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LS-DYNA ALE & Fluid-Structure Interaction Modeling

ELEMENT FORMULATIONSREVIEW

A physical processinvolving fluids or fluid-like behavior may often
be modeled in more than one way, using mor e than one solid
element formulation. InLSDYNA, the*SECTION SOLID
command is used to specify the element formulation ELFORM:

ELFORM:

1 = Constant stress solid (pure Lagrangian formulation).

5 = 1-point ALE element (single material domain).

6 = 1-point Eulerian element (single material domain).

7 = 1-point Eulerian Ambient element (single material domain).

12 = 1-point ALE single-material-and-void (two-material domain).

11 = 1-point ALE multi-material element € most versatile and
widely used ALE formulation
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ELEMENT FORMULATIONSREVIEW

Element Formulations and Applications:

L et usconsider a 2D example, a solid material ismoved and then
deformed as shown below. Threeformulations may be used: (1)
Lagrangian, (2) Eulerian, (3) ALE (Arbitrary-Lagrangian-Eulerian).

« Lagrangian mesh translation

Material moving i
/ & deforming = }‘*Material deformation
/ / / / / /
 — — — — — €« (1)
—> II II II II II II
/ I I / / /~Eulerian mesh
[T T 1T 7 1717 (fixed in space)
/ / / / / /
= == €9
/ / / / / /
— 4 —
A A € (3)
717 1771717
- I\ J . \
Solid material Vgid or air ALE mesh trgnsiation ?.;i:::;?
- +
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LAGRANGIAN

(1) L agrangian:

Thenodes of the mesh are attached to theimaginary material
“points’. These nodes move and deform with the material. Thisis
shown in (1) above.

The Lagrangian elements contains the same material throughout
the calculation.

Material moving — «— Lagrangian mesh translation
/ & deforming - }"Material deformation

[T T T T 7
— II II II II II II

[ / / / / /

L L L L /

P~ Y ~
Solid material
B +
t = dt =
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PURE LAGRANGIAN (ELFORM=1)

e Mesh deformswith the material.

« PROBLEM:
L agrangian for mulation can lose accuracy at very large
distortion of the elements.
*Time step can approach zero.

% Highly distorted elements
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Pure Lagrangian Taylor Bar | mpact
(

Severely distorted eIemerIts near impact surface.
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EULERIAN

(2) Eulerian:

Hypothetically consider 2 overlapping meshes, oneisa background
reference mesh which isfixed in space, and the other isavirtual
mesh attached to the material which “flows’ through thereference
mesh. Thismay bevisualized in 2 steps:

First, the material isdeformed in a Lagrangian step just likethe
L agrangian for mulation.

Then, the element state variablesin thevirtual “Lagrangian
elements’ (red) areremapped or advected or transported back onto
the fixed (background) reference Eulerian mesh.

— <—Material moves Eulerian mesh

[ 17 [ T 17 ] (fixed in space)

— II / / / / /

——1—+—
T solid material Vvoid <;r air
t- = dt = 1
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(3) ALE:

LE

Consider 2 overlapping meshes, oneis a background mesh which can
move arbitrarily in space, and the other isa virtual mesh attached to
the material which “flows’ through the former moving mesh. This
may bevisualized in 2 steps. First, the material isdeformed in a
Lagrangian step just likethe Lagrangian formulation. Then, the
element statevariablesin thevirtual “Lagrangian elements’ (red)
are remapped or advected or transported back onto the moving
(background) reference AL E mesh (green).

—>

(m—
\ ~ A\, v J —
Solid material Void or air
t = dt

Al Rignts Reservecd. -Copyright © 2000-2005

« Material translation

~— Material deformation
——-
/ / / / /
/ / / / / /
/ / / / / / —_—

A A € (3)
i [ [ i /
|‘—ALE mesh translation \_ALE n_1esh
+ (moving)
—> t
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LE

(3) ALE:

Hence Eulerian method is a subset of the ALE method wherethe
r efer ence mesh staysfixed in space.

Subsequently we will refer only tothe ALE method for generality.

t+ Eulerian
[ [ [ / [ /
The main difference between // // // // // //
pureEulerian vs. ALE / ] ] ] / /
method is different amounts of = A —

. . / Material motion— ALE
material being advected — [/ 7 7 7 7 ]
through the meshes dueto the \ // // // // // //

r efer ence mesh positions. \/\ 7 7 7 7 7

[ M ] [ [ [ 1]

*—ALE mesh motion
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ALE SINGLE MATERIAL (ELFORM=5)

 One material —onemesn. Lagrangian-like! The overall mesn
followsthe overall material domain.

e Nodes within the mesh may berearranged, i.e., smoothed, to avoid
badly distorted elements.

* ALE =motion allowed for the overall mesh and the nodes within.

(ALE :=Material(s) can flow through
a mesh which itself can move)

PURE Lagrangian ALE Single Material

Bad distortion Lessdistortion
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Single Material AL E For mulation with Smoothing

ELFORM 1 (Lagrangian)

ELFORM 5 (Single material ALE)
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ALE SINGLE MATERIAL (ELFORM=5)

* Relative motion between material and internal, smoothed mesh
resultsin relative flow of material between element boundaries =»
reguires extratermsin the conservation equations. Thesearethe
ADVECTION (or flow) terms.

e Only one material isallowed in thisformulation and mesh
smoothing is effective for only moderate deformation. Thus
application of thisformulation islimited to mostly academic
problems.

PURE Lagrangian ALE Single Material

Bad distortion Lessdistortion
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SINGLE MATERIAL EULERIAN (ELFORM=6& 7)

e Eulerian = Eulerian mesh isfixed in space.

« ONE material flowsthrough thisfixed mesn. Thereisno mixing of
materials.

« PROBLEM: Only asingle material ismodeled. Thereisno fluid
interface for fluid/structure penalty coupling (cannot visualize
leakage). Thusthisformulation is, again, limited to mostly academic
problems.

%%AehiNEliglélgjéD RREBLEM Fringe Levels
Vector of Total-velocity 2 006e-01
min=0, at node# 2 B
max=0.200631, at node# 123 1.806e-01

1.605e-01
1.404e-01
1.204e-01

1.003e-01
8.025e-02
6.019e-02
4.013e-02
2.006e-02
0.000e+00
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MULTI-MATERIAL EULERIAN or ALE (ELFORM=11& 12)

The only difference between Multi-Material Eulerian and Multi-
Material ALE methodsisthat the Eulerian mesh isfixed in space
while ALE isallowed to move.

Q
&Q’)"’
O

vacuum

metal
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MULTI-MATERIAL EULERIAN or ALE (ELFORM=11& 12)
By introducing AL E in the multi-material formulation, the model can be
made smaller and the numerical errorscan be kept on alower level (less
material isadvected).

ALE mesh isallowed to trandlate, rotate,
expand, or contract (see*ale reference system)

(ALE :=Material(s) can tlow through the mesh which itself can
/| move)
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VERY BRIEF SUMMARY OF ALE COMPUTATION

Computational cycle:

ALE method usesthe Operator Split techniqueto perform a 2-step
computational cycle:

1. First aLagrangian step istaken

2. Second, the state variables of the deformed material configuration
are mapped back onto thereference mesh —thisiscalled an
advection step.

Conservation L aws:

Conservations of mass, momentum and ener gy together with material
constitutive equations are used to solve for the state variables.
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FLUID-STRUCTURE INTERACTION - FSI
(ALE/Lagrangian Coupling)
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MATERIAL INTERACTIONS-FS

L agrangian material hits Lagrangian material = *CONTACT

ALE material hits ALE material = Merged Nodes
(Advection)

Lagrangian material hitsALE material =
*CONSTRAINED_LAGRANGE_IN_SOLID

. == - ! : AL
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Material | nteractionsvia
*CONSTRAINED LAGRANGE IN SOLID

Fluid-Structure Interactions (FSI) Between ALE (“Fluid”) and
Lagrangian (“ Structure’) Materials, each modeled with separate
meshes:

L S-DYNA searchesfor the INTERSECTIONS between the Lagrangian parts
& ALE parts.

|f a coupled Lagrangian surfaceisdetected inssdean ALE element, LS
DY NA marksthe Lagrangian-Eulerian coupling points (NQUAD) at t-.

It then trackstheindependent motion of the 2 materialsover dt (ALE
material interfaceistracked based on itsvolume fraction in the element).

Then it computesthe penetration distance of the ALE material acrossthe
L agrangian surface.

Coupling forces are calculated based on this penetration and re-distributed
back onto both materials.
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Material | nteractionsvia
*CONSTRAINED LAGRANGE IN SOLID

The coupling forces ar e usually computed based on a Penalty M ethod
(smilar to that used for standard L agrangian contact).

ALE
material L agrangian material surface (shown asa shell)
interface shown here as moving to the left, penetrating
ALE intothe ALE fluid
material Coupling point -
Fluid-solid
Interfac m—
r' '
— 1
ALE J Moving shell segment <
Reference
mesh Penetration =» coupling force
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M eshing for AL E/L agrange Coupling

L agrangian mesh inter sects AL E mesh but nodes are not shared
between ALE and Lagrangian parts.

PID1=ALE=air S S —
i

A
PID3=LAG=steel ball /(J!/EQ)Q
'
< < Nodes are
shared at this
PID4=LAG=aluminum box ﬁ\\ ALE interface

TN
PID2=ALE=water N
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Simple Example of Euler/Lagrange Coupling:

Eulerian material 1

Eulerian material 2

Lagrangian structure
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Penetration Simulation (2 appr oaches)

KR! HIGIU LAGH. BULLEL P K: RIGID LAGR. BULLET P

L agrangian

Note below the extra air or void domain for target material to flow into
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L agrangian only

PLATEPEME_LAGR1.K: RIGID LAGR. BULLET P

Time = 0
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Coupled Euler/L agrange
(Air or void domain isnot shown for clarity)

RIGPEHMEFPLATE1 .K : RIGID LAGR. BULLET PE

Time = 0

7 SN

e I A \ & 5 p ) fa ‘P 2
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Taylor Bar |mpact
L agrangian vs. Euler/Lagrange Coupling

26

2TAYBARPO7_A.K: TAYLOR BAR IMPACT, DX0

2TAYBARPO7_A.K: TAYLOR BAR IMPACT, DX"0 2TAYBARPO? A.K: TAYLOR BAR IMPACT, DX0
Time = 63.926 Time = 93.814 Time = 115;95 ‘
Contours of Combined Yolume Fraction Contours of Combined Yolume Fraction ‘ Contours of Combined Yolume Fraction
max ipt. value max ipt. value max ipt. value
min=1, at elemi 699 min=1, at elemd 703 min=1, at elem# 706
max=2, at elem# 691 max=2, at elem¥# 691

max=2, at elem# 691
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MATERIAL INTERFACES FOR
MULTI-MATERIAL ALE
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MATERIAL INTERFACES
Multi-Material ALE: Distinctionsamong PARTIMESH|MATERIAL.:

In ALE terminology, the user should distinguish between a“*PART
ID” and an “ALE-Multi-Material-Group ID” (AMMG ID):

A PART ID refersto agroup of elements, i.e., some portion of the
mesh which will usually contain one material™® at time zero. Asthe
AL E materials subsequently move acr oss mesh lines, each element in
the PART may contain morethan one material, hencetheterm
“multi-material”.

An AMMG refersto aregion containing one physical material. For
multi-material ALE, thecard *ALE MULTI-MATERIAL GROUP

setsup the ALE material groups. Internally throughout the
ssimulation, the material interface of each AMMG istracked.

(D*INITIAL_VOLUME_FRACTION_GEOMETRY can beused toinitially fill a PART with
multiple materials.
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MATERIAL INTERFACES

Example:

Consider a model having 3 containersfilled with 2 different physical
materials (water, fuel oil). The containersare made of the same
material, say, steel. Assume that these containers break apart,
spilling the fluids. *ALE_ MULTI-MATERIAL GROUP
(AMMGID) definesthe material grouping for treating multi-
material elements & interface tracking.

Steel Steel
(part 5\5) (part 6\6)

)

:r istinguish between | at el O -
| “physical material | ater uel Ol uel Oi
| #'s" & “Part ID #'s" 1 | (part 11) (part 22) (part 33)
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MATERIAL INTERFACES
APPROACH #1: Maintaining the interfacesfor each part ID.

*ALE_MULTI-MATERIAL_GROUP
11 R 'AMMGID=1
22 e 'AMMGID=2
33 l——= 'AMMGID=3
44 1 ——= AMMGID=4
55 l—— AMMGID=5
66 = 'AMMGID=6
77 R 'AMMGID=7

Then, theinterface of each part (11-77) will betracked. Thisis,
however, expensive due to the additional interface tracking
computations, and not necessarily more accurate. Asthe same
physical material, e.qg., fuel oil from parts2 and 3, flow into the
same element, they behaverealistically asa single material. Thus
tracking their interfaces separately may not be necessary.

Sidebar: whenever more than 3 materials are present in 1 element,
It may be advisable to refine the mesh.
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APPROACH #2: If we group the physical materialstogether, fewer
AMMGsarerequired.

*SET_PART
1
11 < Water

*SET_PART
2
22 33 < Fuel Oil

*SET _PA RT
::“_31.-‘:: _____________________
— 4 55 66 < Steel
*SET_PART
4
77 < Air

*ALE_MULTI-MATERIAL_GROUP
1 0 —— AMMGID=1

\2 0 —= AMMGID=2
L3 AMMGID=3

4 0 —— 'AMMGID=4

Then, only the interfaces of the 4 physical materialswill be
tracked instead of all 7*logical” interfaces (less expensive).
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MULTI-MATERIAL or "MIXED” ELEMENT

The composite stressin a multi-material ALE element isthe volume-
fraction-weighted average stress of the individual material stresses,

nmat nmat
O'* — ano-k Z 77k — 1 7 =Materid VolumeFractions
k=1 k=1
Example:

If a cell is 20% water, 30% steel, and 50% air,

stress in that cell is 0.2(04ter) + 0.3(Ogee)) + 0.5(0;,)
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MATERIAL INTERFACES
Displaying AMMGs, i.e.,, ALE materials, in LS-Prepost:

We can display the material interface contoursby...

FComp =» Misc =» History variable =» [Fringel|l sos| = Apply
Wherethe History variable may be:
. Fluid density

. Volume fraction of AMMG1 of the mode
. Volumefraction of AMM Gn of the model
. Combined Volume fractions of the model
Or

Selpar > Fluid
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ALE EXAMPLE APPLICATIONS
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Airbag Exampleillustrating automatic AL E mesh translation and expansion
viathecommand *ALE_REFERENCE_SYSTEM

DMBFOLDARSGID.K: {UNIT: KG-MM-MS-K)
Time = 0

2 ALE meshes:

e |[nner mesh remains dense
to resolve the flow.

e Outer mesh can expand to
envelop the airbag
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AIRBAG WITH PHYSICAL VENTING FLOW

DMBFOLDARSGID.K: {UNIT: KG-MM-MS-K)
UG 0
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Switching AMMG ID across vent hole

DMBFOLDARSGIF.K: (UNIT: KG-MM-M3S-K)

Time = ]

2l Pighis peserved. Copyrignie zooozoos Livermore “oftware Technology Corporation




LS-DYNA ALE & Fluid-Structure Interaction Modeling

METAL EXTRUSION using Euler/L agrange Coupling

ExTR12.K: ALUMINUM EXTRUSION MODEL FOR

Time = 0

|!::::.ll’fﬂ£l¥3 of History Variable #2 - ..
ma ipt. value i 1.000e+00 }
min=0, at elem# 1 L
max=1, at elem# 1891 3 9.5008e-01 _

9.000e-01

6.000e-01 _

5.500e-01 _
5.000e-01 _
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L

,Ei

mEs

Al Rignts Reservecd. -Copyright © 2000-2005

FORGING

 Both tool pieces, punch and die, are
modeled as Lagrangian rigid shell
structures.

 Theworkpieceismodeled assolid ALE
material which isallowed to defor m|flow
Into surrounding void space.

* The void mesh can overlap with therigid
tool structures.

I ivermore “oftware echnology “orporation
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FORGING

Result viewed in cross-section

FORGING

Time = 0 Fringe Levels

Contours of History Variable #2

reference shell surface 1.000e+00 _

min=1e-06, at elem# 1

max=1, at elems 17249 9.000e-01
&.000e-01
7.000e-01
G.000e-01
a.000e-01
4.000e-01
3.000e-01
Z.000e-01
1.000e-01

1.000e-06 _
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FUEL TANK IMPACT

_F_LUID STRUUCTURE INTERACTION FOR GAS TAN
ime = e

Fuel and air

are Eulerian.

Penetrator and tank

are Lagrangian

LI i peserved. Copyrighte zooozos - Livermore “oftware Technology Corporation
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FUEL TANK SLOSHING
Coupled ALE/L agrange

42

KGMMMSH.K: LSTC DEMO SLOSH TANK: KG-MM- ]
Time = 0 ] ] Fringe Levels
Contours of Combined VYolume Fraction

max ipt. value 3.000e+00 _
min=1, at elemi 1

max=3, at elem# 1600 2.800e+00 _

2.600e+00
2.400e+00
2.200e+00
2.000e+00
1.800e+00
1.600e+00
1.400e+00
1.200e+400

1.000e+00 _

Reference mesh for fuel and air moves, hence ALE (not Eulerian)
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PLATE-WATER IMPACT

OVERVIEW:

A Lagrangian plate moveswith initial downward velocity through
air, then hitswater.

*The Air and Water aredefined asALE
Multi-Materials (tracking the interface
of the two material within each
element).

* The Steel Plateisdefined as L agrangian.

* The Lagrangian body/mesh can overlap
the AL E/fluid meshes.

*The ALE-Multi-M aterial meshes have
mer ged nodes on their shared
boundaries.

PID 2 = Water
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PLATE-WATER IMPACT

Coupled Euler/Lagrange

In this example, nodes
are constrained
perpendicular to
boundary (typical)
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TIRE HYDROPLANING
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TIRE HYDROPLANING
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TIRE HYDROPLANING

TFCLAG.K : LSTC TIRE GAPAIDTH ™ 7.7 MM
Time = 0.0019999

Isosurfaces of History Variable #2
reference shell surface

min=1e-006, at elem# 100001

max=1, at elem# 1521'-_ s

47
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FREQUENTLY USED COMMANDSIN ALE MODELS

48

*KEYWORD

*CONSTRAINED_LAGRANGE_IN_SOLID

*TITLE

*SET_MULTI-MATERIAL_GROUP_LIST

*AIRBAG_ALE

*CONTROL_TERMINATION

*AIRBAG_ADVANCED_ALE

*CONTROL_TIMESTEP

*PART

*CONTROL_ENERGY

*SECTION_SOLID

*AIRBAG_HYBRID

*DATABASE_BINARY_D3PLOT

*MAT_NULL

*DATABASE_GLSTAT

*MAT_FABRIC

*DATABASE_MATSUM

*EOS LINEAR_POLYNOMIAL

*EOS IDEAL_GAS

*BOUNDARY_AMBIENT_EOS

*DATABASE_FS

*EOS_GRUNEISEN

*BOUNDARY_PRESCRIBED_MOTION_

*CONTROL_ALE

*HOURGLASS

*BOUNDARY_NON_REFLECTING

*ALE_MULTI-MATERIAL_GROUP

*INITIAL_VOID

*ALE_REFERENCE_SYSTEM_GROUP

*SECTION_POINT_SOURCE_MIXTURE

*INITIAL_VELOCITY_

*ALE_REFERENCE_SYSTEM_NODE

*MAT_GAS MIXTURE

*LOAD_BODY _

*ALE_REFERENCE_SYSTEM_CURVE

*INITAL_GAS MIXTURE

*LOAD_SEGMENT_SET

*ALE_REFERENCE_SYSTEM_SWITCH

*INITIAL_VOLUME_FRACTION_GEOMETRY

*RIGIDWALL_PLANAR

—~Copyrignt © 2000-2005
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