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ABSTRACT

MODELING THE VACUUM ASSISTED RESIN TRANSFER MOLDING (VARTM)
PROCESS FOR FABRICATION OF FIBER/METAL HYBRID LAMINATES

By

Goker Tuncol

Fiber metal laminates (FMLs) are hybrid materials caimgjsof alternating layers of metallic
sheets and fiber-reinforced polymeric-resin composites. Fltumbine some of the best
properties of the metal and the composite parts making them hitjhdgtide for aerospace
applications. FMLs are currently being manufactured under etbt@teperatures and pressures
in a compression press or an autoclave. These fabricationspescare expensive and the part
size is limited by the size of the press or autoclave. NASAgley Research Center has
developed a process which can be used to manufacture FMLs lepsheffective Vacuum
Assisted Resin transfer Molding (VARTM) process. The object¥ethis study was to
investigate the manufacturability of the FMLs using low coguil composite molding

techniques but with the same level of quality of FMLs fabricated in an autoclave.

A flow visualization fixture of the VARTM/FML process was ctmusted and used to observe
the resin infiltration process. The results of the flow visuabneexperiments were analyzed and
compared with the predictions of a VARTM process simulation modhel.simulation model of

the hybrid preform structure of the FMLs was developed usingotmenercial software package

FLUENT. The model used a transient two phase volume of fluid (VOF) method to traelsithe



progression. The model was used to predict the resin flow patternsefitnation times of the
hybrid FML structure during the resin infusion stage of the VARdgcess. A variation of the
VARTM process, the Controlled Atmospheric Pressure Resin Infusi&iRD process, was

also considered.

Compaction and permeability characterization studies were pedofon the preform materials
used in the FML structures under different testing conditions. Thesyme vs. fiber volume
fraction data was fit to mathematical models. Similarly, peemeabilities in the principal
material directions were measured and the fiber volumédrags. permeability data was fit to
mathematical models. The mathematical models were used tmaetdhe input parameters of
the simulation model such as initial volume fraction, permealahty the model constants for a

developed user defined compaction model.

Parametric studies were performed with the simulation modekptore the effects of various
model inputs on the flow patterns of the FML structures. An attemgst made to further
improve the model by the integration of a compaction model thdt @ynamically update the
permeability and thickness of the preform with time. The flow padtand the infiltration times
predicted by the simulation model agreed very well with the fd@atterns and times recorded
during the infiltration and manufacture of an actual FML panel.rébelts of this study showed
that FML parts can be successfully infiltrated when flow pajtswaere included in the hybrid
preform structure. Thus, this study demonstrates the manufaatyrabhigh quality FML parts

using the VARTM and CAPRI processes.
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Chapter 1

INTRODUCTION

1.1Fiber Metal Laminates

Fiber metal laminates (FMLs) are fabricated by stackiteyreate layers of metallic sheets and
fiber-reinforced polymeric-matrix prepreg plies [1]. A typit@y-up is shown in Figure 1.1. The
hybrid layup is then processed under elevated temperature andr@réssconsolidate the
laminate and cure the polymer resin which bonds the fiber lagettsetmetallic sheets [1-2].
FMLs have mechanical and environmental properties that are superipaced with monolithic

metal alloys or fiber reinforced polymer matrix composite laminates [1]

Prepr@
Metal
Preprezg_

Metal

Figure 1.1 A typical lay-up of a Fiber Metal Laminate (FMI(ror interpretation of the
references to color in this and all other figures, the readeferred to the electronic version of
this dissertation).



Two common FMLs include ARALL™ and GLARE™. ARALL™ uses unidireotl aramid
fibers while GLARE™ uses either unidirectional or biaxial higtersgth glass fibers. Both
laminates use aluminum alloys for the metallic sheets. GLUXR& one of the most successful
FMLs, patented by Akzo Nobel in 1987 and is being currently used in anefacture of the
Airbus A380 [3]. It has also recently been certified and approvedhéyFederal Aviation

Administration (FAA) and by European Aviation Authorities.

FMLs are currently manufactured by placing the layup of netstheets and prepreg plies in a
mold and exposing the structure to elevated temperature and priesaurempression press or
an autoclave. These manufacturing methods result in well consdlidatectures with good
bonding between the metallic sheets and the fiber-reinforced compbsittHowever, these
fabrication processes are expensive and the part size isdlilmtehe size of the press or
autoclave. The objective of this study is to investigate the manufactureenf\fretal Laminates
(FMLs) by the low-cost Vacuum Assisted Resin Transfer MoldW§RTM) process. The
overall goal is to produce FMLs at a reduced cost but with the $awel of quality as FMLs

fabricated in an autoclave.

NASA LaRC has developed a process for the manufacture of FMDMARTM [5, 6]. A
hybrid preform is created by stacking alternating laysrshe metal sheets and dry woven

fabrics. The preform is placed on the tool and bagged as shown in Figure 1.2.

Resin is infused into the dry woven fabric and will bond the maegts to the reinforcing fiber

layers when cured. A distribution medium is commonly incorporatedoprthe lay up to



enhance the resin infiltration process. This variation of the VAR¥&tess is known as the
SCRIMP® process [7,8]. With the addition of the highly permeable distributiedium, resin
rapidly flows over the surface of the part and is pulled intohgfiid preform by the vacuum
source. Since resin flow is primarily in the through-the-thickrastransverse direction, resin
pathways must be inserted into the metal sheets to allow cesiffiltrate into the dry woven
fabric layers as depicted in Figure 1. The size and shape plathways must be large enough
to permit resin to flow into and wet-out the woven fabrics, but Isemalugh as to not comprise

the structural performance of the FML.
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Figure 1.2 Diagram of the FML VARTM process



1.2Research Objectives

In this study, a combined experimental and numerical study wasrmped to investigate the
manufacture of FMLs by the Vacuum Assisted Resin TransfddiNg (VARTM) process. A
simulation model of the hybrid preform structure of the FMLss vaeveloped using the
commercial software package FLUENT. The model was used to pthedicesin flow into the

glass fabrics of the hybrid perform during the resin infusion stage of thefMARocess.

A flow visualization fixture was constructed to allow resin flpatterns to be observed at the
both top and bottom surfaces of the preform during infiltration. Tieaalization fixture is
identical to the VARTM fixture currently used to manufacture FMixgept for the changes
noted below which were necessary to observe the fluid during inblratiA clear, scratch
resistant, polycarbonate tool plate was used in place of the toatplate. Acetate, clear plastic
film was used in place of the aluminum sheet. Resin pathwanes machined into the acetate
films to permit resin flow through the films during processifnighe remaining components and
all dimensions of the visualization fixture were identical toMA&RTM fixture. Mounted below
the polycarbonate tool was a mirror which was used to observedimeflow along the bottom
surface of the preform. Use of the mirror allows the video caeesimultaneously record the
flow fronts on both the top and bottom surfaces of the preform. Thevikwalization data were
compared with the results of the simulation model and were useds#ss if FMLs can be

successfully manufactured by the VARTM process.



The objectives of this study are:
e Developing a science based simulation model of the VARTM process for fadricat
of FMLs
e Characterizing fabric preforms and preform materials
- Measuring the compaction behavior under several test conditions and fit data
to mathematical models
- Measuring the permeabilities in the principal material directions andtéittda
mathematical models

e Performing flow visualization studies to verify model predictions

1.3Organization of the Thesis

In this study, the manufacture of fiber metal laminates byawecost Vacuum Assisted Resin
Transfer Molding (VARTM) process was investigated by perfogn experimental
characterization tests and using the resulting data as inputs dewe®ped simulation model.
The organization of the chapters can be given as follows: A gdanexaduction to FMLs and
the VARTM process is given in the current Chapter 1. Theatiiee survey on preform
modeling, compaction and permeability is given in Chapter 2.

Flow visualization tests are discussed in Chapter 3. In this chdlpte visualization fixture
components and the procedure for machining resin pathways arédddsdiine test procedures
are described in detail and the results of the flow visuaizaxperiments are presented with
different testing configurations. Infiltration of FMLs using MMARTM technique and the flow

characteristics are analyzed.



Preform compaction characterization is discussed in Chapter dltfResthe compaction tests
performed for S2 glass fabrics are presented and verifiédtinatcompaction data of multi axial
warp knit (MAWK) carbon fabrics. Static and dynamic compactiongescedures and analysis
of compaction tests under different testing conditions are discussedapter 4. Mathematical
models fit to the compaction data of several preform mataralshown. In Chapter 5, preform
permeability characterization is discussed. Permeability unement and calculation procedures
for several preform materials including hybrid preforme described. Mathematical models

based on the permeability measurements are shown.

In Chapter 6, a flow simulation model of the VARTM process that desloped for the
manufacture of FMLs is presented. Mathematical models suggestdthpters 4 and 5 are used
to determine the input parameters for the flow simulation modw. simulation model results
are compared and verified with the results of the flow visuatiza#sts given in Chapter 3. The

findings and conclusions of this study are summarized in Chapter 7.



Chapter 2

Literature Survey

2.1VARTM Process

Liqguid Composite Molding (LCM) is one of the most cost effectivel &ommonly used
composite materials manufacturing techniques [9]. In LCM presedke basic principle is to
inject resin into stationary fabric preform and saturate afisgbetween the fibers with resin
before the curing (gelation) starts. Resin Transfer MoldingMRis a typical LCM process, in
which a fabric preform is placed inside a mold cavity and themmibld is sealed and closed.
Resin is injected into the mold cavity to saturate the fabefopn. After the resin cures, the

mold is opened and the composite part is taken out [9].

Vacuum Assisted Resin Transfer Molding (VARTM) is a variatminthe RTM process.

Originally, vacuum was introduced to the RTM mold to lessen therezljinjection pressure

and remove air voids in the final processed composite laminateTli®process was developed
further by marine composite hull manufacturers at Seemann Congpdsideby eliminating the

rigid top portion of the mold and replacing it with a flexible polynaacuum bag. The woven
preform could be placed on a rigid tool having the shape of the desineplosite part. The

fabric is sealed to the tool with the vacuum bag and a sealantTthpebagged part is then
evacuated via a vacuum port which protrudes from the sealed bggicAl VARTM lay up is

shown in Figure 2.1.
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Figure 2.1 Schematic diagram of the VARTM process.

With the part fully evacuated, the compaction pressure on the prefapproximately 1 atm.

Using low viscosity resins, typically less than 0.5 Pa:s, thie ie introduced to the evacuated
preform via a resin port, or multiple resin ports depending on thestshape of the part. The
resin is forced into the preform using only atmospheric pressure, due to #nerdiéf in pressure

between the evacuated preform and the resin contained outside of the bag at 1.0 atm (101.5 kPa)

Because of the low injection pressure and resulting longriikk$i, Seemann™ invented a means
by which the resin could be transferred more quickly into the comgb@reform. A distribution
media layer, or SCRIMPcloth for Seemann Composite Resin Injection Molding Process [7,8],
is placed on the top surface of the fiber preform within thewacbag. The SCRIMPcloth has

a high permeability compared to typical fiber preforms or reiirigréibers. This allows resin to
flow quickly across the surface of the part and then filter ddwough the thickness of the dry

fabric. This is ideally suited for many composite parts, suchoas$ hulls or the skin of an



aircraft wing, because the thickness dimension is much smallerthiegalength and width
dimensions. This allowed entire boat hulls to be fabricated in omsiaonf step with resin
entering the part from various resin port locations [11]. The coibegase infused without any
externally supplied pressure and the part can be cured eittemmattemperature or in an oven,
depending on the resin system. The cost of matched metal tooktighisated and, since the
entire part is contained within a vacuum bag, there is litgm®xre to the volatiles involved in
handling of other raw materials, such as prepreg. Proper degadding resin system and a
leak-free vacuum bag ensures high quality, void-free lamiaétécation. Because VARTM is
an infusion process, a high level of part integration can be achievkduwihe tremendous
tooling costs associated with prepreg and autoclave manufacturedsitead12]. This also
reduces the number of fasteners that are necessary inéngbssf the same metallic structure.
These advantages found in the SCRfMfPocess make it attractive for the fabrication of large

composite structures [11].

For many years, VARTM has been used to fabricate structanapasites for the marine and
infrastructure industries [11, 12]. These composites were ofteicdéed using woven glass
preforms infiltrated with vinyl ester resin and the resultimgcdures had fiber volume fractions
around 50% and void contents of 2 — 3%. Recent investigations have showistpatsible to

fabricate aircraft-quality composite structures by the VARProcess [10]. The high
performance composite parts were manufactured using carbon fdfernps and low viscosity
epoxy resins to produce structures having fiber volume fractions apprgagfd?o and void

contents less than 1% [13].



2.2VARTM Modeling

Composite fabrication processes for new materials and appfisatire commonly designed
empirically by trial-and-error methods. This approach to processdaEment is time-consuming
and expensive. In addition, with an empirical approach it is impodsitdgaluate all the resin
and preform material properties that must be known for successhpletion of the process.
Analytical simulation models are clearly far superior altevea for determination of a
processing cycle that will result in a void free and fully cadstéd composite structure.
Accurate inputs are essential for successful simulation mobatsare capable of relating
processing conditions and the constituent material properties tbeimeal, physical, chemical,

rheological and mechanical processes that occur in the composite during fatoricati

Johnson et al. [14] developed an active control system that reliescally heating resin to
decrease its viscosity and increase the preform permgaBiitdoing so, a more uniform flow
front, higher flow front velocity and lower filling time were raeved. Heating of resin was
adjusted by inductions coils placed inside the mold. At any tirs&amt, the flow front location
was sensed by a camera and was fed to the controller. This atilmnmvas used to determine
the target coil position and amount of heating to be supplied to the Tasnstrategy for coll
positioning was shown to be most effective in locally reducing tlemsity and improving flow
uniformity and flow rate. The method was shown to be useful in falmgcabmposite panels
without void entrapment or premature resin gelation, while reducindilthteme and resin

wastage.

10



Correia et al. [15] discussed the similarities between the®l Rifd VARTM processes. RTM
simulations were coupled with auxiliary compaction and permeallitgels to estimate the
filling time and the fiber volume fraction distribution in the VARTpfocess. LIMS [16]
software was used in their analysis. Using LBASIC scriptRf#& LIMS model was modified
to locally update thickness, porosity and permeability as a functioaropaction pressure. This
was done by employing an iterative finite difference method. tAp@n the simulation model, a
power law compaction model relating compaction pressure to volume fraction amdespiity
model based on Kozeny-Carman equation to relate permeability tmedhaction were used.
1D flow comparisons for VARTM and RTM processes were made angpanionality constant
for the VARTM case was introduced since it was found out thatillivg ftimes in the one
dimensional VARTM filling case were directly proportional to thasethe RTM case by a

constant.

Chen et al. [17] introduced an equivalent permeability method to rede@®mputation cost of
3D CV/FEM VARTM simulations for large parts. It was noted thatmany cases, the
distribution media (high permeable medium-HPM) used in the VARTddgss is much thinner
than the preform, causing a high aspect ratio in the 3D CV/REMIa&ions, which results in
long computation times and poor convergence. To avoid this, Chen and coworlegisadahe
thickness of the HPM layer and determined an equivalent permeaitiiky keeping the flow
pattern and pressure gradients same as in the original caseqUikialent permeability values
for the thicker HPM layers were found to be smaller than tlygnat case and when the results
were compared for the original and equivalent systems, the CRUdiimmnished as much as

96% while the filling time varied by 3% only.
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Dong [18] noted that 3D models are needed when modeling the VARTMsproce to the
existence of the distribution or high permeable medium (HPM) iptbeess. However, it was
noted that 3D models are limited due to their computational costiabpevhen used for the
fabrication of large parts. A set of dimensionless process vesiglel.g. filling time) were
introduced for computational purposes and a statistical model (respofeseesmethod) was
used to identify significant process variables. Validated with riaxeats show that the model
accuracy was not very high (within 15%), however, the computationvii@sereduced by 99%.
Thus, it was concluded that the proposed statistical model can besusenlideline in the early

stages of the VARTM process design and optimization.

Grujicic et al. [19] noted that tool plate heating can be usefuldrease infiltration and reduce
preform infiltration time compared to room temperature (isothgrinéltration. A CV/FEM
analysis of the preform infiltration was made by the simultaneoligtion of the continuity
equation, energy conservation equation and evolution equation for the degodgnadrization.
The model was applied to simulate the infiltration of a rectamgrdrbon fiber based preform
with an epoxy resin and to optimize the VARTM process with regpeuinimizing the preform
infiltration time. The results suggested that by proper seledi the ramp/hold thermal history
of the tool plate, the preform infiltration time can be reducediveldo the room-temperature
infiltration time. It was concluded that this infiltration timeduction was due to the thermal-

thinning and thus the decrease in viscosity of the ungelled resin.

Li et al. [20] studied the effects of thickness gradient andl lowerial variations in the

VARTM process. An existing RTM simulation code was modified anglemented with an
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auxiliary compaction model to account for the thickness chandeivVARTM process at the
moment the infusion stage is finished. The suggested model cover&ARITM stages
including the infusion and curing stages. The computational procedsrasafallows: First, the
initial conditions (resin viscosity, porosity and permeability) wergered. The flow model
calculated the time and compaction pressure for the next timeT$ten, using the previous step
result, viscosity and degree of cure were calculated from tire mexdel, and the compaction
model determined the thickness, volume fraction, porosity and permeabibe used in the
next iteration. If the viscosity or cure degree exceeded thi¢ Vialues, the model outputs the

final thickness, or if not the model moves on to the next step until the resin stops flowing.

Song et al. [21] studied analytical modeling of resin infusion iIN®RTM process. The model
targeted predicting the pressure and thickness distribution duriimg inégsion. Compaction
behavior of the preform was investigated experimentally and whzedtin the modeling.
Besides the analytical modeling, experimental and numericakstudire carried out to validate
the analytical results. It was found that the analytic resuitspare reasonably well with the
numerical and experimental results, however with some limitatidhs. analytical model
predicted a slower flow front advancement in the bottom preforer layien compared to the
experiments. This was due to the fact that the model considerdtahsverse flow only in the
flow front region. In reality, the transverse flow took place thhmug the whole preform since a

pressure difference existed between the neighboring layers behind tHeofiowegion.

Yoon et al. [22] used a homogeneous preform system to reduce theexibyngi flow modeling

in the VARTM process with a distribution media and enabling thecgtgn of similar models
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for large scale parts. First, a mass-average approach wdspal/éo reduce the number of
dimensions that needs to be modeled (e.g., 3D was reduced to 2IDeraplh 2-D cross section
was reduced to a 1-D flow problem). The total mass of resin ioflsged in each case (2D and
1D cases) was made equal to each other. Here, D is the lertgth s#Hturated region where the
flow is 1D in the x direction with Darcy velocities of, bth high permeable media (HPM) and U
in low permeable media (LPM), respectively. d is the lengtheflow front region where there
is transverse flow (y direction) from HPM to LPM. S is the length of averesie progression in
the flow front region. To determine the flow front locations on tiVHop and LPM bottom
surfaces, a reconstruction method was followed after the masgya\epproach. In this method,
the flow patterns were reconstructed using the flow data obt&ioedthe homogenous model
with an analytic solution of the flow front shape in the out-of-planecton. Average flow front
locations and the flow front patterns were investigated by nuataralysis, which validated
the two methods employed. The mass-average and reconstruction bBppraaccessfully
estimated the resin flow locations and patterns with respeaint and significantly reduced
complexity in modeling complex geometries as well as computhtioosts. However, the

application of the two methods was quite involved and limited to the setup/configuration used.

Govignon et al. [23] used a one dimensional Finite Element simulafidhe resin infusion

process addressing the pre-filling, filling and post-filling ssadering the VARTM process. The
results showed potential for accurately predicting the flobume fraction in the final part, as
well as simulating different injection strategies (i.engbéng of the inlet before the flow front
reaches the end of the preform, or changing vacuum presiureg post-filling). It was noted

that the ability to simulate applied post-filling conditions niegd to an optimization of the
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pressure parameters and choice of brake material (i.e. placegebetve end of the preform and
the vent), increasing part quality and control of fiber volume fraetioite reducing cycle times.
The simulation model included a compaction model forctimped strand mat (CSM) preform
which was generated using the empirical multiple power law mpoaeliously developed by

Robitaille [24].

Thus, a successful VARTM simulation model requires the compaction and pernjdsdsibtvior
of the reinforcing fiber as one of the major inputs so that it caarately predict the change in
preform thickness, fiber volume content and preform permeability througi®pirocess. In the
following sections, a summary of the literature regardingetkgerimental techniques used to

measure preform compaction and permeability will be presented.

2.3Compaction

Two important characterization experimermisgform compaction characterizatiandpreform
permeability characterizatignare required in order to construct an accurate model of the
VARTM process. These are material dependent properties and musedsured for the
preforms used in the process. In this section, a summary of #ratdite regarding the

experimental techniques used to measure preform compaction will be presented.

In literature, there are numerous studies about compaction of fals#ck in the composite

materials manufacturing. Earlier studies on fiber bundles bypv&ki and colleagues [25-28]

suggested a useful analytical compaction model that served &ence point to many other
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following researchers. Their model revealed that the compactiponss of a lubricated fiber
bundle is a combination of both elastic and viscous deformation. They’ve found out that a unique
relationship exists between applied load on the fibers and thsiiting deformation. This
relationship holds at a particular state or at an equilibriate.sEiber deformation significantly
affects the process parameters such as permeability andgressure as well as it also affects

the resulting characteristics such as fiber volume fraction and the void content.

Li et al. [29] proposed a method to measure the compaction curve asdttingted transverse
permeability as a function of fiber volume fraction. Tligef bed between two platens was
compressed with a constant compaction pressure @itenge in fiber bed thickness was
measured using dial indicators and then converted into fiber volunteifrathe effects of type
of the impregnating fluid, initial fiber volume fraction, and thg-lg type on the compaction
behavior were investigated. It's been concluded that higher iviblaime fractions result in
higher overall compressibility and different lay-up configuratibase a significant impact on
the compaction behavior. In addition, it's been found that Gutowski’s coiopanbdel [25-28]

can be used to adequately fit the experimental data for compaction.

Hubert et al. [30]following a similar approach thi et al. [29], used &ervo hydraulic testing
machine to compact saturated fiber beds under applied tempesatiiresin flow. Displacement
and load were measured at specified increments to get #rebi#al compaction curve. Load
relaxation was also considered. A finite element model was teseximulate the uniaxial
compaction of the preforms at different temperatures and i€s fimund that simulation results

closely match with the experimental results.
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Schuster et al. [31] investigated the effects of differentirgg parameters on the compaction
behavior of preforms. For the compaction experiments, they usedldratee and a stamp
attached to it acting as the crosshead. Force and straimmeaitored by the load cell and an
LVDT. The compaction test device was controlled by LabVIEWdigital camera with a
microscopic lens was used for monitoring the deformation of stitch bhaol#sr compression. It
was shown that preform compaction behavior changes with the den#lity s¢am patterns and
compaction causes a reduction in the size of stitch holes, whichnnattects the lateral
elasticity of the preforms. The extent of reduction was cde@lwith the sewing parameters and

stress-strain curves gathered from the compaction experiments.

Buntain and Bickerton [32] used a two piece circular mold attaichad Instron testing machine
to monitor the molding (tooling) forces during resin transfer moldifRTM) and
injection/compression molding (I/CM) processes. The thickness ofntbkl cavity was
monitored using an L-Gage laser sensor. Both wet and dry testspedgormed at constant
compaction speeds. A schematic diagram of their setup is showguire 2.2. They noted that
the L-Gage measurements were necessary since the crobdstpdacement data recorded by the
machine was unable to record and take the deformation of the lbaut@@ccount whereas the
L-Gage sensor can. Force data was analyzed and compared byghbagrocess parameters;
compression speed and resin injection rate for two types of E-fasults varied depending on
the preform and process type. Clamping forces were dominatedebjuiti pressure in one

preform type whereas they were dominated by preform compactioasfan the other type.
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Relaxation and lubrication phenomena were also discussed and tubrdeat to the non-elastic

nature of the fabrics.
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Figure 2.2 The experimental set up of Buntain and Bickerton [32].

In a similar study, Bickerton and Buntain [33] performed tests on amet dry fabrics to
investigate the compaction response. They performed dynanschiygstompressing preform
samples at a constant speed. It was shown that compaction respoosepased of elastic,
viscous and plastic components. These involve stress relaxation, iobricgtthe wetting fluid

and permanent deformation. They concluded that an accurate foatgsia requires the

characterization of the compaction response with these components and #specially
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significant for flexible molding processes such as the Vacuusisi&sl Resin Transfer Molding

(VARTM).

Kelly et al. [34] studied the viscoelastic response of satuatdddry fibrous materials using a
similar approach to that of Buntain and Bickerton [32-33]. Sampleonpnsf were placed
between two parallel plates mounted in a testing machine. The pigperwas fixed while the
lower plate mounted on the moving crosshead holds the specimens togaetamnThe applied
force and deflection of the upper plate were recorded simultane®aly.circular and square
preforms were tested. Stress was calculated and plotted wpbcteto time at different fiber
volume fractions. A single non-linear viscoelastic model thatstalcenpaction and relaxation
phases into account was developed and was verified with experingdatdal However, this

model did not cover the hysteresis (permanent deformation) phenomenon.

Somashekar et al. [35] focused on the non-elastic compression deforwfation glass fiber
reinforcements and proposed an alternative approach to viscoetastels. The experimental
compaction setup is shown in Figure 2.3. Sample preforms were pdacéap of a moving
crosshead and were compacted against a fixed platen mounted aradheell of a testing
machine. An aluminum plate was placed on top of the preforms te @eahnitial preload and
also a reference to determine the thickness change. Thicknesdinngs were made using two
L-gage laser sensors. Tests were performed at constarfieadsspeed. Somashekar et al. [35]
concluded that there is a significant amount of permanent deformatiba preforms due to the
non-elastic nature of the compaction process. Measured compaefiormadtion data were

broken down into different phases, namely: elastic spring back, tipendent recovery and
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permanent deformation. The total amount of deformation was plotted for each okthpliases
with respect to other variables such as compaction stress, ah&gps, fiber volume fraction,

number of compaction cycles, number of layers and compaction speed.
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Figure 2.3 The experimental set up of Somashekar et al. [35].

Chen et al. [36] also performed compaction experiments to investigatcompaction behavior
of fabric preforms in the RTM process. Two steel flat platitsched to a hydraulic press were
used for the compaction experiments. Distance between platesi@amired as a function of
applied compressive force. Contact pressure between adjacentldgerie during compaction
was measured using a TekScan pressure measurement system. |Aomibde compaction
behavior of woven fabric preforms was proposed by studying theahteressure distributions
between individual fabric layers. Analytical expressions relatmegcompaction force to fiber

volume fraction were established.
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Kruckenberg et al. [37] used a pair of circular platens attached MTS machine to perform
compaction experiments on plain woven textile fabrics. Two sekpériments were done. The
first set of experiments involved statically compacting theispats, allowing relaxation at each
step. The compaction speed was held constant. Dry and wet testdomerand compared. An
extensometer was placed between the platens to record dispidcamd compared to the MTS
machine recordings. They concluded that the compaction response fabtlos followed a
power law model as suggested by Robitaille and Gauvin [24]. In tomdeset of experiments,
repeated compaction cycles were applied to the preforms inRAITMAprocess set-up. The tests
were referred to as “vibration compaction” experiments. Two metheais used to perform
these tests: first; by cycling the pressure under a vacuurbdiae resin infusion and second;
by applying a mechanical vibration roller on the surface of tleeiwa bag after applying the
vacuum but before resin infusion. The motivation for conducting these egres was to
demonstrate that vibration could cause rearrangement between inbdilddugows and preform
layers; causing a reduction in the overall reinforcement thgskriehe number of layers, number
of cycles, effect of lubrication, effect of vibration load amegtiency were varied and results
were plotted to compare the different parameters. Depending oahthe type, they concluded

that vibration compaction up to 16% increase in the overall fiber volume fraction.

Andersson et al. [38] used digital speckle photography, an image gracdschnique to
measure the thickness of the vacuum bag in Vacuum Assisted RemisfeF Molding
(VARTM) process. In this technique, speckles were created on theivabag using special
spray paints and the motion of the pattern formed by speckf@®iographed using two special

cameras. Deformation maps, revealing the change in thicknessadeesafter processing these
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images. A sample deformation map is shown in Figure 2.4. It watucded that with the use of
this method, compaction of a larger area can be continuously monwatredbetter accuracy

compared to other single point sensor measurement techniques.

100 T

Figure 2.4 Deformation map for a vacuum infusion process with radial flow [38].

Yenilmez et al. [39] used a circular closed fixture to compatiom fabric preforms with an
embedded core distribution medium (sandwich preform) to be used in RirMAtype of
process. Compaction tests were performed at a constant loachdatkabgages were used to
measure the part thickness. Tests were performed in ahaaynimics the actual VARTM
process; fabric is kept dry during loading whereas kept wet dunt@ading and a relaxation

period was also introduced. It was concluded that an accurate deomp@atabase is needed in
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the design of VARTM process parameters such as the amount of vacuum, lisgin gareform

compaction and pressure to achieve uniform part thickness in this process.

2.4 Permealbility:

Throughout the literature, process models and simulations are tudis [14-23]. These are
vital tools for gaining a thorough knowledge of the VARTM processetheeliminating time
consuming trial and error approaches for the manufacture of voed @nel high quality
composite parts. One of the critical material input propertggsined for these process models is
the preform permeability. Permeability is the measure of prefoaterial resistance to flow and

depends on the velocity of the infiltrating fluid and the pressure gradient widtiprieform.

Permeability measurement techniques can be classified ascadyflow front (transient) and
steady-state (saturated) methods. The advancing flow front methcalried out with a dry
preform and the steady-state method is carried out after th@rprbas been saturated with a
testing fluid. The former method can account for wetting charatitsriand capillary effects
whereas the latter one is capable of doing material chawatten by using a single preform for

multiple volume fractions.

The permeability measurements can either be done by using diraensional (unidirectional)
fixture or by using a radial fixture. In-plane and transvergenpability measurement can be
performed by using these two fixture types and under eithesiérat or steady state conditions.

Wang et al [40-41] used both fixture types to determine the prinfigya directions and in-

23



plane permeabilites of various fabric reinforcements. The ath@front radial fixture was used
to locate the principal material directions which lie along itigor and minor axes of the

elliptical flow front.
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Figure 2.5 The two types of fixtures used to measure in-plane permeabdithe experimental
setup. Unidirectional 1D fixture shown on left, radial fixture shown on right [40].

The ratio of permeabilities along these axes is given by Equation 2.1 below:

1
lengthof minorellipticaxis | Sy 2
lengthof majorellipticaxis | Sy

(2.1)
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where § and § are the permeabilities along the principal axes. They foundtibelute values
of the permeabilities by using the principal directions, ratio aimpabilities from flow
visualization and also using Darcy’'s Law [42]. They also employst bype of fixtures in
conjunction with a cylinder arrangement to measure the trangperseability [41]. Figure 2.5
shows the two types of fixtures (unidirectional 1D on left, rafliglre on right) used to
measure the in-plane permeability used by Wang et al [4@)ré-2.6 shows the radial fixture

involving transverse fluid flow through fabric used to calculate transversespbility [41].
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Figure 2.6 Radial fixture used to measure transverse permeability [41].

Chan et al. [43] used constant flow rate experiments to medsr@-plane permeability of
anisotropic preforms. The experiments were done with a radal fikture. The radial flow
fronts positions (in x and y directions) were recorded using a w@gstem and the inlet pressure
at the center of the radial fixture was measured. Correspomuipigne permeabilities were

calculated using Darcy’s Law. The experimental resultsatedea linear relationship between
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flow front positions and pressure gradients meaning little deviatmmn arcy’'s Law. They
derived separate expressions for permeability for preforntis anisotropic, orthotropic and

isotropic characteristics.

Parnas et al. [44] performed in-plane permeability and trassveinaracterization tests for
random mat and 3D woven fabrics. Permeability values were eepfat radial flow, saturated
and unsaturated one-dimensional flow, and through-thickness flow geamBtesults obtained
with the 3D woven fabrics showed much smaller scatter comparaddom mat fabrics. It was
concluded that the variations in the results demonstrate the importEnthe structural

heterogeneity in preforms and flow mechanisms such as eapemtnt and wicking that Darcy’s

Law cannot take into account occur during the saturation of fabrics.

Gauvin et al. [45] performed flow simulations of a subway seaetménufactured using Resin
Transfer Molding (RTM). Permeability measurements for continubasd mats were made to
be used as an input to the simulations. They compared the resultsuafdif@ctional flow and

radial flow measurements and noted that edge effects in tdgaational molds are sometimes
inevitable and can result in erroneous permeability measuremértsedhnique employed by
Chan et al. [43] was used for the radial flow measurements. Téeynantioned about the non-

homogeneity in continuous strand mats and the difficulty in getting consistent data.

Hammami [46] investigated the key factors in permeability sueaments for the VARTM

process. A unidirectional flow fixture was used and the validityariciys Law under effects of

several factors was investigated. These factors include thet #tiw enhancement layers, the
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effect of closing of the inlet port at some distance beforetoprt (the bleeding procedure) and
the effect of inserts (e.g. in marine applications to increapact resistance). It was concluded
that all these factors significantly affect the flow pattesnsgl thus the permeability, by which

using the one-dimensional Darcy’s Law cannot be accurately predicted.

Ding et al. [47] suggested that the conventional permeability nmevasuat techniques measure
the average permeability only and are incapable of making in-sasurements. A new method
that employs gas flow replacing the liquid flow was suggestedlosed unidirectional mold
system was used. Preform permeability was determined fromehsured pressure contours of
the gas flow using a simplified finite difference method. Thesgared results to tests done
with silicon oil. They concluded that the new method is capable of detecting the hamnitres

in local permeability and allows for in-situ measuring and manigoiof fibrous preform

permeability for LCM processes.

Drapier et al. [48] used a radial flow cylinder arrangementlainto the fixture in [29] to

measure the transient transverse permeability. The fixdwslrawn in Figure 2.7. The flow front
through the thickness of the preform (around 1mm only) was detasted sensitive optical

fiber sensors. Permeability was estimated from velocity aesspre recordings using Darcy’s
Law. The significance of measuring the transient transversau(fhsthickness) permeability as
opposed to only measuring the saturated transverse permeabsitgoted, since the case of
transient permeability involved is more likely to be encountereddustrial applications. It was

concluded that the transient permeability values for the testathbfabrics came out to be as
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high as 8-10 times higher than the saturated permeability v#wess also noted that handling

of the optical fiber sensors was not very easy and required extra attention.

Mobile
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Mobile testing Optical
chamber fibers
Fabrics
+
Tightness plates
Toric Joint
Oil
Reservoir Pressure
probe

Figure 2.7 Through the thickness transient permeability measuremeng {i&8]Jr

Gokce et al. [49] suggested an algorithm that can estimateath&vérse permeability of the
distribution media (DM) and the preform used in VARTM proces3égy noted that DM

permeability needs to be measured in-situ rather than beingiredaseparately. An iterative
algorithm, that keeps iterating permeability until simulatednrédew data matches with the
experimental flow data, was created. It was concluded that Digadrility depends on the
preform lay-up (i.e. number of layers of preform and DM). They alsteé that the algorithm

was useful in hybrid systems involving more than one material type (metallaio) vehere it is
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difficult to develop an analytical method. A schematic for thaibee algorithm used is shown

in Figure 2.8.

Talvensaari et al. [50] studied the effects of stitching pattetacking sequence and stitching
thread tension level on permeability of woven carbon fibers. A dimeensional radial flow
method was used to measure permeability. The flow front was redabyrusing dielectric
sensors and a pressure sensor was placed at the center inpectiolt was concluded that
stitching increases permeability and thread tension levels havgmiicant effect. Among the

factors considered, it was found that the stacking sequence had largest influenceeabiity.
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Figure 2.8 Transverse permeability estimation algorithm [49].

Nordlund et al. [51] developed a global permeability prediction modethwbonsidered the
effects of perturbations of the geometry and the geometricalrésatrom the stitching process,
i.e. the presence of the thread and fibers crossing the inter-bunaieets. Biaxial non-crimp

stitched fabric was used. The model was based on detailed umitozkdls of the local geometry
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that were used to determine the local permeability distributitmme fabric. CFD simulations
were performed in order to calculate the permeability of thecetig. These unit cells were then
coupled in a network to yield the global permeability. It was shdvan the presence of the
thread in the inter-bundle channels has small influence on the globabrkepermeability
compared to the geometrical feature of the stitching procesBb#éne crossing the inter-bundle
channels. These crossings were proved to significantly reducgiabal permeability. It was
noted that the permeability of a fabric can be increased impra precise stitching process,

which reduces the amount of crossings.

Dong [52] proposed a fast permeability measurement technique basedDmradirectional

transient method for hybrid preforms with more than one typ#def fnat. Darcy’s Law and the
continuity equation were utilized along with a control volume finiesment approach. The
resulting expressions were complex and they were not very@ashapt to different fiber lay-up

configurations except the configuration that was used in this study.

Lee et al. [53] defined a parameter called ‘porous space’ in tinethod of predicting the in
plane permeability of mat/roving fiber preforms used in the VARldcessOn the basis of
experimental observations, it was assumed that the chantee ghiermeability in different
experiments was mainly affected by the space provided bfjoigre Accordingly, a prediction
method based on the idea of “total porous space of the reinforcemastpnposed. It was
noted that considering the physical characteristics, the porous Hpat the mat/roving fiber
provides could be calculated no matter what kind of fiber preform, abat brder or number of

layers were used. Changing any of these variables was astuimethe equivalent of changing
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the “porous space” provided by the preform where resin can flooughr Predictions made
using the suggested method gave reasonable estimates when cowiffatbe one dimensional
in-plane permeability measurements. The study was aimed tactptkdi permeability values

without actually performing experiments.

Endruweit et al. [54] performed permeability characterizatestst for random discontinuous
carbon fiber preforms. Unsaturated in-plane permeability waerrdmed in radial flow
experiments at constant injection pressure. Flow front arrival detected by an array of
pressure transducers. Based on the characterization tesss, iitoted that due to the stochastic
distribution of fiber bundles in the tested preforms, the preform pgrasd permeability were
nonuniform. It was indicated that with increasing fiber bundle tfermgnd increasing filament
count, i.e. increasing local nonuniformity, increasingly uneven flow $rdetreloped during the
injection processes. It was concluded that the preform permgabdieases continuously with
increasing fiber bundle length and different types of fibeingiand different bundle cross-
sectional shapes affect the overall permeability. A model basedh alternating arrangement of

fiber bundles and voids for global preform permeability was also suggested.
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Chapter 3
FLOW VISUALIZATION TESTS

3.1 Introduction

Flow visualization tests were performed with the layered fibetdl hybrid preform to observe

the flow patterns and determine whether the hybrid preform caoreletely infiltrated. The

hybrid preform consists of interspersed metal sheets and drgrwiabrics as shown in Figure

3.1.

Fibrous Reinforcement

g\\\\\\\\\\\\\\\\\\\\\\\\\\w Metal Sheet

Figure 3.1 Schematic diagram of a layered fiber/metal hybrid preform
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In the manufacturing process of fiber/metal hybrid laminates,résin is infused into the dry
reinforcing fiber by a VARTM type process and bonds the metdtsho the reinforcing fiber

layers. Since resin flow in a VARTM process is primarilytire through-the-thickness or
between layers. A schematic diagram of the resin infittnasicheme from side view is shown in

transverse direction, resin pathways were inserted into the stetals to allow infiltration
Figure 3.2. Obviously, the size, shape and arrangement of the paihvpags the infiltration of

resin into the preform.
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Figure 3.2 Resin infiltration into a layered fiber/metal hybrid prefdmows.
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3.2 Fixture Components

The visualization fixture is identical to the VARTM fixture cemtly used at the NASA Langley
Research Center [5, 6] except for the changes noted below whiemeeessary to observe the
fluid infiltration. A clear, scratch resistant, polycarbonate t@oslaown in Figure 3.3 was used
as the visualization fixture and replaced the metal tool used ircaheentional VARTM
processes. The dimensions of the tool are shown in Figure 3.4. 9Breen 18 NPT diameter

holes were drilled and tapped into the plate for the resin inlet and vacuum connections.

Figure 3.3 Flow visualization fixture tool plate.

Clear plastic films (acetate films), 0.38 mm thick, 35.56 cm lon8%%6 cm wide, were used in
place of the metal sheets for their ease of manufactuyaard to enable visualization of fluid
flow through individual layers. The resin pathways in the acethis fivere drilled using the

fixture described in Section 3.2.1.
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Figure 3.4 Dimensions of the polycarbonate tool.

3.2.1 Pathway Machining Fixture

A fixture was constructed to accurately machine the resimy@afts into the acetate films. The
fixture consists of two components and is shown in Figure 3.5. Thepladseshown on the left,
was used to secure up to six acetate films and the paper temsipbatn on the right was used to
ensure proper alignment of the resin pathways. The base platabvesited from hard wood
with dimensions of 38 cm long by 38 cm wide by 1.27 cm thick. A commeérerated hole
pattern was printed on paper with dimensions of 35.56 cm long by 35.56daramnd used as a
template. The paper template was placed on top of the basergldtelaw the acetate layers to
be drilled. Up to six sheets of acetate films and the papeiaemwere placed against the two
wooden alignment strips on the base plate and securely clampedatitw@p machining fixture
was placed onto the table of a Bridgeport Variable Speed MillinghMa and clamped as

shown in Figure 3.6.
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Figure 3.5 Photograph of the pathway machining fixture. The bottora pias$ located on the
left and the paper template on the right.

The computer generated patterns of pathways were drilled intcétete films. Hole patterns
with two different spacing configurations are shown in Figure 3.hdrconfiguration shown on
the left, pathways are spaced by 2.54 cm and the total number of patieva89. In the

configuration shown on the right, pathways are spaced by 1.27 cm andtah@umber of

pathways is 841.

Three different pathway diameters (0.41 mm, 0.83 mm and 1.59 mm)dwiizd in the single
density configuration whereas one pathway diameter (0.41 mm) Wkl dn the 1.27 cm
spacing configuration. Figure 3.8 shows the pathway diameter d and paspaeing S. A
summary of the pathway patterns is given in Table 3.1 with tmeedé values d, spacing S and

porosityo.
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Figure 3.6 Photograph of the Bridgeport Milling Machine.

Table 3.1 Summary of Pathway Patterns; diameter d, spacing S and pfarosity

d (mm) S (cm) )
1 0.41 2.54 0.0002
2 0.83 2.54 0.0008
3 1.59 2.54 0.003
4 0.41 1.27 0.0009
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3.2.2 Precision Drill Fixture

The resin pathways were machined into the acetate films usengrécision drill fixture shown
in Figure 3.9. The fixture includes a Micro Drill Adapter PreamsDrill Fixture, an ALBRECHT
keyless chuck and a round collet. The precision drill fixture mounigeinise collet and permits

small hole drilling using large high speed machinery.

The keyless drill chuck was especially designed for holding sireatieter twist drills and has a
capacity to hold drills between 0 and 1.59 mm diameter. The chuck wasedaotat the end of
the precision drill fixture. The collet, with the precision dfikture and chuck attached, was
installed into the spindle of the milling machine as shown in Figure 3.10. The drillingefikas

used to reduce the problem of drill breakage.

3.2.3 Drilling Procedure

The present VARTM manufacturing process requires drillingeaes of small diameter
pathways (0.41 mm, 0.83 mm and 1.59 mm) at precise locations intoethgeaddms as shown
in Figure 3.10. A pROTO TRAK 3-axis readout system installed omillieng machine was
used to quickly and accurately locate where on the machining fixture the hoéetoverdrilled.
The pROTO TRAK is the electronic box shown in the upper right hantecaf Figure 3.6.
Once the pPROTO TRAK was zeroed at a reference point on thedty fiie locations of the
pathways to be drilled were easily determined. The pROTO TRAICddy eliminates the need

for a template except for verification of the hole location.
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Figure 3.9 Photograph of the precision drill fixture.

Figure 3.10 Photograph of the precision drill fixture and the temgkateing the location of the
resin pathways to be drilled into the acetate films.
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3.3 Flow Visualization Test Procedure and Materials

A diagram of the flow visualization fixture for the FML VARTMqxess is shown in Figure
3.11. The hybrid preform used in the flow visualization tests codsigté layers of the acetate
films and 4 layers of dry fabric. Shown in Figure 3.12 is a phopbgod the bagged lay up on
the polycarbonate tool. Mounted below the polycarbonate tool is a mirrchwias used to

observe the resin flow along the bottom surface of the preformofuge mirror allowed the

video camera to simultaneously record the flow fronts on both the topodtoain surfaces of the
preform. The resin inlet tube is shown on the right and the vacuum tulgieis shown on the

left.

Distribution
! I 32 ey media

e Clear plastic film
in place of metal
sheet

% Glass fabric

dN
|

Clear Polycarbonate Tool
in place of metal tool

Qil in place
of resin

&

Figure 3.11 Diagram of the flow visualization fixture for the FML VARTM praces
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Figure 3.12 Photograph of the flow visualization fixture at the beginningittfatibn.

A total nine pieces of distribution medium were used as seergure=B.12: Three layers of
40.64 cm by 33.02 cm were placed on top of the preform, three piedasstiijts of 7.62 cm by
35.56 cm were placed on the polycarbonate tool surface perpendicthiarflow direction (one
at the injection side, one at the outlet side and one at the ehd pfeform) and another three
pieces cut in strips of 5.08 cm by 30.48 cm were placed on the polycarliooatsurface

parallel to the flow direction.

A scaled grid of 2.54 cm increments was drawn on the bottom ldye cacetate films for
tracking the flow front. Acetate films were numbered by kees to observe the filling of
individual layers during infiltration. The hybrid preform of faband acetate films was placed
on top of the polycarbonate tool and then bagged and sealed with gve ddysealing tape. The
sealing tape was placed 7.62 cm away from the four tool sides d@Reeptitlet side where the

tape was placed 8.89 cm away from the side.
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The list of materials used in the flow visualization tests is given below:

S2 glass fabric (style 6781 8-harness satin weave from U @&sm®s with areal weight

of 293.5 g/m and fiber density of 2.49 g/cc).

e Acetate films (clear plastic films) with thickness of 0.382 mm.

e SAE 40W motor oil (viscosity of 0.24 Pa.s and density of 709 Rg/m

e Distribution medium (Resinflow 60 LDPE/HDPE blend resin distributioedinim
supplied by AIRTECH Advanced Materials Group).

e Vacuum bag (Ipplon DPT1000 nylon bagging film supplied by AIRTECH Adednc

Materials Group).

In Figure 3.12, a flow visualization test for the VARTM procesqgisicetate films with
pathway diameter of d =0.41 mm and spacing S =2.54 cm is shownuithidiw pattern in the
distribution medium can be observed at the top surface 5 secondssifteemters the fixture.
Similarly, Figure 3.13 shows the fluid flow fronts on the top and bo#orfaces of the preform
at 4 minutes after resin first enters the fixture. The flugbus the visualization study was SAE

40 W motor oil. The oil was degassed for 30 minutes prior to the infiltration.
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Figure 3.13 Photograph of the flow visualization fixture. Fluid flow fraz@s be observed on
the top and bottom surfaces of the preform.

3.4 Flow Visualization Test Results

In this section, results of the flow visualization studies wilpbesented. First, in Section 3.4.1, a
sample flow visualization test will be discussed in detail. Tt results will be presented for
two types of processes; namely for the VARTM and for the Cdatrdhtmospheric Pressure
Resin Infusion (CAPRI) processes in Sections 3.4.2 and 3.4.3 respecitiiel{LAPRI process
is similar to the VARTM process except that two vacuum pumpsasae in the CAPRI process;
one at the inlet side and one at the outlet side to create differeuum levels [55]. By adjusting
the pressure gradient to lower values than in the VARTM procéasatien of the preform was
aimed to be minimized. Thus, a more uniform part thickness with a higlh@me fraction is

targeted in the CAPRI process. However, due to reduced pressuengrée infiltration times

44



in the CAPRI process are significantly longer compared to/thRTM process. In the current

study, the inlet gate used in the CAPRI experiments has a reduced vacuum (eveltof.

3.4.1 Sample Flow Visualization Test

In Figure 3.14, a sample flow visualization test for the VARTM esscusing acetate films with
flow pathways of d=0.83 mm and S =2.54 cm is shown. The flow patterneaiop surface of
the distribution medium can be observed 5 seconds after resin enti@xsutiee This is shown in
Figure 3.14 (a). At this time, no fluid has entered the bottom surface of the hydfachprAt 30
seconds, the distribution medium is fully infiltrated and fluid ig jstering the edge of the
bottom surface of the hybrid preform (Figure 3.14 (b)). The tofaseirof the preform is only
partially saturated and still dry in the areas not coveretidgistribution medium as seen in the

upper left corner of Figure 3.14(b).

In Figure 3.15 (a), at t =1.5 minutes, the bottom surface revealhéhtitiid has infiltrated about

2.54 cm into the preform. It is also seen that race-tracking ®ebdoing the edges of the preform.
At this time, dark circles of fluid are just beginning to appwathe bottom surface, indicating
that the fluid has begun to infiltrate the final layers of gléabric and acetate film. The top

surface of the preform is still partially saturated as seen in the uftperiger of Figure 3.15(a).
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Figure 3.14 Comparison between top and bottom flow fronts at a) t =5 sec. and b) t =30 sec.

In Figure 3.15 (b), at t =3 minutes, the dark circles of fluid abtittom surface of the preform
become larger and much more visible. Infiltration has now becomerbptane from the inlet
edge of the preform and transverse due to the flow pathways aniltd acetate films. At this
time, about 5.08 cm of the bottom surface of the preform have beenetepphfiltrated and
the top surface of the preform has completely saturated. Rateqly effects also seem to

become more visible at this time.

Looking at the bottom surface in Figure 3.16(a), at t = 4.5 minutissséen that transverse flow
through the flow pathways is significant. The fluid flows radiaiytward and begins to merge
with the fluid from adjacent flow pathways and the bulk flow frontFigure 3.16(b), at t =8.5

min., the preform is completely infused and the infiltration process is complete.
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Figure 3.15 Comparison between top and bottom flow fronts at a) t =1.5 min. and b) t =3 min.
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Figure 3.16 Comparison between top and bottom flow fronts at a) t = 4.5 min. and b) t=8.5 min.
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3.4.2 The VARTM Process

In Figures 3.17 and 3.18, the flow patterns at the top and bottom surfabeshybrid preform
are compared for the pathway spacing of S=2.54 cm. Figure 3.17 slabwlsetflow patterns on
the top surface of the distribution medium are very similar fopathway diameters. The total

infiltration times are about 30 seconds for d= 0.83 mm and d= 1.59 mnband3® seconds for

d=0.41 mm.

NA41Tmm

0.83mm d

1.59mm d

d

S =2.54cm

Figure 3.17 Flow patterns on the top surface of the distributionumedtor hybrid preforms
with flow pathway hole diameters of 0.41 mm (top), 0.83 mm (center), and 1.59 mm (bottom).
Shown in Figure 3.18 are the flow patterns on the bottom surface ofd lptaforms with
pathway spacing of S=2.54 cm. For the hybrid preform with the 0.41 mmetdiarflow
pathways, fluid infiltration is dominated by in-plane flow from thiges of the preform (Figure
3.18, top). Transverse fluid flow through the pathways did not appear on thenlsitface of
the preform until 14 minutes. The experiment was terminated 2&&r minutes before the

bottom surface was completely infiltrated due to fluid reactiegsicuum port of the tool plate.
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When the flow pathway hole diameter was increased to 0.83 mm €R3gL8, center), after 4
minutes into the process, fluid reaches the bottom surface ofdfemrby both in-plane flow
thorough the edges of the preform and transverse flow througHothepathways. After 6
minutes, flow becomes predominantly transverse through the flow pathwith complete
infiltration occurring at 8.5 minutes. Increasing flow pathway lideneter to 1.59 mm (Figure
3.18, bottom) results in transverse flow through the pathways complieteiyating infiltration

of the bottom surface of the preform. Complete infiltration occurs in only 4 to 5 minutes.

6 min 23.5 min

6 min | 8.5 min

0.83mm

d

5 min

1.59mm

d=

S =2.54cm

Figure 3.18 Flow patterns on the bottom surface of hybrid preforithspathway spacing of
2.54 cm. Flow pathway hole diameters were 0.41mm (top), 0.83 mm (cemdr),.59 mm

(bottom).
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The flow patterns on the top surface of the distribution medium and dotioen surface of the
hybrid preform for preforms with 0.41mm pathway diameters and spgaoin2.54 cm and 1.27
cm are shown in Figure 3.19 and 3.20, respectively. It is seen thdowhgdtterns and total
infiltration times for the distribution medium are similar. Henthe total infiltration times for
the distribution medium are independent of the pathway diametepanithg. The flow patterns
on the bottom surface are shown in Figure 3.20 and reveal that thd pgdfiorm with the 1.27
cm pathway spacing is completely infiltrated and the mafilbn time is 40% shorter than the
preform with the 2.54 cm pathway spacing. This is expected, dmece &re about four times

more pathways for the preform with the 1.27 cm pathway spacing.

5 sec 10 sec 15 sec 32 sec

10 sec 15 sec 33 sec

d =0.41mm

2.54cm

S

1.27¢cm

S

Figure 3.19 Flow patterns on the top surface of the distributionumedtor hybrid preforms
with pathway spacings of 2.54 cm (top) and 1.27 cm (bottom) with flmthwvay hole diameter

of 0.41 mm.

Figure 3.20 also reveals that the flow patterns are diffendm@n the pathway spacing is
decreased. For the 2.54 cm pathway spacing, fluid infiltration didtitem surface is primarily

in-plane. When the pathway spacing is decreased to 1.27 cm, thergnifscantly more

transverse flow, especially in the center of the preform.
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Figure 3.20 Flow patterns on the bottom surface of hybrid preforiis flowv pathway hole
diameter of 0.41mm. Pathway spacings were 2.54 cm (top) and 1.27 cm (bottom).

3.4.3 The CAPRI Process

In figures 3.21 and 3.22, the flow patterns on the top surface of the distribbuédium and on
the bottom surface of the hybrid preform are shown for prefavitis 0.41 mm and 0.83 mm
pathway diameters with a spacing of 2.54 cm, and a 0.41 mm pathwagteliamith a spacing
of 1.27 cm manufactured by the CAPRI process. The flow patterrbdatistribution medium
are similar for all pathway configurations. At 140 seconds, the distributidiumeas completely
infiltrated except for the preform with the pathway diamete®.83 mm. The total infiltration
time for the distribution medium for this case is about 160 secondsdiffeeence in total
infiltration times can be attributed to individual test conditionshsas slight differences in

vacuum levels, or the alignment of the flow pathways in the acetate films.
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Figure 3.21 Flow patterns on the top surface of the distributicdiume For hybrid preforms
with flow pathway hole diameters of 0.41 mm (top), 0.83 mm (centeh) pathway spacing of
2.54 cm, and with flow pathway hole diameter of 0.41mm with pathway gpa€id.27 cm
(bottom).

Shown in Figure 3.22 are the flow patterns on the bottom surface giréfem. The total
infiltration time for the hybrid preform with pathway hole diaereof 0.41 mm and spacing of
1.27 cm is the shortest at about 34 minutes. This is followed by b lpreform with pathway
hole diameter of 0.83 mm and spacing of 2.54 cm which has a totélairdih time of 47
minutes. For the hybrid preform with pathway hole diameter of 0.4lamaThis is followed by
the hybrid preform with pathway hole diameter of 0.83 mm and spacid.54, the process was
terminated at 43 minutes before the infiltration was completeatesting fluid (oil) reaching

the vacuum port. Similar to the VARTM process, as the pathwaydiefeeter increases or as

the pathway spacing decreases, the transverse flow tends to dominate over the flovpla



20 min 30 min 43 min

E _ o K ' E
: 13 o
J BRREE- - - —f—‘ ErH 3
IOI- , | B -T Q- :': | . ‘.'.I' .. a" w
el ™ 41 | n
£ e
E 1 ',. .» . g
o™ oo <
e im0 To)
o} (\i
1 I' gnr I
5 min 20 min 34 min
CLLLI ™ =

= mopuN 1] 11 o
= : : ac H N
< I NECHD i aF 3 N
N 8 = —
? i s - 1
i 0g & A (7))

© T i .

T . !F:!v

1 1

Figure 3.22 Flow patterns on the bottom surface of hybrid preforithspathway spacing of
2.54 cm. Flow pathway hole diameters were 0.41mm (top), 0.83 mm (cemtdr),.59 mm
(bottom).

3.4.4 Comparison between the VARTM and CAPRI Flow Visualization Test

Shown in Figures 3.23-3.25 are comparisons of the flow patterns distinéution medium for

hybrid preforms resin infused by the VARTM and CAPRI proess®ue to the reduced resin

injection pressure, the CAPRI process takes about 4 to 5 timgsrlto completely infiltrate the

distribution medium.
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Figure 3.23 Comparison of flow patterns on the top surface odliftiebution medium in the
VARTM (top) and CAPRI (bottom) processes for flow pathway hoterditer of 0.41mm with
pathway spacing of 2.54 cm.

Figure 3.24 Comparison of flow patterns on the top surface odliftiebution medium in the
VARTM (top) and CAPRI (bottom) processes for flow pathway hotenditer of 0.83 mm with
pathway spacing of 2.54 cm.

Figures 3.26-3.28 show the flow patterns on the bottom surface lofbhiel preforms measured
during the VARTM and CAPRI flow visualization tests. Shown inuFég3.26 are the bottom
surfaces of hybrid preforms with flow pathway hole diameter of h#land pathway spacing

of 2.54 cm when the fluid has infiltrated about 2.54 cm, 5.08 cm, 7.62 cm and 10ii® ¢he

center of the preform.
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Figure 3.25 Comparison of flow patterns on the top surface odliftiebution medium in the

VARTM (top) and CAPRI (bottom) processes for flow pathway hosenditer of 0.41mm with
pathway spacing of 1.27 cm.
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Figure 3.26 Comparison of flow patterns on the bottom surface ofdhpbbeforms in the
VARTM (top) and CAPRI (bottom) processes for flow pathway hosenditer of 0.41mm with

pathway spacing of 2.54 cm.

The filling times of the CAPRI process at these locationsaborit 5 times that of the VARTM
process. In Figure 3.27, the bottom surfaces of hybrid preforms witrpitlwway hole diameter
of 0.83 mm and pathway spacing of 2.54 cm are shown when the fluidfitteatéd about 2.54
cm, 5.08 cm and 7.62 cm into the center of the preform and completelyhe preform (last

frame). The filling times of the CAPRI process are aboun2g that of the VARTM process in
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the first three time frames. The hybrid preform is compjatdiltrated in about 8.5 minutes for

the VARTM process which is about one fifth of the CAPRI proces#iration time of 47

minutes.

2 min 4 min 6 min 8.5 min

d =0.83mm S =2.54cm

Figure 3.27 Comparison of flow patterns on the bottom surface ofdhpbeforms in the
VARTM (top) and CAPRI (bottom) processes for flow pathway hotenditer of 0.83mm with

pathway spacing of 2.54 cm.

The flow patterns on the bottom surface of hybrid preform with flothveay hole diameter of
0.41 mm and pathway spacing of 1.27 cm for the VARTM and CAPRI pexese shown in
Figure 3.28. In the VARTM process, at 4 minutes, fluid appears on thenbatirface

concentrated around the center of the preform parallel to the flow direction.
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Figure 3.28 Comparison of flow patterns on the bottom surface ofdhpbbeforms in the
VARTM (top) and CAPRI (bottom) processes for flow pathway hosenditer of 0.41mm with
pathway spacing of 1.27 cm.

For the CAPRI process, at 10 minutes, fluid appears on the bottornesadiacentrated around
the center of the preform perpendicular to the flow direction. Deedpd fact that the same flow
pathway diameter and spacing were used in both processes, thatiofilpatterns are quite
different. A possible explanation for this can be the reducedtiofepressure used during the

CAPRI process which results in less preform relaxation ac#rtess variation compared to the

VARTM process. This certainly could impact the flow patterns.

Table 3.2 shows the total infiltration times for the VARTM andREA processes for different
flow pathway hole diameters and spacing configurations. An integesgsult can be seen from
this Table is that, for the VARTM process, the case of d =0.83 nthS& 2.54 cm has a total
infiltration time of 8.5 minutes which was shorter than the cds#=0.41 mm and S=1.27 cm

where the total infiltration time was 13.9 minutes. For the CARBtess, the total infiltration
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time was 46.8 minutes in the case of d =0.83 mm and S= 2.54 whiclbngas than the case of

d=0.41 mm and S=1.27 cm where the total infiltration time was 33.9 minutes.

Table 3.2 Total infiltration times for the flow visualization tests.

Process Type Pathway Diameter and Spacing Total Infiltration Time
d=0.41 mm, S=2.54 cm 24+ min
d=0.83 mm, S= 2.54 cm 8.5 min

VARTM
d=1.59 mm, S=2.54 cm 5 min
d=0.41 mm, S=1.27 cm 13.9 min
d=0.41 mm, S= 2.54 cm 43+ min
CAPRI d=0.83 mm, S=2.54 cm 46.8 min
d=0.41 mm, S=1.27 cm 33.9 min

The porosity values from Table 3.1 were 0.0008 for flow pathway hole tham@ed spacing of
0.83mm and 2.54 cm, and 0.0009 for flow pathway hole diameter and spacing of Os88mm
and 2.54 cm. One might expect that the latter case should have ex sbiadt infiltration time
since the porosity thus the permeability of the acetate fdnmégher compared to former case.
This agrees with the CAPRI visualization test results but nibt thé VARTM visualization test
results. However, since the porosity and permeability valuethéotwo cases are very close to
each other, one would expect the total infiltration times to ladsolose. Hence, the differences

are primarily due to experimental error.
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3.5 Summary

Flow visualization tests were performed for the VARTM andP®&A processes using the four
different pathway configurations as given in Table 3.1. The top and bd@nfronts were
monitored using a video camera and screen shots were acquired ab tinoseframes.
Monitoring the top surface revealed the flow patterns and theindt&iation time for the three
layers of the distribution medium used in the tests. Similarlypitaring the bottom surface
revealed the flow patterns and the total infiltration timebfattom surface of the hybrid preform.
Due to the nature of the CAPRI process, it took 7-8 times longefilirate the hybrid preform

compared with the VARTM process.

Based on the flow visualization tests, it can be concluded thataepfithway hole diameter
and spacing do not have a significant affect on the infiltratiodigtfibution medium or top
surface of the hybrid preform. Shown in Figures 3.17 and 3.19, the taltahiioin time for the
distribution medium was about 30 seconds for all cases of the VARTM process Bhegure
3.21, the total infiltration time for the distribution medium was alddt seconds for all cases of
the CAPRI process with the exception of flow pathway hole diamneatd spacing of 0.83 mm

and 2.54 cm case which had a higher infiltration time.

The flow pathway hole diameter and spacing have a signifeféstt on the infiltration of the
hybrid preform which was observed by the monitoring the prefaottom surface flow fronts.
Both the flow patterns and the total infiltration times vary dependn the flow pathway hole

diameter and spacing. Increasing the pathway diameter andchgpeped to reduce the total
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infiltration time for the hybrid preform in both processes. As the flow paytivole diameter was
increased, resin infiltration of the hybrid preform became damdhby transverse flow through

the acetate films and glass fabrics.

For the flow pathway hole diameter and spacing of 0.41 mm and 2.5¢hsen Figure 3.26
shows that complete infiltration of the hybrid preform cannot beegeti because fluid reaches
the vacuum port before the hybrid preform was completely irtelireand the test was stopped.
Hence, with this flow pathway configuration, the flow rate is migh enough to completely

infiltrate the hybrid preform.

In the following chapters, the preform compaction and permeabHtigdyacterizations will be
presented and the results will be used as input parameters toAREWM/ and CAPRI flow
simulation models for the FMLs. The flow patterns predicted bysimellation models will be

compared with the results of the flow visualization experiments in Chapter 6.
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CHAPTER 4

PREFORM COMPACTION

4.1 Introduction

Due to the flexible nature of the vacuum bag, there is no direcotoner the thickness or fiber
volume fraction of the composite part in the VARTM procedure. The cdmpaof the
reinforcement preform is complex and depends on the compressdnlityrelaxation of the
reinforcement under pressure, and the interaction between the ceméart and the resin flow.
Many researchers [12-27], [56-60] have conducted numerous studies toigateeghe
compaction behavior of the preform during the VARTM process. ThebRexature of the
vacuum bag, coupled with the varying pressure inside the mold cavity, resaltamates with a
nonuniform final thickness. Rigas et al. [61], Grimsley et al. [62,a8®@] Govignon et al. [64]
investigated variations of the final thicknesses in composite pamsifactured by the VARTM
process. It was found that the final cured thickness of a part chalogesthe resin progression
direction. As the distance from the vacuum source increases, ththipkness increases, and
correspondingly, the fiber volume fraction of the laminate decre&ssmerscales et. al. [56]
and Grimsley et al. [62, 63] conducted experimental studies tottradkickness change of the
preform during the VARTM process. It is well accepted that dutine flow of the resin in the
fiber preform, the total compaction pressure is shared by the pesssure and the pressure
supported by the fiber network [14, 65]. Therefore, the following equasiantroduced to

account for the transverse equilibrium inside the mold cavity during impregn@@pn [
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PC = Pr + Pn (41)
where, P; is the total compaction pressuf®, is the resin pressure amg} is the effective

compressive stress in the preform. For the VARTM process xtkenal pressure applied is the

atmospheric pressure.

The normal strain in the preform along the transverse directgniq a function of the net
pressure applied to the preform. There is no general constitntdel which can fully describe
the response of the reinforcement under the compression force. Thus,ctompests are
conducted to determine curves of compressive strain versus compressearg@r With the

initial fiber volume fraction of the preform/(fo) and thickness of the pane},{ given, the fiber

volume fractiofV; , displacement, and thickness can be found by solving the following

equations:
W:Ito edy (4.2)
y=0 '
to
t= I | @re)dy (4.3)
t
V¢ :vfoTO (4.4)

Since a general constitutive model is not availatile relationship between the compressive
strain in the preform and the applied pressure atgined by fitting the compaction test results
to an empirical model. This will be shown in Senti.4.2. Two important phenomena were

observed during the compaction experiments. Hiastause of the resin lubrication effect [21,
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22, 25], the wet fiber sample saturated with resias compacted more than the dry
reinforcement under the same pressure. Secondpthpressive response of the preform under
the compaction force was not elastic, and the hgsig occurs during the unloading process [61,

62, 63].

During the VARTM process, before resin injectione ttry reinforcement is under vacuum
compression. Thus, the compressive strain of teebpn can be calculated from the compaction
response of the dry preform during the loading @ssc After the resin passes, the local net
pressure applied to the preform decreases as H oédine increasing resin pressure. This is
equivalent to an unloading process. Accordinglg, strain in the wet preform was determined
by the compaction response of the resin saturatetbrm during the unloading process.

Therefore, the compressive strain varies with #tepnessure applied to the preform as follows:

_ { f1(R,) dry compactionloading

f2(R,) wet compactionunloading 4.5)

For a standard VARTM process, the resin pressunmastained at 1 atm in the injection
reservoir and 0 atm at the flow front (vacuum sid@gure 4.1 presents the two different effects
of resin flow on the compaction behavior of thefpmn®. Before infiltration, the dry condition

exists (4.1a), the preform essentially supportsetkternal pressur®, = P4ty and a maximum

debulking deformation of the preform is reached.riby infiltration, two deformation
mechanisms are present in the wet area of the rpmefavetting compaction (4.1b) and the

springback (4.1c). The wetting compaction is causgdearrangement of the fiber network,
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created by the lubrication effect of the wettingidl [63]. Under a given external pressure,
lubrication of the dry preform will cause an incsean preform compactiore() by an additional
amount of wetting deformations(y). On the other hand, the presence of the resofsléa an
increase of the local resin pressuf® ). According to Equation 4.1, the net pressure iagpb

the preform B, has to decrease since the total external pressame constant Ryym).
Consequently, the preform compactian)(decreases by an amount of springback deformation
(eg). The two competing mechanisms, wetting compactiod springback, work together to
determine the local preform compaction behaviorisltclear that at any time during the

infiltration process, the local compaction behawdrthe preform will depend on the relative

magnitude of the wetting and springback deformatn@thanisms.

a) b) C)
Figure 4.1 Compaction mechanisms during VARTM, g) @bmpaction, b) wetting compaction
and c) spring back.
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For verification of the compaction test procedu@8FERTEX® MAWK (multi axial warp knit)
preforms were used since data for MAWK fabric wasilable from an earlier study by
Grimsley [67]. The compaction response and theopmefpermeability are coupled by the state

of the preform, such as the fiber volume fractiod ¢he saturation.

In this study, the compaction of hybrid fiber/mgta¢form specimens containing multiple stacks
was characterized. The experiments were conducted the range of compaction pressures
found in typical VARTM conditions. The resulting expmental data was fit to empirical

equations which can be used as material input peteamin process model simulations.

4.2 Materials

For the compaction tests, the materials testetisteel below:

e MAWK (multi axial warp knit) carbon fabric. It is ogposed of seven plies of AS-4 and
IM-7 carbon fibers; single-stack with total areadight of 1423 g/rhand fiber density of
1.78 g/cc. The plies are stacked, not woven, aed kmitted with an alternating polyester
tricot/chain knit thread.

e S2 glass fabric; style 6781 8-harness satin wdaweas supplied by US Composites with
areal weight of 293.5 gffrand fiber density of 2.49 g/cc.

e Distribution medium; Resinflow 60 LDPE/HDPE blendasvsupplied by AIRTECH

Advanced Materials Group.
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Figure 4.2 Schematic diagrams of the fabrics teSbdwn on left is MAWK (multi axial warp
knit) carbon fabric and shown on right is 8-harresti weave S2 glass fabric.

The wetting fluid used the wet compaction tests &%AE 40W oil. It had a viscosity of 0.24 Pa.s

and density of 709 kg/fnA schematic diagram of the tested fabrics is shiFigure 4.2.

4.3 Preform Compaction Characterization

4.3.1 Test Fixture

The experimentsvere conductedinder both dry and wet conditiotts measure the compaction

response of the hybrid fiber/metal preforms at ltve pressures experienced during VARTM

processing. The compaction test fixture was comgpax two flat plates used to compact the
samples. The upper plate had dimensions of 15.2xch%.2 cm, and the lower plate had
dimensions of 15.2 cm x 35.6 cm. The plates watdrom 1.27 cm thick tool steel. The lower

plate had four circular alignment pins insertedhld the samples in place. Both a laser

displacement sensor (L-Gage) and a digital diaicatdr were used to monitor the crosshead
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displacement and thus the thickness of the samglggltested. A schematic diagram of the

compaction test setup is shown in Figure 4.3.

The fixture mounts between upper and lower platéres MTS Insight 100 kN Material Testing
Machine. The MTS machine was computer controlledhieysoftware TestWorks. The software
allowed the user to create custom programs to abtiie machine. Two TestWorks software
programs were created, one for static (step-by}stempaction and the other for dynamic

(continuous) compaction of the samples.

Laser Gage Crosshead
sensor /

Dial Gage

Magnetic
arm

\ Bottom plate

Figure 4.3 Schematic diagram for the compactionsesip.

Magnetic
arm

Sample Top plate

Figure 4.4(a) shows the main screen for the Test#/eoftware and Figure 4.4(b) shows the
LabVIEW screen for collecting data from the senshlstantaneous load and extension
(crosshead displacement) readings can be seerecfetiiWorks screen. The LabVIEW screen
shows the change in the output voltage of the semduch is converted to displacement

(compaction) of the preform.
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Figure 4.4 TestWorks(a) and LabVIEW (b) softwanesa shots.

4.3.2 Dynamic Compaction Test Procedures

The program for dynamic testing applies an increpsiompressive load up to a set high load
limit and then releasing this load down to a set lead limit. The test cycle is decomposed into
two cycles Loading and Unloading Both of these cycles were performed with a corista
crosshead speed (mm/min). The user inputs to gteptegram are: high load limit, low load

limit, crosshead speed, and data acquisition frecgpieThe TestWorks program records the

crosshead position and load data and saves itextdile.

The test procedure for dynamic testing will be exptd in more detail here. First, the MTS
machine was calibrated using the TestWorks softvedter attaching the fixture (two steel
plates) on to the machine platens. After the calibn, the cross head was lowered all the way
down until it touches the bottom plate. At thismipithe extension reading of the machine was

zeroed. The dial indicator was also placed on fheeuplate and zeroed at this position. Then,
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the crosshead was raised and the sample to bel tesie placed on the bottom plate. The
crosshead was manually and slowly lowered until upper plate touches the sample and a
minimal initial load (5-10 N) was attained. At tipssition, the readings from the dial indicator
and the machine were recorded, since they botleatelthe initial thickness of the preform. The
dial indicator, a Mitutoyo Digimatic Indicator with resolution of 0.001 mm, was used to verify
the machine readings. The laser displacement sefis@age) was used to monitor the
displacement of the fixture. The compaction fixtsetup with the L-Gage sensor on left and

with the dial indicator on right is shown in Figute.

Figure 4.5 Dry compaction of carbon fabric.
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The L-Gage sensor was obtained from Banner Engmggemodel number LG5A65NUQ and
has a range of 15.2 mm. The output data of thelatisment sensor was acquired using
LabVIEW. The L-Gage sensor was mounted above tperyplate of the compaction test fixture
as shown in Figure 4.5. A piece of white paper wh®d onto the upper plate to minimize
reflections, which might be caused by the stediser Before using the L-Gage sensor, it must
be calibrated by defining the minimum and maximuistathce limits or distance range. A
distance range of 12.7 mm (0.5 in.) was used m ghudy. Precision gage blocks were used to

set the minimum and maximum distance limits.

A constant strain rate of 0.127-0.508 mm/min wasdu®r compacting the preform specimens.
Specimens of 15.2 cm x 15.2 cm were loaded to BRNgAwhich corresponds to the maximum
VARTM compaction pressure of 101.5 kPa. Once theimam load limit was reached, the
crosshead began unloading the specimen until te doopped to the lower load limit of O N.
The data acquisition rate was 4.5 Hz, which matdhessampling frequency of the L-Gage

Sensor.

4.3.3 Static Compaction Test Procedures

The static compaction experiments were performayute MTS load frame and the same test
fixture used in the dynamic tests. In the statimpaction tests, samples were compressed at a
constant crosshead speed until a specified load reashed. When the specified load was
reached, the crosshead was stopped. The MTS Insghtmachine holds the crosshead

extension constant but does not maintain the loastf Hence, the instantaneous load on the
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preform decreases over time due to relaxation efpiteform. A two minute relaxation period
was observed after each specified load point washexl. After the two-minute hold, the

crosshead extension, MTS load cell force and pretbrokness were measured and recorded.

In the static tests, the initial preform thicknesas measured using either the L-Gage laser
displacement sensor or the dial indicator. Thestread extension at the specified load intervals
was recorded by the digital indicator and the nraehi he static test program for the MTS load

frame was created using the TestWorks software.t@$teprogram requires the user to enter the

minimum load, maximum load, the load incrementsl, thire crosshead speed (strain rate).

At the beginning of the test, the load was incrddsem the initial preload (minimum load) to
the first load increment and held constant for tmhutes as mentioned in the previous
paragraph. After the two minute hold, the MTS aggplioad and crosshead extension, and the
preform thickness was recorded. The crossheadlvesismoved to the next load increment at
the specified rate, held for two minutes, and tbeliad load, crosshead extension and preform

thickness measured.

The procedure was repeated until the maximum lcasl ached. Once the maximum load was
reached, the preform was unloaded at the samehe@asdsspeed until the minimum load was
reached. During unloading, at each load increméet,crosshead was again held constant for

two minutes and the applied load, crosshead exterasid preform thickness were measured.
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4.3.4 Data Analysis

Since a general constitutive model was not avalathle relationship between the compressive
strain in the preform and the applied pressureimtially obtained by fitting the compaction test
results to an empirical model using Equation 4 Torm of the compaction equation depends

on the type of preform [60].

In this study, preform compaction data will be gr@ed by constructing a curve of fiber volume
fraction as a function of pressure. The preforraokihéss was converted to fiber volume fraction,
V4, using the following equation:

_ FAW
U+ pp

V¢ (4.6)

where,FAW was the fiber areal weight of the prefortnwas thickness, ang: was the fiber
density. The compaction pressure was determigeginiply dividing the measured load by the

preform cross sectional area.

4.4 Results

4.4.1 Multi-Axial Warp Knit (MAWK) Carbon Fabric

Multi axial warp knit (MAWK) carbon fabric compactidests were performed to compare the
results of the present study with the MAWK fabri¢adpreviously measured by Grimsley [67].
Grimsley used a vacuum bag technique to compagirtééferm to the specified pressure settings.
Results of the compaction experiments performedidigg the current procedures (static and

dynamic tests) were compared with Grimsley’'s dataFigure 4.6 for the 2-stack MAWK
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preform and Figure 4.7 for the 4-stack MAWK preforrf8hown in Figure 4.8 is a comparison
between the compaction behavior of a 4-stack MAW&grm measured using the dynamic test

procedure and Grimsley’s data. The crosshead gmeEstiwas 0.254 mm/min.
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Figure 4.6 Fiber volume fraction vs. compactionspree for loading of a dry 2-stack MAWK
preform. Comparison between the static test metimoiddata of Grimsley [67].

There was good agreement between test methode dfstack MAWK preform except for the
initial fiber volume fraction at minimal pressuréhis may be due to slight differences in the
initial thickness measurements. For the 2-stack MpYeform, there was some deviation in the
fiber volume fractions at higher compaction pressuiThis can be attributed to the different
testing procedures used. To compact the preformsnsley used a vacuum bag technique
whereas a compaction fixture was used in the cusenly as explained in Section 4.3.1. The
results of Grimsley’s tests plotted in the Figude8-4.8 were taken from a best fit equation of
multiple data sets, which may have also contributethe differences observed in the present

data and Grimsley’s data.
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Figure 4.7 Fiber volume fraction vs. compactionsptee for loading of a dry 4-stack MAWK
preform. Comparison between the static test metimoddata of Grimsley [67].
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Figure 4.8 Fiber volume fraction vs. compactionspree for loading of a dry 4-stack MAWK
preform. Comparison between the dynamic test medginoddata of Grimsley [67].
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Shown in Figure 4.9 is a comparison between thicstad dynamic test procedures for the 4-
stack MAWK preform. The data for both loading andoading compare well with some

differences occurring at the low compaction pressuAs in the case shown in Figure 4.8, this
was due to the differences in initial thickness sueaments of the preforms in two different

tests.
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Figure 4.9 Fiber volume fraction vs. compactionsptee for a dry 4-stack MAWK preform.
Comparison between the dynamic and static testadstturing loading and unloading.

A comparison between dry and wet compaction forsiadk MAWK carbon fiber preform is
shown in Figure 4.10. Dynamic compaction test methvas used. As expected, the MAWK
fabric becomes more compressible and the fibermeléraction increases for the wet preform,

since the fluid has a lubricating effect on theefdbbeing compressed [21, 22, 25].
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Figure 4.10 Fiber volume fraction vs. compactioressure of 4-stack MAWK preforms.
Comparison between loading and unloading for ddyvaet (fluid saturated) preforms.

4.4.2 S2-Glass Fabric

Compaction experiments for 8-harness satin weavgl&a fabric were performed using both
the static and dynamic test procedures. All specgniested were 8 layers thick and the
crosshead speed was 0.254 mm/min unless otherafed.nhe compaction behavior of the S2-
glass fabric during loading and unloading using stegic compaction test method is shown in
Figure 4.11. The results for two test samples @mpvell. A comparison between the static
and dynamic test method is shown in Figure 4.12.1o/ crosshead speeds, the dynamic test

result agrees well with the static test results.
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Figure 4.11 Fiber volume fraction vs. compactioessure for an 8-layer, S2-glass preform.
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Figure 4.12 Fiber volume fraction vs. compactioessure for an 8-layer, S2-glass preform.
Comparison between the static and dynamic testadsth
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The effect of crosshead speed on dynamic compaofi@®2-glass preform for both loading and
unloading conditions is shown in Figure 4.13. As thosshead speed increases, the fiber volume
fraction at a specified compaction pressure deesa$hese results were consistent with
observations in previous investigations [22, 25].p8ssible explanation was that at higher
crosshead speeds, there was less time for fibeeglistribute and nest. Further, there may be a

strain rate effect on the transverse stiffness®f32-glass fiber.

0651 o 9197 mm/min-Loading : |
® 0.127 mm/min-Unloading | |

0-61 0284 mm/min-Loading | .
B 0.254 mm/min-Unloading i i

0551 .+ o508 mm/min-Loading | | T
0.5 A 0.508 mm/min-Unoading | |

0.45

\i

0.4

0.35

Pressure(kPa)

Figure 4.13 Fiber volume fraction vs. compactioessure for an 8-layer, S2-glass preform.
Comparison between dynamic compaction tests ardifit crosshead speeds.

A comparison between dry and wet compaction ofS2glass preform loaded at 0.254 mm/min
is shown in Figure 4.14. Similar to the resultstlod multi axial warp knit (MAWK) carbon
fabric, the lubrication effect causes the fluidusated preform to achieve a higher fiber volume

fraction at a given compaction pressure than thgd¥form.
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Figure 4.14 Fiber volume fraction vs. compactioessure for an 8-layer, S2-glass preform.
Comparison between dry and wet (fluid saturatedjgoms tested at 0.254 mm/min.

Looking at the S2 glass fabric compaction testltesip to this point, it can be concluded that
the dynamic test procedure can be used to detertimenleasic compaction behavior of a dry and
wet fibrous preforms during both loading and unlogd However, the crosshead speeds must
be relatively slow. In the present study, dynanaists with crosshead speeds in the range of
0.127 mm/min-0.254 mm/min show compaction data dlgate well with data obtained using a
static test method. Figures 4.15 and 4.16 show(flued saturated) tests at 0.127 mm/min and at
0.254 mm/min respectively. Two tests are shownefich speed. As expected, the test with the
higher crosshead speed shows lower fiber volunatidrzs at a given pressure, when compared
to the test with the slower speed. The maximunr filadume fraction at highest pressures for the
two tests shown in Figure 4.15 is between 0.57(&8 whereas the maximum volume fraction

drops to between 0.49 and 0.52 when the testingdsigsadoubled as shown in Figure 4.16.
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Figure 4.15 Fiber volume fraction vs. compactioessure for an 8-layer, S2-glass preform.
Comparison between two wet (fluid saturated) tasts127 mm/min.
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Figure 4.16 Fiber volume fraction vs. compactioasgure for an 8-layer, S2-glass preform.
Comparison between two wet (fluid saturated) tas@&254 mm/min.
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Looking at the fiber volume fractions at a giveegsure in Figures 4.15 and 4.16, it is seen that
they are higher when compared to the dry testsnthdesame testing conditions. The dry test at
0.127 mm/min reaches a maximum fiber volume fractob about 0.50 compared with the wet
(fluid saturated) test at the same speed reachimgxamum fiber volume fraction of about 0.58.
A similar trend is observed for the higher speeddstat 0.254 mm/min; the dry one in Figure
4.13 has a maximum fiber volume fraction of abadb60vhereas the wet test in Figure 4.16 has
a maximum fiber volume fraction of about 0.50 agher. This verifies the lubrication effect and

the resulting increase in fiber volume fractiordasnonstrated in Figure 4.14.

A discontinuity is observed in the fluid saturatmimpaction curves during unloading. Taking a
closer look at the unloading curves, it is seentit@se discontinuity occurs at around 30 kPa for

the tests in Figure 4.15 and at around 15 kPehfotdsts in Figure 4.16.

In the compaction tests, with the effect of thetingtfluid, the preform layers tend to stick to
either the upper or the lower plate of the compactixture. During the unloading stage, as the
upper and lower plates move away from each othernested individual preform layers start to
separate from each other at some loading pointe @me separation starts, due to the pressure
gradient created between the ambient pressurehengréssure held within the nested preform,
more wetting fluid flows through the preform andstlbauses an overall pressure increase, and
thus an increase in fiber volume fraction as seethe unloading curves. The discontinuity
becomes more noticeable in the higher speed tesSigafe 4.16 and occurs at lower pressures
compared to the slower speed test of Figure 4. dan be related to the speed effect on the

compaction of fabrics as less nesting was expdotedcur at higher speeds.
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Figures 4.17 and 4.18 show the dry loading and (flatd saturated) unloading curves,
respectively, for 8 layers of S2-glass tested 22D.mm/min. A new sample was used in each
test. A best fit curve was drawn for the data setsach figure using the mathematical model
shown in Equation 4.7 below. The slight differencesompaction curves were again due to the
initial fiber volume fractions (starting thicknessder minimum load), as this value changed
slightly from one test to another. The strain wascwdated from Equation 4.7 and can be
converted fiber volume fraction using Equation WBere d¢niia IS theinitial porosity of the
fabric, a, b and c are the model constants,is the strain andP; is the fabric pressure. The

constants in Equations 4.7-4.8 were found by nealimegression and are given in Table 4.1.
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Figure 4.17 Fiber volume fraction vs. compactioasgure for an 8-layer, S2-glass preform.
Comparison between loading curves six dry tesbsl#t7 mm/min.
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Py
s=a+b (4.7)
Cc+ P

1— -

Table 4.1 Constants for the compaction fit models.

Dry Loading Wet Unloading
a 0.0828 -0.0165
b 0.3678 0.3521
Cc 29.607 8.970
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Figure 4.18 Fiber volume fraction vs. compactioasgure for an 8-layer, S2-glass preform.
Comparison between unloading curves of three vets$ & 0.127 mm/min.
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4.4.3 Distribution Medium

Compaction tests for 3 layers of Distribution medigDM) were performed. The tests were
performed at 0.127 mm/min using the dynamic testmegghod. Three layers were tested due to
the fact that this was the number of layers usedARTM flow visualization tests as explained
in detail in Chapter 3. The results are shown gukfs 4.19 and 4.20. Figure 4.19 shows the
fiber volume fraction versus compaction pressurd &igure 4.20 shows the fiber volume
fraction versus thickness curve for the DM. Thisveyras will be explained in Chapter 5, is
useful in determining the thickness values corradpw to fiber volume fractions to be used in

the permeability measurement tests.
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Figure 4.19 Fiber volume fraction vs. compactioasgure for a 3-layer DM.
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Figure 4.20 Fiber volume fraction vs. thickness)(far a 3-layer DM.

4.5 Summary

One of two important characterization experimeetguired to construct an accurate model of
the VARTM/FML process is the preform compaction refzéerization. In this chapter, results of
the preform compaction characterization tests weesented and discussed. Characterization
tests were performed for the MAWK (multi axial wakpit) carbon fabric, S2 glass fabric and
for the distribution medium (DM). The MAWK fabric wassed for the verification of the
compaction techniques employed in this study aedddita was compared with an earlier study
by Grimsley [67]. The measured MAWK compaction dataeed well with Grimsley’'s [67]

data.
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The compaction behavior of the S2 glass fabric weasstigated under several testing conditions
including dry and saturated conditions, differemtnpaction speeds and using static and dynamic
testing procedures. In the VARTM process, the prefecan be modeled as being compacted
when dry and then allowed to relax when infiltratedvet. Thus, multiple sets of data gathered
from thedry loadingandwet unloadingtests were fit to mathematical models to be ugeithe
developed VARTM simulation models. The compactiohdwor of distribution media was also

measured.
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CHAPTER 5

PREFORM PERMEABILITY

5.1 Introduction

Permeability is the measure of a preform mategaistance to flow and relates the velocity of
the infiltrating fluid to the pressure gradient kit that preform. Fluid flow through a porous and
permeable medium is given by the well known emaplriaw Darcy’'s Law [42]. It gives a

relation between average velocity and resin presgteidient. Three dimensional Darcy’'s Law

for an anisotropic material can be written as:

s ™ [ Sy Sq|oprax
g=——VP and in open form: | qy [=——| Syx Syy Syz | oP/dy (5.1)
i _ | "Sx Sy Su)oPlez
4z

whereq is the superficial velocityy is the viscosity of the fluidyP is the pressure gradient

vector and S is the permeability tensor.
For orthotropic preforms, this relation reducesdime dimensional Darcy’s Law for each

direction; x, y and z as shown in Equation 5.2tHis study, x and y directions were in-plane

(advancing flow) directions and z direction is thensverse (thorough thickness) direction.
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o - _Sx«xdP o __Sygdp
n odx Y n dy

o __Szz20P
z n dz

(5.2)
Preform permeability is a required input paraméerthe flow model used to track the flow of
resin. Thus, preform permeability characterizatexperiments are an essential part of the

VARTM/EML simulation model.

5.2 Preform Permeability Characterization Experiments

The fibrous preforms are deformable and anisotrppious materials. Hence, the permeability
depends both on the direction of flow and the degfecompaction of the preform. In this study,
the permeabilities in the principal materials dil@ts were measured for the corresponding

preforms.

The permeability measurement system was composedpeirmeability fixture, constant flow
rate pump, and a data acquisition system. A nea tlata acquisition system was composed of a
DAQ board, signal conditioning and multiplexing thaare, and LabVIEW data acquisition
software. Experiments were conducted to measuretpane SxxandSyy and the transverse
(Sz2 permeabilities ranging from 35% up to 60% and da¢a were fit to empirical models

which relate permeability to fiber volume fraction.
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5.2.1 Materials

Permeability characterization tests were perforfoethe following materials:
e S2 glass in in-plane and transverse directionglg$781 8-harness satin weave with
areal weight of 293.5 g/frand fiber density of 2.49 g/cc).
e Acetate films in transverse direction with thredfedent flow pathway diameters
(0.41mm, 0.83 mm and 1.59mm) and with two differgoacings (0.41mm 2.54 cm and
1.27 cm).
e Distribution media (DM) in in-plane and transvershrections. (Resinflow 60

LDPE/HDPE blend resin distribution medium).

5.2.2 Permeability Test Fixtures

The test fixtures were designed to direct a onesdsional flow of fluid through the preform to
measure the in-plane (Sxx and Syy) and the trassvé€fzz) permeabilities. A schematic
diagram of the in-plane permeability test fixtuseshown in Figure 5.1. An actual photo is
shown in Figure 5.2. The fixture, fabricated froooltsteel, was instrumented with diaphragm
pressure sensors to measure fluid pressure iresthedvity and thickness sensors to measure the

preform thickness changes.

The fixture was mounted on MTS Insight 100 kN Mitle esting Machine. The fixture was
designed to characterize preform specimens 15 dength by 15.3 cm in width, at thicknesses

up to 2.5 cm. Two linear voltage differential trdosers (LVDT) were mounted on opposite
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ends of the fixture to ensure uniform thicknes®ssrithe 15.0 cm length of the specimen. Two
pressure sensors were installed in the fixture. §éresors located at the inlet and outlet sides
were used to measure the inlet and outlet fluidgarees and they were required for determining
the in-plane permeability under steady-state camwt The fixture was also capable of
measuring the advancing-front permeability usingehpressure sensors that can be mounted in

the cavity.

Line Source Flow Channel

Top View
Steady Preform
State  Compaction Force
Pressure

Sensor

Fluid Advancing Front
Inlet Pressure Sensors
Front View

Figure 5.1 Schematic for the In-plane Permealiigture.
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Figure 5.2 In-plane Permeability Fixture.

The transverse, or through-thickneSgz fixture, shown in Figures 5.3 and 5.4, was de=ign

with a test cavity to accommodate 5.08 cm x 5.08pceform specimens up to 3.20 cm thick.
The concept was identical to that of the in-plangufe except that the fluid was directed
through the thickness of the specimen by rigidrithigtion plates mounted in the plunger and in
the bottom of the cavity. The plates were machivél 0.50 cm diameter holes drilled at every
0.64 cm. A single linear voltage differential trdoser (LVDT) was used to measure the
thickness of the preform specimen. Two pressuresthacers were located at the inlet and

outside sides used to measure the pressure gradiget transverse direction.
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Figure 5.3 Schematic for Transverse Permeabilijuire.

Figure 5.4 Transverse Permeability Fixture.
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5.2.3 Test Procedures

In this section, the test procedure for both impland transverse permeability measurements is
explained in detail. At the beginning of each téisg¢ load cell was calibrated using the MTS
TestWorks software. The upper part of the fixtutached to the crosshead was lowered to the
point where it touches the lower part of the fietusnd some load reading was observed
indicating contact. The LVDT and crosshead dispteaa readings were zeroed at this point.
After this step, the crosshead was raised and aingOwas inserted into the piston located in
upper part of the fixture (Figures 5.2 and 5.4Y. the in-plane permeability fixture, O-rings with

a square cross section with sides of 3.3 mm andmd0long were used. For the transverse
permeability fixture, O-rings with a circular crosection with a diameter of 3.87 mm and 158
mm long were used. O-rings were made by cuttingginithg the two ends of the rubber O-ring
material and a new one was made for each testpiidferm specimens were placed inside the
cavity of the lower part of the fixture and the chebas closed by slowly lowering the crosshead
to make sure that the O-ring was not sheared whenpiston enters the cavity. Once the
crosshead was lowered to the desired starting bk or volume fraction level, a Parker
Zenith® Precision Gear Metering Pump as shown in Figubewfas used to inject the testing

fluid into the fixture at a constant flow rate.

SAE 40 motor was used as the testing fluid in shigly. The oil has viscosity of 0.24 Pa.s and a

density of 709 g/cc. The flow rates through thegra samples were measured using a Mettler-

Toledd balance (model SB16001) and a stop watch.
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Figure 5.5 Parker ZenithPrecision Gear Metering Pump.

Once steady-state flow conditions were reachedinlbeand outlet pressures across the preform
specimens were measured. At each fiber volumeidradthe difference between inlet and outlet
pressures over a range of different flow rates mvaasured and the data was used to construct a
curve of volumetric flow rate versus the pressumpd A linear relationship between volumetric
flow rate and pressure drop at a specified volumaetibn was obtained and ensured that test was

valid.

Measuring the slope of the volumetric flow rate suex pressure curve gives the average
permeability for the preform at the specified finelume fraction. A sample plot is shown in
Figure 5.6 for the S2 glass transverse permealeikiperiment. Looking at Figure 5.6, it can also
be seen that as the fiber volume fraction incre#éseslope of the volumetric flow rate versus

pressure curve decreases.
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Figure 5.6 Change volumetric flow rate vs. pressliop shown at four different volume
fractions during S2 glass transverse permeabiligracterization.

5.3 Data Analysis

During the experiments the fluid inlet and outlstgsures, fluid flow rate and preform thickness
were measured. The fiber volume fractighwas calculated as follows:

_ FAW

Vi =
L+ pp

(5.3)

where,FAW is the fiber areal weight of the preforinis thickness, andr is the fiber density.
Permeability S (m?) was calculated at each compaction or thicknessl ldom the one-

dimensional form of Darcy’s Law:

s- Lk (5.4)
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where,q is the superficial velocity (m/s); is the viscosity of the fluidAP is the measured
pressure difference andis the length of the preform specimen in the dioecof flow.

The superficial or filter velocityg (m/s), was calculated as:

M _Q
q—pRA—A (5.5)

where, pris the density of the fluid (kg/ffiy M is the mass flow rate (kg/s) aidis the cross-

sectional area of the preform normal to the flovedion (nf) andQ is the volumetric flow rate

(m3/s).
Substituting E [ _Q [ : _a[ Q)L
g Equation (5.5= A in Equation (5.4):—=—> S=7 N (5.6)
Rewriting Equation (5.6)S = ﬂ(gjk —> S=y mL 1.
AP ) A A

Q

where, m:E is the slope of th® (m%s) vs.4P (Pa) curve.

Measuring the slopm of the volumetric flow rate versus pressure drapve (as shown in the
sample plot of Figure 5.6) gives the average pebiiafor the preform at the specified fiber
volume fraction. Calculation of the permeabilityngsthe slopem is shown in Equations 5.6 and
5.7.L, the length of the preform specimen in the dimecf flow was equal to the length of the
mold and equal to the total preform thickness fue tn-plane and transverse permeability
measurement tests respectively. In addition, fer ithplane measurements,was the warp

direction andy was the fill direction.

For each preform specimen tested, a curve of pdaifitgeS versus fiber volume fractiok was

constructed. The data was fit to an exponentiaaggua as shown in Equation 5.8.
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S=deMVf (5.8)

where,d andm are constants.

5.4 Calculation of Transverse Permeability $z2 using Hybrid Preforms:

The transverse permeability of highly porous pnefersuch as the resin distribution mediums
used in the VARTM process can be hard to measung tise current permeability measurement
setups. Since these materials were purposefullgathavith a substantially high transverse
permeability to facilitate the through thicknessineflow, it can be hard to precisely measure the
very minimal pressure gradient across them, whichaeded in the permeability calculations.
The permeability of a preform that cannot be diyecheasured can be calculated using
permeability measurement data obtained from hyprigform tests. In these hybrid preform
configurations, the preform with high permeabiliyas placed between two preforms with
known permeabilities. A sample hybrid preform witho layers of glass fabric and a layer of

distribution medium in between them is shown inFfigure 5.7.

In hybrid preform tests, the hybrid preform was poessed to a known total thickness. The
thickness of the middle layer with unknown permbgbiwas assumed to have the same
thickness when measured at the load free condiBabtracting this value from the overall total

thickness gave the total thickness for the twoifalayers at the top and bottom. Since these
fabric layers were of the same type, such as glassrbon fabrics, it was assumed that each

layer has the same compacted thickness and thussame volume fraction. Using the
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mathematical models fit to the permeability datahef glass or carbon fabrics, the corresponding

permeability values of these fabrics at the spedifiolume fractions were calculated.

Flow Out
4 T
AP;=P;—P, La -3 Glass fabric
Ps
Distribution
4P, = P, —Pg Medium
P,
APy =Py - P L, —> Glass fabric
o )
Flow In
SIDE VIEW

Figure 5.7 Sample hybrid preform with glass falayers and distribution medium.

From Figure 5.7, it can be noted th#®; =AP; since the glass (or carbon) fabric layers were
assumed to have the same thicknkessL; and same permeability at the specified volume
fraction; S = S3. Thus, rewriting the one dimensional Darcy’s Lasvgaven by Equation 5.6 for

the individual layers:

For Carbon/Glass Fabric Layer 1 (bottom Iayeﬁ)':UQL (5.9)
AR -Py)
For Carbon/Glass Fabric Layer 2 (top laye3):=n Q s (5.10)
A(F3—Py)
For the middle layer (screen distribution mediu@:zngL (5.11)
A (P —F3)

98



During the hybrid preform permeability tests, tidet and outlet pressureB; andP, and the
flow rate Q were measured. The total thickness of the hybmdopm (o = L1 + Lo + L3) was
recorded during the test and the thickness of thugllen layer () with unknown permeability

was measured before the test. Thyss Lz = (Liota - L2)/2.

In the set of Equations 5.9 to 5.11 above, thekttess value&,, L, andLs, the cross sectional
areaA, the viscosity of the fluidy and the pressure®; and P, are all known and the only
unknowns ard®, andPs;. Once Equation 5.9 and 5.10 are solved for thebiwsP, andP;in
terms of the known variables, they can be substitit Equation 5.11 to solve for the unknown

permeabilityS; as follows:

_,Q L2 5.12
S2 UA{Pl—le—nQ[quLLP’II (5.12)
AlS 3

It was also possible to calculate an average pdafitgafor S by constructing a plot of

volumetric flow rate versus pressure drop curve amehsuring the slope of that curve as
explained in section 5.3. For this purpoBeg,and P; values need to be individually calculated
from Equations 5.9 and 5.10 for multiple flow rates that the pressure drop at each

corresponding flow rate can be calculated.
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5.5 Results

5.5.1 S2-Glass Fabric

Permeability characterization tests for S2 glaseevperformed in all three principal directions.
In-plane permeability§xxandSyy and transverse permeabilit8zz test results are shown in
Figures 5.8 and 5.9, respectively. Three setsai§ t@ere done for each principal direction (in-

plane and transverse) and the exponential equgiumation 5.9) was fit to the cumulative data.

1.E-09

1.E-10

Permeability (m?)

1.E-11 i i
03 035 04 045 05 055 06 065

Figure 5.8 In-Plane PermeabilitgxxandSyy) test results for S2 glass preform.
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Figure 5.9 Transverse PermeabiliBz§ test results for S2 glass preform.

The fit constants are given in Table 5.1. It isstmt the transverse permeabiliBzg values for
the S2 glass preform was about one order of madmitess when compared to the in-plane

permeability SxxandSy) values.

Table 5.1 Constants of the exponential fit equatiSn:demVf for S2 Glass in all three
directions.

SXX

Syy

Szz

3.58e-9

-8.00

4.03e-9

-1.77

8.57e-11

-8.7¢
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5.5.2 Acetate Films with Flow Pathways

Acetate films with flow pathways were part of thgbhd preforms and their transverse
permeability should also be characterized sinceitfiormation is required as an input parameter
for the simulation model as explained in ChapteA&etate films with four different pathway
configurations were tested. These were pathways @41lmm, 0.83 mm and 1.59 mm diameters
with 2.54 cm spacing and pathways with 0.41mm ditemeith 1.27 cm spacing. Figure 5.10
shows the transverse permeability vs. porosity doetate films with these four pathway
configurations. A summary of transverse permeab(l8z3 test results for acetate films with

flow pathways is given in Table 5.2.

1.0E-10 : : : : : :
1.0E-11 - | | | | | | A
o | | | | | |
= S A
a : 8 : | | | |
% ©d=0.41mm, S=2.54cm
(] | |
g L1OE-13 -+ 8 ””” "1 ©d=0.83mm, S=2.54cm |
(] | |
D_ | |
| | Ad=1.59mm, S=2.54cm
1.0E-14 - S -
! ! 0d=0.41mm, S=1.27cm
1.0E-15 : : : : : :

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035

Porosity

Figure 5.10 Transverse permeabili8zg vs. porosity for acetate films with flow pathways
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Table 5.2 Summary of transverse permeabifzi(tests for acetate films with flow pathways.

Pathway Diqmeter and Porosity Permeability (nf)
Spacing
d=0.41 mm 2.05e-04 8.42e-14 (test 1)
S =254 cm 1.15e-13 (test 2)
1.26e-13 (test 3)
1.08e-13 (avg.)
d =0.83 mm 8.39e-04 1.27e-12 (test 1)
S =2.54 cm 1.61e-12 (test 2)
1.44e-12 (avg.)
d=1.59 mm 3.08e-03 7.45e-12 (test 1) *
S =2.54 cm 6.38e-12 (test 2) *
6.91e-12 (avg.)
d=0.41 mm 6.14e-04 6.63e-13 (test 1)
S=1.27cm 5.47e-13 (test 2)
7.81e-13 (test 3)
6.64e-13 (avg.)

While performing the experiments, it was importemplace the acetate films such that the flow
pathways were in alignment with the holes of th&mraistribution plate inside the transverse
permeability fixture. Otherwise, the flow throudtetfilms will be either partially or completely

blocked and the measurements will be inaccurate.

Due to the high porosity of acetate films with 1168 flow pathway diameter, there was very
minimal pressure drop across the specimens. Tlybsidhpreform tests consisting of alternating
layers of S2 glass and acetate films with 1.59 nmathway diameter were performed. The

permeability values denoted with a (*) in Table S2re not directly measured values. They
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were calculated using the permeability calculatiwethod for the hybrid preforms, as described

in Section 5.4.

Looking at Figure 5.10 and Table 5.2, it is seat the permeabilities of acetate films increase
as their flow pathway size or porosity increasesemgected. Acetate films with 0.41 mm
pathway diameter and with 1.27cm spacing have agability closer to but still less than the

permeability of the acetate films with 0.83 mm pedly diameter and with 2.54 cm spacing.

5.5.3 Distribution Medium

Figure 5.11 shows the in-plane permeability testilts for the distribution media (DM). Due to

the architecture of the distribution media, thenpeabilities in x and y in-plane directions were
equal to each other. The porosity of the distrinutnedium was very high and it was very hard
to measure the pressure difference in the throiggkriess direction. Thus, the transverse
permeability of the distribution media was calcathin a similar manner to the permeability
calculation of the acetate films with 1.59 mm padjwdiameter. Hybrid preform tests consisting

of two layers of S2 glass and three layers of ithstion media were performed.

The measured in-plane values are shown in Figdrk Eonstants of the exponential fit equation

for Sxx=Syyalues and the calculated aver&pzvalue using the hybrid calculation method are

shown in Table 5.3.

104



Table 5.3 Constants of the exponential fit equatiss d emVf for the distribution medium and
the calculated average transverse permeab8ity ¢alue for the distribution media.

Sxx= Syy Szgm?)
d m
1.53e-10
1.216e-7 -10.52

1.0E-06 | | | | |
. 10E-07 { - TR | © Sxx=Sy |- St
13 | | — Fit Sxx=Syy |
= | | | | |
5 3 3 | | 3
o S | i
5 10E-08 1 1 T — -
o | | | | |

1.0E-09 l l l | l

019 020 021 022 023 024 025

Figure 5.11 Measured in-plane permeabil®xX= Syy vs. volume fraction for three layers of
distribution medium.
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5.6 Summary

The second of two important characterization expents required to construct an accurate
model of the VARTM process is the preform permegbitharacterization. In this chapter,

permeability characterization test procedures wikseussed and the results of the permeability
characterization tests were presented for the &xdhbric (in-plane and transverse directions),
acetate films (transverse direction) with differdi@meter and spacing configurations and for the

distribution media (DM) (in-plane and transverseediions).

For highly porous media e.g. distribution media (DWhere a minimal pressure drop occurs
through the thickness of the preform, an analytfoamulation was developed based on one
dimensional Darcy’s Law and hybrid permeability sw@w@&ment tests. The transverse
permeabilities of the DM and the acetate films wibk 1.59 mm flow pathway diameter were
calculated using this method. The assumption ntatles method was that the middle layer with
the unknown permeability has a constant thicknegssleto the measured thickness at the load
free condition. This assumption was reasonably rateufor the preforms with minimal

deformation when compacted. For the outer layaush sas glass or carbon fabrics, it was

assumed that each layer has the same compactkdabscand thus the same volume fraction.

The transverse permeability measurements of thegld88s fabric agreed well with the
measurements by Ouagne and Breard [68] made fdads § harness satin weave fabrics and
with the predictions of Gokce et al. [69] made %ox 4 woven E glass fabrics using a VARTM

simulation model. The transverse and in-plane pabiity measurements of the DM also agree
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well with a previous study by Song [70] and theplane DM permeability measurements were

in the same order of magnitude with the predictiorgle by Gokce et al. [69].

107



Chapter 6

SIMULATION MODEL FOR THE VARTM/CAPRI FML PROCESSES

6.1 The FLUENT Model

A three dimensional simulation model was developsithg the computational fluid dynamics
(CFD) software FLUENT to monitor the filling proces the VARTM/CAPRI FML processes.
The resin flow was modeled as a two-phase fluid florough the porous medium. A multiphase
volume of fluid (VOF) model [71] was adopted tockahe resin flow patterns. An Euler explicit
time-dependent formulation was used for the satutbthe VOF scheme. The model assumed
the properties of the resin did not change durhmg itfiltration process. Inertia and capillary
effects, and surface tension were not consideredtduow Reynolds number and dominant

viscous forces [72].

6.1.1 Governing Equations

In the current model, a volume of fluid (VOF) modeds adopted to monitor the free boundary
at the interface between the two phases; air asith.rén a VOF model, the location of the
interface between the two phases is monitored eysthution of the continuity equation for the

volume fraction of airg,, [72] as shown below:

0 &qj 0 &qj
air . “%air

=0 6.1
ot ' ax ©1)
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where, g is the velocity component of resin i direction and is time.

In the current model, air was chosen as the sepbasde. In general, the phases can be defined in
any order. However, if the initial volume fractiofha phase will be assigned a value of 1 in any
portion of the domain, it is recommended that thage be chosen as the secondary phase for
computational reasons [73]. The initial volume fimgs of the phases used in the liquid
composite molding (LCM) models are typically seff@tows. Volume fraction of air is set to 1
att =0, meaning that no resin is present in the donpaior to the infiltration process. The

relation between the two phases any time duringataulation is given by:
resin = 1-¢&air (6.2)
where, gresin IS the volume fraction of resin.

The momentum equation is solved for the entire dofv2]:

3
0 P  oP [og 04 n
— +— i)=— + + —0qj 6.3
eLCUIA P CELID ox; "o n(axj E» .Z-;Sn (6.3)
3
where, Z—q, represents the viscous term S]d is the permeability tensor.
i=1 J

For each control volume, rule of mixtures relatiapply for the density,

P = EresinPresin + £air Pair (6.4)
and for the viscosity,

11 = Eresin’lresin * €air 7air (6.5)
where, presinand pgjr are the densities, anglegin andz,yjy are the dynamic viscosities of the

resin and air, respectively.
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6.1.2 Modeling of the Flow Pathways as Porous Strips

As noted before, during the VARTM/CAPRI FML processthe flow is only in the through the
thickness direction through the flow pathways thae been drilled into the acetate films. The
pathways are equally spaced holes that cover ttie éength and width of the acetate films. A
large number of pathways exist in each layer amy ttypically have very small diameters
compared to the planar dimensions of the prefotmsddition, the overall thicknesses of the
preforms used in the FML structures are also tylyiaauch smaller compared to the planar
dimensions. This brings a potential problem of dyemce in the flow solution due to the high
aspect ratios of the mesh cells and also the cahpnél burden of using an extremely fine
mesh around the small diameter pathways. Henc@rder to generate a more stable and
simplified model, each row of pathways along thegtd of the acetate films was modeled as a
porous stripof width equal to the diameter of the pathways @&t an equivalent permeability.

The porous strips are shown in Figure 6.1.

The porous strips were modeled using tiperbus jump boundary condition in FLUENT.
Porous jump conditions are used to model thin mamds with known velocity (pressure-drop)
characteristics [74]. It is essentially a one-digienal simplification of the porous medium
model available for cell zones. This simpler madahore robust and yields better convergence

[74].
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Figure 6.1 Flow pathways modeled as porous strips.

Although the porous strips were created as two dgi@al geometries, a thickness was assigned
to them per the porous jump formulation in FLUENTis thickness is equal to the finite
thickness of the plates that contain the flow patysvover which the pressure change is defined

as a combination of Darcy's Law and an additionaitial loss term as given by [74]:

n 1 2
AP=- 1L = | 6.
(Sq+C20q j ])

where, AP is the pressure changs, is the viscosity of the fluidS is the permeability of the

permeable strip< is the inertial resistance factdris the thickness of the acetate film apts
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the velocity normal to the porous face. The inénsistance C can be neglected for laminar

flow and Equation 6.6 reduces to one dimensionatys Law.

6.1.3 Creating the Model and Boundary Conditions

The 3D geometry of the model for the hybrid pref@tructure was generated using GAMBIT.
GAMBIT is a preprocessor program for FLUENT usedbtold and mesh the models. In the
current model, glass fabric preforms and distrioutnedium were modeled as three dimensional
porous volumes and the flow pathways were modetea series of parallel porous strips. Each
layer of reinforcement was modeled as a 3D volumenonitor the infiltration in each layer
whereas multiple layers of distribution medium wenedeled as a single 3D volume. Porous
strips representing the flow pathways in the aeeféins were modeled as two dimensional
shared surfaces between two consecutive layereeofeinforcement or between one layer of
reinforcement and the distribution medium. In thisy, each layer of reinforcement, except the
one at the very bottom, had porous strips botthattép and bottom surfaces. The distribution
medium had porous strips only at the bottom surfatech were also shared by the top layer of
reinforcement. Fourteen parallel porous strips wesed to represent the flow pathways in each
acetate film for pathways with the 2.54 cm spacifgenty-eight parallel porous strips were
used to represent the flow pathways in each acgliatéor pathways with the 1.27 cm spacing.
In order to include the effect of race-tracking taro edges of the mold, two channels, each 4

mm wide, were added to the two edges of the preform
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A three dimensional mesh of the overall geometrghswn in Figure 6.2. The distribution
medium (pink) is seen on the top and the fabridopne (green) is seen at the bottom. The
injection port is shown to the right. The mesh sholere is composed of 41180 three
dimensional hexahedral cells and has 76528 nodes.géometries of the distribution medium
and each layer of the reinforcement were meshearaigty. A major planar dimension of 6 mm
was assigned to the mesh cells and they were adjist GAMBIT to form either square or
rectangular elements depending on the geometry. élsraent was assigned per thickness of
every individual layer. Two finer meshes were alsed to see the effect of the mesh size on the

model results. This will be discussed in Sectich®6.

Figure 6.2 Three dimensional mesh created in GAMBIT
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After creating the geometry and meshing all theetaythe boundary conditions and continuum
types were defined. A schematic diagram of thegonefwith the boundary conditions is shown
in Figure 6.3. The resin injection port was modedsda square pressure inlet, which has the
same cross sectional area as the circular injeqimt used in the tests. This was done to
preserve the uniformity of the mesh composed oaherral cells and to avoid long computation
times. A “pressure inlet” boundary condition wagimed at the injection port. All the top and
side surfaces of the distribution medium were dafims “wall”, except for the left end face

which was defined as “pressure outlet” to allownflof resin into the hybrid preform as shown

in Figure 6.3.
Wall
ngﬁg{ee Race-tracking Channel Wall €= 4 mm gap
Interior
Wall
Wall
Pressure resin Injet
Outlet Distribution Medium esin Inle
Pressure < Constant
Outlet Pressure
Wall
Wall
Hybrid preform
Interior
Pressure
Outlet < Race-tracking Channel Wall €— 4mm gap
Wall

Figure 6.3 Boundary conditions used in the FLUENJded.
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“Pressure outlet” boundary conditions were spedifi¢ the left-end (resin outlet side) of the
race-tracking channels and the preform. The sidesfaf the glass preform, modeled as race-
tracking channels, were defined as an “interiorratauy” to allow the flow of resin into these

channels.

After the boundary conditions were assigned in GAWBthe three dimensional mesh was
exported to FLUENT for further processing and cittan. In FLUENT, pressure inlet and
outlet conditions, operating conditions, materiebgerties such as density, viscosity, porosity

and permeability, the initial conditions of the pha and porous jump conditions were defined.

The pressure at the injection port was set to 1 (@®4.3 kPa) for the VARTM process. The
pressure at the injection port was set to 0.5 @66 kPa) for the CAPRI process. The

pressures at the pressure outlet boundary consliti@ne set to zero for both processes.

One limitation of the VOF model is that it does atow for regions where no fluid of any type
is present [71]. In the VARTM and CAPRI tests, sitlce preform is held either at full or partial
vacuum prior to resin infiltration, regions with vo a minimal amount of air do exist. Thus, the
operating pressure was set to zero. Table 6.1 sttmwnaterial properties used in the model for

the two phases; the resin (motor oil) and air.
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Table 6.1 Material properties for the two phasks;resin (motor oil) and air.

Material Density (kg/) | Viscosity (Pa.s)
Air 1.225 1.7898
Motor Oll 709 0.24

The initial porosity values used for the glass ikaland the distribution medium were 0.52 and
0.76, respectively. These values were calculateddan the mathematical models fit to the
compaction data as described in Chapter 4 and sepréhe volume fractions when the glass
fabric and the distribution medium were fully drgnepacted at 1 atm atmospheric pressure. The
permeability values in the three principal direntat the specified initial volume fractions were
calculated based on the mathematical models theégermeability data for the glass fabric and
the distribution medium as described in ChapteFIBUENT uses viscous resistance (Iym

which is the reciprocal of the permeability3m

The inputs for the “porous jump” boundary conditi@quation 6.6) were the thickness and the
transverse permeability of the porous strips. Tekhess value for the acetate films was
measured as 0.382 mm per layer and the transvenseepbility values depending on the
pathway diameters and spacings were based on teeagey transverse permeability

measurements as given in Table 5.2 of Chapter 5.
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6.2 VARTM Simulation Results and Comparisons with the Flow VisualizatiornTests

In this section, the FLUENT model results are coragawith the flow visualization test results
that were previously discussed in Chapter 3. Tow fpatterns at the top and bottom surfaces of
the hybrid preform are compared with the FLUENT wdation model results for the VARTM

and CAPRI processes with different pathway holengi@r and spacing configurations.

Table 6.2 shows the permeability values correspantti the initial volume fractions of the glass

fabric (V; =0.48) and the distribution medium(¥0.24) at 1 atm. (101.3 kPa) pressure. These
values were calculated using the mathematical nsoaeldescribed in Chapter 5 and thus, they
were based on the measured permeability data. Tuelmesults presented in this section use

the measured permeability values given in Table 6.2

Table 6.2 Permeability values in the three princighaections for the glass fabric and the

distribution medium.

Material Sxx (M) Syy (nf) Szz (M)
Glass Fabric 7.75¢ 9.7¢& 1.26&2
Distribution Medium 1.08 1.0 1.53¢°
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6.2.1 Sample Case

In this sub-section, the results of the VARTM pregxasimulations are presented for the sample
case of flow pathways with 0.83 mm diameter andl 2% spacing. The contour plots showing
the simulation results were created by using thet-pmcessor data imaging software

TECPLOT.

For the top surface of the distribution medium, cbeparisons between the experiments and the
simulations were made by denoting the times reduioe the flow front to reach the specified
flow front positions. For the bottom surface of tingrid preform, the comparisons between the
experiments and the simulations were made by ptpttie flow front positions and patterns at
the same time intervals. The color scale bar bealmvsimulation results represents the volume
fraction of the resin (phase 1). The color red @spnts a resin volume fraction of 1, i.e. fully

saturated. The color blue represents a resin vofuaséon of O, i.e. completely dry.

In Figures 6.4 and 6.5, the flow patterns on tlpeaiod bottom surfaces of the hybrid preform are
compared with the FLUENT simulation model resulie flow patterns and infiltration times
on the top surface of the distribution medium weeptured well; however, the predicted
infiltration times were longer than measured. Thalt infiltration time of the distribution
medium was measured as 30 seconds as opposed smnthiated infiltration time of about 70

seconds.
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Figure 6.4 Flow patterns on the top surface ofdis&ribution medium. Comparison between the
flow patterns observed during the flow visualizatii@st (top) and predicted by the simulation
model (bottom) for flow pathways with d=0.83 mm &w.54 cm.

During the infiltration of the preform in the traresse direction (Figure 6.5), the dark circles that
appeared at the bottom surface were simulated dydinous strips as they turned red. As the
circles got larger and merged with the adjacenhways to form a strip-like pattern, the
simulated porous strips seen in red also got thidkewever, the shape of the bulk flow front
was not captured well. The total wet-out time tog bottom surface of the hybrid preform was
measured as 8.5 minutes. The simulation model aligpredict a total wet-out of the preform at

the same filling time. The simulation results wbesed on the measured permeability values for

the porous strips.
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2 min 4 min 6 min 8.5 min

Figure 6.5 Flow patterns on the bottom surfacenheflybrid preform. Comparison between the
flow patterns observed during the flow visualizati@st (top) and predicted by the simulation
model (bottom) for flow pathways with d=0.83 mm &wR.54 cm.

Using the current model, the infiltration of indival layers inside the hybrid preform can also
be simulated. Figure 6.6 shows the infiltratiortlod four individual layers of glass fabrics. The
simulated flow patterns on the bottom surface @hdayer are shown at different time frames.
Starting with the layer closest to the top surfatghe hybrid preform (top layer), then the

middle two layers and the layer closest to thedmotsurface of the hybrid preform (bottom

layer) are shown form left to right (horizontally) the figure. The predicted flow patterns for
each layer as time evolves are shown from top tivo(vertically) in the figure. The simulated

case shown here was for hybrid preforms with flathgvays of 0.41 mm diameter and 2.54 cm

spacing in the VARTM process.

120



In Figure 6.6, it is seen that the top layers efpheform closer to the distribution medium had a
higher amount of infiltration. This is an expectex$ult, since the transverse flow inside the
preform took place from top to bottom. The higheroant of infiltration can be observed closer
to the sides of the preform and around the portysssLayers closer to the top surface of the
hybrid preform also indicated a faster progresbithe resin when compared with the flow

patterns predicted on the layers closer to theobogurface of the hybrid preform.

Top layer Middle Layers Bottom layer

6 min 4 min 2 min

8.5 min

0 01 02 03 04 05 06 07 08 09 1

Figure 6.6 The flow patterns predicted by the satah model on the individual layers. The
bottom surfaces of the glass fabrics are showirinaes ¢évolves from top to bottom (vertically).
Shown for hybrid preform with flow pathways of d88.mm and S=2.54 cm.
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Figure 6.7 shows a one-on-one comparison betweerfldlv patterns predicted on the layer
closest to the top surface of the hybrid preforap (fayer) and the layer closest to the bottom
surface of the hybrid preform (bottom layer). Thewf patterns observed during the flow
visualization test of this case is also shown. legkparticularly closer to the sides of the
preform, it is seen that the flow patterns on tbe kayer show a better match with the flow

patterns of the flow visualization test.

2 min

TOP

BOTTOM

0 0.1

Figure 6.7 Flow patterns predicted by the simufativodel on the top and bottom layers of the
hybrid preform. Shown for flow pathways of d=0.88mand S=2.54 cm.

122



Using the user defined function (UDF) module in FBNIT, a compaction model was integrated
to the existing simulation model in order to takiekness and permeability changes into account
during the VARTM/CAPRI FML processes and thus iderto more accurately model these

processes.

A UDF is a programmed function that can be dynahyidaaded with the FLUENT solver to
enhance the standard features of the code [75].sUfal”R be used to define custom boundary
conditions, model properties, and source termsghferchosen flow regime. UDFs are written in
C programming language and must be defined us#AQNE macros supplied by Fluent Inc. [75].

These macros are utilized to access FLUENT solat dnd perform specific tasks.

The UDF for the compaction model was based on thepaction and permeability
measurements presented in Chapters 4 and 5. e wias calculated using the mathematical

model proposed in Section 4.4.2 and given by Eqoéii7 below. The stra#y was updated at
every time step based on the fabric pressure or the pressure geppoy preform(Ps); and

the model constants, b andc. Here,i represents the number of time steps in the transie

solution.

g —arh| O 6.7)
c+ (Pt )

The modeling of the compaction process during tA&kRVM process was discussed in Section
4.1. Depending on the volume fraction of the resim sets of model constardasb andc were

used; one for dry loading and one for wet unloadiflgese constants were given in Table 4.1.
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The UDF function was programmed to use the modaktamts forwet unloadingwhen the
volume fraction of resin was equal and greater th@b (indicating full saturation) and use the

model constants fairy loadingotherwise.

The fabric pressuréPs ); was updated based on the resin preséBigsin)i that was calculated

using the VOF solution method. According to thensgsgerse equilibrium equation in the
VARTM process as described in Section 4.1, the satiom of the resin pressure and the fabric
pressure must be equal to the atmospheric presfui@l.32 kPa. At every iteration, the fabric

pressure(Ps ); was updated based on the resin preséBigsin)i that was calculated using the
VOF model by FLUENT as follows.
(Ps)i = I:)atmosphelti —(Presin)i 8P

The fiber volume fractior{V¢ ); was also updated based on the siain

\%
Vi) = (6.9)

whereVi, is the initial fiber volume fraction.

The initial volume fractions used for the dry laagliand wet unloading were 0.48 and 0.58,
respectively at 101.32 kPa pressure based on tmpamion data shown in Figures 4.17 and
4.18. Permeability of the glass fabric preform veasculated using the mathematical model
proposed in Section 5.5.1. Permeability in thrdaggpal directions was updated based on the

fiber volume fraction(V¢ ); and the model constardsandm as given in Table 5.1.

S =d.exgm.(v¢);) (6.10)
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Viscous resistance was calculated by taking thépmecal of permeabilitys. Finally, the
thickness changat; was calculated and updated at every time stepllaséhe straig; and the

initial thicknesst, as follows:

Ati = Z(gi 1) (6.11)

In Figure 6.8, the flow patterns on the bottom acef of the hybrid preform predicted by the
simulation models with and without the compactioadel are shown in the middle and at the
bottom of the figure, respectively. The flow patigiobserved in the flow visualization test are
shown at the top of the figure. The simulation wasformed for the VARTM process and for

hybrid preform with flow pathways of 0.83 mm diaeeand 2.54 cm spacing.

It is observed that the simulation model with tleenpaction model improves the flow patterns
by enabling a faster infiltration when comparedwtie flow patterns of the original model. The
flow patterns predicted in the distribution mediom the top surfaces of the hybrid preform is
not shown here since a noticeable difference wasohserved when compared to the model
without the compaction model. However, as the tmdilon time increases a noticeable
improvement is observed on the bottom surfaceshawrs in Figure 6.8. The UDF program

codes are given in Appendix C.
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Figure 6.8 Flow patterns on the bottom surfacenheflybrid preform. Comparison between the
flow patterns predicted by the simulation modelhwihe compaction model (middle) and
without the compaction model (bottom). Shown fowflpathways with d=0.83 mm and S=2.54
cm in the VARTM process.

The effect of using a finer mesh or employing a Inanesh size was also considered. As
previously noted, the major planar dimension ofdlenents used in the original mesh was 6mm
and one element was assigned per thickness of @verydual layer. In this case study, the
original mesh was refined in the in-plane surfdzgsising two finer meshes of element sizes of
3 mm and 1.5 mm to see the effect of mesh sizé@simulation results. In Figure 6.9, the flow
patterns in the distribution medium on the top atefof the hybrid preform with flow pathways

of 0.83 mm diameter and 2.54 cm spacing are showim varying mesh size. For the top

surfaces, the model predicted total infiltratiomeés of about 68 and 63 seconds with the 3 mm
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and 1.5 mm meshes, respectively compared with teequsly predicted value of 70 seconds
with the original mesh of 6 mm. The simulated cas®swvn in this section are for the VARTM

process and use the measured strip permeabiling val

5sec 10 sec 15 sec 30sec

0 01 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1

Figure 6.9 Flow patterns on the top surface ofdis&ribution medium. Comparison between the
flow patterns predicted by the simulation modelwdiecreasing mesh sizes (6 mm, 3 mm and
1.5 mm) for flow pathways with d=0.83 mm and S=2cb4
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The effect of using finer meshes on the predicted fpatterns on the bottom surfaces of the
same hybrid preform is shown in Figure 6.10. Iséen that by decreasing the mesh size, the
simulated filling patterns of the porous stripsgtly improves and the overall amount of

infiltration seems to increase, however at a mughdr computational cost.

2 min 4 min 6 min 8.5 min

6 mm

3mm

1.5mm

Figure 6.10 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns predicted by the simulation modelwdiecreasing mesh sizes (6 mm, 3 mm and
1.5 mm) for flow pathways with d=0.83 mm and S=2ch4
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The effect of flow pathway diameter and spacingstw@wvn in Figures 6.11-6.16. In Figures 6.11
and 6.12, the flow patterns at the top and bottanfases of the hybrid preform are compared
with the FLUENT simulation model results for patlysawith 0.41 mm diameter and 2.54 cm
spacing. Looking at the results, it is seen that Itlasic shapes of the flow patterns in the
distribution medium were captured well. Howeveg firedicted infiltration times were longer

than measured. The total infiltration time of thstbution medium was measured to be 30

seconds whereas the predicted total infiltratioretivas about 70 seconds.
5sec 10 sec 15 sec 30sec
5sec 25 sec 35 sec 70 sec
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Figure 6.11 Flow patterns on the top surface ofdiséribution medium. Comparison between
the flow patterns observed during the flow visuatian test (top) and predicted by the
simulation model (bottom) for flow pathways with@41 mm and S=2.54 cm.

In Figure 6.12, the bottom surfaces reveal thatsweirated and the unsaturated parts of the
hybrid preform were predicted by the model reasbnaiell. The first two frames indicated no
or minimal amount of infiltration which agrees withe simulation results. The amount of
infiltration predicted by the model in the lattearmhes was less than 100 %, but the results still

showed that the infiltration occurred and the resitume fraction was between 0.65 and 0.75.
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Figure 6.12 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns observed during the flow visualizati@st (top) and predicted by the simulation
model (bottom) for flow pathways with d=0.41 mm &wR.54 cm.

Figures 6.13 and 6.14 show the flow patterns atttipeand bottom surfaces of the hybrid
preform for pathways with 1.59 mm diameter and 2c54 spacing. The simulation model

seemed to predict the filling times correctly ire theginning of the infiltration process of the
distribution medium. However, similar to the prawsotwo cases, the simulated total infiltration
time was larger than the measured value as showigure 6.13. It can be concluded that the
pathway diameter has no effect on the simulatdahdiland the total wet-out time of the

distribution medium provided that the pathway spagds kept the same. The simulated total
wet-out time of the distribution medium for all patay sizes with the 2.54 cm spacing was

about 70 seconds whereas the measured value wais3bseconds.
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0
Figure 6.13 Flow patterns on the top surface ofdiséribution medium. Comparison between

the flow patterns observed during the flow visugtiian test (top) and predicted by the
simulation model (bottom) for flow pathways with1d9 mm and S=2.54 cm.

4 min , 5 min

Figure 6.14 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns observed during the flow visualizati@st (top) and predicted by the simulation
model (bottom) for flow pathways with d=1.59 mm &wR.54 cm.
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The bottom surfaces shown in Figure 6.14 revealmalas trend as in the previous case of
pathways with 0.83 mm diameter. The model was #@blgeimulate the filling of the pathways
with the porous strips; however it was unable tdamdahe measured total wet-out time of the

hybrid preform and was also unable to capture tia@e of the bulk flow front.

In Figures 6.15 and 6.16, the flow patterns atttipeand bottom surfaces of the hybrid preform
for pathways with 0.41 mm diameter and 1.27 cmisgas shown. Although the measured total
wet-out time for the distribution medium was ab88tseconds which is very similar to the cases
discussed so far, the simulated total wet-out tdrepped to 55 seconds as compared to the
previously simulated value of 70 seconds. A possibhson for this is the existence of porous
strips at the bottom surface of the distributiondiam. In the model with the 1.27 cm spacing,
there were twice as many porous strips comparethgomodels with the 2.54 cm spacing.
Having more flow pathways in the VOF model coultbwl the second phase-air inside the
distribution medium to be displaced at a highee at the first phase-resin. This could cause an
overall reduction in the filling times. As the oaéfilling times decreased for the top surfaces,
the first two simulated frames shown in Figure 6s€&8m to match the measured filling times
reasonably well and then seemed to be laggingxperignental times in the latter frames. The
bottom surfaces shown in Figure 6.16 reveal thatsiimulated frames captured the bulk flow
front and the filling patterns well compared to girevious three cases with the 2.54 cm pathway
spacing. An exception to this is seen at the lashé shown in Figure 6.16 where the model was

unable to simulate the total wet-out time of thédny preform.
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Figure 6.15 Flow patterns on the top surface ofdiséribution medium. Comparison between
the flow patterns observed during the flow visuatiian test (top) and predicted by the
simulation model (bottom) for flow pathways with@#1 mm and S=1.27 cm.

2 min 3 min 4 min 5 min 14 min

Figure 6.16 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns observed during the flow visualizati@st (top) and predicted by the simulation
model (bottom) for flow pathways with d=0.41 mm &wll.27 cm.
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6.2.2 Case Studies

In this section, the effects of permeability of h@ous strips and the transverse permeability of
the distribution medium on the flow patterns argcdssed. Due to some discrepancies observed
between the infiltration times of the experimentsl &f the model simulations in the previous
sections, the transverse permeability of the postugs was calculated by using an alternative
approach to observe the impact of strip permegtalhitthe flow patterns and infiltration times of

the bottom surfaces.

An equivalent permeability expression was previpaErived by Roy et al. [76] by equating the
flow rate passing through an equivalent porous omadjporous strips in this study) to the flow
rate passing through a set of holes (flow pathwayhis study). The relation for the equivalent
permeability of a porous strip is,

Sstrip = Spathway?strip XB)
where Spathway IS the permeability of an individual pathway @il is the porosity of the

strip or the plate with the holes on it. The panpsf a strip can be calculated as follows:

Areaof pathways nr R2

: (6.13)
Areaof strip wh

Pstrip =

wheren is the number of the pathwaygjs the radius of the pathway, awcandh are the width

and length of the strip, respectively.
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In the current model, the width of each strip whesen to be equal to the corresponding flow
pathway diameter and the length of each strip iaasen to be equal to the distance between the

centers of the first and last flow pathway on aoparstrip.

The equivalent permeability of a circular holethe case of fully developed laminar flow of an
incompressible fluid along the length of the halen be derived by using Hagen-Poiseuille flow
relations [77]. The complete derivation is giverAippendix A. The equivalent permeability of a

circular hole is given by

R2
Spathway= 8 (6.14)

Substituting Equations 6.13 and 6.14 into EquaBidr2 gives:

Nz R4
8wh

Sstrip = (6.15)

For Equation 6.15 to be valid, the flow must béha fully developed region free of any entrance
length effects. Thus, the entrance length shoulthbeh smaller than the acetate film thickness.
In the current case, the calculated entrance leisgéibout 1 to 2 orders of magnitude smaller
than the acetate film thickness depending on th& fates measured based on different pathway
configurations. The calculations are shown in ApjpenB. The porosity and equivalent
permeability of the porous strips calculated uskguation 6.15 are given in Table 6.3 for

different pathway diameters and spacings.
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Table 6.3 The porosity and calculated equivalentneabilities (based on Equation 6.15) of the

porous strips.

Pathay Diameter (1) Sy (19) | it
0.41, 2.54 7.22e-11 0.0137
0.83, 2.54 5.97e-10 0.0276
1.59, 2.54 4.18e-9 0.0529
0.41, 1.27 1.43e-10 0.0273

The flow patterns on the top surface of the distitm medium are shown in Figure 6.18 where
the measured porous strip permeability of 1.44eniZmiddle) and the calculated porous strip
permeability 5.97e-10 fr(bottom) were used for preforms having pathwayé e 0.83 mm
diameter and 2.54 cm spacing. It is seen thatrifikration of the distribution medium was not

affected by the change in porous strip permealality the total wet-out time remained the same.

The model results shown in Figure 6.17 agrees wéh the previously shown results for
preforms with the pathways with the 2.54 cm spading with different diameters where the
simulated infiltration times for the top surfacesnained about the same despite different strip
permeabilities. However, the strip permeabilityeigected to have an impact on the infiltration

time of the bottom surface of the hybrid preform.
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Figure 6.17 Flow patterns on the top surface ofdiséribution medium. Comparison between
the flow patterns predicted by the two simulationd®ls using calculated vs. measured strip
permeability values of 1.44e-12°rfmiddle) and 5.97e-10 fifbottom) for flow pathways with
d=0.83 mm and S=2.54 cm.

The effect of using the measured permeability \v@rsing calculated porous strip permeability
based on the alternative approach, on the bottafacgs is shown for pathways with 0.41mm
diameter and 0.83 mm diameter with 2.54 cm spaairkggures 6.18 and 6.19, respectively. The

simulated flow patterns using the measured andulzdbd strip permeability are shown at the

middle and bottom of each figure, respectively.
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Figure 6.18 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns predicted by the two simulation maedesing the measured vs. calculated strip
permeability values of 1.08e-13°rtmiddle) and 7.22e-11 T(bottom) for flow pathways with
d=0.41 mm and S=2.54 cm.

Figure 6.18 reveals that using the calculated gtepmeability changed the simulated flow
patterns at the bottom surface of the hybrid prefsignificantly. The preform got infiltrated
significantly more and the flow pathway filling patns were better simulated by the porous
strips compared with the case using the measuredugpostrip permeability. However, the
position of the bulk flow front was not capturedimia either case. The top surfaces are not

shown for the comparisons made here since strimgegoility was shown to have no effect on

the flow patterns or the infiltration times of tteg surfaces of the hybrid preform.
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Figure 6.19 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns predicted by the two simulation maedesing the measured vs. calculated strip
permeability values of 1.44e-12%rfmiddle) and 5.97e-10 Titbottom) for flow pathways with
d=0.83 mm and S=2.54 cm.

It was observed that using the measured versuslatdd strip permeability had a significant
effect on the flow patterns of the bottom surfate¢he hybrid preform with flow pathways of
0.41 mm diameter and 2.54 cm spacing. This is shavfgure 6.18. It was also observed that

the flow patterns were mainly dominated by the lemp flow due to the small size of the flow

pathways in this case.

However, as shown in Figures 6.19 and 6.20, ircse of flow pathways with the diameters of

0.83 mm and 1.59 mm, the transverse flow seemedrnanate the flow patterns. In addition, it
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was observed that using the measured versus daidusdrip permeability did not have a

significant impact on the flow patterns in these wases.

Figure 6.20 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns predicted by the two simulation maedesing the measured vs. calculated strip
permeability values of 6.91e-12°fmiddle) and 4.18e-9 fr(bottom) for flow pathways with
d=1.59 mm and S=2.54 cm.

Looking at the comparisons made in Figure 6.18-G6128 seen that the strip permeability does
not have a significant impact on the predicted floatterns on the bottom surface of the hybrid
preforms with the larger pathways where transviose seems to dominate within the preform.
In contrast, the strip permeability seems to hageaificant impact on the flow patterns on the

bottom surface of the hybrid preform with the smadthways where in-plane flow seems to

dominate within the preform.
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The effect of transverse permeability of the dmttion medium on the flow patterns in the
distribution media can be observed in Figure 612doking at the model results presented in
Section 6.2.1, it can be observed that the simail&déal infiltration time for the distribution
medium in the VARTM process was about twice of tibkal infiltration time measured during

the flow visualization tests.

An attempt was made to find a value of transveesepability for the distribution medium to be
used as an input to the model instead of the a@&ilyirused value so that the simulated total
infiltration time would closely match the measutetal infiltration time. Several simulations

with varying values from 1.0e-9 4mo 1.0e-8 rhfor the transverse permeability (Szz) of the
distribution medium was performed as shown in Fegér21. The value originally used in the
simulations was the measured Szz value of theilgision medium of 1.53e-10 Tras given in

Table 5.3.

Looking at Figure 6.21, it is seen that for flowttpaays with the 0.83mm diameter and 2.54 cm
spacing, the simulated top flow patterns and tke tofiltration time of the distribution medium
closely matches with the observations of the flasualization tests whenwvalue of 1.0e-8 f
was chosen for the transverse permeability of tetiloution medium. This was also verified by
performing flow simulations for hybrid preforms Wwithe 0.41 mm and 1.59 mm diameters and

with the spacing of 2.54 cm.
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Figure 6.21 Flow patterns on the top surface ofdisé&ribution medium with d=0.83 mm and
S=2.54 cm. Comparison between the flow patterndigted by simulation models using varying
transverse permeability (Szz) values of the distidm medium.
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Figures 6.22-6.25 show the effect of using the eaifi1.0e-8 rhversus the measured value of
1.53e-10 rh for the transverse permeability (Szz) of the disttion medium in the flow
simulations. Flow patterns on the bottom surfacethe hybrid preform are shown. The
simulation results with the measured value of 1-53@&f are shown at the bottom of each figure
and the results with the value of 1.0e-8are shown in the middle of each figure beneath the

flow patterns observed in the flow visualizatiostse

6 min 14 min 23.5 min

Figure 6.22 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns predicted by two simulation modelsngsa distribution medium transverse
permeability (Szz) of 1.0e-8 n{middle) and the measured value of 1.53e-f(lmottom) for
flow pathways with d=0.41 mm and S=2.54 cm.

Figure 6.22 shows that the amount of infiltratiam the bottom surface of the hybrid preform
significantly increased when the value of 1.0e-Bwas used for the transverse permeability of

the distribution medium. This was shown for flowtlpgays with the 0.41 mm diameter and 2.54
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cm spacing. The shape of the bulk flow front wastwaed better and a noticeable improvement
was observed when compared with the predicted fbatterns using the measured value of

1.53e-10 M

2 min

Figure 6.23 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns predicted by two simulation modelsngsa distribution medium transverse
permeability (Szz) of 1.0e-8 {middle) and the measured value of 1.53e-f((fmottom) for
flow pathways with d=0.83 mm and S=2.54 cm.

Figures 6.23-6.25 show that the predicted flow guagt on the bottom surface of the hybrid

preform improved to some extent but not signifigamthen the value of 1.0e-89was used for

the transverse permeability of the distribution roed
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Figure 6.24 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns predicted by two simulation modelsngsa distribution medium transverse
permeability (Szz) of 1.0e-8 {middle) and the measured value of 1.53e-f((fmottom) for
flow pathways with d=1.59 mm and S=2.54 cm.

Despite the fact that the simulation results seertwedmprove with the higher transverse
permeability value of 1.0e-8%msed for the distribution medium , the total wet-times for the
bottom surfaces of the hybrid preforms were soll captured well. This could be related to the
fact that the two phase VOF model which assumetatinaxisted within the flow domain at all
times. Hence, it could take longer time than siaddo displace all the air inside the preform so
that the contour plot that shows the volume fractd the resin could turn completely red;
indicating no or minimal air remaining. This is ¢@ry to the actual processes where there is

vacuum inside the fixture. Thus, this could pothtiallow for shorter measured total wet-out

times than the simulated ones.
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Figure 6.25 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns predicted by the simulation modelngsia distribution medium transverse
permeability (Szz) of 1.0e-8 {middle) and the measured value of 1.53e-f((fmottom) for
flow pathways with d=0.41 mm and S=1.27 cm.

6.3 CAPRI Simulation Results and Comparisons with the Flow Visualizabin Tests

In this section, the CAPRI process simulation rsswill be compared to the flow visualization
experiment results. Figures 6.26 and 6.27 showithalation results for the hybrid preform with
0.41 mm pathway diameter and with 2.54 cm spacingha top and bottom surfaces,
respectively. It is seen that the simulated flowgoession and the flow patterns at the top
surfaces match very well with the experiments. Tdtal infiltration time for the distribution
medium in the CAPRI process was measured and diedulas 140 and 142 seconds,

respectively.
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Figure 6.26 Flow patterns on the top surface ofdiséribution medium. Comparison between
the flow patterns observed during the flow visugtiian test (top) and predicted by the
simulation model (bottom) for flow pathways with@41 mm and S=2.54 cm.
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Figure 6.27 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns observed during the flow visualizati@st (top) and predicted by the simulation
model (bottom) for flow pathways with d=0.41 mm &wR.54 cm.
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The bottom surfaces as shown in Figure 6.27 resghlat the simulated filling patterns of the
pathways by the porous strips and the simulatedipo®f the bulk flow front agreed quite well

with the experiments.

For pathways with 0.83mm diameter and 2.54 cm sgaeailthough the simulated times matched
quite well with the experiments as shown in Fig6t28, the total infiltration time for the
distribution medium was measured as 160 secondp@ssed to the simulated value of the 140
seconds. The bottom surfaces as shown in FiguBrézal that the model was able to capture
the filling patterns and the flow front positiontae first two frames and then started to lag the
experiment results. The simulated porous stripd7amminutes were not completely filled as
opposed to the experimental observations wherehybeid preform seemed to be completely

wet-out at this time.

140 sec

—
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Figure 6.28 Flow patterns on the top surface ofdiséribution medium. Comparison between
the flow patterns observed during the flow visuatian test (top) and predicted by the
simulation model (bottom) for flow pathways with@83 mm and S=2.54 cm.
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Figure 6.29 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns observed during the flow visualizati@st (top) and predicted by the simulation
model (bottom) for flow pathways with d=0.83 mm &wR.54 cm.

Similar to the VARTM tests for the preform havingtpways with 0.41mm diameter and 1.27
cm spacing, a reduction in the total infiltratiomé of the distribution medium was seen in the
CAPRI tests with the same pathway configuratiostasvn in Figure 6.30. The simulated filling
times and flow patterns for the top surfaces agiepete well with the experiments except the
frame showing the total infiltration time of 85 seds. Another common result between the
VARTM and CAPRI process simulations was that theuated total infiltration time of the
distribution medium remained the same for eachge®type regardless of the pathway diameter
while keeping the same spacing. It is seen thatstheulated total infiltration time of the
distribution medium in the CAPRI process was tw(td0 seconds vs. 70 seconds) compared
with the VARTM process. The simulation results fbe bottom surfaces in the case of the
hybrid preform having pathways with 0.41mm diameted 1.27 cm spacing is shown in Figure
6.31. Although the model seemed to capture theclsdmsipe of the bulk flow front well, it could

not capture the complex filling pattern of the pedlys as measured in the experiments.
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Figure 6.30 Flow patterns on the top surface ofdiséribution medium. Comparison between
the flow patterns observed during the flow visuatiian test (top) and predicted by the
simulation model (bottom) for flow pathways with@#1 mm and S=1.27 cm.
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Figure 6.31 Flow patterns on the bottom surfacthefhybrid preform. Comparison between the
flow patterns observed during the flow visualizati@st (top) and predicted by the simulation
model (bottom) for flow pathways with d=0.41 mm &wll.27 cm.
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6.4 Simulation Model Comparison for a Manufactured FML Part

In this section, flow patterns observed duringitifétration and manufacture of an actual FML
panel is presented and compared with the flow pettpredicted by the developed simulation
model. At NASA Langley Research Center, an FML paves infiltrated with the SC-85 epoxy
resin system. The FML panel was formed by stackilbgrnating layers of treated and primed
2024-T3 aluminum sheets of 0.381 mm thick and eighhess satin weave S-glass fabric
preforms. The hybrid preform consisted of five lsyef aluminum sheets and four layers of S-
glass fabric. The flow pathways in the aluminumetsbédad a diameter of 0.41 mm and a spacing

of 1.27 cm.

The hybrid preform was infused by a CAPRI/FML tygfeprocess on a steel tool. The tool and
the resin pot were preheated to 27°C prior to tiigtration by using an air circulating oven.

After the FML panel was completely resin infusdte system was cured at 38°C for two hours
and at 71°C for six hours. A thermocouple was atdcon to the vacuum bag to monitor the

temperature of the resin.

In the flow simulations, the pressure at the ing@tport was set to 0.5 atm (50.66 kPa) for the
CAPRI process. A resin viscosity of 0.516 Pa.s amtbnsity of 1190 kg/fwere used. Figures
6.32 and 6.33 show the flow patterns on the tofasarof the distribution medium and the flow
patterns predicted by the simulation model at ti@sen time frames. As shown in Figure 6.32,
the model was able to capture the shape and positithe flow front in the distribution medium

on the top surface of the hybrid preform.
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Figure 6.32 Flow patterns on the top surface oF@th panel observed during an FML/CAPRI
process and flow patterns on the top and bottorfases predicted by the simulation model.
Flow pathways of d=0.41 mm and S=1.27 cm were used.

According to the actual test results, the distidoutmedium was completely infiltrated at 4
minutes and 25 seconds, as shown in Figure 6.38.tdtal infiltration time of the distribution

medium was predicted as 4 minutes by the simulatioadel. The complete infiltration of the
hybrid preform was completed in about an hour. The patterns and the infiltration times

predicted by the simulation model of a CAPRI/FMlopess agreed quite well with the actual

test measurements.
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Figure 6.33 Flow patterns on the top surface oFkih panel observed during an FML/CAPRI
process and flow patterns on the top and bottorfases predicted by the simulation model.
Flow pathways of d=0.41 mm and S=1.27 cm were used.
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6.5 Summary

In this chapter, the results of the FLUENT simwatimodel of the VARTM/CAPRI FML
processes was presented and compared with the Viilsmalization experiments. The three
dimensional model used the VOF two phase resimatlel to track the flow patterns and used
the mathematical models for the compaction and eabilty data of the preform materials to
determine the inputs to the simulations. Insidehilerid preform, the pathways on the acetate
films were modeled as porous strips to create glsima more stable and robust model. The
permeability of the porous strips was determineghgu$wo techniques: calculated using the
relation given in Equation 6.10 based on Hagendrdie flow relations and using the measured

experimental values given in Chapter 5.

Initial results for the top surfaces showed that$hmulations lagged the experimental total wet-
out times of the distribution medium with the cumréenputs; the total wet-out time for the top

surfaces was measured as 30 seconds versus th&atsmntime of 70 seconds. Both the

calculated and measured permeability values weed & the porous strips. Results with the
2.54 cm pathway spacing and with different pathw&yneters and strip permeabilities showed
that the flow patterns for the top surfaces weng/ \&@milar and the total wet-out times were

about the same for each case. Thus, it was corttltite the pathway diameter and strip
permeability had no effect on the infiltration dfet distribution medium provided that the

pathway spacing was the same for all cases.

For the preforms with the 1.27 cm spacing, the &bed total wet-out time for the top surfaces

still lagged the measured time however by a smélsation. The measured total wet-out time
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for the top surfaces was 33 seconds versus thdatgduime of 55 seconds. This was tied to the
fact that the VOF model could be showing a fastaukted infiltration in the case of the 1.27
cm pathway spacing compared to the model with t%& 2m pathway spacing due to the
existence of twice as many porous strips at théobotsurface of the modeled distribution
medium and thus allowing the air included in thedeldo be displaced by the resin through the

strips at a faster rate.

It was found out that the strip permeability hadefi@ct on the flow patterns of the top surfaces
(distribution medium) provided that the pathway @pg was kept the same. This was an
expected result since flow pathways or porous stexist only at the bottom surface, not inside
of the distribution medium. When the results of thedels using the calculated and measured
strip permeabilities were compared, it was seehwihan the transverse flow inside the preform
tends to dominate over the in-plane flow; typicdtly larger pathway diameters, no significant
differences were observed in the results betweentto cases. For the preforms having
pathways with 0.41 mm diameter and 2.54 cm spadivgas observed that the model with the
measured strip permeability gave unsatisfactorylt®esand was not able to capture the flow
patterns well when compared with the model withdakulated strip permeability. However, in
other cases, i.e. preforms with 0.83 mm and 1.59 pathway diameter with the 2.54 cm
spacing, no significant differences were observetsvben using the calculated versus measured
strip permeability values. To summarize, the gpepmeability has no effect on the flow patterns
and infiltration times of the top surfaces. For fiwétom surfaces, the strip permeability has some
effect for the smaller diameter pathways whereasigificant impact on the flow patterns and

times was observed for the larger diameter pathways
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In order to match the experimental total wet-outetiof the distribution medium, a different
value for the transverse permeability of the disttion medium was used. This value was found
to be 1.0e-8 mby making several simulations of the top surfait@ warying Szz values for the
distribution medium. When the simulations were ue-with the new value, the VARTM
simulations for the top surfaces showed a muchtshtotal wet-out time of about 30 seconds
closely matching the experimental measurementghiicases with the 2.54 cm spacing. Using
the new value also seemed to slightly improve tbe fpatterns at the bottom surfaces in the
VARTM process by showing an overall higher amouninhéltration of the hybrid preform and
faster flow front progression. However, the oveialpact on the bottoms surfaces was not

significant.

Using the new transverse permeability value of -B.Gg for the distribution medium for the
CAPRI process simulations, although not shown, d@abviously not have the same effect as
shown with the VARTM process simulations. The CARRdcess simulations performed with
the originally used measured value of the trangv@ermeability for the distribution medium
already proved close to satisfactory results atdbeand bottom surfaces of the hybrid preform.
The simulated total wet-out time for the distrilmmimedium of about 140 seconds seemed to
relatively match the measured times of 140 secamds160 seconds for the pathways with the
2.54 cm spacing and with the 0.41 mm and 0.83 nmempactively. Thus, rerunning the
simulations with the much higher Szz value of 180e¥ would definitely result in an over
reduction in the simulated times at the top surfand the measured times would lag the

simulated times.
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Decreasing the mesh size seemed to improve theladionu results at the top and bottom
surfaces although it did not affect the resultsigicantly. At the top surfaces, the total wet-out
time reduced up to 10% with the finer meshes. AgHe bottom surfaces, the infiltration of the
porous strips became more visible and the ovenéltration of the hybrid preform increased.
Observing the individual layers proved that the am®f infiltration of the individual layers was
not uniform. The layers closer to the distributraedium showed a higher amount of infiltration

and showed flow patterns that were slightly bettatching with the measured results.

Overall, it can be concluded that the simulatiordedas most sensitive to the inputs used for the
transverse permeability of the distribution mediatiher than the inputs used for the porous strip
permeability. Comparing the two processes of VAR&N CAPRI, it was observed that the
simulated flow patterns and the infiltration timies the CAPRI process agree better with the
experimental observations. The flow patterns ane itfifiltration times predicted by the
simulation model for a CAPRI/FML type of processesyl quite well with the observations of
an actual FML panel infiltration test performedtia¢ NASA Langley Research Center. Finally,
it was shown that further improvements in the satiah model of the VARTM process can be

made by the addition of the compaction model asea defined function to the solver.
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Chapter 7

SUMMARY AND CONCLUSIONS

7.1 Summary and Conclusions

In this study, a combined experimental and numkstaly was performed to investigate the
manufacture of FMLs by the Vacuum Assisted Resiman$fer Molding (VARTM) and

Controlled Atmospheric Pressure Resin Infusion (BRRrocesses.

The compaction behaviors of the preform materiaé®duin the FML structures were
characterized under different test conditions dnedpressure vs. fiber volume fraction data was
fit to mathematical models. Similarly, the permdigibs in the principal material directions were
measured and the fiber volume fraction vs. perntigaloiata was fit to mathematical models.
The mathematical models proposed for the compaetmhpermeability characterization studies
were used to determine the input parameters ofsitmellation model such as initial volume

fraction, permeability and the model constantdffieruser defined compaction model.

Flow visualization studies were performed to analyze infiltration of the FMLs using the
VARTM and CAPRI processes. It was found out thatlBMan be successfully infiltrated by
these processes when flow pathways were machinedhe acetate films. In most cases, the

hybrid preforms were completely infiltrated with doy spots.
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A simulation model of the hybrid preform structusé the FMLs was developed using the
commercial software package FLUENT. The model vwsiuo predict the flow patterns and the
infiltration times at the top and bottom surfacéshe hybrid perform during the resin infusion
stage of the VARTM and CAPRI processes. The sinaramnodel results were compared with

the results of the flow visualization tests.

The results of the flow simulation studies when pared with the flow visualization tests
revealed that the diameter of the flow pathwaysdeshe hybrid preform and thus the
permeability of the porous strips used to modeftltid not have an effect the flow patterns on
the top surface of the hybrid preform. Hence, tialtinfiltration time for the distribution media
when tested with hybrid preforms with different ipaay configurations remained about the
same. An exception to this was seen for the siradlaiase of the hybrid preform with the
smaller 1.27 cm spacing. This was related to thesiph of the two phase VOF model. With the
smaller spacing and more pathways on each acetgge, ltwice as many porous strips with
higher strip permeability existed in the model. STkbould allow the air to be displaced faster
through the porous strips at the bottom surfacthefdistribution media and thus resulting in
shorter simulated filling times when compared witk larger 2.54 cm spacing models with less
number of strips and with lower strip permeability.

The transverse permeability of the porous strips pr@dicted by using two methods. One was
experimentally measuring the permeability of a dewed acetate film specimen of about one
seventh of the original size of an acetate filme Plorosity of the downsized specimen was about
the same of the original specimen. For highly permedia such as acetate films with the 1.59

mm diameter and the distribution media, where @dadlipermeability measurement of the
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individual layers was not possible, permeabilityasi@wements were done with the downsized
hybrid specimens. An analytical relation was usecktate the hybrid permeability measurement
results and the bulk permeability of the specimd@im& hybrid measurements typically included
the specimen tested in the middle and two layerglasfs fabric at the top and bottom surfaces.
The assumption made in this method was that thellmilhyer had a thickness equal to the
measured thickness at the load free condition. Hssumption is reasonably accurate for
preforms with minimal deformation when compactedhsas the acetate films. However, some
error is present when this assumption is appliedHe distribution media. To be able to solve
the analytical relations with the same number ddnanvns, the glass fabric layers at the top and
bottom surfaces were assumed to have the same ctadghickness and thus the same volume
fraction. Some minor error in the results is alsqpeeted to be involved here due to this

assumption.

The second method of predicting permeability wasgisin expression derived based on the
Hagen-Poiseuille flow relations. This relation regd using the porosity values of the porous
strips used in the model. For this relation to hthe flow should be free from the effects of all
body forces including gravity and the flow shouklih the fully developed region i.e. free from
any entrance length effects. The difference betwkerpermeability values predicted using the
two methods were about two orders of magnitude ess) sn Tables 5.2 and 6.3. This is
somewhat an expected result. The first method meashe permeability of an acetate specimen
representing a full size acetate film of the sameogity. The second method calculates a
predicted permeability of a single porous stripidrainder fully developed laminar flow

conditions and the calculation was mainly basetherncalculated strip porosity. The porosity of
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a single layer of acetate film is obviously diffeteéhan the porosity of a single porous strip and
thus their permeabilities are also expected toifbereint. No constitutional relation between the

permeability and porosity was established in thusl for acetate films or for porous strips.

Despite the fact that the predicted transverse eabiity values were different for the two
methods, they were both used in the FLUENT simafatnodel in place of the porous strip
permeability that was modeled using the “porousgumoundary condition. The simulation
results showed that no significant differences ha flow patterns were observed when the
measured versus calculated strip permeability galrere used to simulate the infiltration
processes where the transverse flow dominated tbeem-plane flow. This was proved to be
true for the hybrid preforms with flow pathways@®@83 mm and 1.59 mm diameters. As for the
preforms with flow pathways of 0.41 mm diameter,enéh the in-plane flow was dominant,
differences were observed between the simulatedscasing the measured versus calculated
strip permeability values. It was shown that tlemsverse permeability of the distribution media

had the most significant impact on the simulaticrdet results.

It was also seen that the simulations of the CAPRL process showed a closer match with the
experimental flow patterns and the infiltration éisnwhen compared with the VARTM process
simulations. This could be due to the preform beiagt at less than full vacuum conditions in

the CAPRI process and thus allowing for longettirgiion times.

The developed flow simulation model was able totwapthe shape of the flow patterns and

predict the progression of the flow front reasogatéll for most cases. However, in some cases
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there were differences in the absolute times duthéotwo phase nature of the model and the
simplified approach used to model the flow throtig acetate films by porous strips. Finally, it
was shown that further improvements in the simafathodel can be made by the addition of a
compaction model that is capable of dynamicallyatjd) the permeability and thickness with
time, and capable of choosing the correct prefammpaction equations depending on the wet or

dry status of the preform.

In conclusion, the results of this study proved tbasibility of fabricating high quality FML
parts using the VARTM and CAPRI processes when fiathways were included in the hybrid
preform structure. This study also demonstratecctimplexity of the infiltration process of the

FML structures during the VARTM and CAPRI processes

The developed model is useful in modeling hybricef@m structures with a reduced
computational cost and has the flexibility of modgl multi layered parts with any desired
configuration and properties. The model can be uasda computational tool for the
manufacturing process development of FMLs. Thisl\sts expected to be especially useful in
modeling large sized hybrid aerospace structuresinfiproved fiber volume fractions and

uniform part thicknesses.
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7.2 Future Work

Although the predicted transverse permeability @dtur the distribution media agrees well with

the data available in literature, there was no datilable for the acetate films. Thus, a direct
permeability measurement technique for highly permedia such as the distribution media and
the acetate films with large flow pathways coulddaveloped by using a different transverse
permeability fixture and possibly by using presstmansducers than can detect very small
pressure changes. By this way, the errors assdciaith the assumptions made during the

hybrid permeability calculations could be elimirdate

During the flow visualization tests, further enhaments of the processing conditions can be
done such as regarding the issues of preform layjraipaffects race-tracking and flow pathway
alignment, better visualization of the fixture bgsgibly using two cameras rather than one and
better visualization of the testing fluid by impnog the lighting conditions or by using a darker

colored testing fluid and keeping the vacuum legetslar in each test of the same type.

Although the infiltration test results during the@nufacture of an actual FML panel was acquired
and used for comparison purposes, an actual FMiLvgas not manufactured in this study. The
manufacture of an FML part can be performed with #vailable resources and studies for
mechanical testing and laminate quality should éréopmed. Resin characterization studies can
also be done using low-viscosity polyimide resisteyns that are suitable for VARTM/CAPRI

FML processes. Cure kinetics and rheology charaties should be measured and fit to

mathematical models.
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The multiphase VOF model gave satisfactory resnlteost cases. However, the physics of the
model included air in the domain throughout thevflcalculations although very minimal or no
air existed in the actual processes. This is tm&dtion of the VOF model in modeling liquid
composite molding processes in which vacuum iothiced. The VOF model could be better
suited for processes like Resin Transfer MoldingNR. The predicted flow patterns at the
intermediate time frames compared reasonably widil tve experimental observations, however
the predicted total infiltration times were sigoéntly higher than measured. This is possibly due
to the higher period of time required to displaielee air inside the preform in the simulated
cases. Further research can be done on how toybdifVOF model to handle situations where
the interface between the vacuum and the resinsneeble modeled so that the advancement of

resin can be monitored more accurately.

As noted before, the generated contour plots fervblume fraction of the resin displays the
colors between red and blue corresponding to thane fractions of 1 and 0, respectively. This
means that the colors in between these two cobgnesent other volume fractions. For instance,
the color green represents a volume fraction ofutl@o5 and the color yellow represents a
volume fraction of about 0.75. Looking at the flopatterns captured during the flow
visualization tests, it is very hard to make thistidction in volume fractions. When the resin
arrives at a certain position, it is interpretedcasnpletely filled or a volume fraction of 1
although it might actually have a lower volume fraic such as 0.75. Thus, when comparing the
flow patterns predicted by the simulation modellwihe flow patterns observed during flow
visualization tests, the comparisons shouldn’t kenig based on the color red or blue. An

alternative approach could be lowering the defanilime fraction value of 0.95 for the color red
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displayed in the contour plots. Lowering it to 080 instance would make the contour plots
display the color red sooner when the compared thighplots with the default value of 0.95. By
this way, the infiltration process can be viewed megressing faster and the simulated

infiltration times would be reduced.
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APPENDIX A

Please note the change in nomenclature for this section of the Appexadis follows:
u: volume averaged velocity
M : viscosity of the fluid

VP : pressure gradient vector

K: permeability tensor of the prefowhich can be written as:
Fully Developed Circular Pipe Flow and Equivalent Permeability

By deriving an analytical equivalent permeabiligpeession for a circular pipe, the validity of
this method can be further tested. One of the iclas$low problems is considered here:
Poiseuille flow where fluid flows through a circulahannel due to a longitudinal pressure

gradient as shown in Figure A.1.

r=R
r a
>Z - —

P = Pin P = Pout
z=0 z=L

Uz

Figure A.1 Poiseuille flow: pressure driven cireydge flow.
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Assumptions:

* Incompressible;p =constant
ou

* Fully-developed flow.a— =0
z

* No body forces (g= 0).

Boundary Conditions:
u(r=R)=0, u,(r=R)=0, P(z=0)=R,, P(z= D= Ry.

Continuity Equation:
10(ruy) +}8% +6y{z 0

roa r 0 Ya
16(:;) 0= rmw=f(r) = ru=c, = ur:ﬂ
r r

C
—= ur(R)=O:E1 —= c;=0 and u, =0 forallrvalues.

Momentum Equation in r direction:
6u/ oy/ 61}/ N
AS oy Y-S
10G4) ], 10% 0% 234
{ar{ } 2,0/02 ’ézz__z 9} ’)3{

= —Z—f:O = PxP() = P=P2.

ar

Momentum Equation in z direction:

ouy au/g a/u __oP 10| ou 10
Lﬁ’t y arz+;rL Z}_ az+'L{rar{ ar} ZgﬁZZﬁLZzﬁZ%H?{
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* Quasi-steady flowg—ltJ =0

ou
e Axisymmetric:—=0, ug =0
Yy 20 o

(A.1)

(A.2)



oP 10| ou,
—=u——r—=1.
= 0z ﬂrar[ 8r}

Left side is a function af, and right side is function of For this equality to hold:
®_ ,uEi Mz | _ constant, which implies:a—P _9dP_ Fout=Fin
0z ror| or

0z dz L
— ﬂli rauz _ Pout— Rn
ror o L

Using the boundary condition, (r = R) =0, and solving for u,(r):

P _
uz(r) :—OL::

1L 4ul

Volumetric flow rate:

R R
QZJ.Usz:I u,27 rdr:IM( P - R2)27z rdr
4ul
A 0
= o F(Rut=Fn)
8uL '
Mean (Average) Velocity:
_ ”(Pout_ Pln) R
8uL (Pout_Pm) 2 dP R2
Uz mean= = 5 =— RE=—— .
A 7R 8ulL dx 8u

Using Darcy’s Law:

KdP dPR  KdP R?

ydx'&a_ u dx
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Pln(rZ_RZ) and Uz max = uz(r:O):—M R

(A.4)

(A.5)

(A.6)

-—— -—— =K =5 for a pipe with circular cross-section. (A.7)



APPENDIX B

Calculation of entrance lengthLg:

For laminar flow, the entrance lendth for a cylindrical hole can be found by:

% = 006 Ry (B.1)

where Ris the Reynold’'s number based on hole diameter.

Re=—— (B.2)

where pis the fluid densityV is the mean flow velocityl, is the hole diameter ang is the

dynamic fluid viscosity. In this studyy = 790 kg/ni, 2 =0.24 Pa.s, L=0.41, 0.83, 1.59 mm. For

fully developed conditions to hold,e should be much smaller than the hole length wisch

equal to the the acetate film thickness used mghidy. Considering the largest hole diameter of

1.59 mm and plugging in all the values, the entdeagth was found as a function of the mean

velocity as follows:
Le = 4.48e-4 (B.3)

The value of the mean velocityduring the permeability measurement tests of detade films
with the 1.59 mm diameter was 0.0105 m/s baseterfiaw rate of 8.33e-8 1fs. Plugging the

mean velocity in Equation B.3 gives:

Le = 4.7e-6 m and the acetate film thickness wase3%8eh.

Thus,Le<< 3.82 e-4 m !l
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If the calculation above is repeated for the 0.41 hole diameter, it was found that:
Le=2.97 e-5/ (B.4)

The value of the mean velocityduring the permeability measurement tests of detade films
with the 0.41 mm diameter was 0.38 m/s based orfloherate of 2.0e-7 fis. Plugging the

mean velocity in Equation B.4 gives:

Le = 1.13e-5 m and the acetate film thickness wa®e348m.

Thus,Le<< 3.82 e-4 m !l

Having considered the largest and smallest holmeliers, it can be concluded that the flow is

laminar and fully developed, and thus Hagen—Pdseelations hold.
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APPENDIX C

The UDF program codes of the integrated compactiodel discussed in Section 6.5 are given
here. There are three program codes: one for epéncipal direction x, y and z. The

programming language used was C. Viscous resistameeiprocal of permeability.

[* Viscous Resistance Profile UDF in a Porous Zone, X direction */
#include "udf.h"
#include <math.h>
DEFINE_PROFILE(vis_res,t,i)
{ real xND_ND];
real p1, va, vb, vc, vk, vm, vn, e, e2, vf0, vf8ax, sbx, vf, vf2;
cell tc;
va=-0.0165; vb=0.3521; vc=8.970; vk=0.0828; vn3608; vn=29.6068;
vi0=0.48; vi02=0.58;
sax= 3.58e-9; sbx= -8;
begin_c_loop(c,t) {
p1=(101325.00-C_P(c,t))/1000.00;
if (THREAD_ID(t)==1&& C_VOF(c,t)>=0.95)
{ e=va+vb*(pl/(vc+pl));
vf=vf0/(1-e);
F_PROFILE(c,t,i) =1/(sax*exp(vf*sbx)); }
else
{ e2=vk+vm*(p1l/(vn+pl));
vi2=vf02/(1-e2);
F_PROFILE(c,t,i) =1/(sax*exp(vf2*sbx)); } }
end_c_loop(c,t) }
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/* Viscous Resistance Profile UDF in a Porous Zone, Y direction */

#include "udf.h"
#include <math.h>
DEFINE_PROFILE(vis_res,t,i)
{ real XxND_ND];
real pl, va, vb, vc, vk, vm, vn, e, e2, vi0, vf8ay, sby, vf, vi2;
cell tc;
va=-0.0165; vb=0.3521; vc=8.970; vk=0.0828; vn360.3; vn=29.6068;
vi0=0.48; vi02=0.58;
say= 4.03e-9; shy=-7.77,
begin_c_loop(c,t) {
p1=(101325.00-C_P(c,t))/2000.00;
if (THREAD_ID(t)==1&& C_VOF(c,t)>=0.95)
{ e=vat+vb*(pl/(vc+pl));
vi=vi0/(1-e);
F_PROFILE(c,t,i) =1/(say*exp(vf*sby)); }
else
{ e2=vk+vm*(p1l/(vn+pl));
vi2=vf02/(1-e2);
F_PROFILE(c,t,i) =1/(say*exp(vi2*sby)); } }
end_c_loop(c,t) }
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/* Viscous Resistance Profile UDF in a Porous Zone, Z direction */

#include "udf.h"
#include <math.h>
DEFINE_PROFILE(vis_res,t,i)
{ real xND_ND];
real pl, va, vb, vc, vk, vm, vn, e, e2, vf0, vf8az, sbz, vf, vf2;
cell tc;
va=-0.0165; vb=0.3521; vc=8.970; vk=0.0828; vn360.3; vn=29.6068;
vi0=0.48; vi02=0.58;
saz= 8.57e-11, sbz= -8.78;
begin_c_loop(c,t) {
p1=(101325.00-C_P(c,t))/2000.00;
if (THREAD_ID(t)==1&& C_VOF(c,t)>=0.95)
{ e=vat+vb*(pl/(vc+pl));
vi=vi0/(1-e);
F_PROFILE(c,t,i) =1/(saz*exp(vf*sbz)); }
else
{ e2=vk+vm*(p1l/(vn+pl));
vi2=vf02/(1-e2);
F_PROFILE(c,t,i)) =1/(saz*exp(vi2*sbz)); } }
end_c_loop(c,t) }
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