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Motivations

Cardiovascular Diseases
@ Aneurysms
@ Valvular regurgitation
9o ...
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Motivations

Cardiovascular Diseases
@ Aneurysms
@ Valvular regurgitation

ke

Mathematical problems

@ Fluid-Structure Interaction
blood, vessels and leaflets

@ Contacts among leaflets
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Outline

a Blood-Vessel Wall Interaction
@ Arbitrary Lagrangian-Eulerian
@ FSI Semi-Implicit Projection algorithm

e Blood-Leaflets Interactions
@ Fictitious Domain

@ Contact

@ Solid-wall contact
@ Multi-body contact

@ Conclusions
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Outline

a Blood-Vessel Wall Interaction
@ Arbitrary Lagrangian-Eulerian
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Blood-Vessel Wall Interaction

Requirements
@ moving fluid domain surrounded by the structure domain
@ non-linear structure models
@ possibly thin structures
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Arbitrary Lagrangian-Eulerian (ALE) formulation
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Arbitrary Lagrangian-Eulerian (ALE) formulation
@ Fluid problem:

ou . .
Pfa—tf‘;(vLﬂf(Uf—W)'VUf—dIVUf(UhP) = 0 in(t)
divus = 0 in(t)
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Arbitrary Lagrangian-Eulerian (ALE) formulation
@ Fluid problem:

0 . .
Pf%’ivﬂ?f(uf—W)'VUf—dIVUf(UhP) = 0 in(t)
divus = 0 in(t)
@ Fluid domain velocity:
O

s = Ext(fsls ), W = s in Q(t)
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Arbitrary Lagrangian-Eulerian (ALE) formulation
@ Fluid problem:

ou . .
Pfa—tf’;(vLPf(Uf—W)'VUf—dIVO'f(vap) = 0 in(t)
divus = 0 in(t)

@ Fluid domain velocity:

. . Of) ,
iy = Bxi(iglg), W= inai()

@ Structure problem:

0%l

Sz —divefls = 0 inQ

JPs

M.Astorino (INRIA, France) FSl in Biological Flows SIMULA - Oslo - 05/06/2008 6/40



Arbitrary Lagrangian-Eulerian (ALE) formulation
@ Fluid problem:
a 1 .
Pf%’;(ﬂLPf(Uf—W)-Vuf—dlvm(uf,p) = 0 in(t)
divuy = 0 inQ(t)

@ Fluid domain velocity:

N . . 0f .

fif = Ext(fslg), W = 0_tf in Q¢ (t)
@ Structure problem:

. 0% N LA
JpsaTZS—dlw Mg = 0 inQs
Coupling : transmission relations
urx,t) = (s(@M(x),t)  onX(t)
As-ns+J 6¢(us,p)F A = 0 ony
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Coupling algorithms

Partitioned Scheme

Use different solvers for the fluid
and the solid(s).

FSI Master
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Coupling algorithms

Partitioned Scheme

Use different solvers for the fluid Coupling strategy
and the solid(s). @ Explicit (or “Weak”)
coupling :
FSI Master
//f UQ
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Coupling algorithms

Partitioned Scheme

Use different solvers for the fluid
and the solid(s).

FSI Master

M.Astorino (INRIA, France)

Coupling strategy
@ Explicit (or “Weak”)
coupling :
Cheap...

...but produces a spurious
power at the interface:

an_ an—1

N+ N+l A7l
Jeraof TN (uf At

)
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coupling :
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an_ an—1
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Coupling algorithms

Partitioned Scheme

Use different solvers for the fluid
and the solid(s).

FSI Master

M.Astorino (INRIA, France)

Coupling strategy
@ Explicit (or “Weak”)
coupling :
Cheap...

...but produces a spurious
power at the interface:

an_ an—1
Jyma 0N (u n+l _ ALl

f At
@ Implicit (or “Strong”)
coupling :
Much more expensive;

Conservation of the energy
at the interface;

)
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Implicit Coupling - Heterogeneous Domain Decomposition
@ Dirichlet-Neumann

Accelerated fixed point Le Tallec-Mouro (1999), Mok-Wall-Ramm (2001)
Newton Tezduyar (2001), Fernandez-Moubachir (2003)

Inexact-Newton Matthies-Steindorf (2003) Gerbeau-Vidrascu (2003)
Mischler-van Brummelen-de Borst (2005)

@ Neumann-Neumann

Deparis-Discacciati-Quarteroni (2005)
@ Robin-Neumann

Badia-Nobile-Vergara (2007)
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Implicit Coupling - Heterogeneous Domain Decomposition
@ Dirichlet-Neumann
Accelerated fixed point Le Tallec-Mouro (1999), Mok-Wall-Ramm (2001)
Newton Tezduyar (2001), Fernandez-Moubachir (2003)

Inexact-Newton Matthies-Steindorf (2003) Gerbeau-Vidrascu (2003)
Mischler-van Brummelen-de Borst (2005)

@ Neumann-Neumann

Deparis-Discacciati-Quarteroni (2005)
@ Robin-Neumann

Badia-Nobile-Vergara (2007)

Added-Mass Effect

The explicit coupling is unconditionally unstable for application with strong

added-mass effect (for example when ps = pf). (Causin-Gerbeau-Nobile, 2004,
Forster-Wall-Ramm, 2006)
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Implicit Coupling - Heterogeneous Domain Decomposition
@ Dirichlet-Neumann
Accelerated fixed point Le Tallec-Mouro (1999), Mok-Wall-Ramm (2001)

Newton Tezduyar (2001), Fernandez-Moubachir (2003)

Inexact-Newton Matthies-Steindorf (2003) Gerbeau-Vidrascu (2003)
Mischler-van Brummelen-de Borst (2005)

@ Neumann-Neumann

Deparis-Discacciati-Quarteroni (2005)
@ Robin-Neumann

Badia-Nobile-Vergara (2007)

Added-Mass Effect

The explicit coupling is unconditionally unstable for application with strong

added-mass effect (for example when ps = pf). (Causin-Gerbeau-Nobile, 2004,
Forster-Wall-Ramm, 2006)

Perfect 2D fluid Generalized string model

prOUs + Vp =0, in G,
divu; =0, in Qf,
Us-N =0mns, ONX

M.Astorino (INRIA, France) FSl in Biological Flows
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Outline

a Blood-Vessel Wall Interaction

@ FSI Semi-Implicit Projection algorithm
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The FSI Semi-Implicit Projection algorithm
(M.A. Fernandez, J.F. Gerbeau and C. Grandmont, 2006)

Projection method:
Chorin-Temam (1969)

Step 1: advection-diffusion
l]n+1 _ un

" VA" pA" = 0

P
Step 2: projection

unt+t _ ﬁn+1
{ pi———— + Vp"t =

5t _
divu™?!l = 0

o
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The FSI Semi-Implicit Projection algorithm
(M.A. Fernandez, J.F. Gerbeau and C. Grandmont, 2006)

Projection method:

Chorin-Temam (1969)
Step 1: advection-diffusion

BT
Pt 5t

Step 2: projection

unt+t _ ﬁn+1
{ pf——————— +Vpn+1

5t _
divunt?

+p 0" VI —pAG" =0

o

M.Astorino (INRIA, France) FSl in Biological Flows

Basic idea of the scheme
Step 1: advection-diffusion-ALE

— explicit coupling for efficiency
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The FSI Semi-Implicit Projection algorithm
(M.A. Fernandez, J.F. Gerbeau and C. Grandmont, 2006)

Projection method:
Chorin-Temam (1969)

Step 1: advection-diffusion
Gn+1 _ un
Pt ot

Step 2: projection

unt+t _ Gn+1
{ pf——————— +Vpn+1

5t _
divunt!

+p 0" VI —pAG" =0

o

Basic idea of the scheme
Step 1: advection-diffusion-ALE

— explicit coupling for efficiency

Step 2: projection

«— implicit coupling for stability
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The FSI Semi-Implicit Projection algorithm
Let Q", u", p", 4"

Step 1. Domain extrapolation

. X 3. 1.h1
Ayt =a"+ 6t(§ug = Eug )

~n+4+1 AN
wh+l — N —MN s
gHt=—"x__ <=
ot
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The FSI Semi-Implicit Projection algorithm
Let Q", u", p", 4"

Step 1. Domain extrapolation

. . 3 A 1.n-
iyt ="+ 5"(5“2 - Eug Y
Wn+l ﬁgrl n|):

= st

Step 2: ALE-Advection-diffusion (explicit coupling)

Us = UF ~n 1 n+1 ~n+4-1 . n—+1
pr——s— Iz +pr(lr — W) VAT - p AT =0 in Qf
U?Jrl _ an+l on ¥n+1

Wn+1 _ Tr_l(w;“)

Remark: The geometric non-linearity, the convective and the viscous terms
are treated explicitly.
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Step 3: Projection (implicit coupling)

n+1 ~N-+1
Ugs ™= — Ug

Pt = +Vvp™ = 0 inQtt
divup™ = 0 inQftt
~n+l  an
uton = T T opynit
f ot
An+4-1 ~ an+1 AN
0s™ —dg dv (MY o ino
Ps™ 5t 2 s
~An+1 N ANn+1 ~N
"' g 40g . 4
= in Qg
ot 2
~An+l ~ ~
1 n-+1 n+1\T
‘Ng = p"ng — pu(Vis  +(Vh¢ 7)) - ng
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Step 3: Projection (implicit coupling)

u .
pr—" = +Vvp™ = 0 inQtt
divup™ = 0 inQftt
~n+l  an
ul.on = T~ ' ongnit
ot
~n+l AN ~n+l o oan
u A n A
ps— = S _ div 2+ = 0 in€s
i/ N 1 (1
ot - 2 S

As = p"ng — U(VGPH- + (VG?H-)T) ‘Ns

v

Remarks
@ Fixed fluid domain in the projection step;
@ Cheap inner iterations.

@ Other “projection schemes” can be used, for example Algebraic
Projection Methods, (Badia-Quarteroni-Quaini, 2007).

4
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Numerical Comparison

Test Case (M.A. Fernandez, J.F. Gerbeau, C. Grandmont, 2006)
Straight cylinder, 50 time steps, 6t = 2 x 10~ *s. J

Total CPU
COUPLING ALGORITHM (dimensionless)
Fixed point approx. 50
Implicit Fixed point + Aitken (2001) 24.86
guasi-Newton (2003) 6.05
Newton (2003) 4.77
Projection Semi-Implicit Newton (2005) 1
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Remark: The coupling is indeed “weak”
Spurious energy :

[Z/m D@EMY .- <~?+1 - urS1+1> —pld - (UMt -y
$
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Remark: The coupling is indeed “weak”
Spurious energy :

/ 2un - D(GF*) - (7 —ug)
s

’ How to control this spurious energy?
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Remark: The coupling is indeed “weak”
Spurious energy :

/ 2un D@7 - (7 - ultt)
s

’ How to control this spurious energy?

Stability Condition  (M.A. Fernandez, J.F. Gerbeau, C. Grandmont, 2006)

The numerical scheme is stable in the energy norm under the following
condition:

(h: fluid discretization step, dt: time step)
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Remark: The coupling is indeed “weak”
Spurious energy :

J2um D@ - (a7 - ugt)
be

‘ How to control this spurious energy?

Stability Condition  (M.A. Fernandez, J.F. Gerbeau, C. Grandmont, 2006)

The numerical scheme is stable in the energy norm under the following
condition:

(h: fluid discretization step, dt: time step)
@ The leap-frog scheme is used for the time discretization of structure
equation.
@ With the Newmark scheme the analysis is not trivial (work in progress
M.A. and C. Grandmont).
@ The scheme proves to be stable in all practical situations .
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Convergence of the scheme
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Convergence of the scheme

Theorem (M. A. and C. Grandmont, 2008)

Provided the sufficient stability conditions, the numerical scheme converges

and the error (for velocity and displacements) is of order

O(V/6t) + O(H'") + O(h¥) + O(h?), where o depends on the matching

interface operator.

(H: structure discretization step, | and k: finite element order)

o 3D-3D Coupling | 3D-2D: 2° order op. | 3D-2D: 4° order op
Interpolation non optimal k = 1 optimal k < 2 optimal
Mortar optimal Yk optimal Yk optimal vk
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Convergence of the scheme

Theorem (M. A. and C. Grandmont, 2008)
Provided the sufficient stability conditions, the numerical scheme converges

and the error (for velocity and displacements) is of order

O(V/6t) + O(H'") + O(h¥) + O(h?), where o depends on the matching
interface operator.

(H: structure discretization step, | and k: finite element order)

o 3D-3D Coupling | 3D-2D: 2° order op. | 3D-2D: 4° order op
Interpolation non optimal k = 1 optimal k < 2 optimal
Mortar optimal Yk optimal Yk optimal vk

Accuracy in time

@ The accuracy for the pressure in norm ¢>([0, T]; L?(2)) for the standard
Chorin-Temam method is O(V/4t).
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Convergence of the scheme

Theorem (M. A. and C. Grandmont, 2008)
Provided the sufficient stability conditions, the numerical scheme converges

and the error (for velocity and displacements) is of order

O(V/6t) + O(H'") + O(h¥) + O(h?), where o depends on the matching
interface operator.

(H: structure discretization step, | and k: finite element order)

o 3D-3D Coupling | 3D-2D: 2° order op. | 3D-2D: 4° order op
Interpolation non optimal k = 1 optimal k < 2 optimal
Mortar optimal Yk optimal Yk optimal Yk

Accuracy in time

@ The accuracy for the pressure in norm ¢>([0, T]; L?(2)) for the standard
Chorin-Temam method is O(V/4t).

@ In our convergence analysis the pressure terms affect the accuracy of
velocity and displacements.
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Convergence Result

Numerically,
v Velocity Error at T=6.45. . Displacement Error at T=6.45 P"“‘f" Erorat T-6.4s.
z £
.
s " e “u N

Linear convergence in time for velocity and displacements

M.Astorino (INRIA, France) FSl in Biological Flows _



Convergence Result

Numerically,

Dispiacement Erorat T=6 45

19,2

10,0,

g lly

o n

Linear convergence in time for velocity and displacements ‘

We are currently investigating other possible directions in the demonstration
procedure, in order to retrieve O(4t) for velocity and displacements.
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Outline

@ Blood-Leaflets Interactions
@ Fictitious Domain
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Blood-Leaflets Interactions

Requirements
@ Very large displacement of the immersed structure
@ Topological changes in the fluid domain
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Fictitious Domain formulation  (Glowinski et al., 1994)
Main Ideas
@ Independent meshes for the fluid and the structure

@ The coupling is obtained by enforcing the kinematic condition with
Lagrange multipliers

Remark: Other methods could be used, for example: Immersed Boundary
Method, (D. M. McQueen and C.S. Peskin, 2000).
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Fictitious Domain formulation  (Glowinski et al., 1994)
Main Ideas
@ Independent meshes for the fluid and the structure

@ The coupling is obtained by enforcing the kinematic condition with
Lagrange multipliers

Remark: Other methods could be used, for example: Immersed Boundary
Method, (D. M. McQueen and C.S. Peskin, 2000).

Formally

ar(ur,vy) = /ff'Vf, Wi € X
Q

as(uS,VAs) = . fS'OS VOSGXS
Qs
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@ The coupling is obtained by enforcing the kinematic condition with
Lagrange multipliers

Remark: Other methods could be used, for example: Immersed Boundary
Method, (D. M. McQueen and C.S. Peskin, 2000).
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Fictitious Domain formulation (Glowinski et al., 1994)
Main Ideas

@ Independent meshes for the fluid and the structure

@ The coupling is obtained by enforcing the kinematic condition with
Lagrange multipliers

Remark: Other methods could be used, for example: Immersed Boundary
Method, (D. M. McQueen and C.S. Peskin, 2000).

Formally
af(Uf,Vf)+<)\,Vf>z = /ff Vi, YWi € Xg
Q
(puf)s —(p,Uus)s = 0 Vel
é.s(as,vAs)_<A,Vs>z = . fs 'OS V\Iis 6 )25
Qs

Load on the structure:

A oa-T . .
(A Vi) = —(or - ng,vi)s = ([J6F  Ns],Vs)s = (A, Vs)s
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Finite element approximation

AsUt+B[ A F
BiUi —BsUs = O
A5US_B;-/\ = FS
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Finite element approximation

AfUi+BIAN = F
BiUf —BsUs = 0
AsUs—BIA = Fs

Nx
AL = {Hh measure on X", = > i d(X), gy € R3} ,
i—1

Remark

Other choices for u,, are possible, for example L? functions. (Baaijens, 2001.
Baaijens-De Hart, 2003, van Loan-De Hart-Baaijens, 2004)

v
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Finite element approximation

AtU+BIN = F
BiUf —BsUs = 0
AsUs—BIN = Fq

Nx
AL = {Hh measure on X", = > i d(X), gy € R3} ,
i—1

With this choice:

A Us +KT/\ = F
KU -Us = O
IXSLJS - /\ = F:S

where K is the fluid-to-structure interpolation matrix.

Remark

Other choices for u,, are possible, for example L? functions. (Baaijens, 2001.
Baaijens-De Hart, 2003, van Loan-De Hart-Baaijens, 2004)

v
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Partitioned scheme

Use different solvers for the fluid
and the solid(s) J

FSI Master

0N
v \

Fluid

(Dos Santos-Gerbeau-Bourgat, 2008)
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Partitioned scheme

Use different solvers for the fluid

and the solid(s) J @ Step 1

AU +KTA = F¢

KU¢ = U

FSI Master
/ \ @ Step 2
//4 A\ AsUs = Fs + A
Fluid Structure
@ FSI Coupling: Accelerated

Fixed Point algorithm
(Wall-Mok-Ramm, 2001)

(Dos Santos-Gerbeau-Bourgat, 2008)

Remark
Others FSI algorithms can be used with this partitioned scheme.

(Work in progress for valves)

21/40
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Time = 0.00000

INRIA REO ©

Aortic valve
(M.A., J.F. Gerbeau, O. Pantz and K.F. Traoré, 2008)
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Outline

@ Contact
@ Solid-wall contact
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Preliminary remarks

@ What happened if contact is not handled:
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Preliminary remarks

@ What happened if contact is not handled:

ISR

RSSEhe
s

S

%
TR

o Time = 0.2000

@ Our approach for contact is basic:

» no friction
» no specific treatment for the fluid
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A first example: solid-wall contact
Let M be a solid and 7,, a P; mesh of M:

N

Xn = {¢n € COM;R®), op|r € P1,VT € T} M

Let J be the energy of the solid.

M.Astorino (INRIA, France) FSl in Biological Flows SIMULA - Oslo - 05/06/2008 25/40



A first example: solid-wall contact
Let M be a solid and 7,, a P; mesh of M:

N

Xh = {pn € CO(M;RS)a<Ph|T € P, VT € Tn}.

Let J be the energy of the solid.
The deformation ¢, : M — R3 is solution to

inf J
o€l (‘Ph)
with
Un = {¢n € Xn, Fx(¢n) < 0,Yx € M}
and

Falen) =e—n-p(x)—c

/M
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A first example: solid-wall contact
Let M be a solid and 7,, a P; mesh of M:

N

Xh = {pn € CO(M;RS)a<Ph|T € P, VT € Tn}.

Let J be the energy of the solid.
The deformation ¢, : M — R3 is solution to

inf J
o€l (‘Ph)
with
Un = {pn € Xn, Fx(n) < 0,V% € M}
and
Fulen) =e—n-p(x)—c )
Remark

The constraint is convex
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Solid-wall contact

Requirement
@ Our solid solvers are not supposed to manage contact

M.Astorino (INRIA, France) FSl in Biological Flows _



Solid-wall contact

Requirement
@ Our solid solvers are not supposed to manage contact

Dual approach
@ Dual energy of the problem:

Nx

I() + ) _uiFx ()

i=1

G(p) =

inf
PEXy

@ Solve

G(Ac) = maxG(u)

with a gradient method with projection.
@ ). is the contact pressure.
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Solid-wall contact

Algorithm (convex constraint)

(i) Initial guess: A.
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Solid-wall contact

Algorithm (convex constraint)
(i) Initial guess: A.
(ii) Solve the structure problem:

Ny
(I'(#"),8) = =D X6 (Fe (9" ZA in - €0x)
i=1
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Solid-wall contact

Algorithm (convex constraint)
(i) Initial guess: A.
(ii) Solve the structure problem:

N
(3'(04),8) = =) X (Fu (4" ZA in-€(x)
i=1

(i) Gradient iteration with projection:

Mt = Pe (O +akVG(N), )
= Pre (M +akFy (¢))
= Pg+ >‘Ic(:,i+ak(6_n"Pk(Xi)_C))

(iv) Go to (ii) until convergence.
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Contact problem

@ This algorithm fits in our general coupling
@ The same data as for FSI are exchanged
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Contact problem

@ This algorithm fits in our general coupling
@ The same data as for FSI are exchanged

FSI Master

Fluid

M.Astorino (INRIA, France)
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Outline

@ Contact

@ Multi-body contact
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Multi-body contact

Let M be a family of solids M = (Mg, My, ...) "
and let 7y, be a P, finite element mesh of M: :
Xn = {pn € CO(M;R%), pp|r € P1,VT € Tp}
M2
Let J be the energy of the solids.
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Multi-body contact
Let M be a family of solids M = (Mg, My, ...) "
and let 7y, be a P, finite element mesh of M: :
Xn = {pn € COUM;R%), p|r € P1,VT € Tn}
M2
Let J be the energy of the solids.
The deformation ¢, : UiM; — R? is determined by solving:
inf J
onelh (#n)
with
Un = {ep € X, dist(en(T1), ¢ (T2)) > &,VT1, T2 € Tn} )
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Multi-body contact

Let M be a family of solids M = (Mg, My, ...) "
and let 7y, be a P, finite element mesh of M: :
Xn = {pn € COUM;R%), p|r € P1,VT € Tn}
MZ
Let J be the energy of the solids.
The deformation ¢, : UiM; — R? is determined by solving:
inf J
onelh (#n)
with

Un = {(ph S Xh,diSt(QDh(Tl),(ph(Tz)) >e,VT,, Ty € 7?1}

Remark
The constraint is non-convex
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Multi-body contact

The algorithm (0. Pantz, 2007)

@ The idea: replace this non-convex optimization problem with a sequence
of convex ones.

@ It manages directly self-contacts and thin-structures

Remark

Other contact algorithms has been used in FSI, for example:
Stadler-Holzapfel-Korelc, 2003, Tezduyar-Sathe, 2007
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Multi-body contact

The algorithm (0. Pantz, 2007)

@ The idea: replace this non-convex optimization problem with a sequence
of convex ones.

@ It manages directly self-contacts and thin-structures

Main Steps
@ Initial guess: ¢,

Remark

Other contact algorithms has been used in FSI, for example:
Stadler-Holzapfel-Korelc, 2003, Tezduyar-Sathe, 2007
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Multi-body contact

The algorithm (0. Pantz, 2007)

@ The idea: replace this non-convex optimization problem with a sequence
of convex ones.

@ It manages directly self-contacts and thin-structures

Main Steps

@ Initial guess: ¢,

@ Solve fork >0

Ity = inf J
(n™) LT ()

where T (¢K) is a convex neighborhood of f (to be defined)

Remark

Other contact algorithms has been used in FSI, for example:
Stadler-Holzapfel-Korelc, 2003, Tezduyar-Sathe, 2007
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Multi-body contact

The algorithm (0. Pantz, 2007)

@ The idea: replace this non-convex optimization problem with a sequence
of convex ones.

@ It manages directly self-contacts and thin-structures

Main Steps

@ Initial guess: ¢,

@ Solve fork >0

Ity = inf J
(n™) LT ()

where T (¢K) is a convex neighborhood of f (to be defined)
@ Iterate on k until o™ ~ ok

Remark

Other contact algorithms has been used in FSI, for example:
Stadler-Holzapfel-Korelc, 2003, Tezduyar-Sathe, 2007

W
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Multi-body contact

Definition of the convex neighborhood

T(n) = {on € Xn, minnex(¥n) - (1n(xe) = (X)) > &,

for all edges e and all nodes x ¢ e}
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Multi-body contact

Definition of the convex neighborhood

T(n) = {on € Xn, minnex(¥n) - (1n(xe) = (X)) > &,

for all edges e and all nodes x ¢ e}

where ne x(vy,) is defined by
miNNex (¥n) - (¥n(Xe) — 1n(x)) = dist(3pn(€), ¥n(x))

NN
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Multi-body contact

Definition of the convex neighborhood

T(n) = {on € Xn, minnex(¥n) - (1n(xe) = (X)) > &,

for all edges e and all nodes x ¢ e}

where ne x(vy,) is defined by
miNNex (¥n) - (¥n(Xe) — 1n(x)) = dist(3pn(€), ¥n(x))

My

w
neax(t4y)
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Multi-body contact

Definition of the convex neighborhood

T(n) = {on € Xn, minnex(¥n) - (1n(xe) = (X)) > &,

for all edges e and all nodes x ¢ e}

where ne x(vy,) is defined by
miNNex (¥n) - (¥n(Xe) — 1n(x)) = dist(3pn(€), ¥n(x))

My
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Multi-body contact

Definition of the convex neighborhood

T(n) = {on € Xn, minnex(¥n) - (1n(xe) = (X)) > &,

for all edges e and all nodes x ¢ e}

where ne x(vy,) is defined by
miNNex (¥n) - (¥n(Xe) — 1n(x)) = dist(3pn(€), ¥n(x))

.¢h (x)
Pn(X)

[ o
Pn(e)
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Multi-body contact

Definition of the convex neighborhood

T(n) = {on € Xn, minnex(¥n) - (1n(xe) = (X)) > &,

for all edges e and all nodes x ¢ e}

where ne x(vy,) is defined by
miNNex (¥n) - (¥n(Xe) — 1n(x)) = dist(3pn(€), ¥n(x))

My

.¢h(x)

Pp(x) Nex ()
]

o
Y (Xe) Pn(e)
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Multi-body contact

Definition of the convex neighborhood

T(n) = {on € Xn, minnex(¥n) - (1n(xe) = (X)) > &,

for all edges e and all nodes x ¢ e}

where ne x(vy,) is defined by
miNNex (¥n) - (¥n(Xe) — 1n(x)) = dist(3pn(€), ¥n(x))

W %)

~.~,‘\ . ne,x(¢ ) wh(e)
Y%
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Multi-body contact

Definition of the convex neighborhood

T(n) = {on € Xn, minnex(¥n) - (1n(xe) = (X)) > &,

for all edges e and all nodes x ¢ e}

where ne x(vy,) is defined by
miNNex (¥n) - (¥n(Xe) — 1n(x)) = dist(3pn(€), ¥n(x))

W %)
w N /ne,x('l/’h)

e W) )
Y%
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Remarks

@ The generalization to the three dimensional case is direct but two kinds of
contacts have to be considered: vertex-element and edge-edge
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Remarks

@ The generalization to the three dimensional case is direct but two kinds of
contacts have to be considered: vertex-element and edge-edge

@ The convex neighborhood can also be rewritten as:

T(¢h) = {Soh € Xh’ Fg,x(soh) < 07 Fel,x(ﬁoh) < 07

for all edges e and all nodes x ¢ e}

the,x(‘Ph) =& —Nex(¥n) - (en(g) — pn(x))
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Remarks

@ The generalization to the three dimensional case is direct but two kinds of
contacts have to be considered: vertex-element and edge-edge

@ The convex neighborhood can also be rewritten as:

T(¢h) = {Soh € Xh’ Fg,x(soh) < 07 Fel,x(ﬁoh) < 07

for all edges e and all nodes x ¢ e}

the,x(‘Ph) =& —Nex(¥n) - (en(g) — pn(x))

the same kind of convex constraints as in the first example |
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Remarks

@ The generalization to the three dimensional case is direct but two kinds of
contacts have to be considered: vertex-element and edge-edge

@ The convex neighborhood can also be rewritten as:

T("ph) = {Qoh € Xh’ Fg,x(soh) < 07 Fel,x(ﬁoh) < 07

for all edges e and all nodes x ¢ e}

the,x(‘Ph) =& —Nex(¥n) - (en(g) — pn(x))

the same kind of convex constraints as in the first example ‘

For the inner iterations of this new algorithm, one can reuse what has
been done in the case of solid-wall contact.
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FSI & Multi-body contact

Fluid

M.Astorino (INRIA, France)

FSI Master

Structure
Master

FSl in Biological Flows



FSI & Multi-body contact

Fluid
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FSI & Multi-body contact

FSI Master

Fluid

AN

Structure

Master
O, +0¢
0. +05
u u
o.top U
o o o

Nothing has been changed within the solvers|
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Contact among leaflets

Time = 0.4800

Aortic valve
(M.A., J.F. Gerbeau, O. Pantz and K.F. Traoré, 2008)
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Contact among leaflets

INRIA REO ©

Aortic valve
(M.A., J.F. Gerbeau, O. Pantz and K.F. Traoré, 2008)
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Contact among leaflets

Time = (.37600

(M.A., J.F. Gerbeau, O. Pantz and K.F. Traoré, 2008)
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Conclusion and Future Works

Conclusions
The FSI semi-implicit projection algorithm
@ is a performing scheme for FSI problems with strong added-mass effect;
@ is conditionally stable...but generally stable in all practical situations.
@ is at least O(\/6t) in time.
The Fictitious Domain method
@ is a robust method in case of very large displacements;

@ could be efficiently implemented in a partitioned scheme and coupled to
a contact algorithm.

The use of a contact algorithm shows remarkable differences in valve
simulations.
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Conclusion and Future Works

Remarks

The computational cost of the fluid-structure interaction procedure with
contact handling is still quite expensive, this is mainly due to:

@ the fixed-point iterations in the FSI problem;
@ the gradient iteration with projection in the contact problem.

Current and Future works
For FSI semi-implicit projection algorithm:

@ Stability condition and convergence in the case of the Newmark time
discretization scheme.

In valves simulations:

@ Extension of FSI semi-implicit projection method to valves simulations;
@ Improvement of the optimization algorithm.
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v
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