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ABSTRACT

Compression resin transfer molding (CRTM) is an alternative solution to
conventional resin transfer molding processes. It offers the capability to produce net
shape composites with fast cycle times making it conducive for high volume
production. The resin flow during this process can be separated into three phases; (i)
metered amount of resin injection into a partially closed mold containing dry fiber
preform, (ii) closure of the mold until it is in contact with the fiber preform displacing
all the resin into the preform and (iii) further mold closure to the desired thickness of
the part compacting the preform and redistributing the resin. Understanding the flow
behavior in every phase is imperative for predictive process modeling that guarantees
full preform saturation within a given time and under specified force constraints.

In this thesis, the CRTM flow is modeled as a two dimensional flow in a
gradually deformed porous medium during all three phases. The governing equations
are formulated and coupled with the constitutive equations that describe the
deformation and permeability behavior. Due to the non-linear nature of coupled
system of equations, a numerical solution is developed that describes the flow front
progression and the preform deformation during the process. A non dimensional
analysis is conducted in which the applied force and initial gap size emerge as the
important process variables that influence the process cycle time. Limiting cases are
identified which reduce the flow to one dimensional flow for which a simplified

solution is developed. The results are verified using an experimental setup which

Xiv



applies a constant force to the preform in a transparent mold allowing one to track the

flow front.

This study quantifies the effect of preform deformation due to the fluid
pressure and should prove useful in applications that involve fluid impregnation in

deforming porous media.
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Chapter 1

INTRODUCTION

An advanced polymer composite consists of a polymer matrix and
continuous fiber strands. The fibers are mainly responsible for the mechanical
properties while the polymer matrix transfers the load to the fibers and protects them
from environmental damage. The interface between fibers and matrix is as important
as the fibers and the matrix. Hence manufacturing, which combines the fibers and
resin together, plays a key role in determination of the composite physical and
mechanical properties. In the early days of composites, the resin was applied to the
fabric by hand, which formed air bubbles and poor interface resulting in deterioration
of properties. Many processes emerged to address this issue along with the ability to
automate the process and reduce the labor required to make a composite part. Among
them, liquid composite molding (LCM) processes have been preferred for net shape
part manufacturing as they allow for complexity of part geometry and have the ability
to produce parts with desired mechanical properties and good surface finish. In LCM,
the preform is placed in a mold or on a tool surface and resin is transferred to cover the
spaces between the fibers to make a composite.

Before the mid nineties, most of the improvements in LCM were done by
“trial and error” methodology and experience of the process engineer. However, as
composite parts are being considered for replacing metal parts in many application
areas such as automotive, sports, marine or aerospace, there is a need to develop a

prototype in a relative short time period without numerous trials. Hence, the tools of



process analysis and simulation developed over the last decade are being used to
mitigate the risk of failure to manufacture and to speed up the prototype development
cycle. In some cases one can use these tools to optimize and even control the

variability in part manufacturing.

=

Reinforcement draping Mold Closure & Preform Compaction

!
J—Hl I

- — ~
ﬂ

Demolding Resin Injection and Cure

Figure 1-1 Schematic of the resin transfer molding process

The most common LCM manufacturing process used to make parts of the
order of one meter is called resin transfer molding (RTM) and consists of injecting
resin into the stationary fiber reinforcement compacted inside a mold. It can be

described in steps which are fiber reinforcement cutting and draping, fiber compaction,



resin injection, cure and final part demolding (see Figure 1-1). The advantages of
RTM include manufacturing speed (compared to hand layup) and the potential to
manufacture void free net shape parts at high fiber content with class A surface finish.
However the RTM process is limited for certain applications as the cost of the mold

and the injection equipment increases rapidly with part size.

e - ZaR - Zane

Reinforcement draping Distribution media layup Bagging

!

J—ﬁH NEIEEN
h@@ = @/ﬂ%

Demolding Resin Injection and Cure Vacuum

Figure 1-2 Schematic of the vacuum assisted resin transfer molding process

An alternative to this process that is cost effective for large structures is
called vacuum assisted resin transfer molding (VARTM). The reinforcing fiber

preform is draped on a bottom mold and a plastic film is placed on top of it, playing



the role of the upper side of the mold. The whole setup is sealed and a vacuum is
applied to pull the resin from a resin reservoir at atmospheric pressure. In this process
the preform is compacted, the compaction pressure being created by the vacuum (see
Figure 1-2). A major improvement in filling time of this process was invented by
Seemann where they place a very high permeability layer called distribution media on
top of the reinforcement. This process is called Seemann’s Corporation Resin Infusion
Molding Process (SCRIMP) [1-3]. This facilitates the distribution of the fluid over the
fiber preform surface and has for consequence to increase the speed of the
impregnation as the resin has to travel only in the thickness direction (see Figure 1-3).
This process is preferred to RTM for manufacturing large structures at lower costs.
However, this process encounters several disadvantages such as a very poor surface
finish on the bagging side, manufacturing limited to only nearly flat structures, a long
time for material preparation (involving high labor cost) and a lack of automation in
addition to removal of the distribution media from the part after the resin has cured.

Hence this process is not very suitable for large scale production.



Distribution Media Fabric

Resin Flow

Injection Tube

ettt
2
SaSetiteretetitataterititetitotetetstatets
O ol Sl 0
R e e el
STeSetetatitetititetetittetetatetes
s

i
2%
gate?
%2

tat
%S
st
ols
o’
05
p2ete!
o otel
aresies
et
e
2
o
o
o

2
05tk
Lo000s
sforelet
o
025%s
S
05!
boaes

<=
e
3o
32
o5
2
290
252
bo%
2
o
jotet
jotet
Joteld
Jet%s
s
o
o
s
St
S
i
3
25
it
2
2
2%
25
s
Ftese!
plotefs
Ses
e
<
5%

jaisst
55
o5
ot
Satotsted
5
58
535
o3
o2
58
b
55
oot
tat
5
oot
e
3?60
jatetet
b
55
Tt
Satotsted
o
&
bt
Shoes
etees
Satotet
o
2o
fte!

%
25
Sa%es
e
e
ofetisetetesets!
i 25
Trtatetetytitet
e
58
535
<o
25

S
oL OO DO N CLaODnT
00 00000000000 S tat et 00000000 Ftete% 0‘0000000
TEaetetiets
X RIS
s
oes
Seresrtatet
X000
R
250
o

jesetst
Sotetat
St
o
Sonetst
Saletete
o8
0
25
o3t
o
25
<35
Syt
o0
s
ot
<505
<
25
2ot
Seco!
250
5%
00
25
Sotats
jotat
0%
205
oeres
2ot
Seco!
250
ofetets

%
3
o
%

8

3
o ': X
SRS

S

TR
(s
tyietes
oS
e
stetetel
petatel
50525
stetess
fatetes
o
o
e
st
252
75
posess
jeles
5
205
Jet%s
o2
G
5
5
o
o5
o

bt
o
Sciale
e
o3

e

< <5
Tetameset o

25

2o
25

fatetes
o
s
258

osec

B
25
2ot
25
-
25
oo
o3t
250
Sato%ste!
ot
50
jotetotetet
2
2505

2%

-
20
te%
2%
<X
teds
Yo%
<%
tolet
o%
S0
heds
s
5
525
Tetes
et
H
S
L
5
chans
9ot
5
L
00
LI
<

Egt

foies
0%

pasess

AN
S
o
o

X
A
<Ky

PRI
s
et
50
IR jotetere:
Satetatitetes atetite%s
gteree otetsiciete) plotatete:
S0 SR SOOI 90
B e st e atet s ot ete T e atots
ORI e
£ 05k o aTeteteteles
L

SO
setetetetet
s
Satotetetetete!
Shotes
ey
Pty

2%
25
X5
<5
55
ot

25
23

7
<5
o3
o3
5
o
ote?
ool
ose
o5t
o%ed
okes
orse
ot
5%
fbo
25255
o
050
250
e

25

TEeresersstererstetes
25

Jaters
Saetetetet
I
S
L
Shonete!
SN
eoaess

o<
55
o3
5
508

%
2
505
o3
o
5
ol
ot
oS
oS
ot
o
oS
525
ot
ot
o
25
00k
Statetens
o5
Shonete!
G
2okl
ololes
ot

e
52
925
S
e
ofetetel
oteoene?
s
ot%aed
5092535
s
Pty
oxtetes
ofesere?
S
e
Satates
0505
505
4505
%
35
4299
2%
o
e
{5
<5050
<
o3

25

3
2035
2535
2535
<5
&3
<5

i

o
<5

T
Sotetat
Sometst

5%
faosssts
folutolotelsl

o3

58
E&%%OO
5

25
o
Sotetetatet

0
ot
o
%5

o
ot
25
ol
ot
5
0
505
o

Satereninet
<
e
joles
o2t
025%s
<
St
<
2505
i
0%
ols
Sotats
o2
0
o
ot
2
Sty

as:
s
o
000
e
%
o
o
o
e
o
0
2

Setotteret
it
ot
ot
2
ots
ot
ot
55
ot
ot
ot
ot
5
otes

&
e

e
S
o
o
Syttt
535

TR

S

s
55
o
be

e
o
<
2
2
s
o
23

o
i
oo
o
o5
58
b
ot
<5
55
b
oot
oo
oo
als
0

%
i

2
2
5
pste)
505

2

stetetels

5
o
i
22
2o
525
rotet
G
5
2
i
2
2
5
=
=
2
<
o
2
o
ots
2
250585
o

2

o
<5
ot
otes
5
o
ote?
5%
otse
o5t
o%ed
okes
3
Satet
25
ot
55
Saa%ss
fole!
oele
25
tols
Sl
<
Qe

%

o
St
305
oteS
25
55
o
55
o
55
%
e
25

2
o
50
43
o
o2
o3
X
fotat
I
oo

25

88
o5
o
508
50
o
asseitses
ta0et
Sates
St

3505
255
Sotat
3535
g%
%
%5
3
255
35
%5
%
3535
3
g%
3
§$
3
255
35
%5
%
25
%
Sriesenet

oo
25

R
Geset

25
eISeretes

25

2
oo

-
7
88
5
oo
o
508
505
o
e
S1%et
gter
2
o258
siecects
o
tites
s
Satet
%
45
otebs
oless
otetes
fatotes

=
<
2
<
2%
o
<
<
jasse
Sates
ot
5
bess
0%
patels
G
Sets
S
piaets
2%
=
o
050
<
jasse
2
=
<
o
ety

o
ot

e
o
st
e
200
s
e

o3¢

st
00
32

¥

o

s

i

25

Sitotetet
o5
Setatitet
e
o5
$0500%s
<5050585
PraRetetytites
o’

o0t
S
S

ot
2505
250565
505
R
ofels?
X050k
ot
St

Sitotete!
252
o5
s
Sa%es
e
e

ot
<5
2505
250
Q;
25
55
505
oo
Setyt
o
o5
ot
5
5
ool

25
25
o
2%
25
<5
o

St

-
<
505
ot
ot
55
ot
ot
o
5

Setats
2505
oot
ot
55
05

2505

8
2
XX

%
%

%
X505

4508Y
4200
o
s
plotefs
ogossss
ety
s
X505
e
202553
jolets
K
2525
<5
5%

Sametst
S0y
bt

vty
Py
2505
%5

83t
g2
oot
Saoes
Sor
et
%5
josst
o
:46
o%e®
Sl
afeteses
ti0et
o2
25
5t
S
sieces
<0508
Lt
335
2%
2525

2

83t
tat
5
5
%&
oo
ol
Sttt
Satet
o
stetet

%t

2050
o
s

afereiotes
5

teteietes
o5

SEEseges

o5ee
S0
<0535

TR
P
oletitetates
Sfeseteres
sfetebeteres
sfelsterele?
20038
s
Sats%sted
ofeterers
oteocke
25
o2
0o
ote%
o520
oaess
25
e
=
o
o
be%st
Sorts
s
s
o2t
S40es
oot
jatetes
Satote?
Coood
oretete:
o
fietel

393
2

(DR
5
58
535
o

<!
<5

KRR
oSt

Teieieletates

o’
o
o
(X

s
X
o

e
o
&?bo
Sa%es
ot
500
o
o2
525
Satotstet
Satotstet
aortatetels
o
Sixtetes
RS

25 Beyerstetet

o5
o5t
3500’
505
5
%
ot
ot
ot
ot
ot
2505
2K

o
3%
X5
R,

faret
2
Ssneres
>
ot
o2
o2
25
o
35
o2

95
s
=
2ol
1%
a5
o
et
120
2%
asetst
1%
basets
s
fares
e
=
42558
teds
o2ele
R
o255
biotefe)
S
SeRsannaeenes
<
ore%ess
et
2ot
2
2%
=
2okl
S
SECotetertetet
>
ot
o2
25
i
20
Satet
ereoest
255
et
£

352
s
atet
e
o
508
50
o
o
oo
o’
o5
bt
o
St
Sitotetet
2o
o5
sy
Sasetstel
oliteteate
2%
Satotes
ot
0o
2505
s
<505
2505
oo
%
o
Ttate
250
35
2%
Satotetetstet
2000
stases
<
to%
<
et
e
ot

o2t
o
phosess
Fteteres
ofetelet
oleters

o
L
oy
O
ot
e
sceiee
oty

Beretsteret
<5

KRR
Caneee

[
K
o
o
2505
20t
sletetes
e
s
X5
e
205t
2
205
S
e
-
e
e
SRR

wfatedel

O
L
£00S

2

bet

o
ot
ot
2ot
e
s
jioss
ookt
e
bhosest
taoetst

36

i
<5
%
o

25
25
e
55
<50

e

jote! 2

Tesete

R

oo
55
o3
o5
ool
Stotee
2
o
o
gotxt
Sl

£

e
e
23
atere
wferete?
o558

jotet
rotet

ot
jeosatteres
sietetel
oot
Sotetiteset

ot
et

0
SeSeresitetes
e

Goiet

£
g
L
itets
atere
oot
paaeses
bateses
s
ploteres
fatenst
o
Samonst
2ot
0%
2
s
gt
58

e

STt e s R a e s Te oo teRes

25
25
5
25
25
25
o
2%
25
<5
o
25
25
5
25
25

L
SAeTeNere:
{3
%
o
et

&
oot
525
o

%
et
S
SR
SEtitetits
S

L

%
K2

o
£
4
i
2505
-
o
0
o5
-
2505
0..
5
L
5
o
L
e
otele
20502
L
otelels

25

250

2525
peses
2%

5
i
22
5
30
2%
2%
3
o
s
ot
St
=
=
<0508l
Stetletets
Setatototels
fotatorotel
o2eSito%e?
205
S
aoetietetess
Seco!
el
setelites

25
2
55

o
oe?

%
5
ot
o5
%
%
5

o
oot
Ers

28
o
55
o2
o
83t
oo
5
55
oS

e
ot
et

¥
et
gt
i3

20500
ety
252

fels

Figure 1-3 Schematic of the SCRIMP process

A new process that emerged in the last few years is called Compression

Resin Transfer Molding (CRTM). This process can be used for high volume

production and does have the potential to make large scale structures that can be filled

at a much faster rate than RTM

1.1 CRTM process

The CRTM process can be described in three phases. In the first phase, the
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gap over the surface of the preform and may also slightly penetrate the preform as
depicted in Figure 1-4. This flow can be modeled as a flow during the SCRIMP
process, the gap playing the role of the distribution media. The permeability of this
“distribution media” will vary with the thickness of the gap. Since the operator can
inject the resin at any pressure, the preform may undergo some deformation during this

stage.

Resin

—

Figure 1-4 Schematic of the Configuration at the Beginning and the end of phase
1

In the second phase (Figure 1-5), the mold is subjected to a prescribed
load and starts to close, reducing the gap size and squeezing the resin into the preform.
This phase is assumed to be complete when the mold comes in contact with the
preform. During this phase, as the resin pressure is much higher due to the prescribed

load on the mold, the preform will deform further due to the pressure gradients, even



though there is no mold/preform contact. As the gap size reduces during this phase, the
permeability of the gap also decreases. During this phase, the compaction force
transmitted to the reinforcement affects both the dry and saturated parts of the fiber
preform. However, it has been experimentally observed that the compaction stress
influences principally the wet part of the preform.

The closing motion of the mold may be kinematically or force driven. In
this thesis, the focus will be on the force driven case with the use of a compaction
force. This is in line with manufacturing presses which are hydraulic and use constant

pressure to create a force on the platen of the mold.

Figure 1-5 Schematic of the Configuration at the Beginning and the end of phase
2

During the third phase (Figure 1-6), the mold continues to close the gap
while compressing the preform in contact with the tool. Once the entire surface of the

tool is in contact with the reinforcement, the upper platen continues to move down



until the final thickness of the part is achieved. During this phase the resin
redistributes from saturated regions which are being compressed into regions that are
devoid of resin. In this phase, until the entire tool surface comes in contact with the
preform, it is difficult to describe the compaction as both the tool force and fluid
pressure have non uniform and spatially varying magnitudes which act on the preform.
After the mold in is physical contact with the entire preform, the compaction
corresponds to the plate motion. When the mold is kinematically driven, the boundary
displacement is directly given by the mold displacement. When the compaction
method is a prescribed force, one has to relate the displacement through strain to the

stress in the preform to predict the compaction.

Figure 1-6 Schematic of the Configuration at the Beginning and the end of phase
3

As the final part is enclosed between two plates with high surface finish

guarantees a final part with class A surface finish. Due to the high pressures needed,



the main reason preventing this process to be more widely used is the tooling cost.
Moreover, despite the recent studies on the process, very little is known concerning all
the physics involved and hence the need for the process analysis.

There has been some work in this area in which the process and its
challenges have been described [4] using several assumptions but an accurate
simulation which accounts for the key physics involved (flow in a progressively
deforming media) and identification of important material and process parameters still
needs to be established. Bhat et. al developed a simulation tool of the three phases
assuming that the deformation only happens when there is contact between the tool
and the preform [5, 6]. Shojaei [7-9], Kang [10] and Pillai [11, 12] also developed a
simulation tool for complex parts. However, the deformation due to the fluid was
neglected. Many studies have investigated the phenomenon related to some phases of
the process. Bickerton [13, 14] and Pham [15] modeled the compaction behavior of
the preform and the flow front progression when the tool compacts the preform (phase
II). Bickerton also studied the tooling force necessary to compact a partially saturated
fabric [16, 17]. Finally, most of the studies previously cited do not incorporate an open
gap inside the mold during the injection. The mold is already in contact with the
uncompressed preform. The CRTM process is then composed of an injection phase
(RTM in a low fiber volume fraction media) followed directly by preform compaction.
Many geometric, material and process parameters influence the filling time. For
instance, the choice of gate location and number of gates, the closing speed of the
mold platen and the material properties such as preform permeability and part aspect
ratio will influence the flow [18]. Thus, an analysis to understand the role of such

parameters has to be conducted to optimize the process.



1.2 Scope of this thesis

The objective of this thesis is to predict the compression of the fabric and
the impregnation of the resin into the preform during the CRTM process. This thesis
will account for the fact that the preform is non uniformly deformed by the fluid
pressure gradient as well as the elastic stress even when the preform is not in contact
with the tool. This study will also include simplifications that can be made to the
process simulation and derive and discuss their detailed solutions. The thesis has been
organized as follows. Chapter 2 presents the formulation of the governing equations
that couple the deformation to the resulting flow through the preform. Chapter 3
provides the constitutive equations to describe preform compression and preform
permeability for the materials used in this study and the experimental methodology to
characterize the material properties. The important process parameters are determined
in chapter 4. Chapter 5 details the two dimensional numerical simulation of the
process. Discretization method, numerical algorithms used and finally the numerical
validation of the simulation is presented. A parametric study is conducted in chapter 6,
it explores the influence of key parameters such as gap size and compaction force on
the flow geometry and on preform deformation. Chapter 7 derives and investigates two
simplified cases that shed light on important dimensionless variables and their
influence on filling and deformation. The results of simplified cases are validated with
experiments designed and conducted for that purpose. Chapter 8 summarizes the
contributions and proposes future work for improvement of the modeling and

simulation and technique in CRTM.
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Chapter 2

THEORY AND FORMULATION OF GOVERNING EQUATIONS

Previous researchers have modeled various stages of the CRTM process
using simplifying assumptions. Shojaei [7-9], Bhat [5, 6] and Pillai [11, 12] assumed
that during phase 2 the preform does not deform if it is not in contact with the mold.
This allowed them to decouple the fluid flow from deforming porous media which
made the solution much less complex. To test the validity of these assumptions, we
designed and carried out experiments to specifically monitor the compression of the
preform during phase 2 of the process (Figure 2-1). The experimental setup is detailed
in section 7.1.6. We used a fabric that is not necessarily very compliant (24 oz. E-glass
woven fabric). Our experiments clearly demonstrated that the deformation during
phase 2 cannot be neglected. The results in Figure 2-2 show that the preform
compacted on the order of 15% over the phase 2 confirming that the flow analysis
during this phase has to address the deformation of the preform thus introducing a

non-linear coupling between flow and fiber deformation.
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Upper mold

Lower mold

Figure 2-1 Experimental setup used to monitor the deformation of the preform
during the process
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Figure 2-2 Preform thicknesses during second phase of CRTM
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The goal of this thesis is to develop and formulate a model that will
address the preform compaction during all the phases. All process models have
neglected preform compaction during phase 1 and 2. The model will still follow
Darcy’s law to describe the resin impregnation into a deforming preform and we will
assume that quasi steady assumption at each time step still applies. This assumption
has been justified and validated [19].

The process model will be addressed by analyzing different regions during
the phases of the CRTM process as showed in Figure 2-3. In this study, the model will
describe the filling process of a rectangular part of length L and thickness H. A total of
five governing equations will be used to model the CRTM process (Figure 2-3). Two
governing equations will control the progression of the resin flow through the gap and
the preform. Two equations will govern the distribution of the fluid pressures in the
gap as well as in the preform. Finally, a last equation will relate the fluid pressure to

the compressive stress experienced by the fabric.

13



Gap pressure distribution Flow front progression in gap

Resin

Saturated preform

Dry preform

Preform compaction Preform pressure distribution Flow front progression in preform

Figure 2-3 Development of governing equations in different regions during the
CRTM process

Only one injection gate will be used and it will be located in the middle of
the part. One can take advantage of symmetry along the vertical axis that passes
through the injection gate location to simplify the problem. A numerical solution will
be used to solve the system of partial differential equations which is presented in
chapter 5. The horizontal origin of the system is located at the injection point and the
vertical origin corresponds to the preform top. A schematic of the problem is given in

Figure 2-4.
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Figure 2-4 Schematic of the problem. Note that as the preform compresses under
fluid pressure (exaggerated in the figure), the gap between the
preform and the mold plate can be non-uniform

2.1 Flow progression

2.1.1 Flow progression in the gap

As the resin enters the gap, the gap is much smaller than the length or the
width direction; one can treat the movement of the resin in the gap as a lubrication
flow. This, in turn, can be described as flow through porous media of equivalent

permeability and porosity of 1. Thus one can use Darcy’s law [19-21] to describe the

15




flow in the gap in the average sense. The general form of Darcy’s equation can be

written as,

<v>:—%.Vp (2.1)

Where <v> is the volume averaged velocity, K the permeability tensor, n the fluid

viscosity and p is the fluid pressure. Applying one dimensional form of Eq. (2.1) in the

x direction in the gap and the preform (Figure 2-4),

aLgap - _ Kga[’ (x = LgaP ) (a_pj
ot n 0X )y,

(2.2)

here L, is the flow front position moving along the x axis starting from the center
(x=0 in Figure 2-4), K, is the in plane permeability of the gap. The in-plane
permeability of the gap can be calculated using the gap thickness Hg,, as follows,

2
Hgap (X)
12

Kgap ('x) =

(2.3)

2.1.3 Flow progression in the preform

The resin in the preform flows in the plane as well as through the
thickness direction (Figure 2-5). If L, is the depth to which the resin penetrates into the
preform (Figure 2-4) one can write a differential equation to describe this depth of

penetration along the x direction.
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Xg xa+dx X

Yo - '<] <v}. >

' (v.)

Figure 2-5 Flow front progression in the preform

The position of a fluid particle at time =ty is (xg,yp). Its position at a time

t=to+dt is (xp+dx,yo+dy). Where,

(v.)
dx = dt (2.4)
Ty
And
dy=Mdt (2.5)
¢

<vx> and <vy> are the averaged velocities and ¢ is the preform porosity. The depth of

penetration L, is a function of x and ¢. At time r=ty, one has,

L, (xo,to) =L, (2.6)
At time t=fy+dt, the depth of penetration at x=x(tp+dt)=x+dx is,
_ <Vy > 2
L, (x,+dx,ty+dt)=L,,+ 5 dt (2.7)

17



Then, L,(xo,t+dt) becomes,

oL
L,(xy.ty+dt)=L, (x0+dx,t0+dt)—dx( apj (2.8)
x

Substituting Egs. (2.4), (2.5) and (2.7) in Eq. (2.8) and rearranging results in,

Lp(xo,t0+dt)—Lp0_<vy>_ dL, <vx> (2.9)
dt B i ox N @ .

taking the limits as dx—0, dt—0 results in,

(aLpl:_(aL,,l ¢(<VX(X)> MR C)) (2.10)

ot ox x,y:Lp)l¢(x,y=Lp)

Using Darcy’s law to find the averaged velocities in x and y directions, one can write a
differential equation for how the depth of penetration varies with x and the fluid
pressure p,

“F 2.11
ot ox ) m,j(x,y:Lp)kax 7]¢(x,y=Lp) aij,y—Lp ( )

5Y P

2.2 Pressure distribution

2.2.1 Pressure distribution in the gap

In our model, the pressure within the gap are assumed to vary only with x
and not the y direction hence this will also be the pressure experienced by the surface
of the preform in contact with the resin in the gap and will serve as the boundary
condition when one does the force balance for the preform. To perform a mass balance

of the resin in the gap, we need to include the preform boundary as some of the resin

18



from the gap will be exiting into the preform as shown in a control volume selected for

mass balance in Figure 2-6.

d
Top plate - o >
: : -
11 P
= : w
7 7 ¥ 777
Preform o ::5 :-_::>: 2 dl

Figure 2-6 Mass balance for a control volume in the gap that includes the resin
that impregnates the preform in touch with the resin in the gap

In the gap, the injected resin travels along the gap and also penetrates the
preform. The resin pressure in the gap is responsible for the fabric deformation due to
the pressure load, which is accounted for in the part of the control volume in the
preform. Thus a mass balance on a control volume located in the gap as depicted in

Figure 2-6 can be written as,

dH
sap dx+(ﬁj dxdl =
i ) dt ), . 2.12)

Vi) Hy,, (x)=Vi (x)' H,, (%) +V, (x)dl =V, (x)'dl = V; (x) dx
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with ¢ as the infinitesimal strain of deformation, dx as the infinitesimal length of the
control volume, dI as the infinitesimal height of a control volume in the preform, H,,,
is the gap thickness, V; and V;’ are the velocities of the resin entering and leaving the
gap region of the control volume, V, and V>’ are the velocities of the resin entering and
leaving the preform region of the control volume and V; is the velocity of the resin
leaving the gap and entering the preform.

The volume of resin leaving the control volume only in the gap can be expressed as a

function of the volume of resin entering the volume as follows,

Vi(x)'H,, () =V, (x)H,, (x) +(aa—"j dxH (%) @.13)
X

Similarly, the volume of resin leaving the preform part of the control volume can be

expressed as,

vz(x)'dz:vz(x)dz{%j il 2.14)
X

X

Substituting Eq. (2.13) and (2.14) in (2.12),

dH
e dx+{£j dxdl =
it ). dt ).,

—(%j dxH ,, ()c)—(aav2 j dxdl -V, (x)dx

X X

X

(2.15)

X

Applying Darcy’s law to the velocities and substituting them in the mass balance

equation (7) and taking the limits of dx going to zero results in,

(8_8] dl+(aH§apj = K, (x,yza'l)(a_p] +
ot oy=di ot . n dy x,y=dl

3 [ Hy, () [a—”] Kl Km(x,y=d1)(a_pj p
ox 125 ox ),y - ox n ox ),y e

(2.16)
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Here K,, and K, represent the in plane and through the thickness permeabilities
respectively of the preform, # the resin viscosity, p the fluid pressure, x and y are the

spatial coordinates as shown in Figure 2-4.

2.2.2 Pressure distribution in the preform

m@ )
> > |a

|
zY:

Figure 2-7 Resin flow through a control volume in the preform

In the preform, the resin enters the control volume in the vertical and
horizontal direction. As the preform gets compacted, the control volume will reduce
and act as a source of resin. In the schematic above dx is a constant value. However,

the preform deforms vertically and dy is not constant. The thickness of the control

21



volume will then be called dh and will change with its location. A mass balance on the

control volume depicted in Figure 2-7 results in,

de

(—j dxdh(x, y) =

dt
V, (x,y)dh(x,y)=V,(x,y)'dh(x,y)+V,(x,y)dx—V,(x,y) dx

(2.17)

Expressing the volume of resin leaving the control volume as a function as the volume

entering it,

v, (x, y)'dh(x, y) =V, (x, y)dh(x, y)+(%j dxdh(x, y) (2.18)
x ).,

Substituting Eq (2.18) in Eq. (2.17) results in,

(ﬁj dxdh(x,y)z—(%j dxdh(x,y)— % dh(x,y)dx (2.19)
dt a‘x X,y ay X,y

X,y
The equation governing the pressures distribution can be formulated by combining

Darcy’s law in the x and y directions with Eq (2.19),

0
(x| %) -

%[dh(x, y);(xx (%) (%)HJ +dh(x, y)%{@(g—l;jmly

X,y

2.3 Preform Compaction

The compaction of each control volume of the preform is a function of a
compressive stress p,..s related to the fluid pressure. The strain rate is then a function
of p,rs. the constitutive equation relating p,.r and & will be described in chapter 3. A
relation between the fluid pressure and the compressive stress in a porous media has

been highlighted by the Terzaghi’s relation [22],
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Poref = Piop — P (2.21)
Where pp.r is the compressive stress. If the preform is saturated, the compressive
stress is a combination of the pressure on top of the preform p;,, (pressure in the gap)
and the fluid pressure in the preform p. When the preform is dry, p =0 and on top of
the preform, p),.=0.
When all the equations governing the process are determined, one has to
determine constitutive relationships in order to apply these equations to a specific

material.
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Chapter 3

MATERIAL CHARACTERIZATION

The governing equation formulated in chapter 2 are general expressions
which can incorporate any constitutive equation one selects to describe the change in
fiber stress p,s, and preform permeability K,,, as a function of v Iy This chapter will
describe the characterization method used to find the material constants that
constitutively describe the permeability and compaction behavior with fiber volume

fraction.

3.1 Compaction behavior

The goal here is to record how much stress the fibers take as the preform
is compressed from their unloaded state (initial fiber volume fraction) to a higher fiber
volume fraction and then describe the relationship with a mathematical form for the

range of fiber volume fraction explored.

3.1.1 Experimental Setup

To describe the stress-strain relationship of the preform, an Instron
machine coupled to a load cell was used. The load cell records the force needed by the
two circular steel plates to compact the fabric (see Figure 3-1). The samples were cut
into circular discs and placed between the two plates. The two plates move toward
each other at a constant speed and compact the preform. The data is recorded at

constant time intervals (4t=0.5 s). The use of perforated plate helps one to describe the
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influence of lubrication on the behavior. To do so, the preform is soaked into a resin
bath and placed between the discs. The perforations in the plates help to bleed the
resin more easily, avoiding an increase in resin pressure thus making it possible to
accurately measure the load exerted only on the fiber preform. Woven e-glass 240z

fabric was used as the perform material for characterization.

Figure 3-1 Experimental setup used to measure the compaction behavior
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3.1.2 Experiment Analysis

The lubrication is known to help the compaction and therefore increase the
final fiber volume fraction corresponding to a given applied stress. When the preform is
only partially saturated through the thickness (existence of a flow front), the overall
behavior is a combination of saturated and dry behavior. According to Terzaghi’s relation
(Eq. (2.21)), if the preform is saturated with resin, the compressive stress is the difference
between the resin pressure at the preform surface and the resin pressure within the
saturated preform. However, for the part of the preform that is dry, p,,=0 and therefore

Dpre/=Piop (Figure 3-2 schematically shows the distribution of stresses over the preform).

4 4
Pog = Pup = P 5
oy
H-5
Pou = Pu
¥r

Figure 3-2 Compressive stresses distribution over a partially saturated preform

One can then formulate the global displacement of the perform top, A, as
an addition of the deformation experienced by the wet preform 4., and by the dry

preform Aqyy,
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ﬂ’ = ﬂ’wet +ﬂ’dry (3 1)
Using Figure 3-2,
Ao = Iosf (P, —P)dy (3.2)
And
Ay =[. 8Py )y (3.3)

where f and g are functions relating the strain to the stress. In order to investigate the
compaction behavior of the E-glass 24 oz. woven fabric, several experiments were
conducted, varying different parameters such as lubrication, compaction speed,
number of layer, etc. The study was performed by M. Gebauer from the Center for
Composite Materials [5]. Figure 3-3 and Figure 3-4 show the stress-fiber volume
fraction data collected for different compaction speeds (15 mm/s and 25mm/s) under
wet and dry states of the fiber preform. The testing material was a 24 oz. E-glass

woven fabric and each experiment has been conducted without pre-compaction.

From Figure 3-3 and Figure 3-4, one can assume that until a high

compaction speed, the dry and saturated behaviors can be assumed to be the same, thus

one can assume that the function f varies the same way as the function g.
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Figure 3-3 Stress-fiber volume fraction data for Instron speed of s=25mm/s
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Figure 3-4 Stress-fiber volume fraction data for s=15mm/s
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Figure 3-5 Evolution of resin penetration during the second phase of CRTM

By studying two different depth of penetration of the fluid S1 and S2, if
the flow progresses (S2)S1 in Figure 3-5) and if f =g, the deformation A,

corresponding to a depth of penetration S1 is,

A= I F(Pup— dy+f F(Puy)dy (3.4)

Similarly, the deformation A, associated to a depth of penetration S2 is,

2= [ F (P = P) v+ £ (Py )y (3.5)
which leads to

A >4 (3.6)
According to eq.(3.6), if f = g, the deeper the flow goes the less compaction the
preform will experience. This means that as soon as a compressive stress is applied on
top of the preform, one should assist to a sudden deformation followed by a relaxation
of the preform as the flow progresses through the thickness. From Figure 2-2, it is seen
that for higher compaction speed (more than 30mm/min) the top of the preform keeps
moving downward as the flow progresses. To accomodate this behavior, the dry

preform has to be much stiffer than the saturated one. This could be explained by the

29



visco-elastic behavior of the preform. Robitaille [23, 24] has shown that the
compaction speed has an influence on the stress-strain relation when the fabric is dry.
When it is lubricated, for limited compaction speeds, it can be assumed that the speed
does not really affect this relation. Further investigation would have to be done to
explain the compaction behavior of a partially filled preform. To account of this
property of CRTM, the dry preform will be assumed to be undeformable and only the

saturated part will deform during the compression.

3.1.2 ‘“‘Hyperbolic tangent” compaction model
A number of compaction models have been published through the years

[17, 23-29]. The most commonly used is a power law model and takes the form,

Do =GV, (3.7)
where vyis the resulting fiber volume fraction and a and b are the material parameters.
The power law model is simple, however it neither predicts the fiber volume fraction
when the compaction stresses p,.s is zero nor does it reflect the true asymptotic
behavior at high stress levels usually experienced in CRTM processing. As this
behavior is important to describe and capture, in this work we use the following
compaction model to characterize the materials [32, 43],

4
v, =vy,+(v, —v,)tanh"| —2L (3.8)
= vt (v, ) mefm mj

Pprefinax 1s the minimum stress after which the fiber volume fraction will not increase
with any additional stress on the fibers. The m and n are two curve fitting parameters.
The compression behavior is captured by equation (3.8) at the price of evaluating

additional constants. However, these constants can be found from the same
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experiments and do not require any additional characterization. Table 3-1 lists the
constants that gave us the best least squares fit with the experimental data depicted in

Figure 3-3.

Table 3-1 Model parameters for compaction model described by Eq. (3.8)

E-glass woven (24 o0z)
n 0.45
m 0.86
Vinax 0.62
Vo 0.30
Dorefinas 4.5.10°Pa

To study the sensitivity of the two shape parameters n and m, their values
were varied from 0.35 to 0.55 for n and from 0.75 to 0.95 for m. As one can notice
from Figure 3-6, a slight change in the value of m and n does cause a significant
change in the value of fiber volume fraction at the same force (stress) level. This
ensures that the fit of the experimental data is very sensitive to the values of m and n.
Thus for each material one can determine m and n with reasonable accuracy from the

stress- fiber volume fraction curve.
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Figure 3-6 Range of resulting fiber volume fractions corresponding to a
prescribed load (errors bars correspond to different values of m and
n applied to the model)

The derivatives of this model will also be needed as zero compressive

v
pressures are encountered at the top surface of the preform. When p,,,.=0, 5 /=0,
P pref
v, . , _—
whereas is finite experimentally. The experimental derivatives are calculated
P pres

from the strain-stress relation as follows,

i i+1 i-1
dv, VY (3.9)
d i+l il .
p pref p pref p pref
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i+/ and i-/ represent the neighboring data points of point i. At p,.=0, the model
value of dv/dp,. is infinite, however this derivative will not be used in the system as
the only locations where compacting pressure is O lies on the boundary. There, p is set
to P, and v=vp. Figure 3-7 compares the model and experimental fiber volume

fractions and their derivatives with respect to applied stress.
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resulting fiber volume fraction
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compaction stress (Pa) x 1 05

Figure 3-7 Change in fiber volume fraction and its derivative with respect to
compaction pressure for E-glass woven fabric

3.1.3 Linear Stress strain relation
In order to model the two dimensional flow during the CRTM process, it

has been assumed that the stress strain relationship is linear. This may not be a bad
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assumption if the strains are small. This simplification allows us to model the
compaction behavior by a linear model using a fabric Young’s modulus E and
describing the strain of each element as a function of stress due to the fluid p,..r and

the stress due to the contact tool/preform p,;,

g=—Los _Pa (3.10)

E E
However, as one would calculate the strain spatially at all discretized
locations as shown in Figure 2-3, a slight oscillatory behavior of one of them can have
a dramatic impact on the entire system of equations. In order to attenuate these
temporary oscillations, an exponential damping term is added to the computations of

the deformation,

ho=h+((1+€)H—h)(1-*") (3.11)
where H is the initial preform thickness, 7 is the last recorded time and c is a damping

coefficient chosen arbitrarily.

3.2 Permeability

In CRTM, the resin flows along the preform in the in-plane direction as
well as in the thickness direction which is the direction in which the upper platen
moves to compress the preform. Therefore, one needs to characterize the permeability
of the preform as a function of the fiber volume fraction across the thickness as well as

in-plane.

3.2.1 Experimental setup
In order to measure the permeability of a preform as a function of the

compaction, a RTM mold was used. Different combinations of spacers were used, it
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provided different mold cavity thicknesses which led to different preform compactions
and hence fiber volume fractions. Once the preform is placed in the mold and
compacted to a selected thickness dictated by the spacer plate, the resin is injected at a
selected constant pressure into the mold in a uniform way through a line gate creating
a one dimensional flow in the plane. The location of the flow front is recorded. Using
Darcy’s law (Eq.(2.1)) and the movement of the one dimensional flow, one can
calculate the in-plane permeability of the fabric at that fiber volume fraction. The
experiment was repeated at different compactions thus recording permeability values
at various fiber volume fractions.

To measure the permeability in the thickness direction, we applied the lead
length concept to the RTM mold [32]. By placing a distribution media of higher
permeability on top of the preform, the resin was allowed to flow preferentially
through the high permeability layer and then to permeate through the thickness of the
preform (Figure 3-8). The resin front advancement is recorded on top (where the
distribution media is) and the bottom (Figure 3-9). The difference between the flow
fronts during the experiments is called as the lead length and is a function of the fiber
volume fraction and the permeability of the distribution media. A numerical three
dimensional mold filling code LIMS was used to find the through the thickness
permeability [33].

Once the data was measured at a few fiber volume fractions, one could use
these results in constitutive models for permeability as a function of the fiber volume

fraction.
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Figure 3-8 Lead length schematic

Figure 3-9 Experimental setup to measure through thickness permeability by
recording the advancement of the flow front at the top and the
bottom surface of the mold.
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3.2.2 Kozeny-Carman model

One could use one of the many available models in the literature; we
selected the Kozeny-Carman [19, 20, 30, 34] relation to describe this change which is
given by,

(l_v.f )3

V2
f

K(v,)=ko (3.12)

The fiber volume fraction can be expressed as a function of the initial fiber volume

fraction vy, initial thickness H and actual thickness 4,

v, = # (3.13)
One could easily substitute another expression to describe the change in permeability.
As shown in Figure 3-10, a good fit with the in-plane experimental data was found at
the higher values of fiber volume fractions using equation (3.12) when a value of
4.10"°m? was used for k,. The curve fit with the four last experiment data points

(Figure 3-10) leads to the following results for the through plane (koy,) and in-plane

(ko) permeability coefficients,
ko, = 2.7.107""m? (3.14)
And

ko . =4.10""m’ (3.15)
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Figure 3-10 In plane permeability values for e-glass woven fabric and its fit with
the Kozeny Carman equation at higher fiber volume fractions
(R*=0.99 for the last four data points)
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Chapter 4

NON DIMENSIONAL ANALYSIS

In this chapter, a non dimensional analysis is conducted to identify the
important process parameters. The governing equations derived in chapter 2 are as
follows:

Flow progression in the gap,

aLgap _ Kgflp (x = Lgflp ) (a_pj
x=L,,,.dl

o n ox)._,

4.1

Flow progression in the preform,

(aij _(aij Kxx(x,y=L,,)(apj Ky (wy=1,)

ot ox x nq)(x,y:Lp)

. 77¢)(x,y:Lp)k8x

P

Pressure distribution in the gap,

(%j dl+[aHg"”j =Kw(x,y=d1)(a_pj .
ot 5oyl ot R n dy vl

2t () ) L afkescay) ),
ox(  12n \ox/, o ox n X ), et

4.3)
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Pressure distribution in the preform,

4.4)

To non dimensionalize, independent and dependent variables were
identified and non-dimensionalized with respect to characteristic values. When the
characteristic values were not obvious, they were determined by normalizing the
coefficients of the equation.

Dependent and independent variables have been non-dimesionalized and

listed in Table 4-1,

For example, the in-plane permeability is non dimensionalized in the

following way,

K, =—x (4.5)

g
=~

Using the variables from Table 4-1, the governing equations listed in chapter 2 will be

non-dimensionalized.
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Table 4-1 Non dimensionalized variables with their characteristic value

characterized value with
Variable Physical significance respective to which it is non-
dimensionalized
X Horizontal coordinate L (length of the mold)
y Vertical coordinate H (thickness of the mold)
Control volume

dn thickness H

h Preform thickness H

L, Flow position in the gap L

Flow position in the

Ly preform H

H, Gap size H,,p (thickness of the gap)
K In plane permeability Koxx (in-plane permeability)
K Through plane Koyy (through thickness

» permeability permeability)

t Time te (characteristic time)

p Stress due to contact P,, (applied pressure on top of

el

preform/tool preform)
p Fluid pressure Pap, Pinj (injection pressure)
Horizontal surface of the
A preform (unity depth in L
coordinate z)

4.1 Pressure distribution

The equation governing most of the process being the bulk equation (2.20)

it will be the first one to be non-dimensionalized,

~ [0 ko H*> O ( ~ . x5 ,n [OP
dh(x,y)(gj = X —(dh(x,y)Ku(x,y)(_pj J +

B kony2 ox

(4.6)
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Where ¢, is chosen as such,

1, = H'p

' kOyanj 4.7)
for phase 1 and,

1, = Hp

- Koy R, 4.8)

for phase 2 and 3. 7. represents twice the time to fill a cavity of length H of fabric of
permeability ko, by a fluid of viscosity # at a pressure P,.
The infinitesimal strain rate of deformation can be expressed from Eq. (3.11) and non

dimensionalized,

» 4.9)
dj} ap [ A A A A A A —ct df
_ X9)= Db, (X, 1—e
didi' (3.9) E (Pre (£:3)= o (£:3)( )
Substituting Eq. (4.9) into (4.6), one finds for phase 1,
ko H> 9 ~. . .\~ . [P
H— 1 dh(X,y)K_(X,y)| == +
kOnyZ ax( ('x y) xx('x y)(a-)fejx}}
U Nl PN )
dh(x,y)—{zq 5[ 2] ] -
J » 0y o5 )i
(4.10)
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And for phase 2 and 3,

w9 ks @.11)

In Eq. (4.10) and (4.11) one can identify the ratio of in-plane versus through thickness

permeability,

ko H?

XX

2
ko, L (4.12)

The ratio between injection pressure versus Young’s modulus of the preform during

phase 1 is determined as follows,

) By (4.13)
i :
E

And the ratio between available stress versus Young’s modulus of the preform during

phase 2 and 3,
P
0, = ;” :A_i? 4.14)

Where A is area of the surface in contact with the tool. When the gap still exists the
stress in the preform due to contact tool/preform equals zero, the top layer elements

are then not deformed. Non dimensionalizing the vertical component of Eq. (2.16)
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with respect to H,,, and substituting the characteristic time (4.8) or (4.7) depending on

the phase, the gap equation becomes,

oH H? NE"
8 —_ S0 —
( 5 ] = K, (x,y—dl)(—ayjﬂ_dﬁ
x X, y=

gap

H,'H® 9 ( ~ . s(0p
gap 1A ()X + 4.15
12,1421(0},y a)%[ g( ) (aA jj{ 5,:(1[ NN ( )
) > x,y=dl
ko H* ~~ (. . ~(0*p
A diIK |x,y=d

In Eq.(4.15), one can recast (4.12) and identify the ratio of the gap versus the through

thickness permeability,

2 2
B= —Hé"‘g H (4.16)
12L koyy

As well as the ratio between the gap and the preform thickness,

y=—1ow (4.17)

4.2 Flow front progression
The non dimensionalized form of the equation describing the evolution of

the flow front in the gap (2.2) becomes,

e 4.18
of  12lko, ° 19

r 2772 N
aLg_ H,H I )22(8_12]
ox ),

Where one can identify a and £.
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Similarly, the flow front progression through the thickness of the preform is written in

its dimensionless form,

(4.19)

From the previous equations and the constitutive equations listed in chapter 2, one can
identify 6 non dimensional parameters influencing the flow front progression and the

compaction of the preform. They are listed in Table 4-2 along with their physical

significance.

Table 4-2 Non dimensional parameters in the process

Non dimensional parameter Physical significance
) Initial fiber volume fraction
_ ko H* Ratio of in plane to through plane
ko, I’ permeability
B= H gasz ’ Ratio of gap to through plane
12ko,, permeability
H
V= " Ratio of gap to preform thickness
sap
P Ratio of maximum stress to available
0, =—2 stress to compact the preform during the
E first phase
F Ratio of maximum stress and available
0, =— stress to compact the preform during
AE phase 2 and 3
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Using Table 4-2, the governing equations can be expressed in their
dimensionless form:

Flow front progression in the gap,

A

oL

s _ _pi (2)? 8_13
5 ,BHg (x) ( l_L (4.20)

Flow front progression in the preform,

of . ¢(fc,9=ip) 9 ); 5o,

(4.21)

(4.22)

o[ ~ ,.3[0p NN (kS
—| H — +adlK _(x,y=d
ﬁa)’(\f[ g('x) (aj&jA :_d[JAA . o xx(x y )(822 JA o
’ X, y=dl X, y=dl

(4.23)
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Pressure distribution in the preform during phase 2 and 3,

SRE (4.24)
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Chapter 5

NUMERICAL MODELING

From chapter 4 we determined the non dimensional equations that will
govern the flow during the CRTM process. However, these partial differential
equations cannot be solved analytically. A numerical technique is developed to cast the
governing equations into a linear system of algebraic equation using finite difference
method. The solution approach is presented for each phase of the process. The model
is verified by comparing it with another established numerical simulation and results

are also presented for a case study.

5.1 Numerical approach

5.1.1 Assumptions
In order to simplify the process model, several assumptions describing the

compaction behavior have to be made.

5.1.1.1 Visco-elasticity

Due to the visco-elastic behavior of the dry preform and the high closing
speeds involved, the dry part of the preform will be assumed to be stiff [23, 30].
Concerning the lubricated part of the preform, its visco-elasticity will be neglected

(fiber volume fraction depends only on the applied stress).
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5.1.1.2 Applied force

In the industry, the load is usually applied using a hydraulic press.
Therefore, the press does not instantaneously set itself to the desired force. Moreover,
numerically one cannot usually directly apply the full compaction force after the first
phase. In our case, the shock wave that should be induced by the brutal transition is
damped by the exponential term in the equation governing the preform compaction
(Eq.(3.11)). However, we still include a ramping term that will insure a smooth
transition between the loads applied in phase one and two. The load is linearly ramped

at a certain rate. To model this progressive load, the following equation is used,

(Etpplied - FZ) )

F(t):FO+Tt 5.1

Where, F) is the averaged load exerted by the fluid on the preform at the end of the
first phase, Fppiieq 15 the target load, R is a ramping coefficient. R is chosen arbitrarily
and will delay the full application of the force. A decrease of R will then speed the
process but risk instability of the numerical solution. Once the targeted load is reached,

the value of F becomes constant and equal to Fpieq.

5.1.2 Discretization method

To model the flow during the CRTM process, one has to solve a system
composed of the equations describing the flow as well as the compaction during the
three phases (Egs.(4.20), (4.21), (4.22), (4.23) and (4.24)) To do so, an implicit
scheme regrouping all the primary unknowns (flow front positions, gap sizes, fluid
pressures,...) is used [35]. The use of an implicit scheme allows us to have a stable
solution for any value of time step. The secondary unknowns (permeabilities,

deformation strains, fiber volume fractions) are then computed using the primary
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unknowns. The unknown values and the criteria to end each phase are listed in Table

5-1,
Table 5-1 System unknowns and criteria to end each phase
Primary unknowns Secondary Epd qf phase
unknowns criteria

L, (flow front K., K,

position in gap) (permeabilities) volume of resin in

L, (flow front H, (gap size)

.. . ! the system equal to
Phase 1 positions in vr (fiber volume .
S volume of resin

preform) fraction) initially iniected

p (fluid pressure dh (deformed y

values) element thickness)

Lg

L, K K,y When the tool

p touches the
Phase 2 Ve

H, dh preform at any

A (distance between location.

the two mold plates)

Lg

LP

p

H, Koo Kyy Until every node is
Phase 3 . Ve .

Per (compressive dh filled

stress due to contact
preform/tool)
A

Once all the primary unknowns are determined, the secondary unknowns

are calculated by using the constitutive equations listed in chapter 3.
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5.1.2.1 Mesh generation

dy/2
dh(1,1)
251 ij
% % dy e
dh(2,1) b
Ap— Af—-
dx dx/2

Figure 5-1 Two dimensional mesh used to solve the problem (before and after
deformation)

The equations derived in chapter 4 are discretized according to a
deformable mesh (Figure 5-1). A pressure is associated at each node in the mesh,
whereas permeability of the fabric and the fiber volume fraction are assigned to each
element. There are m nodes along the thickness and n nodes along the length of the
part. During the CRTM process, the preform will deform. To solve the equations using
a deformable mesh, one should use a transposition matrix to transform the deformable
mesh into a fixed mesh in order to compute the derivatives properly [35, 36]. In our

study, the nodes are displaced vertically only and a relatively stiff fabric has been used
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for the simulation. The mesh is then only slightly deformed; hence the involved
Jacobian matrix is close to identity. In order to simplify the derivative computations, a

new variable is introduced to express the thickness of each element;
dh, ; =dy(l+¢, ;) (5.2)
where dh;; represents the deformed element thickness, ¢;; the strain of the element.

The derivative will then be numerically expressed as a function of dh instead of dy and

the mass balance for each element will be made over a stiff orthogonal mesh.

5.1.2.2 Finite differences and equation computation

In order to discretize the derivatives involved in the governing equations
given by (Eqgs.(4.20), (4.21), (4.22), (4.23) and (4.24)), the finite difference method
will be used [35-37]. The equations associated to the boundaries of the domain will

also be discretized and the method to solve the system of equations will be detailed.

5.1.2.2.1 Boundary condition
On the wall, the first derivative will be equal to zero. On the right and left

sides of the wall,

;. ;
- 5.3
ox ©-3)
And on the top and bottom of the mold,
op, .
Pii_g (5.4)
a9y

To discretize the derivative at the domain walls, the mirror method is used. An
imaginary node is created on the other side of the wall and its pressure value is the

same than the node before the wall. Equation (5.3) is discretized as follows,
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Pijr1 = Pija

wall

(5.5)

Figure 5-2 Mirror concept

Applying eq. (5.5) to the discretization of the second derivatives results in the

following derivatives at the end of the mold (j=n),

2 A At At
d Pij zpi,j—l — <P

o’ dz’

At the symmetry axis (j=1), the second derivative is,

azﬁi,j _ 213;,]41 _213;,]‘

x> dx?

(5.6)

(5.7)

The injection gate being located in the middle, one can simplify the problem by

applying a symmetry condition at the middle (see Figure 2-4). At j=1, one would apply

Eq. (5.3) and (5.7).
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5.1.2.2.2 Pressure interpolation

Flow front
p=0
>< indpref,j
Afion:
;‘——J__‘F!—r_f
d gy

W indpreftl,j

Figure 5-3 Schematic of interpolating pressure near the flow front

In order to locate the flow front between two nodes, an equation
determining the pressure after the flow front is added. The pressure at the flow front is

equal to zero, the pressure located after the flow front will then be negative. It will be
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determined using a linear interpolation based on the fluid penetration between two

vertical nodes (Figure 5-3),

ﬁ _ O _ pindpref ddry + pindpref+1dﬂovv (5 8)
flowfront — ¥ T A A 3 3 :
dﬂow + ddry dﬂow + ddry

Leading to,

ddryﬁindpref,j + dﬂowﬁindprefﬂ,j = O (59)
Where dy-, and dp,, are the dry and wet lengths between two nodes, indpref is the

vertical index of the last filled node. Similarly, the flow front in the gap is located by,

A

d +d 0 (5.10)

drygap ﬁl,indgap flowgap ﬁl,indgapﬂ =
Where dgyyeqp and dpoyeqp are the dry and wet lengths between two nodes, indgap is the

horizontal gap index of the last filled node.

5.1.2.2.3 Finding the primary unknowns
At each time step, a system of equations is created from the discretization
of the partial differential equations ((Egs.(4.20), (4.21), (4.22), (4.23) and (4.24)) As

an example Eq (4.20) can be discretized in the following way,

A

. BH, di .
t+1 8indgap At+l At+l 7t
Lg + di (pindgap - pindgap—l ) - Lg (51 1)

All the unknowns’ coefficients are put in a matrix G that is multiplied by the
unknowns vector U. This multiplication is equal to a forcing term F. The system has

then the following structure,

[G].[U]=[F] (5.12)
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In Eq. (5.11), L

wp and p at t+1 form the unknown U vector and L, forms the force

vector I whereas unity is the coefficient associated with the unknown L’;; and

A

’3 Hgindgap dt

pr is the coefficient associated with the unknown pressures in the matrix G.
X
The unknown variables in the vector U can be calculated by solving the system of

algebraic equations (5.12)
[v]=[c]"[F] (5.13)
The vector U contains then every primary unknown required to compute the secondary

unknowns stated in Table 5-1. As the primary unknowns change with each phase, the

matrix structure will be described for each phase.

5.1.3 Application to the numerical method to the CRTM phases
In this section, the solution method will be applied to each phase of the

CRTM process.

5.1.3.1 Calculation of the required volume of resin to inject
In order to saturate the preform without any voids one must compute the

final porosity (volume that the resin can fill) as a function of the final geometry,

1%
Bpinat = 1= ﬁfo (5.14)

‘final
hfina 1s the final thickness, H is the initial thickness and vy is the initial fiber volume
fraction. Once the final thickness is known, one can easily determine the required

amount of resin needed to completely fill the part,

A A

Vresin = ‘final A¢ﬁnal (5 15)

Where V.., 1s the required amount of resin, A the area of the top surface of the mold.
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Once the required amount of resin to inject is computed, the pressure at the node

representing the injection gate is set equal to a constant value of 1.

5.1.3.2 Equations common to the three phases

The pressure distribution as well as the flow progression and the preform
deformation will be governed by the discretized version of equations (4.20), (4.21),
(4.22), (4.23) and (4.24). The flow front progression and pressure distribution in the
preform equations are common to every phases of the process. However, the pressure
distribution equation on the top layer as well as some boundary conditions will vary
between the different phases. For each phase, they will be treated separately along with
the matrix structure. Finally, once the primary unknowns are determined using the
governing equations, the secondary unknowns can be computed. These computations

are common to each phase.

5.1.3.2.1 Flow in the gap

The interpolated pressure is only a linear approximation; therefore it does
not respect the conservation of mass in the element. The flow front progression in the
gap is then computed using the pressures calculated from accurate relations. The
derivative of the pressure with respect to x will then be approximated using a
backward differentiation. The discretized version of Eq. (4.20) is,

A A
PH, dt
8indgap

ri+l
L . T =
dx

(ﬁitr;lgap - ﬁ;r;lgap—l ) = lA’tg (5 16)
5.1.3.2.2 Flow in the preform

To compute the vertical flow front position, the same reason than in the

gap is used to choose the proper indices in order to compute the pressure derivatives.
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The preform being compacted, the difference between depths of penetration has to be
made from a vertical reference position. The y position of the top of the preform being
not constant, the difference of L,’s will be calculated from the bottom of the mold as

showed in Figure 5-4.

______
......

T f Lyj
| ij—] -------------------------
/
-------------------- indpref; N
hi.y
PREFORM

Figure 5-4 Schematic showing difference between two neighboring depths of
penetration
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The flow front progression in the preform can be expressed as follows,

A

ri+l a,KXJ‘ dpref +1 di\ rt+l prl rt+l rrl t+1 t+1
_ indpref +1, j _ _ _ ~ _n
L, 442 ((hj—l ij—l) (hj L, ))(pmdpref:j Pindpref .j-1 ) +
indpref +1, j

A A

Yindpref+1.j A 141 o+l _ 7t
pindpref,j pindpref—l,j )

(5.17)

2dhindpref,j¢indpref+l,j

Where indpref is the last vertical filled node of the column of nodes.

5.1.3.2.3 Pressure distribution in the preform

The equation describing the pressure in the preform is only applied to the
rows below the first layer of nodes. The pressures in the first layer of nodes will be
governed by the gap equation. To calculate the pressures in the preform, one has to

determine the infinitesimal strain rate of deformation. It can be expressed as follows,

oe. "' ant —an'
( ”fj Y (5.18)

of dh df
The infinitesimal height of a control volume is computed by applying Eq. (3.11) to a

control volume,
dh,,, =dh, +((1=8p,,., = 8p, ) dy—dh, )(1-e") (5.19)

Substituting Eq. (5.19) into Eq.(5.18),

de. . t+1 1— —ct.df dA—dhAirv. Ssdv(1- et di
( agl jj — d}gf(.d; ). yc(zﬁf .jzf )(13531‘15531+1527jl) (5.20)
ij ij

59



Discretizing Eq. (4.23) and substituting Eq. (5.20),

A AL A A Nl —ctodi
20K, dif 2K, dify Sdhjdy (1-¢")

~At+]

i A2 ~ ~ ~ +
! dx dh dh; dt
oAK _dh™' +aK_ Adh oK. dh!
A+l XX 1] XJC['/ XJCI»/ 1]
N ) + ") +
o 4dx dx
oAR dh''+aR. Adh oK. dit*! (5.21)
Al i xx,., ;L
P — + - +
n 4dx dx
I Ml > T+l Iy il 2 7 t+1
Al | AK}'}'dhir,j + Kyy,,j dh’?f A+l AK yydhit;‘ " K Wi j dhi,j

UL sy (ah) alaiy)) (i)
[ odiiay(1-¢ )
dh di

5d/;f;.1dy (1 — e )
dh; df

A+l
el;

dil’! (1= (dy—di )

dh! di
Where
AI&X" - Ie)r‘;lﬂ - I%’t‘:‘—:'fl (522)
> _ prttl > 1+1
AK}'}' =K ;>u+1,j - K;;—l.j (5.23)

Adh = dh'™' —dh'*!

i,j+1 i,j—1

(5.24)
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And 6 is 0; or &, depending on the process phase. On the right wall of the mold, using

the mirror method, Eq. (5.21) becomes,

> L1+ 2 N [+l —ct, di
C2aK, dh 2K, dR Sdhidy (1— )

At+l +
di’® di’ dh; di
> L+l 5 Nt > L+l
Ar+l ZaKy.vi,j dhi.j A1+l AKyydhi,jl Ky.v,»,, dhi.j
pi'j_l d)%z pi_l'j a WES| 2 * L+l 2
a(anst)  (di)
(5.25)
5 oy > D1+l L+l _—cdf
o | AR a5 K 5 sdh!*\dy(1-e")
i [+ 2 L+ 2 1 Af ) £
4(an)  (ans) dh! di
[+ —ct.df L1+l —ct.df [t
L Sdi/dy (1- ") _ dhj; (1=e)(dy - ah; )
“ dh! di dh! di
Similarly on the left side, the pressure distribution on the wall is,
> L+l 2 L+l L1+l —ct.df
| 2eK, dhll 2K il SdhiTdy (1- e .
di’® dh’ dh; di
> L i+1 5 Nt 2 L+l
At+] zaKxxi.j dhi,j A+l AI<yydhi.j1 Kyyi.j dhi,j
pi,.Hl d)’(‘:Q + i-1,j - Aol 2 + Al 2
a(an)  (diy)
(5.26)
A AZ‘+ Lo Ar+1 At+1 _ —L‘Z‘(.df
ﬁz+1 AKy.vdhi,jl n Ky.vi,jdhhj ﬁz+1 5dhl¥j dy (1 € )
i Al ) Al ) b A,’ dr
a(an')  (an) dh; ;dt
Do+ —ct, di [+ —ct,df [t
L gdijitdy(1-e)) dhfj(1-e )(dy - dh!,)
“ dh! di dh! di
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On the bottom of the mold,

_ zak”h/ dl/;"tj'l _ 21&)’)’,-, d];it;'l _ 5d]:l\it:'1dy (1 - e_CILdf)

At+l j

¥ £2 p2 YT +
dx dh dh! di
aAK _dh'*'+aK __ Adh oK. di'™!
A+l | XX i,j XX; + XX; i,j +
4dx’? dx?
. [aAK i +aKR, Adh oK, dh
e |t 5.27
""'*' 4dx* dz’ (5-27)
> L1+l L1+l —ct df
| 2K, dR o Sdh/7'dy (1- e )
L (d]:l\tﬂ )2 - dh;jdf
i, ’
[+l —ct di p+l (1 —ctdi ot
b sdi}dy(1-e)) dhl (1-e ) (dy - dh/;)
el; -

dh! di dh! di

Finally on the bottom right and left of the mold, the vertical and horizontal mirrors are

applied. The pressure equation on the bottom right of the mold is,

At+]

> [+l > L1+l [+l —ct, df
2aR, di 2K, dhl) Sdh[ldy(1-e )

~ = +
dx? dh’ dh! di
A1+l zakmi,j dﬁﬁjl A1+l 21%)’)’,»,, dl/;itj'l
it d)?z i dil\&.l 2
(4] (5.28)
" §dl;l\lt+;ldy (1 _ e—C’cdf )
1j dil\it,jdf
" é‘dil\;;ldy (1 _ e—ct(.df) d]:l\it,-:'l (1 _ e—ctLdf )(dy _ dﬁit,j)
TP, =

dh! di dh! ,di
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In the first and second phase, there is no contact between the tool and the preform. The
stress due to contact p,; will then be equal to zero. This equation is only valid inside
the filled domain (i<indpref). For the node just beyond the flow front (i=indpref+1),
the interpolation equation is solved. When the node position is beyond the

interpolation line (i>indpref+1), the pressure at this node is set equal to zero.

5.1.3.2.4 Calculation of secondary unknowns
To find the secondary unknowns, one has to compute the new element
thicknesses from the fluid pressures and the stresses due to the contact tool/preform

(only present in the last phase).

According to Figure 5-5, to compute the total thickness, one has to sum all the

elements over the thickness of the preform,
hflzzgdhgl (5.29)

The thickness of the gap is then found by subtracting the preform thickness from the

initial distance between the mold platens A,

H = A=p (5.30)
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Figure 5-5 Schematic of the thickness chain of dimension

The fiber volume fraction of each element can be found by applying a mass

conservation relation to the element,

v t+1 _ vfody
fij - i+l
dh;

(5.31)

Once the fiber fraction of the element is found, its permeability is computed using the

Kozeny-Carman relation (3.12),

Kyl = (5.32)

geo=t to ) (5.33)
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5.1.3.3 Specific equations and solving method related to phase 1

During the first phase, an injection gate is open and the resin is injected

into the gap at a certain pressure. Due to the porosity of the preform, some of this fluid

will also impregnate the fabric. The injection gate is modeled as a node characterized

by a fixed constant pressure.

5.1.3.3.1 Pressure distribution in the gap

The pressure distribution in the gap will be calculated for all the nodes

from j=2 to j=n. Indeed, at j=1 the pressure is fixed and equal to

pressure. In the gap, we have the following simplifications,
ﬁpreflJ = ﬁmp _ﬁl,j :O

Involving,

Therefore,

Fos
ox

The discretized form of equation (4.22) becomes,

A

— }/K”’L/ (

ﬁH—l Ot
8 8

_ At Ar+l)+
dt

2,j Lj

A

di’!

-]

A+l

(o

7y t+1 At
- - +
8j1 p],j—] )

1,j+l
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On the right end of the gap, Eq. (5.37) becomes,

7y t+1 Tt >
ng _ng — }/K)’)’I.j ( A+l At+1)+
df di*l T T

>J

A3 .

plA) ak

o —— (2™ 25 ) (5.38
et |2 420) 639

All the values dependant on p in the brackets are secondary unknowns and taken from

the previous iteration. At the very first iteration of each time step, the secondary values

are taken from the last iteration of the last time step.

5.1.3.3.2 Matrix structure

All the discretized equations are now separated as explained in section
5.1.2.2. Every equation governing the flow and the pressures are arranged as a system
of discretized equation in the matrix form in the following order (the numbers in
bracket are the number of equations involved in the system, n is the total number of

nodes in one line of the mesh),

e .
| Flow in gap(1) 7 71 |0
8 P
Flow in preform(n) i am_p
P = 8 8
Pressures in gap(n) 5 7
top
Pressures in preform (n *(max (indpref ))) ] dﬁ’“ (djz _ dﬁf )(1 _ petedi )
dh' di

5.1.3.3.3 Volume computation
The first phase of the process is stopped when the required amount of
resin has been introduced in the system (preform+gap). The total volume of resin is

computed by summing all the filled volumes over the preform and gap. In order to
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simplify the volumes computation, it was approximated that a volume is considered
completely filled if its associated node is filled. When the mesh is coarse, the volume
computation will not be accurate but the error due to the volume computations will
reduce as the mesh gets finer. The volume of each element at a given time step in the

preform is computed as follows,

S+l A gt g+l

V., =dxdh ;¢ (5.39)
Similarly, in the gap the volume of each element is computed as follows

Ve = diH! (5.40)

8ap j
Finally, the total volume of resin in the system is calculated by adding all the filled
volumes,

indgap indgap indpref (j)

Vol = Z Vin +> > v (5.41)
PR

5.1.3.4 Specific equation and solving method related to phase 2

From the first to the second phase, the injection gate is closed and a load is
now applied to the fluid in the gap. Therefore, the force will be transferred and
distributed to the fluid all over the preform surface. The forced pressure at the
injection gate boundary condition will be replaced by an equation that insures the
distribution of the load all over the filled region of the gap. The motion of the upper

plate is driven by an applied force; an extra equation has to be added into the system of

equations in order to compute this motion as a function of the fluid pressure.
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5.1.3.4.1 Pressure distribution in the gap

The equation governing the distribution of the pressures in the gap (5.42)
is still valid. However, from the first to the second phase, the gap size has been
transferred from secondary unknown to primary unknown. Therefore, the coefficient
associated the gap thickness at time t+1 has to be present into the G matrix. Equation

(5.43) is recast as follows

I:Irf I_AIH;I 713 o )
= g R
3'6(131;1)2 7y t+1 1+l A+l A+l
W(Hgﬂ‘HZ-I)(P?L‘P??_[)JF (5.44)

plar) ak

8j

+ XX j At+l _2’\t+1 + At+l
1243 dx’? (p"f“ Py P )

As previously explained the injection gate is closed and a force F' is now applied (see
Eq. (5.1)). An extra equation that integrates the fluid pressures over the surface of the
preform to calculate the force, F experienced

A L

F=["p,, (%)di (5.45)

0
Where p,,, represents the pressure values on the surface of the preform. Eq (5.45) can

be discretized as follows,
Z prldi=F (5.46)
5.1.3.4.2 Motion of the mold

The motion of the mold is directly dependant on the value 4 representing

the distance between the two plates. An extra equation is then introduced in the system
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in order to calculate this value A. From Figure 5-5, A is a function of the total
thickness of the preform and the gap size. Summing Eq. (5.19) over the thickness and
relating it to the gap size and A results in the following relation

Atj+1 _ﬁ;j—l +Z§(ﬁlw;l _ﬁ;;l)dj\}(l_e—cdf) _
- (5.47)

Note that A has to be a constant value over the length of the preform as the mold is

composed of two rigid plates translating vertically parallel to each other.

5.1.3.4.3 Matrix structure
The matrix structure associated to the solution for the second phase is

shown as follows,

ri-1
[ Flow in gap(1) T Agap 1 |
Flow in preform(n) I 2
p
Average pressures on top (1) A mo . om . A
— dht + df\ _ dht 1— —ct.dt
Delta(n) [:1 ; ij ;( Y ij )( € )
Pressures in gap(n) F ’ H ;’1
top
Pressures in preform (n * ( max (indpref ))) ] dhA’jrl (d)? - dhA,_’J )(1 — et )
dh' df

5.1.3.5 Specific equation and solving method related to phase 3
During the last phase of CRTM, the upper platen continues to move
downward until the final geometry of the part is achieved. This phase can be divided in

two different stages: the first stage in which the gap progressively disappears (the
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contact surface between tool and preform increases) and the second stage where the

tool entirely touches and compacts the preform.

5.1.3.5.1 Pressure distribution on top of the preform

When the gap is still present in the system, the gap equation (5.44) is still
valid. When the preform is in contact with the tool, the equation describing the
pressures distribution in the preform (Eq.(5.21)) is used and the appropriate boundary
conditions are applied. On the top layer of the preform, due to the contact
preform/mold. Recalling Eq.(5.34), the stress due to the fluid gradient is equal to zero.

The mirror method is used to compute the pressure distribution and Eq.(5.21)

becomes,
> L+l > NS
At+1 _zaKxxi,jdhivj _ZKYYi.jdhiJ
di’ di?
n | @AR AR v aR Adh @K, dhl’
e ’ ) + ) +
b 4dx dx
o [ @AR di + @R Adh aK ., dhl
P + = + 5.48
i+l 4dx2 dxz ( )
> L1+l [+l _ et di
| 2K, dhl ot Sdh/*'dy (1-e ")
i+, ] A 2 el; ~ N -
(dhi’j_l ) dh/ dt

dhf (1= e ") (dy - dh! )
dh! di
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The pressure on the top right corner is also calculated,

~At+1

20K, dh"' 2K, dh
P, PTY a5’

YYij

20K, dh 2K, dh/"!
XX j L ﬁ[+1 Vi ;’]
ij-1 d)’(\fz i+j L+l
(ai5)
A —ct df
Sdh/'dy (1-e ")
dh! di

~At+l

+

(5.49)

A+l
el;

dh! (1= ") (dy - dh/ )
dh! di

An extra equation forcing the gap to be equal to zero is added.

5.1.3.5.2 Motion of the mold

The mold continues to travel toward the lower platen. When the gap
remains, equation (5.47) is still valid. When the tool is in contact with the preform, the
stress due to this contact is added into the expression of p,.r. and the unknown H,,, is

replaced by p,; in the U vector. Equation (5.47) becomes,
Aer + Z 5(ﬁ1t+,1 _ ﬁ,H;l + ﬁeli )d}Af (1 _ 6_”"0”) —
i=1

Stai +3(d-diy )(1-e )
=1 im1

(5.50)

5.1.3.5.3 Matrix structure
The matrix structure associated with the solution for the third phase is

shown as follows,
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— . _ I:;_]
Position gap (1) L, A:; 1
Position preform(n) Ap l:,,
Average pressures top (1) A F
Delta(n) ﬁg’ﬁel _ idﬁ,’_, +i(d5’_dﬁij )(l_e,mdf)
Contact gap preform(# of nodes in contact) Iflg (;:l =1
Pressures gap (n —# of nodes in contact) i’mp g
_Pr essures preform (# of nodes in contact+n *(max (indpref )))_ _13 | dl;’” (d)? —di ) (1 _ et )
dii' di

5.1.4 Solving scheme

At each time step, an iterative solution is computed and compared to the
previous iteration. If the relative error between the two iterations is less or equal to a
certain value, the time step is validated. The margin of error is described in the

following equation,

vt -uv
<err (5.51)

Where HU YU HH is the Euclidean norm of the difference of the vector grouping all

the primary unknowns, N is the length of this vector and err is an arbitrary chosen
small value. For all numerical work conducted in this thesis the arbitrary err=1.107
has been chosen and verified. Only the lines of nodes associated with the filled
elements are included in the equation system, this means that N will increase as time
progresses as more and more elements are filled. If the results do not converge after a
set number of iterations (in our case it was set to a maximum of 20 iterations), it is
likely the flow is oscillating between two nodes varying the size of the vector U at

each iteration. Hence, the margin of error generated at each iteration will oscillate

72



around a certain value and the solution will never converge. To overcome this issue,

the time step is reduced by a factor of 10,

(5.52)

This decreases the rate of advancement of the flow and prevents the oscillation. The

solution algorithm for each phase is described in Figure 5-6,

5.2 Validation

In order to investigate the validity of the simulation, two different
verification tools will be used. As a similar modeling approach has not been done
previously, it is very difficult to validate it using comparison with previous works. A
first check will be conducted using the conservation of the resin through the process
and the convergence of the solution for different mesh refinements. Another way to
validate the process is to compare our model with previously established models for
special cases in which the assumptions in our model are the same than in the finite

element control volume numerical method.
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5.2.1 Convergence of the solution

In order to verify the interpolations and discretization techniques, a
convergence study is conducted by varying the number of elements in the mesh.

In finite differences, the error generated is mostly the truncation error due
to the accuracy of the derivative discretization. A finer mesh reduces this error and it is
a typical solution to increase the simulation accuracy. However, in our case, a more
important number of nodes will result in a dramatic increase of matrix size and
computation time to inverse it. Therefore, the convergence study will also help to
determine the minimal mesh refinement to achieve reasonable accuracy.

The two dimensional model was used for this convergence study. The
initial and target geometries are listed in Table 5-2. The element number was gradually
increased from 200 to 6050 elements. A further increase could not be achieved due to
the memory limitation of the computer. The aspect ratio of the elements was kept at
0.64. This ensures that the high aspect ratio of the element will not negatively

influence the results in the study.

Table 5-2 Convergence study initial and final parameters

Hgap H Pinj Pap Vo E C hlarget koxx koyy
1.10° | 7.10° 15.10° 2.10" 2.10"
4mm | 1 cm 0.2 1 | 7mm
Pa Pa Pa m? m>
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It is expected that the achieved final thickness should converge as the
number of elements increases. As the elements count increases, the variation in
computed thicknesses decreases and the error related to mesh refinement can be
considered as negligible. The final thickness converges to a value smaller than the
target thickness. This loss of resin is due to the mesh approximation and can be

neglected (error=2.86%).

E  0.0069 \
g \
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0 1000 2000 3000 4000 5000 6000 7000

Number of Elements

Figure 5-7 Study showing convergence of fiber volume fraction with increasing
number of elements

The time required to fill the part is also recorded (Figure 5-8) and, as
expected, it shows a convergent behavior similar to the final thickness curve (Figure

5-7).

76



232 o
23
@ 226 ‘ ’,/
= 224 |/
218 \J
2.16

Figure 5-8 Study showing convergence of filling time with increasing number of
elements

Due to the very high computing time (6 days) for relatively fine meshes
(2450 elements), the followings studies will be conducted using a mesh involving
1250 elements. The results will not be very accurate but the general behavior or the

system will be conserved and the computation can be completed in 12 hours.

5.2.2 Resin mass conservation

All the governing equations listed in chapter 4 are based on the principle
of mass conservation. A good way to verify if the model is correct is to track the
amount of resin present in the system during the process. During phase 1, resin is
injected in the system; therefore the focus will be made on the two following phases as
the injection is closed at the end of the first phase.

At the end of each time step, the amount of resin is computed using

Eq.(5.41) and summing the calculated amount over all the elements. As explained in
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section 5.1.3.3, the entire control volume is filled as soon as the associated node is
assigned a positive pressure. The size of this control volume, however, will change
during time as it gets compressed. As a result, one will notice an abrupt change in
resin volume as soon as a node gets filled and a decrease of this volume until another
node is filled. The accuracy of the resin computation will then increase as the mesh
gets finer. Figure 5-9 and Figure 5-10 show the difference in volume accuracy through
the entire CRTM process.

As mentioned in the previous section, the other source of resin loss can be
attributed to the approximation in the derivative computation, leading to a flow front

progressing slower than the reality.

Resin amount (ma)
o]

Time (s)

Figure 5-9 Amount of resin present in the system during the process (Ng=450
elements)
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Figure 5-10 Amount of resin present in the system during the process (Ne=1250
elements)

5.2.3 Comparison using the software LIMS

LIMS (Liquid Injection Molding Simulation) is a software that simulates
the filling stage of RTM and related processes by modeling the flow through a porous
media using the finite element method [33, 38]. Previous work modeling the CRTM
process has been done using this software [5, 6, 39]. The flow during the first phase of
CRTM can be approximated as a VARTM flow using a highly permeable distribution
media. This assumption will be used to validate our model by comparing our results to
the results generated by LIMS. The fabric will be assumed to be rigid with a gap on
top of it. A fixed amount of resin is injected into the system, the filling time and flow
front position are recorded when all the resin has penetrated into the system
(preform+gap). The input parameters are listed in Table 5-3 and the results are shown
in Figure 5-11 and Figure 5-12. The final filling times were #;,=3.18344 s for LIMS

versus f;;=3.1740s for our model.
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Table 5-3 Input parameters in the first phase validation

H L Haeap Vol

1 cm 25 cm 1 mm 0.001 m’

P
83750

87500

I 81250

75000

0.02 - BO7H0
F 62500

56250

50000

43750

o 37500

0.015 21980
25000

18750

r 12500

> B250

Figure 5-11 Pressure distribution computed with LIMS at the end of the first
phase
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56250
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12500
6250

0.01

0.005

Figure 5-12 Pressure distribution computed with our model at the end of the first
phase

5.3 Case study

The filling of an initial part of rectangular shape is modeled. The target
dimensions of the part are known. The initial part will be submitted to the CRTM
process model, the flow front position as well as the part thickness at the end of each
phase will be recorded and is presented in Figure 5-13, Figure 5-14 and Figure 5-15 in

their non dimensional form. Table 5-4 lists the input parameters for the model.

81



Table 5-4 Input parameters for the CRTM model

Initial thickness I cm
Initial length 25 cm
In plane permeability 21070 m?
number
Preform initial properties through thickness 122
o1 2.100" m
permeability
Young’s modulus 15.10° Pa
Initial fiber volume fraction | 0.2
Damping factor ¢ 3
Preform final properties Final thickness 7 mm
Gap size 3 mm
Injection pressure 1.10° Pa
Process parameters Compaction force 1.7.1°N
Ramping factor R 0.1
Fluid viscosity 0.3 Pa.s

07k
06

>05
04
03
02

0.1

4
0.9375
0.875
0.8125
0.75
0.6875
0.625
0.5625
05
0.4375
0.375
0.3125
0.25
0.1875
0.125
0.0625

Figure 5-13 Flow front position a) and pressure distribution b) at the end of the

first phase
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4
0.9375
0.875
0.8125
0.75
0.6875
0.625
0.5625
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0.4375
0.375
0.3125
0.25
0.1875
0.125
0.0625

Figure 5-14 Flow front position a) and pressure distribution b) at the end of the
second phase

4
0.9375
0.875
0.8125
0.75
0.6875
0.625
0.5625
05
0.4375
0.375
0.3125
0.25
0.1875
0.125
0.0625

Figure 5-15 Flow front position a) and pressure distribution b) at the end of the
third phase

83



Chapter 6

PARAMETRIC STUDY

The material properties and the final geometry are usually defined by the
desired mechanical properties, hence only the influence of the parameters related to the

injection pressure (9;), the applied force (d,) and the initial gap size (y) is investigated.

6.1 Influence of initial gap size y

In order to study the influence of y on the flow front development and the
preform compaction, several numerical experiments were conducted in which the
value of y was varied while the other two process parameters were held constant
(0/=0.0667, 6,=0.467) and so were the material parameters (vp=0.2 and 0=0.04).
However, the non dimensional number relating the gap permeability to the preform
permeability B will change as y changes. The preform permeability being unchanged,
the characteristic time will stay the same. Figure 6-1 details the impact of the gap size
on the time taken by the process to achieve the final dimension.

The gap size also influences the geometry of the flow. Indeed, the gap
permeability is a function of the gap thickness. Therefore, the fluid will flow
principally in the gap for large gaps and will flow more and more into the preform as
the gap size reduces. Figure 6-2 shows the flow front geometry after the first phase of

injection for different y values.
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Figure 6-1 Influence of y on the total filling time (6;=0.0667, 6,=0.467)
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Figure 6-2 Flow front shape after the first phase for different values of y

(01=0.0667), here x=0 is the symmetry plane
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The increase of the gap size has a great impact on the filling time only if y
is relatively limited. For larger gap sizes values, an increase of y will not improve the
fill time by much.

To explain the improvement of the process time for limited gap sizes; one
has to recall the geometry of the part. Indeed, the part is long and thin (H=Icm,
L=25cm). If the gap is large (y is small), the flow will be close to a one dimensional
flow in the y direction (Figure 6-2). The part being thin, the fluid will fill the mold in a
relatively short time. When the gap is small (large values of 7y), the resin flow will
quickly reach the bottom of the mold under the injection gate (Figure 6-2). The resin
has then to impregnate the remaining preform region along the length to complete the
filling. The time it takes to do this will be much larger than the time it takes to reach
the bottom of the mold by travelling only vertically.

For large gap sizes (y<2.5), a decrease of y will not have a great impact on
the total filling time. For such large gaps, at the end of the first phase, the gap will not
be entirely filled. When the phase two initiates, as the gap closes, the resin will be
principally driven in the gap direction. When the resin reaches the end of the gap, a
limited amount of resin will have penetrated the preform. This state is not that
different than if one started with a smaller gap size. A larger gap size requires one to
drive the resin to fill the gap. Hence although phase 1 time is reduced for large gaps, it

will increase the phase two time.

6.2 Influence of applied load 6
The applied force or injection pressure has an impact on the compaction of
the preform and therefore the permeability of the preform. An increase of the force (or

injection pressure) will decrease the fill time; however, the improvement due to this
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increase might not be worth the increase in tooling cost. To investigate this impact, the
material parameters (vp=0.2 and a=0.04) were kept constant and y was chosen such
that the gap size provides a reasonable injection time. Figure 6-3 and Figure 6-4 detail

the impact of the delta parameter on the fill time of phase one and the entire process

respectively.

4.5
3.5

2.5

Fill Time (s)

15

0.5 - : o
0 0.2 0.4 0.6 0.8 1 1.2

S

Figure 6-3 Influence of 6; on the phase 1 fill time (y=10)
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0 0.2 0.4 0.6 0.8 1 1.2

Figure 6-4 Influence of 3, on the process fill time (6,=0.0667 and y=2.5)

The resulting overall behavior is the same for the variation of ; and 0.
The same analysis will be conducted for J; and d,; a common number ¢ will then be
used. Initially, increasing o significantly lowers the fill time. However with further
increase, its influence on the fill time improvement decreases relative to the increase
of the force or pressure, and consequently, the tooling cost. As explained in section
7.2.5, one can define a d,prima value that will quantify the diminishing returns. In this

study, dyprimar can be set as the lowest value of ¢ satisfying,

o (2pma), (6.1)

t )

phase ( optimal )

This means that doubling the applied force/injection pressure will half the phase time.
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Chapter 7

LIMITING CASES

As seen in chapter 6, that the process parameters  which measures the
influence of gap to through plane permeability and y which is the ratio of the initial
thickness to the initial gap can influence the geometry of the flow development.
Higher value of P and lower value of y will fill the gap preferentially before
impregnating the preform. Once the entire gap is filled, the fluid will flow uniformly
across the length in the thickness direction. Thus for this limiting case, the flow can be
simplified to a unidirectional flow through the thickness of the preform as shown in
Figure 7-1.

On the other hand, if the aspect ratio of the part o is significantly small
(0<1.10) or if the ratio of the initial thickness to the initial gap thickness is limited
(y>10), the flow during phase 1 and 2 will be two dimensional until it reaches the
bottom of the mold. Then, the flow front will start equalizing along the thickness of

the preform and become vertical (Figure 7-2).
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0.01
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Figure 7-1 Uniform one dimensional flow through the thickness at the end of the
first phase (B=1070, y=2.5)

Figure 7-2 Flow front development during phase 1 and 2 for limited values of £
and a
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Therefore, the last phase can be approximated as a one dimensional flow

front progression in the in plane direction. Figure 7-3 shows the flow development

computed by the two dimensional model at the end of the second phase in such case.

0.02

0.015

0.01

0.005

0.1

3.06998
2.85937
2.64875
2.43813
2.22751
2.0169
1.80628
1.59566
1.38505
1.17443
0.963812
0.753195
0.542577
0.33196
0.121343

0.2 0.3 04

05

Figure 7-3 Result of the two dimensional flow model for o limited and y large

(Hyqp=1mm)

In these two limiting cases, the two dimensional flow can be simplified

into a dimensional flow. This will simplify the solution and allow one to study the
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influence of various parameters. This chapter will detail the solution of these limiting

cases, validate them with experiments and conduct parametric studies.
7.1 One dimensional flow through the thickness

7.1.1 Problem statement and assumptions

The goal of this section is to predict the compression of the fabric and the
impregnation of the resin into the preform as the mold platen pushes the resin into the
preform under a prescribed force (Figure 7-4). A parametric study will identify the role

of the applied force on the resin impregnation dynamics.

c)

PREFORM BRRLE

Figure 7-4 Schematic of the second phase of the CRTM process in which the resin
impregnates the preform simultaneously compressing the preform
even before the mold platen touches the preform.

RESIN [

IGAP
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If the injection pressure during phase one is limited, the pressure
compacting the preform is small and one can neglect its deformation during phase one.
It is also assumed that the gap permeability is significantly higher than the preform
permeability which can be easily justified. This assumption ensures that the entire gap
will be filled before any impregnation into the preform provided that the volume of
resin injected is at least equal to the gap volume.

In phase one of the process, the gap volume is set slightly smaller than the
injected resin volume. Thus, the gap will be fully filled and some resin will also
impregnate the preform, as shown in Figure 7-4. We assume that a linear pressure
gradient exists in the filled region of the preform before the initiation of phase two as
the magnitude of this initial pressure is small and the depth of penetration is only a
fraction of initial preform thickness. As the resin covers the entire surface of the
preform uniformly in the first phase and the platen moves in the thickness direction
when it closes the gap, one can assume a one dimensional flow through the thickness
(see Figure 7-5).

Other assumptions are as follows:

(1) Due to the visco-elastic behavior of the dry preform and the high closing
speeds involved, the dry part of the preform will be assumed to be stiff
[23]. Concerning the lubricated part of the preform, its visco-elasticity will
be neglected (fiber volume fraction depends only on the applied stress).
This applies only to the preform deformation. The system will still behave
visco-elastically as the necessary fluid transfer governed by Darcy law still
dampens the deformation.

(i1) We assume that the flow follows Darcy’s law and as the Reynold’s number
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is much less than one, we can assume it to be quasi-steady. This allows us

to solve for the steady state problem at each time step.

7.1.2 Governing equations
To model the process, two “separate” equations governing the pressure
distribution through the domain and the progression of the flow front need to be

formulated.

mh

i I

Lo

Figure 7-5 Schematic of the initial condition used in the model

The applied force is recast as applied pressure as the area on which the force acts does
not change during the compression process. The two parameters are related in the

following way,

F
P = (7.1)

ap
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Where P,, is the pressure resulting from the applied force F over the preform area A.
The distribution of the fluid pressures p through the domain can be described using
Darcy’s law [19-21] coupled to the mass conservation due to the compaction of the

elements by the fluid. At each time step, one finds

v(—E.Vsz %€ (7.2)

where ¢is the strain. The rigorous evaluation of the deformation field requires a
known stress-strain relation in both the wet and the dry fibrous preform. For modest
deformations, one can use the infinitesimal strain which yields the following model to

describe the rate of change of strain in the preform as

iz _Vf_oﬂ (7.3)

ot v fz ot

where vy is the initial fiber volume fraction of the fabric.
The derivative with respect to time of fiber volume fraction in Eq. (7.3) can be
rewritten as function of compaction pressure p,,.r (compaction stress experienced by

the fiber preforms) as follows,

av ; dv s op orer

= 7.4
ot dp,, Ot (7.4)

which when substituted in eq. (7.3) results in,
% — _vﬁ av.f appre_f (7 5)

or v’ dp,, Ot

Similarly one can express the change in permeability of the preform in the through

thickness direction, K, with respect to change in the thickness direction as follows
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aK)')' — aK)'y aVf appref

(7.6)

ay aV f ap pref ay

Using Eq. (7.2) to describe the resin flow in the z direction and substituting Egs. (7.5)

and (7.6) in Eq. (7.2) results in the following governing equation,

1 dK, v, 9p,, P + &az_p— _ Yo aiapﬂ (7.7)

noov, dp,., Oy dy 7 ay’ vf2 p,,., Ot
Equation (7.7) is a general expression which can incorporate any form of constitutive
equations to describe (i) the change in fiber volume fraction v, as a function of p,.s

and (i) change in preform permeability K, as a function of v,.

To determine the flow front position, the flow front advancement is computed from

the averaged velocity provided by the Darcy's law at the flow front position:

o, __K,(r=1)(ap (1.8)
dy .

y=L

ot no(y=1L,) p

where L is the depth of penetration of the fluid into the preform relative to the upper

surface of the preform and ¢=(1—v ) is the porosity of the fabric.

7.1.3 Constitutive equations

One must consider the stress-strain relationship in lubricated preforms to

develop the relationship between p,.s andv,. A significant number of compaction

models that propose various forms of such a constitutive equation have been published
through the years [14, 24, 27, 29, 40-43]. As explained in chapter 3,we selected the

following relationship between vy and the applied stress pp.p, [31]

p ref
v, =v,+(v,,  —Vy)tanh" | —2— (7.9)
! ” ( g fO) (pprefmax m}
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One also needs a constitutive equation to describe the permeability as a function of the
fabric fiber volume fraction v,. One could use one of the many available in the
literature, we selected the Kozeny-Carman [19, 20, 34] relation to describe this
change. The Kozeny-Carman equation did provide a reasonable fit for the fiber volume

fractions of our fabric with ko=2.7x10"?>m?.

(1_"f )3

yy 2

Kyy (Vf ) = ko v}

(7.10)
7.1.4 Non dimensional analysis

In order to identify the key parameters, a non dimensional analysis was
carried out where dependent and independent variables have been selected.
Using the non dimensionalization variables from Table 4-1, one can write the non

dimensional form of Eq. (7.7) as,

A o A A
bouPute o Ry By (@) o @p) B oy
von H> 7| v, 9p,., 9 Y09t | of P,

One can choose the value of 7. in such a way as to make the value of the coefficient on

the left hand side equal to unity, hence

_Veoll H*
‘ ko,, F,

p

(7.12)

Interestingly, this value represents twice the time to fill a cavity between two plates
separated by a distance H, filled by porous material of permeability ko with a fluid of
viscosity 77 when injected with a constant injection pressure equal to P, with no
preform deformation. As such, it provides a reasonable first order estimate of the

filling time.
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Substituting eq. (7.12) into eq. (7.11) and applying Terzaghi’s relation [22] to express

the deformation as function of fluid pressure,

2 A
A D K 25 D
2|k USRI (7.13)
Yoy v, 9y ot
where,
5 oK, _3(1_"f)2"f_2(1_"f)3
K, === ; (7.14)
v, Ve
and

max max

N A n—1
e Y (s =¥10) 1, 14 tanh?| Lot Fo || o | Lo o (7.15)
! D s mP, mP mP

Using the non dimensionalization variables from Table 4-1 and substituting Eq. (7.12),

the dimensionless version of Eq. (7.8) is,

oL, K, (y=L,)vs ( % j

(7.16)

of  g(y=L,) |

y= Lp

Where the subscript y=L, represents the values at flow front position.

7.1.5 Numerical solution

As equation (7.13) is non linear, we will use a finite differences scheme
with fluid pressure at each node as our primary variable for the calculations. As the
resin progresses in the preform only in the transverse through thickness direction, one
can increase the size of the domain at each time step to accommodate this moving
resin boundary. The element size will increase as well.
To solve Egs. (7.13) and (7.16), we use the finite differences scheme. The derivatives

are discretized as follows,
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a_ﬁ= ﬁfﬂ_ﬁ;—l (7.17)

¥ 249
2 A At+l  partl At+]
aAf _ Pis 2 12 + D (7.18)
dy 4y
A A+l At
B _PT b (7.19)
ot At

The previous expressions are substituted into eq. (7.13) and its finite differences form

becomes,

At NI > At+l At At+l Attl A+l
A =D K T+ p =2 D =D
V;- _Kyyv P ,\pl_l 4= Pin pz—’l\2 P :pz Apl (720)
24y v,/ Ay At

The secondary unknowns (fiber volume fraction, permeability and their derivatives)
are computed for p!. Note that the first order differentiation raised to square is
expressed at the time t while the second derivative with respect to y is at t+1. The
motivation of this choice is to restrict the solution technique to a semi-implicit
scheme. The system should be more stable than the fully explicit one without dealing
with the complex formulation and iteration difficulties encountered in fully implicit
schemes.

By sorting the pressures at time t and t+1 and by grouping the coefficients by the

individual nodal values one finds,

—I%,,'V ’ At ~Ar )2 At ALt AL+ Aft
+f(pi+l _pi—l) +p pi = p" (B+2) - pili - bl (7.21)
4Kyy
where,
A9y,
B=— yzfA (7.22)
K, v, At
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This equation is valid for every internal node i. At boundaries i=0 and i=i; one apply

the following boundary conditions,

p(3=0)=1 (7.23)

p($=L,)=0 (7.24)

The best way to solve this system of equations is to express it as a matrix including

every space step,

1
_ _ K v/’ 2
10 o1l i Bipy — ;’( L (p5-py)
1 B+2 -1 0 0 - S o .
. : t+1 t Kyy Vf t 1\?
0 -1 B+2 -1 0 i : ) B.p>— I (ps_pl) (7.25)
0 0 01l : |= "
0o - R N 3
: - 0 -1 ﬂN—1+2 -1 p}’\;'_ll R
0 0 0 0 0 1 1 , w ViV
- - _pit\; i PP — Ié ! (pN_prz)
»
_O .

For the initial pressure distribution, we assume that some fluid penetration has

occurred during phase 1; it involves a linear pressure distribution over its length.

Substituting discretized derivatives into equation (7.16),

ri+l _ rt At At
Lpi Lpi — f Pini — P

At Ay

(7.26)

where,
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ég:_ (l_v.fap) Vo (7.27)

Vi (1 "V )3

Vrap 18 the fiber volume fraction corresponding to a applied pressure of P,, without any

fluid pressure.

To solve the problem, the new domain is determined by solving eq. (7.26) at each time
step. The new mesh over this domain is then generated and pressures are solved using

equation (7.25).

In order to compute the deformation of the preform occurring during the
process, the fluid pressure at each node is converted into a strain. To do so, Terzaghi’s
relation [22] is used to obtain the stress in the preform p,,.s from the fluid pressure p.
Once py.ris known, the corresponding fiber volume fraction of each element is known
by averaging the stresses at the two neighboring nodes and by applying Eq.(7.9). One
needs then to integrate with respect to time the infinitesimal stress strain relation given
by Eq.(7.3)

e=—"L"-1 (7.28)
Vy
The strain is calculated for each element. The sum of all the infinitesimal deformations

over the domain will give the global deformation.

7.1.6 Experimental validation
In order to validate the one dimensional solution, an experimental setup

using constant applied pressure was developed. The setup consists of a semi-circular
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cavity with a glass wall for the straight edge. This allows us to observe the evolution
of the key components (flow front, preform top, molds) during the process of CRTM.
A plate of similar shape is used as the top plate. The mold and plate form a male
female combination. In this setup, the bottom mold moves vertically up and the upper
plate is stationary. The movement of the mold is achieved by placing the mold on an
inflatable rubber tube. This rubber tube is attached to a pressure bucket containing
water. By injecting the water into the rubber tube at constant pressure, the lower part

of the mold is pushed upwards with constant force (Figure 7-6).

Figure 7-6 One dimensional phase two experimental setup
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A series of 5 experiments have been conducted with E-glass woven fabric
24 oz as a reference material due to its very small variability in its properties. The
initial thickness as well as the initial weight, number of layers and resin viscosity were
measured for each experiment. For each experiment, 15 layers of woven E-glass were
placed into the mold. The gap was set to 4mm. Dyed corn syrup was injected using a
syringe to cover the entire surface and fill the gap. Viscosity of the fluid was about
0.4Pa.s at room temperature. The final filling time and deformation were recorded
until the preform came in contact with the tooling. The same parameters have been set
as inputs in the simulation. The experimental results and the simulation outputs are
compared (filling time (Figure 7-7) and final thickness (Figure 7-8)).

In Figure 7-7, the model errors bars represent the variability in filling time
due to the variability of the measured permeability while the experiment errors bars
represent the inaccuracy of the contact time determination. Similarly, in Figure 7-8, the
model error bars represent the variability in deformation due to the compaction
behavior while the experiment error bars represent the inaccuracy of the contact

position measurement.
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Figure 7-7 Prediction of normalized deformation (H=15mm) and its comparison

with experimental results for 24 oz. E-glass fabric
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Figure 7-8 Prediction of normalized fill time (t.=2.014s) and its comparison with

experimental results for 24 oz. E-glass fabric

104



7.1.7 Parametric study
From Eq. (7.13) and (7.16), we can identify four parameters that do
influence the flow front and the compaction of the preform. They are listed in Table

7-1 along with their physical significance.

Table 7-1 Non dimensional parameters in the one dimensional limiting phase 2

case

Non-dimensional . C g

Physical Significance
parameter
0= F, Ratio of available stress and maximum stress to compact

P, the preform

Parameters describing the preform compaction as a
n, m . . .

function of fiber volume fraction
Vo Initial fiber volume fraction
U=V, = V5o Preform compliance

The material properties and the final geometry being usually fixed by the
mechanical properties desired, only the influence of Q2 will be studied.

In order to identify the role of Q, several numerical experiments varying
the applied force while maintaining the material properties (/'=0.3, vp=0.3, n=0.45,
m=0.86) constant were carried out. The impact of this variation on the two outputs:
deformation and filling time is shown in Figure 7-9 and Figure 7-10. Final thickness,
hfinat, 1s non dimensionalized with respect to the initial thickness H. The fill time will
not be non dimensionalized as the characteristic time is a function of the applied

pressure. The gap size is fixed and different amounts of forces are applied on the resin
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on top of the preform in order to squeeze it into the material. The filling time and final
deformation are recorded when all the resin has penetrated the preform (calculated for

Veina=0.45 at the end of the process).
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Figure 7-9 Influence of non-dimensional parameter Q (ratio of available stress to
maximum possible) on the final deformation
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Figure 7-10 Influence of non-dimensional parameter  (ratio of available stress
to maximum possible) on the filling time

Initially, increasing € increases the compaction of the fabric and more
importantly significantly lowers the fill time. However with further increase, its
influence on the fill time improvement decreases relative to the increase of the force,
and consequently, the tooling cost. However, the overall improvement of the process
will also depend on the last phase. This behavior has already been observed in CRTM
when a prescribed force is applied to a saturated preform and pushes the fluid
horizontally [31]. Therefore, there exists an optimal applied force that will improve
significantly the process fill time without overly increasing the tooling cost. Beyond
this point (which needs to be set on a case-by-case basis) further marginal

improvement is still possible but it is not economical.
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Another way to decrease the fill time of the second phase is to increase the
initial depth of penetration of the fluid. This will decrease the gap size and therefore
decrease the amount of resin to squeeze into the preform during phase two. As the
final deformation is calculated using the final depth of penetration (which depends on
the total volume of resin), the final thickness will be unchanged. However, the gain in
time made in phase two will be offset by the increase in time required to complete
phase one as one must inject the resin into the preform further in phase one under low

pressure.

7.2 1In plane one dimensional flow

Assuming that the part is long and thin and the permeability anisotropy is
limited, it was demonstrated that the resin could saturate the preform through the
thickness near the inlet once the platen comes in contact with the preform as shown in
Figure 7-3 [18]. If this occurs, and as the mold platen compresses the preform, the
flow front can only advance uniformly in the plane as shown in the schematic in
Figure 7-11. The in-plane flow of resin during the compression of the partially
impregnated preform is of utmost interest, as the resin moves slowest, or requires
highest driving loads. To simplify the analysis, we assume that the part is long and
slender ([1-3]) and thus the resin flows in x-direction only (see Figure 7-11). This
limits the analysis to one dimensional flow and allows one to identify important
process and material parameters. Previous work [13-15] has addressed this situation
when the upper platen is compressing the preform with constant speed in which case
the preform deformation is explicitly known. In this section, we will address the other

important situation in which the preform is compressed under controlled force and
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preform deformation needs to be evaluated along with the resin pressure to find the

location of the flow front with time.

Figure 7-11 One dimensional flow of a partially impregnated preform (Due to
symmetry only one half of the mold will be analyzed).

7.2.1 Problem statement and assumptions

In the following, we will simplify and model the final stage of the CRTM
phase. The mold is in uniform contact with the preform, the initial location of the
uniform flow front across the thickness in the partially impregnated preform is at Ly as
shown in Figure 7-11. As the initial thickness of the fabric when the mold makes

contact, H, is known one can calculate the initial fiber volume fraction from the mass
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and density of the preform material. The top mold platen under applied constant force
compresses the preform which forces the resin to advance in the horizontal direction to
saturate the dry preform. Due to the movement of the top platen, the preform thickness
decreases, its fiber volume fraction increases and the compressive stress experienced
by the fabric increases appropriately. The process is stopped when the flow front
reaches the end of the mold and the preform is fully saturated. The resin will not
entirely fill the preform if the applied force on the platen is smaller or equal to the
force required to compact the fabric to the projected fiber volume fraction. In such
situations, the force exhibited by the fabric will halt the movement of the upper mold
platen prematurely. Otherwise, the flow front will progress until the entire preform is
saturated. The goal of this study is to relate the transient flow progression with the
known transient force applied on the mold. Practically, this will be used to determine
the force required to ensure that the resin does reach the mold end within a certain
amount of time as a function of the fabric compliance and the initial flow front
position.

Other assumptions are made as follows:

(1) The mold is in direct contact with the wet and the dry parts of the fabric. When
the fabric is compacted, we assume that the compaction behavior is the
same in dry or wet preform. A different behavior for the dry part can
however be easily added by separating the dry and wet areas during the
stress integration.

(i1)) We assume that the flow follows Darcy’s law and the quasi-steady solution

technique applies. This assumption is justified and validated.
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7.2.2 Governing equations

The governing equation can be formulated by combining Darcy’s law [19-
21] in the x direction with the mass conservation due the movement of the upper
platen at each time step as follows

Ko(v)@p(x1) (1)
n ox’> h(t)

(7.29)

where K, is the fabric permeability in the horizontal x- direction, # is the fluid
viscosity, vy is the fabric fiber volume fraction, p is the fluid pressure and # is the

instantaneous preform thickness. Note that here the permeability of the fabric will

reduce as the fiber volume fraction increases due to compression and that h(t) denotes

a% ; and is not known apriori since the control is asserted over the applied force, not
displacement. One can solve for the pressure field at a given instant in time inside the

mold by applying the following two boundary conditions at the inlet (symmetry

boundary condition) and at the flow front location (which is still unknown)

[g_il:o =0and p(x=L,(r))=0

Thus, the resin pressure at a given time can be explicitly calculated as follows

T N O 730

Now the total force, F(t) per unit width at any time t acting on the platen is equal to

the sum of the force exerted by the resin and the fabric according to Terzaghi’s relation
[22]. Thus,

Ly (1) L

F()=["" p(at)dc+ [ p, ., (1)de+]

Ly (1)

P orepary (1) dx (7.31)
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Here p,. and p, ., denote the compressive stress experienced by the saturated and

dry parts of the fabric due to compression and must be separately characterized for
each fabric as a function of deformation. To simplify the derivation, both dry and
saturated fabrics are set to behave the same way under compression. In this case

Equation (7.31) becomes,

F()=["" p(xt)de+ [ p,., (1) dx (7.32)

Substituting Eq. (7.30) in (7.32) and integrating the first term results in

F(t) = —#M%Lf3(t)+ﬁ Py (1) dx (7.33)

Mathematically one can express the mass conservation inside the filled part of the

preform as follows

(%(th¢) =0=L,hp+ L, hp+ L ho (7.34)

where @1s the porosity in the mold and the dot represents the derivative with respect to
time. The volume conservation of the fabric inside the mold allows us to write the

following equation
hv, =h (1 - ¢) = constant (7.35)

Taking the time derivative and rearranging equation (7.35) allows one to find an

expression for ¢, which is

P= (7.36)

Substituting Eq. (7.36) into Eq. (7.34) and rearranging leads to,

) g2 01, ) .
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Rewriting Eq. (7.36) in terms of v, results in

%(vf ()R (1)) =, (1) h(£)+v, (1)i(£) =0 (7.38)

which allows one to relate Ly to v, by substituting equation (7.38) and (7.37) into
equation (7.34),

L
Vy (I_Vf) L

One can solve the ordinary differential equation (7.39) by applying the following

%

(7.39)

boundary conditions,
L, (0)=L, and v (0)=v,

The result relates the current fiber volume fraction of the preform in the mold to the

location of the flow front at that instant in time as follows

L; (1) i

LO(I_V.fO)+Lf' (),

v, (t) = (7.40)
By substituting equation (7.40) in Eq. (7.30) and Eq. (7.33), we can eliminate the

transient fiber volume fraction from the expressions for the resin pressure and the

applied force per unit width at any instant in time

;7(Lf0 (l—vf0)+Lf (t)vfo) th (t)
LK. (v)(1-v,) L ()

p(x.t)= (L, (r)-x*) (7.41)

and

F (1) = 77(Lfo (1—Vfo )+ L, (t)Vfo ) Lf (t)sz (1)+ J»Lppref (1) d (7.42)
3L, K. (v, )(l_vfo) | ’
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Equations (7.41) and (7.42) are general expressions which can incorporate
any constitutive equation one selects to describe the change in fiber volume fraction vy,
and preform permeability, K., as a function of p,.;. As explained in chapter 3, the
hyperbolic tangent model (3.8) as well as the Kozeny Carman relation (3.12) will be
used in this study.

By substituting the constitutive models (Eq. (3.12) for permeability and
compaction Eq. (3.8)) in equation (7.42), the final governing equation that predicts the

location of the flow front as a function of the applied force F per unit width is

ot
2 111(7.43)
3](0“[‘2)‘( .f()) F(t)+Lp mtanh-! L, ( )vfo Ltovm(l v_f())_Lf(t)v_/zr() n
ref max
vEnL,* (1) p (L, (17v,0) + L (1930 ) (9 =710

The ODE (7.43) is not separable and an analytic solution for this ordinary differential

equation is non-trivial. However, when F is constant, one can separate Eq.(7.43),

ol ¢ (7.44)
J‘fodt_“;fo 1 déj
3k0erzfo(1 v ) Filp . mtanh Vﬂ?(l“’m)(f_Lfo) n
Vidl o (Lf0 (1_vf0)+§v10)(vfhm _V/O)

Eq. (7.44) can be numerically integrated and one finds,

¢ i (7.45)

L
to=t +j
a=h*),
) 2
3ko L, (l—v fo)
vf077

Filp — Vﬂ)(l "m)(‘=t Lfo) n
e (Lfo(I_Vf0)+fvﬁ)(vﬁmx_vm)
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If F is not constant, we use the finite difference explicit scheme to convert it to an

algebraic form

3Atko, L, (1— v, )2

2
fo

v ”Lft4

1 (7.46)
2 \n
fo

(Lf@ (1 Vi )+ Lflvfo )(vfmax Vi )

Li'vy,— L vy, (1 Vi )_ L'

t -1 t_ t+1
F + Lppref maxmtanh + Lf - Lf

As F is known (and constant in the following studies), Eq. (7.46) provides the value of
L at time t+1, as all terms on the left hand side are known at time t and are functions of
material parameters which stem from permeability and compaction characterization of
the fabric and the viscosity of the resin injected.

To validate the numerical solution, F is set as constant and the two

approaches are compared. The results are identical verifying the finite difference code.

Finally, the thickness obtained at the end of the process is calculated by
relating the final flow front position with the final fiber volume fraction using equation
(7.40). Final fiber volume fraction is then related to final thickness by the following

relation,

Hy
=—L (7.47)

vﬂinal
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7.2.3 Non dimensional Analysis
Non-dimensional analysis was carried out to identify the important process
and material parameters that influence the filling process. Independent and dependent

variables in Equation (7.43) were non-dimensionalized as follows

. L

F= FL (7.49)
~ 1

f=— (7.50)
tC

Where L, , is the total length of the preform to be impregnated, F__ is the maximum

force per unit width available and 7. is the characteristic time, specified below. One

can recast equation (7.43) in non-dimensional form as follows,

1
n
A | ! w500 g1y
LW Fa L0 |l | L (100 1|
Ly, Lf(t)

With the characteristic time 7. being equal to

_ R/
- 2 .
3ko, L, *(1=v,,) F,

max

t

c

(7.52)

The number Lg/L is a function of the other non dimensional parameters. They are

related in the following way,

L, _Vro (1_ V..fﬁnal)
L 1=v,,

(7.53)
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Where vgina 1s the fiber volume fraction of the part obtained at the end of the process.
Substituting eq. (3.8) in equation (7.53),

FF
V| 1=vf, —(v, —v_|tanh"| —— ™%
jO( fO ( fimax ﬂ)) (L mJ}

p ref max
o _ rd (7.54)
L 1=vy

Reformulating eq.(7.51),

1 +lpprq'rrw’n/l
Li(r) R L'()
1
n
. (7.55)
™ 1 1 Vro =af(t
Vimx ~Vro FF w 1 Vem Vo of
1+ 1-v,,—v, —v_|tanh" o =
( 70 (ﬁmx /0) ([pp"mm]Jlf(z)J

7.2.4 Experimental validation

Before we non-dimensionalize the equation and conduct a parametric
study to quantify the influence of the various parameters on the filling time, we carried
out experiments to validate the one dimensional solution formulated above. The intent
was to gage the validity of our assumptions in the model and to study the sensitivity of
the material parameters on the results. An experimental setup which provides constant
applied pressure which translates into constant applied force was developed. The setup
consists of a rectangular cavity with a transparent wall on one side. This allows us to
observe the evolution of the key components (flow front, preform compression, etc.)
during the process. A plate of similar shape as the mold is used as the top plate. The

mold and plate form a male female combination. In this setup, the bottom mold moves
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vertically up and the upper plate is stationary. The movement of the mold is achieved
by placing an air spring under the bottom platen. This air spring is attached to a
pressurized air line. The complete setup is showed in Figure 7-12.

A total of 9 experiments were conducted using E-glass woven fabric 24
oz. The initial thickness as well as the initial weight, number of layer and resin
viscosity were measured before initiating each experiment. For each experiment, dyed
corn syrup was used as the resin and was injected under a pressure of 15 psi. A total of
10 layers of woven E-glass were placed in the mold. The initial length of penetration
(Lg) of the resin was varied from 10 to 16 cm. Viscosity of the fluid varied between
0.08 and 0.17 Pa.s depending on the room temperature and the fluid. The applied force
was 18kN. The final flow front position was measured along with the final thickness
of the part. The same parameters were set as inputs in the simulation and the results
were compared in Figure 7-13 and Figure 7-14. The characteristic times for each

experiment are listed in Table 7-2.
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Figure 7-12 Experimental setup used to compress the partially filled preform

under constant applied force

Table 7-2 Characteristic times used in the normalization of the filling times

tcl(s)

tCZ(S)

tc3(s)

t04(5)

tcS(S)

tc6(s)

t07(5)

tCS(S)

tc9(s)

86.1

122

122

195.6

181.4

181.4

330.6

330.6

294
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Figure 7-13 Prediction of normalized fill time and its comparison with
experimental results for 24 oz. E-glass fabric
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Figure 7-14 Prediction of normalized deformation (H=10mm) and its comparison
with experimental results for 24 oz. E-glass fabric
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From the above results, one can conclude that the model assumptions are
reasonable. However, to reduce the error in the filling time, one will need a more

accurate material characterization for permeability description.

7.2.5 Process feasibility and optimization
From equation (7.55) we can identify five parameters that influence the
behavior of the flow front. They are listed in Table 7-3 along with their physical

explanation.

Table 7-3 Non dimensional parameters in Eq. (7.55)

Non-dimensional . D
Physical Significance
parameter
Lp Ratio of maximum compressive force the preform can
Q= I'f ref exert and and the available force to compact the
max preform
0 m Shape parameters describing the preform compaction as
’ a function of fiber volume fraction
Vso Initial fiber volume fraction
D=y = V5o Compliance of the preform
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Equation (7.55) can be rewritten as follows,

1
n
L M % L e =aL§_f’)(7.56)
t L. (t t
) L) 14 1-v, ~Ttann’| 2 ||
0 Qm )L (1)

The simulation can be run to investigate the effect of the different
parameters listed in Table 7-3. The material properties and the final geometry being
usually fixed by the mechanical properties needed to reach the objectives, only the

influence of 2 will be studied.

The study will focus on: (a) ensuring that the process is feasible and (b)
finding the necessary applied force to accomplish the process in reasonable time. In
the later case, compromise is sought between cost of slow compaction (low process
cycle, reaction inhibitors) and the cost of applying force (press hardware, mold

manufacturing).

The increase of the applied pressure has a great impact on the filling time
only when Q is relatively large (force smaller than the one used in conventional LCM
processes). From equation (7.43), the applied stress on the platen is used to compact
the fabric but also to push the fluid through it. According to Terzaghi’s relation, for
low Q values, most of the stress is used to push the fluid while a limited part of it

compacts the preform. This is the opposite for larger € where most of the force
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compacts the preform. This phenomenon can be noticed in Figure 7-15 until Q2 reaches

Q. viticar=T. The Qyiricar corresponds here to the minimal applied force to fill the mold.

18 T T T T T T

t/t,

Figure 7-15 Influence of the applied force parameter on the non dimensional
filling time (m=0.8, n=0.6, vf=0.3, ¥=0.3)

Beyond Q=9Q,,iicq, all the available stress cannot compress the fabric to
the desirable fiber volume fraction. Consequently, the resin cannot flow forward and

fill the mold.
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For a given initial flow front position, one needs to apply at least a
minimal force (Q.ic;) to be able to fill the mold. Nevertheless, the fill time
corresponding to £ being superior or equal to Qi is infinite. Decreasing Q
(increasing force) lowers the fill time. However as one continues to decrease £, the fill
time improvement is disproportionally small compared to the increase of the force, and
consequently, the tooling cost. Hence one can define a €,ima value that will quantify

the diminishing returns. In this paper, £,pima 1s the lowest value of € satisfying,

i (22ima), (1.57)
t (Q

This means that doubling the applied force will half the time to fill the
part. Here, 4 1s the non dimensional fill time. Contour plots are generated in Figure
7-16 and Figure 7-17 which show the values of Q. isics and €2,,imar respectively for
each combination of vy and 7. vy and /" influence the compaction behavior and hence
the applied force. If ©Q is smaller than the values of Figure 7-17, the benefit from
decreasing the fill time does not justify the additional cost in terms of higher force
(which is lowering of ). The optimal applied force is mostly dependent on the

compliance of the preform. The ratio £ iica/SQ2opiimar 15 usually the same as the general

shape of the curve f5;,=f({2) is the same.
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Through these two limiting cases of this chapter, it has been shown that
the flow through the preform can be simplified into a one dimensional problem. The
problem being much simpler, the computation time will be significantly reduced (from
12 hours to less than one hour). The two problems have been experimentally verified
and the model’s predictions are accurate enough considering the variability in material
permeability. Through a parametric study, it was shown that the applied force
parameter has an important influence on the process; an increase of this force can
significantly improve the time to fill for this phase. However, this improvement

decreases with a further increase of the compression force.
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Chapter 8

CONCLUSION AND FUTURE WORK

In this work, a previous assumption stating that the fabric does not deform
under a load created by the fluid pressure was found to be not justifiable when the
preform deformation was measured for a simple case. Therefore, a two dimensional
flow and compaction model describing the flow during the CRTM process allowing
the preform to non uniformly deform through the thickness under fluid pressure has
been formulated and numerically implemented. The resin is injected into the gap using
constant pressure and the motion of the mold is driven by a prescribed constant force.
The problem solution predicts the progression of the flow front as well as the part
thickness during the three phases of the process (injection, gap closing and preform
compaction). Through a parametric study, an optimal injection pressure, compaction
pressure and gap size has been highlighted. It was also demonstrated that the gap size
had an important influence on the flow front development and therefore the filling
time. Finally, the problem was simplified and two particular one dimensional cases
reducing the computation time have been formulated. They highlight the behavior of
the flow front progression in the horizontal direction and in the vertical direction when
the preform is compacted under prescribed force. Their solution has been validated
using experiments and it has been shown that the solutions are accurate enough
considering the variability in material properties. Non dimensional parameters have

been identified that play an important role in this process.
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Additional work needs to be done to further advance the analysis of the
process. An experimental validation of the two dimensional model needs to be
conducted to verify the assumptions and quantify the improvement compared to the
previous CRTM simulations. The two terms damping the application of the force (R)
as well as the preform compaction (C) have to be studied to investigate the stability of
the system and the impact on the fill time. Moreover, some work remains to make this
simulation suitable for more complex part manufacturing. The assumption that the dry
preform can be considered as rigid due to its visco-elastic behavior will have to be
investigated further. One cannot model this problem as a two dimensional flow if the
fluid does not cover the entire surface of the preform. Indeed, if the tool is in direct
contact with the dry preform, the process will stop, the preform being considered as
undeformable. An adequate compaction model has to be found and implemented into
the general model. Furthermore, when the part is long and thin, it has been
demonstrated that the gap closes before reaching the end of the mold, dramatically
increasing the fill time. To manufacture these parts, a multiple injection gates system
can be envisioned to improve the filling time and hence the cycle time of the process.
Hence it is also useful to study the flow when the fluid is injected from multiple
injection points. Finally, to make the model suitable for complex parts, the governing
equations will have to be solved using the finite elements method instead of finite

differences.
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Appendix A

P4 FABRIC CHARACTERIZATION

The model describing the unidirectional flow through the thickness of the
preform has also been validated using the P4 fabric. The P4 fabric is manufactured by
Owens Corning Fiber Glass Co. and the term P4 stands for Programmable Powdered
Preforming Process. It was introduced for automotive industry to form net shapes of a
composite skeleton at a very high rate of production. The P4 material is made of
chopped glass fibers binded with a small amount of melted thermoplastic powder. The
fibers are uniformly distributed using a programmable robot and the whole preform is
vacuumed into a mold that will give the final shape. We obtained this fabric from Oak

Ridge National Laboratories [5, 6]. Figure A-1 shows the material surface.

Figure A-1 P4 preform
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To conduct the validation of the unidirectional flow through the thickness
of the preform, one has to characterize the compaction behavior as well as the

permeability of the preform.

A.1 Compaction behavior

The response of the fabric to an applied stress has been measured using
the experimental setup detailed in chapter 3 by Mr. Timo Gebauer from the Center for
Composite Materials [5]. The experiment was repeated 16 times. The compaction

response of the fabric is shown in Figure A-2,

6.E+05

4 E+05 -

Stress [Pa]

2 E+05 f

0.E+00

VF [%]

Figure A-2 Compaction behavior of the lubricated P4 fabric
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The letters A,B,C,D represent the location of the sample on a panel of P4
fabric while the letter P followed by a number represents the fabric panel. The P4
fabric reveals an important variability in properties (up to 5% of fiber volume fraction
variation for a given compressive stress). This important variability can be due to the
distribution of the chopped fibers and binder over the panel. The model will have to
take into account these changes in behavior. Table A-1 shows the values of the

compaction parameters used in the model (3.8),

Table A-1 Compaction model parameters for compaction model of P4 357D-3120

P4 fabric 305D-3120

Low compliance Average High compliance
n 66 50 40
m 76 80 97
Viinax 0.43 0.43 0.43
Vo 0.2 0.2 0.2
Dprefmax 4.5.105 Pa 4.5.105 Pa 4.5.105 Pa

A.2 Permeability

The permeability of the P4 fabric has been measured using the
experimental setup described in section 3.2. Due to the limited amount of fabric
available, the experiment has been realized only one time for five different fiber
volume fractions. The permeability as a function of fiber volume fraction is shown in

Figure A-3.
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Figure A-3 permeability values of P4 fabric (357D-3120) at different fiber volume
fractions

A curve fit with the Kozeny-Carman relation (3.12) has revealed a value
of ko,=2.73.10"* m*. According to the previous measurement, the limited number of
experiments and the usual variability in permeability measurement for a single
material, two extreme permeabilities have been introduced. They will be 25% higher
or lower than the measured permeability. Table A-2 shows the values of the

permeability parameter used in the validation.
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Table A-2 Permeability parameter P4 357D-3120

P4 fabric 305D-3120

. Measured . .
Low permeability permeability High permeability
ko,, (m°) 2.15.10-12 2.87.10-12 3.59.10-1240
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Appendix B

VALIDATION OF THE UNIDIRECTIONAL FLOW THROUGH THE
THICKNESS MODEL USING P4 FABRIC

The experimental setup used to validate the model with P4 fabric is
detailed in section 7.1.6. 10 experiments were conducted, the initial thickness as well
as the initial weight, number of layers and resin viscosity were measured for each
experiment. For each experiment, 3 layers of P4 fabric were placed into the mold. The
final filling time as well as the deformation at the end of phase two were recorded. The
same parameters have been set as inputs in the simulation (fluid viscosity, gap size,
initial fluid penetration). The experimental results and the simulation outputs are

compared for filling time (Figure B-1) and for the final thickness (Figure B-2).

In the graphs, the errors bars for the experiment correspond to a reading
error of about half a millimeter above and half a millimeter below the read value. This
is due to the fact that we only look at a specific and relatively small location of the
entire setup. The error bars in the simulation are due to the variability in permeability

(Figure B-1) and compaction behavior (Figure B-2).
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Figure B-1 Prediction of fill time and its comparison with experimental results
for P4 357D-3120 fabric
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Figure B-2 Prediction of normalized deformation (H=15mm) and its comparison
with experimental results for P4 357D-3120 fabric
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Appendix C

RADIAL FORMULATION FOR IN PLANE FLOW

As an alternative problem to the one formulated in section 7.2, one can
think of a setup using radial injection. The problem can be reduced to a two
dimensional problem, the resin being at the same position through the thickness and
assuming that the preform has isotropic properties. As well as the previous section,
this problem has been solved for pressures kinematically driven [14]. Using polar
coordinates, one finds that the pressure will not vary with the theta direction (Figure

C-1). The problem can then be reduced to a one dimensional polar problem.

Flow front

Figure C-1 Schematic of phase three radial flow
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Adapting equation (7.29) to this situation, one finds,

Kr(vf)li(r(a_pj ] _h(1) (C.1)

n o ror or (1)

where K, is the fabric permeability in the radial direction and # is the fluid viscosity.

At the flow front r=ry one can use the following boundary conditions p(rf (t),t) =0

9 . ) .
and (—pj =0 at the center of the part. The conservation of resin volume during
r=0,t

or

the process,

0 7 h
—(7zr.*h¢) =0 =2-Lp=—— (C.2)
at( f )r rf h
One finds,
_ ’7¢(t) 0, 2
p(rt)= K T, (t)(rf (1)-r (t)) (C.3)
and
F(r)= ”Z?;(” r(1)r (6)+ 7R p, . (1) (C4)

Applying equation (7.40) to equation (C.2), one obtains the followings relationship,

’”j2 (t)vfo

r.f2(>(1_"f'0)+r.f2 (£)v 1o

o(1)=1-

(C.5)

The equations describing p and F are then,

nrye’ (1-v50) 7, (1)
2K, (rf20 (1—vf0)+rf2 (t)vfo) Ty (1)

p(r.t)= (77 (£)-r*(1)) (C.6)

’”7’}“02 (1_ VfO) . 3 2
F(r,t)= R C.7
(1) 2K(".?o(1—v,-0)+r?(t)vfo)rf(t)rf(t)m Prrll) - (ED
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The final governing equation for the radial flow is obtained by plugging the

permeability and compaction models,

2o, F(1)(1-v,) iy 2R*p,, (1)ko, (1-v,) 7

7y, =
! v yr! (1) nvir! (1)

(C.3)

Where k,,=k,y in this study. Using the following boundary conditions:

(a_pj =0and p,_, 1 =0
ox )., /

As explained in section 7.2.2, if F is constant, a close form solution can be
found. If F varies with time, the solution is determined using the finite differences

explicit scheme,

2Atko F (t)(l—vfo )2 r}, 2AtR2ppmf (1) ko, (l—vﬂ))2 r;)

t+ ; t 7 5 ‘ 7
anvyy (rl) v (r}) (C.9)

=7,

The radial resin flow, during the compaction of a circular part will then be
analyzed. A circular part of radius R is injected with resin until an initial radial depth
of penetration r0. A force F is applied on top of the preform. Table C-1 represents the
dimensions and properties of the fabric used as well as the force applied and the fluid

viscosity.
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Table C-1 Input parameters for the simulation of the flow through as circular
porous media

Radius of the part R 0.1m
Initial radius of penetration | ry 0.06m
Initial part thickness H 0.0113m
Initial fiber volume fraction | vp 0.3
Compaction parameters & 045

m 0.86
Maximal fiber volume
fraction finax 06
Maximal applied stress Dprefmax 4.5.10°Pa
Permeability number ko, 2.10""Pa
Applied force F 2.10°Pa
Fluid viscosity n 0.3

Radial flow front position (m)

Figure C-2 Flow front position during the compaction of the preform
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Figure C-3 Thickness of the preform during compaction
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Figure C-4 Fiber volume fraction during the compaction of the preform
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