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ABSTRACT

Vacuum bag-only processes, used in the manufacture of comp® structures
( ber reinforced polymer), are inexpensive alternativesd similar high pressure pro-
cesses which can reliably produce highly consolidated - lhidper volume fraction, low
void content - composite laminates. Prepregs { ber plies, ne-impregnated with resin
(thermoset or thermoplastic) { are processed with elevatettmperature and pressure
(applied normal to the laminate), which consolidates and eas the prepregs to form
the composite structure. Research within the last decade $igroven that low void
content composite laminates can be produced using prepregigh a vacuum bag only
process (in ambient atmosphere) if the prepregs are only piatly impregnated with
resin.

Open porosity (non-impregnated cross-sections) of the barchitecture, serves
as air evacuation pathways, which allows vacuum pressuremied at the boundaries of
the laminated structure to evacuate any gases before becoiientrapped in the resin.
The nature of resin distribution (and redistribution), evdution of open porosity, and it's
e ect on gas evacuation - which intrinsically de nes the magrial properties pertaining
to processing and process outcome - is poorly understood.ig Hissertation pursues a
framework and methodology to characterize the relationghibetween resin saturation
and macroscopic gas evacuation properties (permeabilifgorosity, and Klinkenberg
e ects), as well as the near-microscopic ow of resin duringonsolidation.

This dissertation introduces an in-situ resin visualizabn method used to (i)
model the dual scale resin impregnation as a function of peese and temperature, (ii)
observe and model the movement of bubbles which travel withé resin toward evacu-
ated air pathways,and (iii) quantify the surface saturatim, which is used to characterize

gas permeability as it changes with resin saturation.
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This surface visualization method demonstrates that resirow 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 & estimated from inter-tow
pores and intra-tow pores.

Using the same visualization technique, the focus is changtatrack bubbles
owing in the resin. Bubbles are observed to emerge throughinholes and ow with
the resin through inter-tow channels. A key nding of this stidy is that tunable process
parameters, such as pressure and temperature, are less in@at for successful bubble
removal as compared to the initial state of resin impregnain in the prepreg. Prepregs
with high resin impregnation will not be able to vent bubblesbut with su ciently low
resin impregnation, bubbles may escape into air pathways.nm@ll Capillary number
theory (i.e. Ca < 0:01) was shown to under predict the relative velocity of bubbk,
suggesting that surface tension does not signi cantly combute to the drag force on
bubbles.

Gas evacuation from a partially impregnated prepreg, was ahacterized using
the pulse-decay method. Dimensionless analysis was usedtliow how the initial pres-
sure, boundary conditions (vacuum pressure at x = 0 and withrowithout a reservoir
volume at x = L), and Klinkenberg parameter e ect the predicied 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 materialBy comparing the ex-
perimental data to a set of dimensionless master curves, tlrinsic 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 moreaterials which
remain in distinctly di erent phases when combined. Fiber maforced polymers are a
very prevalent subset of composites which appear in a widenge of advanced engi-
neering applications. Fibers embedded in the polymer can bédontinuous (short or
long) or continuous (unidirectional, stitched, or woven).High strength/sti ness bers
contribute their load bearing capacity to the polymer matrk 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 weighsia critical factor. A prime
example of this is the Boeing 787 dreamliner, which saves 3@%6uel consumption due
to its extensive usage of carbon ber-epoxy composites, whiamounts to 50% of the
weight of the total structure.

The process of combining polymer matrix with ber reinforcenent to produce
a composite structure is referred to as composites processi A wide array of pro-
cesses exist to achieve this objective; however, for the mpart all processes can be
categorized into 2 process families (shown in Fig..1), injection processes and prepreg
processes. Injection processes are also referred to as iddiomposite Molding (LCM).
In LCM processes, dry continuous ber reinforcement is ermded in a mold cavity and
thermoset resin is injected from an injection port, where isubsequently ows through
the ber bed, lling the interstitial space between bers asit ows towards and exits
through a vent port. Prepreg processes, on the other hand,ai$prepreg” which are

precursor materials with which the bers and resin (thermost or thermoplastic) are



precombined (pre-impregnated). Prepregs are likewise pkd on a mold tool; however,
with the resin already saturating the ber architecture, ornly pressure (applied normal

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

Resin Injection Pre-preg Void Reduction
RTM Press Autoclave
Resin || Injection <, 1 (el 2 ==—1 il ‘ l

Positive
Pressure

Rigid Mold Dry Preform

Comp osites Manufacturing” 2010,

VARTM Out-of-Autoclave with Pre-pregs

Resin Film
ry Fabric

Vacuum
Pressure

Air Evacuation Path

Justin B. Alms. ” Flow Manipulation and Control
Methodologies for Vacuum Infusion Processes” Phj
thesis, University of Delaware, 2010

Figure 1.1. Matrix of composites process familie§,[2].

The table in Fig. 1.1 shows that both injection processes and prepreg processes
have variants which either use positive pressure or vacuunrggsure-only. Processes
which use high positive pressure (usually in conjunction Wi vacuum pressure) are
reliable at forming composite laminates with low void cont&. The high pressure
observed in the liquid resin (as it solidi es) can decrease eliminate bubbles of en-
trapped gas P]. Applying the ideal gas law to the gas inside the bubble showkat
the bubble volume must decrease as the gas pressure increasat high enough pres-
sure gas can dissolve into the resin. During vacuum pressumaly processes, when the
applied external pressure is limited to atmospheric pres®) bubble growth cannot be
arrested - in fact the vacuum pressure will bring more gas owff solution and grow
the bubbles. The processing goal in vacuum pressure only pesses is to evacuate as

much gas as possible out of the resin before the resin sets.VAtuum Assisted Resin



Transfer Molding (VARTM) this is done by degassing the resinn a vacuum cham-
ber before performing the resin injectionl]. A relatively new process, referred to as
Out-of-Autoclave (OOA) or Vacuum Bag-Only (VBO) prepreg procssing, uses spe-
cialized prepregs which are designed to be consolidated enthe limitation of vacuum
pressure-only 3]. This dissertation addresses the processing challengéshis process,
where thermoset prepreg layups must be evacuated of gasesomder 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 maagturing high
quality, low porosity composite parts. In this process, ppgeg plies are laid up on a
mold tool and enveloped inside a vacuum bag. With vacuum press applied to the
laminate inside the vacuum bag, the assembly is closed insidn autoclave, where the
atmosphere is elevated in temperature and pressure in ordercompress/consolidate
the laminate and cure the resin. Autoclave prepregs are ty@lly fully saturated or
over-saturated with resin. As prepreg plies are stacked (tkup) to form the laminate
air inevitably becomes entrapped in the resin resin inter€@s between plies4]. As
the laminate is compacted due to very high pressures assaed with the autoclave
process, gas bubbles are suppressed (described in Figl). It's been demonstrated
that during consolidation, the pressure applied by the autdave is distributed between
the resin and the bers; thus the resin pressure is always kethan the applied autoclave
pressure p, 6].

The major drawback to Autoclave processing is its high operag as well as its
initial capital cost. Very large autoclaves required for ppducing large parts quickly be-
come infeasible, especially since very large parts tend tave low production volumes.
An in uential article in High Performance Composites Magazie "Out-of-autoclave

prepregs: Hype or revolution?"T] states that The Defense Advanced Research Projects



Agency (DARPA) and Air Force Research Labs (AFRL) initiated prograns in the
1990's to explore cheaper vacuum-curing composites mareaitaing processes for pro-
ducing prototype parts. In 2005-2006, the rst VBO prepregs écame available which
had the ability to produce aerospace grade composites (lélsan 1% void content) with
vacuum pressure only curing, which had been previously ondchievable with auto-
clave processing. Within the past decade, there has been aglaramount of industry
and research focus on developing and understanding the pees in order to reliably
produce aerospace grade composites without relying on that@clave.

Without the cost and size restrictions of an autoclave and thguality issues
associate with vacuum infusion, VBO prepreg processing heldhe potential to af-
fordably produce aerospace grade composite structures @iy large size (Fig. 1.2).
Although this process is still relatively new, it is being nablly implemented in the
development of the cryogenic LH2/LO2 fuel tanks for the new geration NASA Space
Launch System (SLS). If successful, it will be the largest oyposite structure ever

produced [].

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

Despite the fact that large projects are being undertaken ugy Out-of-Autoclave
processing with prepregs, the process is still relativelypnmature, and implementation

is still ad-hoc. Compared to more mature processes (RTM or Aoitlave processing),



the body of literature on VBO prepreg processing is still scae. Techniques for charac-
terizing material properties relevant to processing as weds process models still need
further development in order to understand and mitigate thdormation of voids. Vac-

uum bag processing relies heavily on successful evacuatidrgases 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 manufiacng. Unlike
LCM processes where dry bers are infused with resin after ing placed onto a mold
tool, prepregs are ber/fabric plies which are individualy combined (impregnated)
with polymer resin in a separate process (prepreging prosgdefore the bers are
arranged into their desired net shape in the mold tool. Thesare-impregnated ber
plies are sandwiched between two plastic separator Ims arglored on a roll for later
use.

Traditionally, prepreg plies are fully saturated or over sarated with thermo-
plastic or thermoset resin which is achieved by passing théers through a bath and
pultruding through a dye or rollers B]. In general, the goal in this prepregging pro-
cess is to minimize the volume of gas bubbles which are tragpwithin the prepreg
ply. Any residual gas bubbles remaining, either due to prepgging or ply layup, are
compressed during processing.

Prepregs which are designed for Vacuum Bag Only processing eeferred to as
OOA prepregs, partially impregnated prepregs, or semi-pys. 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 oa continuous resin Im
(as shown in Fig.1.3). This layered structure leaves the interstitial pore spaebetween
bers unsaturated, creating a network of interconnected vd spaces throughout the
stack of prepregs to easily evacuate air, trapped moisturend volatiles (known as

degassing) from the composite laminate before consolidatiand curing of the part.



Figure 1.3: Schematics of partially impregnated prepregsa) Resin Im on one side
of a dry fabric. (b) Resin Im on both sides of a dry fabric - dry ber tows. (c) Resin
strips on a non-crimp fabric. (d) Resin Im on both sides of a midirectional fabric.
(e) Resin patterned over a dry fabric.

1.2.3 Process Description
Vacuum Bag-Only processing of prepregs consists of threénpary steps: prepreg

ply placement; gas evacuation from the laminate at room tengpature; and oven curing



- during which resin ows, and saturates the remaining porepaces. The primary pro-
cessing goal is to minimize the entrapment of gases in the larate, which creates stress
concentrating voids within the composite. There are sevdrmechanisms by which gas
bubbles become entrapped in the laminate. Moisture dissely in the resin will create
substantial void content as the water boils when vacuum is @ped; however, this is
easily mitigated by maintaining a dry atmospherel0]. The idea at the core of this
process is, if the open pore network can be evacuated of gasobe the resin has a
chance to ow, rogue bubbles caught in the resin, however thegot there, can reach
the short distance to the nearest evacuated open pore. Forishreason, we often refer
to the open pore network as air pathways. Each processing gteas its own detailed
process requirements in-order for the full process to suede

Material placement is a process step in all processes usiogtmuous ber rein-
forcements. Manipulating sheets of fabric or unidirectica tapes to t complex shapes
is not trivial - the fabrics cannot be stretched, but rather an 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 sometimesgss with a hot iron.
Recently, robotic tape placement arms have been steadilyptacing hand layup techni-
cians because of the e ciency and precision which can be aetsed with robotics. Tape
placement heads use a roller or a shoe to compress and tack pinepreg layer by layer
(shown in Fig. 1.4). Often the prepreg is heated at the contact interface in oef to im-
prove adhesion and minimize bubbles which become trappedtht interface between
prepreg plies. Robotic placement is most often utilized fahe placement of unidi-
rectional tapes which are fully impregnated; however, regeadvances have been able
to extend robotic material placement to conforming woven faics to complex shapes
[11]. It is important to note here that applying heat and pressue 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 inithdissertation, is the most
important controllable parameter which a ects the proces®utcome.

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

the next and most important step is to evacuate the air from th laminate under the
bag. Air is evacuated via a vacuum port along the prepreg lamate edges. As shown
in Fig. 1.5 edge breather plies are placed between each prepreg ply.isThonnects
the vacuum port to the open pore network of resin-free (unsatated) cross-sections
of the fabric. The open pore network (air pathways) maintais its connectivity in the
plane of each lamina only (in most casesl?. As air leaves the pore space of the
laminate, atmospheric pressure outside the vacuum bag af@d 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 being evacuated is
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Figure 1.5: Air is evacuated at room temperature from inside & preform assembly
and removed through the vent port.

highly undesirable. The encroaching resin, restricts theope network and increases the
resistance to gas ow. To negate this e ect, VBO prepregs usesin which is designed
to be highly viscous at room temperature. Resin impregnatioof the fabric at room
temperature is slowed to a time scale which is much longer thaéhe time needed for air
evacuation. Once air is evacuated from each lamina over théape of the part, gases
which are trapped as bubbles within the resin have a short déce to reach an air
pathway, where the gas can be evacuated from the laminate. i@plete (or su cient)
removal of air is essential to minimizing the void content athe cured composite 13].
Once air is evacuated from the laminate, the last process ptés to heat the
prepreg assembly to reduce the resin viscosity. With the vagm pressure held inside
the vacuum bag, the part is moved into an oven, where the temgaure is increased
to the resin curing temperature, during which the resin viswsity drops to the order
of 1000cP (1 Pas). At the reduced viscosity, atmospheric m®ure above the vacuum

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



Resin Impregnates Fabric

Figure 1.6: While under vacuum pressure, the temperature iseghted, 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 Im merges into the fabric, the Im
thickness decreases to zero and the pressure, normal to tAminate is shared between
the elastic ber bed and the resin. This phenomena is identt to what was studied
in the Autoclave process Y, 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 consolidadecomposite material.

1.3 Open Issues

Partially impregnated prepregs have been uniquely develeg for processing in
an oven under vacuum pressure onlyg]l Initially developed for aerospace manufactur-
ers to quickly and cheaply produce low quality composite protype concepts, major
break throughs in VBO processing with prepregs have demonated that it is possible
achieve aerospace quality standards. Although there is noesp 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 toi) how gas can be extracted
from the laminate, (i ) how gas bubbles may become entrapped in the resin, and )
how bubbles may migrate towards and merge into air pathwaysDepending on the
application the prepreg is intended for, the degree of indl saturation may vary. Marine

or wind turbine structures, which are very large, employ paially impregnated prepregs
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with very low initial saturation to maximize the open pore néwork and reduce the
time needed for gas extraction. Prepregs designed for agrase structures more often
employ a much higher initial saturation to improve toleranes at the cost of processing
time. Aside from this rule of thumb, evolution of prepreg porestructure is poorly
understood. Furthermore, there is nearly no documentatioar systematic research on
how the prepreg pore structure a ects gas evacuation or gasiltible 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 pdiied to a very ne nish
in order to observe the distribution of resin, bers, and vais in the composite cross-
section. To evaluate the pore structure with the resin in adjuid state requires new
analysis methods. The most successful developed thus farxisay micro-computer
tomography (micro-ct) [12], which using a series of x-ray images, reconstructs a 3D
representation of the sample. This method, although incrdaly descriptive, is ex-situ,
so correlating the 3D micro-ct scan to process parameters Buas 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 anessure from a hand
lay-up technician or a tape/ply placement robot arm. Existng studies on resin ow in
partially impregnated prepregs only show how the resin satation evolves during the
speci ed manufacturer's cure cycle (applied vacuum pressiand temperature ramp
and hold). It is important to show how resin saturation evoles with applied pressure
and temperature in order to determine how air pathways haveden altered during ply
placement, before the cure cycle begins.

Permeability to gases is the most fundamental material pragty of partially
impregnated prepregs. Permeability of dry ber reinforcemnts to liquid resin has
been studied in depth for decades due to its importance in melthg resin ow during
LCM processes]5, 16, 17, 18, 19, 2(Q]; however, in vacuum infusion processes, modeling
gas extraction from the dry ber preform is of little intered since it can be completed
quickly and reliably, compared to the resin infusion. Parglly impregnated prepregs

have inherently lower permeability to gas due to the presea®f resin occupying some

11



of the pore structure. With the expectation that VBO processig of prepregs can be
used to produce large monolithic composite structures, thew permeability of partially
impregnated prepregs to gas, coupled with the large lengtleade over which gas must
be evacuated, the gas extraction process requires detaileddeling in order to ensure
successful formation of the composite material.

A series of papers by S.S. Tavares et. al2l, 22 23, 24, 25 demonstrates
a systematic approach to evaluating the process of co-cugirprepreg facesheets to
a honeycomb core using VBO processing. Gas pressure inside tpen honeycomb
core cells aects the porosity of the core-skin adhesive arttie skin porosity. To
understand how the core pressure decays during processiagiransient pulse-decay
method was employed, which monitored the gas pressure drapthe core while gas
was transported across the facesheet thickness, toward® ttacuum pressure applied
over top of the facesheet. Using a linearized form of the gaatrsport equations, the gas
permeability was evaluated for a variety of material con guations: fully impregnated
prepregs, perforated prepregs, perforated adhesive Imand a partially impregnated
prepreg called (Zpre§ ), which consisted of resin strips applied to a non-crimp falr
(schematically represented in Figl.3c). They showed that as time passed during the
oven curing process, the gas permeability of the Zprégacesheets decreased, owing to
the fact that the resin strips ow along the plane of the fabrt 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 @dimeter pores) with the
traditional methodology put forward by geological resealccommunity, which revealed
the parameter was negligible.

To better understand how the distribution of resin and the ptiern of the open
pore structure a ects the partially impregnated prepreg'sgas permeability, a system-
atic approach to characterizing the resin saturation and trespective gas permeability
needs to be developed together. Schematically depicted ingFil.3 the preparation

of the prepreg with respect to how the resin seats the berstbric is chosen/designed
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based on the processing needs of the application. The vast jordty of partially im-
pregnated prepregs rely on the in-plane open pore network arder to evacuate gas.
Fig. 1.7 is an exploded representation of a typical prepreg consisgj of a continuous
resin Im laminated to one side of a woven fabric. The structte may contain some
large inter-tow pores between lamina when the resin Im is naisturbed. These large
inter-tow pores would be very e ective in transporting gas aickly in the plane of each
lamina. When the resin Im begins to ow, it will easily Il the se inter-tow spaces,
leaving only the cross-section of ber-tows (intra-tow pags) available for gas transport.
The ber tows are a highly anisotropic porous medium, wherehe longitudinal ber di-
rection will be approximately 10 times more permeable thanggmeability transverse to
the bers. Herein lies the true reason why gas evacuation in ¢hplane of the fabric (as
opposed to through the thickness) is the preferred method. Uke an isotropic porous
medium which saturates larger pores before smaller - resaolf in a more scattered
saturation pattern - the anisotropy of the bers tows causesesin 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 ofsin saturation, the
method for measuring the gas permeability and Klinkenberggpameter needs an over-
haul. Starting with the governing equations, the experimeaal method should be able
to work at sub-atmospheric pressures and near vacuum presssl Sub-atmospheric
pressure is basic requirement because the the prepreg isgassed in a vacuum bag,
which cannot handle positive pressure. To ensure that the demethod will work at
near vacuum pressure, the assumptions which allow the gowirg gas transport equa-
tions to be linearized cannot be used, because they fail whgas pressure approaches
zero. Discussed in more detail in Chaptés, 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 jusiet
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 O0A prepreg structure and the patlays through which
gases are evacuated.

with the gas evacuation channels reaching into all region$ the composite laminate,
gas bubbles within closed pores of the resin need to migratea 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 laraiis very small. However,
the migration of bubbles into air pathways is taken for graregd: It is assumed that bub-
bles can rupture into air pathways with ease. In the VARTM proess, bubbles form
behind the resin ow front via a variety of mechanisms (e.g. réering with the resin
from the resin bucket or delayed tow saturation). During a VARM infusion, bubbles
are easily observed racing through the resin between the thger tows towards the

resin ow front. During VBO prepreg processing, there is a siitar notion of a resin
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ow front and an infusion length on a microscopic scale; hower, there is no empirical
evidence of this phenomenon occurring within prepregs. Opemary di erence from
a VARTM infusion is that in partially impregnated prepregs, the resin ow front may
start to ow to Il inter-tow spaces, but ultimately, the nal stage of saturation is the
radial saturation of ber tows. With the open pore network of ar pathways at the
center of ber tows, bubbles must make their way through the mch smaller pores

within ber tows.
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Figure 1.8: A schematic showing the distinction between coaated porosity and un-
connected voids. Bubbles must migrate into air pathways inrder to be vented from
the laminate.

1.4 Thesis Outline
This dissertation evaluates two main concepts: the infusioof 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 medli
which is applied in the modeling throughout this work.

Chapter 3 presents an in-situ method to evaluate how resin saturatiom a
partially impregnated prepreg evolves over time. By visubi capturing the ow of resin
at the surface of the prepreg by looking through a transparéesurface, 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 der to predict the resin
saturation over time with respect to pressure and temperata.

Chapter 4 uses the in-situ surface visualization of resin ow to obsee bubbles
moving in the resin. Bubbles are observed to move through ettow spaces of the
fabric but cannot easily squeeze through the pores betweeber tows in order to move
into air pathways.

In chapter 5, the theory of gas ow in porous media is presented, where amo
dimensionalization of the governing equation is evaluatedvhich better captures the
unique challenge of both evaluating the Klinkenberg paraner, and understanding
the e ect of a vacuum pressure boundary condition. Additionidy, the reservoir vol-
ume boundary value problem of the pulse-decay method is ayaéd to better handle
the varying saturation of the prepreg sample material. Theas ow theory is then
implemented to determine the prepreg's gas permeability,oposity, and Klinkenberg
parameter.

Chapter 6 states the conclusions and unique contributions of this wioras 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 backgraad theory which
will be invoked throughout this dissertation. Production & composite structures from
continuous ber reinforcements requires ow processes thugh 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 meal

2.2 Introduction

Henry Darcy, a French engineer and researcher of hydraulios,1856 published a
guide book 7] for engineers designing city water systems following hig/n experience
designing the comprehensive water supply and distributiosystem constructed for the
city of Dijon. His book entitled Les fontaines publiques de la ville de DijoiThe
Public Fountains of the City of Dijon) includes details of eperiments he conducted to
determine the discharge of water through sand beds. From hegperiments with water
ow through a vertical column of sand, he provides an empiral equation for the ow
rate Q

o= KAR P

(2.1)

where is the uid viscosity, A is the column cross-section ared&, and Py, is the
uid pressure at the top and bottom of the column respectivel L is the length of the
column, andK is a scalar tting parameter (with units of area) de ned as pemeability,
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 thereipermeability K is
considered an averaged property which treats the materiasa homogeneous contin-
uum. A simple analogy can be drawn between Darcy's Law and |lamar ow through
a pipe of radiusR, which is can be solved by integrating the Navier-Stokes edian.

R*Py, P,
8 L

Q= (2.2)
Just as Eq. 2.2 assumes no-slip on the pipe walls and neglects inertlRd 1), Darcy's

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

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

K= (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 & Carmazs] 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 consereat of momentum,
which can be derived from the Navier-Stokes equation when mia is neglected (0 =
rr P+ r 2u)[30. Itis most often used in the more general form by dividing thugh
by A

mi= Srp (2.4)

Eq. 2.4is a vector equation, wherdui is the volume averaged velocity (sometimes
referred to as the Darcy uxQq), r P is the gradient of pressure, and permeability
K is a tensor quantity. The permeability tensor is symmetric ad therefore can be
diagonalizable to an orthogonal principle coordinate sysi. It is advantageous to
choose a coordinate system which matches the principle ditens of the porous media,

especially during experimental measurements. In two dimsions there can be two
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unique principle permeabilitiesK ;; and K,, - a third dimension allows for another
K 33.

Darcy's law follows a representative volume element (RVE) g@poach, for which
a heterogeneous material element with multiple phases (gbdomains and pore do-
mains) can be considered a repeat unit of the material for theurpose of averaging.
The representative element's 'porosity’ is the porous volume fraction: ratio of the

porous volumeVep to the element volumeV.
= — (2.5)

Likewise the solid volume fraction is the remaining volumen composites the bers are
the solid domains, and is commonly referred to as the ber waine fractionV; =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-secton of
the material. The pore averaged uid velocityu (sometimes written ashu; i) [31] is

related to the volume averaged (super cial) velocityui by

u= E (2.6)

Just as the Darcy ux is relative to the RVE volume, mass conseation in
porous media is as well. Density of the uid is dened as = ms=\}. If the uid
saturates the pores, therV = Vp. Substituting Vy = V to reference the same REV

volume, = m;=V . Likewise, actual uid velocity u = hui= is substituted into the

standard continuity equation, yielding the equation

%t+ r (fhi)=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 V; 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
rhui=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’P=0 (2.9

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

can be approximated well with the ideal gas law.

PM
= == (2.10)

where P is the gas pressureT is the uid temperature, R is the universal gas law
constant, andM is the molar mass of the gas species. Substituting EQ.10for and
Eqg. 2.4 for hui in Eq. 2.7 for continuity. A partial di erential equation (PDE) for ga s

pressure is obtained3Z].

@ P _ PK
@t T r ?—r P (2.11)

Assuming the process is isothermal; can be cancelled from Eq2.11 In this disser-

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

@P_ 1 @ ., @P

B B~ KP @x (2.12)

where viscosity is considered constant.

2.4 Corrections for Gas Flow
Early experimental observations revealed inconsistensiwith respect to the ap-

parent permeability of a material when gas is the test uid, a compared to liquid B3).
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In a seminal paper, L.J. Klinkenberg (1941) was able to clegrEhow that rarefaction
of the gas was yielding an apparent slip velocity along the popwalls B4]. The Knud-
sen number is a dimensionless parameter which is used to de the degree of gas
rarefaction [39).

Kn = 5 (2.13)

is the mean free path of a gas molecule, andlis a characteristic dimension of
the system; in this casdal is the pore diameter. At smallKn (i.e. Kn < 0:001), gas
molecules more frequently collide with other moleculeséi. d) which, like a liquid,
is modeled well with the no-slip condition, and Darcy's law tdlds. As approaches
the order of d, the continuum assumption begins to break down. The contimum
assumption can be extended for:001 < Kn < 0:1 by allowing a slip velocity on
the pore walls. The mean free path can be calculated as a fuloct of pressure and

temperature
ke T

= p=— 2.14
2d 2P ( )

wherekg 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+ Pﬁ which relates the observed gas permeabilit{ 4 to the intrinsic (liquid) per-
meability K; (Eq. 2.19, Wherepﬁ [ Kn (1=P / & b/ 1=d. The Klinkenberg

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

Kg=Ki 1+ Eb (2.15)
Substituting Eq. 2.15into Eq. 2.12gives
@P_Ki @ (P + D @P (2.16)

@t @x @x
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2.5 Applications within this Work

In Chap. 3, Darcy's law is used in the incompressible form to model theudl
scale ow of resin into a woven carbon fabric prepreg. Poreseadescribed at intra-tow
(between bers) or inter-tow (between ber bundles. The lage empty inter-tow pores
are assigned a permeability value, even though these are @yfno solid) channels
with a porosity of = 1. Assigning a permeability to an empty channel is acceptabl
because of the analogy shown in EQ.3.

In Chap. 5, Eq. 2.16is used to model the transient gas pressure in a prepreg dur-
ing the gas evacuation process. E@.16applies Darcy's law to the gas ow problem,
which foremost, includes the compressiblity of gas on the wr@scopic scale. Addi-
tionally, the Klinkenberg correction is included in the andysis, 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 prpreg 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. Qnway to characterize the
resin impregnation in partially impregnated pre-pregs wademonstrated by Thomas et.
al. [37, 38, in which a vacuum bag infusion was performed in a C-scanrend changes
in the density map of the laminate were correlated to the dege of resin saturation
in the laminate. From the results, they characterized the peneability of the ber
tows; the disadvantage of the c-scanner was low resolutiamages. To obtain a more
detailed perspective of the uid transport processes takg 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 dimsional map of the
distribution of bers, resin, and void space within a pre-peg laminate. Knowing the
initial distribution of resin within the pre-preg providesinsight into how easily the air
can be vacuumed out and makes it possible to calculate a timeate for air evacuation.
In their approach, micro-CT images were taken at discrete @&tes of impregnation to
determine how the state of impregnation evolves over tim8J]. This technique, coupled
with a model can provide predictions of the tow impregnatioprocess as a function of
time, temperature, pressure, and cure.

An important aspect of resin impregnation of fabrics is the rtan of dual length
scale permeability. All woven fabrics exhibit dual length sde behavior to uid ow
(pre-pregs being no exception). In woven or stitched fabscthe bundles of bers are
referred to as ber tows. Fiber tows contain thousands of bes closely packed together.

The ber diameter is usually of the order of 10 microns and théer tow diameter is of
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the order of millimeters as seen from Fig3.1. The empty spacing between individual
ber strands is less than a few microns whereas the spacingiween the ber tows is of
the order of millimeters. There are many publications addssing the dual length scale
permeability associated with liquid composite molding of @ven fabrics 18, 40, 17, 16].
As resin impregnates a woven fabric it rst ows through the enmpty space between
ber tows where the fabric is most permeable. As the ow progieses and the resin has
saturated all the empty space between the ber tows, it owsnto the empty space in
between the bers where the fabric is less permeable - slowippregnating the ber
tows. There is precedent in the literature for modeling an epty 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 channed]].

This chapter focuses on understanding and characterizingd nature of resin
ow that occurs during the infusion process for VBO processgof partially impreg-
nated pre-pregs. The focus is to model the ow behavior thatnderlines the process
of resin Im infusion in out of autoclave prepreg processing No attempt is made
to model these processes but characterize the permeabildy such dual length scale
prepreg fabrics. An experiment was designed to uncover meanfgans of resin ow
while keeping pressure and temperature invariant over timeA partially impregnated
pre-preg consisting of a resin Im laminated to a dry woven faric is considered in this
study; the simplicity of the geometry and the well-de ned iitial distribution of resin
lend themselves nicely to a study which can be readily expted. An in-situ method
for monitoring resin ow in dual length scale fabric is presg&ted, and the data collected
is coupled with a newly formulated ow model to characterize¢he dual length scale
permeability during the infusion of the fabric from a resin Im. The model accounts
for the dual length scale permeability of the fabric by assimng a permeability value
to the empty space between bers. By holding pressure and tgrarature constant
throughout each test, the e ect of each of these process paraters on the time scale
of resin infusion can be readily isolated. The results of thichapter aid in understand-

ing the resin ow over time, by developing models that incorprate 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; Gurf Single Sprint®
ST94-RC200T and ST94-RC303T which are used for Out-of-Autlawe processing.
Gurit's ST94 partially impregnated pre-preg system condis of a woven fabric with
a layer of precast, pre-catalyzed epoxy resin applied to os&le of the fabric 2. The
resin Im layer only penetrates the fabric layer minimally ® the resin Im and the
fabric layer can be thought of as separate regions of the ppeeg. ST94 is sold with
a variety of resin Im thicknesses and fabric geometries. Bo pre-pregs in this study
are twill weave carbon fabric with a resin Im of 42 % by weight The ST94-RC200T
has a fabric areal weight of 2a§=n¥ with 3,000 bers per tow and a tow width of
approximately 2mm, whereas the ST94-RC303T has a fabric areal weight of 36317
with 12,000 bers per tow and a tow width of approximately énm. The ST94-RC200T
has a rounder tow cross-section while the ST94-RC303T hasatter tow cross-section.

Images of each fabric are shown in Fig3.1

3.1.2 Resin Viscosity Characterization

A roll of the pre-cast, pre-catalyzed resin obtained from Git was used to
characterize the resin viscosity as it changes with tempeuse and time (due to cure).
The rheometer used was a TA Instruments DHR2, setup with a buiin temperature
chamber. The shear rate was set to:0rad=s and 25mm diameter parallel plates were
used separated by a gap of3mm. Fig. 3.2a shows the viscosity change of the resin as
the temperature is ramped at of a rate of 3°C=min. This graph illustrates that when
the vacuum is applied to the pre-preg at room temperature theesin ow is extremely
slow because the viscosity is on the order of “®a s, but when the temperature
is increased to 8%C (the prescribed processing temperature) the resin ows qekly

because the viscosity reduces to the order of oR& s. Fig. 3.2b shows the viscosity
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Resin Film

Figure 3.1: (a) Schematic of the pre-preg cross-section detpig the resin and fab-
ric layup. Both (b) and (c) are images of the dry side of the prpreg; showing an
area approximately 25mm wide by 20mm tall. (b) ST94-RC200Tfabric areal weight
of 20@=n?, 3000 bers per tow, and tow width of approximately 2mm. (c) $94-
RC303T: fabric areal weight 30§=n7?, 12000 bers per tow, and tow width of approx-
imately 6mm.

of the resin while the temperature is held constant at 55, 6@nd 83C. Over time, the
resin viscosity increases due to the increasing state of eurt's important to account
for the resin curing during the isothermal test because thaurte rate increases sharply
with temperature and thus at higher temperatures the viscdty increases sharply with
time. In order to use the viscosity trend at a given temperatte to characterize the ow
of the resin in the pre-preg a high order polynomial was t to e isothermal viscosity

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

3.1.3 Prepreg Infusion Characterization

The in-situ visualization experiment developed for this sidy is to infuse the
resin Im 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 reple is in contact

with the table (serving as the tool surface). Note that in VBO pocessing, the pressure
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Figure 3.2: Viscosity of the ST94 pre-cast, pre-catalyzed raslm. (a) The tempera-
ture was ramped at 05°C=min from 26 85°C showing 4 orders of magnitude change
over the range. (b) The isothermal viscosity test shows thate resin cures over time
at a give rate for each temperature resulting in an increase viscosity over time.
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is created with the use of a vacuum but in order to understandhe in-situ ow in
fabric prepregs a model experiment was created, which invaak the resin ow under
isothermal conditions and various levels of low pressureBelow the table is a set of
uorescent lights and a CCD camera to capture in-situ imagesf the resin ow.

To conduct the experiment under isothermal conditions, there-preg, the con-
solidation block, and the table are all preheated to the desid temperature. The block
surface and sample are 102102nm (4in:  4in:) and the block weighs 2133y; there-
fore, the block applies RP a of pressure over the sample. Extra weight is added above
the block to repeat the experiment at higher applied presserof 1%P a, 41kP a, and
54kP a. Note that all these pressures are below 1KRa of applied vacuum pressure
in VBO but again our goal was to understand the relationship heveen applied pres-
sure and resin ow. Moreover, higher pressure than 54kPa dduresult in some of
the pressure being borne by the bers in the prepreg, making di cult to calculate
the pressure experienced by the resin. A Basler acA1600-20@@D camera with a
Navitar Zoom7000 lens was used in conjunction with LabView toapture images of
the fabric over time. The refractive index of carbon fabrics much higher than the
resin, so it is easy to distinguish areas of the fabric that arsaturated with resin.

With this experiment it is important to note two factors which will restrict resin
from owing. The rstis that vacuum is not applied to the sample, so at some critical
point during the infusion, the air pressure inside the fabci will begin to resist the
resin impregnation. Secondly, the boundary condition is thpressure applied to the
sample, which initially is experienced by the resin Im on tp of the fabric. However,
as resin impregnates the fabric, some of the applied pressus borne by the bers
of the fabric reducing the pressure driving the resin into th fabric. The capillary
ow is neglected in these experiments as the tests were pearfeed at a relatively low

processing temperature where the resin is too viscous to ajue to capillary pressure.
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Figure 3.3: Experimental setup for visualizing the resin Iminfusion 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 Bisteps schemat-
ically shown in Fig. 3.4 and as recorded by the camera in Figs3.5& 3.6. The resin
rst appears on the dry fabric side at the pin holes in the falic where ber tows inter-
sect. At this location, resin can easily ow downward acrosthe fabric thickness from
the resin Im side to the tool side. Once resin reaches the tibsurface (the tool), it
proceeds to Il the empty space between the ber tows. Oncelabf the inter-tow space
is lled, the resin impregnates the ber tows, which is also lbserved in the ber tows
in contact with the table. The images collected from each teare processed in Matlab
to determine the relative area of each image which is lled wi resin. The area lled
and the time each image was taken are recorded and plotted, gisown 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 betweéer tows is lled
and ber tows are beginning to be impregnated with resin. In Es. 3.5& 3.6t can
be observed that the inter-tow space is completely lled whe 35% of the total area
captured is lled with resin. Beyond 35 %, the intra-tow spae begins to Il. 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 (d0 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 speculatéadtt 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 pressureadable to drive the resin,
and slowing the resin impregnation into the tows. Michaud edl. [43, 44, 45 presented
a solution for the distribution of pressure between bers ahresin during a resin Im

infusion process; however, because of the complexity ofgtproblem when the bers

30



Resin Film

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 bearingome of the applied pressure,
only the rst two regions will be modeled. The model for resisaturation 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-R200T pre-preg
has an o axis (from the bers) elliptical shape as compareda the observed dry regions
remaining in the ST94-RC303T pre-preg which are rectangulaThe dry regions are
the result of the net shape of bers in contact with the table srface. Because the twill
weave tends to twist tows, the shape of the area of tows in cewt 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 iot
the fabric was quanti ed by changing either the applied presire or the temperature
with each experiment. The infusion experiment was perforrdeat a constant pressure
of 15kPa and at temperatures 55, 60, and 85. Comparing di erent temperatures
at the same applied pressure (Fig3.9a,c) it is clear that the rate at which the resin
impregnates the fabric increases with temperature becausee viscosity of the resin
decreases with increasing temperature as seen in Fi§2b. The infusion experiment
was also performed at a constant temperature of 5 with applied pressures of 2, 15,

41, and 54«Pa (Figs. 3.1(,d). Temperature is held constant and the applied pressure
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90%

Figure 3.5: Images of ST94-RC200T pre-preg impregnation WitL5kP a of pressure
applied at 55°C.
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Figure 3.6: Images of ST94-RC303T pre-preg impregnation Witl5kP a of pressure
applied at 53C.
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Figure 3.7: Images superimposed on the plot illustrating pgoession 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 bg tbers. Filling rate

through the inter-tow and intra-tow regions is an order of mgnitude 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 pgpession 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. Filhg rate through the inter-
tow and intra-tow regions is an order of magnitude slower thmathat of ST94-RC200T
with tows one third the width.
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Figure 3.9: In (a) & (b) applied pressure is held constant ancetmperature of infusion is
varied for fabrics with 2mm and 6mm tows respectively. Thish®ws that by increasing
temperature and thus decreasing the resin viscosity, theteaof resin infusion increases.
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for fabrics with 2mm and 6mm tows respectively. By increasinthe 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 impregation into the fabric.
However, the increase in the rate of lling is not linear with ncreased pressure, and
any model developed should try to capture this behavior. Adtdonally, by inspection,
the lling rate (before the ber-resin pressure sharing is @d to begin) for the ST94-
RC303T with the wider tows, is roughly an order of magnitudelswer than in the
ST94-RC200T (for lling below 65% area lled). The modelingsection of this paper
will explain and quantify how temperature and applied presse a ect the lling as
well as how the di erence in fabric geometry from @m wide tows to 6nm wide tows

impact the lling process.

3.2.2 Model to Characterize Permeability

To model the ow of resin from the Im (above the fabric) to the ow pattern
observed at the table surface (below the fabric), the ow olesved is rst described,
and a simple process model is used to describe the dual lengthle ow. As mentioned
before, the resin rst appears at the pinholes where the betows meet in the fabric
(as can be seen from Figs3.5 & 3.7) where there is a direct path for resin to ow
downward from the Im to the table surface. Next, the resin lIs the inter-tow void
space in the fabric. Because the permeability of the ber tosvis so much lower than
the inter-tow regions, no resin is observed in the ber towsntil the inter-tow space is
completely lled. Once the ber tows are completely surrouded by the resin, the resin
is observed to ow longitudinally down the axis of the bers vhich are in contact with
the table surface. Intra-tow resin ow is observed predomately in the longitudinal
ber direction as opposed to transversely across bundles tfers since the transverse
ber tow permeability is much lower than the longitudinal pemeability.

To model this ow behavior, resin ow through the pinholes ofthe fabric is rep-
resented as the resin injection port with a constant presseiboundary condition equal
to the pressure applied to the pre-preg during the experimenThe model describes

one dimensional ow in two porous media in series in which thest porous medium
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represents the inter-tow ow and the second porous medium peesents the longitudi-
nal intra-tow ow. The properties for each porous media's Mlame 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 poros media R7] with each
porous media with its own permeability representing the imr-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 witan increase in applied
pressure. Once the relationship between pressure and peaiéty is determined, the
state of Il can be approximated as a function of time. Fig.3.11illustrates the model
and how the pressure in the resin changes across the regiomeTow velocity in the x
direction is u, the inlet pressure is Pin, the length of eachgoous media isL; and L ,,
the ow front position from the inlet is I, the porosity of each porous media is; and
2, and the permeability of each porous media iK; and K.

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

is combined with mass conservation (Eq3.1) and the respective pressure boundary

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

—=0 (3.1)

K dP

- (3.2)

u=

Combining and integrating the Eqns.3.1& 3.2, the solution to the location of the ow
front, |1 from the inlet as a function of time in the rst porous medium s

s_
| = 2K,1Pint

1

<L, (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 &ictlate the pressure
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K; Porous Media K, Resin Flow Front
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Figure 3.11: Schematic representing inter-tow and intra-te regions as a one-
dimensional ow into two porous media in series. The plot belv 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 regins.
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at the interface which is a function of time ad varies with time.

(I Li)KiPi
(I L) Ki+ LKy

P|:

(3.4)

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

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

3.4. However the integration has di erent limits.
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Dimensionless parameters are introduced to simplify the alogy between the

experiment and model (i denotes the rst or second porous miag.
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The dimensionlesd'in the model can be recast as a function of dimensionless timg

follows of the dimensionless characteristic time.
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Using the non-dimensional form of time in Eq3.7, the graphs from Fig.3.9 &
3.10are re-scaled and plotted again in Fig3.12& 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 respectivesssities. Using the same
method in Fig. 3.13 it is clear that by scaling the curves by their respective mssures
does not collapse them on a single curve. It is suspected thhts is because increase
in applied pressure increases the ber compaction which reces the permeability of
the fabric which is not accounted for in the model. To charaetize the in uence of the
rate of Iling 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 expamental curve.

Continuing the analogy between the model and experimentakesults, the di-
mensionless length from the model is also the fraction of thegion lled in the porous
medium. Therefore, the curve of dimensionless length withrdensionless time should
match that of the experimental plots in Fig. 3.12& 3.13 [, is de ned as 0.35 from the
experimental results and ; and , are de ned as 1 and 0.25 respectively as estimated
from the fabric architecture based on the assumption of a sgre packing of bers. To
t Eq. 3.7to the experimental curve of lled area with time, the permehility param-
etersK; and K, are adjusted with a Gaussian non-linear least squares cunténg
algorithm until the model is optimized to match the experimatal results. As discussed
previously once the resin Il percentage is over 65% the assptions in the model are
no longer valid and no attempt is made to address this part as is beyond the scope
of the objective of this work. Hence, the parameters of the mebare adjusted to nd
a best t only between 0 and 65%. An example of this curve tis sbwn in Fig. 3.14

From the curve t of each experiment, the dimensionless intetow and longi-
tudinal intra-tow permeability of the fabric is estimated & each applied consolidation
pressure. The results of this model t are shown in Fig3.15 By using the fabric's
geometry to nd an analog to the length of the rst and second prous media from the
model the dimensions of the permeabilities are introducedhe origin of the resin ow

is from the pinholes in the fabric so this is modeled as the iesnjection point. As
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Figure 3.12: By non-dimensional time by pressure over visdysthe curves of area
lled over time at di erent temperature collapse together.
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the best t between the model and the experimental results ¢f resin |l percentage
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Figure 3.15: Non-Dimensional normalized permeability regved 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 impregeatthe ber tows (L;). The
resin then ows from the inter-tow space longitudinally inb the tows until it reaches
the farthest point from the inter-tow void space [,). 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 tbfe length of each porous
medium. To draw the analogy from the model to the actual ow sen in the fabric, L
and L, are appropriately chosen as indicated in Fig3.16

Fig. 3.17 shows that by using a characteristic length of the fabric wea ge-
ometry, the fabrics with two di erent tow widths but similar architecture have similar

permeabilities. This result clearly shows that lling time scales with the square of the
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Figure 3.16: Depiction of how L1 and L2 are chosen to completeet analog between
the model and the experiment. For ST94-RC200T; = 1mm and L, = 2mm, and for
ST94-RC303TL; =3mm and L, = 6mm
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Figure 3.17: Permeability plot determined by multiplying the non-dimensional perme-
ability from Fig. 3.15by the square of the characteristic length shown in Fig3.16
The permeability value is similar for both fabrics despitehe fact ST94-RC303T fabric
takes an order of magnitude longer to Il than the ST94-RC20D fabric.
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characteristic length of the fabric tow width, which is alsanferred from Eq. 3.6. It
was noted that the ST94-RC303T takes about an order of magaodie more time to |l
to the same point (below 65%) as ST94-RC200T. The ST94-RC308ws are three
times wider than the ST94-RC200T. With three times the distaoe to ow through,
of regions of the same permeability, it can be shown by simpd@e dimensional lling
analysis that it will take 9 times longer to Il the ST94-RC3MT pre-preg.

Using the result from the literature that K = h?=12 [41], and the inter-tow space
permeability of each pre-preg being 16'm? < K < 10 °m? we can also claim that the
hydraulic diameter of the inter-tow space is approximatel:038nm < 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 compred to resin ow front
position in the longitudinal ber direction. Egns. 3.8 & 3.9 describes the ow front
position in the two orthogonal directions over time using anndependent decoupled
one dimensional ow analysis. In Eq. & is the longitudinal ber tow permeability
which was denoted previously ak ,, and K1 is the transverse ber tow permeability.

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

s
= 2P (3.8)
s
= APy (3.9)
b Ky
T T
T- T 3.10
N K, (3.10)

Fig. 3.18 shows how a region of the fabric is analyzed to nd the relates
ow front positions. From observing the relative ow front positions it is shown that
I+=l.  0:1, so it can be estimated thatKk+ 0:01K .

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

the thickness, a micro-ct scan of a tow from the ST94-RC303Trgpreg was taken
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Figure 3.18: The transverse permeability is found by compag the ow front position
in the transverse ber direction orthogonal to the longitudnal ber direction.

after 50% of the area viewed from below the table is lled witlmesin. It can be seen in
Fig. 3.19that regions of the ber tow nearest the inter-tow space arelled with resin,
and less transverse lling is seen in the ber tow where the br tow is covered with a

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

3.3 Summary and Conclusions

The in-situ method presented here records the pattern of i@esow 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 wa designed to control the
temperature and pressure for a pre-preg assembly to determaithe e ects of these pa-
rameters on the rate of resin impregnation from a resin Im ito a woven fabric. With
the knowledge of the fabric's state of resin saturation, dlidength scale permeability
of the fabric was characterized. The model developed proesl the correct scaling to
predict the Il time. The model is validated by showing that the Il 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 squaref ahe characteristic
dimensions of the tow geometry as shown in Fig.16

Permeability is known to reduce with increasing ber volumdraction [46]. As
the applied compaction pressure is increased, the ber spag reduces and the ber
volume fraction increases. As demonstrated here, the pernbddy of the ber tows

decreases as the compaction pressure increases. The twoidatbeing compared have
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the same type of bers, woven in the same pattern; so as expedt the permeability of
these two fabrics recovered from the experiment and modelidentical and responds
to pressure in the same way.

The results will prove to be useful in an Automated Tape Placeemt (ATP)
system in which one can control the temperature and pressudeiring processing and
thus control the rate of lling. It is necessary for OOA prepegs to be compatible to
ATP systems in order to be a viable option for the manufacturef composite parts in
many industries. Placing partially impregnated prepreg is sensitive process. Enough
force should be used to tack the prepreg to the adjacent laydyut if too much force
is used, it can potentially ruin the part if resin closes o p#ways, hindering gas
evacuation. The results of this study show the rate at whichnter-tow and intra-tow
spaces of a woven fabric Il as a result of applied temperaterand pressure. It was
shown here that at low temperatures and pressure§ (< 55°C and P < 54kPa)
it would be dicult for a tape placement system { even at low placement velocities
- to Il an entire cross-section of fabric with resin (thus bbcking pathways for gas
evacuation), because the time to impregnate ber tows at thee process parameters is
on the order of several minutes. If the part being manufacted is large, then it may
prove useful for inter-tow spaces in the fabric to remain uasurated for the purpose

of gas evacuation.
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Chapter 4
BUBBLES IN OOA PREPREG

During composites manufacturing with partially pre-imprgnated bers (i.e.
\prepregs”) in Vacuum Bag Only (VBO) processes, non-impretated fabric cross-
sections serve as air pathways to evacuate entrapped bulsblef air, moisture, or
volatiles. The bubbles trapped within a laminate during praeessing lead to decreased
structural performance. In this work, the motion of resin ad bubbles during the
processing of a characteristic prepreg is directly visuaéid in-situ. This is performed
utilizing a previously developed ow visualization techrmjue under known pressure and
temperature conditions. This study investigates the prossing conditions under which
a bubble succeeds or fails to meet and coalesce with avaiihir 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 sassful bubble removal as
compared to the initial state of resin impregnation in the prpreg. Prepregs with ini-
tially high states of resin impregnation will often fail to daw bubbles into air pathways
through the center of ber tow cross sections, whereas preggs with initially low states
of resin impregnation have clear pathways for bubbles to melecal resin ow fronts,
coalesce, and escape. The relevant literature on the motiah bubbles in con ned
spaces is discussed. It is observed that small Capillary nber theory (i.e. Ca < 0:01)
under predicts the relative velocity of bubbles, and the faésr than expected bubble
transport is likely due to buoyancy e ects as given by the buble aspect ratio via the

brous microchannel geometry.
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4.1 Introduction

Bubble transport during composites processing has been died 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 TransfeMolding (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 thesepgs of studies focuses on
bubble movement through tight constrictions 47], and bubble break up $1, 55]. Bub-
ble formation has been described to primarily depend on thaggillary number (Ca),

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

Ca= DRTM (4.1)

Here, is the resin viscosity,Ugtn is the velocity of the resin being injected, and

is the surface tension between the resin and ber§3. 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. aroundber tows), the resin
ow pattern will form enclosed pockets of air inside or outsie ber tows as the resin
lls the preform { thus leading to the formation of bubbles.

Ganglo etal. (2014) presented computational analyses th&xplored the e ects
of porous media walls on a bubble surrounded by resin movingrough a micro-channel
[48, 50|, studying how bubbles and resin transport together througinter-tow spaces.
This micro-channel was surrounded by porous media walls Wwiassigned permeability
values to describe the resin seepage ux into the walls as kalbs and resin pass through
the channel. Resin seepage ux into ber tows was shown to beadeled as wall slip
condition with reasonable accuracy; however, for small eow permeability values,
the resin seepage ux was small enough. This implies that vaitsmall permeability, the
porous walls and corresponding resin seepage ux into the Ngahave less of an e ect

on bubble migration versus ow channel geometry.
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This study reports novel direct observations of the motionfabubbles through
inter-tow channels during resin impregnation of partiallyimpregnated prepregs. The
work utilizes a test method previously developed for visualng resin e ects on the
propensity of a bubble to vent out of the laminate via coalestice with an air path-
way. Although pressure in VBO processes is limited to one atnydseric pressure, the
pressure can be controlled in automated ber/tow/tape plaement, during which resin
ows and increases the degree of impregnation which will imence the air evacuation
process %6, 57).

An in-situ ow visualization technique is implemented, whit is able to observe
resin ow and bubble motion simultaneously under constant gssure 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 cycleyaonot be optimized to
vent bubbles. Rather, it is shown that the initial degree of e@sin impregnation is the
primary factor governing the quantity of entrapped bubbles Similarly, Lukaszewicz
and Potter (2011) showed that the initial \quality" of the prepreg (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 tubesé Hele-Shaw cells can
be used to develop the necessary theoretical framework topdyp to bubbles moving
through inter-tow channels during OOA prepreg processingsashown in the following

sections.

4.2 Methodology
4.2.1 Material

The thermoset prepreg used throughout this work is a commeadly available
Gurit Single Sprint ST94-RC303T partially impregnated prereg system, designed for
OOA processing of marine structures. This prepreg systemrsists of a twill woven
carbon fabric, with an aerial weight of 30§=n7? with 12,000 bers per tow, and a layer

of precast, pre-catalyzed epoxy resin Im at 42 wt% appliedot one side of the fabric.
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The tow width of carbon fabric is measured as 6 mmif]. Fig. 3 shows a schematic
and an image of the dry side of partially impregnated preprethat is used for this

study.

4.2.2 Experimental Setup

The in-situ ow visualization technique developed by Cendeet al. (2013) is
adapted to visualize and record the resin ow and bubble main. Fig. 4.1 shows
the ow visualization setup schematically $9. The method consists of placing the
prepreg dry side down, onto a clear and transparent acryli@able. Heat and pressure
are applied to the prepreg in order to induce resin ow. From &ow the table, a CCD
camera coupled with uorescent lighting records the resinow as it impregnates the
dry fabric underneath along the table surface. A clear adhige plastic Im is laminated
to the acrylic table surface to preserve the surface for rezisThe tests were performed
at three di erent temperatures (50, 55, and 60C) and three dérent pressures (15, 53,
and 98 kPa).

The lowest consolidation pressure used (15 kPa) simulatdsete ect of a tape
placement compaction roller. Thus, the sample is not expabd¢o vacuum and air
remains inside the air pathways. This is done by placing a hteal compaction block of
known temperature and weight on top of the sample. Samples mgealso tested under
full and partial vacuum pressure by enveloping the prepregasiple inside a vacuum
bag. Heat was applied by placing the temperature controlledwaminum block on top
of the sample. It is important to note that after the consoliction block is placed over
the vacuum bag, it takes 1-2 minutes for the sample to reach teady temperature, so
these two tests cannot be considered isothermal. This is nan issue, as will be shown
later: only the relative velocity of bubbles to resin veloty is of interest.

Each prepreg sample is prepared by laminating a release Ino the resin Im
side of the prepreg (see Fig4.1). In doing this, air bubbles become trapped between
the release Im and the resin, due to the irregular rough suate of the resin Im,

thus making poor intimate contact with the resin Im. These tapped bubbles are
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Figure 4.1: Schematic of the experimental technique derivédm Cender et al. (2013).
A bagging (or release) Im is laminated to the resin Im side 6the prepreg sample {
ensuring that air bubbles are trapped at the interface. Theasnple is then placed dry
side down on a clear table where a CCD camera recorded the mesnd bubble ow at

the table surface, which is initiated with the application & pressure and temperature.
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later observed to ow with the resin down through the weave'shrough-thickness gaps
(called \pinholes") and through inter-tow channels in the &bric along the table surface.

Lighting and contrast are adjusted to obtain clear images diubble boundaries

4.3 Results

Fig. 4.2 shows a micrograph of a polished 12 layer laminate of ST94-BG3T
that was processed and cured with the supplier's cure cycléflhe gure shows the
presence of voids (i.e. very dark spots) present primarilyutside the ber tows in the
inter-laminar spaces. Measurements of the inter-tow chaahheights were taken from
the micrographs and measured to be 80 20m . The main goal of this work is to
understand why the voids that become entrapped in the intdeminar spaces between
ber tows are not able to be evacuated through the insides ofrg ber tows.

During the experiment, the pattern of resin ow is observedn detail [59). Resin
ows downward from the resin Im through the pinholes in the fbric weave where there
is a direct path for resin to reach the table surface. As shown Fig. 4.3 approximately
20 pinholes and 24 inter-tow channels are in the eld of viewOnce 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-towases are saturated,
resin then proceeds to ow into ber tows { predominately alang the longitudinal ber
direction, and minimally transverse across bers. With thisnethod, the degree of resin
impregnation is represented as the area lled with resin athe table surface. As this is
occurring, bubbles in the resin Im are observed to emerge bugh the pinholes with
the resin and race through the inter-tow channels of the falarin the direction of resin
ow along inter-tow channels. Once the bubble emerges, sorkey observations are, (I)
If the inter-tow channel is not saturated, a bubble will movdaster than the resin, and
may reach the resin ow front before the inter-tow channel idled (see Fig. 4.33); (I1)
Once the inter-channel is saturated, a bubble emerging froanpinhole will move along
the inter-tow channel and stop at a spot equidistant betweepinholes. If the advancing

resin has not penetrated too far into the ber tow, a bubble ca occasionally squeeze
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Figure 4.2: A 12 layer laminate of ST94-RC303T was processeadacured 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 psiied cross-sections) to
have a height dimension of 80 20m .
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Figure 4.3: Tracking of bubbles during resin saturation withl5kPa of applied con-
solidation pressure at 50C (a) Bubbles emerge from pinholesthe fabric and moved

through channels in between tows towards the resin ow frorn6% area lled), they can

be evacuated if they reach the resin ow front before the intetow channel is saturated
(b) Bubble entrapped at tow boundary in inter-tow channel de to late emergence,
when the resin impregnation (61% area lled) is too far advared into the tow.

into the ber tow in longitudinal direction of the bers; (Il 1) If the resin has advanced
too far in the ber tow, the bubble will remain lodged at the towv boundary (Fig. 4.30);
(IV) Bubbles will not merge into ber tows transverse to the ber direction.

The implication of these observations is that initial degre 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 beveen two resin Ims (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.30 demonstrates. Furthermore,
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the fact that bubbles are not observed to move into ber towshrough the transverse
ber direction suggests that unidirectional or non-crimp &brics (i.e. with high resin
impregnation) will be less successful at migrating bubblesto air pathways.

Fig. 4.4shows a time-lapsed set of images focusing on a single irtt@xchannel
saturating with resin. Resin is shown to progressively satate the channel with time
starting at t=124 s with the appearance of resin ow fronts ad dark contrast areas of
resin. The resin ow fronts coalesce with each other at t = 302. Upon this coalescence,
the resin proceeds to saturate the interior of the ber tow. Tie resin velocity is greatly
reduced due to the decreased permeability of the ber tow witrespect to the channel
permeability as explored by Cender et al.50]. As the channel saturates, bubbles are
observed to be introduced into the resin by the process of empped air underneath
the vacuum bag as shown in Fig4.1L One can observe at = 275s how bubbles rst
appear in view from the top and bottom of the channel. The buldb from the bottom
is of much greater volume than the bubble from the top. With inasing time, the
large bubble is able to coalesce with the resin ow front andisappears 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 becomesmpletely saturated.
At t = 2446s, the small bubble (lower) as well as a third bubble (upper) ishown to
remain lodged within the inter-tow channel with the resin av front saturating deep
into the ber tow.

Fig. 4.5 shows a situation where entrapped air inside ber tows is rehsed into
the resin inter-tow channel as a bubble. This test was perfmed with a consolidation
block of 15 kPa at 55C without the use of vacuum. Without vacuuma disproportion-
ally large amount of air becomes entrapped within the smallapillaries of ber tows;
however, this observation gives interesting insight into aat happens when vacuum is
not su ciently applied for long enough time to remove the airinside ber tows (i.e.
vacuum dwell time). It is observed in Fig.4.5that this can lead to a source of bubbles
being released into the resin. Additionally, as the bubble aehes the nearest inter-tow

channel, the bubble is stretched to the left and right. This bbble stretching behavior
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Figure 4.4: Inter-tow lling with resin from two adjacent pinholes Pap, = 15kPa,
Pvac = 0atm, T 50C). Two dierent sized bubbles appear at the same time. The
large bubble from the lower pinhole quickly reaches the owdnt and drains into the
air pathway, while the small bubble from the upper pinhole des not reach the ow
front before the channel is lled and remains entrapped at th tow boundary.
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Figure 4.5: Air entrapped at the center of a dry ber tow can migate to the inter-tow
channel as the resin impregnation in the ber tow advances.

is undesirable, as it can initiate bubble breakup behaviorGanglo et al. (2014) [4§
showed a correlation between bubble size and the relativelfle velocity with respect
to the resin velocity { the larger the bubble, the greater itgelative 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 likelyotbecome lodged
at ber tow boundaries in resin saturated inter-tow channed. It is more desirable to
have bubbles meet the resin ow front before the channels arbbed. This type of

two-phase channel ow was experimentally and computatiohlg modeled by Ganglo
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et al. (2014) in @8, 50]. The goal of this section is to correlate material and pross
conditions which must be met for entrapped bubbles to be vesdl from unsaturated
inter-tow channels within the prepregs.

From the prepreg ow visualization experiments, 45 individal bubbles were
tracked for quantitative analysis: ve bubbles for each of ie nine combinations of
pressure (15, 53, 98 kPa) and temperature (50, 55, 60 C). Cas¢ehere the bubbles were
able reach the resin ow front in an unsaturated inter-tow clannel where exclusively
selected. The movement of bubbles and resin emerging frormipdles 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 frat). The center position
of bubbles, as well as their lengthl(= 2a) and width (w = 2b) were tracked over time.
It was observed that the rate at which bubbles can race throlgthe resin is strongly
a ected by bubble size and morphology. Bubble morphologieanged from spherical
(a=b= 1) to elongated (a=b >> 1).

To summarize, the unknowns from the prepreg ow visualizatio experiment
related to bubble ow with respect to the resin ow are: localpressure/pressure gra-
dient, channel geometry (height, width, shape), surface sion, resin Im thickness
around the bubble, approximate channel volume / cross-seahal area, ber tow per-
meability (longitudinal and transverse), and dual scale pe volume. The following
were measured: bubble length and width, bubble velocity, s&n front velocity, and
resin viscosity.

The aim is to use the previous result fromd9] to estimate the pressure gradient
in the resin in order to determine the bubble velocity relatie to the resin velocity. The
model formulated in Cender et al. 39 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 ind=i 4.4, the pressure
gradient in an inter-tow channel decreases dramatically oa the ow front begins to
advance into the ber tow, owing to the fact that the resistarte 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 whereublble suspended in
viscous uid (i.e. resin) is constrained to in-plane motiorwithin a saturating micro-

channel. This model can be used to approximate the bubble traport in prepreg
inter-tow channels after Ganglo et al. (2014) in #8]. Schematic of a bubble moving
with a velocity V thourgh a Hele-Shaw cell containing a uid moving at velocityJ

4.4.2 Two-Phase Hele Shaw Flow

It was shown by Ganglo et al. (2014) in j8, 50| that the relative motion of
bubbles in viscous uid as encountered in between ber towsuling composites pro-
cessing can be successfully approximated with 1D channeWwo Previous studies on
bubble transport in composites processing modeled the mavent 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 betwag ber tows where external
pressure drives the ow rather than surface tension (i.e. tge capillary number). Gan-
glo et al. (2014) showed experimentally and computationdy a Hele-Shaw modeling
framework could be used to estimate the bubble and resin ownescales 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 through thin gap. A

Hele-Shaw cell is rectangular channel where the channel H#igs much smaller than
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the width (h <<w ). Eg. 4.2is the average uid velocity in a Hele-Shaw cell,

h? dP

12 dx (4.2)

Here, the average resin velocity i¥, the resin viscosity is , the channel height ish,
o . .dP
and the pressure gradient in the resin |de.
Sa man and Taylor (1959) studied the motion of a bubble in a He-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 dimengis. However,
in the limit of very small bubbles they nd that the relative velocity is,

u
v 1+ (4.3)

ol

and speci cally note that spherical bubbles & = 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 Im of uid between the bubble and tke top wall is ignored.

4.4.3 Small Capillary Number Theory
The classical problem of a long bubble owing through a capéry tube was
most notably studied by Bretherton (1961) §1]. The major result of this work was the
discovery that the thin Im of uid (thickness t) between the bubble and the capillary
tube is,
t/ ca3 (4.4)

where the capillary number is de ned as,

U

Ca= (4.5)

Here, U is the absolute velocity of the bubble. Note that the capillar number in

this case using the bubble velocity, as opposed to the surraling 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 Im 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. Fig4.4). A bubble mobility less than
unity implies that the bubble is not able to reach the local rsin ow front and there
is a risk of entrapment. Bretherton found that the thin Im th ickness {) is a function
of the capillary number characterizing the ow. The rate at vhich the viscous uid in
front of the bubble is able to drain around the bubble and to te back of it provides
the ability for the bubble to travel faster than the surroundng 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 dubble translating in a

Hele-Shaw cell with the inclusion of surface tension e ects.€. smallCa) [62],

a
pt1

1+0:212Ca 23 (4.6)

uU_
=

The bubble aspect ratio term is important, as it was observeith 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 i@shas to drain around within
a micro-channel in order for a bubble to migrate through the hmnnel. Increasing
the surface area by bubble elongation provides increasedistance for resin to drain;
however, a larger bubble also implies greater pressure gextt across the bubble via
buoyancy. This work seeks to measure how the balance of buogg force versus surface
tension force, based on the bubble aspect ratio, is expered during the prepreg
processing.

To further explore this, bubbles and resin ow fronts were masured as described
earlier in Section 4.1. Fig. 4.7 shows an attempt to correlate the bubble mobility
measurements with Park et al.'s§2] and Bretherton's [61] models. The results are

plotted as functions of applied pressure and temperature. Nobvious correlations
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Figure 4.7: Small capillary number theory is shown to be incaristent with the observed
experimental data. An attempt to correlate in situ bubble moldity (U/V) measure-

ments during prepreg processing with models after Maruvad&a Park (1996) in [62]
(a) and Bretherton (1961) in B1] (b). Small Capillary number theory did not t the

observations.

were achieved with the Bretherton and Maruvada & Park modelsThis suggests that
the capillary number is not playing as strong of a role in the dbble mobility through
the prepreg micro-channels. Also, no obvious trends were ebged as functions of
applied pressure or temperature on the bubble mobility. Tlsisuggests that the tuning
of process parameters does not play as strong of a role in thebble mobility during
prepreg processing. Note, there is di culty in measuring théubble and resin velocities
exactly, and ow visualization software was used to best appximate 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 piaular material, the resin
viscosity is 100 20CPa s within the temperature range of 50 6C°C. 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 E¢.3).
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Figure 4.8: Assuming a large capillary number, the experimatresults 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 [6Q] with Eqg. 4.3, versus experimental results. From the
45 bubbles which were tracked) and V were measured directly. The e ective bubble
radius R was estimated based on the bubble length and width drchannel depth,h.
The channel dimensionh, was taken as 80n 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. scaiwith bubble length) and
surface tension force (scaling with bubble surface area)itivthe buoyancy force driving
bubble ow and the surface tension force impeding resin dresage 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 tationship between bubble
mobility and the bubble aspect ratio. The data points for dierent process conditions
(pressure and temperature) do not show a trend in bubble molty. The immense
scatter in the data is expected since the model is only a rstpgproximation and the
channel (which varies and can not be measured) is appoximdtash = 80m { a
typical value for channel height as shown in Fig4.2. 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 agtical model
for characterizing the migration of bubbles, which are fored due to mechanical en-
trapment during layup, into air pathways during OOA procesmsg. The role of the
process parameters (i.e. applied pressure, temperatureydatime) on the motion of
bubbles when advancing the degree of impregnation from thatial resin placement in
partially impregnated prepregs was investigated. The pramption 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 prepregystems. It is demonstrated
here that bubble move through the resin only when the resin iswing. The physical
mechanism which moves bubble towards air pathways is buoyan In order to impart

buoyant force on a bubble, there must be a pressure gradientthe resin, and in order
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to induce a pressure gradient upon the application of pres&y resin must have an
empty space to ow into. Thus, in order for bubbles to coalescwith a resin ow

front, resin must be owing through inter-tow micro-channds. Therefore, for partially

impregnated prepregs, it is insu cient to simply apply vacwm at room temperature,
where the resin does not ow. The simple model described hestgows that the e ciency

of evacuating bubbles from the laminate does not change wittmperature or pressure
and the experimental results have further validated this.

It was also demonstrated that the degree of resin impregnati in partially
impregnated prepregs plays a critical role in the ability fobubbles to coalesce into
air pathways. Higher resin impregnation is undesirable siadubbles cannot move into
ber tows once the resin has impregnated into ber tows. Bubles 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 balace of bubble buoyancy and
surface tension forces to the bubble mobility. Further inv&igations should consider
the degree of resin impregnation by looking at alternate rgs con gurations during
prepreg processing. Prepregs in which there is no dry areathe start of the process
are inherently awed in that they readily trap bubbles betwesn plies, and the bubbles

cannot migrate into air pathway inside the center of ber tove.
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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 impregnad prepregs have
been uniquely developed for processing in an oven under vacu pressure only; a
process which has become known as Out-of-Autoclave (OoA) or &aum Bag Only
(VBO) [3]. Partially impregnated (OoA) prepregs consist of a thermas resin which
has high viscosity at room temperature ( 10*Pa s) and very low viscosity at the
curing temperature ( 1Pa s) [59. Resin is typically applied as a Im to one or
both sides of the ber reinforcement and only partially satuates the cross-section in
order to maintain a connected network of air pathways througput each lamina 12].
Processing consists of three primary steps: prepreg ply péament, gas evacuation from
the laminate, and oven curing - during which resin impregnasethe remaining pore
spaces.

Using this process to produce a composite laminate with minah void con-
tent (ideally < 1% by volume), relies on su cient evacuation of air from the pen
pore network at room temperature before the preformed layupan be heated. Several
mechanisms exist for the formation of voidslp, 63]; however, the foremost concern
should be air evacuation13]. In practice, the time required to hold vacuum pressure
will depend on the size, shape, and ply layup of the compospeart. A numerical sim-
ulation could be very useful is making such predictions if aarate material data could
be deduced; however, test methods which were adopt from theojpgical scienceS]
need a second look to determine its compatibility with in-g@ne ow of thin prepreg

lamina. What's more, the relationship between resin saturadn and gas permeability
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has not be properly addressed. Results are often reported thre as-received material,
or following a conditioning step where the material is expes to a known tempera-
ture, pressure and time - but this procedure (although pradatal) lacks the essential
description of the state of the saturation.

Studies which evaluate gas permeability of partially satated prepregs have
followed either a steady ow method 5], or a transient pressure decay method{].
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 vacim pressure to one edge
of a rectangular sample, while the opposite edge is open taraispheric air, where a ow
meter records the ow rate. In-plane gas permeability of wan carbon prepregs as been
reportedask =5 10 ¥ 6 10 *m?[66, 67] for woven carbon ber laminates, and
K =2 10 %27 10 *m? for unidirectional ber prepregs in the longitudinal and
transverse direction respectivelyd6]. Transient pressure decay methods rst appear
with the work of Tavares et al. R1, 68|, where through thickness gas permeability
was measured for a variety of prepreg material con guratianwhich were laminated to
a honeycomb core structure. While applying vacuum pressureeas the prepreg face-
sheet, gas pressure inside the honey-comb core volume wasnded as it equilibrated
over time. Their analysis employed the analytical solutiomo the linearized governing
equations. They reported a through thickness gas permeatyil of the order K
10 ¥m? when using fully saturated prepreg<l], andK 10 ** 10 ®m? for partially
impregnated Z-preg 8], which has a pattern of resin strips as opposed to a continue
resin Im. Tavares et al. [21, 68 also concluded that the Klinkenberg e ect was
negligible by testing the sample with various (sub-atmospric) 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 schemd.evy et al. [70] explored
the scalability of this system while using a nite element aproach to numerically solve
the governing equations.

Resin saturation of partially impregnated prepregs is chi@nging to quantify,

since measurements must be completed while resin is in thquiid state - elevated
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temperature for curing would allow liquid resin mobility. h-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 renderig is particularly useful
in that it shows the pore structure. Cender et al. 9] implemented a simple surface
visualization technique for tracking the progression of sarated ( lled) area over time.
This technique is employed in this study as a complementarpharacterization method
- discussed in more detail ix5.4.2.1 Tavares et. at. p8] employed a similar technique
while studying the Z-Preg material.

In this chapter, a comprehensive characterization method ipresented to eval-
uate the in-plane permeability of partially saturated prepegs to gases. To do so, a
special variant of the pulse-decay method is employed - ir@tly developed for analy-
sis of geological core sample§4. In order to handle the a ect the vacuum pressure
(P ' 0) boundary condition has on the pressure decay, we proposelismensionless
pressure P (b+ Ps)= P which adjusts the solution based on the e ect of the
boundary condition pressure s ), initial pressure dierence ( P) and the Klinken-
berg parameter ). Employing this analysis, we are able to demonstrate a ndvweay
of recovering the Klinkenberg parameter and intrinsic pergability.

Using a sample prepreg (GURIT ST94-RC200T), the model and meil of pa-
rameter deduction is applied to experimental data taken fra the sample at various
saturation states in order to measure the Klinkenberg paraater (b) and intrinsic (lig-
uid) permeability (K;). It is shown that at very low resin saturation the inter-tow pores
contribute to higher prepreg permeability with no detectale Klinkenberg parameter.
As the resin saturation is increased, the inter-tow pores WMith 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 measuske Klinkenberg e ect. As
the saturation is further increased, where ber tows show @ni cant resin uptake, the
gas permeability continues to drop and the Klinkenberg paraeter continues to rise.

In a parallel study to the deduction of the Klinkenberg pararater and intrinsic

permeability, the open pore volume of the sample is evaluatevith same pulse decay
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method by additionally performing the test with a reservoirvolume in series with the
sample 2. The method works conveniently with the same, implementetbr deter-
mining the intrinsic permeability and Klinkenberg parameer. Accuracy and precision
of the results is scrutinized, but nonetheless demonstratbat the method has su -
cient accuracy to detect changes in saturation, and can beagsas a characterization

method.

5.2 Problem Description

We would like to understand and predict the time needed to evaate atmo-
spheric air from a partially (resin) saturated ber bed via \acuum pressure applied
to the edges. Experimental characterization is designed toimic the transient pulse-
decay method for evaluation of gas ow material parametersinitial and boundary
conditions are chosen to be consistent with the process in il gas is evacuated from
the material's pore space. Initially, atmospheric ailP, = 101kP a occupies all of the
pore space. Vacuum pressuré’(,. = 10 3kPa) is abruptly applied along one bound-
ary (short edge) of a rectangular sample, while gas pressisa@ecorded over time at the
opposite edge, which is closed to any in ux of air. This zeroux boundary condition
is analogues to a symmetry condition.

There are, however, some special considerations to contewith: (i) The sample
is partially saturated to an unknown saturation; (i) The process is performed in a
vacuum bag so positive pressure cannot be applied (for the rpose of varying the
initial pressure); (iii) The gas pressure decays towards absolute zero (in this study
Pvac = 2P a abs) so the measured pressure decay cannot be predicted fromusiohs
of the linearized form of the governing equations.

The (prepreg) sample material in this study is a single ply ofabric with a
Im of viscous resin laminated to one side of the fabric. Theabric is woven from
bundles of bers, referred to as ber tows. Each ber tow is coprised of thousands
of carbon ber (each 5 9m ), bundled together. The fabric is porous medium of

dual scale porosity/permeability, which contains inter-bw pores - undulations in the
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weave i 50 100m ), and intra-tow pores d 1 10m). Intra-tow pores are
highly anisotropic, where the highly aligned bers are 1040 times more permeability
in the longitudinal ber direction as compared to the transwerse direction $9). Fig.

5.1 schematically depicts a partially saturated prepreg matél structure and how gas

is extracted from the laminate boundaries.

Figure 5.1: Schematic of an O0A prepreg structure and the patlays through which
gases are evacuated.

In de ning the problem, we make some simplifying assumpti@in order to
proceed.

1. The sample domain is chosen as a xed thickness, which dhatlude the thick-
ness of the fabric only and excludes the resin Im above theldac. The chosen
thickness is the nominal thickness of a fully consolidatechd cured ply (0:23mm
for this sample).

2. We neglect the fabric compliance entirely, both as part adhe xed thickness
assumption, but also its a ect on permeability. This is not @ uncommon as-
sumption to make when studying vacuum bag process&s|l Some authors have
employed constitutive equations which include fabric contipnce, but we have
de ned this aspect of the material behavior to be outside othis study.

3. We are seeking bulk material properties. Therefore we regt the dual scale
porosity and local variations in saturation.

The deformation of the ber bed will yield a measurable di erace in perme-

ability as compared to a constrained fabric. This is a comméndiscussed issue when
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modeling the VARTM process: As resin, injected at atmospheripressure, lIs the air
evacuated pore spaces of the fabric, load from atmospheri@psure above the vacuum
bag is shared between the resin and fabric - increasing thenimate thickness. One way
to deal with this added complexity is to utilize the processanditions during perme-
ability characterization. Measuring permeability by trackng the velocity of the resin
ow front using either a vacuum bagged sample or a sample in aed mold cavity can
yield adequately representative (although di erent) perreability 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 c&ian force against the
vacuum bag, which diminishes as gas pressure decays durihg test. This has the
e ect of locally changing the sample permeability during tke test. Although not ideal,
in this study we do not consider the fabric compliance, but ther claim that using
a transient pressure decay test should yield more relevanalues for the purpose of
modeling the process. The alternative, being a steady ow $& would report a bulk
permeability corresponding to the xed deformation gradiet (permeability gradient)
of the sample.

The Klinkenberg e ect is often considered relevant in the adext of composite
materials processing74, 69, 75, 76|, but its measurement has only been attempted
by Tavares et al. P1]. Measuring the Klinkenberg parameter (which has remained
elusive in the context of composite materials) will be impéant to determine its value
as a process parameter (i.e. the impact of neglecting it). Aduobnally, since it is
solely dependent on the pore diameter, a change in the Klinkeerg parameter with
respect to saturation will indicate a reduction in the averge pore diameter. To gage
the potential implication of the Klinkenberg e ect, a rst order estimation is o ered to
demonstrate the potential value of this correction factor.Carbon bers are typically
5 10m in diameter and inter-tow spaces (from undulations in the falic weave) are

60 100m , so gases can pass through pores ofml when moving transverse to
bers, 5m moving longitudinally along bers, or 100m when moving between

ber tows. Vacuum bag processes apply vacuum at room tempéunae and bring the
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pore space within the laminate from atmospheric pressure wn to the vacuum level.
Fig. 5.2was constructed to demonstrate how pressure and pore diamewill e ect the
estimated Kn, which inturn, determines the relevant physics models. Gimeconstant
values of pore diameterd = 1;10;100m ), Eq. 2.14was used to estimate the mean free
path from the respective gas pressure (assumés= 23°C). 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 impregreat prepregs 74].
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Figure 5.2: Knudsen ow regimes anticipated in vacuum bag poessing 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 V&, ideal gas law, and Klinken-
berg's correction for permeability B2, 34].
@P_ K; @ @P

a ax PP ax (5.1)

where the Klinkenberg correction for a dilute gas is
Kg=Ki 1+ = (5.2)

Seex2.4 for additional details on Eq. 5.1

From Eq. 5.1, b K;, and must be determined experimentally. Permeability
is a volume averaged property, as de ned in Darcy's Law; hower, it is clear that
Ki= can be grouped together as a single unknown. We can call thigeetpore averaged
permeability K,  K;=, which is advantageous when considering the e ect of resin
saturation. Gas permeability K, can be measured with either a steady ow test or
the pulse-decay (unsteady) technique. In the typical pulsgecay test (as devised by
Brace et al. B4, 77, 78)), the pressure decay is measured in upstream and downstrea
reservoirs, schematically depicted in Fig5.3. The upstream reservoir is pressurized to
an initial pressureP; while the downstream reservoir and porous domain are press@d
to a lower initial pressureP,. At t = O the test begins when the valve between the
upstream reservoir and the sample is opened to allow the psese decay over time
until both reservoirs equilibrate to the nal pressure,Ps. As it so happens, the nal
pressure,P; is close in value to the mean pressuie = (P, + P,)=2, which is typically
used to map the apparent gas permeability to the gas pressuréthe test. The nal
pressure can be deduced from the initial pressure and resipex volumes (Eq. 5.3)

for which either P; or V, (porous volume) must be known. Usually, the porosity is
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determined beforehand with a separate techniqué9, 80, 81, 82, 83]. The formulation
in Eg. 5.3is analogous to the gas expansion method, where a calibramwdtem of two
chambers (one containing the sample) at di erent gas pressas is allowed to equilibrate

isothermally [81].
_ PiVr1 + P2 (Vp + VR2)

Ps Vi + Vo + Viz (5.3)
P,
Vra, P> Py ¥_---
=0 r=1 /’// .
P time

>

Figure 5.3: Schematic of the typical experimental setup fohe pulse-decay technique
for measuring gas permeability of low permeability porous @dlia [64]. Open reservoir
volumes at two ends of a sample are pressurized with gas to eient pressures and
allowed to equilibrate over time.

The boundary condition at each reservoir (Eq5.4) is determined by equating

the mass change in the reservoir (ideal gas)

@ PrWR

M= @t RT

to the mass ux in or out of the porous medium (Darcy's Law)

in order to obtain the boundary condition in terms of gas presure (and its derivatives)

@P_ KiA @P
o Prb g (5.4)

Eg. 5.1 with reservoir boundary conditions atx = 0;L (Eqg. 5.4) can be solved

Vr

analytically, so long as as®; P;) is small relative to P; [84, 85, 78. Choosing
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P:=(P, P,) >> 1 ensures the decay of pressure to be exponential w.r.t. timérom
this arrangement, gas permeabilityk, is measured as a function oP;, (where is
determined beforehand). Repeating the test with varying itial boundary pressures
(i.e. increasingP;) reveals the relationship between recovered gas permedypibnd
absolute gas pressure. Plottingl4 v.s. 1=P; has a linear correlation according to Eq.

5.2, where intrinsic permeability K; is the intercept andK;bis the slope.

Ky

Kb

1/P

Figure 5.4: The Klinkenberg parameter is traditionally detemined by plotting the
‘apparent’ gas permeability against the inverse of the meagas pressure. The intrinsic
permeability is determined by extrapolating the interceptwhen =P ! 1 and the
Klinkenberg parameter is determined by the linear slope fro the data.
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5.3.2 Model

In modeling this system, we wish to follow material processy conditions to
determine the intrinsic permeability, Klinkenberg paraméer, and porosity. The pulse-
decay technique is implemented, where the initial gas press of the sample must be
atmospheric @; = 101kP a), the boundary at x = 0 must be xed at vacuum pressure
(nal pressure P;  0OkPa), and at x = L the sample domain will be closed to any
mass in ux (@P=@x0).

P =P (5.5a)
x=0

@P

—_— =0 5.5b

@x,_, (5.5b)

As an additional case, the model will also consider an arrangent with an empty

P:Pvac

VrR=0

xle x =1L

Figure 5.5: Schematic of the 1D model which is characteristaf the manufacturing
process. Vacuum pressure is at one boundary of the materiardain (x = 0) and on
the opposing boundary X = L), the domain is closed to any mass ux (Eq5.5b).

reservoir volume atx = L.

@P_ KA @P
Vegm — - (PHb g (5.6)

In both cases, the decay of gas pressure is recordedkat L.
5.3.2.1 Dimensionless Analysis
To simplify the analysis, the problem is recast in terms of diensionless variables

so that scalability of the problem can be readily seen. Dimsionless position and

pressure are prescribed to be 0 ;P 1, so we choose Eq5.7, whereL is the
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Figure 5.6: Schematic of the 1D model in which vacuum pressuseat one boundary
of the material domain k = 0) and on the opposing boundary X = L), a gas lled
reservoir volume is drained through the porous medium (Ecp.6).

length of the porous domain,P; is the initial pressure, P; is the nal pressure, and

P:Pi Pf.

X
=T 0 % 1
p=P pr 0o P 1 (5.7)
p= L 0 f<1

te

Time is normalized by a characteristic time., which is chosen as

2
t= = (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 dimensionless form as

follows I
% = g P+ P % (5.9)
, Where
p, o ; b (5.10)

is a dimensionless pseudo pressure the authors introducadai previous study f2] to
characterize the system; namely, value d¢¥; dictates the shape of the pressure decay
function.

The boundary condition atx* = 0 is prescribed to beP = 0 in dimensionless

83



form. The boundary conditions of Egns.5.5b & 5.6 are recast in dimensionless form

as Eqgns.5.11& 5.12respectively. In Eq.5.12 V, = AL is the open pore volume.

@

@0 (5.11)

@ p.p @

@ G (5.12)

5.3.2.2 Characteristics of the Governing PDE using Ps

The governing PDE in Eq. 5.9 can be solved numerically using an explicit nite
di erence scheme. The presence &, means that the solution will depend on this
dimensionless pressure constant. Fig.7 shows the solution to Eq.5.9 with boundary
conditionsP =0 at X =0 and @ =@ =0 at X = 1 when P, = 0. From this solution,
the decay of pressure over time at £ 1 is extracted. This is highlighted in Fig. 5.7 as
a dashed line on thex”= 1 plane. This information is important for two reasons:x= 1
represents a symmetry plane (whe@®=@ = 0), which, in modeling the process is,
the half way point between two edge evacuation points - thusé highest pressure in
the system; and experimentally, the gas pressure is measilied this point. The spatial
dimension of Fig.5.7 shows a very sharp pressure gradient near="0 which gradually
decreases towards zero (as prescribed). This highly varipdessure gradient reveals
that gas compressibility - although not evident at the poreaale - is highly important
at the larger 'part scale' (across the material domain).

Delving deeper into Eg. 5.9, it is entirely dimensionless; however, the choice
of non-dimensionalization for pressur® has left an additional dimensionless pressure
constant (Ps) which makes pursuing a single dimensionless master curli&e in tem-
perature di usion) impossible: There isn't one, which is te point. For example, ifP
was chosen a$ = (P + b) =P, then we would have the formP, = PP, . (& and £
subscripts denote partial derivatives), which is the comnmmoconvention in the litera-

ture [84]. Instead, by requiring 0 P 1, the non-dimensionalization becomes easier
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0.5
= t=t, 10 R = x=L

Figure 5.7: Solution to Eq. 5.9 with boundary conditions P = 0 at X = 0 and
@=@=0at % =1with P;=0.
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to work with, and by including Ps = (P + b= P in Eq. 5.9, it becomes clear how
initial pressure (P;), boundary pressure (in this case, applied vacuum pressuiRe),
and the Klinkenberg parameterb will e ect the solution, and thus the gas evacuation
process. In modeling gas evacuation from composite lamieat two important things
to consider are thatP; and b are small but not exactly zero, so that &< IﬁS < 1, which
is on the order ofP.

Exercising this new convention (i.eP;), consider the two extremes(i) Ps = 0
and (i) Ps 1. Also, in this analysis, it is convenient to assume that therexists a

multiplicative separable solution
P2t =X®T T (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 harmsnwdl die out. See App.B for
more details. A multiplicative separable solution has an iportant implication which
will be taken advantage of; it implies that there is steady sipe function X, describing
the pressure in the domain, whose magnitude is scaled in tinbg a decay function
T. Pressure across the domaiK is of secondary importance to the decay functiom,
which will tell us how pressure decays at 2 1.

In the rst case, Ps =0, Eq. 5.9 reduces to
= P= (5.14)

which is known and nonlinear di usion (or the porous media agation [26]). Assuming

the form in Eq. 5.13 X cannot be solved for, butT is directly found

1

TO= -7

(5.15)

where is the separation constant, which is shown in AppB to be = 1:115 (for

86



P = 0) by solving 5.14 numerically. WhenPs >> 1, Eq. 5.9 can be linearlized to the

di usion equation

@P+P, , @ PP,

@ = P @ (5.16)
which asP;!'1 the solution will become
T =e B (5.17)
2
and the separation constantis = 5 Derivation of Eq. 5.16is included in App. A.

Commonly, in gas permeability studies of geological samplehis linearized solution is
used. The pulse-decay method was originally developed foakiating the permeability
of granite at high pressure§4]. The Klinkenberg parameter can be very large for such
samples,b O (7) Pa Additionally, using high pressure as compared to the pressu
changeP P, itis clear that P; 1 in these geological applications.

To observe the behaviour oX and T, particularly when 0 P, < 1, Eq. 5.9
is solved numerically - as was done for Fig5.7 - for di erent values of Ps. A plot
of X and % is arti cially produced by rescaling the solution toP #;f back to unity
at the node X* = 1 for a give time step. Fig. 5.8 shows this result, forX (&) when
a steady shape is reached as the solution is marched forwandtime. As Ps!1
X I sin 3R , which is seen as the rst harmonic obtained from solving théli usion

equation (Eg. 5.16.
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—D,=10
— P, =100

Figure 5.8: Pressure distribution function in the domain beames steady a$’ ! 1
P, 0:1can not be di erentiated in the gure because each has negrthe same values.

Similarly, solving Eq. 5.9 numerically and extracting the values of® at the

boundary nodex*= 1, a plot for T f' is generated. As described above, the solution

for the decay function transitions its shape fronT =

as P, increases between 0 and 1.
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Figure 5.9: The shape of the pressure decay curve transitiofiem Eq. 5.15 (solid
line) to Eq. 5.17 (solid line) as Ps increases from 0 tol . The dashed lines were
obtained from solutions found with nite di erences. The numerical solutions for
P, = 0:1; 0:3; 0:5 reveal how sensitive the shape of the decay function is to alinvalues
of Ps. Eq. 5.17is plotted with the value Ps = 1 for the illustrative purpose of showing
how the numerical solution atP; = 1 is more closely approximated by Eq5.17 rather
than Eq. 5.15 Like wise Eq.5.15nearly exactly ts the numerical solution for Ps = 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 irx5.3.1 for deducing the
Klinkenberg parameter (i.e. linear t of K4 v.s. 1=P) is that the shape of the pressure
decay function must be predictable and the test pressure (mely P;) must vary;
therefore, the test requires®; >> 1 to make use of Eq.5.17. When 0< P < 1, Eq.
5.9 can be solved numerically with a nite di erence method; howeer, the shape of

the pressure decay function cannot be predicted without kming Ps. Fig. 5.9 shows
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that the shape of the pressure decay function transitionsdm hyperbolic (Eq. 5.19
toward exponential decay (Eq.5.17) as Ps increases.

Acknowledged inx5.2, the porosity of the sample is unknown. Applying the
boundary condition @ =@ =0 at % = 1, Eq. 5.8can only be rearranged to determine
Ki= , wheret. is directly measured by scaling the experimental data in tie by t.
(from Eq. 5.8) to match the dimensionless master curve (Fig5.9). Since the value
of bis unknown, Ps, as well as the 'shape’ of the pressure decay function (Fig.9)
cannot be determined prior to the experiment. Instead, (smhg asPs < 1) values ofPs
and t; are found using least squares by comparing numerically pnackd master curves
(a function of Ps) to experimental data scaled to dimensionless form (from dding
the time axis by t.). Using Eq. 5.18 the experimental data set is interpolated and
iteratively compared to numerically solved pressure decaata sets until the minimum
value of R? is discovered. The values dfs and t. giving the minimum R? are used to

nd band K;= from Egns. 5.10& 5.8 respectively.
2 X ex| 2
R? = P (B PoP(t=tc) (5.18)

Inspection of Eqg. 5.8 and Eq. 5.10reveals thatt, and P, share the input P,
however, there is no evidence to suggest th&; will mathematically depend onK;
or , and thus it is expected thatt. and P, are uncoupled - excluding the implied

empirical relationship betweerK; and b [86].

5.3.2.4 Porosity Determination

To determine the porosity, a procedure is formed, startingybsolving Eq. 5.9
numerically with the boundary condition from Eg. 5.12 when a reservoir volume is
present, and comparing the result to the solution with the bandary condition from
Eq. 5.11, when the reservoir volume is reduced to zero. The porous wole, Vp =
AL , appears in this boundary condition from characteristic the chosen in Eq.5.8.

From this dimensionless analysis, the dimensionless sadut for the pressure decay
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Figure 5.10: The rate of pressure decay at = L is slower as the reservoir volume
increases.

will depend on both P, and Vr=\b with the boundary condition in Eq. 5.12 but is
independent of VR=\6 with the boundary condition in Eq. 5.11 This dierence is
exploited to nd the porous volume of the sample.

The boundary condition from Eq. 5.12is explored by increasing‘% and plotting
the solution for pressure over time in each case. The pressulecay atx*= 1 is shown
in Fig. 5.10for a few cases o{f Each of these curves (witk"v;z 6 0) is then scaled in
time to match the pressure decay solution when no reservog present (shown in Fig.
5.1D).

From this procedure, we discover a scaling function,, with a linear relation-
ship between pressure decay time and reservoir volume. Thisear 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 aite reservoir volume
Vr are scaled in time to match the pressure decay from the modeithv Vs = 0.
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Figure 5.12: Scaling the pressure decay to match that wh&g = 0 has
in decay time (which also depends oFY).
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is C =2:23 whenP; =0 and C = 2:46 whenP; ! 1

_ fP)veeo _ VR
= oy (5.19)

The values ofC are reported in Table5.1.

Table 5.1: Values ofC from Eq. 5.19for di erent values of Ps [72].

P, C
0 2.23
0.1 2.24
1 2.34
10 2.44
100 2.46
2
P11 _
S 2

The characteristic time from Eq. 5.8 can be rewritten to account for the reservoir

volume increasing the pressure decay time.

2

Vi
1+C-—=X (5.20)

t- =
K, P AL

Rearraging Eqg. 5.19 the porous volume of the sample can be found in terms of the

measured system parameters.

CVk
( 1

AL = Vp = (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 sampletiere made from 61cm
long tubes, with two di erent inside diameters (0.8 and 1.3m) and were packed with
E-glass bers ( = 2:55g=cn?, d 20m ) to three dierent 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.

94



Table 5.2: 6m length ber glass lled tubes

Sample Dia: Kg  Vaa Vie

No. (cm) (m? AL B

1 0.8 0.601 67 6.51 154 64.3 147
2 0.8 0.502 20 7.79 184 77.0 167
3 0.8 0.411 6.8 952 220 940 191
4 1.3 0.600 64 3.34 811 330 724
5 1.3 0.501 21 400 9.65 395 88.9
6 1.3 0.403 6.5 497 11.3 49.1 114

For each test, a vacuum line was attached at one end of the tulfachieving
vacuum pressure of 7kPa). At the other end of the sample, three di erent cases
were tested: reservoir volumes of 123 (Vr.a) and 125@m® (Vrg); as well as a
case with no reservoir volume\z.o) (i.e. negligible volume, 1cm®). Each sample
initially contained air at atmospheric pressure. The vacum pressure was applied,
during which the pressure was recorded at the opposite endtbé sample. The pressure
decay data for the case of each reservoir voluméx(a & Vr.g) was scaled to match its
corresponding test result for no reservoir volumévk.o) in order to obtain the scaling
function, . Each case was tested 3 times in order to observe the repealiah

Fig. 5.13shows the porosity calculated from, and g with Eq. 5.21 Agree-
ment with the actual porosity (calculated from weighing thesample), demonstrates
that the theory and methodology developed here is valid. Ster in the recovered
porosity is 5%, indicating that more work is needed to understand the ssitivity
of the method. Tighter control of laboratory conditions apgars to be necessary for
producing accurate results. Note, porosity cannot be recaesl by comparing the pres-
sure decay from two tests with di erent nite volume reservars (i.e. g= a) because
of compounding error, which can be deduced from E&.21

With the approach formulated here, the porous volume of the s#les is re-
covered from the pressure decay curves of two pulse decaytdesvith and without
a reservoir volume) via the proposed (universal) scalingration, (Eq. 5.19. The

procedure utilized here to compare the two boundary condins (Eq. 5.5b & 5.6) is
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Figure 5.13: The porosity of each sample as determined by E§.21is compared to
the porosity determined from the mass and density of the glasbers.

derived for applications of the Muskat-Klinkenberg modelhowever, the linear scal-
ing function could potentially be proven to work with other ransport models (e.g.
Knudsen Di usion) where the pulse decay technique (and bodary 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 technigse
discussed inx5.3. It consists of a precast-precatalyzed epoxy resin Im lamated
to one side of a twill weave carbon fabric. The resin saturatn of a given partially
impregnated prepreg will vary by supplier, and its intende@pplication. ST94-RC200T
is an ideal prepreg for this study because the gas evacuaticharacteristic can be
examined through the full range of progressively higher liessaturated states - from
no saturation (resin Im on fabric) to higher saturation (resin Im pressed into the

fabric). This prepreg is 'net resin' - typical for O0A preprgs - which means that only
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enough resin was added to meet the volume requirements of t@nsolidated structure,

contrary to some autoclave prepregs which are designed teéltl o resin.

Table 5.3: Prepreg Material Data.

Prepreg Total Fabric Fibers/tow Resin Cured
Density Density Weight Thickness
(g=n?)  (g=n7) (%) (mm)

Gurit 347 195 3,000 42 0.23

ST94-RC200T

Figure 5.14: Gurit ST94-RC200T partially impregnated prepeg was examined in this
study. It consists of twill weave carbon fabric with a partidly cured epoxy resin Im
laminated to one side.

5.4.2 Resin Saturation Characterization

In order to characterize how resin saturation alters the per structure, and
thus the permeability to gases, a method to quantify the ligd resin saturation was
needed. Gas extraction from partially impregnated prepretamina is performed at
room temperature where the resin is highly viscous (10*Pa s) so it is reasonable
to assume that owing gas will not displace resin as it is evaated. Since the pore
structure remains unchanged during the gas evacuation pmss, resin is equivalent to
solid domains. The state of the discrete ber-resin pore sicture must be correlated
to the gas evacuation characteristics (permeability, posity, 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 ihout disturbing the resin
saturation of the sample. The technique of curing the resinnth heat) in order to
polish and inspect the sample cross-section would inhergngive an incorrect result
due to capillary action during heating.

Previous studies utilizing x-ray micro-ct have proven to baighly successfull?],
yielding a detailed 3D rendering of the pore space, bers, drresin. This technique is
very valuable since the resin may remain in the wet (uncuredtate when the imaging
is performed. The results of Centea et. al. 1P] demonstrated that both macro-
pores and intra-tow micro-pores exist in the prepreg's indl state; however, after some
exposure to heat and pressure (vacuum), the macro-poressdoand the center cross-
section of ber tows remain unsaturated - which in turn maingains the open porosity
required for gas evacuation. This intrinsic advantage owed the fact that ber-tows
are highly anisotropic, so resin will ow longitudinally abng the ber direction faster

than transverse to the array of bersB7].

5.4.2.1 Surface Visualization

In Chap. 3, it was demonstrated (with the same prepreg material utilied in
this study) that the state of resin saturation can be charaarized with a simple surface
visualization technique. Gurit ST94 O0A prepregs have a res Im laminated to one
side of the woven ber reinforcement - in this case, carbonldac. On the opposite face
of the prepreg, the fabric appears completely dry. By moniting the dry side of the
prepreg (through a clear table surface) while the resin Imsi heated and pressed into
the fabric, the progression of saturation on the dry side (iterms of area lled) was
used to detail the state of resin saturation.

In this in-situ visualization technique, the prepreg is plaed dry side down on
a clear acrylic table. From below the table, a CCD camera rexs 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 Sample In the rst image,
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Figure 5.15: Images of Gurit ST94 RC200T taken during surfasgsualization 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 beferred.

the prepreg is shown in its initial state, with 0% resin arealled. As the resin ows, it
was rst observed to emerge through pinholes in the fabric @he 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 intetow spaces are lled,
the resin will begin to saturate the ber tows. Intra-tow resn ow was much slower
than inter-tow ow - arising from the smaller pore size. Due @ the high anisotropy of
the ber tows, resin was observed to Il longitudinally alorg the bers approximately
10 times faster than transverse to the ber direction. This gometric property allows
cross-sections of ber tows to maintain open porosity at higer levels of resin saturation
- ultimately for the bene t of gas evacuation.

To understand how resin saturation e ects gas evacuationhé resin must be
advanced to a known saturation so that the sample can be evabed for its gas evac-
uation characteristics. The temperature of the sample waggulated by placing a bag
of water over the vacuum bagged sample. Intimate contact beten the water bag
and the sample surface ensures a uniform temperature. To liease the state of resin
saturation, the sample was heated with a hot water bag at @while the sample was
subjected to vacuum pressure. To additionally achieve the ast uniform pressure as
the resin was heated, vacuum was applied at both ends of thengale. A recon gurable
adapter (detailed inx5.4.3 allows the boundary condition atx = L to be changed.
As the resin ows, the area lled was monitored from below the erylic table. Once

the desired saturation was reached (in terms of area lledjot water was replaced by
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ice water, which drops the resin viscosity to a nearly solidate. With the saturation
set and the resin immobilized with the ice water, the pulseatay test was performed
to evaluate the permeability to gas and the Klinkenberg paraeter. This process of
sequentially heating the sample to advance the resin and é&ng the sample to main
the position of resin, was iterated until the sample was no hger permeable to gases.
From a single sample, a range of resin saturated states candaluated forK;, b, and
- thus developing a complete picture of the sample's procass behavior.
Incorporating this surface visualization has the strong a@éntage that the gas
ow properties can be measured without a destructive test taletermine the resin
saturation. However, a major weakness is that it does not prae insight into the
volumetric open porosity. To do this, two alternate methodsvere utilized to correlate
the area lled from the surface visualization to the volumatc open porosity - the rst
of which was done by using the pulse-decay technique (as déssd in x5.3.2.4 and

[72)), and secondly by measurement of liquid uptake via vacuumfusion.

5.4.2.2 Open Porosity by Liquid Infusion

Measurement of open porosity was accomplished by vacuumeaiion of a corn
syrup and water mixture into the prepreg samples (preparedithh various resin satu-
rated states measured by area lled99) and measuring the areal mass increase. Corn
syrup and water mixture was chosen because it is often used adest uid during
permeability characterization experiments§8 and the epoxy resin is insoluble with
water. To ensure that the resin and corn syrup were insolubl@a sample of prepreg
was left to soak in water for 24 hours. The sample was weighedfbre soaking and
after being allowed to dry (post-soaking. The mass of the sahte was unchanged to 4
signi cant gures.

In this procedure, a prepreg was sandwiched between two ley®f clear plastic
release Im and placed dry side down on the clear table. Vacaoubagging and vacuum
sealant tape were used to envelope the sample on the table amdtuum was applied

to the edges of the sample via plastic tubing and bridged toteer with breather cloth.
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Figure 5.16: The process for testing air permeability of paglly impregnated prepregs.
Resin saturation was increased by heating the sample with thaater while vacuum
was maintained within the sample. Ice was placed over the spta to freeze the im-
pregnation state to measure the prepreg permeability withhie pulse-decay method.
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Vacuum pressure was cycled on and o 7 times to ensure the fabhad settled into
its most compact state. With the vacuum fully applied, the samle was heated (in
this case, a hot water bag) to initiate resin ow. As the resin aturation increased, the
resin area lled was monitored through the clear table. Oncéhe desired area lled
was reached, the sample was quickly cooled with ice water talhthe resin ow and
preserve the state of resin saturation.

The center region of the prepared sample was cut away (@®m 229cm where
the resin saturation was most consistent). With the releasdms intact, the sample was
transferred to a metal plate and prepared for liquid injecon (Fig. 5.17). Fiber glass
cloth was slipped under the release Im of each sample (ins&27cm from each end)
to bridge the gap between the vacuum and inlet tubes and the sg@le pore network.
Vacuum sealant tape was placed along the edges of the sampl@tevent the formation
of air pathways along the sample edges. An additional strip #dpe was placed over
top of the sample by the inlet to prevent uid from owing between the release Im

and vacuum bag.

Vacuum Bag R
Liquid / Resin Film Vacuum
Inlet \ / Line
Corn Syrum +Water Plastic Release Film

Vacuum Sealant Tape

Figure 5.17: Schematic of the process for lling samples with corn syrup and water
mixture to measure the open pore volume. The prepreg samplasvsandwiched be-
tween two plies of plastic release Im so that the infused ligd would be contained
within the sample.

Corn syrup was added to water until the viscosity was 0:01P a s. The density
was measure before each injection (1:3g=cn?¥). The inlet line to the sample was
submerged into a bucket of the corn syrup and water mixture atmospheric pressure.
The inlet line was closed and vacuum pressure was applied {ae vacuum line). Once
the air was evacuated, the inlet was opened to begin the infas. Once the liquid was

seen to emerge at the vacuum line, the liquid inlet line wasaded. Vacuum was then
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additionally applied to the inlet line to remove excess ligd and eliminate the pressure
and thickness gradient across the sample.

While still held under vacuum, the sample was ash frozen withiquid nitrogen
and three sections were cut away with a razor and weighed to asire the mass uptake
of liquid. Eq. 5.22was used to calculate the porosity of the sampl@¢jeq IS the mass
the of liquid infused sample, A is the areal density of the sample prior to infusion
(Table 5.3), ; isthe uid density ( 1:3kg=n?), A is the sample area ( 60cm?), and
h is the nominal thickness of a ply after properly cured (Tabl&.3).

Msilled AA
= — - 5.22
AR (5.22)

5.4.3 Gas ow Characterization by Pulse Decay

Gas ow characterization was performed with a variation oflie transient pulse-
decay technique for determining the intrinsic permeabilitfK;) and Klinkenberg pa-
rameter (b). The pulse decay method employed consisted of applying vaen pressure
to one edge of the sample while a pressure transducer at thepopite end records the
pressure decay from atmospheric pressure. The pressure wesorded with reservoir
volume in-line with the pressure transducer as well as withhe pressure transducer
directly at the sample, such that there was no reservoir volne. By testing these
two con gurations allows us to determine the open pore voluenof the sample - in
accordance with the theory presented witx5.3.2.4

Fig. 5.18 shows a schematic of the experimental setup. To prepare thest,
the sample was cut to a rectangle (length to width of 2:1) andlaced dry side down
on a clear acrylic table. Vacuum sealant tape was placed (skly) along the sample
edges. The vacuum sealant tape ows slowly and was able to the air gaps along
the sample edges, thus ensuring that gas owed through the gureg only. Vacuum
pressure was applied along one of the short edges of the sanmp@\n air pathway was
distributed across the sample width by placing spiral cut thing directly under the

sample. Nylon tubing connected the spiral cut tubing to a vaaum pump. A pressure
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transducer recorded the vacuum pressure in the tubing justutside the sample to

ensure the vacuum pressure was steady throughout testing.

‘ acuum
Bucket

Figure 5.18: Schematic of the pulse-decay air permeabilitedt for studying in-plane
air evacuation from partially impregnated prepregs.

A Welch DuoSeal 1402 vacuum pump was used to apply vacuum @ee. Vac-
uum pressure from the pump was measured to béd02X P a (absolute) using a pfei er
PKR 251 FPM sealed Compact FullRange Gauge. An empty vacuum ket was
placed in series between the sample and the vacuum pump withball valve between
the sample and vacuum bucket. The vacuum bucket was used as @ady to ensure
that pressure at the boundary remained steady; the vacuum pyp may have di culty
displacing the air fast enough. Omega PX180B vacuum (gaugefjepsure transducers
were used while testing the rst sample and Omega PX409 NIST datated vacuum
(gauge) pressure transducers for the second sample. Notegegaure transducers which
measure absolute pressure are preferred to gauge pressue.error will arise by as-
suming atmospheric pressure to be 1(BkP a; however, the resulting error will be small
compared to the desired accuracy for evaluatingwithin ~ 1kPa (or Ps within ~ 0:01),
since the vacuum pump was operating well belovkP a.

To record the pressure decay on the sample edge across from ¥acuum line,
a pressure transducer was connected to the sample's openegopetwork with a custom
adapter that was partially inserted under the prepreg. In ater to make the assump-

tion of a zero mass ux boundary condition (i.e. @P=@x 0), the volume below the
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pressure transducer's barometric surface should not exdeE0% of the open pore vol-
ume of the sample - error in the assumption can be calculatedtettly with Eq. 5.19
This modeling assumption is essential because it alloks= to be measured directly,
without knowing the sample's porosity. To reconcile an adegtely small volume at
the pressure transducer, a machined aluminum insert and glavere used to occupy
excessive volume. The volume of the assembly was calculatede less than Gcm?.
It was then deemed that the sample must be atleast®m long by G:25m wide.

Adjacent to the pressure transducer recording the pressurechy 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 netko The xture has
three con gurations: an empty reservoir volume with a presse transducer attached
(Vr = 16:347cm?); with no reservoir volume by inserting a tight toleranced FFE
plug; or the vacuum line can be attached while the sample wasdted to increase the
resin saturation. This xture allows the sample to be tested @nsecutively without
removing the vacuum bag/tape. Vacuum bagging was sealed aral the two adapters
with vacuum sealant tape to prevent any in ux of air.

With the sample appropriately sealed in the vacuum bag, the s#le was tested
for leaks by applying vacuum and con rming that the pressurdransducers on both
ends of the sample were equivalent (after waiting 12-24hrs)The sample was then
'debulked": a standard practice which consists of cyclinghe vacuum pressure on and
0 to compact and settle the fabric. It was seen from the recaied pressure decay curves
that the fabric will settle and produce a repeatable resultfeer 7 debulk cycles. Once
the sample was settled, it must be held under vacuum when nohdergoing testing to
prevent the sample from unsettling and distorting. It was oberved that resin will ow
substantially over the course of hours/days when at room teperature (18C). A bag of
ice water was placed over the sample and continuously maimad to prevent the resin
from owing and changing the impregnation state during the ést. Two thermocouples
placed under the ice bag at each end of the sample recorded theperature to con rm

it was evenly distributed and constant at @ throughout the pulse-decay test.
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Once the testing setup was prepared, the procedure to measysermeability
with the pulse-decay method began with the sample initiallylled with air at atmo-
spheric pressure, a bag of ice water over top of the sample datiie vacuum bucket
pre-evacuated. The sample surface was recorded through tblear 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 untex 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 contimsly read and saved
with a LabView cDaq and program (atleast 10 samples/sec).

The test began when the valve between the sample and the vacuiucket was
abruptly opened (hence pulse-decay). As pressure decayeddads the applied vacuum
pressure, data was recorded until the decaying pressure wass than 1&Pa. After
completing each test, atmospheric air was allowed back intbe sample through the
vent tube gradually, thus not to disturb the sample. Each telswas 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 satwgdtstate, the resin
saturation was increased for the next set of tests (depictéwl Fig. 5.16. This was done
by applying the vacuum to both ends of the sample and allowingomplete vacuum to
be reached. While recording the sample surface through thebta, hot water (40C) was
placed over the prepreg sample (ensuring even and compleltermal contact). Once
the resin area lled was nearing the desired saturation, théot water was removed
and replaced with ice water (€). This arrested the resin ow and preserved a new
saturated state. With the new saturation state set, the nextound of pulse-decay tests

were repeated.

5.4.4 Results
Two samples of Gurit ST94-RC200T partially impregnated prareg (Table 5.3)
were tested. Sample dimensions (Tabk4) were chosen from an estimated condition

that the porous volume of the sample should be approximatellO times greater than
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the residual empty volume at the pressure transducer (measa to be Q5cm?) in order

to assume the boundary conditior@P=@x0 is accurate [72].

Table 5.4: Sample dimensions

Sample Length (m) Width (m) Thickness (m)

1 0.71 0.30 3 10°
2 0.56 0.25 3 10°

Each sample (for this particular prepreg) begins with no ré&s showing through
'dry' side - 0% area lled (with resin). In this state, the resn Im is not saturating
the woven carbon ber fabric. Both intra-tow pore spaces (sqres between bers) and
inter-tow spaces (space between ber tows) are unsaturateeshé connected. Primarily
due to the large open inter-tow spaces, the prepreg has sigantly higher permeability
in this state. Fig.5.20shows the initial measured properties at 0% area lled d&§;= =
3 10 *?m?, =0:37,b=3kPa for sample 1, and sample 2 measuring at abouta
the permeability. Overall sample 2 does not track well withample 1. The cause
of this is not exactly clear, but the sample fabric may have diorted slightly during
handling. Sample 3 became distorted after the rst data poinwas taken; results are
not discussed in detail, but simply added for reference.

As the resin Im is pressed into the fabric, it is seen to emergarough pinholes
in the ber weave (at intersections of ber tows). In these aeas, resin is Iling inter-tow
volume. At 7% area lled, the material properties are shownd change sharply: For
sample IK;= =5 10 ?m?, =0:28,b=8kPa. Quite obviously, the inter-tow space
contributes the most to the permeation of gases; once satted, gases are forces to ow
through the intra-tow spaces between bers. As resin saturatn increases further (7%
to 35% area lled), very little change is seen in the materiaproperties as area lled
increases. This observation is expected. As resin saturatasre of the inter-tow space
the gas ow paths are not greatly a ected because gas ow algninter-tow spaces has

already been blocked.
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As resin saturation is increased greater than 35% area llethe material prop-
erties change, indicating that resin saturation is intrudag into the ber tows. Both
the measured porosity and pore averaged intrinsic permeltyi K= decrease - a clear
indication that as the saturation increases the global porstructure of the material
changes. The Klinkenberg parameter increases as well whilso con rms the pore
structure is changing, and additionally implying that the eective pore diameter is
decreasing. A third change in pore structure is expected aéry high saturation: Fiber
tows transverse to the ow direction will disconnect from tle longitudinal tows and
in-turn trap air. It is unclear where this may onset but it is sispected that the last
data point in sample 1 (at 90% area lled) is likely experienag this phenomenon.

Fig. 5.19 shows 4 experimental results (solid lines), each taken froBample
1, and each plotted with the numerical solution to the goveing equation (dashed
lines) for the value of B it best ts with. When tting each experimental data set
to the numerically solved master curves, the data is cropped 0:15 P 0:85 for
consistency and because of non-linearity when time is smalThis Table 5.5 details
which experimental and numerical curves are representedtiweach label. Under label
1, the experimental result from 0% resin area |l is shown to st t the numerical
solution for Ps = 0:03 with a characteristic time oft, = 22:5s - yielding a Klinkenberg
parameter of 3kPa and permeability K; = 3 10 *?m2. 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 imptcal, i.e. the data set
from label 4 (90% resin area lled) cannot be t to the numerially solved data set for
P, = 0:03 from label 1, by simply adjusting the characteristic time

Porosity as measured by liquid infusion, yielded a lower nglé than from the that
obtained with the pulse-decay technique; however, the trdrin 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 pdict the porosity. Con-
versely, it is also di cult to say how much the fabric deformdion e ects the recovered

porosity. Fabric deformation cannot be controlled duringlie 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.

compaction will be more uniform for the liquid infusion metbd if the liquid pressure
is equilibrated after infusion (i.e. applying vacuum to thenlet and outlet). Unfortu-
nately, there is no good method for determining open porogifor O0A prepregs. We
0 er our variation to the pulse-decay method described herbecause of its seamless
integration with the measurement of permeability and Klinkenberg parameter.

In Figs. 5.21& 5.22 the derived materials parametersk;, , andb), 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 = 4. Likewise, relative per-
meability references the permeability at 0% area lledKi= ) (Ki= )=(Ki= )o. In
Fig. 5.21 relative permeability appears to have two distinct regimew.r.t. saturation,
inter-tow and intra-tow saturation. Once the saturation reached 35% area lled-40%
volume saturated, the decrease in permeability is greaterittv increased saturation.
Although many models exist for this particular plot (e.g. Koeny-Carman R8, 29| or
Brooks-Corey B9)), we opt not to apply any at this point to avoid conjecture; sich 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 expaial trend (with the
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exception of the last data point of sample 1). Following Klikenberg B4], numerous
authors have attempted to t experimental data with a power Aw relationship b =
(Ki=) . Most recently, Florence et. al. 0] and re ned by Civan [86], showed by
derivation that = 0:5 (material independent) and =9:55 10 3 for air (with band
K; in units of kP a and m? 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 proding composite struc-
tures using vacuum bag only prepreg processing. The proceéself is described to
consist of three discrete processing steps: prepreg plygdanent, gas evacuation from
the partially saturated prepreg laminate, and oven curing where resin ows to fully
saturate the laminate pores (and eventually cures). This wk 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 thecend part, evacuation
of gas from the open pore network of the prepreg is investigat. Each of these two
parts has their own unique contributions towards understatting and measuring pro-
cess variables relevant to the ow processes. In terms of gessing outcomes, there
are some major processing revelations realized throughdhts work.

Using the visualization technique described in Chap3, there were two major
observations: The saturation rate of resin within the faba is scalable by the square of
a characteristic length of the fabric weave geometry and thaverse of resin viscosity;
however, as the fabric is compressed, as is the case during &uated Tape Placement
under a compaction roller - the reduction in fabric permealiy outweighs the addi-
tional pressure in the resin, and the rate of saturation seétle gain. The visualization
technigue was also applied to observe the motion of gas buéblentrapped in the resin
as the resin ows to fully saturate fabric pores. Since the ppreg which was studied
consisted of a resin Im on a woven fabric, gas bubbles whickere trapped within the

resin Im were observed to easily traverse large inter-towgres with the ow of resin.
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Gas bubbles must be able to reach the interface of resin withé open pore network
in order to be vented from the prepreg. When the interface exed within inter-tow
pores, bubbles were easily able to reach this interface angpture. When the satura-
tion was higher, and the open pore network only exists withia central cross-section of
the ber tows, bubbles were not able to squeeze into intra-t pores (between bers)
in order to reach the vacuum within the open pore network. Thee basic observations
lead to the simple conclusion that the e ectiveness of a paaily impregnated prepreg
to remove bubbles entrapped in the resin, depends strongly eéhe initial degree of
resin saturation of the prepreg - where there is a critical 8aation, at which the open
pore network remains connected, however bubbles will not ladle to reach it.

In Chap. 5, a model and an experimental method for determining matetigrop-
erties pertaining the evacuation of gas from the open poretm@rk of partially impreg-
nated prepregs is constructed. A strong e ort is made to acaoat for the Klinkenberg
e ect, which is observed in dilute gases, causing the obsedvrgas permeability to be
greater than the intrinsic permeability of the porous mateal (intrinsic is synonymous
with liquid permeability). Using this new framework, the valies of porosity, intrinsic
permeability, and Klinkenberg parameter is determined fom 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 chats where the pore size is

100m ; however, when the open pore network is restricted to intreew pores which
are Im <d < 10m, the Klinkenberg parameter takes a measurable jump - as one

would expect.

6.2 Contributions
Throughout this work, a wide breadth of problems pertainingo vacuum-bag-
only prepreg processing were studied, which made severainsicant 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 prepg is fundamental to the
nature of processing performance and outcome. Since this taréal 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 charderistics. In this dissertation
alone, a test method is implemented to study the rate and pattn of resin ow as the
resin Im progressively saturated the fabric (Chap. 3), the migration of entrapped
gas bubbles into gas evacuation channels - i.e. open porewak (Chap. 4), and the
state of the resin saturation, for the purpose of understaimay how the gas evacuation
properties changing as resin saturation increases (Chap).

In Chap. 4, observations collected on the migration of bubbles into apath-
ways (open pore network) demonstrated that a partial impregation scheme is not as
e cient as previously assumed. Many partially impregnatecprepregs are available with
a relatively high degree of resin saturation, but still low Bough to maintain a well con-
nected open pore network. A gas bubble within an inter-tow @mnel can be adjacent
to an unsaturated ber tow with vacuum pressure in the open-pre cross-section and
is still unlikely able to squeeze between bers and ruptureVarying temperature and
pressure processing conditions were tested with no disdéfa e ect. Measurements
from the observed bubble ) 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 inclueé drag induced by small
capillary number theory (Ca= U= ). Omitting Ca (i.,e. Ca! 1l ) a relationship
rst proposed by Taylor & Sa man [60] U=V = 1+ a=b(wherea=Dbis the bubble length
to width ratio) is shown as an appropriate rst order approxmation.

In Chap. 5, several signi cant contributions are made, applying to theevacua-
tion of atmospheric gas from at partially impregnated preprg laminate (i.e. transient
pressure decay). After careful investigation of the literaire on the boundary value

problem and experimental method known and the pulse-decagdhnique 64, it was
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determined that the conditions and experimental process wainsuitable for character-
izing this material and process. The governing equation ariwbundary conditions were
reevaluated in a new (previously unused) non-dimensionairin which was much better
able to predict the behavior when the system has both, a sm&linkenberg parameter,
and a vacuum pressure boundary condition. Studying the e eéof this dimension-
less pressure constars was able to reveal the e ect of the Klinkenberg parameter,
as well as the conditions for which linearization is approfte. Recent publications
on evacuation of gas from honeycomb core cells through a preg face-sheetZ1, 69
have reported gas permeabilities in the range 18 < K g5 < 10 m? have utilized a
linearized form the the governing equations which predictsn exponential time decay
function. In these applications, based on the low values reged for permeability, as
well as a good t to an exponential decay, it is a good indicatn that there are strong
klinkenberg e ects for gas evacuation through the out of plee direction of partially
impregnated prepregs.

Further investigation into in uence of the reservoir bounéry produced a new
equation: a scaling factor which determines how much morerte is needed to evacuate
gas when comparing a zero mass ux boundary condition (i.eyrmmetry condition -
a prepreg evacuated from 2 edges spaced dpart) and the result when a reservoir

volume Vy is present which must be drained through the prepreg. Thisalking function

Vr
=1+ C— 6.1
VA (6.1)
can be factored in to the characteristic time
L 2
= 2
= (62)

to produce a modi edt., which means the solution fronVgz = 0 can be used to predict
the extended decay time. When the ratio/g=\p 1, whereVp = AL , the modi ed
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characteristic time reduces to

L 2 Vi
= C
Ki P AL

te (6.3)

and it becomes immediately obvious why the porosity can beapped out whenVg
Vp.

Using this newly constructed theory, a novel experiment wasedigned for pre-
dicting Kj, b, and . Coupling this method with the visualization technique fron
Chap. 3, the gas ow properties are mapped to the degree of resin sattion of the
prepreg. These results produced detailed insight into howé¢ quantity and pattern of
resin saturation will e ect of value of these gas ow propeies. 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 thenterstitial spaces between
ber. These very small pores (1 5m dia.), coupled with the pressure approaching
a high vacuumP; 2P a, '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 whichrea much needed
in order to characterize partially impregnated prepregs ahmodel vacuum bag only
prepreg processing. Introduction of the novel surface rasrisual method has opened a
door to enable studies which can quickly and easily quantind correlate material and
processing properties to be mapped to a prepreg's degreeeaxin saturation. Without
a good tool to monitor resin saturation, process models ar@achievable. Future work
in this research area will call upon this technique to contire to enhance the depth of
understanding of this class of materials.

An important next step in researching how resin saturation elves and the
implications on the open pore structure, the in-situ resinigualization method inx3.2.1

should be coupled with the ex-situ micro-ct method rst intoduced by Centea &
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Figure 6.1: Micro-ct scan of Gurit ST94-RC200T at 35% Area Filt:

Hubert [12]. Building on the results of this dissertation, the surfacevisualization
method nicely complimented the experiment designed ix6.4.3 to measure the gas
evacuation properties. In particular, since the sample cabe inspected right on the
table (in the gas evacuation experimental arrangement) theame sample is tested
iteratively, as the resin saturation is increases. By penfiming an additional ex-situ
study which maps the resin area lled to the results of a micrat scan, an in-depth
analysis can be perform discussing the nature of the porestture, and the e ect on
the measured gas ow propertiesKi, b, ).

Fig. 6.1 shows the results of a micro-ct scan of Gurit ST94-RC200T (¢hsame
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 beemade transparent, and
pore space voxels were made black, resulting in a 3D renderiaf the pore network
only. As can be seen, the inter-tow pores are transparent, iating that they are
saturated with resin. The pores in this sample exist only beteen 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 Filtk

Fig. 6.2 shows the results of a micro-ct scan of the same sample with9s0
of the surface area lled with resin. Here, the pores existingetween bers appear
discontinuous in places. This result represents that beraws, lling unevenly (i.e. not
perfectly radial to ber tow) can more quickly reduce the pemeability with respect to
porosity.

From these 3D rendering of pore space within a partially imggnated prepreg, a
numerical ow model can be generated by meshing the solid geetry (pore domains)
and performing a nite element simulation which solves the Naer-Stokes equation for
low Reynolds number (i.e. creeping motion). An idea outcomeoin such a study could
show the bene ts or shortcomings for certain ber architeatres. Very large monolithic
composite structures - where air evacuation is a challengenay 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 irx2.4 and discussed more detail ix5.3.1 With the
dimensionless variables chosen ¥%.3.2.1the governing PDE in dimensionless form is

!

= (A.1)

where0 ® 1,0 f< 1,and0 P 1. This form of the governing PDE
seems to be unique to this disseration; where, the nondiménrslization was chosen
such that a system paramete®s (b+ P;)= P remains within the PDE. In this
Appendix, the steps and assumptions are shown which lineagithe nonlinear PDE in
Eq.A.1

The rst steps are to recasting and rearrange EgA.1, to include the constant

P, within the derivatives. The right hand side of Eq.A.1 can be written as

‘ @ P+ P
RHS=§ P+ P, % =% @ (A.2)
The left hand side is manipulated in 3 steps. First, we can waet
P+ P
% - @r Py é ) (A.3)
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However, in order for the result to represent the di usion eqation the intensive prop-

2
erty must be the same (i.e. P+ P; ). So moving backwards, we nd that

@P+B, @B+ P,

TZ =2 ﬁ + ﬁs T (A4)
Therefore, the substitution

2
~ @ﬁ _ 1 @ P+ |:92

LHS = @ 2P+ Py @ (A.5)
can be made. Combining, we arrive at

@P+P, @ PP,

T = ﬁ + s T (A6)

Without any assumptions thus far, the term P + Ps has been moved outside the
derivatives - in one location. Stated abovel® 1 was prescribed; howevePs being
a system/material variable, it is not restricted; namely,P; 2 h0;1 ). With the term

P + P, outside the derivative, the approximation
ﬁ + ﬁs ﬁs (A'7)

can be made wherPs 1.

@P+B, @ P+PB,
a e

(A.8)

2
Eq. A.8 is the equation for linear di usion of P+ Ps  where the di usion coe cient
is Ps.
The solution to the linear di usion equation is produced by asuming it has

the form of multiplicitive separaratio of variables. In ths case, demonstrating the
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linearization of Eq. A.1, the solution form to Eqg. A.8 is
2
P+P, =X@®Tf
The boundary conditions
P of = 9y 1t =0
@

become
X (0)= X°1)=0

and initial condition
P(%0)=1

becomes
TO)=1

For consistance this initial condition, the right boundarycondtion must be

X (1)=1

(A.9)

(A.10a)

(A.10Db)

(A.11a)

(A.11b)

(A.11c)

2
To homogenize the left boundary condition for P + P, , and constant P2

need to be added to the solution. The general solution is

X
P+ P fop2y Cosin® TR)exp  ,B.f

S

where , are the set of eigenvalues

P= P2+ C, sin (p “aR)exp Bt B
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(A.13)

(A.14)



P, can be factored at and 1!‘332 can be absorbed into the constant,

;
X
P=P, 1+ C,sin (IO Rexp  JPf 1

using the Taylor expansion around zero of

P

1+ =1+

NI =
+

around

X
P B 1+ % Cn sin(IO Rexp P 1

again absorbinglﬂS:Z into C, it is found that

X
P C, sin (p R)exp Bt

Taking the rst term in the expansion n = 1, we nally arrive at

2

P sin =% - P
sin > exp > A
and the two equations articulated inx5.3.2.2are found forP; ! 1

X =sin Z®R
sin 5

and

T =exp =X

N |
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(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)



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 obtairnrpssure
decay curves and comparing the results from when a reservailume is present, to the
result from when no reservoir volume is present, a time saajj parameter is obtained.
The governing PDE in Eg. B.1, introduced in x5.3.2.1 describes the gas pressure

within the porous media domain.

!
@:@ P+ P, @ (B.1)
@ @& @
The boundary condition atX*= 0 is maintained as
P 2=0;f =0 (B.2)

to represent the location where vacuum pressure is applied the material domain.

Likewise, the initial condition
P xf=0 =1 (B.3)

is applied to represent the atmospheric pressure which must evacuated from the pore
space at the begining of the procedure. At the right boundarg® = 1), two scenarios

are compared. First, the symmetry condition

% =0 (B.4)
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, Which, (shown in Fig. B.1) also indicates there is no reservoir volume present. A

P = Py Ve=0

L

x=0 x

Figure B.1: The problem schematic where gas is evacuated frahe sample domain
in which there is a symmetry condition opposite the appliedacuum (i.e. no reservoir
volumes).

second senario is considered (shown in Fi@.2), where a gas lled reservoir volume
is connected to the porous domain at = 1 and must be drained through the porous
medium as vacuum pressure is maintained at20. This boundary condition written

in dimensionless form in EqB.5.
(B.5)

Vr=W is ratio of the reservoir volume to the porous volume of the sgle -V = AL

VR

(Reservoir
Volume)

P:Pvac

xlz(] r=1

Figure B.2: The problem schematic where gas is evacuated frahe sample domain
in which there is a gas lled reservoir volume which must drai through the porous
sample domain.

where is porosity, A is the sample's total cross-sectional area (thickness tisnevidth)
normal the direction of ow, and L is the length of the sample.

Both senarios, (boundariy conditionB.4 at ® = 1, and boundariy condition B.5
at & = 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 quanityr=\p
(the dimensionless reservoir volume), di erent values beten 0.1 and 100 (shown in

Fig. 5.10. The set of solutions for varyingVr=\6 were scaled in time to match with
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solution produced whenvg=VW = 0 (where boundariy condition B.4 is applied). The
resulting procedure collpases all decay curves to a singlaster curve shown in Fig.

5.11 This temporal scaling factor is de ned as . The value is found to be

(P)ve 0 — 14 CV_R (B.6)

f(P)ve=o Ve

by a linear interpolation of to VrR=\6. In Eqg. B.6, Iﬁ(f)VRgo and If*(f)vR o IS the decay
curve from when the reservoir is nite and zero respectivelyBecause the time axis of
each curve is scaled, we are in-fact scaling the magnitudetioé inverse functionf(P).
The value of the linear slopeC changes slightly with the values of’s: the values are
reported in Table 5.1

This Appendix is dedicated to looking deeper into EQB.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.
P2t =X®T T (B.7)

Following the de nition of  giving in Eq. B.6, and assuming® has the separable form
in Eq. B.7, represents that the decay function - for a giveis - will have the same
'shape’ which is scalable in time by a function of the reserirorolume VR=\k. Namely,

T 6, =T f= (B.8)

Vg = Vg 60

In Eq. B.8, T will have the same form on the LHS and the RHS. Changing the bound
ary condition at * = 1 will, however, e ects the separation constant (a separation
constant is implied when assuming the form in EgB.7). This means that is in-fact

the ratio of the separation constants.

= =% (B.9)

VR =0
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The separation constant is found by applying the boundary conditions from Eqgns.
B.4 & B.5. There are two dimensionless variables to be considerd@é & Vr=\p. To

understand the e ect of both Ps & Vk=\b, four cases are looked at individually. A
combination of results from numerical solutions and analidal 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) : Ps=0
First, Vk =0 is investigated. Substituting Eq. B.7 into Eq. B.1 gives

T 00, (X9 _

T2 " X ” (B.10)
Applying the boundary condition X °(1) = 0 (from Eq. B.4), we are left with
= X% (B.11)

Without an analytical solution to X (%), the value of X °{1) can be found numerically
from the plot in Fig. 5.8, which gives =1:115.

Vk 6 0 is applied from Eg. B.5. In this case, the separable form of (Eq. B.7) is
applied the boundary condition equation (Eq.B.5)

TO 1 0_
T3 = VR:VPX = (B.12)
giving
X°(1)
= B.1
VR=Vo (B.13)

In this case, depends onVg=W and X °(1) (i.e. the pressure gradient at the bound-
ary). As Vk=W% !'1 , the system approaches the steady ow con guration. Steady

ow can be solved exactly by setting@=@= 0. When P, =0

P

P (%) = X (R)geaty = R (B.14)

steady
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Here, we see thaiX °(1) = 1=2 in the limit Vg=W ! 1
From combining the resultsVg =0 & Vi 6 0 when If}S =0

= B.15
XAL)veeo Vp ( )
In the limit Vk=Wp!'1 |, we can see that
. 1:115VR Vr
lim = — =2:23— B.16
Vi =\I/p 1 1=2 \p Vp ( )

To realize the form of seen in Eqg.B.6 we can compile what is known about
X (%). By de nition: ' 1asVg ! 0. Substituting =1 into Eq. B.6, we nd
that X{1)vee0 ! X %1)vs=0 x—g asVg ! 0. This expression acceptable because we
know that X Y1) = 0 when Vg = 0. Finally, X (&) = Xseasqy asVe !'1 . Eq. B.17Iis

compiled to meet these constraints.

— (X 0(1)steady)2
X 0(1)VR 60 = X 0(:L)steady X OQ]-)VR o x—R + X 0(1)Steady (B.17)
P

Substituting Eq. B.17 into Eg. B.15, we obtain

X OQl)VR =0 V_R

=1 _——— B.18
X (Wsteacy Vo (8.18)
which gives the result
X ) v =0
C= B.19
X 0(:l-)steady ( )
Consistent with Table 5.1, C = 2:23 whenP; = 0.
Case (i) : Ps!1
For Vkr = 0, this case was covered in AppA
X (%) =sin Ek (B.20)
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2
where = X%1)= 3

As VR 'l | the system approaches the steady ow con guration. Steadyw can be

solved exactly by setting@ =@= 0. When P; is nite

n #
@ @
0=— P+P, — B.21
@ @ (8.21)
By integrating both sides
2
AR+ B = % P+ P (B.22)

and applying the boundary conditions® =0 at X =0 and P =1 at & = 1, we arrive
at ;

P (%) = X (%)

1+2P; *+ P2 P (B.23)

steady steady =

In Eq. B.23 X (®) =% asP;!1 - in which caseX Y1) = 1. Applying these results

2
to Eq. B.19, we see thatC = > asP,!1 - again, consistent with Table5.1
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SUHSULQWYV

$ SUHSULQW LV DQ DXWKRU V RZQ ZULWH XS RI UHVHDUEFK
UHYLHZHG QRU KDV LW KDG DQ\ RWKHU YDOXH DGGHG WR
FRS\ULJKW WHFKQLFDO HQKDQFHPHQW HWF

$XWKRUV FDQ VKDUH WKHLU SUHSULQWY DQ\ZKHUH DW DQ
HQKDQFHG LQ DQ\ ZD\ LQ RUGHU WR DSSHDU PRUH OLNH |
DUWLFOHY KRZHYHU DXWKRUV FDQ XSGDWH WKHLU SUHSU
$XWKRU ODQXVFULSW VHH EHORZ

.| DFFHSWHG IRU SXEOLFDWLRQ ZH HQFRXUDJH DXWKRUV
SXEOLFDWLRQ YLD LWV '2, OLOOLRQV RI UHVHDUFKHUV KL
6FLHQFH'LUHFW DQG VR OLQNV ZLOO KHOS XVHWYV WR ILQ
YHUVLRQ 30OHDVH QRWH WKDW &HOO 3UHVV 7KH /IDQFHW
SUHSULQW SROLFLHV ,QIRUPDWLRQ RQ WKHVH SROLFLHYV
$FFHSWHG $XWKRUSODDRKNHFSWHEVDXWKRU PDQXVFULSW LV
DUWLFOH WKDW KDV EHHQ DFFHSWHG IRU SXEOLFDWLRQ C
LQFRUSRUDWHG FKDQJHV VXJJHVWHG GXULQJ VXEPLVVLR(
FRPPXQLFDWLRQV

$XWKRUV FDQ VKDUH WKHLU DFFHSWHG DXWKRU PDQXVFU

LPPHGLDWHO\

o YLD WKHLU QRQ FRPPHUFLDO SHUVRQ KRPHSDJH
o E\ XSGDWLQJ D SUHSULQW LQ DU;LY RU 5H3(F ZLV
o YLD WKHLU UHVHDUFK LQVWLWXWH RU LQVWLWXYV
XVHV RU DV SDUW RI DQ LQYLWDWLRQ RQO\ UH"
o GLUHFWO\ E\ SURYLGLQJ FRSLHVY WR WKHLU VWXC

WKHLU SHUVRQDO XVH
o IRU SULYDWH VFKRODUO\ VKDULQJ DV SDUW RI D¢
FRPPHUFLDO VLWHYV ZLWK ZKLFK (OVHYLHU KDV

DIWHU WKH HPEDUJR SHULRG
o YLD QRQ FRPPHUFLDO KRVWLQJ SODWIRUPV VXEK
YLD FRPPHUFLDO VLWHV ZLWK ZKLFK (OVHYLHU K

,Q DOO FDVHVY DFFHSWHG PDQXVFULSWV VKRXOG

OLQN WR WKH IRUPDO SXEOLFDWLRQ YLD LWV '2,
EHDU D && %< 1& 1' OLFHQVH WKLV LV HDV\ WR GR

LI DJJUHJDWHG ZLWK RWKHU PDQXVFULSWYV IRU H[DPS
VKDUHG LQ DOLJQPHQW ZLWK RXU KRVWLQJ SROLF\ QR
DSSHDU PRUH OLNH RU WR VXEVWLWXWH IRU WKH SXI

3XEOLVKHG MRXUQOSR HW/ILVFIOHG B8 XUQDO DUWLFOH 3-$

UHFRUG Rl SXEOLVKHG UHVHDUFK WKDW DSSHDUV RU ZLO!
YDOXH DGGLQJ SXEOLVKLQJ DFWLYLWLHY LQFOXGLQJ SHH
IRUPDWWLQJ LI UHOHYDQW SDJLQDWLRQ DQG RQOLQH H
3ROLFLHV IRU VKDULQJ SXEOLVKLQJ MRXUQDO DUWLFOHYV
DUWLFOHV

6XEVFULSWLR,Q WRMXWRBBHM) DXWKRU SOHDVH VKDUH D OLC

IXOO WH[W OLOOLRQV RI UHVHDUFKHUYVY KDYH DFFHVV WR
DQG VR OLQNYV ZLOO KHOS \RXU XVHUV WR ILQG DFFHVV
7TKHVHY DQG GLVVHUWDWLRQV ZKLFK FRQWDLQ HPEHGGHG



EH SRVWHG SXEOLFO\ E\ WKH DZDUGLQJ LQVWLWXWLRQ ZL
SXEOLFDWLRQV RQ 6FLHQFH'LUHFW

, ] \RX DUH DIILOLDWHG ZLWK D OLEUDU\ WKDW VXEVFULEH
SULYDWH VKDULQJ ULJKWV IRU RWKHUV UHVHDUFK DFFHV
IRU FODVVURRP WHDFKLQJ DQG LQWHUQDO WUDLQLQJ DW
DQG FRXUVHZDUH SURJUDPYVY DQG LQFOXVLRQ RI WKH DU\
*ROG 2SHQ $FFHVWOWOD\$BW VK@ODHMMH G DFFRUGLQJ WR WKH DXWK

OLFHQVH DQG VEERUGOPROMIBRLEDIE XVHU OLFHQVH DQG D
IRUPDO SXEOLFDWLRQ RQ 6FLHQFH'LUHFW
3OHDVH UHIH W RARWV(IOY/HBRBUGWKHU LQIRUPDWLRQ

JRU ERRN DVKWKIROWRZLQJ FODXVHYV DUH DSSOLFDEOH L
$XWKRUV DUH SHUPLWWHG WR SODFH D EULHI VXPPDU\ R
DOORZHG WR GRZQORDG DQG SRVW WKH SXEOLVKHG HOHF
VFDQ WKH SULQWHG HGLWLRQ3RNWUGDWR DIXW 8 R MR
SHUPLWWHG WR SRVW D VXPPDU\ Rl WKHLU FKDSWHU RQO

7KHVLV 'LVVHUWBWIORGHQVH LV IRU XVH LQ D WKHVLV G
VXEPLWWHG WR \RXU LOQVWLWXWLRQ LQ HLWKHU SULQW R!
SXEOLVKHG FRPPHUFLDOO\ SOHDVH UHDSSO\ IRU SHUPLV"
SHUPLVVLRQ IRU WKH /LEUDU\ DQG $UFKLYHV RI &DQDGD \
WKH FRPSOHWH WKHVLVY DQG LQFOXGH SHUPLVVLRQ IRU 3!
GHPDQG RI WKH FRPSOHWH WKHVLV 6KRXOG \RXU WKHVL
UHDSSO\ IRU SHUPLVVLRQ 7KHVHV DQG GLVVHUWDWLRQV
WKH IRUPDO VXEPLVVLRQ FDQ EH SRVWHG SXEOLFO\ E\ Wk
EDFN WR WKH IRUPDO SXEOLFDWLRQV RQ 6FLHQFH'LUHFW

(OVHYLHU 2SHQ $FFHVV 7THUPV DQG &RQGLWLRQV

<RX FDQ SXEOLVK RSHQ DFFHVV ZLWK (OVHYLHU LQ KXQGL
HVWDEOLVKHG VXEVFULSWLRQ MRXUQDOV WKDW VXSSt
SDUw\ UH XVH RI WKHVH RSHQ DFFHVV DUWLFOHV LV GHIL
&RPPRQV XVHU OLFEHQYBDFEHN VR RIRIHRPRUHSRQIRFWPDWLRQ
7THUPV &RQGLWLRQV DSSOLFDEOH WR DOO 2IBHIQH®FFHVYV |
$Q\ UHXVH RI WKH DUWLFOH PXVW QRW UHSUHVHQW WKH I
DUWLFOH QRU VKRXOG WKH DUWLFOH EH PRGLILHG LQ VXF
UHSXWDWLRQ ,I DQ\ FKDQJHVY KDYH EHHQ PDGH VXFK FKELC
7KH DXWKRU V PXVW EH DSSURSULDWHO\ FUHGLWHG DQG
OLFHQVH DQG D '2, OLQN WR WKH IRUPDO SXEOLFDWLRQ R
, ] DQ\ SDUW RI WKH PDWHULDO WR EH XVHG IRU H[DPSOH
ZLWK FUHGLW RU DFNQRZOHGJHPHQW WR DQRWKHU VRXUF
HQVXUH WKHLU UHXVH FRPSOLHV ZLWK WKH WHUPV DQG F
$GGLWLRQDO 7THUPV &RQGLWLRQV DSSOLFDEOH WR HDFK
&& W<IKH && %< OLFHQVH DOORZV XVHUV WR FRS\ WR FUH
ZRUNV IURP WKH $UWLFOH WR DOWHU DQG UHYLVH WKH $
S$UWLFOH LQFOXGLQJ UHXVH DQG RU UHVDOH RI WKH $UW
XVHU JLYHVY DSSURSULDWH FUHGLW ZLWK D OLQN WR WKF
‘2, SURYLGHVY D OLQN WR WKH OLFHQVH LQGLFDWHV LI F
UHSUHVHQWHG DV HQGRUVLQJ WKH XVH PDGH RI WKH ZRU
DYDLOBRONSDWUHDWLYHFRPPRQV RUJ OLFHQVHV E\
&& %< 1& GEH && %< 1& 6$ OLFHQVH DOORZV XVHUV WR FR
DEVWUDFWY DQG QHZ ZRUNV IURP WKH $UWLFOH WR DOW
GRQH IRU FRPPHUFLDO SXUSRVHVY DQG WKDW WKH XVHU J




IRUPDO SXEOLFDWLRQ WKURXJK WKH UHOHYDQW '2, SUR®
FKDQJHV ZHUH PDGH DQG WKH OLFHQVRU LV QRW UHSUHYV
ZRUN )XUWKHU DQ\ QHZ ZRUNV PXVW EH PDGH DYDLODEO
GHWDLOV Rl WKH OLEW®ASH FWHI DWDYPOPDEPMRDW RUJ OLFHC
&8& %< 1& T'KH && %< 1& 1' OLFHQVH DOORZV XVHUV WR FR
SURYLGHG WKLV LV QRW GRQH IRU FRPPHUFLDO SXUSRVH)
WKH $UWLFOH LI LW LV FKDQJHG RU HGLWHG LQ DQ\ zZD\ T
FUHGLW ZLWK D OLQN WR WKH IRUPDO SXEOLFDWLRQ WK
OLFHQVH DQG WKDW WKH OLFHQVRU LV QRW UHSUHVHQW
IXOO GHWDLOV RI WKHKOWWH QVH DD W [DNHFIRPIPRMY RWJ OLF
$Q\ FRPPHUFLDO UHXVH RI 2SHQ $FFHVV DUWLFOHV SXEOL
1& 1' OLFHQVH UHTXLUHV SHUPLVVLRQ IURP (OVHYLHU DQ¢
&RPPHUFLDO UHXVH LQFOXGHYV

$VVRFLDWLQJ DGYHUWLVLQJ ZLWK WKH IXO0 WH[W RI \
&KDUJLQJ IHHV IRU GRFXPHQW GHOLYHU\ RU DFFHVYV
$UWLFOH DJJUHJDWLRQ

6\VWHPDWLF GLVWULEXWLRQ YLD H PDLO OLVWV RU VK

3RVWLQJ RU OLQNLQJ E\ FRPPHUFLDO FRPSDQLHV IRU XVH
2WKHU &RQGLWLRQV

Y
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7LWOH (QWUDSPHQW DQG YHQWLQJ RI
EXEEOHV GXULQJ YDFXXR EDJ, o
SUHSUHJ SURFHVVLQJ |Frs\ULJKkwW FRH

$XWKRU -RKQ - *DQJORII 7KRF>|:></V'£tiU'RXKFDQL‘HJXL\‘/?L
&HQGHU 9RONDQ (VNLIEHNS MWD o

FRP
SXEOLFDWRX@ QDO RI &RPSRVLWHWBWRHWLIOONV
$OUHDG\

3XEOLVKHES*( 3BXEOLFDWLRQV |5 3kwv/LON RUHU
"DWH ZDQW QWD UQ PRUH"
&RS\ULJKW « « 6$*( SXEOLFDWLRQV

, \RX DUH D 6%$*( MRXUQDO DXWKRU UHTXHVWLQJ SHUPLVVLRQ WR UHXVH PDWHULI
SOHDVH QRWH \RX PD\ EH DEOH WR UHXVH \RXU FRQWHQW ZLWKRXW UHTXLULQJ St
UHYLHZ 6%$*(TV DXWKRU UH XVH DQG DUVMFWISWLOIVSROIHBENY BRP HQ XV QDP MRXUQD
DXWKRU DUFKLYLQJ SROLAFRYHVPRQE URIRVADWLRQ

I \RXU UHTXHVW GRHV QRW IDOO ZLWKLQ 6%$*(TV UHXVH JXLGHOLQHY SOHDVH SUR
UHTXHVW E\ VHOHFWLQJ RQH RI WKH RWKHU UHXVH FDWHJRULHV WKDW GHVFULEH

EH FKDUJHG IRU UHXVH RI FRQWHQW UHTXLULQSIBURPVYVYVR A Q# \BMHTHRKHE FRQXWD FW
\RX KDYH TXHVWLRQV

&RS\ULJKW <« &RS\ULKIOMDUDOFH &HWIOUSLQKWYV 5BVYVHYIYHGVWDWHEBPWVWOG &RQGLWLRQV
&RPPHQWV" :H ZRXOG OLNH WR KHDU IURRMRRPHPBDO XAF RBAULIJKW FRP
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7KLV $JUHHPHQW EHWZHHQ 7KRPDV $ & HQGHU <RX DQG $,3
3XEOLVKLQJ //& FRQVLVWV RI \RXU OLFHQVH GHWDLOV DQG V
$,3 3XEOLVKLQJ //& DQG &RS\ULJKW &OHDUDQFH &HQWHU

ILFHQVH 1XPEHU
/JLFHQVH GDWH 0D\

/JLFHQVHG &RQWHQW $38 BBXIEWOKIWIKLQJ //&

/JLFHQVHG &RQWHQW $3XFWMUH® WKRQAFV /HWWHUV

/JLFHQVHG &RQWHQW $ PHWKRG WR GHWHUPLQH RSHQ SRUH YROXPH ZLWK SXOVH Gl
ILFHQVHG &RQWHQW $XWKRU

/JLFHQVHG &RQWHQW 6B % H

/ILFHQVHG &RQWHQW 9ROXPH

/ILFHQVHG &RQWHQW ,VVXH

7\SH RI 8VH 7KHVLV 'LVVHUWDWLRQ

S5HTXHVWRU W\SH $XWKRU RULJLQDO DUWLFOH

JRUPDW (OHFWURQLF

3RUWLRQ ([FHUSW ! ZRUGYV

:LOO \RX EH WUDQVODRNLQJ"

7LWOH RI \RXU WKHV352& (66 $1$/<6,6 2) 287 2) $872&/$9( &20326,7(6
GLVVHUWDWLRQ 0$18)$&785,1* 48%$17,)<,1* 3$57,$/ 5(6,1 ,035(*1$7,21
$1' ,76 ())(&7 21 *$6 (9$&8$7,21

(ISHFWHG FRPSOHWL®D® GDWH

(VWLPDWHG VL]H QXPEHU RI
SDJHV

5HTXHVWRU /RFDWLRAKRPDYV $ &HQGHU
$FDGHP\ 6WUHHW

1(:$5. '(
8QLWHG 6WDWHYV
$WWQ 7KRPDV $ &HQGHU

%LOOLQJ 7\SH ,QYRLFH

%LOOLQJ $GGUHVYVY 7KRPDV $ &HQGHU
$FDGHP\ 6WUHHW

1(:$5. '(
8QLWHG 6WDWHYV
$WWQ 7KRPDV $ &HQGHU

7RWDO 86"
7HUPV DQG &RQGLWLRQV
$,3 3XEOLVKLQJ //& 7HUPV DQG &RQGLWLRQV 3HUPLVVLRQV 8VHV



$,3 3IXEOLVKLQJ KHUHE\ JUDQWYV WR \RX WKH QRQ H[FOXVLYH ULJKW DQG OLFHQVH
WKH ODWHULDO DFFRUGLQJ WR WKH XVH VSHFLILHG LQ \RXU RUGHU RQ D RQH WLP
WHUP ZLWK D PD[LPXP GLVWULEXWLRQ HTXDO WR WKH QXPEHU WKDW \RX KDYH RL
FRQWHQW DFFRPSDQ\LQJ WKH ODWHULDO DUH QRW WKH VXEMHFW RI WKLV OLFHQV

<RX DJUHH WR LQFOXGH WKH IROORZLQJ FRS\ULJKW DQG SHUPLVVLRQ QRWLF}
WKH ODWHULDO 5HSULQWHG IURP >)8// &,7$7,21@ ZLWK WKH SHUPLVVLRQ RI §
DQ DUWLFOH WKH FUHGLW OLQH DQG SHUPLVVLRQ QRWLFH PXVW EH SULQWH(
DUWLFOH RU ERRN FKDSWHU )RU SKRWRJUDSKV FRYHUV RU WDEOHV WKH QF
ODWHULDO LQ D IRRWQRWH RU LQ WKH UHIHUHQFH OLVW

. \RX KDYH OLFHQVHG UHXVH RI D ILJXUH SKRWRJUDSK FRYHU RU WDEOH L\
WR HQVXUH WKDW WKH PDWHULDO LV RULJLQDO WR $,3 3XEOLVKLQJ DQG GRH\
RI DQRWKHU HQWLW\ DQG WKDW WKH FRS\ULJKW QRWLFH RI WKH ILJXUH SKR'
GRHV QRW LQGLFDWH WKDW LW ZDV UHSULQWHG E\ $,3 3XEOLVKLQJ ZLWK SHLU
VRXUFH 8QGHU QR FLUFXPVWDQFHV GRHV $,3 3XEOLVKLQJ SXUSRUW RU LQWH
WR UHXVH PDWHULDO WR ZKLFK LW GRHY QRW KROG DSSURSULDWH ULJKWYV
<RX PD\ QRW DOWHU RU PRGLI\ WKH ODWHULDO LQ DQ\ PDQQHU <RX PD\ WUDQ
DQRWKHU ODQJXDJH RQO\ LI \RX KDYH OLFHQVHG WUDQVODWLRQ ULJKWV <RX
IRU SURPRWLRQDO SXUSRVHV

7KH IRUHJRLQJ OLFHQVH VKDOO QRW WDNH HIIHFW XQOHVV DQG XQWLO $,3 3X
&RS\ULJKW &OHDUDQFH &HQWHU UHFHLYHV WKH 3D\PHQW LQ DFFRUGDQFH ZL\
&HQWHU %LOOLQJ DQG 3D\PHQW 7HUPV DQG &RQGLWLRQV ZKLFK DUH LQFRUSI
UHIHUHQFH

$,3 3XEOLVKLQJ RU &RS\ULJKW &OHDUDQFH &HQWHU PD\ ZLWKLQ WZR EXVLQH
WKLV OLFHQVH UHYRNH WKH OLFHQVH IRU DQ\ UHDVRQ ZKDWVRHYHU ZLWK D
\RX 6KRXOG \RX YLRODWH WKH WHUPV Rl WKLV OLFHQVH DW DQ\ WLPH $,3 3X
&OHDUDQFH &HQWHU PD\ UHYRNH WKH OLFHQVH ZLWK QR UHIXQG WR \RX 1RW
ZLOO EH PDGH XVLQJ WKH FRQWDFW LQIRUPDWLRQ SURYLGHG E\ \RX )DLOXUH
ZLOO QRW QXOOLI\ WKH UHYRFDWLRQ

$,3 3XEOLVKLQJ PDNHV QR UHSUHVHQWDWLRQV RU ZDUUDQWLHV ZLWK UHVSHF
DJUHH WR LQGHPQLI\ DQG KROG KDUPOHVV $,3 3XEOLVKLQJ DQG WKHLU RIILF
HPSOR\HHV RU DJHQWYV IURP DQG DJDLQVW DQ\ DQG DOO FODLPV DULVLQJ RXV
ODWHULDO RWKHU WKDQ DV VSHFLILFDOO\ DXWKRUL]JHG KHUHLQ

7KH SHUPLVVLRQ JUDQWHG KHUHLQ LV SHUVRQDO WR \RX DQG LV QRW WUDQV
ZLWKRXW WKH SULRU ZULWWHQ SHUPLVVLRQ RI $,3 3XEOLVKLQJ 7KLV OLFHQV
H[FHSW LQ D ZULWLQJ VLJQHG E\ WKH SDUW\ WR EH FKDUJHG

.l SXUFKDVH RUGHUV DFNQRZOHGJPHQWYV RU FKHFN HQGRUVHPHQWY DUH LVV
FRQWDLQLQJ WHUPV DQG FRQGLWLRQV ZKLFK DUH LQFRQVLVWHQW ZLWK WKH)\
LQFRQVLVWHQW WHUPV DQG FRQGLWLRQV VKDOO EH RI QR IRUFH DQG HIIHFW
WKH &&& %LOOLQJ DQG 3D\PHQW 7HUPV DQG &RQGLWLRQV VKDOO EH WKH HQ\
WKH SDUWLHV UHODWLQJ WR WKH VXEMHFW PDWWHU KHUHRI

7KLV $JUHHPHQW VKDOO EH JRYHUQHG E\ DQG FRQVWUXHG LQ
Rl 1HZ <RUN %RWK SDUWLHV KHUHE\ VXEPLW WR WKH MXULVG
&RXQW\ IRU SXUSRVHV RI UHVROYLQJ DQ\ GLVSXWHV WKDW PLC

9
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7KLV $JUHHPHQW EHWZHHQ 7KRPDV $ & HQGHU <RX DQG 6SU
\RXU OLFHQVH GHWDLOV DQG WKH WHUPV DQG FRQGLWLRQV S
&OHDUDQFH &HQWHU

ILFHQVH 1XPEHU
/JLFHQVH GDWH 0D\

/JLFHQVHG &RQWH QW 63XELGQLNKLH U

/JLFHQVHG &RQWHQW 7AEQMSPUW. RQ@ 3RURXV OHGLD

/JLFHQVHG &RQWHQW *DIW(QWFXDWLRQ IURP 3DUWLDOO\ 6DWXUDWHG :RYHQ )LEHU /C
/JLFHQVHG &RQWHQW ZKRWPIDR/U$S &HQGHU

/JLFHQVHG &RQWHQW -'DD@V H

/ILFHQVHG &RQWHQW 9ROXPH

/ILFHQVHG &RQWHQW ,VVXH

7\SH RI 8VH 7KHVLV 'LVVHUWDWLRQ

3RUWLRQ )X0O0 WHI[W

1XPEHU RI FRSLHV

$XWKRU RI WKLV 6SU4HMIDWYG \RX DUH WKH VROH DXWKRU RI WKH QHZ ZRUN
DUWLFOH

2UGHU UHIHUHQFH QXPEHU

7LWOH RI \RXU WKHV352& (66 $1$/<6,6 2) 287 2) $872&/$9( &20326,7(6
GLVVHUWDWLRQ 0$18)$&785,1* 48%$17,)<,1* 3$57,$/ 5(6,1 ,035(*1$7,21
$1' ,76 ())(&7 21 *$6 (9$&8$7,21

(ISHFWHG FRPSOHWLD® GDWH
(VWLPDWHG VL]H SDJHV

5HTXHVWRU /RFDWLRAKRPDYV $ &HQGHU
$FDGHP\ 6WUHHW

1(:$5. '(
8QLWHG 6WDWHYV
$WWQ 7KRPDV $ &HQGHU

%LOOLQJ 7\SH ,QYRLFH

%LOOLQJ $GGUHVYVY 7KRPDV $ &HQGHU
$FDGHP\ 6WUHHW

1(:$5. '(
8QLWHG 6WDWHYV
$WWQ 7KRPDV $ &HQGHU

7RWDO 86"
7HUPV DQG &RQGLWLRQV



,QWURGXFWLRQ
7KH SXEOLVKHU IRU WKLV FRS\ULJKWHG PDWHULDO LV 6SULQJ
ZLWK FRPSOHWLQJ WKLV OLFHQVLQJ WUDQVDFWLRQ \RX DJUF
DSSO\ WR WKLV WUDQVDFWLRQ DORQJ ZLWK WKH %LOOLQJ D¢
HVWDEOLVKHG E\ &RS\ULJKW &0HDUDQFH &HQWHU ,QF &&&
5LIJIKWVOLQN DFFRXQW DQG W KDMWIS U HP DDYFOA RO HE SN LUD.Q K W L
JLPLWHG /LFHQVH
‘LWK UHIHUHQFH WR \RXU UHTXHVW WR UHXVH PDWHULDO RQ .
SHUPLVVLRQ LV JUDQWHG IRU WKH XVH LQGLFDWHG LQ \RXU H
JLFHQVHV DUH IRU RQH WLPH XVH RQO\ ZLWK D PD[LPXP GLV\
LQ \RXU UHTXHVW
6SULQJHU PDWHULDO UHSUHVHQWY RULJLQDO PDWHULDO ZK
VRXUFHV ,1| WKH PDWHULDO LQ TXHVWLRQ DSSHDUV ZLWK D F
QRW YDOLG DQG DXWKRUL]DWLRQ KDV WR EH REWDLQHG IURP
7KLV SHUPLVVLRQ
+ LV QRQ H[FOXVLYH
+ LV RQO\ YDOLG LI QR SHUVRQDO ULJKWVY WUDGHPDUNV RU
+ H[SOLFLWO\ H[FOXGHV WKH ULJKW IRU GHULYDWLYHYV
6SULQJHU GRHV QRW VXSSO\ RULJLQDO DUWZRUN RU FRQWH:
$FFRUGLQJ WR WKH IRUPDW ZKLFK \RX KDYH VHOHFWHG WK}
DFFRUGLQJO\
+ 3ULQW DQG {BH¥WIRHQWVH LQFOXGH XVH LQ HOHFWURQLF IRI
SURWHFWHG RQ LQWUDQHW RU &' 5RP '9' RU ( ERRN ( MRXUQ
HOHFWURQLF RSHQ DFFHVYV
+ 3ULQUY /LFHQVH H[FOXGHV XVH LQ HOHFWURQLF IRUP
+ (OHFWURIQLFLFHQVH RQO\ SHUWDLQV WR XVH LQ HOHFWURQL
SURWHFWHG RQ LQWUDQHW RU &' 5RP '9' RU ( ERRN ( MRXUQ
HOHFWURQLF RSHQ DFFHVYV
JRU DQ\ HOHFWURQLF XVH QRW PHQWLRQHG SOHDVH FRQWDF
JOREDO FRP
$OWKRXJK 6SULQJHU FRQWUROV WKH FRS\ULJKW WR WKH PD
ULJKWV WKLV OLFHQVH LV RQO\ YDOLG VXEMHFW WR FRXUWH
JLYHQ LQ WKH DUWLFOH FKDSWHU
. \RX DUH DQ 670 6LJQDWRU\ RU \RXU ZRUN ZLOO EH SXEOLYV
DUH UHTXHVWLQJ WR UHXVH ILJXUHV WDEOHY LOOXVWUDWLRC
JUDQWHG DFFRUGLQJ WR 67K ®MUP LZZZRQVP*BVETRE LRIHVSHUP |
JXLGHOLQHV
)RU DQ\ HOHFWURQLF XVH QRW PHQWLRQHG LQ WKH *XLGHOLC
SHUPLVVLRQV VSULQJHIUWRG UHDRHEDW WRPUHXVH PRUH FRQWH:

LQ WKH 670 3BHUPLVVLRQV *XLGHOLQHV \RX ZLOO EH FKDUJHG
FRQWHQW
3HUPLVVLRQ LV YDOLG XSRQ SD\PHQW RI WKH IHH DV LQGLFDYV
SHUPLVVLRQ LV JUDQWHG IUHH Rl FKDUJH RQ WKLV RFEDVLRQ
PLIJKW KDYH WR FKDUJH IRU UHSURGXFWLRQ Rl RXU FRS\ULJK)
0 \RXU UHTXHVW LV IRU UHXVH LQ D 7KHVLV SHUPLVVLRQ LV
IROORZLQJ FRQGLWLRQV
7KLV OLFHQVH LV YDOLG IRU RQH WLPH XVH RQO\ IRU WKH SXlI
D PD[LPXP RI H[WUD FRSLHV LQ SDSHU ,I WKH WKHVLV LV J
QHHGVY WR EH UHREWDLQHG
LQFOXGHV XVH LQ DQ HOHFWURQLF IRUP SURYLGHG LW LV D
KLV KHU RZQ ZHEVLWH DQG KLV KHU XQLYHUVLW\YV UHSRVLWHF
GHILQLWLRQ RQ WKH 6KHUSD ZHEVLWH KWWS ZZZ VKHUSD D
LV VXEMHFW WR FRXUWHV\ LQIRUPDWLRQ WR WKH FR DXWKR



*HRJUDSKLF 5LJKWV B6FRSH

JLFHQVHV PD\ EH H[HUFLVHG DQ\ZKHUH LQ WKH ZRUOG
$OWHULQJ ORGLI\LQJ ODWHULDO 1RW 3HUPLWWHG

J)LIXUHV WDEOHV DQG LOOXVWUDWLRQV PD\ EH DOWHUHG PL
DOWHU RU PRGLI\ WH[W LQ DQ\ PDQQHU $EEUHYLDWLRQV DG!
DOWHUDWLRQV VKDOO EH PDGH RQO\ ZLWK SULRU ZULWWHQ D
5HVHUYDWLRQ RI 5LIJKWV

6SULQJHU UHVHUYHV DOO ULJKWV QRW VSHFLILFDOO\ JUDQWH
GHWDLOV SURYLGHG E\ \RX DQG DFFHSWHG LQ WKH FRXUVH R
WHUPV DQG FRQGLWLRQV DQG LLL &&& V %LOOLQJ DQG 3D\P}
JLFEHQVH &RQWLQJHQW RQ 3D\PHQW

:KLOH \RX PD\ H[HUFLVH WKH ULJKWV OLFHQVHG LPPHGLDWHO
HQG RI WKH OLFHQVLQJ SURFHVV IRU WKH WUDQVDFWLRQ SU|
DQG DFFXUDWH GHWDLOV RI \RXU SURSRVHG XVH QR OLFHQVI
SD\PHQW LV UHFHLYHG IURP \RX HLWKHU E\ 6SULQJHU RU E\ &
DQG 3D\PHQW WHUPV DQG FRQGLWLRQV ,I IXOO SD\PHQW LV C
OLFHQVH SUHOLPLQDULO\ JUDQWHG VKDOO EH GHHPHG DXWRF
QHYHU JUDQWHG )XUWKHU LQ WKH HYHQW WKDW \RX EUHDFK
RI &&& V %LOOLQJ DQG 3D\PHQW WHUPV DQG FRQGLWLRQV Wt
VKDOO EH YRLG DV LI QHYHU JUDQWHG 8VH RI PDWHULDOV D\
DV DQ\ XVH RI WKH PDWHULDOV EH\RQG WKH VFRSH RI DQ XQU
FRS\ULJKW LQIULQJHPHQW DQG 6SULQJHU UHVHUYHV WKH ULJ
LWV FRS\ULJKW LQ WKH PDWHULDOV

&RS\ULJKW 1RWLFH 'LVFODLPHU

<RX PXVW LQFOXGH WKH IROORZLQJ FRS\ULJKW DQG SHUPLVVI
UHSURGXFWLRQ Rl WKH OLFHQVHG PDWHULDO

6SULQJHU ERRN MRXUQDO WLWOH FKDSWHU DUWLFOH WLWO
RI DXWKRU V  RULJLQDO FRS\ULJKW QRWLFH DV JLYHQ LQ WK
RULJLQDOO\ SXEOLVKHG :LWK SHUPLVVLRQ RI 6SULQJHU

,Q FDVH RI XVH RI D JUDSK RU LOOXVWUDWLRQ WKH FDSWLRQ
LQFOXGHG DV LW LV LQGLFDWHG LQ WKH RULJLQDO SXEOLFD)
'DUUDQWLHV 1RQH

6SULQJHU PDNHV QR UHSUHVHQWDWLRQV RU ZDUUDQWLHV ZL\
DGRSWV RQ LWV RZQ EHKDOI WKH OLPLWDWLRQV DQG GLVFOD
LWV %LOOLQJ DQG 3D\PHQW WHUPV DQG FRQGLWLRQV IRU WKI
L QGHPQLW\

<RX KHUHE\ LQGHPQLI\ DQG DJUHH WR KROG KDUPOHVV 6SULQ
RIILFHUV GLUHFWRUV HPSOR\HHV DQG DJHQWV IURP DQG DJ
\RXU XVH Rl WKH OLFHQVHG PDWHULDO RWKHU WKDQ DV VSHF
OLFHQVH

1R 7UDQVIHU RI /LEFEHQVH

7KLV OLFHQVH LV SHUVRQDO WR \RX DQG PD\ QRW EH VXEOLF!
ZLWKRXW 6SULQJHU V ZULWWHQ SHUPLVVLRQ

1R $PHQGPHQW ([FHSW LQ :ULWLQJ

7KLV OLFHQVH PD\ QRW EH DPHQGHG H[FHSW LQ D ZULWLQJ VI
RI 6SULQJHU E\ &&& RQ 6SULQJHU V EHKDOI

2EMHFWLRQ WR &RQWUDU\ 7THUPV

6SULQJHU KHUHE\ REMHFWV WR DQ\ WHUPV FRQWDLQHG LQ DC
FKHFN HQGRUVHPHQW RU RWKHU ZULWLQJ SUHSDUHG E\ \RX :
WHUPV DQG FRQGLWLRQV RU &&& V %LOOLQJ DQG 3D\PHQW Wt
FRQGLWLRQV WRJHWKHU ZLWK &&& V %LOOLQJ DQG 3D\PHQW
LQFRUSRUDWHG KHUHLQ FRPSULVH WKH HQWLUH DJUHHPHQV
FRQFHUQLQJ WKLV OLFHQVLQJ WUDQVDFWLRQ ,Q WKH HYHQW



HVWDEOLVKHG E\ WKHVH WHUPV DQG FRQGLWLRQV DQG WKRV|
3D\PHQW WHUPV DQG FRQGLWLRQV WKHVH WHUPV DQG FRQGL
-XULVGLFWLRQ

$00 GLVSXWHV WKDW PD\ DULVH LQ FRQQHFWLRQ ZLWK WKLYV
VKDOO EH VHWWOHG H[FOXVLYHO\ E\ DUELWUDWLRQ WR EH K
DFFRUGDQFH ZLWK *HUPDQ ODZ

2WKHU FRQGLWLRQV

9 $8*

4XHVWLREDXVWRPHUFDUH#FRS\ULRKW FRP WROO IUHH LQ WKH 86 RU
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