Syy in m2) 

Run \Vf 50% 55% 60% 50% 55% 60% 

1 3.94E-11 1.91E-11 9.82E-12 4.43E-11 2.25E-11 1.21E-11 

2 4.07E-11 1.85E-11 9.03E-12 3.03E-11 1.63E-11 9.26E-12 

3 2.64E-11 1.17E-11 5.53E-12 3.05E-11 1.64E-11 9.29E-12 

4 2.51E-11 1.29E-11 7.06E-12 3.05E-11 1.63E-11 9.15E-12 

       

Avg. 3.29E-11 1.55E-11 7.86E-12 3.39E-11 1.79E-11 9.95E-12 

StDev 8.27E-12 3.79E-12 1.94E-12 6.94E-12 3.09E-12 1.44E-12 

CV (%) 25.15 24.36 24.65 20.46 17.29 14.47 

 

 

 

Table A. 18: Debulked Laminate (12 ply) Through-thickness Saturated Permeability 

Through-thickness (Szz in m2) 

Vf Run 1 Run 2 Run 3 Avg. StDev CV (%) 

50% 9.89E-13 9.53E-13 1.12E-12 1.02E-12 8.76E-14 8.59 

55% 4.79E-13 4.75E-13 5.63E-13 5.06E-13 5.00E-14 9.89 

60% 2.47E-13 2.52E-13 3.01E-13 2.67E-13 3.00E-14 11.27 

 

A.VI Non-tackified Laminate (12 ply) Permeability 
 

Table A. 19: Non-tackified Laminate (12 ply) Warp Direction Saturated Permeability 

 
0 deg. (Sxx in m2) 

Run \Vf 50% 55% 60% 

1 4.70E-11 2.95E-11 1.92E-11 

Avg. - - - 

StDev - - - 

CV (%) - - - 
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Table A. 20: Non-tackified Laminate (12 ply) Through-thickness Saturated Permeability 

Through-thickness (Szz in m2) 

Vf Run 1 Run 2 Avg. StDev CV (%) 

50% 1.79E-12 2.29E-12 2.04E-12 3.52E-13 17.25 

55% 6.56E-13 9.33E-13 7.95E-13 1.96E-13 24.64 

60% 2.62E-13 4.11E-13 3.36E-13 1.05E-13 31.28 

 
 
A.VII In-Plane Permeability Power Law Fits 
 

Table A. 21: Power Law Fits for Saturated In-plane Permeability Measurements 

IM7-4HS Preform Type 
Sxx Syy Sxx' 

a b a b a b 

6 Ply Warp Aligned Non-
tackified 

8.28E-13 -5.00 9.11E-13 -6.17 9.01E-13 -5.79 

6 Ply Warp Aligned 
Tackified 

2.94E-13 -6.42 3.21E-13 -6.53 5.59E-13 -5.29 

6 Ply Non-tackified 
Laminate 

7.55E-13 -6.07 3.75E-13 -6.86 3.56E-13 -7.06 

6 Ply Debulked Laminate 1.84E-13 -7.99 3.24E-14 -1.11 3.98E-13 -6.52 

12 ply Debulked Laminate 1.43E-13 -7.85 3.20E-13 -6.73 - - 

        
      

IM7-4HS Preform Type 
S11 S22 

  a b a b 

  6 Ply Warp Aligned Non-
tackified 

1.05E-12 -5.98 6.25E-13 -5.39 

  6 Ply Warp Aligned 
Tackified 

5.51E-13 -5.95 1.40E-13 -7.29 

  6 Ply Non-tackified 
Laminate 

6.65E-13 -6.39 4.36E-13 -6.46 

  6 Ply Debulked Laminate 6.89E-14 -1.03 1.12E-13 -8.18 

  12 ply Debulked Laminate - - - - 
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Appendix B: Additional Fluid Effects Measurement Data 

 
B.I Fluid Surface Tension Measurement Data 
 

Table B. 1: SAE Oil and SC-15 Part A Fluid Surface Tension Measurement Data 

Fluid: SAE 40 Motor Oil 
    

Run # Maximum Wt. (mg) 
𝜎′ 

(mg/mm) 
𝑐𝑓 𝜎 

(mg/mm) 
𝜎 

(dyne/cm) 

1 421.71 3.51 0.847 2.98 29.18 

2 420.81 3.51 0.847 2.97 29.12 

3 421.19 3.51 0.847 2.97 29.14 

Average 421.24 3.51 0.847 2.97 29.15 

StDev 0.45 0.00 0.000 0.00 0.03 

CV (%) 0.11 0.11 0.001 0.11 0.11 

      
Fluid: SC-15 Part A (Epoxy only) 

   

Run # Maximum Wt. (mg) 
𝜎′ 

(mg/mm) 
𝑐𝑓 𝜎 

(mg/mm) 
𝜎 

(dyne/cm) 

1 469.03 3.91 0.844 3.30 32.36 

2 469.73 3.91 0.844 3.30 32.41 

3 470.52 3.92 0.844 3.31 32.46 

Average 469.76 3.91 0.844 3.30 32.41 

StDev 0.75 0.01 0.000 0.01 0.05 

CV (%) 0.16 0.16 0.001 0.16 0.16 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



228 
 

B.II Du Noüy Ring Sample Wetting Graphs 
 

         

Figure B. 1: Wetting Force versus Immersion Depth of Du Noüy Ring in SC-15 Part A 

 
 

         

Figure B. 2: Wetting Force versus Immersion Depth of Du Noüy Ring in SAE 40 Oil 
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B.III Fiber Diameter Measurement Data  
Table B. 2: IM7 Fiber Diameter Data from Laser-scan Micromemeter Measurements 

IM7 Fiber Diameter Measurements (µm) 

Sample 
# 

Point 
1 

Point 
2 

Point 
3 

Sample 
Avg. 

Sample 
StDev 

Among 3 
Pts. 

CV (%) 
Among 3 

Pts. 

Perimeter 
(from Avg.)  

1 5.22 5.27 5.38 5.29 0.08 1.55 16.62 

2 5.22 5.25 5.2 5.22 0.03 0.48 16.41 

3 8.35 7.98 7.82 8.05 0.27 3.38 25.29 

4 5.63 5.73 5.71 5.69 0.05 0.93 17.88 

5 6.21 5.52 5.6 5.78 0.38 6.53 18.15 

6 5.44 5.38 5.65 5.49 0.14 2.58 17.25 

7 5.35 5.44 5.29 5.36 0.08 1.41 16.84 

8 5.68 5.61 6.8 6.03 0.67 11.07 18.94 

9 5.64 5.58 5.58 5.60 0.03 0.62 17.59 

10 5.51 5.75 5.69 5.65 0.12 2.21 17.75 

11 5.59 5.47 5.38 5.48 0.11 1.92 17.22 

12 5.69 6.63 6.71 6.34 0.57 8.94 19.93 

13 5.8 5.7 5.94 5.81 0.12 2.07 18.26 

14 5.51 5.44 5.41 5.45 0.05 0.94 17.13 

15 5.59 5.5 5.41 5.50 0.09 1.64 17.28 

16 5.22 5.15 5.19 5.19 0.04 0.68 16.29 

17 5.38 5.49 5.39 5.42 0.06 1.12 17.03 

18 5.54 5.59 5.77 5.63 0.12 2.15 17.70 

19 5.55 5.58 5.58 5.57 0.02 0.31 17.50 

20 5.5 5.65 5.6 5.58 0.08 1.37 17.54 

21 5.35 5.37 5.4 5.37 0.03 0.47 16.88 

22 5.51 6.14 5.34 5.66 0.42 7.44 17.79 

23 5.92 5.89 5.92 5.91 0.02 0.29 18.57 

24 5.4 5.35 5.45 5.40 0.05 0.93 16.96 

25 5.38 5.32 5.3 5.33 0.04 0.78 16.76 

26 5.65 5.64 5.67 5.65 0.02 0.27 17.76 

27 6.06 5.94 6.07 6.02 0.07 1.20 18.92 

28 5.72 5.66 5.83 5.74 0.09 1.50 18.02 

29 5.19 5.24 5.23 5.22 0.03 0.51 16.40 

Average 5.65 5.66 5.70 5.67 0.13 2.25 17.82 

Average 
without 

#3  
5.55 5.58 5.62 5.59 0.13 2.21 17.55 
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B.IV Micro-Wilhelmy Sample Status List 
 

Table B. 3: Micro-Wilhelmy Sample Usage Statuses 

Sample 
ID 

Test Fluid 
Advancing 

Data 
Receding 

Data 

Fiber-1 SAE 40 Oil Used Used 

Fiber-2 SAE 40 Oil Used Used 

Fiber-3 SAE 40 Oil Unused Unused 

Fiber-4 SAE 40 Oil Used Used 

Fiber-5 SAE 40 Oil Used Used 

Fiber-6 SAE 40 Oil Used Used 

Fiber-7 SAE 40 Oil Used Used 

Fiber-8 SAE 40 Oil Unused Unused 

Fiber-9 SAE 40 Oil Unused Unused 

Fiber-10 SAE 40 Oil Used Unused 

Fiber-11 SAE 40 Oil Used Used 

Fiber-12 SAE 40 Oil Used Used 

Fiber-13 SAE 40 Oil Used Used 

Fiber-14 SC-15 Unused Unused 

Fiber-15 SC-15 Unused Unused 

Fiber-16 SC-15 Unused Unused 

Fiber-17 SC-15 Unused Unused 

Fiber-18 SC-15 Unused Unused 

Fiber-19 SC-15 Unused Unused 

Fiber-20 SC-15 Unused Unused 

Fiber-21 SC-15 Unused Unused 

Fiber-22 SC-15 Part A only Used Used 

Fiber-23 SC-15 Part A only Used Used 

Fiber-24 SC-15 Part A only Used Used 

Fiber-25 SC-15 Part A only Used Used 

Fiber-26 SC-15 Part A only Used Used 

Fiber-27 SC-15 Part A only Used Used 

Fiber-28 SC-15 Part A only Used Used 

Fiber-29 SC-15 Part A only Used Unused 
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B.V Micro-Wilhelmy Fiber Contact Angle Measurement Data 
 

Table B. 4: IM7 Fiber Contact Angle Data from Micro-Wilhelmy Measurements with SAE 40 Oil 

Sample 
ID 

Avg. 
Adv. 
Wt. 
(mg) 

Avg. 
Recd. 
Wt. 
(mg) 

Diameter 
(μm) 

Perimeter  
(cm) 

Advance 
cos(θ) 

Advance 
θ (deg.) 

Recede 
cos(θ) 

Recede 
θ (deg.) 

Fiber-22 0.036 0.051 5.663 1.779E-03 0.823 34.638 0.645 49.827 

Fiber-23 0.032 0.040 5.910 1.857E-03 0.866 29.976 0.798 37.019 

Fiber-24 0.035 0.044 5.400 1.696E-03 0.812 35.666 0.711 44.713 

Fiber-25 0.036 0.047 5.333 1.676E-03 0.800 36.833 0.664 48.385 

Fiber-26 0.036 0.045 5.653 1.776E-03 0.818 35.129 0.716 44.296 

Fiber-27 0.040 0.056 6.023 1.892E-03 0.806 36.323 0.628 51.069 

Fiber-28 0.046 0.062 5.737 1.802E-03 0.718 44.136 0.510 59.353 

Fiber-29 0.045 NA 5.220 1.640E-03 0.674 47.595 NA NA 

Avg. 0.038 0.049 5.618 1.765E-03 0.790 37.537 0.667 47.809 

StDev 0.005 0.008 0.281 8.837E-05 0.062 5.626 0.090 6.912 

CV (%) 13.101 15.409 5.008 5.008E+00 7.882 14.987 13.437 14.458 

 

B.VI Work of Adhesion Measurement Data 
 

Table B. 5: Work of Adhesion Data for IM7 Fibers and SAE 40 Oil 

SAE 40 Motor Oil 

Fiber ID 

Work of Adhesion 
(erg/cm2) Hysteresis Ratio 

Advancing  Receding 

Fiber-1 46.12 45.62 0.99 

Fiber-2 49.85 45.40 0.91 

Fiber-4 47.30 44.60 0.94 

Fiber-5 49.13 43.73 0.89 

Fiber-6 49.78 44.02 0.88 

Fiber-7 48.58 43.29 0.89 

Fiber-10 50.92 NA NA 

Fiber-11 48.90 45.49 0.93 

Fiber-12 53.53 48.65 0.91 

Fiber-13 51.24 46.55 0.91 

Avg. 49.53 45.26 0.92 

StDev 1.98 1.55 0.03 

CV(%) 3.99 3.42 3.39 
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Table B. 6: Work of Adhesion Data for IM7 Fibers and SC-15 Part A 

SC-15 Epoxy (Part A only) 

Fiber ID 

Work of Adhesion 
(erg/cm2) Hysteresis Ratio 

Advancing  Receding 

Fiber-22 59.07 53.32 0.90 

Fiber-23 60.48 58.29 0.96 

Fiber-24 58.74 55.44 0.94 

Fiber-25 58.35 53.93 0.92 

Fiber-26 58.92 55.61 0.94 

Fiber-27 58.52 52.77 0.90 

Fiber-28 55.67 48.93 0.88 

Fiber-29 54.27 NA NA 

Avg. 58.00 54.04 0.92 

StDev 1.89 2.69 0.03 

CV(%) 3.25 4.98 2.99 
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Appendix C: MATLAB Scripts 

 
C.I Principal Permeability Calculator 
 
%Principal Permeability Calculator 
%Stephen Sommerlot 3/29/13 
%CVRC  
%Code takes input from in-plane permeability testing data to find principal  
%permeabilities S11 and  S22 and direction. Uses Mohr type transformation 
%~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

  
%clears the workspace 
clear all 

  
%prompts user for permeability data input 
Sxx = input('Enter Sxx permeability value: '); 
Syy = input('Enter Syy permeability value: '); 
Sxx_prime = input('Enter Sxx_prime permeability value (45 deg): '); 

  
%computes off-axis permeability tensor component 
Sxy = Sxx_prime - (.5*Sxx) - (.5*Syy) 

  
%disaplys 2-D permeability tensor 
S_bar = [Sxx, Sxy; Sxy, Syy] 

  
%rotates S_bar to get S'_bar 
deg = pi/4; % 45 deg 
%deg = 0.523598776; % for 30 deg. 
a_bar_T = [cos(deg), sin(deg); -sin(deg), cos(deg)]; 
a_bar = [cos(deg), -sin(deg); sin(deg), cos(deg)]; 

  
S_prime_bar = a_bar_T * S_bar * a_bar; 

  
%finds principal permeabilities 
prinicpal_permeabilities = eig(S_prime_bar) 

  
S11 = max(prinicpal_permeabilities) 
S22 = min(prinicpal_permeabilities) 

  
%finds principal direction vector 
[V,D] = eig(S_prime_bar)   

  
%calculates angle of rotation (degrees), this is a very sensitive calculation 

to %experimental scatter 
beta_from_S_bar = (atan(2*S_bar(1,2)/(S_bar(1,1)-S_bar(2,2)))*180/pi)/2 
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C.II Image Processing Script for Radial Infusions 
 
% Stephen Sommerlot 
% CVRC 
% 3/5/14 
% Script for ellipse detection in radial-visual fabric flow fronts 
% Uses ellipse calculations for unsaturated permeability determination 
% based on paper: radial flow permeability measurement. Part A and B by 
% Weitzenboeck 
% Note: constant pressure injection formulation 

  
% Prompt to get test data from user 
material =  input('Enter Material Name: ', 's'); %'Non-Tackified IM7-4HS' OR 

Tackified IM7-4HS 
ply_num = 14; %input('Enter Ply Number: '); 
Vf_in = 50; % input('Enter Material Vf(%): '); 
Vf = Vf_in/100; 
porosity = 1- Vf; 
inlet_diameter = 3/8; % = input('Enter Punch Diameter (in.) Used for Inlet 

(can be a fraction): '); 
inlet_rad_m = (inlet_diameter*.0254)/2; 
x0 = inlet_rad_m; 
y0 = inlet_rad_m; 
t0 = 0; %27;    % = input('Enter Initial Starting Time(s) Seen on Stopwatch 

for Flow Propagation: '); % 27s for SS2 
% t_cutoff = input('Enter Cutoff Time of Time for Pressure Data: '); %  1200s 

for SS2  

  
% Read test pressures from file, get average and StDev of inlet pressure 
cd('C:\Users\sommerl4\Documents\MATLAB\Edge 

Detect\coderdemo_edge_detection\Radial_Perm_Data') 

  
psig_in_file = load('Pressure_Inlet_0-6PSIG_tack2.txt'); 
psig_in_full = psig_in_file(:,2); 
time_in_full = psig_in_file(:,1); 
% Uncomment for manual truncation 
% time_diff = abs(time_in_full - t0); 
% [idx idx]  = min(time_diff); 
% closest_time_to_t0 = time_in_full(idx); 
% time_diff2 =abs(time_in_full - t_cutoff); 
% [idx2 idx2] = min(time_diff2); 
% time_in = time_in_full(idx:idx2); 
% psi_in = psig_in_full(idx:idx2); 
avg_psi_in = mean(psig_in_full); 
Pressure_StDev_psi = std(psig_in_full); 
kpa_in = 6.89475729*psig_in_full; 
avg_kpa_in = mean(kpa_in); 
avg_pa_in = avg_kpa_in*1000; 
Pressure_StDev = std(kpa_in); 
pressure_CV = Pressure_StDev*100/avg_kpa_in; 

  
cd('C:\Users\sommerl4\Documents\MATLAB\Edge 

Detect\coderdemo_edge_detection\Radial_Perm_Data') 

  
% load image 
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image = imread('IM7_tack_run2_3-7-14_10min.png'); 
imshow(image) 

  
% gives user points to outline ellipse (10 in each quadrant) 
[x,y] = ginput(40); 

  
imshow(image) 
hold on 
plot(x,y, '+')  
h = gca; % get current axis handle 

  
% call ellipse finding function  
% outputs structure of ellipse props 
ellipse_t = fit_ellipse(x,y,h) 

  
% break structure into numerics using ellipse function defs 
ellipse_cell = struct2cell(ellipse_t); 
a = cell2mat(ellipse_cell(1)); % sub axis (radius) of the X axis of the non-

tilt ellipse 
b = cell2mat(ellipse_cell(2)) ; % sub axis (radius) of the Y axis of the non-

tilt ellipse 
phi = cell2mat(ellipse_cell(3));  % orientation in radians of the ellipse 

(tilt) 
X0 = cell2mat(ellipse_cell(4));    % center at the X axis of the non-tilt 

ellipse 
Y0 = cell2mat(ellipse_cell(5));  % center at the Y axis of the non-tilt 

ellipse 
X0_in = cell2mat(ellipse_cell(6)); % center at the X axis of the tilted 

ellipse 
Y0_in = cell2mat(ellipse_cell(7));   % center at the Y axis of the tilted 

ellipse 
long_axis = cell2mat(ellipse_cell(8));  % size of the long axis of the 

ellipse 
short_axis = cell2mat(ellipse_cell(9)); % size of the short axis of the 

ellipse 

  
% beta angle (just phi converted to degrees) 
beta = phi*(180/pi); 

  
%for 45 deg. radius based on non-tilted ellipse (radius should be same just 
%not rotated) 
deg45 = pi/4; 
x45 = a*cos(deg45); 
y45 = b*sin(deg45); 
r45 = sqrt(x45^2 + y45^2); 

  
% get reference measurement 
imtool(image) 
distance = 9.1160e+01; %input('Enter Reference Distance Pixel Length: '); 

uncomment this to user define distance 
refdist = distance; 

  
t_min_current = input('Enter Current Stopwatch Minutes on Image: '); 
t_sec_current = input('Enter Current Stopwatch Seconds on Image: '); 
t = ((t_min_current)*60 + t_sec_current) - t0; 
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n = .0254; 
xf = ((a/refdist) * n); %m, radius of front in 1 direction 
yf = ((b/refdist) * n); %m, radius of front in 3 direction 
rf = ((r45/refdist) * n); %m radius of front in 2 direction 

  
% Calculate Ns,Fs,A,D,phi2, C according to Weitzenboeck 
N1 = (xf^2*(2*log(xf/x0) -1) + x0^2); 
N2 = (rf^2*(2*log(rf/x0) -1) + x0^2); 
N3 = (yf^2*(2*log(yf/y0) -1) + y0^2); 

  
F1 = N1/t; 
F2 = N2/t; 
F3 = N3/t; 

  
A = (F1 + F3)/2; 
D = (F1 - F3)/2; 

  
u=.24; %pa.s 

  
C = ((u*porosity)/(4*avg_pa_in)); 

  
phi2 = .5*atan( (A/D) - ((A^2 - D^2)/(F2*D)) ); 
phi2_deg = phi2*180/pi 

  
% find K1 and K1 unsaturated permeabilities at time 
K1 = F1*((A-D)/(A - (D/cos(2*phi2))))*C 
K2 = F3*((A+D)/(A + (D/cos(2*phi2))))*C 

  
K1fromBeta = F1*((A-D)/(A - (D/cos(2*phi))))*C 
K2fromBeta = F3*((A+D)/(A + (D/cos(2*phi))))*C 

  
% from aligned ellipse 
K1align = F1*C 
K2align = F3*C 
K45degalign = F2*C 
%find Keff 
zeta_deg = [0 15 60 90 105]; 
zeta = zeta_deg*pi/180; 

  
Keff = (K1*K2) ./ (K1.*sin(zeta).^2  + K2.*cos(zeta).^2 ) 

  
% create vector at time(s) with both S11 and S22 perms for data storage 
% purposes 
Ks_per_t = [t; 
            K1; 
            K2]; 

  
%clc 
disp('~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~')   
% Create test data output structure 
Radial_Permeability_Test_Data = struct( ... 
        'Test_Material',material,... 
        'Ply_Number',ply_num,... 
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        'Fiber_Volume_Fraction_Vf',Vf,... 
        'Preform_Inlet_Diameter_in',inlet_diameter,... 
        'Average_Inlet_Pressure_psi',avg_psi_in,... 
        'Standard_Deviation_of_Inlet_Pressure_psi',Pressure_StDev_psi,... 
        'Fluid_Viscosity_Pa_s',u,... 
        'Beta_Angle',beta,... 
        'K1', K1, ... 
        'K2', K2, ... 
        'Time_at_Measurement_s', t) 
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