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Virtual Product Engineering

World-leading editor of digital simulation software for virtual prototyping and
manufacturing processes MODEL
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ESI Around The World

More than 40 countries 32 subsidiaries 1000 people

SAN DIEGO, CA DETROIT, MI SAO PAULO PARIS FRANKFURT EKATERINBURG BANGALORE BEUING TOKYO

USA USA BRAZIL FRANCE GERMANY RUSSIA INDIA CHINA JAPAN
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ESI in Deutschland

e Foundation 1979

e 1986 first Crash simulation
VW Polo

e ca. 110 employees

e ca. 13 Mio Euro

2 entity
» ESI GmbH
» ESI Software GmbH

CJi
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Introduction Process Chain / ESI Composites Solution

Simulation of composites- a closed process chain?

_ Manufacturing Prototyping
Draping Process Simulation Static / Modal
R&D :
Analysis
Curing

PAM-RTM

Braiding

PAM-CRASH

Warping

PAM-DISTORTION

=

Interface

Dynamic

Analysis
VPS / PAM-CRASH

Injection

PAM-RTM
PRI

Winding

PAM-CRASH
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e Composite Manufacturing Process Simulation (MPS)

»

v

v

CJi
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Forming simulation
Filling simulation
Distortion simulation

- PAM-FORM
- PAM-RTM
- PAM-Distortion
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ESI Composites Manufacturing Simulation Suite

PAM-
PAM-FORM PAM-RTM DISTORTION
(THERMOFORM|NG R /CURING DISTORTION\
of prepregs — ) ) Out-Of- Manufacturing
Thermosets & (IS Autoclave or induced
Thermoplastics Autoclave residual
/ stresses and
- distortion
PREFORMING || . ot 1]
of dry textiles | K:A(())I\Clg%%;mfs ¥
Injection or ‘- a‘

\infusion

-

< Compensated Mold
CJi

get it right®




MPS-Commercial Solutions

Liguid Composites Molding Process Chain

PAM-FORM

Ho,
:$ DISTORTION

SOFTEN PLIES =2 PLACE IN TOOLS=> FORM —> EJECT PREFORM

- 2 mE o

—>» TRIM PREFORM=—> LOAD PREFORM =—> INJECT RESIN =—> CURE PART

-~
AN

> DEMOLD PART =—> FINAL PART

Www.esi-group.com



Content

Manufacturing process simulation of fiber reinforced composites

e Composite Manufacturing Process Simulation (MPS)
» Forming simulation - PAM-FORM

»

»
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The main problematics

Material

 Multi-material design
e Fabric deformation mechanisms are very different to metals

Ply principle deformation modes

—»--\-/-\--4—

c) Fibre buckling

b) Inter-fibre sliding
a) Inter-fibre shear

Inter-ply deformation mode

O
O

d) Fibre straightening (woven fabrics only)

— oS

CJi
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Available Methods Draping and Forming

FE : PAM-FORM / VPS

Draping : PAM-QUIKFORM

- \

Kinematic

methods FE methods
-level
(macro-level) ££ methods
(meso-level)
Effort/complexity
LOW (OLD Input requirements
1950+) Modeling effort
HIGH (NEW CPU costs
2000+) Accuracy

Www.esi-group.com
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Kinematic Method using PAM-QUIKFORM

Fibars Analel

[*] CATIA V5 - [tutorial_quikform.CATPart]

s ] stat Fle Edt Vew Insert Took Wndow Hep
laa
79,85
o]

Producibility

Sekection : [Ply.L

=

Saass
R

Warn Angle: 15deg  Limit Angle: 30deg

»"::::‘:f. - Seed point:
. . . G - @ ront seecton [Ponts
Experimental Simulation e ‘ O pont ndeaton
Courtesy: Cranfield University S hpness

warpy 1 mm Eweﬂ: 1mm
Propagation type:

PAM-QUIKFORM Bidirectional -

e Deformation mechanism for M s
» Fabric Textile ‘
» UD/ NCF Materials

e Draping strategy and part
design feasibility with few

|
B0 2 62 BN wTEIBRARAS @00 0 66
| seect an object or a command I

[*]CATIA V5 - [tutorial_quikform.CATPart] = HEM

artl

seconds CPU Time

¥z plane

7 2x plane

e Through the prediction of
Fiber Orientation
Shearing

Wrinkling

Flat pattern optimization

Fiber angle of the preform

Predicted with Quikform
Angle above limit angle (30 deg)

&)
BOHGY REAPLE I ol A

v

SR

v

=
|E3]

v

% of 0?

v

| seect an object or a command

CJi
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Forming simulation- PAM-FORM

e PAM-FORM can consider:
» Different forming strategies:
» Stamping, diaphragm (single or double) forming, thermoforming

» Clamping conditions, process parameters, tool velocity, temperature,
pressure

e to prediction:
» Wrinkling
» Bridging
» Thickness
» Optimum flat pattern LKTEE:“:JN”:T;TOFFTECHN.K
» Contact pressure
» Fiber orientation
» Stresses and strains

Scherwinkel 8 [7]
(oberste Lage)

70
60
_ 50

40
‘ 30

&
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Forming simulation- PAM-FORM

Example of Forming —Results of + 45 NCF: Shear angles

s0 Shear Angles

Wrinkles

Mt

=
(EURCCOPTER
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FE Methods (Micro Level)
using PAM-FORM / VPS (Explicit)

e Meso-Mechanical models:
» NCF draping simulation

& Courtesy Airbus UK & ESI GmbH

(FALCOM Project)
C/i

STATE 32: 31 STATE 51: 50
get it I'ightm _---- TN e ) WWW.eSi-group.com 18




Braiding

Tri-axial Meso modelling Modell

Briad

Extracted
meso-model

Braiding Simulation with PAM-CRASH .= I FB
176 axis and off-axis yarns L[
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Filament Winding

Creation of 3D Fibre Architecture

Base: 3D position fibres

O
CLi FRIEDBERG
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e Composite Manufacturing Process Simulation (MPS)
>

» Filling simulation - PAM-RTM

»
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Filling simulation- PAM-RTM
PAM RTM, assumptions and prediction

Reinforcement. .
Permeability K
Density
Heat conductivity
Specific Heat

Resin
Viscosity u
Density
Heat conductivity
Specific Heat capacity
Enthalpy
Kinetics Modeling

Resin & Reinforcement
Capillarity
Micro-Macro void function

Mold
= Heat conductivity tensor
= Specific heat capacity
= Density

CJi

Equations
Flow of resin inside porous medium

Heat exchanges inside reinforcement and mold

Chemical reaction of resin

Reinforcement deformation in case of infusion

PAM-RTM

For non-isothermal process only;
for resin velocity optimization only

Optimized
Injection strategy
Injection pressure or flow rate
Molding temperature

Location of injection gates,
vents and vacuum ports

Flow media position

Prediction of
Injection strategy

Dry spots

Filling and curing times

Flow front velocity/Fiber
washing

Pressure applied to the mold

get it right®
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Liguid Composites Molding

3D Permeability (Constant or function of porosity)

Darcy’s law
L@--ECOLE V. L J 'n y
POLYTECHNIQUE
AP

MONTREAL =
get it right?® WWww.esi-group.com




Filling simulation- PAM-RTM

Example of Resin flow front analysis

Mold filled to 40% Mold filled to 80%

0% injected
mmm  100% injected
| & glineg
~ de Douai
Mold filled to 100% TECABS ~— LILLEEUROREGIOM
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Filling simulation- PAM-RTM

To minimize filling time through process strategy

INITIAL INJECTION COMNHGURATION OPTIMIZED INJECTION CONFIGURATION

TIME: 5180 = |" TIME: 130 =

-AERINNOvVa

Copyright © ESI Group, 2015. All rights reserved. 4. Fachkongress Composite Simulation
Herausforderungen und Methoden bei der Simulation von Faserverbundwerkstoffen
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e Composite Manufacturing Process Simulation (MPS)

»

»

v

CJi
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- PAM-Distortion
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Distortion simulation - PAM-Distortion

Shape distortions and residual stresses and where they come from

Draping Pre

——

prepreg

preform

e |[aminate lay-up
e  Draping / forming effect

\
<

get it right®

forming

Injection Curing

Thermal expansion

Chemical shrinkage

Cure temperature and
uniformity of the field

Tool thermal expansion

Internal stresses generation

\

Demolding
N\ - E4

e Defect

= \VNarpage

= Delamination

Www.esi-group.com



Distortion simulation - PAM-Distortion

* To define and optimize:

Stacking definition

» Curing process

Mold material and design

Mold geometrical compensation

v

v

v

e Through the prediction of:
Internal stresses during curing
Residual stresses after demolding
Deformation during curing
Deformation after demolding

v

Displacement results

v

v

v

e Taking into account
» Material history during curing process (temperature and degree of cure)
» Thermal and mechanical interaction with mold

get it right® Www.esi-group.com




Distortion simulation - PAM-Distortion

Example of a Distortion analyses

OOOOOOOOOOOOO

Normal displacement (x10)

B I

0 .252341 504681 757022 .
126817 -378511 . 630852 . 883182 1.136

Courtesy: SWEREA SICOMP
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e Visual Environment
» Basics (Software Framework & Performance)
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Visual Environment

Enhancement for Composites

Vi

i & gut it right®

Virtual Integration Piatform

Visual- Enwronment

~ Version 10,5

Group, 2014 All Rights Reserved
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Basics

Software Framework & Performance (1/2)

e ESIis permanently integrating and improving it’s End to End Virtual
Prototyping Solution (SOLVER and GUI Framework)

» GUI: Visual Environment Frame with derived dedicated Apps. / for HIGH
END Visualization ICIDO VD Software

» SOLVER: Explicit and Implicit Solver (Single Core) for Manufacturing and
Virtual Performance as well as CFD and mesh-less Methods (FPM/SPH)

for multi-physics Apps.

e ESlis offering a Solution Toolkit with open interfaces

» ASCIl and XML for input/output

» ERF container (HDF5-Format / http://www.hdfgroup.org/HDF5) for
output

Www.esi-group.com
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Basics

Software Framework & Performance (2/2)

e Computational performance is a key success factor

» Parallel processing (8, 16, 32, 64 CPU Cores) with real scalability is
mandatory in order get appropriate response times

PAM-FORM Solver NEW PAM-RTM DMP Solver
25
50

E 20 Aerospace :: CFD Solver
<) 15 | Feasibility Study 58 A LIE B
E NOT STANDARD " Transfer from
= £330 = Casting Simulation
S 10 - £
E 5 20
g2 5 15
% In w [l
O

O n T T T 5 '

64 128 256 512 . ‘
1 2 4 8 16
m# CPU Cores Number of processors
Draping (PAM-FORM DMP) LRI Process (PAM-RTM DMP)
* C-Channel _ « Aeronautical part
» 10 Meters /100 plies « 2.5 Meters / 10 plies
GJ]  7.8M Shell Elements ¢ 1.25M 3D Elements

get it right®
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General Benefits of the migration to Visual-Environment

e Fully integrated environment for all 3 applications:
» PAM-FORM, PAM-RTM, PAM-DISTORTION

e Common:

» Material database management
» HDF5 format for simulation results

(ERF file replacing *.DSY, *.THP, *.res, etc...)
» Post-processing application: Visual-Viewer

e Access to Visual platform functionalities:

» Python scripting for automation of process modeling

Advanced meshing capabilities through Visual-Mesh

»

CJi

get it right®
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All applications in the same environment
FORM, RTM, DISTORTION

E»-Z{\rsual—RTM 10.5 [DVP] - winx64 - <VisualHost:RC - Rev. 4876U> <VE:PKG150113>( Internal Usage Only ) - fintel neu FILLING runner5.vdb = 5[
Edt View Mesh Database JRTM Checks Tools Macro Window Help an
Z- Process Executive icentity | se| [ay (vl | Basic Ent] [w] m@ o ﬂn@ “ ’F® o & R

Selection visbiity i Mesh visbity H Page

* Uity

= B

@ 16=>PART_Ply-1
@ 17->PART_Ply-2
@ 18=>PART_Ply-3
@ 19=>PART_Ply4
@ 20->PART_Ply-5
@ 21->PART_Ply-6
@ 22->PART_Ply-7
@ 23->PART_Ply-8
@ 24=>PART_Ply-9
@ 25=>PART_Ply-10
@ 26=>PART_Ply-11
@ 27->PART_Ply-12
@ 28=>PART_Ply-13
@ 29=>PART_Ply-14
@ 30=>PART_Ply-15 "
@ 31=>PART_Ply-16
@ 32=>PART_Ply-17
@ 33=>PART_Ply-18
@ 34=>PART_Ply-19
@ 35=>PART_Ply-20
@ 36=>PART_Ply-21
@ 37->PART_Ply-22
@ 38=>PART_Ply-Tetra
@ 39->PART_39
i@ Collectors (1)
= Nodes (184622)
B Elements (962959)
1@ 2D Elements (10030)
%@ 3D Elements (952929)
B Materials (54)
1= Resin (1)
1= Reinforcement (23)
1@ Laminates (30)
B-= Compaosites (2)

1= Rosette Definition (1)

CJi

get it right® Www.esi-group.com 35




All applications in the same environment
FORM, RTM, DISTORTION

@VEUBI-RTM 10.5 [DVP] - winx64 - <VisualHost:RC - Rev. 4876U> <VE:PKG150113>{ Internal Usage Only tel_neu_FILLING_runner5.vdb — = i[l
i Applications Fle Edit View Mesh Database RTM Checks Tools Macro Window Help [cWa

EBfEI@0 Mol [ | [y e [ Bosicn] (] | i [55 | o o [t

! Standard

i [ Basic Entity |

Views Selection Utiity [ Mesh Visibility Page RTM
S —B%
8 PoFl [¥3 Exp [# Part [ Gib
Bl Bgplorer BrEl 2Ec
T——— Z

EJ-ia lintel_neu_FILLING_runner5
-G Parts (P) (31)

@® 1->P1

@ 3->P3

@ 9->P9

~ @ 17=>PART_Ply-2
@ 18->PART_Ply-3
- 19=>PART_Ply-4

~@@) 23=>PART_Ply-8
@ 24=>PART_Ply-9
25=5PART_Ply-10

28=>PART_Ply-13

@ 29->PART_Ply-14
30=>PART_Ply-15 0l
3

=>PART_Ply-16

=>PART_Ply-17

~ @ 33=>PART_Ply-18
@ 34=>PART_Ply-19

35=>PART_Ply-20

i 36=>PART_Ply-21
@ 37->PART_Ply-22

~ @ 38=>PART_Ply-Tetra

@ 39->PART_39

H-fa@ Collectors (1)

8= Nodes (184622)

B-{@ Elements (962959)

i i@ 20 Elements (10030)

i @ 3D Elements (952929)

E-i@ Materials (54)

-2 Resin (1)

{2 Reinforcement (23)

i@ Laminates (30}

B-1=- Composites (2)

{2~ Rosette Definition (1)

= Aomon ) Explorer tree with solver cards

rocess Conditions
@ Pressure (1)

CJi
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One unique Viewer for post-processing all applications

Visual-Viewer (Composites) 10.5 [DVP] - winx64 - <VisualHost:RC - Rev. 4876U> <VE:PKG150113>( Internal Usage Only ) - 03_Filling_runner/lintel neu FILLING_run — = 5”
Applications Fle Edit View Insert Results Sections Curves Plots Options Tools Macro Window Help (CVal
;E%H3_E@@=‘E@L}§O e | e 10 ([ i [mement | [l [y L] | Eement | [w] (5 | F- d | Fo Rl i 51 @ [ V$D-@=\§@@ﬁg§§f§@@ KO4l b ©— @ = | @~ B
[ Standard ‘ E Views Selection Page ‘ £ Results Animation

=[Ol 3¢
1/ 0.000000

FORM

=B
54 7 843.829895

View refreshed: 1390

View refreshed: 626

30
27
24

2.1

RTM

=
14 11000.000000

l 15

12
09
06
03

Distortion

CJi
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Common Material Database for all applications

Material Database = ?LI
File Database Unit

[an v Name |
Search Owner Name - -
‘ vl Last Modifie.
=1 ER LastModified
m Description
= S
B All =
g ::: Mechanics| Form Thermal | +/- |
i@ Reinforcement Property Type Value
iar Ply
g ;‘:”IZ Squeeze Flow Const
-~ Advanced Thickness Cos tefa dependency v
Cos teta dependency Thickness curve e
Degree of inimate contact (Dic) | Const.
- al Const.
b0 Const.
w0 Const. ———
- - Phi Const E- | 'E" rﬁ"
E Bending
Bending Stifiness v [ Pe——pr—
B Material law e e
Material law FABRIC 3 :
& Warp Direction i i [+ EJ T leedtes | ES1IGE
"2 Weft Direction [ t
B Shear Coupling :&m “Usar | Mode | Doacrptien’
------ Shear Modulus (G) Const. v " .
Poisson's Rafio (Nu) | Const e
B Viscosity Glassy
Viscosity No v Fropety

LoRest |

_ Cofdibemaloomeen i3] | Condrt
 Cosfofchemeaishmiugs [1] Conmare

> RTM

DISTORTION

CJi

get it right®
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Advisor for easy setup creation (process oriented)

User still has access to solver cards

e
(&
e
]
E
4l

\rsuaI—Dist.m'lrJn 10.5 [DVP] - winx64 - <VisualHost:RC - Rev. 4876U> <VE:PKG150113>( Internal Usage Only ) - Lintel distortion_rho_Stage 3_CUT.vdb

—l=lx]
i Applications Fie Edit View Mesh Database Dstortion Checks Took Macro Window Help (W
TSR B I e L E T T e I R = T e e Py = e
: Standard [|* Views: g Selection B Vigibility b Utiity [* Mesh visibiity || Page B Distortion
Lk GID_CONSTRAINT
*3 Pg/Fl [*3 Exp [# Part [ Glb :
El Bifores i S RS | 2
| Linte!_distortion_rho_Stage-3_CUT vdb v ¥
E-@ Lintel_distortion_rho_Stage-3_CUT.vdb |
E| @ Parts (P) (2)
) 1=>Laminate_1
| B.N.n:::&;’;g?é:l Process Condition ] & '.“?I'K
4 Elsme?ms (197355) Definition
@ Materials (2) ——————3
-G Composites (2) Type: |Locking

| Er-i@ Rosette Definition (1)

L7y 1=>Rosetie_1 Process Name: '@

= Part Orientation (PO) (1)

= Coordinate System (1) Selection: [z Mode b
E-{=- Process Conditions (3) i N
B-£=- Locking (3) Coord.System: | Coord_System 2 v Iﬂ ﬂ
L0 2=>Lacking_2 Database: [JRead from DB | = E‘
“() 3=>Locking_3 —— !
Procoes Covinad
1
Property Type Value Value Unit
Translation X Fixad v
TranslationY Fixed ~
t
Translation Z Fixed v |

DISTORTION

CJi
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—=
Visual Process (DEX) };

Mapping and Homogenization E—
s
IMPORT

MAPP| NG / B04 Call Mapping Tool
\

TRANSFER

SCALING .

EXPORT

\_ h
B0Y Export
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Workflow for Composite Process Simulation chain

(*.igs/*.part)

Visual-Process
(DEX)

&

EE Visual-FORM
Y/

(*.pc)
| PAM-FORM |
(DEX)

(*p.dat/ *d.dat)

PAM-RTM

(*.asc)

PAM-Distortion

CJi
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Content

Manufacturing process simulation of fiber reinforced composites

4

e Chaining of simulation tools

» Industrial example
e KTM Technologies (automobile part)
e Snecma (Fan blade)
e PAG (aeronautical part)
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4

e Chaining of simulation tools

» Industrial example
e KTM Technologies (automobile part)
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KTM Race Car Application Front Splitter

- TECHNOLOGIE.

Front Splitter

Laminate definition

Layer 3a

Overlap i Owverlap
\ teprla | Layer 3b
e ; i Layer 2b
Core
4
Layer 1

Zoom-in on structure

Fiber: Tenax—J STS 40 F13 24 K 1800 tex; Binding type: plain
Resin+ Hardener: EpikoteResin04695/1 and EpikureCuringAgent 05357
Core: Bufadur67 —15, PUR Foam

CJi

— - [y 4-Fidhs b1 .
3 e
Y ) ¥ S
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Pre-forming of upper plies with PAM-FORM

Project ‘Front_Splitter_X_Bow"
Module ‘State 1 : Prog. = -28.500244°

Upper tool’s
displacement

l

Upper too| =——————mm>

Lower tool (lock) =
CJi
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Pre-forming simulation for flat pattern optimization

B

Flat pattern optimization R

Flat pattern

Trim-line

Reverse engineering
to optimize initial ply pattern

Initial ply
contour

Optimized ply
contour
eJi www.esi-group.com

get it right®
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Pre-forming simulation to predict and optimize thickness

Thinning contour

Thinning (engineer value)

0.038729

-0.066504

wrinkles

-0.A72337

-0.27 7369

-0.383402

et

-0.4889345

-0.594467

-0.700000
=

Min = -1.065471
Max = 0.038729

WWW.esi-group.co
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Pre-forming simulation to predict and optimize shearing

Shear angle

Shear angle
60.237064

51,6317 M
43.02647G
| 5 34421185
25.815893
. 17.210600

d.605308

1.525879e-005

Min = 1.525879e-005
Max = 60.237064

get it right?®



Pre-forming simulation to predict and optimize fiber

ﬂg@mﬁigﬂfbftion

Export your fiber
orientation for injection
simulation or structural

analysis

get it right‘" - - I I e WWW.eSi'gFOUp.COm



Injection simulation to predict and optimize

Dry spots, porosities...

ap
| Layer 3b
I |

: Layer 2b
Core I]

A\
e 3D injection taking into account fiber L
. . . ofe ay-up
orientations (impact on permeability) from CIETTT—
preforming simulation £l

Filing

Bottom view Top view
C/i Resin Flow front during injection

get it right Www.esi-group.com




Injection simulation to predict and optimize filling time

Filling time

nnnnnnnn

llllllllllll

N

Bottom view Top view

get it right® Www.esi-group.com
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e Chaining of simulation tools
» Industrial example

e Snecma (Fan blade)
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Draping Influence on RTM Process

) Draping of blade
Draping 564 % reinforcement
of fabric | weft (o02) ;str (802 =

Warp ( 0:’ ) Warp { U‘; } /

Permeabiliy K1 [mzl\
202e-10
I 1.66e-10
1.69c-10

1.53e-10
1.37e-10
1.Z1e-10
1.04e-10

MR EAGRA]

T.18e-11
LEAPS56™ engine i 556611
Composite fan blade 39311

—
gl
bruno.dambrine@snecma.fr / edu.ruiz@polymtl.ca @Snecma
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Porosity of the RTM process in structure calculation
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Porosity of the RTM process in structure calculation

RTM simulation takes into
account local permeabilities
due to fiber angels as well

as porosities
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capillary number (Ca*)

The void content (porosity) is
determined from the RTM simulation
(Void%=f(flow front velocity))

Resulting Stiffness
and
Damage analysis

accounting for
mechanical properties
resulting from

Qan ufacturing
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Centrifugal pre-stress
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Content

Manufacturing process simulation of fiber reinforced composites

4

e Chaining of simulation tools
» Industrial example

e Premium AEROTEC GmbH (aeronautical part)
e &



aerostruktur

faserverbundtechnik gmbh

Aeronautics

Automotive
"080 OD . Ingglstadt
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M.A.l Design Project
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* Key Issue

» Development of
robust processes
for the pro-
duction of
industrial FRC
parts
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Lintel demonstrator

A Koppelung der Simulationen:
A Drapiersimulation
A PID Simulation
A Mechanische Simulation

2 Validierung anhand statischen Test

i §MA

A=LJT=C

Drapiersimulation (AP2)

Ablegewinkel,

Drapierbarkeit Eurocopter

PID-Simulation (AP2)

Winkelverformungen,
Eigenspannungen

LmeEL O /3

Strukturmechanische Simulation (AP3)

~ Statische Traglast,
Beullast =1 -

| CADCON. HSA

(AP4)

Statischer Drucktest

Statische Tragfahigkeit
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Example of Composite Manufacturing Chain (Lintel)

y )
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& Degree of Cure history

I: : Cure
E EBNCuring analysis
" (Visual-RTM)

3D Heated RTM - filling analysis
(Visual-RTM) 3D Distortion analysis

(Visual-Distortion)

Shearing of fibers

Multi-2D formlng analysis
‘ (Visual-FORM) Multi-2D Draping analysis
CLi (Visual-FORM)
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