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e : Summary of Presentation

get it right®

 Liquid Composite Moulding methods

« Resin Transfer Moulding (RTM) versus Liquid Resin Infusion (LRI)

« LRI infusion with one sided tooling and membranes

« Some basic theory and methods for infusion simulation

« Materials testing and calibration (Vf and permeability versus compressibility)
« Example demonstrator test and simulation

+ The EU Framework VII project INFUCOMP WL /&[T

e Conclusions
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1. Pre-preg technologies:
Mixes fibres and resin at the

materials stage
g ’ -
Vol

2. Infusion technologies:
Mixes fibres and resin at the
part manufacturing stage

Manufacturing methods: Pre-preg

Shaping/
preforming

i

versus Resin Infusion

 Toughened resins
« Excellent fibre control
» High V; ratios
-  Low shapeability/integration

* Low viscosity resins (low
ductility/impact properties)
* Less control over fibres and V;
.« Parts integration is possible
» ~ ’J
& SRORA

www.esi-group.com
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« For small to
medium parts

« High quality
 Relatively fast
production

» Large parts

e Fast infusion
with flow media

“INEUCOMP |

www.esi-group.com

Eae-

inlet tube ] .
~ rubber joints

- N

Lpreform
closed mould RTM

Types of infusion

heating heated resin
%

] PAMAM

o 4] L+ 4]

o

OO‘\D Lo S T = R

\\
*— heating tubes

heated RTM

) autoclave
— flexible

/

}

liquid resin infusion (VARI)

" vacuum outlets —/

)

controlled motian
of the upper
mold wall

Ju

inlet
fube

injection-compression

4

"\\

controlled
membrane pressure 7 flexible
B semi-permeable
: fube
\/ membrane

VARI with autoclave




e\n VARI — Experimental setup

get it right®

Flow media Vacuum
Peel ply

bagging film

Styrofoam

.....................................

Fabric
To vacuum pump

........

_______

| \

Mould with release agent ~ Sealant
tape

Flow media

Al

| Different layers

Final part

N S

Bagging film

WWW.esI-group.com B
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e\n RTM versus LRI infusion
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Resin Transfer Moulding (RTM)

Inlet tube Rubber joints

— Preform

Liguid Resin Infusion (LRI)

flexible
membrane Flow media peel ol Vacuum
€eIPY  pagging film

Inlet

Styrofoam

Fabric
To vacuum pump

\ vaccuum

outlets Flow media

T

Mould with release agent ~ Sealant
tape
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e ' Flow processes in RTM and LRI
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1. Resin Transfer Moulding (RTM)

InIetQ

2. Liquid Resin Infusion (LRI)

2a. LRI without flow media

« Tooling constrains fabric
= Constant permeability
= Constant Fibre Volume ratio
= 2D resin flow

atm

o b

preform

P =P, . +P

atm resin preform

- Variable compaction gives non-
% tlet : .
InIetQ F’OU © uniform permeability and V;

2b. LRI with flow media

Inlet =

« 2D resin flow

» Flow media gives fast surface flow

.=0utlet  and infusion through-the-thickness

« 3D resin flow

www.esi-group.com



e ! Pressure and thickness variations in LRI
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= = =
| Darcy law
4 . K 9P
1 bar Darcy :fluid pressure y=—
v P U Ox
20 . Relaxed fluid pressure
L © i :
5: e 0 bar I ———
Position
. u Fabric thickness
\ 1 1
0 - & - Initial compressed
< £ s - - < thickness (under vacuum)
EE P
o
Position

www.esi-group.com
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] - Preform thickness changes during
get it right® resin infusion

-

i

Stufe 100
Time 100812 5 Displacement Z
£1.00 Inlet close at 10 000 s p

[mm]

140.90-]
—=— Section (vacuum bag only) ;gg
g D : Saturated
Z J 1 preform 075
Soeo.{ preform | Setion o g a7
0.45-
1 Flow front /

T 7 | - . 045

GOM Aramis system
with two cameras

ment Z [mi

ac

spl

0.304 1 /
1 Py ‘ 030
0.15- !
I
1 0.15
0.00 Wﬁwﬁkﬂ ;_//
Vacuum foil Vacuum foil e 5 ection (vacuum bag only) § 0.00
Fabric Reinforced membrane| !
O tl t Vacuum foil -0.20 T T I, T T T T T
uae Fabric 0 25 50 75 100 125 150 175 200 223 -0.20
e Stufe 100 Position [mm]
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RTM and LRI basic theory for

analysis

Resin Transfer Moulding (RTM)

For 1D K =k_

K oP
Darcy law: v=———
U Ox
Mass conservation (Continuity) equation: 3. K oP
Cy i e (_ ._) = 0
ﬁ ergd}- V- (V) =0 ax ﬂ ax
= l ., Fortransient steady - L [C]{P}: {b}
" | %% state (no mass effect)
T

o
T

Liguid Resin Infusion (LRI)

Mass conservation:

- V-(v)=S§ :
1 . 9K P
L, S:@ ox U Ox
o = dt
"’ ] - [P

For 2D K {k’“ O}
or =
0 k,

For 1D K =k, (V,)

k (V 0
For 2D K:{ = Vr) }

0 k,(V,)

where V, = f(Pressure)

V; versus Pressure I

L Kex Kyy VErsus Pressure |

www.esi-group.com



e | Finite Element solutions (Control
get it right® VOIUmeS)

RTM and LRI solutions:

» The FE mesh Partly filled CV |
 Control Volumes (CV)

 Implicit time stepping solution
to progressively fill CV 's

o |
~ T p 2

Filled cv | * Flow front .,; (p=0)

\J

Flow front . (p=0)

And specific to LRI problems:

= | Advance Flow front: Compute C,, (Pregin); ; At

« At each timestep the fabric ¥

relaxes; K and P, are not Compute new V; | < |

known Yes ¥ No

_ _ _ Advance flow Compute new S Relax fabric

 An iterative solution to front v compaction

converge Pp.., (or fabric Compute new pressure field (Ppegn)t

thickness) is required LJ

Check convergence (Pgegin): & constant

www.esi-group.com
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Materials properties needed for LRI

I'We need:
V; versus Pressure

Ky, Kyy VErsus Pressure |

—-— e . e e e e e e =)

® 60
g . 1. V; versus pressure
£ 50 :
%
= N
@40 g
5 .
§30 =~ 55 |
] ®Test(DIN 29971) = “=~c. R =T = - -
& Test(DIN 29971) - < " ~ .
] ——— V= 2.535°P2- 20.15"P + 105.4 2 \ \
] o -
0 ' ‘ ‘ . Esw .
0 1 2 3 4 5 6 g
Thickness, mm 335 Cycle_1_sat_loading
Thickness, mm LL30 1 | = =Cycle_1_sat_unloading
2 25 3 35 4 1
25 T T T T

T

-0,5 P
¥ j"l Cycle_1_sat
; % 4y / — = Cycle_2_sat
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; 0 I N Cycle_4_sat
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o3
2
[=]
[T
2
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1
0 20000 40000 60000 80000 100000
Resin Pressure, Pa

2. Viscosity: Assumed
manufacturers data

analysis

3. Permeability versus pressure

80 100

Pressure, kPa

1,00E-11

1,00E-12

1,00E-13

S
— & Test (Kx=1.5e-11 m*2)
=== S5im Kx (loading) p
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&
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Vacuum foil

Preform —~ ‘\

Flow front position mm

www.esi-group.com
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o

et TeSt_tOp
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Comparison test and simulation
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CJ/i Test details and example
get it right 2 infusion

Demonstration module:
« Consists of four C-Spars molded to an outer skin

« Central panel portion has a sandwich (foam) construction

Vacuum foil
wmwr s Flow media
= == = = Perforation foil
Outlet iplet Outlet
_— \ ——ahriC —
- —wr—r [

/
e it
-~ -« » Foam core E

Outlet S 4

=

Outlet
| e

Final

311 sec Courtesy Piagio
Aerospace and IFB

www.esi-group.com ) )
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e\n * Test details and example infusion
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-

i

Demonstration module :

« Consists of four C-Spars molded to an outer skin

« Central panel portion has a sandwich (foam) construction

Courtesy Piagio
Aerospace and IFB

www.esi-group.com : :
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Vacuum foil
ramwr s Flow media
= = = = Perforation foil

Outlet Inlet -

| iC)

Outlet
Q Y

— !
— [ 2DriC
—

e Foam core |
\

Outlet

Qutlet

|

Other testing work for the
demonstrator

Other permeability measurements:
« Sandwich core interface

« Flow media permeability

« Through thickness permeability

Foam- Fabric
fabric Flow media through-
interface thickness

71E- | 3.7E- | 2.3E- | 8.0E- | 3.5E- | 4.1E-
11 11 11 10 10 10

Estimated permeability, m?

K,=5.0E-13

In-plane Through-thickness

www.esi-group.com
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eﬁ 2D analysis with ,full' flow media
get it right® covering

60% ‘(180) ]o% (230)

t
80% (308)

50% (136) —

454 sec - upper part filled

Test Simulation 40% (0) —

Fill time 800 sec Ca. 650 sec

30% (50)
10% (6)
¥

20;% (21) 90% (430)

f

100% (650)
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INFUCOMP project:

Acknowledgement and partners

Title: Simulation based solutions for industrial manufacture of large infusion

composite parts

Four years: 2009-2013
http://www.esi-group.com/corporate/alliances/projects/infucomp/infucomp

Name Activity
1 co-ord. | ESI GmbH Coordination and software development
2 ARMINES Resin infusion modelling
3 University Cranfield Resin viscosity modelling / optimisation
4 DAHER Aerospace Industrial demonstrator studies
5 ESI Group Software development
6 Hexcel Materials supplier (infusion characterisation)
7 Katholieke Universiteit Leuven Fabrics testing and characterisation
8 University Patras Cost analysis of infusion processes
9 Swerea SICOMP AB Fabric testing and characterisation / residual stresses
10 Bombardier Aerospace Industrial demonstrator studies
11 Israel Aerospace Industries Ltd Industrial demonstrator studies
12 INASCO Infusion sensor and monitoring
13 Institute for Aircraft Design Preforming modelling and links to infusion
14 Piaggio Aero Industries S.p.A. Industrial demonstrator studies

www.esi-group.com




e ! INFUCOMP: Some main activities
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Testing: Fabrics and « Shear and compaction for 5 identified fabrics
resins « Resin viscosity for 2 resins
« New (air) test for permeability
Constitutive models « New fabric models (shear, bending, thickness...)

« New resin (viscosity) model
« Numerical model for permeability

Infusion code (PAM-RTM) |+ Single processor to multi-processor architecture
» Specific tools for ,fast' meshing

Cost modelling « For various industrial demonstrator parts

« Optimisation of costs with respect to manufacturing
Residual stresses » Prediction models for selected project composites

« Surface finish
Optimisation « Of process conditions on part time and quality
Demonstrators - Stringer and skin assemblies Preforming

* Belly fairing structures } and infusion

« Main spars

www.esi-group.com



e : Some main activities in INFUCOMP
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« Materials Chracterisation:|Fabrics, Resin viscosity, Permeability, Flow media

« Software: DMP version, |Coup|ed Stokes-Darcy, Meshing tools

« Cost analysis
« Optimisation: Cost, quality, defects...

e Residual stresses broject tmescale
Year 1 Year 2 Year 3 Year 4

« | Industrial demonstrators — ‘ : =>

WP9: Industrial
M activities and validation
WP2: Materials testing

RlgigatEdersation : Year 1 - Specification for problems
WP4: Assembly & software requirements

modelling for preforms

Year 2 — Drape and preliminary
WP3/5 Infusion models ¢ infusion studies

and code developments o

Year 3 — Drape and advanced

WP6 Cost analysis infusion studies (including
and optimisation coupled drape/infusion)
WP7 Models for =~ +———» Cost analysis.

defects/quality

WP8 Process  ¢—» Year 4 — Full chaining of
optimisation simulations on
demonstrator studies.

Defects analysis.

v Process optimisation.

www.esi-group.com
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Frame Grip

s Sample

Leuven)

www.esi-group.com

In-situ thickness
laser measurements
on picture frame (KU

Some material tests

 IFB Fabric compaction

« Hexcel compaction
with shear

Instron load cell

Upper loaded glass plate

Lower glass plate

DIC camara

 Yarn compressibility
testing (KU Leuven)

Courtesy IFB, Hexcel and
KU Leuven (INFUCOMP)

Copyright © ESI Group, 2014. All rights reserved.



e [ Viscosity modelling: New tests and
get it right® analytical model

Previous viscosity models (used temperature and degree of cure)

;1(T,a)=A-exp(§+x-aJ

« Up to 14 parameters for model fitting
« Good for long duration description (e.g autoclaving) I
» Poor for short term description (e.g. infusion) 0.5 |  ©80°C-experiment ~ —80°C-model

0.45 o 90 °C-experiment 90 °C-model
) © 100 °C-experiment —100 °C-model
0.4 - 110 °C-experiment —110 °C-model
'50.35 < ©120°C-experiment —120 °C-model
. . a. o o
The new model viscosity model: = 037
m 1 1
dinn, _ o) ol
dt y n=n,e
« Single state variable (ref viscosity) and 5 parameters 6 1 2 3 4 5 6 7 8 9

« Simplified test program
« Accurate for short term viscosity changes (infusion)

« Validated for two resin and general temperature cycles Courtesy Cranfield
University (INFUCOMP)

www.esi-group.com



e\n Single processor versus DMP code
get it right® architecture

Moving from 2D shell to 3D solids requiring 109+ elements:

Ratio CPU time - 662 K elements
8
Single processor Multiple processors . X
INPUT INPUT E ,/”////’
g t ¢ «e-Real Ratio
l / / \ \ g / =g==[deal Ratio
Single Multiple Multiple Multiple Multiple * /
processor processor | processor | processor | processor
‘ \ \ / / ¢ 8} 1 ] 3 4 6
Number of processors
OUTPUT OUTPUT
Courtesy ESI

(INFUCOMP)

www.esi-group.com
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Vacuum

Resin

injecti \[\wl_-

PRESSURE

D|str|but|on
Medium

Resin + Preform

filler ﬁ
mould

Preform

Dry Preform

Stokes

Darcy

complex_shape
FLLING_FACTORLD)

000
[ 000
L ooo
— 000

000

0.00

000

0.00

000

I 000
000

Lo

min=0.00 at TETRA 76 in complex_shape.erins
max=0.00 &t TETRA 76 in complex_shape.2rihs

1/ -1.000000

www.esi-group.com

Coupled Stokes-Darcy flow

Finite
strains

pure or dis

Stokes dual formulation

distribution medium J Vp+ I[A(V" = ()'\
cesssssssssssssssssssrs divi =0 Stabilization
i, 4
I 1
1 | . ]
:1).\. U - Tis : Convergence /\o v = (v (vt} + ] {+5) ’
: : P]+/P mini-element  -* 7
! 1
! 1 Darcy primal formulation .
\ I 1.4t 4 f- - Stabilization
=V VP = pg
F
idTJ\n}Ed pCfOuf:.'ﬂ’rd'.Jl". (l\i\'I? —{ _/
Resin + preform Resin flow through preform
Resin pressure deforms the FLUID
preform  _
/m =Teff + pl
_ Heizasht Carman-Kozeny
ley porous medium : not Convergiiics - d? &
impregnated preform K= — 0
16 ky (1 - ¢)
SOLID ammm Preform deformations alters

permeability

Courtesy ESI Group and
ARMINES (INFUCOMP)
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e‘n Some industrial parts in INFUCOMP
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1. IAI - G250 Aft Wing/Fuselage
Fairing-Monolithic NCF

2. Bombardier integrated
stringer/skin and

3. Daher main spars

Courtesy IAI and Bombardier
Aerospace (INFUCOMP)

www.esi-group.com ) )
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Large scale demonstrator 42 DAHER

[

s
[r— )

22 Demonstrator of wing box main spar’s business jet (landing gear box area)
%2 Proprietary DAHER-SOCATA wing box spar design

R&T-00199 — INFUCOMP — Inputs for ESI Conference Nov 2013
DAHER Confidential — Property of the DAHER Group — Reproduction not permitted
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7
——

Main Spar simulation results 4¢ DAHER

Typical simulation results:

R&T-00199 — INFUCOMP — Inputs for ESI Conference Nov 2013
DAHER Confidential — Property of the DAHER Group — Reproduction not permitted



e\n An example study (fuselage fairing)
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I- filling

| Parameter |
elements
| Filling time __ [EERRNT
Filling time —  pupygpgm
Trims extension
Number of CPU 8
CPU time 26 hrs

Courtesy IAI and
ESI GmbH

www.esi-group.com
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Two example parts

s (G250 aircraft)

Filling

Time:0s.

www.esi-group.com

Courtesy IAI and
Piaggio Aerospace
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e [ Conclusions
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« Analysis of LRI processes is possible, but accuracy depends on good
material tests and chracterisation:

1. Orthotropic permeability (no standard tests today)
o For fabrics
o For flow media and separation plies
2. Fabric compressibility for Vf versus Pressure (no standard tests today)
3. Viscosity dependent on temperature and time
« Detailed 3D meshing and analysis (high CPU and modelling effort)

« Knowledge and correct modelling of phenomina such as race
tracking, piping systems, interfaces, temperature....

www.esl-group.com



C/i

get it right®

Thank you
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