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ABSTRACT

Experimental setups were designed and constructed to characterize
permeability of fabric preforms used in liquid composite molding processes for
three different flow dimensions (linear, radial and through-thickness). They
allow measuring both unsaturated and saturated permeabilities in linear and
radial flows, but only steady (saturated) permeability in through-thickness
direction. Four common curve fitting methods (global, single-step, reference
time step, elementary methods) are used to fit the analytically expected formulas
that are driven from Darcy’s Law and conservation of mass experimental data.
It is investigated how closely these four curve fitting methods fit to the
experimental data by comparing their R-squared values. In agreement with the
previous literature, in general there is a very significant variation between the
results of the repeated experiments due to inherent variations in the material
used and labor of fabric cutting, stacking and placement in the mold. This study
contributes to the composite research by investigating which setups, conditions
and curve-fitting method are more suitable to model the resin flow through
tabric preforms used in Liquid Composite Molding (LCM), and also help

decreasing the mentioned variation in 1D and 2D permeability measurements.



OZET

Iki eksenli E-cam elyaf dokumanin {i¢ farkli akig boyutunda (dogrusal,
radyal ve kalinhik yoniinde) gecirgenliginin karakterize edilmesi i¢in deney
diizenekleri tasarlandi ve imal edildi. Bu deney diizenekleri, dogrusal ve radyal
akiglarda kararsiz ve kararli gecirgenlik dl¢iimlerini, kalinlik yoniinde ise sadece
kararl gecirgenlik 6l¢iimiine uygundur. Dort yaygin egri oturtma metodu (tiim
veri, tek adim, referans zaman adimi, basit metodlar1), Darcy ve kiitle korunumu
kanunlarindan elde edilen analitik denklemlerin deney verilerine oturtulmasi
icin kullanilacaktir. R-kare degerleri kiyaslanarak, bu metodlarin deney
sonuclarma ne kadar iyi uydugu incelenecektir. Literatiire mutabik sekilde,
kullanilan malzemedeki ve dokumanin kesim, istiflenme ve yerlestirilme
isciligindeki farkliliklardan dolays, tekrarlanan gegirgenlik deney sonuglarinda
belirgin farkliliklar vardir. Bu ¢alismanin kompozit arastirmalarmna katkisi,
hangi gecirgenlik 6l¢iim deney diizenegi, kosullar1 ve egri oturtma metodunun,
Stvi Kompozit Kaliplama  {iretim  yOntemindeki recine  akisinin
modellenmesinde kullanilmasinin uygun oldugunu belgelendirmeyi ve

bahsedilen gecirgenlik 6l¢timiindeki farkliliklarin azaltilmasidir.
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Chapter 1
INTRODUCTION

A composite material is made from at least two different materials, and it
exhibits distinct and more favorable properties compared to the properties of its
constituents. Majority of the fiber reinforced polymer composites manufactured
by any one of Liquid Composite Molding (LCM) processes contain a cured
thermoset polymer (matrix component) which surrounds a fiber structure
(reinforcing component). The polymer resin is either thermoset or thermoplastic,
but it is almost always thermoset in LCM due to its lower viscosity than
thermoplastics. The polymeric component provides the followings: (1) keeping
the fibers at a fixed configuration (note that fibers alone are loose and cured
polymer matrix gives the final shape of the composite material), (2) compressive
and shear strength (although fibers are strong under tension, they do not
support compressive loading), and (3) environmental durability (such as
resistance to humidity and sunlight). The reinforcement fibers (commonly glass,
carbon or Kevlar) have the following major functions: (1) major contribution to
support structural load on the composite part, (2) decrease thermal stresses on

the material, and (3) achieve high specific stiffness and strength (i.e., these



overall mechanical properties divided by the overall density of the final
composite material) on the macroscopic level compared to many metal

alternatives [1].

Fiber reinforced polymer composites are preferred in aerospace, automotive and
infrastructure industries due to their high performance (high mechanical
properties such as strength and stiffness) and lightweight compared to metals
typically used in these industries. However, manufacturing of composite
materials is neither repeatable nor completely standardized especially compared
to metals. The variability of the materials and non-repeatable labor (fabric
cutting, stacking and placement in the mold cavity) and non-uniform fiber
structure affect properties of the final product which typically have an inherent
and significant variation not only in a single part, but also among the parts
manufactured. This is an important issue especially when the tight tolerances (in
dimensions, physical and mechanical properties) required in aerospace and
automotive industries are considered. However, researches on composite
materials aim to make these variations smaller with the help of new
manufacturing technology and process modeling that allow engineers to design
appropriate process parameters (such as injection conditions, selection of

material, mold configuration and so on) [2].

1.1. Liquid Composite Molding Process (LCM)

LCM is the family of composite processing techniques in which a dry fabric
preform placed in the mold cavity is impregnated with the liquid thermoset
resin driven into the mold by means of an applied pressure differential between

the inlet and exit gates.



The main steps of LCM processes are as follows. Dry fabric layers are cut to
desired dimensions and draped over a lower mold half (or draped over a tool
with the same shape and then transferred to the lower mold half). The mold is
closed to desired thickness. The compacted preform is impregnated with liquid
resin by opening the inlet gate. After complete mold filling and continuing resin
flushing for a while, the inlet and exit gates are closed. The part is kept in the
mold until the resin is partially cured (either at room temperature or at elevated
temperature depending on the resin system used) and becomes rigid enough so
that no significant warpage occurs during demolding. After demolding and

complete curing, the part is trimmed to the final shape.

The two most common LCM processes are Resin Transfer Molding (RTM)
and Vacuum Assisted Resin Transfer Molding (VARTM). The steps of these two

processes are demonstrated in Fig. 1.1 and Fig. 1.2, respectively.
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Figure 1.1 Schematic of the steps of RTM process [1].
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Figure 1.2 Schematic of the steps of VARTM process [1].

The main distinction between RTM and VARTM processes is that a two-
sided rigid mold is used in RTM whereas one-sided rigid mold is used in
VARTM process (flexible vacuum bag and tacky tape are used to create mold
cavity and seal it). Thus, this vacuum bag becomes the upper mold half in
VARTM. Usually positive pressure injection is created in RTM by using an
injection machine at the inlet gate, whereas vacuum pressure is generated in the
mold of VARTM by using a vacuum pump connected to the exit. Resin reservoir

in VARTM is open to atmosphere.

The RTM process offers several benefits: (1) near net shape manufacturing
of composite materials, (2) achieving higher fiber volume fractions (up to 65-70
%) enabling to achieve superior mechanical properties, (3) production of
materials with good dimensional tolerance and surface finish on both faces
owing to the two-sided rigid molds. On the other hand, the main issues of RTM

can be listed as: (1) high initial investment requirements due to an injection



machine and two-sided molds with small dimensional tolerances (this is very
challenging task when the two matching surfaces are considered), and (2)
requirement of clamping equipment or press suitable for high injection pressure

and thus can apply enough force to close the mold.

VARTM offers several advantages compared to RTM process: (1) lower
investment on the mold, (2) simpler system for mold closure and fluid infusion,
(3) ability to track the resin flow propagation during the process due to
transparent upper mold half which is a special nylon bag, (4) manufacturing of
complex and large parts (wind turbine blades and boat hulls can be in the order
of tens of meters). On the other hand, there are some drawbacks in VARTM
process: (1) poor dimensional tolerances especially in the thickness direction and
thickness variation within the produced parts due to flexible vacuum bag, (2)
long mold fill times due to limited pressure differential between the inlet and
exit gates (which is one atmospheric pressure or less), and (3) inability to achieve
high fiber volume fractions due to the mentioned limited pressure differential
which also determines the maximum level of compaction pressure applied on a

tabric preform [3].

1.2. Permeability
More than a century ago, Henry Darcy observed that the flow rate through a

sand/rock bed was linearly proportional to pressure gradient and inversely
proportional to the viscosity of the liquid (water). His empirical formulation,
which is known as Darcy’s Law, is commonly used for modeling porous media

flows. For one-dimensional flows (see Fig. 1.3), Darcy’s Law is given as follows

[1]:



= (1.1)

where # is the resin velocity (a.k.a. the volume averaged Darcy’s velocity), Q is
the volumetric flow rate, dP/dx is the pressure gradient in liquid, K is the
permeability of the porous medium (which is the sand/rock bed) along the flow

direction, and u (shown as 7 in that figure) is the liquid viscosity [1].
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Figure 1.3 Darcy used a column of sand to measure the permeability of the sand [1].

Permeability of a fabric preform indicates how easy a fluid flows through the
pores of the fabric preform. That means, permeability is the inverse of the
resistance to the flow. Permeability characterization can be carried out by

performing experiments under certain boundary conditions. Permeability is



determined by fitting numerical or analytical solution of the Darcy’s Law to the
experimental data where the other parameters (viscosity and boundary

conditions) are fixed in both experiments and model.

Flow simulations based on Darcy’s Law are used for modeling resin flow
through porous fabric preforms used in LCM. These simulations allow
designing and selection of process parameter window such as pressure or flow
rate at inlet and outlet, scheduling the boundary conditions (i.e., when inlet
and/or outlet should be opened or closed) to optimize one or both of the
following: (a) shorten mold filling time, and (b) minimize or ideally avoid any

void (a.k.a. dry spots).

For higher dimensional flows (2D or 3D) than 1D, Darcy’s Law takes the

following form:

(K]
U

= — o VP (1.2)

where VP is the resin pressure gradient and [K] is the permeability tensor of the

porous medium [1].

Solving the conservation of momentum in the porous network of empty
channels of a typical fabric preform used in LCM is very challenging and almost
an impossible task due to the complexity of modeling and generating this
complicated channel network. Instead of this approach, Darcy’s Law (which is
the macroscopic and empirical relationship between the resin velocity (and thus
flow rate) and the pressure gradient) is solved for the resin flow that takes place

during the mold filling of composite manufacturing processes [1].



Fabric preforms with anisotropic structure have different permeability
components in three orthogonal directions [1]:
Kxx Kx

[K] = | Kyx Ky
K, K

K

K,

K.
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<
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Eq. (1.2) can be expressed in matrix form as follows:

Uy Kyx Kyy Kyz(°| 0P /0y (1.4)
U,

<ﬁx> 1 Kyx Kyy Ky, dP/ox
K Kyx Kpy Kp | \ 0P /02

Assuming K;; = Kj;, only six scalar components are needed to obtain the full
permeability tensor. If the principal directions of the fabric preform are selected

as x-, y- and z-axes, Eq. (1.4) can be written as

i, , 0|l ap/ay (1.5)
u, 0 K,,|\oP/oz

1:1x 1 K, O 0| /oP/ox
B4
To characterize the unsaturated and saturated permeabilities in the principal
directions, there are three different experimental methods: (1) one-dimensional
(a.k.a. linear) in-plane flow along each of the two in-plane directions, (2)
alternative to a set of two experiments mentioned in the previous approach, a
two-dimensional (a.k.a. radial) in-plane flow from a central injection hole, and

(3) three dimensional (hemispherical) flow or simply 1D flow along through-

thickness direction by adjusting that z-axis is the thickness direction [1].

In most cases, the in-plane permeability measurements are sufficient (that
means no need to measure the permeability along out-of-plane direction (a.k.a.

through-thickness direction)) because the thickness of the fabric preform is



negligible in comparison with the in-plane dimensions of the fabric and the flow
is assumed to be 2D in the in-plane directions. Note that resin flow in the shell-
like mold cavity in 3D can still be modeled as 2D as long as the permeability

tensor is measured in the planar axes of the shell.

In this study, permeability of a fabric preform is characterized for both
unsaturated and saturated 1D (linear) flow regimes under constant-injection

pressure boundary condition [4] as it will be detailed in Chapter 2.

In addition, 2D (radial) unsteady permeability under constant-injection

pressure boundary condition is measured [5] as it will be detailed in Chapter 2.

The radial resin flow is modeled and solved numerically to obtain 2D steady
permeability of the fabric preform along both principal axes, as it will be

exemplified in Chapter 5.

The main contributions of this thesis are (1) designing and constructing three
permeability characterization setups (linear, radial and through-thickness), and
(2) conduct permeability measurements under different flow regimes
(unsaturated and saturated) and different dimensions (1D and 2D), obtain the
results by using different curve fitting models and then compare them. As
previously investigated [6],6], in general there is a very significant variation
between the results of the repeated experiments done in the same study due to
aforementioned and inherent variations in the material used and labor. The
variation is very common and can be several orders of magnitude among
different institutes and laboratories [5,6]. This current study aims to document

which setups, conditions and/or curve-fitting model are more suitable to model



the resin flow through fabric preforms used in LCM, and also help decreasing

the mentioned variation in permeability measurements.
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Chapter 2
PERMEABILITY MEASUREMENT
Different types of permeability measurement experiments are described in

this chapter. The permeability measurement experiments are classified by

o the flow direction (1D or 2D both in-plane, or through-thickness
direction which is out-of-plane),

o the flow regime (unsteady or steady),

o the injection boundary condition used (constant-injection pressure or

constant-injection flow rate).

In this study, all subclasses of the first two main class experiments (i.e., all
flow dimensions and both flow regimes) are conducted under constant-injection

pressure boundary condition.

The permeability of a fabric preform in through-thickness direction (a.k.a. z-
direction) is called through-thickness permeability. This permeability is usually
several orders of magnitude smaller than the in-plane permeability components
due to the porous structure of fabric preform.In this study, both 1D (linear)

permeability and 2D (radial) permeability are measured under both unsteady

11



(a.k.a. unsaturated permeability) and steady flow regimes (a.k.a. saturated
permeability). Through-thickness permeability measurements are performed
under steady flow conditions because tracking the flow front propagation
requires transparent parts or use of sensors, which are difficult to have in the
small mold cavity because of the concerns related to enough rigidity or

disturbance of the resin flow.

For both in-plane permeability measurement types (linear and radial), a dry
fabric preform (stacked layers of a fabric cut to desired in-plane dimensions) is
placed in the mold cavity. A rectangular preform and a square preform with a
central hole are used in 1D and radial flow experiments, respectively (see
Chapter 3 for details). Constant-pressure boundary condition is used in all
experiments. This is satisfied by keeping the inlet resin reservoir open to
atmosphere and connecting a resin trap and a vacuum pump to the exit. The
vacuum level is kept constant in all experiments. Once the vacuum level is set
and then the inlet gate is opened, first, the unsteady permeability is measured
by tracking the position of the flow front over time in the post-processing of the
video record. For tracking purpose, sensor data (such as pressure sensors
signaling resin arrival times to specific locations) could be used alternative to

videos as described by Yalcinkaya et al. [8].

In this study, the videos are post-processed to determine x¢(t) versus t in 1D
experiment, ro(t) and reo(t) versus t in the radial experiment. Here x«(t) is the flow
front position in 1D, ro(t) and re(t) are the major and minor radii of the elliptical

flow front in the 2D radial flow.

12



After resin arrives to the exit and enough time elapses so that the fabric
preform is saturated completely, the steady permeability measurement
experiment is continued by using the same fabric specimen and boundary
conditions. That means, resin injection is continued by keeping the inlet and exit
open, and either the mass of the resin in the reservoir or the mass of the resin
coming out of the mold is recorded by using a digital scale to calculate flow rate

indirectly [8]. The detail will be given below.

2.1. 1D Permeability Measurement Experiments under Constant-
Injection Pressure Boundary Condition

In 1D permeability measurement experiments, the constant pressure
difference between inlet and exit provides the resin propagation in the mold

cavity [3].
1D unsteady permeability (K,,,) of a fabric preform under constant-injection
pressure is calculated by using the following equation [3]:

Cud
Kuns = 2 AP (2'1)

where p is the viscosity of the resin, ¢ is the porosity of the fabric preform (which
is equal to 1 — V¢), AP is the pressure differential between the inlet and exit (in
this case, it is equal to the vacuum pressure applied by the vacuum pump, since
the inlet is open to atmosphere) and C is calculated by post-processing the flow
front position versus time data. For a 1D flow under constant-pressure boundary

condition and through a constant mold gap thickness, Darcy’s Law yields that

x(t) = |[2R2PL — Tt (2.2)

r(1-vy)
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Eq. (2.2) is best-fit to the experimentally observed flow front position x¢(t) to
determine C. A least squares method is used to minimize the error between the

experimental data and the curve fit.

Flowmesh x2 Vacuum Bag G\I[iss
(] O \l’ . )
Wet D .
Inlet ————> € i <— Exit
Preform Preform
. - - .

Figure 2.1 The thickness distribution in the 1D experimental setup (a) before resin
infusing (b) during resin impregnating through the mold cavity.

Glass lid
W w

\'4

Figure 2.2 The thickness distribution in the 1D experimental setup (a) before resin
infusing (b) during resin impregnating through the mold cavity.
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The glass lid seen in Fig. 2.1 is used to convert the VARTM experimental
setup to a RTM setup by simply setting the mold cavity thickness to a fixed
value. One could raise a question because the fabric preform may have some
thinner regions as shown in Fig. 2.2 (a) than the set value. However, notice that
when resin arrives these thinner regions, it is thickened as shown Fig. 2.2 (b) due
to increased resin pressure ans thus decreased compaction pressure on the
vacuum bag and fabric preform. Therefore, the setup behaves as a constant mold

cavity thickness after the specimen is wetted [9].

Once the resin impregnates the fabric preform completely and reaches( 515
exit, the unsteady permeability measurement experiment is finished, however
the resin infusion is continued by keeping the gate and exit open. In this second
part, steady permeability measurement experiment is conducted in which
steady flow rate is needed. Mass of the resin, m, in the inlet reservoir is measured
over time. The mass flow rate 1 is the negative slope of mass versus time curve,
dm/dt. m divided by the density of the resin p, volumetric flow rate Q is
calculated to substitute in 1D steady permeability (K;) formula [3]:

_ QulL  mul
ST wWhAP ~ pwhAP

(2.3)

where L, w, h are length, width and thickness of the fabric preform, respectively

3].

2.2. 2D Radial Permeability Measurement Experiments under
Constant-Injection Pressure Boundary Condition
In 2D (radial) permeability measurement experiments, the resin is infused

from the center of the lower mold by using pressurized air in the resin inlet pot

and a pressure regulator; the outlet vent is kept open to atmosphere.
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The center of fabric layers is punched to make an inlet hole, and the punch
diameter is equal to the inlet diameter so that it prevents the resin flow through

thickness direction of the fabric when it first enters the mold cavity (see Chapter

3 for details).
The resin flow front propagates either as a circle for isotropic fabric preforms,
or as an ellipse for anisotropic fabric preforms. In other words, if an isotropic

fabric preform is used, the permeability values in principal directions, Rgo(t) and

Rggo (t), should be equal to each other.
In this study, an anisotropic biaxial fabric preform is used in the experiments

as will be detailed in Chapters 3 and 4.
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Figure 2.3 In-plane flow front propagation through an anisotropic fabric preform.
Ryo(t) is the flow front radius along the production line of a fabric roll, and
Rggo(t) is the flow front radius along the transverse direction (i.e., along the

width of the roll). In general, the resin flows faster along the production direction
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(0°) of the fabric preform than along the 90° degree direction as depicted in Fig.
2.1. This is due to the fact that porosity is higher along the 0° direction than 90°
direction for the fabric used (see the detail in Chapter 3). In our study, § was
measured to be small so that 0° and 90° directions will be treated as the principal

directions (see Chapter 5).

Compared to an unsteady 1D permeability measurement experiment, an
unsteady 2D permeability measurement experiment is more advantageous due
to: (1) it allows to measure both in-plane principal permeabilities (or
alternatively along 0° and 90° directions) in a single experiment, (2) therefore it
is less time consuming, and (3) it is not subject to race-tracking that may take
place between fabric boundaries and mold walls of a 1D experiment which
causes deviation from 1D flow and making the permeability computations

unreliable.

The flow front positions of both axes (Rgo and Rgqo) are recorded during an

experiment by using a digital camera placed over the mold.

2D (radial) unsteady permeability (K,,s) components along the production
and transverse directions of a fabric preform under constant-injection pressure

are calculated by using the following equations [5]:

neé TF,0 1
KunS,O = Finj{‘rleo (2 In (Tl> - 1) + Tiz}? (24)
po Tf,90 1
Kuns,90 = F{rfzﬁo (2 ln( e ) - 1) + riz}? (25)
inj i

where u is the viscosity of the resin, ¢ is the porosity of the fabric preform, P;,;

is the injection pressure at the inlet, 75 is the radius of the flow front (Rgo and

17



Rggo for the two directions), r; is the radius of the inlet hole (0.006 m) and ¢ is

time.

Second part of the experiment (steady-state condition) is conducted after the
fabric preform is fully impregnated with resin. In this part, the resin coming out
of the eight outlets (see Fig. 2.2) is accumulated in the container and mass of the

resin is measured over time by using a digital scale.

Latch x16

Inlet

Wet Preform

Flow Front
Monitoring
Channel x8

Outlet x8

> 0° - Production Direction

Figure 2.4 Top view of 2D (radial) permeability measurement setup with a steady flow
regime (i.e. when the fabric preform is completely saturated).
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Total mass flow rate m is the first order curve fit to the experimental data
(cumulated mass collected in the container versus time) and it is divided by the

density of the resin p to calculate the volumetric flow rate Q.

The total outflow volumetric flow rate is determined numerically and
compared with the experimental volumetric flow rate to compute the steady
permeability components for the two axes. For this purpose, conservation of
mass is considered (see Fig. 2.3):

[(_Ks,xxa_P) _( sxxaP IhAy
p 0x/, u ax

x+Ax

+l( syy ) ( Ksyy ) lhAx=0 (2.6)
p 0y 1o0y/, . ny

Multiplying the first term on the left hand side with Ax/Ax and the second term
with Ay/Ay and letting Ax and Ay approach to infinitesimal dx and dy results in
the following differential equation:

Koy 0°P K,y 0°P

- 2.7
po 0x% u 0y? 7

or simply,

Koxx 0°P  9%P

K,y 0x2 ~ 0y?

(2.8)

Eq. 2.8 will be solved inside the resin-filled domain by using finite-differences,
and the boundary conditions at the inlet hole and outer boundary conditions are

shown in Fig. 2.3.
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It is assumed that the ratio of the unsteady permeability components is the
same as the ratio of the unsteady permeability components that were already

found in the unsteady permeability characterization:

KS,XX Kuns,xx

= 2.9
KS,yy Kuns,yy ( )
y =l Ks;_w a_P
y =90°direction MY 7
oomona
P=0 u control element for
conservation of mass:
K P
'/ P = 0
o
P=0 P=F, ™ x = 0°direction
h o U= Ks..\',\‘ aP
y ll : M Ox
-y
X
P=0

Figure 2.5 (a) The domain of the fabric specimen impregnated with resin at steady
state 2D flow. Pressure boundary conditions at the inlet hole and around the outer
periphery are shown.

20



The total outflow volumetric flow rate is calculated numerically as follows:

Quum = [ U a4 (210)
A
where A, U,, and 7 are the outer peripheral area of the fabric preform where

the resin exits, normal outward velocity component and normal outward unit

vector on 4, respectively.

y=— Ks._x-_"v a_P
A ﬂ a"v y+Ay
~ “ N
Ay
> —>
Uy =— K:aw a_P Ay 3 =— Ks.x\' a_P
ﬂ ax X >X \ ﬂ Bx x+Ax
Ks.w 6P
y=——"—
1oyl

Figure 2.5 (b) The zoomed control element to derive the conservation of mass in the
resin-filled domain.
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2.3. Through-Thickness Permeability (Kz) Measurement Experiments
under Constant-Injection Pressure Boundary Condition
During a through-thickness experiment, resin flow is created such that the

resin enters from the bottom of the fabric preform and flows along the thickness
direction (see Chapter 3 for detail). This experiment is performed only in steady

flow regime.

The preform is fully impregnated with the resin, resin flushing from the exit
(located at the top of the specimen) is continued for a while to reach steady state,

and then the steady mass flow rate is measured.

Once the fluid reaches the outlet, the fluid is collected in a container whose
mass, m, is recorded over time using a digital scale. The slope of the mass versus
time, dm/dt, is determined. The volumetric flow rate Q is obtained by dividing

the slope of dm/dt to the density of the resin p.

Steady through-thickness permeability, K, of the fabric preform under
constant-injection pressure boundary condition is calculated by using 1D

Darcy’s Law:

S

uh
= 2.11
K. S AP (2.11)

where p is the viscosity of the resin, h is the thickness of the fabric preform, § is
the cross-sectional area of the flow channel (which is equal to the top surface
area of the fabric specimen) and AP is the pressure difference between the
bottom and top surfaces of the fabric [10]. This pressure difference is computed

asAP = Ppy,j gage — PAL where AL is the vertical distance between the inlet resin

22



pressure pot and the digital scale at the top (see Chapter 3 for detailed figure),

and g is the gravitational acceleration.

23



Chapter 3
MATERIALS AND EXPERIMENTAL METHODS

3.1. Materials

Permeability characterization of a biaxial (0°/90°) E-glass fabric (Metyx
LT850) was done at different fiber volume fractions by using silicone oil
(Xiameter PMX 200) as a dummy resin (i.e., test fluid) in experiments. The top
view of the fabric was shown in Fig. 3.1.b. Material properties such as fabric

superficial density per layer and oil viscosity are given in Table 3.1.

Before each experiment, the temperature of the silicone oil is measured by
using a sensor (Keller PAA 35 X). For the oil used, viscosity versus temperature
characterization was earlier done and provided by Technical University of
Munich (see Table 3.2 and Fig. 3.2) as a part of benchmark study among 10+

~Ea/RT was fit to the mentioned

institutes. Arrhenius equation [11], u = Ae
experimental data by using least squares method. The constants R, A, E« were
determined as 8.3144598 Joule/°’K.mol, 2.8858 x10™* Pa.s and -1.4376 x107*
Joule/mol, respectively (see Fig. 3.2 for both the experimental data and the curve

fit).
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Figure 3.1 (a) Xiameter PMX 200 silicone oil, (b) top view and (c) bottom

view of Metyc E-glass biaxial fabric.
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Table 3.1. Material properties

Silicone Oil

(test fluid)

Viscosity [Pa.s], p

u=A ¢ —Ea/RT
where
R =8.3144598 Joule/°K.mol,
A =2.8858 x107* Pa.s,

Eo =-1.4376 x10~* Joule/mol

Biaxial Fabric

(0°/90°)

Superficial density per layer

850
[g/ mz]r Psup
Number of layers in the
5
preform, n
Bulk density of glass fibers
2540
[kg/m?], ppuik
Thickness (compacted) [m], h 0.003, 0.0035, 0.004
Nominal fiber volume fraction,
%
(experimental values differed
from the nominal values they 0.558, 0.478, 0.418

were computed by measuring
the mass and fiber volume

fraction)
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Table 3.2 Viscosity of the silicone oil versus temperature as characterized by
Technical University of Munich (partially tabulated).

Temperature | Viscosity | Temperature | Viscosity | Temperature | Viscosity
[°C] [mPa-s] [°C] [mPa-s] [°C] [mPa-s]
15.00 118.54
15.00 118.40 22.86 98.70 39.08 73.91
15.00 118.48 22.94 98.15 39.16 73.71
15.00 118.42 23.03 98.06 39.25 73.7
15.00 118.34 23.11 97.82 39.33 73.36
15.00 118.44 23.19 97.86 39.41 73.27
15.00 118.24 23.28 97.66 39.50 73.34
15.00 118.38 23.36 97.58 39.58 73.14
15.00 118.25 23.44 97.19 39.66 73.20
15.00 118.18 23.53 96.95 39.75 72.96
15.00 118.29 23.61 96.99 39.83 72.73
15.00 118.11 23.70 96.78 39.91 72.82
15.00 118.20 23.78 96.72 40.00 72.62
15.00 118.10 23.86 96.62 40.03 72.71
15.00 118.05 23.95 96.08 40.04 72.64
15.00 118.15 24.03 96.12 40.05 72.62
15.00 118.01 24.11 95.90 40.05 72.77
15.00 118.09 24.20 95.85 40.05 72.64
15.00 117.99 24.28 95.80 40.05 72.76
15.00 118.01 24.36 95.35 40.05 72.72
15.00 118.15 24.45 95.27 40.05 72.71
15.00 117.90 24.53 95.03 40.05 72.87
15.00 118.05 24.61 94.99 40.04 72.75
15.00 117.98 24.70 94.98 40.04 72.88
15.00 117.88 24.78 94.75 40.04 72.86
15.05 117.96 24.86 94.54 40.04 72.88
15.12 117.71 24.95 94.28 40.04 73.03
15.2 117.73 25.03 94.21 40.04 72.93
15.28 117.09 25.11 94.20 40.04 73.16
15.36 116.95 25.19 93.98 40.04 73.08
15.44 116.88 25.28 94.05 40.04 73.17
15.52 116.57 25.36 93.52 40.04 73.3
15.61 116.55 25.44 93.48 40.03 73.18
40.03 73.32
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Figure 3.2 Viscosity of the silicone oil (Xiameter PMX 200) versus temperature

as characterized by Technical University of Munich.

In addition, prior to an experiment, a viscosity measurement equipment is
used to validate the viscosity of the resin calculated by Arrhenius equation.

However, this is a rough validation as the precision of the equipment is low.

3.2. 1D Permeability Measurement Experimental Setup

1D permeability measurement experiments are conducted under constant

pressure boundary conditions for both unsteady and steady flow regimes. The
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inlet reservoir is open to atmosphere and the exit is connected to a resin trap and
a vacuum pump to create a predetermined level of vacuum pressure and thus a

pressure differential of 80 kPa between the inlet and exit (see Fig. 3.3).

1D permeability measurement experiment at each of the three fiber volume
fractions (corresponding to three different thickness values of 3.00, 3.50 and 4.00
mm) is conducted five times by using five specimens to investigate the
repeatability. One set is conducted for the permeability along 0° (production line)

and another set is for 90° (transverse direction) of the biaxial fabric preform.

Fabric layers are stacked one by one on the steel mold plate by aligning them
in such a way that the production lines overlap (i.e., no angular shift). Two flow
meshes are placed on the two ends of the flat steel mold and adjacent to the ends
of the fabric preform such that they are underneath the inlet and exit tubes and
a bit extending on the preform so that a linear inlet and exit are generated (see
Fig. 3.3). A tacky tape around the periphery and a vacuum bag on the preform
seal the mold cavity. When the inlet valve is at off-position, the vacuum pump
is run to adjust the vacuum pressure to 80 kPa so that the fabric preform is

compacted under 80 kPa.

The glass lid is placed on the vacuum bag. The dial gages and the bolt system
are used (see Fig. 3.3) to ensure a uniform mold gap (and thus a uniform preform

thickness, h).

After the valve is opened, the resin starts to propagate through the fabric. A
digital video camera (Canon EOS 550D) records the flow front propagation until

the fabric preform is wetted completely [12].
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Any significant thickness change at the four corners of the mold is monitored
by using the four dial gages, and if necessary, the bolt system is screwed to adjust

the gap to the original value.

After the resin reaches the exit, infusion of the resin is maintained for 120
seconds to reach steady state [12]. In this period, a digital scale (with 0.1 g

resolution) measures the mass of the infused resin.

For data acquisition (DAQ), HGX-1000 Multipurpose Weight Controller

(frequency of 250 Hz) records the infused mass of the resin over time.
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Figure 3.3 Schematic of 1D (linear) unsteady permeability measurement setup with an

unsteady flow regime: (a) top view and (b) side view.
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Figure 3.4 Top view of 1D (linear) steady permeability measurement setup with a

steady flow regime.

3.3. 2D (Radial) Permeability Measurement Experimental Setup
Five layers of biaxial fabric are stacked and then punched (with a diameter

of 12 mm) at their center. This fabric preform is placed on the lower mold plate

made from aluminum (6000 series).

Eight steel spacers are placed on the lower mold to adjust the mold cavity
thickness to either one of the three thicknesses of 3.0, 3.5 and 4.0 mm. Then, the
aluminum (6000 series) upper mold plate with glass monitoring windows is
compressed on the fabric specimen by using 16 latches and eight clamps (see Fig.

3.5 and 3.6).

The compressed air pressurizes the resin in the pressure pot to the desired
injection value (80 kPa). An analog pressure regulator (CKD RP1000) is used to

set this constant injection pressure value.
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The resin pressure and temperature values are recorded by using a pressure
and temperature sensor (Keller PAA 35 X, 0 to 10 bar abs, 0.002 full scale
resolution). The viscosity of the resin is computed in Matlab by averaging the
temperature values of the resin recorded during the experiment (no significant
change in temperature occurs because a test fluid is used instead of an actual
thermoset resin, and both the resin reservoir and the mold are at the same room

temperature).

The resin flow through the mold cavity is initiated by setting the valve to
open-position. Flow front propagation in through the glass inspection region
(see Fig. 3.5 and 3.6) is recorded via a digital camera until the resin wets the fabric

preform completely [12].

2D experimental setup has eight outlets along the edges of the lower mold
plate so that the flushed resin is accumulated in the outlet digital scale (see Fig.
3.5 and 3.6) [12]. The mass versus time data of the resin is recorded via DAQ

system.

After the resin comes out of the outlets, the resin flow is continued for 120

seconds (see Fig. 3.7.) to reach almost a steady state.
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Figure 3.5 Schematic of 2D (radial) unsteady permeability measurement setup with an

unsteady flow regime: (a) top view and (b) side view.
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Figure 3.6 2D (radial) permeability measurement setup (a) top view and (b) side view.
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Figure 3.7 Top view of 2D (radial) permeability measurement setup with a steady flow
regime (i.e., the fabric specimen is completely saturated, but the resin infusion is

continued by keeping the inlet and exit open).

3.4. Through-Thickness Permeability Measurement Experimental
Setup
The experimental setup is shown in Fig. 3.8. A stainless-steel flange (a

thickness of 1 mm, an inner diameter of 95 mm, and an outer diameter of 98.2
mm) is glued to the aluminum (6000 series) lower mold half that is kept inside

the aluminum (6000 series) tube.
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A stainless-steel ring (with a thickness of 10.00 + 0.03 mm) is placed on the
lower mold. A circular fabric preform with a diameter of 95 mm is made by

stacking ten plies and then it is placed into the metal ring.

Then, the second flange is fitted on the fabric preform concentrically and the

aluminum (6000 series) upper mold is placed on the metal ring.

After the mold is compacted by using four bolts and eight nuts, the height
between the lower and upper molds are checked whether it is 65.8 mm (see Fig.
3.8) to ensure that the mold is compacted properly (i.e., the fabric specimen is
completely compacted in the ring). This setup fixes the mold cavity thickness

and thus the thickness of the specimen to 10.00 + 0.03 mm.
The disassembled components are shown in Fig. 3.9.

By using an analog pressure regulator, the resin injection pressure is fixed to
100 kPa. The valve is opened, and the resin injection is started.

After the resin arrives the exit, the injection is continued for 360 seconds to
ensure that steady state flow rate is achieved. Only the mass data of the last 120

seconds is used in the flow rate calculation.
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Figure 3.8 Schematic of the steady through-thickness permeability measurement setup

with a steady flow regime.
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Figure 3.9 (a-f) Disassembled components of the through-thickness permeability

measurement setup.
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Chapter 4
PROCESSING EXPERIMENTAL DATA TO DETERMINE
PERMEABILITY

In this chapter, four common curve fitting methods in the literature will be
reviewed. These are (1) global method, (2) single-step method, (3) reference time
step method, and (4) elementary method. In general, they all use least squares
method by fitting a best curve fit to all or some of the experimental data. The

details are briefly given later in this chapter.

Depending on what permeability characterization (1D or radial; unsteady or
steady), propagation of flow front position with time, x;(t) or r¢(t) were derived
in the literature and reviewed earlier in this study. They are either in closed form
or in an equation that the flow front term could not be left alone (see Chapter 2).
In this chapter, the curve fitting methods will be applied to fit either (1) the
analytical closed-form flow front position equation which has process
parameters (fiber volume fraction, pressure differential between the inlet and
exit, resin viscosity, mold dimensions and preform permeability), or (2) a form

of the expression that involves the flow front position.
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The analytical expression for the flow front position of resin, x¢(t) during 1D

(linear) unsteady experiment is given below (see Chapter 2):

2KAP t
x =
4 ugp

=JCt (4.1)

The numerical curve fit formula will include an additional constant, B to
overcome the experimental error induced by inaccurate setting of the initial

time:
x; = AVt + B (4.2)

That means, 4 =+/C where C appears in Eq. 4.1. The constants A and B are
determined by curve fitting Eq. 4.2 to the experimental data by using least
squares method. The curve fitting is done to either the complete data set or
partially (and taking the average of the permeability values whenever multiple

values are computed) in the aforementioned four methods.

After computing C, it is substituted (along with other parameters used in the
characterization experiment) into the formula below to calculate the unsteady
permeability K,

Cuo

> P (4.3)

Kuns =
Only global method is applied to calculate 1D saturated permeability.

For 2D (radial) unsaturated experiments, K,,; can be left alone on the left

hand side of the following analytical equation (see Chapter 2):

Ky = 22 {rfz (2 In (:—g) - 1) + roz}% (4.4)

4Pin
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Eq. 4.4 looks a bit confusing due to the fact that the left hand side is K,,,,s which
is constant (i.e., does not vary with time), however the right hand side is a
function of time as it includes 7¢(t) and t. A careful analysis results in that the
right hand side does not vary with time because it must also be a constant.
However, due to the experimental errors involved, it is practically never
constant, but varying slightly over time. To handle this and have a standard way

of computing K,,,,5, Eq. 4.4 is rewritten as follows:

F(t) =Ky t= &2 {rf2 (2 In (:—f) — 1) + roz} (4.5)

4Pin 0

Now, F(t)is expected to be a linear function of time, t. We are interested in
calculating K, ,,s. The right hand side of Eq. 4.5 versus time will be plotted, and
the slope of the curve is assigned as K, 5. All of the four curve fitting methods

will be used separately for this 2D unsteady flow case.

Permeability for 2D steady flow case will be computed as described in
Chapter 2 by matching the numerically computed outflow rate to the
experimental outflow rate. This approach uses the ratios of the unsteady and
steady permeability components along the two orthogonal directions
(production lineand transverse direction) the same, but iterates their values in

the numerical solution while checking if matching is achieved.

4.1. Global Method
This method is the most common method applied. It fits the analytically

expected formula (see above and also Chapter 2 for details) to all experimental
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data [13] as schematically described in Fig. 4.1.

(a) 1D unsteady flow (b) 2D unsteady flow

X¢ (M)

+

F(m?s)
+

v
v

t(s) t (s)

Figure 4.1 Schematic of global method which fits one best curve fit (red line) to the full

set of experimental data.
4.2. Single-Step Method
This method fits the analytically expected formula to only two experimental
data (the filled blue stars shown in Fig. 4.2), but not to all [13]. The data around
the mid region of the mold is taken due to two major reasons: (1) the initial data
may include more error in it due to fast resin flow, and (2) the last part may
deviate from the expected flow (linear flow front in 1D, and perfect elliptical

front in radial flow).

For 1D unsaturated flow experiment, resin arrival data at x; = 0.100 and
0.200 m were used. For 2D unsaturated flow experiment, resin arrival data

approximately at 75 o = 0.050 and 0.080 m, and 75,99 = 0.040 and 0.060 m are used.
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(a) 1D unsteady flow (b) 2D unsteady flow

-
-
-

a

X¢ (M)
<4
F(m?s)

2

v

\ 4

t(s) t (s)
Figure 4.2 Schematic of single-step method which fits the analytically expected

formula to only fwo experimental data (the filled blue stars), but not to all data.

4.3. Reference Time Step Method
This method fits the analytically expected formula to a set of two

experimental data (i.e., 1t and 279, 1st and 3", 1st and 4%, ..., 1st and N* as shown

in Fig. 4.3) such that the first data is always used. The results calculated are then

averaged.
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r Y

F(m)

(a) 1D unsteady flow

v

C(m?/s)

t(s)

(c) 1D unsteady flow

+

-

<4

t(s)

F(m?2s)

(b) 2D unsteady flow

K (m?)

t(s)

(d) 2D unsteady flow

b

t(s)

Figure 4.4 (a) and (b): Schematic of reference time step method which fits the

analytically expected formula to 1st and 2nd, 1st and 3rd, 1st and 4th, ..., 1st and Nth

data separately.

(c) and (d): N-1 results calculated in (a) and (b) are averaged.
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4.4. Elementary Method
This method fits the analytically expected formula to a set of data pairs (1st and

2nd, 2nd and 3rd, 3rd and 4th, ..., (N-1)th and Nth) separately [13] as shown in
Fig. 4.4. The results calculated are then averaged.

(a) 1D unsteady flow (b) 2D unsteady flow

#
. ‘F_____F"""’ ) //ﬁé
E E *
% 7 w
! A
} ¥
t (s) t(s)
(c) 1D unsteady flow (d) 2D unsteady flow
E + , + Average C ‘:‘g +
~ -+ - + Average K
£ + = T
s +

Fig. 4.3. (a) and (b): Schematic of elementary method which fits the analytically
expected formula to 1st and 2nd, 2nd and 3rd, 3rd and 4th, ..., (N-1)th and Nth data
separately.

(c) and (d): N-1 results calculated in (a) and (b) are averaged.
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4.5. R-squared measure

In this study, it will be investigated how closely aforementioned four curve

fitting methods fit to the experimental data by comparing their R-squared values.

R-squared (R?) is a measure of “goodness of fit” in [0,1] interval [14]. R* =0
means that it is the worst fit, and R? = 1 means that it is the best fit that passes
through all data points. There is a relationship between R-squared value and the

perfectness of the regression model [14].

R-squared is calculated by using the following formula [15]:

_ SSY —SSE (4.6)

RZ
SSY

where SSE and SSY are the sum of squared errors of the model from corresponding
data set and the sum of squared errors of the model from the average of the model values,

respectively.

For example, for a representative curve fit function of y = a + bx , SSE and

SSY are calculated as follows

SSE = Z(y — a— bx)? 47

SSY =) = ) (48)

where y is the average of y [15].
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Chapter 5
RESULTS OF THE PREMEABILITY MEASUREMENT
EXPERIMENTS

5.1. Permeability Results

In this chapter, the results of the permeability experiments conducted for 1D
(linear) flow, 2D (radial) flow and through-thickness flow are examined. Due to
a confidentiality agreement regarding the fabric material used in the through-
thickness permeability measurements, only a sample through-thickness

permeability result is presented without giving the specific details.

Four different evaluation methods introduced in Chapter 4 are used for the
calculation of 1D and 2D unsteady permeabilities. The steady permeability
calculation in 1D needs mass flow rate data which is obtained by using the global
method only (i.e., by using a curve fit to the full data). The steady permeability
calculation in 2D is computed by iterating the scale constant a in
Kso/Kso = a Kynso/Kunso While matching the numerical flow rate of the flow
model in the mold cavity to the experimental flow rate (explained earlier in

Chapter 4).
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Results of 1D and 2D permeability measurements are presented in Fig. 5.1-
5.14 along with the following exponential fits to the experimental data by using
least squares as earlier used in the literature by Yal¢inkaya et al. [4] and many

other researchers
K = Ae BVs
which can be rewritten as follows to have a first order relationsgip with new vari§bl&3
(5.2)
In(K) = In(4) — BV

The following Matlab code is used for fitting to K versus Vy experimental data

oo

Take natural logarithm of both sides of Eg. 5.1:
In(K) = 1n(A)-B*Vf Egq. 5.2
Rename:
KK = 1n(K)
D -B
C 1n (A7)
KK = D*Vf+C;
polyfit (VEf,log(K),1);
P(1);
P(2);
exp (C)
-D
VEffit = linspace(VE(1l),Vf(end),100);
Kfit = A*exp (-B*Vffit);

oo

o o

W QUM o o0 oe
[ | | |

As mentioned in Chapter 4, R-squared (R?) is used to compare the goodness-
of-fit of the four curve-fitting methods. R? value is the highest for Global method
in both 1D and 2D unsteady permeability results as presented in Tables 5.1 — 5.4.
Although single step method is a simpler method since only two data points are
used for the calculation, it can still provide good permeability results [13] as long
as the data points are selected carefully as done in this study by using the data
taken from the mid region of the mold. In addition, it is observed that the

methods have higher R? value for 1D unsteady permeability measurements of
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90° of the fabric preform because time interval between two subsequent data
points is longer than corresponding value in 0° direction. Besides, the methods
tit better to 1D experimental data than 2D experimental data as it can be figured
out from R? values in Tables 5.1 — 5.4 that may arise from the data points that
deviated from others very significantly. This also shows that significant
variation in the composite material manufacturing can be observed by analyzing
the scattered data mostly induced by nonuniform fabric structure and

nonrepeatable fabric preparation labor (cutting, stacking and placement).

It can be easily observed from Fig. 5.1 -5.4 that the unsteady permeability of
the fabric preform decreases with increasing fiber volume fraction for both 1D
and 2D flow experiments, as expected. Also, elementary method provides
highest permeability change with changing fiber volume fractions for 2D flow

experiments. Single step method has large scatter for some of the experiment

types.

In general, the variation among the repeated experiments (scatter) is smaller
for 1D unsteady measurements than that of 2D measurements, the variation is

less than 20%.

A quick comparison of the results obtained for 1D and 2D measurements, as
presented in Fig. 5.5 and 5.6 and also in Table 5.1-5.4, 2D unsteady permeabilities
are higher than 1D unsteady permeabilities, except for the highest fiber volume
fraction. Additionally, the change in permeability by increasing fiber volume

fraction is more prominent in 2D measurements.

It should be noted that the 2D permeability setup consists of metal on the

bottom half and metal-supported glass on the top half, whereas 1D permeability
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setup consists of a glass top half and a metal bottom half. It is suspected that
significant difference in the permeability trends may be partially due to load
bearing capacities of the two setups resulting of deflections to different extents.
1D permeability setup is less stiff due to glass upper half and it is likely to be
deflected more significantly especially at high fiber volume fractions and
resulting in higher cavity thickness than expected which in turn increases the
calculated permeability. However, even with very rigid mold materials and
experienced staff, very significant variation among the repeated experiments
and deviation between unsteady and steady permeabilities are very common in
the literature [6]. Therefore, our explanation based on two different levels of
deflection may not be the only reason of this aforementioned permeability

difference.

1D and 2D steady permeability measurements are presented in Fig. 5.7-5.10
for both principal directions. 2D measurements show an expected trend where
the permeability decreases by increasing fiber volume fraction, whereas 1D
permeability results show an inverse trend, which is definitely unexpected. Fig.
5.11-5.12 present the results of the two measurement types together and

highlights the deviation of the results with increasing fiber volume fraction.

In Fig. 5.13-5.14, 2D permeability measurement results are shown for both

unsteady and steady flow regimes of two directions.

As pointed out above, 1D permeability setup is suspected to be subject to
significant deflection, especially at higher fiber volume fractions. Cavity height
is adjusted by using four dial gages located at the edges. However, the current

configuration of the setup does not allow to measure the cavity height at the
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center of the mold where the deviation is expected to be the highest. The fabric
thickness (i.e., the cavity height) is a divisor in the K; equation (see Eq. 2.3) and
substituting a higher thickness value in that equation would yield a lower
permeability. However, the measurement of thickness at the center of the mold
is not performed at this stage and will be included later, along with a bolt system
included to the mid-section of the mold to adjust the thickness to the desired

value.

Generally, the mean of the unsteady permeability results obtained from the
four methods are close to each other, as expected because the four different
methods have similar R? values. However, the standard deviations are high in

some methods (such as single step method).

It should also be noted that the steady permeability results have larger scatter

than the unsteady permeability results for both 1D and 2D experiments.

The sample calculations of 1D, 2D and through-thickness permeability

experiments are presented at the end of this chapter.
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x1071° 0° direction of fabric preform (1D flow)

4.5
O  Global Method
4l ® o { Single Step Method i
o O Reference Time Step Method
O %  Elementary Method
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Fiber volume fraction, Vf

Figure 5.1 Results of 1D unsteady permeability experiments for 0° direction of fabric
preform. Four different curve-fitting methods are applied to each raw experimental
data to determine the permeability data (shown with symbols) at a fiber volume

fraction. The solid lines are exponential fits (as detailed in Eq. 5.1) to all 15 (3*5) data.
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18 % 10710 90° direction of fabric preform (1D flow)
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Figure 5.2 Results of 1D unsteady permeability experiments for 90° direction of fabric
preform. Four different curve-fitting methods are applied to each raw experimental
data to determine the permeability data (shown with symbols) at a fiber volume

fraction. The solid lines are exponential fits (as detailed in Eq. 5.1) to all 15 (3*5) data.
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x1071° 0° direction of fabric preform (2D flow)
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Fiber volume fraction, Vf

Figure 5.3 Results of 2D unsteady permeability experiments for 0° direction of fabric
preform. Four different curve-fitting methods are applied to each raw experimental
data to determine the permeability data (shown with symbols) at a fiber volume

fraction. The solid lines are exponential fits (as detailed in Eq. 5.1) to all 15 (3*5) data.
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x1071° 90° direction of fabric preform (2D flow)
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Figure 5.4 Results of 2D unsteady permeability experiments for 90° direction of fabric
preform. Four different curve-fitting methods are applied to each raw experimental
data to determine the permeability data (shown with symbols) at a fiber volume

fraction. The solid lines are exponential fits (as detailed in Eq. 5.1) to all 15 (3*5) data.
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«10"%  0° direction of fabric preform (1D vs 2D flow)
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Fiber volume fraction, Vf

Figure 5.5 Results of 1D and 2D unsteady permeability experiments for 0° direction of

fabric preform (solid lines: 1D permeability, dashed lines: 2D permeability).
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%107"°  90° direction of fabric preform (1D vs 2D flow)
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Figure 5.6 Results of 1D and 2D unsteady permeability experiments for 90° direction

of fabric preform (solid lines: 1D permeability, dashed lines: 2D permeability).
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x1071° 0° direction of fabric preform (1D flow)
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Figure 5.7 Results of 1D steady permeability experiments for 0° direction of fabric

preform.
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BETIRLL 90° direction of fabric preform (1D flow)
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Figure 5.8 Results of 1D steady permeability experiments for 90° direction of fabric

preform.
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%1070 0° direction of fabric preform (2D flow)
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Figure 5.9 Results of 2D steady permeability experiments for 0° direction of fabric

preform.
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%107 90° direction of fabric preform (2D flow)
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Figure 5.10 Results of 2D steady permeability experiments for 90° direction of fabric

preform.
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x107'%  0° direction of fabric preform (1D vs 2D flow)
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Figure 5.11 Results of 1D and 2D steady permeability experiments for 0° direction of

fabric preform.

65



14 % 10”""  90° direction of fabric preform (1D vs 2D flow)
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Figure 5.12 Results of 1D and 2D steady permeability experiments for 90° direction of

fabric preform.
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x1071° 0° direction of fabric preform (2D flow)
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Figure 5.13 Results of 2D permeability experiments for 0° direction of fabric preform.
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x1071° 90° direction of fabric preform (2D flow)
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Figure 5.14 Results of 2D permeability experiments for 90° direction of fabric preform.

68



Table 5.1 Results of 1D unsteady permeability experiments for 0° direction.

1D flow Kuns,0 [m?] (0° direction of fabric preform) Average Standard Variation | Mean R?
[m?] Deviation [m?]
Global Method 1.92E-10 2.18E-10 1.84E-10 1.88E-10 1.57E-10 1.88E-10 2.18E-11 11.6% 0.999
o
2 Single Step Method 2.43E-10 1.92E-10 1.77€E-10 1.80E-10 1.54E-10 1.89E-10 3.31E-11 17.5% 0.990
n
e Reference Time Step 1.90E-10 2.22E-10 2.07E-10 1.78E-10 1.47E-10 1.89E-10 2.87E-11 15.2% 0.996
Method
Elementary Method 1.92E-10 2.27E-10 1.99E-10 1.90E-10 1.59E-10 1.93E-10 2.43E-11 12.6% 0.999
Global Method 2.87E-10 2.91E-10 2.95E-10 2.4E-10 2.83E-10 2.792E-10 2.24E-11 8.01% 0.999
o
3 Single Step Method 3.32E-10 3.73E-10 3.99E-10 2.64E-10 3.22E-10 3.38E-10 5.18E-11 15.3% 0.986
"
e Reference Time Step 3.18E-10 3.23E-10 3.03E-10 2.55E-10 2.60E-10 2.918E-10 3.22E-11 11.0% 0.996
Method
Elementary Method 2.95E-10 3.03E-10 2.98E-10 2.44E-10 2.79E-10 2.838E-10 2.40E-11 8.45% 0.995
Global Method 2.69E-10 3.24E-10 3.40E-10 3.38E-10 3.22E-10 3.186E-10 2.89E-11 9.06% 0.999
o
S': Single Step Method 2.76E-10 4.13E-10 2.90E-10 3.51E-10 4.13E-10 3.486E-10 6.52E-11 18.7% 0.988
n
- Reference Time Step 2.65E-10 3.73E-10 3.93E-10 3.51E-10 3.57E-10 3.478E-10 4.91E-11 14.1% 0.995
Method
Elementary Method 2.69E-10 3.37E-10 3.61E-10 3.60E-10 3.35E-10 3.324E-10 3.75E-11 11.3% 0.995
Table 5.2 Results of 1D unsteady permeability experiments for 90° direction.
1D flow Kuns,90 [m?] (90° direction of fabric preform) Average Standard Variation | Mean R?
[m?] Deviation [m?]
Global Method 6.15E-11 6.24E-11 5.26E-11 5.15E-11 3.97E-11 5.35E-11 9.20E-12 17.2% 0.999
o
(c:; Single Step Method 6.14E-11 6.17E-11 5.28E-11 4.99E-11 5.23E-11 5.56E-11 5.52E-12 9.93% 0.993
n
- Reference Time Step 6.13E-11 6.19E-11 5.98E-11 5.40E-11 4.36E-11 5.61E-11 7.67E-12 13.7% 0.998
Method
Elementary Method 6.20E-11 6.47E-11 5.45E-11 5.28E-11 4.71E-11 5.62E-11 7.13E-12 12.7% 0.996
Global Method 7.00E-11 6.06E-11 7.16E-11 7.12E-11 7.84E-11 7.04E-11 6.37E-12 9.05% 0.999
o
3 Single Step Method 6.71E-11 5.87E-11 6.64E-11 6.78E-11 8.16E-11 6.83E-11 8.28E-12 12.1% 0.999
n
- Reference Time Step 7.88E-11 6.66E-11 7.35E-11 7.20E-11 8.02E-11 7.42E-11 5.48E-12 7.39% 0.998
Method
Elementary Method 7.20E-11 6.27E-11 7.30E-11 7.21E-11 7.99E-11 7.19E-11 6.12E-12 8.51% 0.999
Global Method 7.57E-11 9.77E-11 8.45E-11 8.61E-11 6.71E-11 8.22E-11 1.15E-11 14.0% 0.999
o
g Single Step Method 7.82E-11 1.75E-10 8.39E-11 6.50E-11 6.77E-11 9.40E-11 4.59E-11 48.9% 0.989
n
e Reference Time Step 7.95E-11 1.05E-10 8.35E-11 8.65E-11 6.54E-11 8.40E-11 1.43E-11 17.0% 0.999
Method
Elementary Method 7.78E-11 1.06E-10 8.66E-11 8.98E-11 6.63E-11 8.53E-11 1.47E-11 17.3% 0.997
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Table 5.3 Results of 2D unsteady permeability experiments for 0° direction.

— : — ;
2D flow Kuns,0 [m?] (0° direction of fabric preform) Average Standard Variation | Mean R
[m?] Deviation [m?]
Global Method 7.22611 7.00E-11 8.14E-11 8.226-11 1.20E-10 8.52E-11 202611 23.7% 0.997
o
(?i Single Step Method 7.26E-11 7.00E-11 9.54E-11 8.85E-11 1.19E-10 8.91E-11 1.98E-11 22.2% 0.997
n
< Reference Time Step |  6.01E-11 5.87E-11 7.76E-11 8.11E11 1.18E-10 791611 2.40E-11 30.3% 0.975
Method
Elementary Method 6.84E-11 6.51E-11 7.85E-11 7.85E-11 1.15E-10 8.11E-11 1.99E-11 24.5% 0.981
Global Method 2.85E-10 2.39E-10 2.43E-10 2.99E-10 2.23610 2.58E-10 3.24E11 12.5% 0.994
o
3 Single Step Method 2.57E-10 2.67E-10 2.45E-10 3.02E-10 2.08E-10 2.56E-10 3.41E-11 13.3% 0.989
n
< Reference Time Step | 2.74E-10 2.80E-10 2.52E-10 271610 2.656-10 2.68E-10 1.06E-11 2.0% 0.978
Method
Elementary Method 3.78E-10 2.58E-10 2.41E-10 2.87E-10 2.38E-10 2.80E-10 5.79E-11 20.7% 0.941
Global Method 431E10 | 479610 5.92E-10 5.00E-10 5.26E-10 5.06E-10 5.96E-11 11.8% 0.964
o
<Ol: Single Step Method 3.93E-10 4.00E-10 7.33E-10 2.62E-10 5.49E-10 4.67E-10 1.80E-10 38.5% 0.911
n
< Reference Time Step | 4.80E-10 | 4.62E-10 5.85E-10 4.64E-10 472610 4.93E-10 5.21E-11 10.6% 0.952
Method
Elementary Method 4.43E-10 4.45E-10 5.75E-10 8.00E-10 4.95E-10 5.52E-10 1.49E-10 27.0% 0.912
Table 5.4 Results of 2D unsteady permeability experiments for 90° direction.
2D flow Kuns,90 [m?] (90° direction of fabric preform) Average Standard Variation | Mean R*
[m2] Deviation [m?]
Global Method 167611 165611 2.78E-11 2.836-11 3.05E-11 2.40E-11 6.80E-12 28.4% 0.997
o
CCY)'; Single Step Method 1.69E-11 1.61E-11 2.57E-11 2.67E-11 3.11E-11 2.33E-11 6.54E-12 28.1% 0.993
n
< Reference Time Step |  1.40E-11 138611 2.65E-11 2.98E-11 277611 223611 7.92612 35.6% 0.979
Method
Elementary Method 1.40E-11 1.34E-11 2.65E-11 2.98E-11 2.77E-11 2.23E-11 7.92E-12 35.6% 0.975
Global Method 6.38E-11 6.18E-11 9.44E-11 9.99E-11 6.51E-11 7.69E-11 1.86E-11 28.2% 0.995
o
3 Single Step Method 5.66E-11 5.86E-11 9.81E-11 1.06E-10 7.12E-11 7.81E-11 2.27E-11 29.1% 0.990
n
e Reference Time Step 6.04E-11 5.05E-11 9.67E-11 8.85E-11 5.98E-11 7.12E-11 2.02E-11 28.3% 0.974
Method
Elementary Method |  6.04E-11 5.05E-11 9.67E-11 8.85E-11 5.98E-11 712611 2.02E-11 28.3% 0.951
Global Method 9.79E-11 1.03E-10 1.60E-10 1.03E-10 173610 127610 3.61E-11 28.3% 0.991
o
2 Single Step Method |  9.49E-11 1.20E-10 1.48E-10 9.09E-11 1.65E-10 1.24E-10 3.256-11 26.2% 0.982
n
< Reference Time Step | LO1E-10 1.00E-10 151E-10 9.27E-11 1.82E-10 1.25€-10 3.93E-11 31.3% 0.987
Method
Elementary Method |  LO1E-10 1.00E-10 151E-10 1.19E-10 1.85E-10 131E-10 3.65E-11 27.8% 0.963
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Table 5.5 Results of 1D steady permeability experiments for 0° direction.

1D flow Ks,0 [m?] 0° direction of fabric preform) Average Standard Variation
[m?] Deviation [m?]
h=3.00 mm 1.35E-10 1.51E-10 1.28E-10 1.32E-10 1.22E-10 1.34E-10 1.09E-11 8.1%
h=3.50 mm 1.28E-10 1.21E-10 1.39E-10 1.12E-10 1.51E-10 1.30E-10 1.53E-11 11.7%
h=4.00 mm 1.03E-10 1.16E-10 1.18E-10 1.24E-10 1.22E-10 1.17E-10 8.23E-12 7.1%
Table 5.6 Results of 1D steady permeability experiments for 90° direction.
1D flow Ks,50 [m?] 90° direction of fabric preform) Average Standard Variation
[m?] Deviation [m?]
h=3.00mm 4.98E-11 6.2E-11 5.12E-11 2.28E-11 2.16E-11 4.15E-11 1.82E-11 43.9%
h=3.50 mm 3.38E-11 4.82E-11 4.68E-11 4.01E-11 4.62E-11 4.30E-11 6.02E-12 14.0%
h=4.00 mm 3.63E-11 3.89E-11 3.81E-11 4.25E-11 3.07E-11 3.73E-11 4.32E-12 11.6%
Table 5.7 Results of 2D steady permeability experiments for 0° direction.
2D flow Ks,0 [m?] 0° direction of fabric preform) Average Standard Variation
[m?] Deviation [m?]
h=3.00mm 3.05E-11 4.03E-11 5.79E-11 6.66E-11 1.84E-11 4.27E-11 1.97E-11 46.0%
h=3.50 mm 2.02E-10 1.81E-10 1.56E-10 1.44E-10 1.87E-10 1.74E-10 2.36E-11 13.6%
h =4.00 mm 3.79E-11 3.73E-11 4.45E-10 5.27E-10 3.44E-10 2.78E-10 2.29E-10 82.3%
Table 5.8 Results of 2D steady permeability experiments for 90° direction.
2D flow Ks,90 [m?] 90° direction of fabric preform) Average Standard Variation
[m2] Deviation [m?]
h=3.00 mm 7.05E-12 9.50E-12 1.98E-11 2.29E-11 4.68E-12 1.28E-11 8.08E-12 63.2%
h=3.50mm 4.51E-11 4.65E-11 6.02E-11 4.82E-11 5.45E-11 5.09E-11 6.32E-12 12.4%
h=4.00 mm 8.60E-11 8.01E-11 1.20E-10 1.09E-10 1.13E-10 1.02E-10 1.75E-11 17.2%
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Table 5.9 Results of 2D permeability experiments.

Kuns,0 Kuns,90 n m Q Length h [m] Ks,0 Ks,90 Pinj
[m?] [m2] | [Pa.s] | [g/s] | [m3/s] X [m?] | [m?] | [kPa]
Width
[mx
m]

1 7.22E-11 1.67E-11 0.0974 0.0783 8.12E-08 0.21x0.21 0.003 3.05E-11 7.05E-12 79.6
2 7.00E-11 1.65E-11 0.1013 0.1009 1.05E-07 0.21x0.21 0.003 4.03E-11 9.50E-12 80.4
3 8.14E-11 2.78E-11 0.0985 0.1712 1.78E-07 0.21x0.21 0.003 5.79E-11 1.98E-11 79.7
4 8.22E-11 2.83E-11 0.0982 0.1978 2.05E-07 0.21x0.21 0.003 6.66E-11 2.29E-11 79.4
5 1.20E-10 3.05E-11 0.0957 0.0495 5.13E-08 0.21x0.21 0.003 1.84E-11 4.68E-12 78.9
6 2.85E-10 6.38E-11 0.0993 0.5814 6.03E-07 0.21x0.21 0.0035 2.02E-10 4.51E-11 79.1
7 2.39E-10 6.14E-11 0.1018 0.5391 5.59E-07 0.21x0.21 0.0035 1.81E-10 4.65E-11 79.5
8 2.44E-10 9.44E-11 0.0994 0.5602 5.81E-07 0.21x0.21 0.0035 1.56E-10 6.02E-11 79.6
9 2.99E-10 9.99E-11 0.0988 0.4904 5.09E-07 0.21x0.21 0.0035 1.44E-10 4.82E-11 79.4
10 2.23E-10 6.51E-11 0.0976 0.6138 6.37E-07 0.21x0.21 0.0035 1.87E-10 5.45E-11 80.1
11 4.31E-10 9.79E-11 0.0980 1.2602 1.31E-06 0.21x0.21 0.004 3.79E-10 8.60E-11 78.6
12 4.79E-10 1.03E-10 0.0967 1.2434 1.28E-06 0.21x0.21 0.004 3.73E-10 8.01E-11 78.6
13 5.92E-10 1.60E-10 0.0958 1.6336 1.69E-06 0.21x0.21 0.004 4.45E-10 1.20E-10 78.9
14 5.00E-10 1.03E-10 0.0968 1.7146 1.78E-06 0.21x0.21 0.004 5.27E-10 1.09E-10 78.6
15 5.26E-10 1.73E-10 0.0973 1.333 1.38E-06 0.21x0.21 0.004 3.44E-10 1.13E-10 78.3
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5.2. Sample Calculation for 1D (Linear) Permeability Measurement
Experiment under Constant Pressure Boundary Condition
Calculation of K,,s and Ky permeability values for 0° direction of fabric

preform are illustrated below for mold cavity, h = 3.5 mm.

Input data are listed below:

N=5 (Number of layers)

m=123.4 [g], (mass of the fabric preform)
h=3.50 [mm], (thickness of the fabric preform)
1=300 [mm)], (length of the fabric preform)

w =100 [mm)], (width of the fabric preform)

Poulk = 2540 [kg/m?], (bulk density of glass fiber)

u=0.0959 [Pa.s], (viscosity of the resin)
Presin = 964 [kg/m?], (bulk density of glass fiber)
AP =80.0 [kPa], (pressure differential)

The calculations of superficial density (osup), fiber volume fraction(Vs) and

porosity (¢) are shown below.

(123.4)

psup = m = 823 g/mz (per layer)

g = Vo (5)(629)

= = = 0.463 = 46.3 %
h ppuik (3.5)(2540)

¢=1-V;=0537=537%
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1D unsteady permeability (K,,s) for four different evaluation methods are
determined by using the following equation where four different C values are

obtained by using four different evaluation methods as explained in Chapter 4.

Cudo (7.945 x 10_4)(0.0959)(0.537)
Kuns,gm = =

24P 2(80000) =2.56x107 m*
Koo = Cz;g) _ (7.934x 102—(‘;)53600%59)(0.537) et 10m10 2
W, Cz ;:l f _ (8.064x 102—(‘;)586009)59)(0.537) A ..
. C2 !:1 ;p _ (8249« 102—(‘20(8600%59)(0.537) et 1010 2

To calculate 1D steady permeability (K;) of the fabric preform along 0° direction,
volumetric flow rate Q (negative rate of the change in the inlet reservoir) is

obtained by dividing the slope of dm/dt to the density of the resin p

o Ldm_ (130x107%

—— - =135x10""m?3
p dt 964 x 1077 m?/s
Then, volumetric flow rate Q is used in the following formula

L 1.35 x 1077)(0.0959)(0.3
QuL _ (A.35x )( )(03) _ 139 x 10-10 1?2
w h AP (0.1)(0.0035)(80000)

s =
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5.3. Sample Calculation for 2D (Radial) Permeability Measurement
Experiment under Constant Pressure Boundary Condition
For the experiment number 1 given in Table 5.9, calculation of K;,;; and Kj

permeability values for 0° direction of fabric preform are illustrated below.

Input data are listed below:

N=5 (Number of layers)

m=179.1 [g], (weight of the fabric preform)
h=3.00 [mm], (thickness of the fabric preform)
1=210 [mm)], (length of the fabric preform)

w =210 [mm)], (width of the fabric preform)

Poulk = 2540 [kg/m?], (bulk density of glass fiber)

u=0.0974 [Pa.s], (viscosity of the resin)
Presin = 964 [kg/m?], (bulk density of glass fiber)
AP =79.6 [kPa], (pressure differential)

The calculations of superficial density (osup), fiber volume fraction(Vs) and

porosity (¢) are shown below:

(179.1)

Psup = TEy02D02n) — 12 9/m” (perlayer)

g = Vo (5)(E12

= = = 0.533 = 53.3 %
hppax  (3)(2540) °

¢ =1-V;=0537=46.7%
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2D unsteady permeability (Ky,so) for four different evaluation methods are
determined by using the following equation. Four different F values are
obtained by using four different evaluation methods as explained in Chapter 4.

F =K t= —— 2Inl—)—-1 ;
uns,0 4 Pinj rf,O n 7 + rl

Kunsogm = 2.44x 1071 m?
Kunsossm = 245 x 10710 m?
Kunsortsm = 2.52x 10710 m?

.

Kunsoem = 241 x1071°

Pressure and velocity fields are computed numerically by using the method
detailed in Chapter 2, and the results of the experiment number 1, which is given

in Table 5. 9, are shown in Fig. 5. 15.
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Figure 5.15 Numerically evaluated (a) pressure field and (b) velocity field for

experiment 1 in Table 5. 9.
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5.4. Sample Calculation for Through-Thickness Permeability
Measurement Experiment under Constant Pressure Boundary
Condition

K, permeability values for through-thickness direction of fabric preform are

illustrated below.

Input data are listed below:

N =30 (Number of layers)

m=94.6 [g], (weight of the fabric preform)

h=10.0 [mm], (thickness of the fabric preform)

d=95 [mm)], (diameter of the fabric preform)

di=90 [mm], (diameter of the resin flow)

u=0.0922 [Pa.s], (viscosity of the resin)

AL =0.49 [m], (height difference between the pressure sensor and top

of the exit tube)

AP =96.3 [kPa], (pressure differential) (AP = Pij gage — PgAL)
The cross-sectional area, S of the flow channel is calculated as shown below
S = T[(df/Z)Z = 1(0.045%) = 0.006362 m?

By using the experimental data of the resin mass accumulated with time in the
digital scale, mass flow rate is calculated by fitting a first order curve to the data
as shown in Fig. 13. Mass flow rate is divided by the resin density to calculate
the volumetric flow rate as detailed above, and the resulting volumetric flow
rate is found to be Q = 1.249 x 10~ m3/s. The following equation is used for the

calculation of the through-thickness permeability
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Quh  (1.249 x 1076)(0.0922)(0.01)
K, = = = 1.88x 10712 m?
27 SAP (0.006362)(96300) 88x 107" m

This through-thickness permeability value is one to two orders of magnitude

lower than the in-plane permeability values presented in this chapter, which is

in agreement with the findings of other researchers in the literature for other
fabric types used in LCM processes [16].

340

T

Exp. Mass Data

320

T

— 15! Order fit to calc. Flow Rate

0 20 40 60 80 100
Time [s]

120

Figure 5.16 Mass of the resin versus time.

Because of the confidentiality agreement, fabric specifications and
characterization experimental data are not detailed, but only one sample of

through-thickness experiment was demonstrated here in this study.
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5.5. Summary, Conclusion and Future Work

The unsteady and steady permeabilities of the biaxial fabric preform under
constant-injection pressure boundary condition were measured at different
mold cavity thicknesses (h = 3.00 mm, 3.50 mm and 4.00 mm) in different flow
dimensions (in-plane 1D, in-plane 2D and through-thickness) by using three

experimental setups that were designed and constructed.

Four common curve fitting methods in the literature (global, single-step,
reference time step, and elementary methods) were used to fit a best curve to all

or some of the experimental data.

For both 1D and 2D unsteady permeability measurements, global method
resulted in the highest R? values which means that its curve fits represent the

results of the experiments better than the other three methods.

The 2D steady permeability of the anisotropic preform was measured
numerically by assuming the angle of rotation § is negligible as detailed in
Chapter 2. The flow model and its numerical solution allowed to compute the
2D steady permeability components together. This is a novel approach

presented here.

The scatter of 1D unsteady permeabilities around a fiber volume fraction is

small which may indicate the consistency of the experiments.

Although, one through-thickness permeability experiment with sample
calculation is demonstrated in this study, the mold design and experimental

procedure help offering a guideline for through-thickness experiment.
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As a future work, 1D permeability experimental setup will be modified to
have more controllable mold cavity thickness with an extended measurement
and adjustment items. Once this is achieved, the 1D unsteady and steady
experiments will be repeated. 2D permeability experimental setup will also be
modified to track the flow arrival to higher number of locations. In its current
state, the 2D permeability setup does not allow to monitor flow front
continuously along 0°, 45°, 90° due to the upper mold plate which was designed

in a way that it has a high rigidity and thus low deflection.
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