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ABSTRACT

Vacuum bag-only processes, used in the manufacture of composite structures

(�ber reinforced polymer), are inexpensive alternatives to similar high pressure pro-

cesses which can reliably produce highly consolidated - high �ber volume fraction, low

void content - composite laminates. Prepregs { �ber plies, pre-impregnated with resin

(thermoset or thermoplastic) { are processed with elevatedtemperature and pressure

(applied normal to the laminate), which consolidates and cures the prepregs to form

the composite structure. Research within the last decade has proven that low void

content composite laminates can be produced using prepregswith a vacuum bag only

process (in ambient atmosphere) if the prepregs are only partially impregnated with

resin.

Open porosity (non-impregnated cross-sections) of the �ber architecture, serves

as air evacuation pathways, which allows vacuum pressure applied at the boundaries of

the laminated structure to evacuate any gases before becoming entrapped in the resin.

The nature of resin distribution (and redistribution), evolution of open porosity, and it's

e�ect on gas evacuation - which intrinsically de�nes the material properties pertaining

to processing and process outcome - is poorly understood. This dissertation pursues a

framework and methodology to characterize the relationship between resin saturation

and macroscopic gas evacuation properties (permeability,porosity, and Klinkenberg

e�ects), as well as the near-microscopic 
ow of resin duringconsolidation.

This dissertation introduces an in-situ resin visualization method used to (i)

model the dual scale resin impregnation as a function of pressure and temperature, (ii)

observe and model the movement of bubbles which travel with the resin toward evacu-

ated air pathways,and (iii) quantify the surface saturation, which is used to characterize

gas permeability as it changes with resin saturation.
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This surface visualization method demonstrates that resin
ow observed to

strongly follow a dual scale 
ow pattern. A 
ow model is introduced to describe

the two observed 
ow stages: inter-�ber tow 
ow and intra-tow 
ow. By matching the

experimental data with the model, values of permeability are estimated from inter-tow

pores and intra-tow pores.

Using the same visualization technique, the focus is changedto track bubbles


owing in the resin. Bubbles are observed to emerge through pinholes and 
ow with

the resin through inter-tow channels. A key �nding of this study is that tunable process

parameters, such as pressure and temperature, are less important for successful bubble

removal as compared to the initial state of resin impregnation in the prepreg. Prepregs

with high resin impregnation will not be able to vent bubbles, but with su�ciently low

resin impregnation, bubbles may escape into air pathways. Small Capillary number

theory (i.e. Ca < 0:01) was shown to under predict the relative velocity of bubbles,

suggesting that surface tension does not signi�cantly contribute to the drag force on

bubbles.

Gas evacuation from a partially impregnated prepreg, was characterized using

the pulse-decay method. Dimensionless analysis was used toshow how the initial pres-

sure, boundary conditions (vacuum pressure at x = 0 and with or without a reservoir

volume at x = L), and Klinkenberg parameter e�ect the predicted decay of gas pressure.

A universal scaling function was identi�ed, which predictsthe decay of gas pressure

from an empty reservoir volume, through the porous material. By comparing the ex-

perimental data to a set of dimensionless master curves, theintrinsic permeability,

Klinkenberg parameter, and porosity were determined.
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Chapter 1

INTRODUCTION

1.1 Composite Materials and Processing

A composite material is any material composed of two or more materials which

remain in distinctly di�erent phases when combined. Fiber reinforced polymers are a

very prevalent subset of composites which appear in a wide range of advanced engi-

neering applications. Fibers embedded in the polymer can be discontinuous (short or

long) or continuous (unidirectional, stitched, or woven).High strength/sti�ness �bers

contribute their load bearing capacity to the polymer matrix which ultimately yields a

composite material with high speci�c sti�ness/strength. Advanced composites are ide-

ally suited to replace metals in applications where weight is a critical factor. A prime

example of this is the Boeing 787 dreamliner, which saves 30%in fuel consumption due

to its extensive usage of carbon �ber-epoxy composites, which amounts to 50% of the

weight of the total structure.

The process of combining polymer matrix with �ber reinforcement to produce

a composite structure is referred to as composites processing. A wide array of pro-

cesses exist to achieve this objective; however, for the most part all processes can be

categorized into 2 process families (shown in Fig.1.1), injection processes and prepreg

processes. Injection processes are also referred to as Liquid Composite Molding (LCM).

In LCM processes, dry continuous �ber reinforcement is enclosed in a mold cavity and

thermoset resin is injected from an injection port, where itsubsequently 
ows through

the �ber bed, �lling the interstitial space between �bers as it 
ows towards and exits

through a vent port. Prepreg processes, on the other hand, use "prepreg" which are

precursor materials with which the �bers and resin (thermoset or thermoplastic) are
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precombined (pre-impregnated). Prepregs are likewise placed on a mold tool; however,

with the resin already saturating the �ber architecture, only pressure (applied normal

to the laminate) and temperature are required to consolidate the laminate.

Figure 1.1: Matrix of composites process families [1, 2].

The table in Fig. 1.1 shows that both injection processes and prepreg processes

have variants which either use positive pressure or vacuum pressure-only. Processes

which use high positive pressure (usually in conjunction with vacuum pressure) are

reliable at forming composite laminates with low void content. The high pressure

observed in the liquid resin (as it solidi�es) can decrease or eliminate bubbles of en-

trapped gas [2]. Applying the ideal gas law to the gas inside the bubble showsthat

the bubble volume must decrease as the gas pressure increases - at high enough pres-

sure gas can dissolve into the resin. During vacuum pressure-only processes, when the

applied external pressure is limited to atmospheric pressure, bubble growth cannot be

arrested - in fact the vacuum pressure will bring more gas outof solution and grow

the bubbles. The processing goal in vacuum pressure only processes is to evacuate as

much gas as possible out of the resin before the resin sets. InVacuum Assisted Resin
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Transfer Molding (VARTM) this is done by degassing the resinin a vacuum cham-

ber before performing the resin injection [1]. A relatively new process, referred to as

Out-of-Autoclave (OOA) or Vacuum Bag-Only (VBO) prepreg processing, uses spe-

cialized prepregs which are designed to be consolidated under the limitation of vacuum

pressure-only [3]. This dissertation addresses the processing challenges of this process,

where thermoset prepreg layups must be evacuated of gases inorder to produce a

composite structure with minimal void content.

1.2 'Out-of-Autoclave' (OoA) or 'Vacuum Bag Only' (VBO) Processing

with Prepregs

1.2.1 Motivation

The Autoclave process has been the industry standard for manufacturing high

quality, low porosity composite parts. In this process, prepreg plies are laid up on a

mold tool and enveloped inside a vacuum bag. With vacuum pressure applied to the

laminate inside the vacuum bag, the assembly is closed inside an autoclave, where the

atmosphere is elevated in temperature and pressure in orderto compress/consolidate

the laminate and cure the resin. Autoclave prepregs are typically fully saturated or

over-saturated with resin. As prepreg plies are stacked (laid-up) to form the laminate

air inevitably becomes entrapped in the resin resin interfaces between plies [4]. As

the laminate is compacted due to very high pressures associated with the autoclave

process, gas bubbles are suppressed (described in Fig.1.1). It's been demonstrated

that during consolidation, the pressure applied by the autoclave is distributed between

the resin and the �bers; thus the resin pressure is always less than the applied autoclave

pressure [5, 6].

The major drawback to Autoclave processing is its high operating as well as its

initial capital cost. Very large autoclaves required for producing large parts quickly be-

come infeasible, especially since very large parts tend to have low production volumes.

An in
uential article in High Performance Composites Magazine "Out-of-autoclave

prepregs: Hype or revolution?" [7] states that The Defense Advanced Research Projects
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Agency (DARPA) and Air Force Research Labs (AFRL) initiated programs in the

1990's to explore cheaper vacuum-curing composites manufacturing processes for pro-

ducing prototype parts. In 2005-2006, the �rst VBO prepregs became available which

had the ability to produce aerospace grade composites (lessthan 1% void content) with

vacuum pressure only curing, which had been previously onlyachievable with auto-

clave processing. Within the past decade, there has been a large amount of industry

and research focus on developing and understanding the process in order to reliably

produce aerospace grade composites without relying on the autoclave.

Without the cost and size restrictions of an autoclave and thequality issues

associate with vacuum infusion, VBO prepreg processing holds the potential to af-

fordably produce aerospace grade composite structures of very large size (Fig. 1.2).

Although this process is still relatively new, it is being notablly implemented in the

development of the cryogenic LH2/LO2 fuel tanks for the new generation NASA Space

Launch System (SLS). If successful, it will be the largest composite structure ever

produced [7].

Figure 1.2: NASA is currently evaluating an Out-of-Autoclave process to produce its
5:5m dia. cryogenic fuel tanks for the Space Launch System (SLS) [8].

Despite the fact that large projects are being undertaken using Out-of-Autoclave

processing with prepregs, the process is still relatively immature, and implementation

is still ad-hoc. Compared to more mature processes (RTM or Autoclave processing),
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the body of literature on VBO prepreg processing is still scarce. Techniques for charac-

terizing material properties relevant to processing as well as process models still need

further development in order to understand and mitigate theformation of voids. Vac-

uum bag processing relies heavily on successful evacuationof gases from the prepreg

layup before oven curing is initiated to reduce void content.

1.2.2 Precursor Materials: Partially Saturated Prepregs

A prepreg is a precursor material used in composites manufacturing. Unlike

LCM processes where dry �bers are infused with resin after being placed onto a mold

tool, prepregs are �ber/fabric plies which are individually combined (impregnated)

with polymer resin in a separate process (prepreging process) before the �bers are

arranged into their desired net shape in the mold tool. Thesepre-impregnated �ber

plies are sandwiched between two plastic separator �lms andstored on a roll for later

use.

Traditionally, prepreg plies are fully saturated or over saturated with thermo-

plastic or thermoset resin which is achieved by passing the �bers through a bath and

pultruding through a dye or rollers [9]. In general, the goal in this prepregging pro-

cess is to minimize the volume of gas bubbles which are trapped within the prepreg

ply. Any residual gas bubbles remaining, either due to prepregging or ply layup, are

compressed during processing.

Prepregs which are designed for Vacuum Bag Only processing are referred to as

OOA prepregs, partially impregnated prepregs, or semi-pregs. By design, they are only

partially saturated with a thermoset resin. Partially cured thermoset resin is laminated

to one or both faces of the �bers/fabric either as a pattern ora continuous resin �lm

(as shown in Fig.1.3). This layered structure leaves the interstitial pore space between

�bers unsaturated, creating a network of interconnected void spaces throughout the

stack of prepregs to easily evacuate air, trapped moisture,and volatiles (known as

degassing) from the composite laminate before consolidation and curing of the part.
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Figure 1.3: Schematics of partially impregnated prepregs. (a) Resin �lm on one side
of a dry fabric. (b) Resin �lm on both sides of a dry fabric - dry�ber tows. (c) Resin
strips on a non-crimp fabric. (d) Resin �lm on both sides of a unidirectional fabric.
(e) Resin patterned over a dry fabric.

1.2.3 Process Description

Vacuum Bag-Only processing of prepregs consists of three primary steps: prepreg

ply placement; gas evacuation from the laminate at room temperature; and oven curing
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- during which resin 
ows, and saturates the remaining pore spaces. The primary pro-

cessing goal is to minimize the entrapment of gases in the laminate, which creates stress

concentrating voids within the composite. There are several mechanisms by which gas

bubbles become entrapped in the laminate. Moisture dissolved in the resin will create

substantial void content as the water boils when vacuum is applied; however, this is

easily mitigated by maintaining a dry atmosphere [10]. The idea at the core of this

process is, if the open pore network can be evacuated of gas before the resin has a

chance to 
ow, rogue bubbles caught in the resin, however they got there, can reach

the short distance to the nearest evacuated open pore. For this reason, we often refer

to the open pore network as air pathways. Each processing step has its own detailed

process requirements in-order for the full process to succeed.

Material placement is a process step in all processes using continuous �ber rein-

forcements. Manipulating sheets of fabric or unidirectional tapes to �t complex shapes

is not trivial - the fabrics cannot be stretched, but rather can be sheared (within limi-

tations) to �t the part shape. This step has traditionally relied heavily on experienced

technicians to manipulate the plies by hand, and sometimes press with a hot iron.

Recently, robotic tape placement arms have been steadily replacing hand layup techni-

cians because of the e�ciency and precision which can be achieved with robotics. Tape

placement heads use a roller or a shoe to compress and tack theprepreg layer by layer

(shown in Fig. 1.4). Often the prepreg is heated at the contact interface in order to im-

prove adhesion and minimize bubbles which become trapped atthe interface between

prepreg plies. Robotic placement is most often utilized forthe placement of unidi-

rectional tapes which are fully impregnated; however, recent advances have been able

to extend robotic material placement to conforming woven fabrics to complex shapes

[11]. It is important to note here that applying heat and pressure to the prepreg will

deform and alter the original distribution (saturation) of resin in the initial prepreg.

The degree of resin saturation, as will be demonstrated in this dissertation, is the most

important controllable parameter which a�ects the processoutcome.

After placing the prepreg on a tool surface and sealing it witha vacuum bag,
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Figure 1.4: Pre-preg plies are laminated on the mold tool, either by hand or with
an Automated Tape Placement roller. The initial prepreg can be altered during this
process.

the next and most important step is to evacuate the air from the laminate under the

bag. Air is evacuated via a vacuum port along the prepreg laminate edges. As shown

in Fig. 1.5, edge breather plies are placed between each prepreg ply. This connects

the vacuum port to the open pore network of resin-free (unsaturated) cross-sections

of the fabric. The open pore network (air pathways) maintains its connectivity in the

plane of each lamina only (in most cases) [12]. As air leaves the pore space of the

laminate, atmospheric pressure outside the vacuum bag applies pressure normal to the

laminate, compacting the �ber bed and driving resin 
ow into the unsaturated pore

space. Resin 
owing into the open pore network while the gas is being evacuated is
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Figure 1.5: Air is evacuated at room temperature from inside the preform assembly
and removed through the vent port.

highly undesirable. The encroaching resin, restricts the pore network and increases the

resistance to gas 
ow. To negate this e�ect, VBO prepregs use resin which is designed

to be highly viscous at room temperature. Resin impregnation of the fabric at room

temperature is slowed to a time scale which is much longer than the time needed for air

evacuation. Once air is evacuated from each lamina over the plane of the part, gases

which are trapped as bubbles within the resin have a short distance to reach an air

pathway, where the gas can be evacuated from the laminate. Complete (or su�cient)

removal of air is essential to minimizing the void content ofthe cured composite [13].

Once air is evacuated from the laminate, the last process step is to heat the

prepreg assembly to reduce the resin viscosity. With the vacuum pressure held inside

the vacuum bag, the part is moved into an oven, where the temperature is increased

to the resin curing temperature, during which the resin viscosity drops to the order

of 1000cP (1 Pas). At the reduced viscosity, atmospheric pressure above the vacuum

bag is su�cient to drive the resin to 
ow into the pore spaces in a matter of minutes

9



Figure 1.6: While under vacuum pressure, the temperature is elevated, reducing the
resin viscosity, and allowing it to in�ltrate the pores within the fabric driven by the
atmospheric pressure above the vacuum bag.

(schematically shown in Fig. 1.6). As the resin �lm merges into the fabric, the �lm

thickness decreases to zero and the pressure, normal to the laminate is shared between

the elastic �ber bed and the resin. This phenomena is identical to what was studied

in the Autoclave process [5, 6]. As resin pressure reduces (as the �ber bed resists

compaction), capillary driven 
ow is likely the dominate process which allows resin to

fully saturate the pore space to produce a fully consolidated composite material.

1.3 Open Issues

Partially impregnated prepregs have been uniquely developed for processing in

an oven under vacuum pressure only [3]. Initially developed for aerospace manufactur-

ers to quickly and cheaply produce low quality composite prototype concepts, major

break throughs in VBO processing with prepregs have demonstrated that it is possible

achieve aerospace quality standards. Although there is no speci�c void content met-

ric to meet FAA compliance [14], 1% void content is generally deemed the acceptable

target.

The structure of the open pore network is central to (i ) how gas can be extracted

from the laminate, (ii ) how gas bubbles may become entrapped in the resin, and (iii )

how bubbles may migrate towards and merge into air pathways.Depending on the

application the prepreg is intended for, the degree of initial saturation may vary. Marine

or wind turbine structures, which are very large, employ partially impregnated prepregs

10



with very low initial saturation to maximize the open pore network and reduce the

time needed for gas extraction. Prepregs designed for aerospace structures more often

employ a much higher initial saturation to improve tolerances at the cost of processing

time. Aside from this rule of thumb, evolution of prepreg porestructure is poorly

understood. Furthermore, there is nearly no documentationor systematic research on

how the prepreg pore structure a�ects gas evacuation or gas bubble entrapment.

The di�culty in evaluating prepreg pore structure is that th e resin is in a liquid

state. Typically, cured composite samples are cut and polished to a very �ne �nish

in order to observe the distribution of resin, �bers, and voids in the composite cross-

section. To evaluate the pore structure with the resin in a liquid state requires new

analysis methods. The most successful developed thus far isx-ray micro-computer

tomography (micro-ct) [12], which using a series of x-ray images, reconstructs a 3D

representation of the sample. This method, although incredibly descriptive, is ex-situ,

so correlating the 3D micro-ct scan to process parameters such as gas permeability is

still di�cult. Furthermore, it is important to determine ho w the resin saturation may

have increased during ply placement, due to applied heat andpressure from a hand

lay-up technician or a tape/ply placement robot arm. Existing studies on resin 
ow in

partially impregnated prepregs only show how the resin saturation evolves during the

speci�ed manufacturer's cure cycle (applied vacuum pressure and temperature ramp

and hold). It is important to show how resin saturation evolves with applied pressure

and temperature in order to determine how air pathways have been altered during ply

placement, before the cure cycle begins.

Permeability to gases is the most fundamental material property of partially

impregnated prepregs. Permeability of dry �ber reinforcements to liquid resin has

been studied in depth for decades due to its importance in modeling resin 
ow during

LCM processes [15, 16, 17, 18, 19, 20]; however, in vacuum infusion processes, modeling

gas extraction from the dry �ber preform is of little interest since it can be completed

quickly and reliably, compared to the resin infusion. Partially impregnated prepregs

have inherently lower permeability to gas due to the presence of resin occupying some
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of the pore structure. With the expectation that VBO processing of prepregs can be

used to produce large monolithic composite structures, thelow permeability of partially

impregnated prepregs to gas, coupled with the large length scale over which gas must

be evacuated, the gas extraction process requires detailedmodeling in order to ensure

successful formation of the composite material.

A series of papers by S.S. Tavares et. al. [21, 22, 23, 24, 25] demonstrates

a systematic approach to evaluating the process of co-curing prepreg facesheets to

a honeycomb core using VBO processing. Gas pressure inside the open honeycomb

core cells a�ects the porosity of the core-skin adhesive andthe skin porosity. To

understand how the core pressure decays during processing,a transient pulse-decay

method was employed, which monitored the gas pressure drop in the core while gas

was transported across the facesheet thickness, towards the vacuum pressure applied

over top of the facesheet. Using a linearized form of the gas transport equations, the gas

permeability was evaluated for a variety of material con�gurations: fully impregnated

prepregs, perforated prepregs, perforated adhesive �lms,and a partially impregnated

prepreg called (ZpregR
 ), which consisted of resin strips applied to a non-crimp fabric

(schematically represented in Fig.1.3c). They showed that as time passed during the

oven curing process, the gas permeability of the ZpregR
 facesheets decreased, owing to

the fact that the resin strips 
ow along the plane of the fabric and eventually obscure

the air pathways. Additionally, in this body of work, an e�ort was made to evaluate

the Klinkenberg parameter (a correction factor for small diameter pores) with the

traditional methodology put forward by geological research community, which revealed

the parameter was negligible.

To better understand how the distribution of resin and the pattern of the open

pore structure a�ects the partially impregnated prepreg'sgas permeability, a system-

atic approach to characterizing the resin saturation and the respective gas permeability

needs to be developed together. Schematically depicted in Fig. 1.3, the preparation

of the prepreg with respect to how the resin seats the �bers/fabric is chosen/designed
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based on the processing needs of the application. The vast majority of partially im-

pregnated prepregs rely on the in-plane open pore network inorder to evacuate gas.

Fig. 1.7 is an exploded representation of a typical prepreg consisting of a continuous

resin �lm laminated to one side of a woven fabric. The structure may contain some

large inter-tow pores between lamina when the resin �lm is not disturbed. These large

inter-tow pores would be very e�ective in transporting gas quickly in the plane of each

lamina. When the resin �lm begins to 
ow, it will easily �ll the se inter-tow spaces,

leaving only the cross-section of �ber-tows (intra-tow pores) available for gas transport.

The �ber tows are a highly anisotropic porous medium, where the longitudinal �ber di-

rection will be approximately 10 times more permeable than permeability transverse to

the �bers. Herein lies the true reason why gas evacuation in the plane of the fabric (as

opposed to through the thickness) is the preferred method. Unlike an isotropic porous

medium which saturates larger pores before smaller - resulting in a more scattered

saturation pattern - the anisotropy of the �bers tows causesresin to infuse radially

into the tow with a distinct 
ow front interface [ 16, 12], leaving an unsaturated and

connected tube of pores at the center of the �ber tows.

In addition to mapping the gas permeability to the degree of resin saturation, the

method for measuring the gas permeability and Klinkenberg parameter needs an over-

haul. Starting with the governing equations, the experimental method should be able

to work at sub-atmospheric pressures and near vacuum pressures. Sub-atmospheric

pressure is basic requirement because the the prepreg is processed in a vacuum bag,

which cannot handle positive pressure. To ensure that the test method will work at

near vacuum pressure, the assumptions which allow the governing gas transport equa-

tions to be linearized cannot be used, because they fail whengas pressure approaches

zero. Discussed in more detail in Chapter5, gas transport in porous media is governed

by a 'non-linear di�usion' partial di�erential equation (s ometimes called the Porous

Media Equation [26]), which means the absolute value of gas pressure (not just the

pressure di�erence) in
uences the di�usion rate.

Coming back to the primary motivation for using partially impregnated prepregs,
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Figure 1.7: Schematic of an OoA prepreg structure and the pathways through which
gases are evacuated.

with the gas evacuation channels reaching into all regions of the composite laminate,

gas bubbles within closed pores of the resin need to migrate into air-pathways in order

to be vented out of the laminate. Fig.1.8 shows that gas bubbles in the resin will be

very close to air-pathways since the thickness of each lamina is very small. However,

the migration of bubbles into air pathways is taken for granted: It is assumed that bub-

bles can rupture into air pathways with ease. In the VARTM process, bubbles form

behind the resin 
ow front via a variety of mechanisms (e.g. entering with the resin

from the resin bucket or delayed tow saturation). During a VARTM infusion, bubbles

are easily observed racing through the resin between the the�ber tows towards the

resin 
ow front. During VBO prepreg processing, there is a similar notion of a resin
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ow front and an infusion length on a microscopic scale; however, there is no empirical

evidence of this phenomenon occurring within prepregs. Oneprimary di�erence from

a VARTM infusion is that in partially impregnated prepregs, the resin 
ow front may

start to 
ow to �ll inter-tow spaces, but ultimately, the �nal stage of saturation is the

radial saturation of �ber tows. With the open pore network of air pathways at the

center of �ber tows, bubbles must make their way through the much smaller pores

within �ber tows.

Figure 1.8: A schematic showing the distinction between connected porosity and un-
connected voids. Bubbles must migrate into air pathways in order to be vented from
the laminate.

1.4 Thesis Outline

This dissertation evaluates two main concepts: the infusion of resin within a

partially impregnated prepreg (Chap. 3), and the evacuation of gas from the open
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pore network (Chap. 5).

Chapter 2 summarizes the background theory of 
ow through porous media

which is applied in the modeling throughout this work.

Chapter 3 presents an in-situ method to evaluate how resin saturationin a

partially impregnated prepreg evolves over time. By visually capturing the 
ow of resin

at the surface of the prepreg by looking through a transparent surface, the 
ow of resin

is described in two stages, inter-tow 
ow and intra-tow 
ow. A model is introduced to

to determine the dual scale permeability of the prepreg in order to predict the resin

saturation over time with respect to pressure and temperature.

Chapter 4 uses the in-situ surface visualization of resin 
ow to observe bubbles

moving in the resin. Bubbles are observed to move through inter-tow spaces of the

fabric but cannot easily squeeze through the pores between �ber tows in order to move

into air pathways.

In chapter 5, the theory of gas 
ow in porous media is presented, where a non-

dimensionalization of the governing equation is evaluated, which better captures the

unique challenge of both evaluating the Klinkenberg parameter, and understanding

the e�ect of a vacuum pressure boundary condition. Additionally, the reservoir vol-

ume boundary value problem of the pulse-decay method is analyzed to better handle

the varying saturation of the prepreg sample material. The gas 
ow theory is then

implemented to determine the prepreg's gas permeability, porosity, and Klinkenberg

parameter.

Chapter 6 states the conclusions and unique contributions of this work, as well

as future research pursuits.
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Chapter 2

BACKGROUND THEORY: FLOW THROUGH POROUS MEDIA

2.1 Overview

This chapter will provide a summary of the relevant background theory which

will be invoked throughout this dissertation. Production of composite structures from

continuous �ber reinforcements requires 
ow processes through the textile preform.

Fluid 
ow through textiles is often modeled as 
ow porous media. The following

sections cover the relavent theory of 
ow through porous media.

2.2 Introduction

Henry Darcy, a French engineer and researcher of hydraulics,in 1856 published a

guide book [27] for engineers designing city water systems following his own experience

designing the comprehensive water supply and distributionsystem constructed for the

city of Dijon. His book entitled Les fontaines publiques de la ville de Dijon(The

Public Fountains of the City of Dijon) includes details of experiments he conducted to

determine the discharge of water through sand beds. From hisexperiments with water


ow through a vertical column of sand, he provides an empirical equation for the 
ow

rate Q

Q = �
KA
�

Pb � Pa

L
(2.1)

where � is the 
uid viscosity, A is the column cross-section area,Pa and Pb is the


uid pressure at the top and bottom of the column respectively, L is the length of the

column, andK is a scalar �tting parameter (with units of area) de�ned as permeability,

which is intrinsic to the porous material. Eq. 2.1 known as Darcy's Law is the basis

for the theory of 
ow through porous media.
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Porous media, by de�nition, is heterogeneous, and therefore permeability K is

considered an averaged property which treats the material as a homogeneous contin-

uum. A simple analogy can be drawn between Darcy's Law and laminar 
ow through

a pipe of radiusR, which is can be solved by integrating the Navier-Stokes equation.

Q = �
�R 4

8�
Pb � Pa

L
(2.2)

Just as Eq. 2.2assumes no-slip on the pipe walls and neglects inertia (Re � 1), Darcy's

law inherently assume the 
ow in laminar (Re < 1), and there is no-slip on the pore

walls. Comparing Eq.2.1 and Eq. 2.2 reveals that

K =
R2

8
(2.3)

is a good �rst order approximation - whereR is the average radius of the pores. This

analogy has been studied extensively (e.g. Kozeny & Carman [28, 29]) which include

additional features of pore geometry.

2.3 Momentum and Mass Conservation Equations

It can be shown that Darcy's law is a special case of conservation of momentum,

which can be derived from the Navier-Stokes equation when inertia is neglected (0 =

�r rr P + � r 2uuu) [30]. It is most often used in the more general form by dividing though

by A

huuui = �
KKK
�

rrr P (2.4)

Eq. 2.4 is a vector equation, wherehuuui is the volume averaged velocity (sometimes

referred to as the Darcy 
ux qqq), rrr P is the gradient of pressure, and permeability

KKK is a tensor quantity. The permeability tensor is symmetric and therefore can be

diagonalizable to an orthogonal principle coordinate system. It is advantageous to

choose a coordinate system which matches the principle directions of the porous media,

especially during experimental measurements. In two dimensions there can be two
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unique principle permeabilitiesK 11 and K 22 - a third dimension allows for another

K 33.

Darcy's law follows a representative volume element (RVE) approach, for which

a heterogeneous material element with multiple phases (solid domains and pore do-

mains) can be considered a repeat unit of the material for thepurpose of averaging.

The representative element's 'porosity'� is the porous volume fraction: ratio of the

porous volumeVP to the element volumeV.

� =
VP

V
(2.5)

Likewise the solid volume fraction is the remaining volume.In composites the �bers are

the solid domains, and is commonly referred to as the �ber volume fractionVf = 1 � � 1.

As written, Darcy's law considers the 
ow-rateQ to be through the material

cross-sectionA. In reality, the 
uid 
ows only through the porous cross-section of

the material. The pore averaged 
uid velocityuuu (sometimes written ashuuuf i f ) [31] is

related to the volume averaged (super�cial) velocityhuuui by

uuu =
huuui
�

(2.6)

Just as the Darcy 
ux is relative to the RVE volume, mass conservation in

porous media is as well. Density of the 
uid is de�ned as� = mf =Vf . If the 
uid

saturates the pores, thenVf = VP . Substituting Vf = �V to reference the same REV

volume, � = mf =�V . Likewise, actual 
uid velocity uuu = huuui =� is substituted into the

standard continuity equation, yielding the equation

�
@�
@t

+ rrr � (� huuui ) = 0 (2.7)

to be continuity in porous media. Eq.2.7 also assumes porosity is constant.

1 In a cured composite material, �ber volume fraction Vf is also used to de�ne the volume fraction
of �ber reinforcement embedded in the polymer matrix.
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If the 
uid is incompressible (i.e. liquid), Eq. 2.7 reduces to

rrr � h uuui = 0 (2.8)

Combining Eq. 2.4 into Eq. 2.8 reveals that for an incompressible 
uid, the pressure

�eld must satisfy the Laplace Equation.

r 2P = 0 (2.9)

If the 
uid is a gas, the compressibility must be accounted for. The 
uid density

can be approximated well with the ideal gas law.

� =
PM
RT

(2.10)

where P is the gas pressure,T is the 
uid temperature, R is the universal gas law

constant, andM is the molar mass of the gas species. Substituting Eq.2.10for � and

Eq. 2.4 for huuui in Eq. 2.7 for continuity. A partial di�erential equation (PDE) for ga s

pressure is obtained [32].

�
@
@t

�
P
T

�
= rrr �

�
P
T

KKK
�

rrr P
�

(2.11)

Assuming the process is isothermal,T can be cancelled from Eq.2.11. In this disser-

tation, Eq. 2.11will be considered only in the 1D case

@P
@t

=
1

��
@

@x

�
KP

@P
@x

�
(2.12)

where viscosity� is considered constant.

2.4 Corrections for Gas Flow

Early experimental observations revealed inconsistencies with respect to the ap-

parent permeability of a material when gas is the test 
uid, as compared to liquid [33].
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In a seminal paper, L.J. Klinkenberg (1941) was able to clearly show that rarefaction

of the gas was yielding an apparent slip velocity along the pore walls [34]. The Knud-

sen number is a dimensionless parameter which is used to de�ne the degree of gas

rarefaction [35].

Kn =
�
d

(2.13)

� is the mean free path of a gas molecule, andd is a characteristic dimension of

the system; in this cased is the pore diameter. At smallKn (i.e. Kn < 0:001), gas

molecules more frequently collide with other molecules (i.e. � � d) which, like a liquid,

is modeled well with the no-slip condition, and Darcy's law holds. As � approaches

the order of d, the continuum assumption begins to break down. The continuum

assumption can be extended for 0:001 < Kn < 0:1 by allowing a slip velocity on

the pore walls. The mean free path can be calculated as a function of pressure and

temperature

� =
kB T

p
2�d 2P

(2.14)

wherekB is the Boltzmann constant, andd is the hard sphere diameter of the molecule

[36].

Using this concept, Klinkenberg [34] analytically derived a correction factor
�
1 + b

P

�
which relates the observed gas permeabilityK g to the intrinsic (liquid) per-

meability K i (Eq. 2.15), where b
P / Kn (1=P / � & b / 1=d). The Klinkenberg

parameter,b, has units of pressure and is a function of the e�ective pore diameter only.

K g = K i

�
1 +

b
P

�
(2.15)

Substituting Eq. 2.15 into Eq. 2.12gives

@P
@t

=
K i

��
@

@x

�
(P + b)

@P
@x

�
(2.16)
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2.5 Applications within this Work

In Chap. 3, Darcy's law is used in the incompressible form to model the dual

scale 
ow of resin into a woven carbon fabric prepreg. Pores are described at intra-tow

(between �bers) or inter-tow (between �ber bundles. The large empty inter-tow pores

are assigned a permeability value, even though these are empty (no solid) channels

with a porosity of � = 1. Assigning a permeability to an empty channel is acceptable

because of the analogy shown in Eq.2.3.

In Chap. 5, Eq. 2.16is used to model the transient gas pressure in a prepreg dur-

ing the gas evacuation process. Eq.2.16applies Darcy's law to the gas 
ow problem,

which foremost, includes the compressiblity of gas on the macroscopic scale. Addi-

tionally, the Klinkenberg correction is included in the analysis, which is successfully

predicted for this class of materials, for the �rst time.
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Chapter 3

RESIN SATURATION IN PARTIALLY IMPREGNATED PREPREGS

An added complexity of processing a partially impregnated pre-preg is that the

resin must be redistributed from its initial state to fully impregnate all of the empty

spaces in the fabric during the application of the vacuum. One way to characterize the

resin impregnation in partially impregnated pre-pregs wasdemonstrated by Thomas et.

al. [37, 38], in which a vacuum bag infusion was performed in a C-scannerand changes

in the density map of the laminate were correlated to the degree of resin saturation

in the laminate. From the results, they characterized the permeability of the �ber

tows; the disadvantage of the c-scanner was low resolution images. To obtain a more

detailed perspective of the 
uid transport processes taking place during processing

of partially impregnated pre-pregs a microstructural viewis necessary. Centea et.

al.[12] used a micro-ct imaging technique to construct a three dimensional map of the

distribution of �bers, resin, and void space within a pre-preg laminate. Knowing the

initial distribution of resin within the pre-preg provides insight into how easily the air

can be vacuumed out and makes it possible to calculate a time scale for air evacuation.

In their approach, micro-CT images were taken at discrete states of impregnation to

determine how the state of impregnation evolves over time [39]. This technique, coupled

with a model can provide predictions of the tow impregnationprocess as a function of

time, temperature, pressure, and cure.

An important aspect of resin impregnation of fabrics is the notion of dual length

scale permeability. All woven fabrics exhibit dual length scale behavior to 
uid 
ow

(pre-pregs being no exception). In woven or stitched fabrics, the bundles of �bers are

referred to as �ber tows. Fiber tows contain thousands of �bers closely packed together.

The �ber diameter is usually of the order of 10 microns and the�ber tow diameter is of

23



the order of millimeters as seen from Fig.3.1. The empty spacing between individual

�ber strands is less than a few microns whereas the spacing between the �ber tows is of

the order of millimeters. There are many publications addressing the dual length scale

permeability associated with liquid composite molding of woven fabrics [18, 40, 17, 16].

As resin impregnates a woven fabric it �rst 
ows through the empty space between

�ber tows where the fabric is most permeable. As the 
ow progresses and the resin has

saturated all the empty space between the �ber tows, it 
ows into the empty space in

between the �bers where the fabric is less permeable - slowlyimpregnating the �ber

tows. There is precedent in the literature for modeling an empty channel in a mold as

having permeability of K = h2=12, whereK is the channel permeability andh is the

characteristic cross-sectional width of the channel [41].

This chapter focuses on understanding and characterizing the nature of resin


ow that occurs during the infusion process for VBO processing of partially impreg-

nated pre-pregs. The focus is to model the 
ow behavior that underlines the process

of resin �lm infusion in out of autoclave prepreg processing. No attempt is made

to model these processes but characterize the permeabilityof such dual length scale

prepreg fabrics. An experiment was designed to uncover mechanisms of resin 
ow

while keeping pressure and temperature invariant over time. A partially impregnated

pre-preg consisting of a resin �lm laminated to a dry woven fabric is considered in this

study; the simplicity of the geometry and the well-de�ned initial distribution of resin

lend themselves nicely to a study which can be readily explained. An in-situ method

for monitoring resin 
ow in dual length scale fabric is presented, and the data collected

is coupled with a newly formulated 
ow model to characterizethe dual length scale

permeability during the infusion of the fabric from a resin �lm. The model accounts

for the dual length scale permeability of the fabric by assigning a permeability value

to the empty space between �bers. By holding pressure and temperature constant

throughout each test, the e�ect of each of these process parameters on the time scale

of resin infusion can be readily isolated. The results of this chapter aid in understand-

ing the resin 
ow over time, by developing models that incorporate transient 
ow and
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temperature boundary conditions.

3.1 Experimental

3.1.1 Precursor Materials

In this study two similar pre-pregs are characterized; Gurit R
 Single Sprintc


ST94-RC200T and ST94-RC303T which are used for Out-of-Autoclave processing.

Gurit's ST94 partially impregnated pre-preg system consists of a woven fabric with

a layer of precast, pre-catalyzed epoxy resin applied to oneside of the fabric [42]. The

resin �lm layer only penetrates the fabric layer minimally so the resin �lm and the

fabric layer can be thought of as separate regions of the pre-preg. ST94 is sold with

a variety of resin �lm thicknesses and fabric geometries. Both pre-pregs in this study

are twill weave carbon fabric with a resin �lm of 42 % by weight. The ST94-RC200T

has a fabric areal weight of 200g=m2 with 3,000 �bers per tow and a tow width of

approximately 2mm, whereas the ST94-RC303T has a fabric areal weight of 303g=m2

with 12,000 �bers per tow and a tow width of approximately 6mm. The ST94-RC200T

has a rounder tow cross-section while the ST94-RC303T has a 
atter tow cross-section.

Images of each fabric are shown in Fig.3.1.

3.1.2 Resin Viscosity Characterization

A roll of the pre-cast, pre-catalyzed resin obtained from Gurit was used to

characterize the resin viscosity as it changes with temperature and time (due to cure).

The rheometer used was a TA Instruments DHR2, setup with a built in temperature

chamber. The shear rate was set to 0:1rad=s and 25mm diameter parallel plates were

used separated by a gap of 1:5mm. Fig. 3.2a shows the viscosity change of the resin as

the temperature is ramped at of a rate of 0:5oC=min. This graph illustrates that when

the vacuum is applied to the pre-preg at room temperature theresin 
ow is extremely

slow because the viscosity is on the order of 104Pa � s, but when the temperature

is increased to 85oC (the prescribed processing temperature) the resin 
ows quickly

because the viscosity reduces to the order of onePa � s. Fig. 3.2b shows the viscosity
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Figure 3.1: (a) Schematic of the pre-preg cross-section depicting the resin and fab-
ric layup. Both (b) and (c) are images of the dry side of the pre-preg; showing an
area approximately 25mm wide by 20mm tall. (b) ST94-RC200T:fabric areal weight
of 200g=m2, 3000 �bers per tow, and tow width of approximately 2mm. (c) ST94-
RC303T: fabric areal weight 303g=m2, 12000 �bers per tow, and tow width of approx-
imately 6mm.

of the resin while the temperature is held constant at 55, 60,and 85oC. Over time, the

resin viscosity increases due to the increasing state of cure. It's important to account

for the resin curing during the isothermal test because the cure rate increases sharply

with temperature and thus at higher temperatures the viscosity increases sharply with

time. In order to use the viscosity trend at a given temperature to characterize the 
ow

of the resin in the pre-preg a high order polynomial was �t to the isothermal viscosity

curves in Fig. 3.2b as a function of time for each temperature.

3.1.3 Prepreg Infusion Characterization

The in-situ visualization experiment developed for this study is to infuse the

resin �lm into the fabric while the resin 
ow pattern is captured on the dry side of the

pre-preg through a clear acrylic table. As illustrated in Fig.3.3 a heated consolidation

block is placed on top of the sample while the dry side of the sample is in contact

with the table (serving as the tool surface). Note that in VBO processing, the pressure
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Figure 3.2: Viscosity of the ST94 pre-cast, pre-catalyzed resin �lm. (a) The tempera-
ture was ramped at 0:5oC=min from 26� 85oC showing 4 orders of magnitude change
over the range. (b) The isothermal viscosity test shows thatthe resin cures over time
at a give rate for each temperature resulting in an increase in viscosity over time.

27



is created with the use of a vacuum but in order to understand the in-situ 
ow in

fabric prepregs a model experiment was created, which invoked the resin 
ow under

isothermal conditions and various levels of low pressures.Below the table is a set of


uorescent lights and a CCD camera to capture in-situ imagesof the resin 
ow.

To conduct the experiment under isothermal conditions, thepre-preg, the con-

solidation block, and the table are all preheated to the desired temperature. The block

surface and sample are 102� 102mm (4in: � 4in: ) and the block weighs 2; 133g; there-

fore, the block applies 2kPa of pressure over the sample. Extra weight is added above

the block to repeat the experiment at higher applied pressure of 15kPa, 41kPa, and

54kPa. Note that all these pressures are below 101kPa of applied vacuum pressure

in VBO but again our goal was to understand the relationship between applied pres-

sure and resin 
ow. Moreover, higher pressure than 54kPa could result in some of

the pressure being borne by the �bers in the prepreg, making it di�cult to calculate

the pressure experienced by the resin. A Basler acA1600-20gmCCD camera with a

Navitar Zoom7000 lens was used in conjunction with LabView to capture images of

the fabric over time. The refractive index of carbon fabric is much higher than the

resin, so it is easy to distinguish areas of the fabric that are saturated with resin.

With this experiment it is important to note two factors which will restrict resin

from 
owing. The �rst is that vacuum is not applied to the sample, so at some critical

point during the infusion, the air pressure inside the fabric will begin to resist the

resin impregnation. Secondly, the boundary condition is the pressure applied to the

sample, which initially is experienced by the resin �lm on top of the fabric. However,

as resin impregnates the fabric, some of the applied pressure is borne by the �bers

of the fabric reducing the pressure driving the resin into the fabric. The capillary


ow is neglected in these experiments as the tests were performed at a relatively low

processing temperature where the resin is too viscous to 
owdue to capillary pressure.
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Figure 3.3: Experimental setup for visualizing the resin �lminfusion process under
di�erent pressures and temperatures.
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3.2 Results

3.2.1 Experimental Results

The resin 
ow from the captured images is observed to occur in3 steps schemat-

ically shown in Fig. 3.4 and as recorded by the camera in Figs.3.5 & 3.6. The resin

�rst appears on the dry fabric side at the pin holes in the fabric where �ber tows inter-

sect. At this location, resin can easily 
ow downward acrossthe fabric thickness from

the resin �lm side to the tool side. Once resin reaches the table surface (the tool), it

proceeds to �ll the empty space between the �ber tows. Once all of the inter-tow space

is �lled, the resin impregnates the �ber tows, which is also observed in the �ber tows

in contact with the table. The images collected from each test are processed in Matlab

to determine the relative area of each image which is �lled with resin. The area �lled

and the time each image was taken are recorded and plotted, asshown in Figs. 3.7 &

3.8.

The data curve in Figs. 3.7 & 3.8 shows 3 distinct regions with 2 changes in

slope. The �rst change in slope occurs when the space between�ber tows is �lled

and �ber tows are beginning to be impregnated with resin. In Figs. 3.5 & 3.6 it can

be observed that the inter-tow space is completely �lled when 35% of the total area

captured is �lled with resin. Beyond 35 %, the intra-tow space begins to �ll. By

inspection (of Figs. 3.5 & 3.6) it can be seen that resin �lling of intra-tow space is

predominately longitudinally along the axis of the �bers (also shown in Fig. 3.18) .

Additionally, 
ow into �ber tows transverse to the �ber axis i s so slow compared to

the longitudinal 
ow that after inter-tow space is �lled, th e mechanism is assumed to

be entirely longitudinal �ber tow �lling.

The second change in slope is less clear but it's speculated that after 65% of

the area is �lled with resin, the �lling beyond this may involve some of the applied

pressure being borne by the fabric, reducing the pressure available to drive the resin,

and slowing the resin impregnation into the tows. Michaud etal. [43, 44, 45] presented

a solution for the distribution of pressure between �bers and resin during a resin �lm

infusion process; however, because of the complexity of this problem when the �bers
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Figure 3.4: (a) Inter-tow 
ow. (b) Intra-tow 
ow. (c) Resin pr essure drop (due to part
of the pressure being borne by the �bers)

contact the consolidation block and participate in bearingsome of the applied pressure,

only the �rst two regions will be modeled. The model for resinsaturation after 65% of

the observed area is outside the scope of this paper.

It should be noted that the dry region remaining in the ST94-RC200T pre-preg

has an o� axis (from the �bers) elliptical shape as compared to the observed dry regions

remaining in the ST94-RC303T pre-preg which are rectangular. The dry regions are

the result of the net shape of �bers in contact with the table surface. Because the twill

weave tends to twist tows, the shape of the area of tows in contact with the table is in

fact this o� axis elliptical shape. This e�ect is much less inthe ST94-RC303T because

the aspect ratio of the tows in this fabric is much higher.

Figs. 3.9 and 3.10shows the experimental results. The resin impregnation into

the fabric was quanti�ed by changing either the applied pressure or the temperature

with each experiment. The infusion experiment was performed at a constant pressure

of 15kPa and at temperatures 55, 60, and 85oC. Comparing di�erent temperatures

at the same applied pressure (Fig.3.9a,c) it is clear that the rate at which the resin

impregnates the fabric increases with temperature becausethe viscosity of the resin

decreases with increasing temperature as seen in Fig.3.2b. The infusion experiment

was also performed at a constant temperature of 55oC with applied pressures of 2, 15,

41, and 54kPa (Figs. 3.10b,d). Temperature is held constant and the applied pressure

31



Figure 3.5: Images of ST94-RC200T pre-preg impregnation with 15kPa of pressure
applied at 55oC.
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Figure 3.6: Images of ST94-RC303T pre-preg impregnation with 15kPa of pressure
applied at 55oC.
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Figure 3.7: Images superimposed on the plot illustrating progression of resin area �lled
with time in ST94-RC200T pre-preg. The resin �lling in the �eld of view is divided
into 3 regions: inter-tow 
ow, intra-tow 
ow, and a state in which pressure in the
resin decreases as more of the applied load is being borne by the �bers. Filling rate
through the inter-tow and intra-tow regions is an order of magnitude faster than that
of ST94-RC303T which has tows that are three times wider.
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Figure 3.8: Images superimposed on the plot illustrating progression of resin area �lled
with time in ST94-RC303T pre-preg. The resin �lling in the �eld of view is divided into
3 regions: inter-tow 
ow, intra-tow 
ow, and a state in which resin pressure decreases as
higher fraction of the applied load is borne by the �bers. Filling rate through the inter-
tow and intra-tow regions is an order of magnitude slower than that of ST94-RC200T
with tows one third the width.
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Figure 3.9: In (a) & (b) applied pressure is held constant and temperature of infusion is
varied for fabrics with 2mm and 6mm tows respectively. This shows that by increasing
temperature and thus decreasing the resin viscosity, the rate of resin infusion increases.
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Figure 3.10: In (a) & (b) temperature is held constant and applied pressure is varied
for fabrics with 2mm and 6mm tows respectively. By increasing the applied pressure
on the pre-preg the rate of resin infusion increases.
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is varied to quantify its in
uence on the rate of resin impregnation into the fabric.

However, the increase in the rate of �lling is not linear with increased pressure, and

any model developed should try to capture this behavior. Additionally, by inspection,

the �lling rate (before the �ber-resin pressure sharing is said to begin) for the ST94-

RC303T with the wider tows, is roughly an order of magnitude slower than in the

ST94-RC200T (for �lling below 65% area �lled). The modelingsection of this paper

will explain and quantify how temperature and applied pressure a�ect the �lling as

well as how the di�erence in fabric geometry from 2mm wide tows to 6mm wide tows

impact the �lling process.

3.2.2 Model to Characterize Permeability

To model the 
ow of resin from the �lm (above the fabric) to the 
ow pattern

observed at the table surface (below the fabric), the 
ow observed is �rst described,

and a simple process model is used to describe the dual lengthscale 
ow. As mentioned

before, the resin �rst appears at the pinholes where the �bertows meet in the fabric

(as can be seen from Figs.3.5 & 3.7) where there is a direct path for resin to 
ow

downward from the �lm to the table surface. Next, the resin �lls the inter-tow void

space in the fabric. Because the permeability of the �ber tows is so much lower than

the inter-tow regions, no resin is observed in the �ber tows until the inter-tow space is

completely �lled. Once the �ber tows are completely surrounded by the resin, the resin

is observed to 
ow longitudinally down the axis of the �bers which are in contact with

the table surface. Intra-tow resin 
ow is observed predominately in the longitudinal

�ber direction as opposed to transversely across bundles of�bers since the transverse

�ber tow permeability is much lower than the longitudinal permeability.

To model this 
ow behavior, resin 
ow through the pinholes ofthe fabric is rep-

resented as the resin injection port with a constant pressure boundary condition equal

to the pressure applied to the pre-preg during the experiment. The model describes

one dimensional 
ow in two porous media in series in which the�rst porous medium
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represents the inter-tow 
ow and the second porous medium represents the longitudi-

nal intra-tow 
ow. The properties for each porous media's volume and porosity can

be found from the fabric's intra-tow and inter-tow's volumefraction respectively. The

resin 
ow is modeled with the principles of 
ow through porous media [27] with each

porous media with its own permeability representing the inter-tow and longitudinal

intra-tow permeability. The inter-tow and longitudinal intra-tow permeability can be

characterized by �tting the area �lled in the model to the area �lled in the experi-

ment. The permeability of the fabric is known to decrease with an increase in applied

pressure. Once the relationship between pressure and permeability is determined, the

state of �ll can be approximated as a function of time. Fig.3.11 illustrates the model

and how the pressure in the resin changes across the region. The 
ow velocity in the x

direction is u, the inlet pressure is Pin, the length of each porous media isL1 and L2,

the 
ow front position from the inlet is l , the porosity of each porous media is� 1 and

� 2, and the permeability of each porous media isK 1 and K 2.

To solve for the area �lled over time in the 1D model, Darcy's Law (Eq. 3.2)

is combined with mass conservation (Eq.3.1) and the respective pressure boundary

conditions are applied at the inlet and at the 
ow front [27].

du
dx

= 0 (3.1)

u = �
K
��

dP
dx

(3.2)

Combining and integrating the Eqns.3.1 & 3.2, the solution to the location of the 
ow

front, l from the inlet as a function of time in the �rst porous medium is

l =

s
2K 1Pin t

� 1�
; l < L 1 (3.3)

To �nd the 
ow front position as a function of time in the second porous medium ,

mass balance between the �rst and second media allows one to calculate the pressure
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Figure 3.11: Schematic representing inter-tow and intra-tow regions as a one-
dimensional 
ow into two porous media in series. The plot below schematically shows
the pressure pro�le in the resin from the inlet port to the 
ow front location. The slope
change is due to di�erent permeability values in the two regions.
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at the interface which is a function of time asl varies with time.

PI =
(l � L1) K 1Pin

(l � L1) K 1 + L2K 2
(3.4)

The 
ow front position as a function of time after the resin enters the second porous

medium is found by combing Eqns.3.1 & 3.2 and integrating the pressure from Eq.

3.4. However the integration has di�erent limits.

l = L1 �
K 2� 1L1

K 1� 2
+

�
� 2L1

K 1

� s �
K 2

� 2

� 2

�
�

K 1K 2

� 2
1� 2

�
+

�
2K 2

1K 2Pin

� 2
1� 2L2

1�

�
t; l > L 1

(3.5)

Dimensionless parameters are introduced to simplify the analogy between the

experiment and model (i denotes the �rst or second porous media).
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The dimensionlesŝl in the model can be recast as a function of dimensionless timeas

follows of the dimensionless characteristic time.
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Using the non-dimensional form of time in Eq.3.7, the graphs from Fig. 3.9 &

3.10are re-scaled and plotted again in Fig.3.12& 3.13to capture the e�ect of pressure

and temperature. Fig. 3.12shows that at di�erent processing temperatures, the curves

can be collapsed by scaling the curves by their respective viscosities. Using the same

method in Fig. 3.13, it is clear that by scaling the curves by their respective pressures

does not collapse them on a single curve. It is suspected thatthis is because increase

in applied pressure increases the �ber compaction which reduces the permeability of

the fabric which is not accounted for in the model. To characterize the in
uence of the

rate of �lling on this process, the model in Eq.3.7 is used to �nd the permeability of

the fabric at a given pressure by �tting the model to the experimental curve.

Continuing the analogy between the model and experimental results, the di-

mensionless length from the model is also the fraction of theregion �lled in the porous

medium. Therefore, the curve of dimensionless length with dimensionless time should

match that of the experimental plots in Fig. 3.12& 3.13. L̂1 is de�ned as 0.35 from the

experimental results and� 1 and � 2 are de�ned as 1 and 0.25 respectively as estimated

from the fabric architecture based on the assumption of a square packing of �bers. To

�t Eq. 3.7 to the experimental curve of �lled area with time, the permeability param-

eters K̂ 1 and K̂ 2 are adjusted with a Gaussian non-linear least squares curve�tting

algorithm until the model is optimized to match the experimental results. As discussed

previously once the resin �ll percentage is over 65% the assumptions in the model are

no longer valid and no attempt is made to address this part as it is beyond the scope

of the objective of this work. Hence, the parameters of the model are adjusted to �nd

a best �t only between 0 and 65%. An example of this curve �t is shown in Fig. 3.14.

From the curve �t of each experiment, the dimensionless inter-tow and longi-

tudinal intra-tow permeability of the fabric is estimated at each applied consolidation

pressure. The results of this model �t are shown in Fig.3.15. By using the fabric's

geometry to �nd an analog to the length of the �rst and second porous media from the

model the dimensions of the permeabilities are introduced.The origin of the resin 
ow

is from the pinholes in the fabric so this is modeled as the resin injection point. As

42



Figure 3.12: By non-dimensional time by pressure over viscosity the curves of area
�lled over time at di�erent temperature collapse together.
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Figure 3.13: Non-dimensionalizing the curves for area �lled over time at di�erent
applied pressures do not collapse to a single curve because the compaction of the fabric
changes its permeability.
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Figure 3.14: The inter-tow and longitudinal intra-tow permeability values that give
the best �t between the model and the experimental results (for resin �ll percentage
from 0 to 60%).
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Figure 3.15: Non-Dimensional normalized permeability retrieved from the model.

shown in Fig. 3.16, the resin must �rst 
ow along the pathway in the inter-tow void

space which is halfway between pinholes before it impregnates the �ber tows (L1). The

resin then 
ows from the inter-tow space longitudinally into the tows until it reaches

the farthest point from the inter-tow void space (L2). The dimensionless permeability

from the model is normalized (as indicated in Eq.3.6d) by the total length scale of

infusion squared. In the model this length scale is the sum ofthe length of each porous

medium. To draw the analogy from the model to the actual 
ow seen in the fabric, L1

and L2 are appropriately chosen as indicated in Fig.3.16.

Fig. 3.17 shows that by using a characteristic length of the fabric weave ge-

ometry, the fabrics with two di�erent tow widths but similar architecture have similar

permeabilities. This result clearly shows that �lling timescales with the square of the
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Figure 3.16: Depiction of how L1 and L2 are chosen to complete the analog between
the model and the experiment. For ST94-RC200TL1 = 1mm and L2 = 2mm, and for
ST94-RC303TL1 = 3mm and L2 = 6mm
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Figure 3.17: Permeability plot determined by multiplying the non-dimensional perme-
ability from Fig. 3.15 by the square of the characteristic length shown in Fig.3.16.
The permeability value is similar for both fabrics despite the fact ST94-RC303T fabric
takes an order of magnitude longer to �ll than the ST94-RC200T fabric.
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characteristic length of the fabric tow width, which is alsoinferred from Eq. 3.6. It

was noted that the ST94-RC303T takes about an order of magnitude more time to �ll

to the same point (below 65%) as ST94-RC200T. The ST94-RC303T tows are three

times wider than the ST94-RC200T. With three times the distance to 
ow through,

of regions of the same permeability, it can be shown by simpleone dimensional �lling

analysis that it will take 9 times longer to �ll the ST94-RC303T pre-preg.

Using the result from the literature that K = h2=12 [41], and the inter-tow space

permeability of each pre-preg being 10� 11m2 < K < 10� 10m2 we can also claim that the

hydraulic diameter of the inter-tow space is approximately0:038mm < h < 0:12mm.

To �nd the transverse �ber-tow permeability of the �ber tow, the resin 
ow front

position for the 
ow in the transverse �ber direction is compared to resin 
ow front

position in the longitudinal �ber direction. Eqns. 3.8 & 3.9 describes the 
ow front

position in the two orthogonal directions over time using anindependent decoupled

one dimensional 
ow analysis. In Eq. 8K L is the longitudinal �ber tow permeability

which was denoted previously asK 2, and K T is the transverse �ber tow permeability.

At a given time, the relationship in Eq. 3.10is found by dividing Eq. 3.8 by Eq. 3.9.

lL =

s
2K L Pin

��
t (3.8)

lT =

s
2K T Pin

��
t (3.9)

lT
lL

=

r
K T

K L
(3.10)

Fig. 3.18 shows how a region of the fabric is analyzed to �nd the relative


ow front positions. From observing the relative 
ow front positions it is shown that

lT =lL � 0:1, so it can be estimated thatK T � 0:01K L .

To correlate the resin 
ow observed at the table surface and the 
ow through

the thickness, a micro-ct scan of a tow from the ST94-RC303T pre-preg was taken
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Figure 3.18: The transverse permeability is found by comparing the 
ow front position
in the transverse �ber direction orthogonal to the longitudinal �ber direction.

after 50% of the area viewed from below the table is �lled withresin. It can be seen in

Fig. 3.19that regions of the �ber tow nearest the inter-tow space are �lled with resin,

and less transverse �lling is seen in the �ber tow where the �ber tow is covered with a

perpendicularly woven tow.
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Figure 3.19: Micro-ct image of ST94-RC303T when the resin observed at the table
surface �lls 50% of the total area. (a) The cross-section from the entire scan, (b)
zoomed in to a single �ber tow, (c) zoomed in section of the �ber tow nearest the
inter-tow region.

3.3 Summary and Conclusions

The in-situ method presented here records the pattern of resin 
ow in the fabric

as well as the 
ow rate with su�cient contrast which allows the use of image processing

to determine the rate of �lling during the process. A setup was designed to control the

temperature and pressure for a pre-preg assembly to determine the e�ects of these pa-

rameters on the rate of resin impregnation from a resin �lm into a woven fabric. With

the knowledge of the fabric's state of resin saturation, dual length scale permeability

of the fabric was characterized. The model developed provides the correct scaling to

predict the �ll time. The model is validated by showing that the �ll time for two sim-

ilar pre-pregs with similar inter tow and longitudinal permeabilities but with di�erent

tow geometry can be determined by scaling it with the square of the characteristic

dimensions of the tow geometry as shown in Fig.3.16.

Permeability is known to reduce with increasing �ber volumefraction [46]. As

the applied compaction pressure is increased, the �ber spacing reduces and the �ber

volume fraction increases. As demonstrated here, the permeability of the �ber tows

decreases as the compaction pressure increases. The two fabrics being compared have
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the same type of �bers, woven in the same pattern; so as expected, the permeability of

these two fabrics recovered from the experiment and model isidentical and responds

to pressure in the same way.

The results will prove to be useful in an Automated Tape Placement (ATP)

system in which one can control the temperature and pressureduring processing and

thus control the rate of �lling. It is necessary for OOA prepregs to be compatible to

ATP systems in order to be a viable option for the manufactureof composite parts in

many industries. Placing partially impregnated prepreg isa sensitive process. Enough

force should be used to tack the prepreg to the adjacent layer, but if too much force

is used, it can potentially ruin the part if resin closes o� pathways, hindering gas

evacuation. The results of this study show the rate at which inter-tow and intra-tow

spaces of a woven fabric �ll as a result of applied temperature and pressure. It was

shown here that at low temperatures and pressures (T < 55oC and P < 54kPa)

it would be di�cult for a tape placement system { even at low placement velocities

- to �ll an entire cross-section of fabric with resin (thus blocking pathways for gas

evacuation), because the time to impregnate �ber tows at these process parameters is

on the order of several minutes. If the part being manufactured is large, then it may

prove useful for inter-tow spaces in the fabric to remain unsaturated for the purpose

of gas evacuation.
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Chapter 4

BUBBLES IN OOA PREPREG

During composites manufacturing with partially pre-impregnated �bers (i.e.

\prepregs") in Vacuum Bag Only (VBO) processes, non-impregnated fabric cross-

sections serve as air pathways to evacuate entrapped bubbles of air, moisture, or

volatiles. The bubbles trapped within a laminate during processing lead to decreased

structural performance. In this work, the motion of resin and bubbles during the

processing of a characteristic prepreg is directly visualized in-situ. This is performed

utilizing a previously developed 
ow visualization technique under known pressure and

temperature conditions. This study investigates the processing conditions under which

a bubble succeeds or fails to meet and coalesce with available air pathways in order to

escape the laminate. A key �nding of this study is that tunableprocess parameters,

such as pressure and temperature, are less important for successful bubble removal as

compared to the initial state of resin impregnation in the prepreg. Prepregs with ini-

tially high states of resin impregnation will often fail to draw bubbles into air pathways

through the center of �ber tow cross sections, whereas prepregs with initially low states

of resin impregnation have clear pathways for bubbles to meet local resin 
ow fronts,

coalesce, and escape. The relevant literature on the motionof bubbles in con�ned

spaces is discussed. It is observed that small Capillary number theory (i.e. Ca < 0:01)

under predicts the relative velocity of bubbles, and the faster than expected bubble

transport is likely due to buoyancy e�ects as given by the bubble aspect ratio via the

�brous microchannel geometry.
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4.1 Introduction

Bubble transport during composites processing has been studied by many au-

thors [47, 48, 49, 50, 51, 52, 53, 54, 55]; however, the available literature of bubble

transport is predominately in the context of Resin TransferMolding (RTM) processes.

In RTM type processes [47, 51, 52, 53, 54, 55], a net resin 
ow is present from an

inlet port to a vent port, driving bubbles to travel in the direction of 
ow through the

compacted �ber preforms. The modeling presented in these types of studies focuses on

bubble movement through tight constrictions [47], and bubble break up [51, 55]. Bub-

ble formation has been described to primarily depend on the capillary number (Ca),

de�ned as a ratio of viscous force to surface tension force as,

Ca =
�U RT M

�
(4.1)

Here, � is the resin viscosity,URT M is the velocity of the resin being injected, and

is the surface tension between the resin and �bers [53]. When the capillary uptake of

resin into �ber tows happens at a signi�cantly di�erent rate (i.e. higher or lower) than

macroscopic resin 
ow through the �ber preform (i.e. around�ber tows), the resin


ow pattern will form enclosed pockets of air inside or outside �ber tows as the resin

�lls the preform { thus leading to the formation of bubbles.

Ganglo� et al. (2014) presented computational analyses that explored the e�ects

of porous media walls on a bubble surrounded by resin moving through a micro-channel

[48, 50], studying how bubbles and resin transport together through inter-tow spaces.

This micro-channel was surrounded by porous media walls with assigned permeability

values to describe the resin seepage 
ux into the walls as bubbles and resin pass through

the channel. Resin seepage 
ux into �ber tows was shown to be modeled as wall slip

condition with reasonable accuracy; however, for small �ber tow permeability values,

the resin seepage 
ux was small enough. This implies that with small permeability, the

porous walls and corresponding resin seepage 
ux into the walls have less of an e�ect

on bubble migration versus 
ow channel geometry.
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This study reports novel direct observations of the motion of bubbles through

inter-tow channels during resin impregnation of partiallyimpregnated prepregs. The

work utilizes a test method previously developed for visualizing resin e�ects on the

propensity of a bubble to vent out of the laminate via coalescence with an air path-

way. Although pressure in VBO processes is limited to one atmospheric pressure, the

pressure can be controlled in automated �ber/tow/tape placement, during which resin


ows and increases the degree of impregnation which will in
uence the air evacuation

process [56, 57].

An in-situ 
ow visualization technique is implemented, which is able to observe

resin 
ow and bubble motion simultaneously under constant pressure and temperature

conditions. By tracking the bubble velocity with respect toresin velocity and size

of at least �ve di�erent bubbles under di�erent pressure andtemperature conditions,

it is shown that the process parameters (i.e. curing cycle) cannot be optimized to

vent bubbles. Rather, it is shown that the initial degree of resin impregnation is the

primary factor governing the quantity of entrapped bubbles. Similarly, Lukaszewicz

and Potter (2011) showed that the initial \quality" of the pr epreg (i.e. bubbles in the

resin) had direct correlation to the �nal void content of the laminate [58]. Literature

addressing the physics of bubbles through capillary tubes and Hele-Shaw cells can

be used to develop the necessary theoretical framework to apply to bubbles moving

through inter-tow channels during OOA prepreg processing as shown in the following

sections.

4.2 Methodology

4.2.1 Material

The thermoset prepreg used throughout this work is a commercially available

Gurit Single Sprint ST94-RC303T partially impregnated prepreg system, designed for

OOA processing of marine structures. This prepreg system consists of a twill woven

carbon fabric, with an aerial weight of 303g=m2 with 12,000 �bers per tow, and a layer

of precast, pre-catalyzed epoxy resin �lm at 42 wt% applied to one side of the fabric.
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The tow width of carbon fabric is measured as 6 mm [42]. Fig. 3 shows a schematic

and an image of the dry side of partially impregnated prepregthat is used for this

study.

4.2.2 Experimental Setup

The in-situ 
ow visualization technique developed by Cender et al. (2013) is

adapted to visualize and record the resin 
ow and bubble motion. Fig. 4.1 shows

the 
ow visualization setup schematically [59]. The method consists of placing the

prepreg dry side down, onto a clear and transparent acrylic table. Heat and pressure

are applied to the prepreg in order to induce resin 
ow. From below the table, a CCD

camera coupled with 
uorescent lighting records the resin 
ow as it impregnates the

dry fabric underneath along the table surface. A clear adhesive plastic �lm is laminated

to the acrylic table surface to preserve the surface for reuse. The tests were performed

at three di�erent temperatures (50, 55, and 60C) and three di�erent pressures (15, 53,

and 98 kPa).

The lowest consolidation pressure used (15 kPa) simulates the e�ect of a tape

placement compaction roller. Thus, the sample is not exposed to vacuum and air

remains inside the air pathways. This is done by placing a heated compaction block of

known temperature and weight on top of the sample. Samples were also tested under

full and partial vacuum pressure by enveloping the prepreg sample inside a vacuum

bag. Heat was applied by placing the temperature controlled aluminum block on top

of the sample. It is important to note that after the consolidation block is placed over

the vacuum bag, it takes 1-2 minutes for the sample to reach a steady temperature, so

these two tests cannot be considered isothermal. This is notan issue, as will be shown

later: only the relative velocity of bubbles to resin velocity is of interest.

Each prepreg sample is prepared by laminating a release �lm to the resin �lm

side of the prepreg (see Fig.4.1). In doing this, air bubbles become trapped between

the release �lm and the resin, due to the irregular rough surface of the resin �lm,

thus making poor intimate contact with the resin �lm. These trapped bubbles are
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Figure 4.1: Schematic of the experimental technique derivedfrom Cender et al. (2013).
A bagging (or release) �lm is laminated to the resin �lm side of the prepreg sample {
ensuring that air bubbles are trapped at the interface. The sample is then placed dry
side down on a clear table where a CCD camera recorded the resin and bubble 
ow at
the table surface, which is initiated with the application of pressure and temperature.

57



later observed to 
ow with the resin down through the weave'sthrough-thickness gaps

(called \pinholes") and through inter-tow channels in the fabric along the table surface.

Lighting and contrast are adjusted to obtain clear images ofbubble boundaries

4.3 Results

Fig. 4.2 shows a micrograph of a polished 12 layer laminate of ST94-RC303T

that was processed and cured with the supplier's cure cycle.The �gure shows the

presence of voids (i.e. very dark spots) present primarily outside the �ber tows in the

inter-laminar spaces. Measurements of the inter-tow channel heights were taken from

the micrographs and measured to be 80� 20�m . The main goal of this work is to

understand why the voids that become entrapped in the inter-laminar spaces between

�ber tows are not able to be evacuated through the insides of dry �ber tows.

During the experiment, the pattern of resin 
ow is observed in detail [59]. Resin


ows downward from the resin �lm through the pinholes in the fabric weave where there

is a direct path for resin to reach the table surface. As shown in Fig. 4.3, approximately

20 pinholes and 24 inter-tow channels are in the �eld of view.Once resin emerges from

the pinholes, it proceeds to 
ow through the empty inter-towchannel in the fabric

weave, where the domain is most permeable. Once inter-tow spaces are saturated,

resin then proceeds to 
ow into �ber tows { predominately along the longitudinal �ber

direction, and minimally transverse across �bers. With thismethod, the degree of resin

impregnation is represented as the area �lled with resin at the table surface. As this is

occurring, bubbles in the resin �lm are observed to emerge through the pinholes with

the resin and race through the inter-tow channels of the fabric in the direction of resin


ow along inter-tow channels. Once the bubble emerges, somekey observations are, (I)

If the inter-tow channel is not saturated, a bubble will movefaster than the resin, and

may reach the resin 
ow front before the inter-tow channel is�lled (see Fig. 4.3a); (II)

Once the inter-channel is saturated, a bubble emerging froma pinhole will move along

the inter-tow channel and stop at a spot equidistant betweenpinholes. If the advancing

resin has not penetrated too far into the �ber tow, a bubble can occasionally squeeze
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Figure 4.2: A 12 layer laminate of ST94-RC303T was processed and cured with the
supplier's cure cycle [42] from the experimental setup of this work under a vacuum
bag. The inter tow channel dimension was measured (from polished cross-sections) to
have a height dimension of 80� 20�m .
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Figure 4.3: Tracking of bubbles during resin saturation with15kPa of applied con-
solidation pressure at 50C (a) Bubbles emerge from pinholesin the fabric and moved
through channels in between tows towards the resin 
ow front(6% area �lled), they can
be evacuated if they reach the resin 
ow front before the inter-tow channel is saturated
(b) Bubble entrapped at tow boundary in inter-tow channel due to late emergence,
when the resin impregnation (61% area �lled) is too far advanced into the tow.

into the �ber tow in longitudinal direction of the �bers; (II I) If the resin has advanced

too far in the �ber tow, the bubble will remain lodged at the tow boundary (Fig. 4.3b);

(IV) Bubbles will not merge into �ber tows transverse to the �ber direction.

The implication of these observations is that initial degree of resin impregnation

is a critical factor dictating if inter-laminar bubbles entrapped in the resin can migrate

into air pathways. Prepregs consisting of a dry �ber layer between two resin �lms (i.e.

Fig. 1.3b), will not only entrap more bubbles during ply lamination,but will also be less

successful at evacuating entrapped bubbles, as Fig.4.3b demonstrates. Furthermore,
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the fact that bubbles are not observed to move into �ber tows through the transverse

�ber direction suggests that unidirectional or non-crimp fabrics (i.e. with high resin

impregnation) will be less successful at migrating bubblesinto air pathways.

Fig. 4.4shows a time-lapsed set of images focusing on a single inter-tow channel

saturating with resin. Resin is shown to progressively saturate the channel with time

starting at t=124 s with the appearance of resin 
ow fronts and dark contrast areas of

resin. The resin 
ow fronts coalesce with each other at t = 302s. Upon this coalescence,

the resin proceeds to saturate the interior of the �ber tow. The resin velocity is greatly

reduced due to the decreased permeability of the �ber tow with respect to the channel

permeability as explored by Cender et al. [59]. As the channel saturates, bubbles are

observed to be introduced into the resin by the process of entrapped air underneath

the vacuum bag as shown in Fig.4.1. One can observe att = 275s how bubbles �rst

appear in view from the top and bottom of the channel. The bubble from the bottom

is of much greater volume than the bubble from the top. With increasing time, the

large bubble is able to coalesce with the resin 
ow front and disappears from view

betweent = 302s and t = 2446s. The smaller bubble (from the top pinhole) is not

able to coalesce with a resin 
ow front as the channel becomescompletely saturated.

At t = 2446s, the small bubble (lower) as well as a third bubble (upper) isshown to

remain lodged within the inter-tow channel with the resin 
ow front saturating deep

into the �ber tow.

Fig. 4.5 shows a situation where entrapped air inside �ber tows is released into

the resin inter-tow channel as a bubble. This test was performed with a consolidation

block of 15 kPa at 55C without the use of vacuum. Without vacuum, a disproportion-

ally large amount of air becomes entrapped within the small capillaries of �ber tows;

however, this observation gives interesting insight into what happens when vacuum is

not su�ciently applied for long enough time to remove the air inside �ber tows (i.e.

vacuum dwell time). It is observed in Fig.4.5 that this can lead to a source of bubbles

being released into the resin. Additionally, as the bubble reaches the nearest inter-tow

channel, the bubble is stretched to the left and right. This bubble stretching behavior
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Figure 4.4: Inter-tow �lling with resin from two adjacent pinholes (Papp = 15kPa,
Pvac = 0atm, T � 50C). Two di�erent sized bubbles appear at the same time. The
large bubble from the lower pinhole quickly reaches the 
ow front and drains into the
air pathway, while the small bubble from the upper pinhole does not reach the 
ow
front before the channel is �lled and remains entrapped at the tow boundary.
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Figure 4.5: Air entrapped at the center of a dry �ber tow can migrate to the inter-tow
channel as the resin impregnation in the �ber tow advances.

is undesirable, as it can initiate bubble breakup behavior.Ganglo� et al. (2014) [48]

showed a correlation between bubble size and the relative bubble velocity with respect

to the resin velocity { the larger the bubble, the greater itsrelative velocity with respect

to the resin velocity.

4.4 Discussion

4.4.1 Observed Bubble Mobility

It was shown in the previous section that bubbles are likely to become lodged

at �ber tow boundaries in resin saturated inter-tow channels. It is more desirable to

have bubbles meet the resin 
ow front before the channels are�lled. This type of

two-phase channel 
ow was experimentally and computationally modeled by Ganglo�

63



et al. (2014) in [48, 50]. The goal of this section is to correlate material and process

conditions which must be met for entrapped bubbles to be vented from unsaturated

inter-tow channels within the prepregs.

From the prepreg 
ow visualization experiments, 45 individual bubbles were

tracked for quantitative analysis: �ve bubbles for each of the nine combinations of

pressure (15, 53, 98 kPa) and temperature (50, 55, 60 C). Cases where the bubbles were

able reach the resin 
ow front in an unsaturated inter-tow channel where exclusively

selected. The movement of bubbles and resin emerging from pinholes is idealized as a

1D 
ow and they 
ow along inter-tow channels. The position ofresin is tracked as is


ows along the channel (i.e. distance from pinhole to 
ow front). The center position

of bubbles, as well as their length (l = 2a) and width (w = 2b) were tracked over time.

It was observed that the rate at which bubbles can race through the resin is strongly

a�ected by bubble size and morphology. Bubble morphologiesranged from spherical

(a=b= 1) to elongated (a=b >> 1).

To summarize, the unknowns from the prepreg 
ow visualization experiment

related to bubble 
ow with respect to the resin 
ow are: localpressure/pressure gra-

dient, channel geometry (height, width, shape), surface tension, resin �lm thickness

around the bubble, approximate channel volume / cross-sectional area, �ber tow per-

meability (longitudinal and transverse), and dual scale pore volume. The following

were measured: bubble length and width, bubble velocity, resin front velocity, and

resin viscosity.

The aim is to use the previous result from [59] to estimate the pressure gradient

in the resin in order to determine the bubble velocity relative to the resin velocity. The

model formulated in Cender et al. [59] characterizes the resin 
ow rate as the 
ow

transitions from inter-tow �lling to intra-tow impregnati on by considering the change

in pressure gradient across the tow boundary. As depicted in Fig. 4.4, the pressure

gradient in an inter-tow channel decreases dramatically once the 
ow front begins to

advance into the �ber tow, owing to the fact that the resistance to 
ow is much greater

inside the �ber tow (lower permeability).
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Figure 4.6: A schematic of a two-phase Hele-Shaw model where a bubble suspended in
viscous 
uid (i.e. resin) is constrained to in-plane motionwithin a saturating micro-
channel. This model can be used to approximate the bubble transport in prepreg
inter-tow channels after Ganglo� et al. (2014) in [48]. Schematic of a bubble moving
with a velocity V thourgh a Hele-Shaw cell containing a 
uid moving at velocityU

4.4.2 Two-Phase Hele Shaw Flow

It was shown by Ganglo� et al. (2014) in [48, 50] that the relative motion of

bubbles in viscous 
uid as encountered in between �ber tows during composites pro-

cessing can be successfully approximated with 1D channel 
ow. Previous studies on

bubble transport in composites processing modeled the movement and formation of

bubbles within �ber tows [47, 48, 49, 50, 51, 52, 53, 54, 55]. This study focuses on the

transport of bubbles through the interstitial space between �ber tows where external

pressure drives the 
ow rather than surface tension (i.e. large capillary number). Gan-

glo� et al. (2014) showed experimentally and computationally a Hele-Shaw modeling

framework could be used to estimate the bubble and resin 
ow timescales through

saturating micro-channels in [48]. A two-phase Hele-Shaw 
ow schematic is shown in

Fig. 4.6.

Note, Hele-Shaw 
ow is characterized to be viscous 
ow througha thin gap. A

Hele-Shaw cell is rectangular channel where the channel height is much smaller than
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the width (h << w ). Eq. 4.2 is the average 
uid velocity in a Hele-Shaw cell,

V = �
h2

12�
dP
dx

(4.2)

Here, the average resin velocity isV, the resin viscosity is� , the channel height ish,

and the pressure gradient in the resin is
dP
dx

.

Sa�man and Taylor (1959) studied the motion of a bubble in a Hele-Shaw cell

using potential 
ow in elliptical coordinates [60]. They �nd that the relative bubble

velocity (U=V) is a function of the cell dimensions and the bubble dimensions. However,

in the limit of very small bubbles they �nd that the relative velocity is,

U
V

= 1 +
a
b

(4.3)

and speci�cally note that spherical bubbles (a = b) the mobility will be 2. In the

Sa�man and Taylor solution, only the 
uid draining around the sides of the bubble is

considered, and the thin �lm of 
uid between the bubble and the top wall is ignored.

4.4.3 Small Capillary Number Theory

The classical problem of a long bubble 
owing through a capillary tube was

most notably studied by Bretherton (1961) [61]. The major result of this work was the

discovery that the thin �lm of 
uid (thickness t) between the bubble and the capillary

tube is,

t / Ca2=3 (4.4)

where the capillary number is de�ned as,

Ca =
�U
�

(4.5)

Here, U is the absolute velocity of the bubble. Note that the capillary number in

this case using the bubble velocity, as opposed to the surrounding viscous 
uid, in
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the de�nition is independent of the 
uid velocity. This is because the bubble surface

tension shears the 
uid in the thin �lm between the bubble andthe wall.

Note the ratio U=V is called the \bubble mobility" [48, 49, 50]. A bubble

mobility greater than unity implies that the bubble is able to outrun the nearby resin


ow front, coalesce, and escape the 
ow (i.e. Fig.4.4). A bubble mobility less than

unity implies that the bubble is not able to reach the local resin 
ow front and there

is a risk of entrapment. Bretherton found that the thin �lm th ickness (t) is a function

of the capillary number characterizing the 
ow. The rate at which the viscous 
uid in

front of the bubble is able to drain around the bubble and to the back of it provides

the ability for the bubble to travel faster than the surrounding resin (i.e. Bretherton

\lubrication" theory). Maruvada and Park (1996) build upon the Bretheron problem

and the Sa�man-Taylor problem by presenting a solution for abubble translating in a

Hele-Shaw cell with the inclusion of surface tension e�ects (i.e. small Ca) [62],

U
V

=
a
b + 1

1 + 0:2I a
bCa� 2=3

(4.6)

The bubble aspect ratio term is important, as it was observedin this work that bubble

morphology plays an important role in the bubble mobility. The bubble aspect ratio

controls the available surface area, for which incoming resin has to drain around within

a micro-channel in order for a bubble to migrate through the channel. Increasing

the surface area by bubble elongation provides increased resistance for resin to drain;

however, a larger bubble also implies greater pressure gradient across the bubble via

buoyancy. This work seeks to measure how the balance of buoyancy force versus surface

tension force, based on the bubble aspect ratio, is experienced during the prepreg

processing.

To further explore this, bubbles and resin 
ow fronts were measured as described

earlier in Section 4.1. Fig. 4.7 shows an attempt to correlate the bubble mobility

measurements with Park et al.'s [62] and Bretherton's [61] models. The results are

plotted as functions of applied pressure and temperature. Noobvious correlations
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Figure 4.7: Small capillary number theory is shown to be inconsistent with the observed
experimental data. An attempt to correlate in situ bubble mobility (U/V) measure-
ments during prepreg processing with models after Maruvada& Park (1996) in [62]
(a) and Bretherton (1961) in [61] (b). Small Capillary number theory did not �t the
observations.

were achieved with the Bretherton and Maruvada & Park models. This suggests that

the capillary number is not playing as strong of a role in the bubble mobility through

the prepreg micro-channels. Also, no obvious trends were observed as functions of

applied pressure or temperature on the bubble mobility. This suggests that the tuning

of process parameters does not play as strong of a role in the bubble mobility during

prepreg processing. Note, there is di�culty in measuring thebubble and resin velocities

exactly, and 
ow visualization software was used to best approximate the position-time

with margin of error.

Given the lack of correlations found in Fig. 4.7, Eq. 4.5 was reevaluated to

attempt to �nd a better correlation. In the case of very largecapillary number, viscous

forces are dominant over surface tension forces. In this particular material, the resin

viscosity is 100� 200Pa � s within the temperature range of 50� 60oC. For a very

large Ca, Eq. 4.6 reduces to Eq.4.3, where the bubble aspect ratio, only is relevant

in de�ning the bubble mobility. The data in Fig. 4.8 shows that bubble mobility

correlates well to the bubble aspect ratio (as per Eq.4.3).
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Figure 4.8: Assuming a large capillary number, the experimental results are in close
agreement with Eq. 4.3. A plot of the bubble mobility model, based on work from
Sa�man and Taylor (1959) in [60] with Eq. 4.3, versus experimental results. From the
45 bubbles which were tracked,U and V were measured directly. The e�ective bubble
radius R was estimated based on the bubble length and width and channel depth,h.
The channel dimension,h, was taken as 80�m for each data point.
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The physical implications of Fig. 4.8 is that the bubble aspect ratio can be

used to understand the balance of buoyancy force (i.e. scaling with bubble length) and

surface tension force (scaling with bubble surface area), with the buoyancy force driving

bubble 
ow and the surface tension force impeding resin drainage around the bubble

and impeding its 
ow. The dotted line in Fig. 4.8 is the equation for bubble mobility

of a small bubble in a thin micro-channel, which is a linear relationship between bubble

mobility and the bubble aspect ratio. The data points for di�erent process conditions

(pressure and temperature) do not show a trend in bubble mobility. The immense

scatter in the data is expected since the model is only a �rst approximation and the

channel (which varies and can not be measured) is appoximated as h = 80�m { a

typical value for channel height as shown in Fig.4.2. However, the data is reasonably

crowded around the dotted line (from Eq. 4.3) suggesting that the model presented

here does represent a good �rst approximation of the physics.

4.5 Summary and Conclusions

This work presents an experimental technique and a simple analytical model

for characterizing the migration of bubbles, which are formed due to mechanical en-

trapment during layup, into air pathways during OOA processing. The role of the

process parameters (i.e. applied pressure, temperature, and time) on the motion of

bubbles when advancing the degree of impregnation from the initial resin placement in

partially impregnated prepregs was investigated. The presumption that bubbles can

readily migrate into air pathways from the center of �ber tows is shown to be di�-

cult, demonstrating that more void content in the �nal cured laminate may be due to

entrapped air during layup than previously thought.

This study is a �rst attempt utilizing an in situ visualizati on method to track

bubble and resin together in partially impregnated prepregsystems. It is demonstrated

here that bubble move through the resin only when the resin is
owing. The physical

mechanism which moves bubble towards air pathways is buoyancy. In order to impart

buoyant force on a bubble, there must be a pressure gradient in the resin, and in order
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to induce a pressure gradient upon the application of pressure, resin must have an

empty space to 
ow into. Thus, in order for bubbles to coalesce with a resin 
ow

front, resin must be 
owing through inter-tow micro-channels. Therefore, for partially

impregnated prepregs, it is insu�cient to simply apply vacuum at room temperature,

where the resin does not 
ow. The simple model described hereshows that the e�ciency

of evacuating bubbles from the laminate does not change withtemperature or pressure

and the experimental results have further validated this.

It was also demonstrated that the degree of resin impregnation in partially

impregnated prepregs plays a critical role in the ability for bubbles to coalesce into

air pathways. Higher resin impregnation is undesirable since bubbles cannot move into

�ber tows once the resin has impregnated into �ber tows. Bubbles become stuck at �ber

tow boundaries with insu�cient pressure gradient to push them into tows. The bubble

aspect ratio is found to be important in correlating the balance of bubble buoyancy and

surface tension forces to the bubble mobility. Further investigations should consider

the degree of resin impregnation by looking at alternate resin con�gurations during

prepreg processing. Prepregs in which there is no dry area atthe start of the process

are inherently 
awed in that they readily trap bubbles between plies, and the bubbles

cannot migrate into air pathway inside the center of �ber tows.
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Chapter 5

THE GAS EVACUATION PROCESS IN PARTIALLY SATURATED
PREPREGS

5.1 Introduction

To eliminate the need for an autoclave, partially impregnated prepregs have

been uniquely developed for processing in an oven under vacuum pressure only; a

process which has become known as Out-of-Autoclave (OoA) or Vacuum Bag Only

(VBO) [ 3]. Partially impregnated (OoA) prepregs consist of a thermoset resin which

has high viscosity at room temperature (� 104Pa � s) and very low viscosity at the

curing temperature (� 1Pa � s) [59]. Resin is typically applied as a �lm to one or

both sides of the �ber reinforcement and only partially saturates the cross-section in

order to maintain a connected network of air pathways throughout each lamina [12].

Processing consists of three primary steps: prepreg ply placement, gas evacuation from

the laminate, and oven curing - during which resin impregnates the remaining pore

spaces.

Using this process to produce a composite laminate with minimal void con-

tent (ideally < 1% by volume), relies on su�cient evacuation of air from the open

pore network at room temperature before the preformed layupcan be heated. Several

mechanisms exist for the formation of voids [10, 63]; however, the foremost concern

should be air evacuation [13]. In practice, the time required to hold vacuum pressure

will depend on the size, shape, and ply layup of the compositepart. A numerical sim-

ulation could be very useful is making such predictions if accurate material data could

be deduced; however, test methods which were adopt from the geological sciences [64]

need a second look to determine its compatibility with in-plane 
ow of thin prepreg

lamina. What's more, the relationship between resin saturation and gas permeability
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has not be properly addressed. Results are often reported onthe as-received material,

or following a conditioning step where the material is exposed to a known tempera-

ture, pressure and time - but this procedure (although practical) lacks the essential

description of the state of the saturation.

Studies which evaluate gas permeability of partially saturated prepregs have

followed either a steady 
ow method [65], or a transient pressure decay method [21].

Steady 
ow methods follow a procedure introduced by Ahn et. al.[65], where a 1D

steady gas 
ow is induced through the prepreg by applying vacuum pressure to one edge

of a rectangular sample, while the opposite edge is open to atmospheric air, where a 
ow

meter records the 
ow rate. In-plane gas permeability of woven carbon prepregs as been

reported asK = 5 � 10� 13 � 6� 10� 14m2 [66, 67] for woven carbon �ber laminates, and

K = 2 � 10� 14; 2:7 � 10� 15m2 for unidirectional �ber prepregs in the longitudinal and

transverse direction respectively [66]. Transient pressure decay methods �rst appear

with the work of Tavares et al. [21, 68], where through thickness gas permeability

was measured for a variety of prepreg material con�gurations which were laminated to

a honeycomb core structure. While applying vacuum pressure over the prepreg face-

sheet, gas pressure inside the honey-comb core volume was recorded as it equilibrated

over time. Their analysis employed the analytical solutionto the linearized governing

equations. They reported a through thickness gas permeability of the order K �

10� 18m2 when using fully saturated prepregs [21], andK � 10� 14� 10� 15m2 for partially

impregnated Z-preg [68], which has a pattern of resin strips as opposed to a continuous

resin �lm. Tavares et al. [21, 68] also concluded that the Klinkenberg e�ect was

negligible by testing the sample with various (sub-atmospheric) gas pressure boundary

and initial conditions. Kratz & Hubert [ 69] followed the methodology of Tavares et al.

to additionally capture in-plane gas 
ow in the same scheme.Levy et al. [70] explored

the scalability of this system while using a �nite element approach to numerically solve

the governing equations.

Resin saturation of partially impregnated prepregs is challenging to quantify,

since measurements must be completed while resin is in the liquid state - elevated
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temperature for curing would allow liquid resin mobility. In-situ ultra-sonic imaging

[37] and ex-situ micro X-ray computer tomography [12, 71] have been demonstrated

to measure volumetric saturation: the micro-CT 3D rendering is particularly useful

in that it shows the pore structure. Cender et al. [59] implemented a simple surface

visualization technique for tracking the progression of saturated (�lled) area over time.

This technique is employed in this study as a complementary characterization method

- discussed in more detail inx5.4.2.1. Tavares et. at. [68] employed a similar technique

while studying the Z-Preg material.

In this chapter, a comprehensive characterization method is presented to eval-

uate the in-plane permeability of partially saturated prepregs to gases. To do so, a

special variant of the pulse-decay method is employed - initially developed for analy-

sis of geological core samples [64]. In order to handle the a�ect the vacuum pressure

(P ! 0) boundary condition has on the pressure decay, we propose adimensionless

pressureP̂s � (b+ Pf ) =� P which adjusts the solution based on the e�ect of the

boundary condition pressure (Pf ), initial pressure di�erence (� P) and the Klinken-

berg parameter (b). Employing this analysis, we are able to demonstrate a novel way

of recovering the Klinkenberg parameter and intrinsic permeability.

Using a sample prepreg (GURIT ST94-RC200T), the model and method of pa-

rameter deduction is applied to experimental data taken from the sample at various

saturation states in order to measure the Klinkenberg parameter (b) and intrinsic (liq-

uid) permeability (K i ). It is shown that at very low resin saturation the inter-towpores

contribute to higher prepreg permeability with no detectable Klinkenberg parameter.

As the resin saturation is increased, the inter-tow pores �llwith resin and the gas is left

to 
ow through the unsaturated �ber tow (the interstitial sp ace between �bers), reduc-

ing the global prepreg permeability and producing a measurable Klinkenberg e�ect. As

the saturation is further increased, where �ber tows show signi�cant resin uptake, the

gas permeability continues to drop and the Klinkenberg parameter continues to rise.

In a parallel study to the deduction of the Klinkenberg parameter and intrinsic

permeability, the open pore volume of the sample is evaluated with same pulse decay
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method by additionally performing the test with a reservoirvolume in series with the

sample [72]. The method works conveniently with the same, implementedfor deter-

mining the intrinsic permeability and Klinkenberg parameter. Accuracy and precision

of the results is scrutinized, but nonetheless demonstratethat the method has su�-

cient accuracy to detect changes in saturation, and can be used as a characterization

method.

5.2 Problem Description

We would like to understand and predict the time needed to evacuate atmo-

spheric air from a partially (resin) saturated �ber bed via vacuum pressure applied

to the edges. Experimental characterization is designed tomimic the transient pulse-

decay method for evaluation of gas 
ow material parameters.Initial and boundary

conditions are chosen to be consistent with the process in which gas is evacuated from

the material's pore space. Initially, atmospheric airP0 = 101kPa occupies all of the

pore space. Vacuum pressure (Pvac = 10� 3kPa) is abruptly applied along one bound-

ary (short edge) of a rectangular sample, while gas pressureis recorded over time at the

opposite edge, which is closed to any in
ux of air. This zero 
ux boundary condition

is analogues to a symmetry condition.

There are, however, some special considerations to contendwith: (i) The sample

is partially saturated to an unknown saturation; (ii) The process is performed in a

vacuum bag so positive pressure cannot be applied (for the purpose of varying the

initial pressure); (iii) The gas pressure decays towards absolute zero (in this study,

Pvac = 2Pa abs:) so the measured pressure decay cannot be predicted from solutions

of the linearized form of the governing equations.

The (prepreg) sample material in this study is a single ply offabric with a

�lm of viscous resin laminated to one side of the fabric. The fabric is woven from

bundles of �bers, referred to as �ber tows. Each �ber tow is comprised of thousands

of carbon �ber (each 5� 9�m � ), bundled together. The fabric is porous medium of

dual scale porosity/permeability, which contains inter-tow pores - undulations in the
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weave (d � 50 � 100�m ), and intra-tow pores (d � 1 � 10�m ). Intra-tow pores are

highly anisotropic, where the highly aligned �bers are 10-100 times more permeability

in the longitudinal �ber direction as compared to the transverse direction [59]. Fig.

5.1 schematically depicts a partially saturated prepreg material structure and how gas

is extracted from the laminate boundaries.

Figure 5.1: Schematic of an OoA prepreg structure and the pathways through which
gases are evacuated.

In de�ning the problem, we make some simplifying assumptions in order to
proceed.

1. The sample domain is chosen as a �xed thickness, which shall include the thick-
ness of the fabric only and excludes the resin �lm above the fabric. The chosen
thickness is the nominal thickness of a fully consolidated and cured ply (0:23mm
for this sample).

2. We neglect the fabric compliance entirely, both as part ofthe �xed thickness
assumption, but also its a�ect on permeability. This is not an uncommon as-
sumption to make when studying vacuum bag processes [73]. Some authors have
employed constitutive equations which include fabric compliance, but we have
de�ned this aspect of the material behavior to be outside of this study.

3. We are seeking bulk material properties. Therefore we neglect the dual scale
porosity and local variations in saturation.

The deformation of the �ber bed will yield a measurable di�erence in perme-

ability as compared to a constrained fabric. This is a commonly discussed issue when
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modeling the VARTM process: As resin, injected at atmospheric pressure, �lls the air

evacuated pore spaces of the fabric, load from atmospheric pressure above the vacuum

bag is shared between the resin and fabric - increasing the laminate thickness. One way

to deal with this added complexity is to utilize the process conditions during perme-

ability characterization. Measuring permeability by tracking the velocity of the resin


ow front using either a vacuum bagged sample or a sample in a �xed mold cavity can

yield adequately representative (although di�erent) permeability for those respective

processes (RTM permeabiliy or VARTM permeability) [73]. Likewise in this study, the

gas within the pore space of the sample provides an upward reaction force against the

vacuum bag, which diminishes as gas pressure decays during the test. This has the

e�ect of locally changing the sample permeability during the test. Although not ideal,

in this study we do not consider the fabric compliance, but rather claim that using

a transient pressure decay test should yield more relevant values for the purpose of

modeling the process. The alternative, being a steady 
ow test, would report a bulk

permeability corresponding to the �xed deformation gradient (permeability gradient)

of the sample.

The Klinkenberg e�ect is often considered relevant in the context of composite

materials processing [74, 69, 75, 76], but its measurement has only been attempted

by Tavares et al. [21]. Measuring the Klinkenberg parameter (which has remained

elusive in the context of composite materials) will be important to determine its value

as a process parameter (i.e. the impact of neglecting it). Additionally, since it is

solely dependent on the pore diameter, a change in the Klinkenberg parameter with

respect to saturation will indicate a reduction in the average pore diameter. To gage

the potential implication of the Klinkenberg e�ect, a �rst o rder estimation is o�ered to

demonstrate the potential value of this correction factor.Carbon �bers are typically

5 � 10�m in diameter and inter-tow spaces (from undulations in the fabric weave) are

� 60 � 100�m , so gases can pass through pores of 1�m when moving transverse to

�bers, � 5�m moving longitudinally along �bers, or � 100�m when moving between

�ber tows. Vacuum bag processes apply vacuum at room temperature and bring the
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pore space within the laminate from atmospheric pressure down to the vacuum level.

Fig. 5.2was constructed to demonstrate how pressure and pore diameter will e�ect the

estimated Kn , which inturn, determines the relevant physics models. Given constant

values of pore diameter (d = 1; 10; 100�m ), Eq. 2.14was used to estimate the mean free

path from the respective gas pressure (assumesT = 23oC). With these estimations,

Fig. 5.2 clearly shows that both Darcy 
ow and Non-darcy 'slip 
ow' are expected to

be observed when characterizing these partially impregnated prepregs [74].

d = 1007m

d = 107m

d = 17m
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Slip Flow
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Figure 5.2: Knudsen 
ow regimes anticipated in vacuum bag processing of composites.
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5.3 Theory and Model

5.3.1 Background

The governing PDE (Eq. 5.1) describing the transient gas pressure in the porous

domain is derived from compressible continuity, Darcy's law, ideal gas law, and Klinken-

berg's correction for permeability [32, 34].

@P
@t

=
K i

��
@

@x

�
(P + b)

@P
@x

�
(5.1)

where the Klinkenberg correction for a dilute gas is

K g = K i

�
1 +

b
P

�
(5.2)

Seex2.4 for additional details on Eq. 5.1.

From Eq. 5.1, b, K i , and � must be determined experimentally. Permeability

is a volume averaged property, as de�ned in Darcy's Law; however, it is clear that

K i =� can be grouped together as a single unknown. We can call this the pore averaged

permeability K p � K i =� , which is advantageous when considering the e�ect of resin

saturation. Gas permeabilityK g can be measured with either a steady 
ow test or

the pulse-decay (unsteady) technique. In the typical pulse-decay test (as devised by

Brace et al. [64, 77, 78]), the pressure decay is measured in upstream and downstream

reservoirs, schematically depicted in Fig.5.3. The upstream reservoir is pressurized to

an initial pressureP1 while the downstream reservoir and porous domain are pressurized

to a lower initial pressureP2. At t = 0 the test begins when the valve between the

upstream reservoir and the sample is opened to allow the pressure decay over time

until both reservoirs equilibrate to the �nal pressure,Pf . As it so happens, the �nal

pressure,Pf is close in value to the mean pressure�P = ( P1 + P2)=2, which is typically

used to map the apparent gas permeability to the gas pressureof the test. The �nal

pressure can be deduced from the initial pressure and respective volumes (Eq. 5.3)

for which either Pf or Vp (porous volume) must be known. Usually, the porosity is
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determined beforehand with a separate technique [79, 80, 81, 82, 83]. The formulation

in Eq. 5.3 is analogous to the gas expansion method, where a calibratedsystem of two

chambers (one containing the sample) at di�erent gas pressures is allowed to equilibrate

isothermally [81].

Pf =
P1VR1 + P2 (Vp + VR2)

VR1 + Vp + VR2
(5.3)

Figure 5.3: Schematic of the typical experimental setup for the pulse-decay technique
for measuring gas permeability of low permeability porous media [64]. Open reservoir
volumes at two ends of a sample are pressurized with gas to di�erent pressures and
allowed to equilibrate over time.

The boundary condition at each reservoir (Eq.5.4) is determined by equating

the mass change in the reservoir (ideal gas)

_m = �
@
@t

�
PRVR

RT

�

to the mass 
ux in or out of the porous medium (Darcy's Law)

_m =
P

RT

�
� KA

�
@P
@x

�

in order to obtain the boundary condition in terms of gas pressure (and its derivatives)

VR
@P
@t

= �
K i A

�
(P + b)

@P
@x

(5.4)

Eq. 5.1 with reservoir boundary conditions atx = 0; L (Eq. 5.4) can be solved

analytically, so long as as (P1 � P2) is small relative to Pf [84, 85, 78]. Choosing
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Pf =(P1 � P2) >> 1 ensures the decay of pressure to be exponential w.r.t. time. From

this arrangement, gas permeabilityK g is measured as a function ofPf , (where � is

determined beforehand). Repeating the test with varying initial boundary pressures

(i.e. increasingPf ) reveals the relationship between recovered gas permeability and

absolute gas pressure. PlottingK g v.s. 1=Pf has a linear correlation according to Eq.

5.2, where intrinsic permeability K i is the intercept andK i b is the slope.

Figure 5.4: The Klinkenberg parameter is traditionally determined by plotting the
'apparent' gas permeability against the inverse of the meangas pressure. The intrinsic
permeability is determined by extrapolating the interceptwhen 1= �P ! 1 and the
Klinkenberg parameter is determined by the linear slope from the data.

81



5.3.2 Model

In modeling this system, we wish to follow material processing conditions to

determine the intrinsic permeability, Klinkenberg parameter, and porosity. The pulse-

decay technique is implemented, where the initial gas pressure of the sample must be

atmospheric (Pi = 101kPa), the boundary at x = 0 must be �xed at vacuum pressure

(�nal pressure Pf � 0kPa), and at x = L the sample domain will be closed to any

mass in
ux (@P=@x= 0).

P

�
�
�
�
x=0

= Pf (5.5a)

@P
@x

�
�
�
�
x= L

= 0 (5.5b)

As an additional case, the model will also consider an arrangement with an empty

Figure 5.5: Schematic of the 1D model which is characteristicof the manufacturing
process. Vacuum pressure is at one boundary of the material domain (x = 0) and on
the opposing boundary (x = L), the domain is closed to any mass 
ux (Eq.5.5b).

reservoir volume atx = L.

VR
@P
@t

= �
K i A

�
(P + b)

@P
@x

(5.6)

In both cases, the decay of gas pressure is recorded atx = L.

5.3.2.1 Dimensionless Analysis

To simplify the analysis, the problem is recast in terms of dimensionless variables

so that scalability of the problem can be readily seen. Dimensionless position and

pressure are prescribed to be 0� x̂; P̂ � 1, so we choose Eq.5.7, where L is the
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Figure 5.6: Schematic of the 1D model in which vacuum pressureis at one boundary
of the material domain (x = 0) and on the opposing boundary (x = L), a gas �lled
reservoir volume is drained through the porous medium (Eq.5.6).

length of the porous domain,Pi is the initial pressure,Pf is the �nal pressure, and

� P = Pi � Pf .

x̂ =
x
L

0 � x̂ � 1

P̂ =
P � Pf

� P
0 � P̂ � 1

t̂ =
t
tc

0 � t̂ < 1

(5.7)

Time is normalized by a characteristic timetc, which is chosen as

tc =
��L 2

K i � P
(5.8)

in order to make the coe�cient in the PDE (Eq. 5.1)equal to unity. In terms of the

dimensionless variables, the governing PDE can be written in dimensionless form as

follows
@̂P

@̂t
=

@
@̂x

 
�

P̂ + P̂s

� @̂P
@̂x

!

(5.9)

, where

P̂s �
Pf + b

� P
(5.10)

is a dimensionless pseudo pressure the authors introduced in a previous study [72] to

characterize the system; namely, value of̂Ps dictates the shape of the pressure decay

function.

The boundary condition at x̂ = 0 is prescribed to beP̂ = 0 in dimensionless
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form. The boundary conditions of Eqns.5.5b & 5.6 are recast in dimensionless form

as Eqns.5.11& 5.12respectively. In Eq. 5.12, Vp = �AL is the open pore volume.

@̂P
@̂x

= 0 (5.11)

VR

Vp

@̂P

@̂t
= �

�
P̂ + P̂s

� @̂P
@̂x

(5.12)

5.3.2.2 Characteristics of the Governing PDE using P̂s

The governing PDE in Eq. 5.9 can be solved numerically using an explicit �nite

di�erence scheme. The presence of̂Ps means that the solution will depend on this

dimensionless pressure constant. Fig.5.7 shows the solution to Eq.5.9 with boundary

conditions P̂ = 0 at x̂ = 0 and @̂P=@̂x = 0 at x̂ = 1 when P̂s = 0. From this solution,

the decay of pressure over time at ^x = 1 is extracted. This is highlighted in Fig. 5.7 as

a dashed line on the ^x = 1 plane. This information is important for two reasons: ^x = 1

represents a symmetry plane (when@̂P=@̂x = 0), which, in modeling the process is,

the half way point between two edge evacuation points - thus the highest pressure in

the system; and experimentally, the gas pressure is measured at this point. The spatial

dimension of Fig.5.7 shows a very sharp pressure gradient near ^x = 0 which gradually

decreases towards zero (as prescribed). This highly variedpressure gradient reveals

that gas compressibility - although not evident at the pore scale - is highly important

at the larger 'part scale' (across the material domain).

Delving deeper into Eq. 5.9, it is entirely dimensionless; however, the choice

of non-dimensionalization for pressureP has left an additional dimensionless pressure

constant (P̂s) which makes pursuing a single dimensionless master curve (like in tem-

perature di�usion) impossible: There isn't one, which is the point. For example, ifP̂

was chosen aŝP = ( P + b) =Pi then we would have the formP̂t̂ =
�

P̂P̂x̂

�

x̂
(x̂ and t̂

subscripts denote partial derivatives), which is the common convention in the litera-

ture [84]. Instead, by requiring 0� P̂ � 1, the non-dimensionalization becomes easier
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Figure 5.7: Solution to Eq. 5.9 with boundary conditions P̂ = 0 at x̂ = 0 and
@̂P=@̂x = 0 at x̂ = 1 with P̂s = 0.
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to work with, and by including P̂s = ( P + b) =� P in Eq. 5.9, it becomes clear how

initial pressure (Pi ), boundary pressure (in this case, applied vacuum pressurePf ),

and the Klinkenberg parameterb will e�ect the solution, and thus the gas evacuation

process. In modeling gas evacuation from composite laminates, two important things

to consider are thatPf and b are small but not exactly zero, so that 0< P̂s < 1, which

is on the order ofP̂ .

Exercising this new convention (i.e.P̂s), consider the two extremes,(i) P̂s = 0

and (ii) P̂s � 1. Also, in this analysis, it is convenient to assume that there exists a

multiplicative separable solution

P̂
�
x̂; t̂

�
= X (x̂) T

�
t̂
�

(5.13)

where 0� X; T � 1. Although, not always true, this form will work in the extreme

cases - especially as time increases, higher order harmonics will die out. See App.B for

more details. A multiplicative separable solution has an important implication which

will be taken advantage of; it implies that there is steady shape functionX , describing

the pressure in the domain, whose magnitude is scaled in timeby a decay function

T. Pressure across the domainX is of secondary importance to the decay functionT,

which will tell us how pressure decays at ^x = 1.

In the �rst case, P̂s = 0, Eq. 5.9 reduces to

@̂P

@̂t
=

@
@̂x

 

P̂
@̂P
@̂x

!

(5.14)

which is known and nonlinear di�usion (or the porous media equation [26]). Assuming

the form in Eq. 5.13, X cannot be solved for, butT is directly found

T(t̂) =
1

� t̂ + 1
(5.15)

where � is the separation constant, which is shown in App.B to be � = 1:115 (for
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P̂s = 0) by solving 5.14numerically. When P̂s >> 1, Eq. 5.9 can be linearlized to the

di�usion equation

@
�

P̂ + P̂s

� 2

@̂t
= P̂s

@2
�

P̂ + P̂s

� 2

@̂x2
(5.16)

which asP̂s ! 1 the solution will become

T(t̂) = e� � P̂s t̂ (5.17)

and the separation constant is� =
� �

2

� 2
. Derivation of Eq. 5.16is included in App. A.

Commonly, in gas permeability studies of geological samples, this linearized solution is

used. The pulse-decay method was originally developed for evaluating the permeability

of granite at high pressure [64]. The Klinkenberg parameter can be very large for such

samples,b � O (7) Pa. Additionally, using high pressure as compared to the pressure

changePf � � P, it is clear that P̂s � 1 in these geological applications.

To observe the behaviour ofX and T, particularly when 0 � P̂s < 1, Eq. 5.9

is solved numerically - as was done for Fig.5.7 - for di�erent values of P̂s. A plot

of X and x̂ is arti�cially produced by rescaling the solution to P̂
�
x̂; t̂

�
back to unity

at the node x̂ = 1 for a give time step. Fig. 5.8 shows this result, forX (x̂) when

a steady shape is reached as the solution is marched forward in time. As P̂s ! 1 ,

X ! sin
�

�
2 x̂

�
, which is seen as the �rst harmonic obtained from solving thedi�usion

equation (Eq. 5.16).
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Figure 5.8: Pressure distribution function in the domain becomes steady aŝPs ! 1 .
P̂s � 0:1 can not be di�erentiated in the �gure because each has nearly the same values.

Similarly, solving Eq. 5.9 numerically and extracting the values ofP̂ at the

boundary nodex̂ = 1, a plot for T
�
t̂
�

is generated. As described above, the solution

for the decay function transitions its shape fromT =
�
� t̂ + 1

� � 1
to T = exp

�
� � P̂st̂

�

as P̂s increases between 0 and 1.
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Figure 5.9: The shape of the pressure decay curve transitionsfrom Eq. 5.15 (solid
line) to Eq. 5.17 (solid line) as P̂s increases from 0 to1 . The dashed lines were
obtained from solutions found with �nite di�erences. The numerical solutions for
P̂s = 0:1; 0:3; 0:5 reveal how sensitive the shape of the decay function is to small values
of P̂s. Eq. 5.17is plotted with the value P̂s = 1 for the illustrative purpose of showing
how the numerical solution atP̂s = 1 is more closely approximated by Eq.5.17rather
than Eq. 5.15. Like wise Eq. 5.15nearly exactly �ts the numerical solution for P̂s = 0
as higher order harmonics die out.

5.3.2.3 Intrinsic Permeability and Klinkenberg Parameter Dete rmination

The criteria for using the methodology described inx5.3.1 for deducing the

Klinkenberg parameter (i.e. linear �t of K g v.s. 1=Pf ) is that the shape of the pressure

decay function must be predictable and the test pressure (namely Pf ) must vary;

therefore, the test requiresP̂s >> 1 to make use of Eq.5.17. When 0 < P̂s < 1, Eq.

5.9 can be solved numerically with a �nite di�erence method; however, the shape of

the pressure decay function cannot be predicted without knowing P̂s. Fig. 5.9 shows
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that the shape of the pressure decay function transitions from hyperbolic (Eq. 5.15)

toward exponential decay (Eq.5.17) as P̂s increases.

Acknowledged inx5.2, the porosity of the sample is unknown. Applying the

boundary condition @̂P=@̂x = 0 at x̂ = 1, Eq. 5.8 can only be rearranged to determine

K i =� , where tc is directly measured by scaling the experimental data in time by tc

(from Eq. 5.8) to match the dimensionless master curve (Fig.5.9). Since the value

of b is unknown, P̂s, as well as the 'shape' of the pressure decay function (Fig.5.9)

cannot be determined prior to the experiment. Instead, (so long asP̂s < 1) values ofP̂s

and tc are found using least squares by comparing numerically produced master curves

(a function of P̂s) to experimental data scaled to dimensionless form (from dividing

the time axis by tc). Using Eq. 5.18, the experimental data set is interpolated and

iteratively compared to numerically solved pressure decaydata sets until the minimum

value of R2 is discovered. The values of̂Ps and tc giving the minimum R2 are used to

�nd b and K i =� from Eqns. 5.10& 5.8 respectively.

R2 =
X �

P̂num
j (P̂s) � P̂exp

j (t=tc)
� 2

(5.18)

Inspection of Eq. 5.8 and Eq. 5.10 reveals that tc and P̂s share the input � P,

however, there is no evidence to suggest that̂Ps will mathematically depend onK i

or � , and thus it is expected that tc and P̂s are uncoupled - excluding the implied

empirical relationship betweenK i and b [86].

5.3.2.4 Porosity Determination

To determine the porosity, a procedure is formed, starting by solving Eq. 5.9

numerically with the boundary condition from Eq. 5.12 when a reservoir volume is

present, and comparing the result to the solution with the boundary condition from

Eq. 5.11, when the reservoir volume is reduced to zero. The porous volume, VP =

�AL , appears in this boundary condition from characteristic time chosen in Eq.5.8.

From this dimensionless analysis, the dimensionless solution for the pressure decay
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Figure 5.10: The rate of pressure decay atx = L is slower as the reservoir volume
increases.

will depend on both P̂s and VR=VP with the boundary condition in Eq. 5.12, but is

independent ofVR=VP with the boundary condition in Eq. 5.11. This di�erence is

exploited to �nd the porous volume of the sample.

The boundary condition from Eq. 5.12is explored by increasingVR
VP

and plotting

the solution for pressure over time in each case. The pressure decay atx̂ = 1 is shown

in Fig. 5.10for a few cases ofVR
VP

. Each of these curves (withVR
VP

6= 0) is then scaled in

time to match the pressure decay solution when no reservoir is present (shown in Fig.

5.11).

From this procedure, we discover a scaling function,� , with a linear relation-

ship between pressure decay time and reservoir volume. Thislinear relationship is an

intuitive result, but what is not intuitive is the coe�cient , C, which (from Fig. 5.12)
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Figure 5.11: The pressure decay curves from the model with a �nite reservoir volume
VR are scaled in time to match the pressure decay from the model with VR = 0.
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Figure 5.12: Scaling the pressure decay to match that whenVR = 0 has a linear increase
in decay time (which also depends on̂Ps).
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is C = 2:23 whenP̂s = 0 and C = 2:46 whenP̂s ! 1 .

� =
t̂(P̂ )VR 6=0

t̂ (P̂ )VR =0

= 1 + C
VR

VP
(5.19)

The values ofC are reported in Table5.1.

Table 5.1: Values ofC from Eq. 5.19 for di�erent values of P̂s [72].

P̂s C

0 2.23
0.1 2.24
1 2.34
10 2.44
100 2.46

P̂s ! 1
� �

2

� 2

The characteristic time from Eq.5.8can be rewritten to account for the reservoir

volume increasing the pressure decay time.

tc =
��L 2

K i � P

�
1 + C

VR

�AL

�
(5.20)

Rearraging Eq. 5.19 the porous volume of the sample can be found in terms of the

measured system parameters.

�AL = VP =
CVR

(� � 1)
(5.21)

To validate Eq. 5.21porous samples were made with known porosity and tested

to see if the actual porosity could be recovered. Six sampleswhere made from 61cm

long tubes, with two di�erent inside diameters (0.8 and 1.3cm) and were packed with

E-glass �bers (� = 2:55g=cm3, df � 20�m ) to three di�erent �ber volume fractions

(40%, 50%, and 60%) by pulling �bers longitudinally down theaxis of the tube. Excess

�ber at each end was cut o�. The 'actual' porosity of each tubewas determined from

mass and density of the �bers and the inner volume of the tube.
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Table 5.2: 61cm length �ber glass �lled tubes

Sample Dia:
�

K g VR;A

VP
� A

VR;B

VP
� BNo. (cm) (�m 2)

1 0.8 0.601 67 6.51 15.4 64.3 147
2 0.8 0.502 20 7.79 18.4 77.0 167
3 0.8 0.411 6.8 9.52 22.0 94.0 191

4 1.3 0.600 64 3.34 8.11 33.0 72.4
5 1.3 0.501 21 4.00 9.65 39.5 88.9
6 1.3 0.403 6.5 4.97 11.3 49.1 114

For each test, a vacuum line was attached at one end of the tube(achieving

vacuum pressure of� 7kPa). At the other end of the sample, three di�erent cases

were tested: reservoir volumes of 124cm3 (VR;A ) and 1250cm3 (VR;B ); as well as a

case with no reservoir volume (VR;0) (i.e. negligible volume,� 1cm3). Each sample

initially contained air at atmospheric pressure. The vacuum pressure was applied,

during which the pressure was recorded at the opposite end ofthe sample. The pressure

decay data for the case of each reservoir volume (VR;A & VR;B ) was scaled to match its

corresponding test result for no reservoir volume (VR;0) in order to obtain the scaling

function, � . Each case was tested 3 times in order to observe the repeatability.

Fig. 5.13 shows the porosity calculated from� A and � B with Eq. 5.21. Agree-

ment with the actual porosity (calculated from weighing thesample), demonstrates

that the theory and methodology developed here is valid. Scatter in the recovered

porosity is � � 5%, indicating that more work is needed to understand the sensitivity

of the method. Tighter control of laboratory conditions appears to be necessary for

producing accurate results. Note, porosity cannot be recovered by comparing the pres-

sure decay from two tests with di�erent �nite volume reservoirs (i.e. � B =�A ) because

of compounding error, which can be deduced from Eq.5.21.

With the approach formulated here, the porous volume of the samples is re-

covered from the pressure decay curves of two pulse decay tests (with and without

a reservoir volume) via the proposed (universal) scaling function, � (Eq. 5.19). The

procedure utilized here to compare the two boundary conditions (Eq. 5.5b & 5.6) is

95



1 2 3 4 5 6
0.3

0.4

0.5

0.6

0.7
p

o
ro

si
ty

(Á
)

Sample No.

Actual ¿A ¿B

Figure 5.13: The porosity of each sample as determined by Eq.5.21 is compared to
the porosity determined from the mass and density of the glass �bers.

derived for applications of the Muskat-Klinkenberg model;however, the linear scal-

ing function could potentially be proven to work with other transport models (e.g.

Knudsen Di�usion) where the pulse decay technique (and boundary conditions) can be

applied.

5.4 Experimental Validation

5.4.1 Materials

In this study, a Gurit ST94-RC200T partially impregnated prepreg (shown in

Fig. 5.14 & Table. 5.3) was characterized to demonstrate the theory and techniques

discussed inx5.3. It consists of a precast-precatalyzed epoxy resin �lm laminated

to one side of a twill weave carbon fabric. The resin saturation of a given partially

impregnated prepreg will vary by supplier, and its intendedapplication. ST94-RC200T

is an ideal prepreg for this study because the gas evacuationcharacteristic can be

examined through the full range of progressively higher resin saturated states - from

no saturation (resin �lm on fabric) to higher saturation (resin �lm pressed into the

fabric). This prepreg is 'net resin' - typical for OoA prepregs - which means that only
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enough resin was added to meet the volume requirements of theconsolidated structure,

contrary to some autoclave prepregs which are designed to bleed o� resin.

Table 5.3: Prepreg Material Data.

Prepreg Total
Density

Fabric
Density

Fibers/tow Resin
Weight

Cured
Thickness

(g=m2) (g=m2) (%) (mm)

Gurit
ST94-RC200T

347 195 3,000 42 0.23

Figure 5.14: Gurit ST94-RC200T partially impregnated prepreg was examined in this
study. It consists of twill weave carbon fabric with a partially cured epoxy resin �lm
laminated to one side.

5.4.2 Resin Saturation Characterization

In order to characterize how resin saturation alters the pore structure, and

thus the permeability to gases, a method to quantify the liquid resin saturation was

needed. Gas extraction from partially impregnated prepreglamina is performed at

room temperature where the resin is highly viscous (� 104Pa � s) so it is reasonable

to assume that 
owing gas will not displace resin as it is evacuated. Since the pore

structure remains unchanged during the gas evacuation process, resin is equivalent to

solid domains. The state of the discrete �ber-resin pore structure must be correlated

to the gas evacuation characteristics (permeability, porosity, and Klinkenberg e�ects)

in order to obtain a complete understanding of the process.
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The di�culty in the task of adequately quantifying the resin saturation and gas

evacuation properties, lies in obtaining both properties without disturbing the resin

saturation of the sample. The technique of curing the resin (with heat) in order to

polish and inspect the sample cross-section would inherently give an incorrect result

due to capillary action during heating.

Previous studies utilizing x-ray micro-ct have proven to behighly successful [12],

yielding a detailed 3D rendering of the pore space, �bers, and resin. This technique is

very valuable since the resin may remain in the wet (uncured)state when the imaging

is performed. The results of Centea et. al. [12] demonstrated that both macro-

pores and intra-tow micro-pores exist in the prepreg's initial state; however, after some

exposure to heat and pressure (vacuum), the macro-pores close and the center cross-

section of �ber tows remain unsaturated - which in turn maintains the open porosity

required for gas evacuation. This intrinsic advantage owedto the fact that �ber-tows

are highly anisotropic, so resin will 
ow longitudinally along the �ber direction faster

than transverse to the array of �bers[87].

5.4.2.1 Surface Visualization

In Chap. 3, it was demonstrated (with the same prepreg material utilized in

this study) that the state of resin saturation can be characterized with a simple surface

visualization technique. Gurit ST94 OoA prepregs have a resin �lm laminated to one

side of the woven �ber reinforcement - in this case, carbon fabric. On the opposite face

of the prepreg, the fabric appears completely dry. By monitoring the dry side of the

prepreg (through a clear table surface) while the resin �lm is heated and pressed into

the fabric, the progression of saturation on the dry side (interms of area �lled) was

used to detail the state of resin saturation.

In this in-situ visualization technique, the prepreg is placed dry side down on

a clear acrylic table. From below the table, a CCD camera records the surface of the

prepreg's dry side which was in contact with the acrylic. Fig.5.15 shows images of

the prepreg sample which were taken during testing of Sample1. In the �rst image,
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Figure 5.15: Images of Gurit ST94 RC200T taken during surfacevisualization of Sam-
ple 1 described inx5.4.4. By monitoring the area �lled by resin on the (initially) dry
side of the prepreg, the state of the resin saturation can be inferred.

the prepreg is shown in its initial state, with 0% resin area �lled. As the resin 
ows, it

was �rst observed to emerge through pinholes in the fabric atthe intersection of �ber

tows. As the resin continues to 
ow, it �rst �lls the inter-tow free spaces between the

undulations of the �ber tows and the table surface. Once inter-tow spaces are �lled,

the resin will begin to saturate the �ber tows. Intra-tow resin 
ow was much slower

than inter-tow 
ow - arising from the smaller pore size. Due to the high anisotropy of

the �ber tows, resin was observed to �ll longitudinally along the �bers approximately

10 times faster than transverse to the �ber direction. This geometric property allows

cross-sections of �ber tows to maintain open porosity at higher levels of resin saturation

- ultimately for the bene�t of gas evacuation.

To understand how resin saturation e�ects gas evacuation, the resin must be

advanced to a known saturation so that the sample can be evaluated for its gas evac-

uation characteristics. The temperature of the sample was regulated by placing a bag

of water over the vacuum bagged sample. Intimate contact between the water bag

and the sample surface ensures a uniform temperature. To increase the state of resin

saturation, the sample was heated with a hot water bag at 40C while the sample was

subjected to vacuum pressure. To additionally achieve the most uniform pressure as

the resin was heated, vacuum was applied at both ends of the sample. A recon�gurable

adapter (detailed in x5.4.3) allows the boundary condition atx = L to be changed.

As the resin 
ows, the area �lled was monitored from below the acrylic table. Once

the desired saturation was reached (in terms of area �lled),hot water was replaced by
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ice water, which drops the resin viscosity to a nearly solid state. With the saturation

set and the resin immobilized with the ice water, the pulse-decay test was performed

to evaluate the permeability to gas and the Klinkenberg parameter. This process of

sequentially heating the sample to advance the resin and freezing the sample to main

the position of resin, was iterated until the sample was no longer permeable to gases.

From a single sample, a range of resin saturated states can beevaluated forK i , b, and

� - thus developing a complete picture of the sample's processing behavior.

Incorporating this surface visualization has the strong advantage that the gas


ow properties can be measured without a destructive test todetermine the resin

saturation. However, a major weakness is that it does not provide insight into the

volumetric open porosity. To do this, two alternate methodswere utilized to correlate

the area �lled from the surface visualization to the volumetric open porosity - the �rst

of which was done by using the pulse-decay technique (as described in x5.3.2.4, and

[72]), and secondly by measurement of liquid uptake via vacuum infusion.

5.4.2.2 Open Porosity by Liquid Infusion

Measurement of open porosity was accomplished by vacuum injection of a corn

syrup and water mixture into the prepreg samples (prepared with various resin satu-

rated states measured by area �lled [59]) and measuring the areal mass increase. Corn

syrup and water mixture was chosen because it is often used asa test 
uid during

permeability characterization experiments [88] and the epoxy resin is insoluble with

water. To ensure that the resin and corn syrup were insoluble, a sample of prepreg

was left to soak in water for 24 hours. The sample was weighed before soaking and

after being allowed to dry (post-soaking. The mass of the sample was unchanged to 4

signi�cant �gures.

In this procedure, a prepreg was sandwiched between two layers of clear plastic

release �lm and placed dry side down on the clear table. Vacuum bagging and vacuum

sealant tape were used to envelope the sample on the table andvacuum was applied

to the edges of the sample via plastic tubing and bridged together with breather cloth.
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Figure 5.16: The process for testing air permeability of partially impregnated prepregs.
Resin saturation was increased by heating the sample with hot water while vacuum
was maintained within the sample. Ice was placed over the sample to freeze the im-
pregnation state to measure the prepreg permeability with the pulse-decay method.
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Vacuum pressure was cycled on and o� 7 times to ensure the fabric had settled into

its most compact state. With the vacuum fully applied, the sample was heated (in

this case, a hot water bag) to initiate resin 
ow. As the resin saturation increased, the

resin area �lled was monitored through the clear table. Oncethe desired area �lled

was reached, the sample was quickly cooled with ice water to halt the resin 
ow and

preserve the state of resin saturation.

The center region of the prepared sample was cut away (19:0cm� 22:9cm where

the resin saturation was most consistent). With the release �lms intact, the sample was

transferred to a metal plate and prepared for liquid injection (Fig. 5.17). Fiber glass

cloth was slipped under the release �lm of each sample (inset1:27cm from each end)

to bridge the gap between the vacuum and inlet tubes and the sample pore network.

Vacuum sealant tape was placed along the edges of the sample to prevent the formation

of air pathways along the sample edges. An additional strip oftape was placed over

top of the sample by the inlet to prevent 
uid from 
owing between the release �lm

and vacuum bag.

Figure 5.17: Schematic of the process for �lling samples witha corn syrup and water
mixture to measure the open pore volume. The prepreg sample was sandwiched be-
tween two plies of plastic release �lm so that the infused liquid would be contained
within the sample.

Corn syrup was added to water until the viscosity was� 0:01Pa�s. The density

was measure before each injection (� 1:3g=cm3). The inlet line to the sample was

submerged into a bucket of the corn syrup and water mixture atatmospheric pressure.

The inlet line was closed and vacuum pressure was applied (atthe vacuum line). Once

the air was evacuated, the inlet was opened to begin the infusion. Once the liquid was

seen to emerge at the vacuum line, the liquid inlet line was closed. Vacuum was then
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additionally applied to the inlet line to remove excess liquid and eliminate the pressure

and thickness gradient across the sample.

While still held under vacuum, the sample was 
ash frozen withliquid nitrogen

and three sections were cut away with a razor and weighed to measure the mass uptake

of liquid. Eq. 5.22was used to calculate the porosity of the sample;mf illed is the mass

the of liquid infused sample,� A is the areal density of the sample prior to infusion

(Table 5.3), � f is the 
uid density ( � 1:3kg=m3), A is the sample area (� 60cm2), and

h is the nominal thickness of a ply after properly cured (Table5.3).

� =
mf illed � � A A

� f Ah
(5.22)

5.4.3 Gas 
ow Characterization by Pulse Decay

Gas 
ow characterization was performed with a variation of the transient pulse-

decay technique for determining the intrinsic permeability(K i ) and Klinkenberg pa-

rameter (b). The pulse decay method employed consisted of applying vacuum pressure

to one edge of the sample while a pressure transducer at the opposite end records the

pressure decay from atmospheric pressure. The pressure wasrecorded with reservoir

volume in-line with the pressure transducer as well as with the pressure transducer

directly at the sample, such that there was no reservoir volume. By testing these

two con�gurations allows us to determine the open pore volume of the sample - in

accordance with the theory presented withx5.3.2.4.

Fig. 5.18 shows a schematic of the experimental setup. To prepare the test,

the sample was cut to a rectangle (length to width of 2:1) and placed dry side down

on a clear acrylic table. Vacuum sealant tape was placed (closely) along the sample

edges. The vacuum sealant tape 
ows slowly and was able to �llthe air gaps along

the sample edges, thus ensuring that gas 
owed through the prepreg only. Vacuum

pressure was applied along one of the short edges of the sample. An air pathway was

distributed across the sample width by placing spiral cut tubing directly under the

sample. Nylon tubing connected the spiral cut tubing to a vacuum pump. A pressure
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transducer recorded the vacuum pressure in the tubing just outside the sample to

ensure the vacuum pressure was steady throughout testing.

Figure 5.18: Schematic of the pulse-decay air permeability test for studying in-plane
air evacuation from partially impregnated prepregs.

A Welch DuoSeal 1402 vacuum pump was used to apply vacuum pressure. Vac-

uum pressure from the pump was measured to be 0:0022kPa (absolute) using a pfei�er

PKR 251 FPM sealed Compact FullRange Gauge. An empty vacuum bucket was

placed in series between the sample and the vacuum pump with aball valve between

the sample and vacuum bucket. The vacuum bucket was used as a bu�er to ensure

that pressure at the boundary remained steady; the vacuum pump may have di�culty

displacing the air fast enough. Omega PX180B vacuum (gauge) pressure transducers

were used while testing the �rst sample and Omega PX409 NIST calibrated vacuum

(gauge) pressure transducers for the second sample. Note, pressure transducers which

measure absolute pressure are preferred to gauge pressure.An error will arise by as-

suming atmospheric pressure to be 101:3kPa; however, the resulting error will be small

compared to the desired accuracy for evaluatingb within � 1kPa (or P̂s within � 0:01),

since the vacuum pump was operating well below 1kPa.

To record the pressure decay on the sample edge across from the vacuum line,

a pressure transducer was connected to the sample's open pore network with a custom

adapter that was partially inserted under the prepreg. In order to make the assump-

tion of a zero mass 
ux boundary condition (i.e.@P=@x= 0), the volume below the

104



pressure transducer's barometric surface should not exceed 10% of the open pore vol-

ume of the sample - error in the assumption can be calculated directly with Eq. 5.19.

This modeling assumption is essential because it allowsK i =� to be measured directly,

without knowing the sample's porosity. To reconcile an adequately small volume at

the pressure transducer, a machined aluminum insert and clay were used to occupy

excessive volume. The volume of the assembly was calculatedto be less than 0:5cm3.

It was then deemed that the sample must be atleast 0:5m long by 0:25m wide.

Adjacent to the pressure transducer recording the pressure decay was a custom

modular �xture - fabricated from an ISO-KF Half Nipple (3:97cm � 2:54cm� OD) -

which was also adapted to connect to the prepreg's pore network. The �xture has

three con�gurations: an empty reservoir volume with a pressure transducer attached

(VR = 16:347cm3); with no reservoir volume by inserting a tight toleranced PTFE

plug; or the vacuum line can be attached while the sample was heated to increase the

resin saturation. This �xture allows the sample to be tested consecutively without

removing the vacuum bag/tape. Vacuum bagging was sealed around the two adapters

with vacuum sealant tape to prevent any in
ux of air.

With the sample appropriately sealed in the vacuum bag, the sample was tested

for leaks by applying vacuum and con�rming that the pressuretransducers on both

ends of the sample were equivalent (after waiting 12-24hrs). The sample was then

'debulked': a standard practice which consists of cycling the vacuum pressure on and

o� to compact and settle the fabric. It was seen from the recorded pressure decay curves

that the fabric will settle and produce a repeatable result after � 7 debulk cycles. Once

the sample was settled, it must be held under vacuum when not undergoing testing to

prevent the sample from unsettling and distorting. It was observed that resin will 
ow

substantially over the course of hours/days when at room temperature (18C). A bag of

ice water was placed over the sample and continuously maintained to prevent the resin

from 
owing and changing the impregnation state during the test. Two thermocouples

placed under the ice bag at each end of the sample recorded thetemperature to con�rm

it was evenly distributed and constant at 0C throughout the pulse-decay test.
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Once the testing setup was prepared, the procedure to measure permeability

with the pulse-decay method began with the sample initially�lled with air at atmo-

spheric pressure, a bag of ice water over top of the sample, and the vacuum bucket

pre-evacuated. The sample surface was recorded through theclear table with the

method from x5.4.2.1. Resin area was recorded throughout the pulse-decay test to

detect any changes. The camera was also shifted around underthe sample before each

test to con�rm that the resin �lled area was consistent (to within � 2%) over the whole

sample area. The data from the pressure sensors were continuously read and saved

with a LabView cDaq and program (atleast 10 samples/sec).

The test began when the valve between the sample and the vacuum bucket was

abruptly opened (hence pulse-decay). As pressure decayed towards the applied vacuum

pressure, data was recorded until the decaying pressure wasless than 10kPa. After

completing each test, atmospheric air was allowed back intothe sample through the

vent tube gradually, thus not to disturb the sample. Each test was repeat 3 times with

the zero reservoir con�guration and 3 times with the �nite reservoir.

Once the set of tests were completed for a given resin saturated state, the resin

saturation was increased for the next set of tests (depictedin Fig. 5.16). This was done

by applying the vacuum to both ends of the sample and allowingcomplete vacuum to

be reached. While recording the sample surface through the table, hot water (40C) was

placed over the prepreg sample (ensuring even and complete thermal contact). Once

the resin area �lled was nearing the desired saturation, thehot water was removed

and replaced with ice water (0C). This arrested the resin 
ow and preserved a new

saturated state. With the new saturation state set, the next round of pulse-decay tests

were repeated.

5.4.4 Results

Two samples of Gurit ST94-RC200T partially impregnated prepreg (Table 5.3)

were tested. Sample dimensions (Table5.4) were chosen from an estimated condition

that the porous volume of the sample should be approximately10 times greater than

106



the residual empty volume at the pressure transducer (measured to be 0:5cm3) in order

to assume the boundary condition@P=@x= 0 is accurate [72].

Table 5.4: Sample dimensions

Sample Length (m) Width (m) Thickness (m)

1 0.71 0.30 2:3 � 10� 4

2 0.56 0.25 2:3 � 10� 4

Each sample (for this particular prepreg) begins with no resin showing through

'dry' side - 0% area �lled (with resin). In this state, the resin �lm is not saturating

the woven carbon �ber fabric. Both intra-tow pore spaces (spaces between �bers) and

inter-tow spaces (space between �ber tows) are unsaturated and connected. Primarily

due to the large open inter-tow spaces, the prepreg has signi�cantly higher permeability

in this state. Fig.5.20shows the initial measured properties at 0% area �lled asK i =� =

3 � 10� 12m2, � = 0:37, b = 3kPa for sample 1, and sample 2 measuring at about 1=3

the permeability. Overall sample 2 does not track well with sample 1. The cause

of this is not exactly clear, but the sample fabric may have distorted slightly during

handling. Sample 3 became distorted after the �rst data point was taken; results are

not discussed in detail, but simply added for reference.

As the resin �lm is pressed into the fabric, it is seen to emergethrough pinholes

in the �ber weave (at intersections of �ber tows). In these areas, resin is �lling inter-tow

volume. At 7% area �lled, the material properties are shown to change sharply: For

sample 1K i =� = 5 � 10� 12m2, � = 0:28,b= 8kPa. Quite obviously, the inter-tow space

contributes the most to the permeation of gases; once saturated, gases are forces to 
ow

through the intra-tow spaces between �bers. As resin saturation increases further (7%

to 35% area �lled), very little change is seen in the materialproperties as area �lled

increases. This observation is expected. As resin saturatesmore of the inter-tow space

the gas 
ow paths are not greatly a�ected because gas 
ow along inter-tow spaces has

already been blocked.
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As resin saturation is increased greater than 35% area �lled,the material prop-

erties change, indicating that resin saturation is intruding into the �ber tows. Both

the measured porosity and pore averaged intrinsic permeability K i =� decrease - a clear

indication that as the saturation increases the global porestructure of the material

changes. The Klinkenberg parameter increases as well whichalso con�rms the pore

structure is changing, and additionally implying that the e�ective pore diameter is

decreasing. A third change in pore structure is expected at very high saturation: Fiber

tows transverse to the 
ow direction will disconnect from the longitudinal tows and

in-turn trap air. It is unclear where this may onset but it is suspected that the last

data point in sample 1 (at 90% area �lled) is likely experiencing this phenomenon.

Fig. 5.19 shows 4 experimental results (solid lines), each taken fromSample

1, and each plotted with the numerical solution to the governing equation (dashed

lines) for the value ofP̂s it best �ts with. When �tting each experimental data set

to the numerically solved master curves, the data is croppedto 0:15 � P̂ � 0:85 for

consistency and because of non-linearity when time is small. This Table 5.5 details

which experimental and numerical curves are represented with each label. Under label

1, the experimental result from 0% resin area �ll is shown to best �t the numerical

solution for P̂s = 0:03 with a characteristic time oftc = 22:5s - yielding a Klinkenberg

parameter of � 3kPa and permeability K i = 3 � 10� 12m2. As the resin saturation

was increased, it is clear from Fig.5.19 that the change in 'shape' of the pressure

decay curve makes ignoring the Klinkenberg parameter impractical, i.e. the data set

from label 4 (90% resin area �lled) cannot be �t to the numerically solved data set for

P̂s = 0:03 from label 1, by simply adjusting the characteristic time.

Porosity as measured by liquid infusion, yielded a lower result than from the that

obtained with the pulse-decay technique; however, the trend in the data is very similar.

It is di�cult to determine which method is more accurate. The liquid infusion may

not have fully saturated the open pores, which would under predict the porosity. Con-

versely, it is also di�cult to say how much the fabric deformation e�ects the recovered

porosity. Fabric deformation cannot be controlled during the pulse-decay test, but the
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Figure 5.19: Experimental data sets (solid
lines) from tests at di�erent resin satura-
tion are shown overlayed onto each Mas-
ter Curve (dashed lines) to which the data
best �ts.

Table 5.5: Overlay of experimental data
with numerically solved master curves cor-
responding to Fig. 5.19

Exp. Data Set Num. Soln.
Label Resin Area tc P̂s

(%) (s) (kPa/kPa)

1 0 22.5 0.03
2 35 100 0.11
3 55 397 0.17
4 90 2970 0.22

compaction will be more uniform for the liquid infusion method if the liquid pressure

is equilibrated after infusion (i.e. applying vacuum to the inlet and outlet). Unfortu-

nately, there is no good method for determining open porosity for OoA prepregs. We

o�er our variation to the pulse-decay method described herebecause of its seamless

integration with the measurement of permeability and Klinkenberg parameter.

In Figs. 5.21& 5.22, the derived materials parameters (K i , � , and b), are plot-

ted w.r.t. each other. Saturation (in Fig. 5.21) is reported by de�ning the referencing

porosity at 0% area �lled to be zero saturationS � 1 � �=� 0. Likewise, relative per-

meability references the permeability at 0% area �lled (K i =� )rel � (K i =� )=(K i =� )0. In

Fig. 5.21, relative permeability appears to have two distinct regimes w.r.t. saturation,

inter-tow and intra-tow saturation. Once the saturation reached 35% area �lled-40%

volume saturated, the decrease in permeability is greater with increased saturation.

Although many models exist for this particular plot (e.g. Kozeny-Carman [28, 29] or

Brooks-Corey [89]), we opt not to apply any at this point to avoid conjecture; such an

e�ort would be a new study in and of itself.

In Fig. 5.22, the pore averaged intrinsic permeability is plotted w.r.t. the

Klinkenberg parameter. Both samples show a very near exponential trend (with the
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exception of the last data point of sample 1). Following Klinkenberg [34], numerous

authors have attempted to �t experimental data with a power law relationship b =

� (K i =� )� � . Most recently, Florence et. al. [90] and re�ned by Civan [86], showed by

derivation that � = 0:5 (material independent) and� = 9:55� 10� 3 for air (with b and

K i in units of kPa and m2 respectively). Sample 1 is quite closely approximated by

the model prediction.
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Chapter 6

CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORK

6.1 Conclusions

This dissertation investigates the 
ow processes for producing composite struc-

tures using vacuum bag only prepreg processing. The processitself is described to

consist of three discrete processing steps: prepreg ply placement, gas evacuation from

the partially saturated prepreg laminate, and oven curing -where resin 
ows to fully

saturate the laminate pores (and eventually cures). This work can be considered in

two parts. In the �rst part, a method is introduced to monitor the 
ow of resin as it

saturated the open pore spaces of the prepreg fabric. In the second part, evacuation

of gas from the open pore network of the prepreg is investigated. Each of these two

parts has their own unique contributions towards understanding and measuring pro-

cess variables relevant to the 
ow processes. In terms of processing outcomes, there

are some major processing revelations realized throughoutthis work.

Using the visualization technique described in Chap.3, there were two major

observations: The saturation rate of resin within the fabric is scalable by the square of

a characteristic length of the fabric weave geometry and theinverse of resin viscosity;

however, as the fabric is compressed, as is the case during Automated Tape Placement

under a compaction roller - the reduction in fabric permeability outweighs the addi-

tional pressure in the resin, and the rate of saturation seeslittle gain. The visualization

technique was also applied to observe the motion of gas bubbles entrapped in the resin

as the resin 
ows to fully saturate fabric pores. Since the prepreg which was studied

consisted of a resin �lm on a woven fabric, gas bubbles which were trapped within the

resin �lm were observed to easily traverse large inter-tow pores with the 
ow of resin.
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Gas bubbles must be able to reach the interface of resin with the open pore network

in order to be vented from the prepreg. When the interface existed within inter-tow

pores, bubbles were easily able to reach this interface and rupture. When the satura-

tion was higher, and the open pore network only exists withina central cross-section of

the �ber tows, bubbles were not able to squeeze into intra-tow pores (between �bers)

in order to reach the vacuum within the open pore network. These basic observations

lead to the simple conclusion that the e�ectiveness of a partially impregnated prepreg

to remove bubbles entrapped in the resin, depends strongly on the initial degree of

resin saturation of the prepreg - where there is a critical saturation, at which the open

pore network remains connected, however bubbles will not beable to reach it.

In Chap. 5, a model and an experimental method for determining material prop-

erties pertaining the evacuation of gas from the open pore network of partially impreg-

nated prepregs is constructed. A strong e�ort is made to account for the Klinkenberg

e�ect, which is observed in dilute gases, causing the observed gas permeability to be

greater than the intrinsic permeability of the porous material (intrinsic is synonymous

with liquid permeability). Using this new framework, the values of porosity, intrinsic

permeability, and Klinkenberg parameter is determined fora partially impregnated

prepreg as a function of the resin saturation. A major �ndingis that the Klinken-

berg parameter (Fig.5.22) is negligible for a woven fabric prepreg when the inter-tow

pores are unsaturated and gas can travel through these channels, where the pore size is

� 100�m ; however, when the open pore network is restricted to intra-tow pores which

are 1�m < d < 10�m , the Klinkenberg parameter takes a measurable jump - as one

would expect.

6.2 Contributions

Throughout this work, a wide breadth of problems pertainingto vacuum-bag-

only prepreg processing were studied, which made several signi�cant contributions to

several aspects of the process.
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In Chap. 3, the most signi�cant contribution is the introduction of the test

method for in-situ visualization of resin 
ow in a partially impregnated prepreg. The

degree of resin saturation of a partially impregnated prepreg is fundamental to the

nature of processing performance and outcome. Since this material property is so

di�cult to quantify, the contribution of a simple and useful test method has a wide

implication of aiding in the study of other processing characteristics. In this dissertation

alone, a test method is implemented to study the rate and pattern of resin 
ow as the

resin �lm progressively saturated the fabric (Chap. 3), the migration of entrapped

gas bubbles into gas evacuation channels - i.e. open pore network (Chap. 4), and the

state of the resin saturation, for the purpose of understanding how the gas evacuation

properties changing as resin saturation increases (Chap.5).

In Chap. 4, observations collected on the migration of bubbles into airpath-

ways (open pore network) demonstrated that a partial impregnation scheme is not as

e�cient as previously assumed. Many partially impregnatedprepregs are available with

a relatively high degree of resin saturation, but still low enough to maintain a well con-

nected open pore network. A gas bubble within an inter-tow channel can be adjacent

to an unsaturated �ber tow with vacuum pressure in the open-pore cross-section and

is still unlikely able to squeeze between �bers and rupture.Varying temperature and

pressure processing conditions were tested with no discernible e�ect. Measurements

from the observed bubble (U) and resin (V) velocity were compared to a well known

model predicting bubble mobility (U=V) in a hele-shaw cell. The results demonstrated

that the relative bubble velocity was much too fast to include drag induced by small

capillary number theory (Ca = �U=� ). Omitting Ca (i.e. Ca ! 1 ) a relationship

�rst proposed by Taylor & Sa�man [ 60] U=V = 1+ a=b(wherea=bis the bubble length

to width ratio) is shown as an appropriate �rst order approximation.

In Chap. 5, several signi�cant contributions are made, applying to theevacua-

tion of atmospheric gas from at partially impregnated prepreg laminate (i.e. transient

pressure decay). After careful investigation of the literature on the boundary value

problem and experimental method known and the pulse-decay technique [64], it was
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determined that the conditions and experimental process was unsuitable for character-

izing this material and process. The governing equation andboundary conditions were

reevaluated in a new (previously unused) non-dimensional form which was much better

able to predict the behavior when the system has both, a smallklinkenberg parameter,

and a vacuum pressure boundary condition. Studying the e�ect of this dimension-

less pressure constant̂Ps was able to reveal the e�ect of the Klinkenberg parameter,

as well as the conditions for which linearization is appropriate. Recent publications

on evacuation of gas from honeycomb core cells through a prepreg face-sheet [21, 69]

have reported gas permeabilities in the range 10� 14 < K gas < 10� 17m2 have utilized a

linearized form the the governing equations which predictsan exponential time decay

function. In these applications, based on the low values reported for permeability, as

well as a good �t to an exponential decay, it is a good indication that there are strong

klinkenberg e�ects for gas evacuation through the out of plane direction of partially

impregnated prepregs.

Further investigation into in
uence of the reservoir boundary produced a new

equation: a scaling factor which determines how much more time is needed to evacuate

gas when comparing a zero mass 
ux boundary condition (i.e. symmetry condition -

a prepreg evacuated from 2 edges spaced 2L apart) and the result when a reservoir

volumeVR is present which must be drained through the prepreg. This scaling function

� = 1 + C
VR

VP
(6.1)

can be factored in to the characteristic time

tc =
��L 2

K i � P
(6.2)

to produce a modi�ed tc, which means the solution fromVR = 0 can be used to predict

the extended decay time. When the ratioVR=VP � 1, whereVP = �AL , the modi�ed
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characteristic time reduces to

tc =
��L 2

K i � P

�
C

VR

�AL

�
(6.3)

and it becomes immediately obvious why the porosity can be dropped out whenVR �

VP .

Using this newly constructed theory, a novel experiment was designed for pre-

dicting K i , b, and � . Coupling this method with the visualization technique from

Chap. 3, the gas 
ow properties are mapped to the degree of resin saturation of the

prepreg. These results produced detailed insight into how the quantity and pattern of

resin saturation will e�ect of value of these gas 
ow properties. It was shown here for

the �rst time, that the Klinkenberg parameter will have signi�cant in
uence, when the

resin saturation is high, and gas is forced to 
ow through theinterstitial spaces between

�ber. These very small pores (1� 5�m dia.), coupled with the pressure approaching

a high vacuumPf � 2Pa, 'gas slippage' becomes a signi�cant physical e�ect, which

enhancing the permeability by a factor of 2-3.

6.3 Future Work

The work of this dissertation develops several tools which are much needed

in order to characterize partially impregnated prepregs and model vacuum bag only

prepreg processing. Introduction of the novel surface resin visual method has opened a

door to enable studies which can quickly and easily quantifyand correlate material and

processing properties to be mapped to a prepreg's degree of resin saturation. Without

a good tool to monitor resin saturation, process models are unachievable. Future work

in this research area will call upon this technique to continue to enhance the depth of

understanding of this class of materials.

An important next step in researching how resin saturation evolves and the

implications on the open pore structure, the in-situ resin visualization method inx3.2.1

should be coupled with the ex-situ micro-ct method �rst introduced by Centea &
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Figure 6.1: Micro-ct scan of Gurit ST94-RC200T at 35% Area Filled.

Hubert [12]. Building on the results of this dissertation, the surfacevisualization

method nicely complimented the experiment designed inx5.4.3 to measure the gas

evacuation properties. In particular, since the sample canbe inspected right on the

table (in the gas evacuation experimental arrangement) thesame sample is tested

iteratively, as the resin saturation is increases. By performing an additional ex-situ

study which maps the resin area �lled to the results of a micro-ct scan, an in-depth

analysis can be perform discussing the nature of the pore structure, and the e�ect on

the measured gas 
ow properties (K i , b, � ).

Fig. 6.1 shows the results of a micro-ct scan of Gurit ST94-RC200T (the same

as studied in Chap. 5), when the sample was showing 35% of the surface area �lled

with resin. From the ct-scan, resin and �ber voxels have beenmade transparent, and

pore space voxels were made black, resulting in a 3D rendering of the pore network

only. As can be seen, the inter-tow pores are transparent, indicating that they are

saturated with resin. The pores in this sample exist only between �bers, thus, the pore

network clearly displays the undulations of the �ber tows.
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Figure 6.2: Micro-ct scan of Gurit ST94-RC200T at 50% Area Filled.

Fig. 6.2 shows the results of a micro-ct scan of the same sample with 50%

of the surface area �lled with resin. Here, the pores existingbetween �bers appear

discontinuous in places. This result represents that �ber tows, �lling unevenly (i.e. not

perfectly radial to �ber tow) can more quickly reduce the permeability with respect to

porosity.

From these 3D rendering of pore space within a partially impregnated prepreg, a

numerical 
ow model can be generated by meshing the solid geometry (pore domains)

and performing a �nite element simulation which solves the Navier-Stokes equation for

low Reynolds number (i.e. creeping motion). An idea outcome from such a study could

show the bene�ts or shortcomings for certain �ber architectures. Very large monolithic

composite structures - where air evacuation is a challenge -may have a preference for

thick cross-section �ber tows, etc.
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Appendix A

LINEARIZATION OF GOVERNING PDE FOR GAS FLOW
THROUGH POROUS MEDIA WITH THE KLINKENBERG EFFECT

The partial di�erential equation which the transient gas pressure in a porous

media domain was introduced inx2.4 and discussed more detail inx5.3.1. With the

dimensionless variables chosen inx5.3.2.1the governing PDE in dimensionless form is

@̂P

@̂t
=

@
@̂x

 
�

P̂ + P̂s

� @̂P
@̂x

!

(A.1)

where 0 � x̂ � 1, 0 � t̂ < 1 , and 0 � P̂ � 1. This form of the governing PDE

seems to be unique to this disseration; where, the nondimensionalization was chosen

such that a system parameterP̂s � (b + Pf )=� P remains within the PDE. In this

Appendix, the steps and assumptions are shown which linearize the nonlinear PDE in

Eq.A.1

The �rst steps are to recasting and rearrange Eq.A.1, to include the constant

P̂s within the derivatives. The right hand side of Eq.A.1 can be written as

RHS =
@

@̂x

 
�

P̂ + P̂s

� @̂P
@̂x

!

=
1
2

@2
�

P̂ + P̂s

� 2

@̂x2
(A.2)

The left hand side is manipulated in 3 steps. First, we can write

@̂P

@̂t
=

@(P̂ + P̂s)

@̂t
(A.3)
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However, in order for the result to represent the di�usion equation the intensive prop-

erty must be the same (i.e.
�

P̂ + P̂s

� 2
). So moving backwards, we �nd that

@
�

P̂ + P̂2

� 2

@̂t
= 2

�
P̂ + P̂s

� @
�

P̂ + P̂s

�

@̂t
(A.4)

Therefore, the substitution

LHS =
@̂P

@̂t
=

1

2(P̂ + P̂s)

@
�

P̂ + P̂2

� 2

@̂t
(A.5)

can be made. Combining, we arrive at

@
�

P̂ + P̂s

� 2

@̂t
=

�
P̂ + P̂s

� @2
�

P̂ + P̂s

� 2

@̂x2
(A.6)

Without any assumptions thus far, the term
�

P̂ + P̂s

�
has been moved outside the

derivatives - in one location. Stated above,̂P � 1 was prescribed; however,̂Ps being

a system/material variable, it is not restricted; namely,P̂s 2 h0; 1 ). With the term
�

P̂ + P̂s

�
outside the derivative, the approximation

P̂ + P̂s � P̂s (A.7)

can be made when̂Ps � 1.

@
�

P̂ + P̂s

� 2

@̂t
= P̂s

@2
�

P̂ + P̂s

� 2

@̂x2
(A.8)

Eq. A.8 is the equation for linear di�usion of
�

P̂ + P̂s

� 2
where the di�usion coe�cient

is P̂s.

The solution to the linear di�usion equation is produced by assuming it has

the form of multiplicitive separaratio of variables. In this case, demonstrating the
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linearization of Eq. A.1, the solution form to Eq. A.8 is

�
P̂ + P̂s

� 2
= X (x̂) T

�
t̂
�

(A.9)

The boundary conditions

P̂
�
0; t̂

�
=

@
@̂x

P̂
�
1; t̂

�
= 0 (A.10a)

become

X (0) = X 0(1) = 0 (A.10b)

and initial condition

P̂ (x̂; 0) = 1 (A.11a)

becomes

T (0) = 1 (A.11b)

For consistance this initial condition, the right boundarycondtion must be

X (1) = 1 (A.11c)

To homogenize the left boundary condition for
�

P̂ + P̂s

� 2
, and constant P̂2

s

need to be added to the solution. The general solution is

�
P̂ + P̂s

� 2
= P̂2

s +
X

Cn sin (
p

� n x̂) exp
�

� � n P̂st̂
�

(A.12)

where� n are the set of eigenvalues

� n =
� n�

2

� 2
(A.13)

P̂ =

r

P̂2
s +

X
Cn sin (

p
� n x̂) exp

�
� � n P̂st̂

�
� P̂s (A.14)
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P̂s can be factored at and 1=P̂2
s can be absorbed into the constantCn

P̂ = P̂s

 r

1 +
X

Cn sin (
p

� n x̂) exp
�

� � n P̂st̂
�

� 1

!

(A.15)

using the Taylor expansion around zero of

p
1 + � = 1 +

1
2

� + ::: (A.16)

around

P̂ � P̂s

�
1 +

1
2

X
Cn sin (

p
� n x̂) exp

�
� � n P̂st̂

�
� 1

�
(A.17)

again absorbingP̂s=2 into Cn it is found that

P̂ �
X

Cn sin (
p

� n x̂) exp
�

� � n P̂st̂
�

(A.18)

Taking the �rst term in the expansion n = 1, we �nally arrive at

P̂ � sin
� �

2
x̂

�
exp

�
�

� �
2

� 2
P̂st̂

�
(A.19)

and the two equations articulated inx5.3.2.2are found forP̂s ! 1

X = sin
� �

2
x̂

�
(A.20)

and

T = exp
�

�
� �

2

� 2
P̂st̂

�
(A.21)
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Appendix B

SCALING THE RESERVOIR BOUNDARY CONDITION DURING
PULSE-DECAY

In x5.3.2.4, it was shown that by using the pulse-decay method to obtain pressure

decay curves and comparing the results from when a reservoirvolume is present, to the

result from when no reservoir volume is present, a time scaling parameter is obtained.

The governing PDE in Eq. B.1, introduced in x5.3.2.1, describes the gas pressure

within the porous media domain.

@̂P

@̂t
=

@
@̂x

 
�

P̂ + P̂s

� @̂P
@̂x

!

(B.1)

The boundary condition at x̂ = 0 is maintained as

P̂
�
x̂ = 0; t̂

�
= 0 (B.2)

to represent the location where vacuum pressure is applied to the material domain.

Likewise, the initial condition

P̂
�
x̂; t̂ = 0

�
= 1 (B.3)

is applied to represent the atmospheric pressure which mustbe evacuated from the pore

space at the begining of the procedure. At the right boundary(x̂ = 1), two scenarios

are compared. First, the symmetry condition

@̂P
@̂x

= 0 (B.4)
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, which, (shown in Fig. B.1) also indicates there is no reservoir volume present. A

Figure B.1: The problem schematic where gas is evacuated fromthe sample domain
in which there is a symmetry condition opposite the applied vacuum (i.e. no reservoir
volumes).

second senario is considered (shown in Fig.B.2), where a gas �lled reservoir volume

is connected to the porous domain at ^x = 1 and must be drained through the porous

medium as vacuum pressure is maintained at ^x = 0. This boundary condition written

in dimensionless form in Eq.B.5.

VR

VP

@̂P

@̂t
= �

�
P̂ + P̂s

� @̂P
@̂x

(B.5)

VR=VP is ratio of the reservoir volume to the porous volume of the sample - VP = �AL

Figure B.2: The problem schematic where gas is evacuated fromthe sample domain
in which there is a gas �lled reservoir volume which must drain through the porous
sample domain.

where� is porosity, A is the sample's total cross-sectional area (thickness times width)

normal the direction of 
ow, and L is the length of the sample.

Both senarios, (boundariy conditionB.4 at x̂ = 1, and boundariy condition B.5

at x̂ = 1) are solved numerically using time marching �nite di�erences. In the case of

boundariy condition B.5, a set of solutions are produced by setting the quanityVR=VP

(the dimensionless reservoir volume), di�erent values between 0.1 and 100 (shown in

Fig. 5.10). The set of solutions for varyingVR=VP were scaled in time to match with
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solution produced whenVR=VP = 0 (where boundariy condition B.4 is applied). The

resulting procedure collpases all decay curves to a single master curve shown in Fig.

5.11. This temporal scaling factor is de�ned as� . The value is found to be

� �
t̂(P̂ )VR 6=0

t̂ (P̂ )VR =0

= 1 + C
VR

VP
(B.6)

by a linear interpolation of � to VR=VP . In Eq. B.6, P̂(t̂)VR 6=0 and P̂(t̂)VR 6=0 is the decay

curve from when the reservoir is �nite and zero respectively. Because the time axis of

each curve is scaled, we are in-fact scaling the magnitude ofthe inverse functiont̂(P̂ ).

The value of the linear slopeC changes slightly with the values ofP̂s: the values are

reported in Table 5.1

This Appendix is dedicated to looking deeper into Eq.B.6; namely, the value of

C will be explained. Just as in App.A, it is assumed that Eq.B.1 can be represented

as a multiplicative separable equation.

P̂
�
x̂; t̂

�
= X (x̂) T

�
t̂
�

(B.7)

Following the de�nition of � giving in Eq. B.6, and assumingP̂ has the separable form

in Eq. B.7, � represents that the decay function - for a given̂Ps - will have the same

'shape' which is scalable in time by a function of the reservoir volume VR=VP . Namely,

T
�

t̂
�

VR =0
= T

�
t̂ = �

�
VR 6=0

(B.8)

In Eq. B.8, T will have the same form on the LHS and the RHS. Changing the bound-

ary condition at x̂ = 1 will, however, e�ects the separation constant� (a separation

constant is implied when assuming the form in Eq.B.7). This means that � is in-fact

the ratio of the separation constants.

� =
� VR 6=0

� VR =0
(B.9)
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The separation constant� is found by applying the boundary conditions from Eqns.

B.4 & B.5. There are two dimensionless variables to be considered:P̂s & VR=VP . To

understand the e�ect of both P̂s & VR=VP , four cases are looked at individually. A

combination of results from numerical solutions and analytical solutions are combined

to obtain all of the needed information. Fig.5.8 shows the numerically derived spatial

function for the di�erent cases.

Case (i) : P̂s = 0

First, VR = 0 is investigated. Substituting Eq. B.7 into Eq. B.1 gives

T0

T2
= X 00+

(X 0)2

X
= � � (B.10)

Applying the boundary condition X 0(1) = 0 (from Eq. B.4), we are left with

� = � X 00(1) (B.11)

Without an analytical solution to X (x̂), the value of X 00(1) can be found numerically

from the plot in Fig. 5.8, which gives� = 1:115.

VR 6= 0 is applied from Eq. B.5. In this case, the separable form of̂P (Eq. B.7) is

applied the boundary condition equation (Eq.B.5)

T0

T2
= �

1
VR=VP

X 0 = � � (B.12)

giving

� =
X 0(1)
VR=VP

(B.13)

In this case,� depends onVR=VP and X 0(1) (i.e. the pressure gradient at the bound-

ary). As VR=VP ! 1 , the system approaches the steady 
ow con�guration. Steady


ow can be solved exactly by setting@̂P=@̂t = 0. When P̂s = 0

P̂ (x̂)steady = X (x̂)steady =
p

x̂ (B.14)
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Here, we see thatX 0(1) = 1=2 in the limit VR=VP ! 1 .

From combining the resultsVR = 0 & VR 6= 0 when P̂s = 0

� = �
X 00(1)VR =0

X 0(1)VR 6=0

VR

VP
(B.15)

In the limit VR=VP ! 1 , we can see that

lim
VR =VP !1

� = �
� 1:115

1=2
VR

VP
= 2:23

VR

VP
(B.16)

To realize the form of� seen in Eq. B.6 we can compile what is known about

X (x̂). By de�nition: � ! 1 as VR ! 0. Substituting � = 1 into Eq. B.6, we �nd

that X 0(1)VR 6=0 ! � X 00(1)VR =0
VR
VP

as VR ! 0. This expression acceptable because we

know that X 0(1) = 0 when VR = 0. Finally, X (x̂) = X steady as VR ! 1 . Eq. B.17 is

compiled to meet these constraints.

X 0(1)VR 6=0 = X 0(1)steady �
(X 0(1)steady )2

� X 00(1)VR =0
VR
VP

+ X 0(1)steady
(B.17)

Substituting Eq. B.17 into Eq. B.15, we obtain

� = 1 �
X 00(1)VR =0

X 0(1)steady

VR

VP
(B.18)

which gives the result

C = �
X 00(1)VR =0

X 0(1)steady
(B.19)

Consistent with Table 5.1, C = 2:23 whenP̂s = 0.

Case (ii) : P̂s ! 1

For VR = 0, this case was covered in App.A

X (x̂) = sin
� �

2
x̂

�
(B.20)
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where� = � X 00(1) =
� �

2

� 2

As VR ! 1 , the system approaches the steady 
ow con�guration. Steady
ow can be

solved exactly by setting@̂P=@̂t = 0. When P̂s is �nite

0 =
@

@̂x

"
�

P̂ + P̂s

� @̂P
@̂x

#

(B.21)

By integrating both sides

Ax̂ + B =
1
2

�
P̂ + P̂s

� 2
(B.22)

and applying the boundary conditionsP̂ = 0 at x̂ = 0 and P̂ = 1 at x̂ = 1, we arrive

at

P̂ (x̂)steady = X (x̂)steady =

r �
1 + 2P̂s

�
x̂ + P̂2

s � P̂s (B.23)

In Eq. B.23, X (x̂) = x̂ as P̂s ! 1 - in which caseX 0(1) = 1. Applying these results

to Eq. B.19, we see thatC =
� �

2

� 2
as P̂s ! 1 - again, consistent with Table5.1.
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