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1. Featflow

|. Prepocessing (Grid3)

. CC2D/PP2D

IIl. Postprocessing (GMV, Paraview)
2. FSI formulation

. ALE

Il. FEM discretization

IIl. Solution methodologies

3. FSI applications
|. Benchmarking and Experimental benchmark
Il.  FSI Optimization
1. Aneurysm
I\/. Ball bearing
V. Nozzle spray
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*  Preprocessing (DeViSoR) Coarse grid editor Grid3.0.21 Java2

* FeatFlow and Feast preprocessing tool

* Purpose: creation and modification of geometries for
processing within FeatFlow or Feast

«  Download for free at http://sun.java.com/

«  Written in Java and therefore platform independent

* Maintainer: Thomas Rohk&mper <thomas.rohkaemper@tu-
dortmund.de>



http://sun.java.com/
https://www.mathematik.uni-dortmund.de/src/compose.php?send_to=thomas.rohkaemper@tu-dortmund.de
https://www.mathematik.uni-dortmund.de/src/compose.php?send_to=thomas.rohkaemper@tu-dortmund.de
https://www.mathematik.uni-dortmund.de/src/compose.php?send_to=thomas.rohkaemper@tu-dortmund.de
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1. CC2d code

I, CC2d is adirect, coupled approach for solving the discrete version of the
iIncompressible NSE for

II.  flows at low and intermediate Reynolds number
IIl. for both stationary and non stationary problems
I\/. Nonlinear rheology

2. PP2d code

|. PP2d is a pressure projection scheme for solving the discrete version of
the incompressible NSE

II.  for flows at intermediate and high Reynolds numbers.
IIl. PP2d code is applied to non stationary problems only

<+ Postprocessing (GMV, Paraview) &
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1. Postprocessing (gmvmpeg3.0) Genral mesh viewver (GMV)

The current process of generating graphical multimedia output is mainly based on
GMV

GMV is freely available for almost all platforms and can be easily applied for the
visualization of: vector fields for velocity-like data

scalar data as pressure, streamfunction or temperature

Isolines, isosurfaces, isovolumes, cutlines, cutplanes

V. dynamic particle tracing

2. Paraview

I. About ParaView an open-source application for visualising two- and
threedimensional data sets, in particular transient data sets

Il. scalable, multi-platform visualization application

IIl. support for distributed data sets

V. open, flexible, and intuitive user interface

\/. extensible, modular architecture based on open standards

V1. large user community (academic, government and commercial

institutions), reasonable support via mailing list

OQ‘

Q.
e
"



http://www-xdiv.lanl.gov/XCM/gmv/GMVHome.html
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Fluid-Structure Interaction

Aim:
FSI-model
Benchmark
Optimization
Extensions


mpegs/raisingball_1335v_U4W0.25_shape.mpeg
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» Model for bioengineering
» Numerical methods
» Validation/Benchmarking
» Example application

FSI experiment vs
numerical simulation

(Brain)
Aneurysms
and stent
implants
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» large deformation of a structure in internal/external flow

= aeorelasticity
= bioengineering

= polymer, food, paper processing

> physical models

= viscous fluid flow

» elastic body under large
deformations

= interaction between the
two parts

> numerical tasks > testing and validation

involved | = accuracy, efficiency,
= space and time robustness

discretization = benchmarking
* nonlinear system

= large linear systems
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Structure part Fluid part
v v
f
O iv(30FT ) £ inos a;t tw = dive’+ £ ing)
%te'[(F)=1 in Q° divv’ =0 in O/
SS =0 onT? vl =v, on Iy
oc’n=0 on T3 oren=0 onl“tl

interface conditions

o'n=o°n onTy .
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o
7:Ox[0,T]—>Q, vy = _875 F=22,  J=detF
d oX
ot
OCr £ _O5R
{riRx[0,T]— R R cQ, Vte[0,T] VR =?R Fr v Jgr =det Fy
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~[pdv+ | p(v—vg)-ngda=0
R R,
0 - T
©(p9R)+div (g (v —ve )R )=0
Lagrangian description Eulerian description

v v

cr=x=>Fk=F Jg=J,vg =V é’R:Ig:>FR:I, Jr=1,vg =0
0 % 4 div (pv)=0

—(pd)=0 ot o 4
ot ?%;t
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a-0fuos  u:Qx[0,T]>R3 v:Qx[0,T]->R?

e

ou |V in Q°
a_
ot | Au (mesh deformation operator) in Q'
T :
ﬂév_<d|V(JGF ) in Q°

ot ,B(Vv (v——j+dlv(Jo- F ) inQf

J- in Q°

0=
d|v JvFT inQf

Jo F_TN:JO'SF_TN onT®
v=vg onI"

u=0  onI? Q. ?\
JoSFN=0 onr® 34 CFD
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For fluid
o incompressible Newtonian fluid The generalized Newtonian
f f f v’ Power-law model
o =—p |1+2v (-)D, v' Yasuda model
D= E(VVf n (va )Tj v' Carreau model
2
For solid

o Hyperelastic material
o A neo-Hookean incompressible J =detF =1

o =—p*l+ 5 (FFT 1)
o A neo-Hookean incompressible J =detF

as=/13(J —%)H%S(FFT ~1)

o Saint Venant Kirchhoff material
1 43 is lame coefficient,

o’ = 3 F(ﬂs (trE)l + ,uSE):T 11°  is poisson ratio 3
1
SS=2FWE)+4°E, E =§(FTF— l)




‘Coupling approache

Separated
(partitioned)

Weak coupling

Strong coupling
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flexible

Monolithic coupling

Strong coupling w

\
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> FEM: high order Q,/Q,/P"™° approximations for deisplacement-velocity-pressure

A

Advantages: Inf-sup stable for velocity and pressure ® Q ®

e Vp,U
[V-uqdx % hy Un
[Iﬁll{?g)]z . HUH Z ’BluqHO,Q vq < L(Z)(Q) Dl A i _________ *->
ueln, |
o , & Phs Phx Ph.y

O o ®

VY

U, {uh elc(@ )], u, |, €[Q,(T)f VT er,,u =00n Fl},
Vh = {Vh e[C(Qh)]Z, Vv, |T € [Qz(T)]ZVT €7, V, =0on Fl}’

P =1{p,eX(Q,), p,l, € RTVT ez, }

» Discretization in time: Crank-Nicholson scheme (2nd order) or fractional theta scheme
(2nd order better stability) ®*
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Discrete Nonlinear System

R(X)ZO X:(Uh,vh, ph)EUhXVhXPh

(
M—%Lf gms 0
s4sf AIN; + 52
8_R(X): 18(N1+S +5 )+ka—Bph |\/|S+13|\/|f+laN_2+E ( 1 f) k
X 2 oy ) oy 20v, 2 o,
s + B\ Bf' 0
\ ouy,

Suu Suv O [[u f,
Svu Syw kB Vv |=]|Tf,
cuBs B 0 |p f

Typical discrete saddle point problem as

well known for incompressible NSE ?_‘:o
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» Newton method with damping results in iterations of the form

R(x)=0, x =(u,v,p)

ot o[ e

OX

> Inexact Newton: on matrix level (after discretization)
- The Jacobian matrix is approximated using finite differences as

OX 25X

{EBR(X”)} N R(X" +ex, ) —R(x" — exTe; )
ij

I
n
J




o standard geometric multigrid approach
» smoother by local MPSC-Ansatz (Vanka-like smoother)
coupled monolithic multigrid solver

u
V

I+1
1+1

pI+1

PatchQ),

Suu|Qi Suv|Qi
Svu|Qi valQi

T T
_Cu leQi Cy B f1Q
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def!
def!

|
_defp_

» full inverse of the local problems by LAPACK (39 x39 systems)
> full Q, andpd¢(canonical) FEM prolongation p, restriction R —pT

Very accurate, flexible and highly efficient FSI solver

(> FSI

Benchmarks)

* 2
)
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1st step:

Identification of appropriate FSI settings for numerical
benchmarking and calculate

If done

|

2"d step

Extension to FSI-Optimisation benchmark settings

- Data files are available on
http://featflow.de/beta/en/benchmarks.html



http://featflow.de/beta/en/benchmarks.html

Key question: FS benchmarking

» Accurate and robust description of the interaction mechanisms
w.r.t.
highly dynamical ,
nonlinear behavior ,

and significant geometry changes?

» That includes:

= Quality of different discretization techniques (FEM, FV, FD, LBM, resp., beam,
shell, volume elements) for FSI?

= Robustness and numerical efficiency of the integrated solver components?

= Coupling mechanisms (partitioned/monolithic, weak/strong)?
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» Realistic materials
* incompressible Newtonian fluid, laminar flow regime
» elastic solid, large deformations

» Comparative evaluation
» setup with periodical oscillations
* non-graphically based quantities
» Computable configurations

* laminar flow
* reasonable aspect ratios
» simple geometry (2D)
» Mainly based on validated CFD benchmarks, but also close to
experimental set-up
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solid fluid
P density p'  density
v°  Poisson ratio v Kinematic viscosity
L shear modulus
Parameter polybutadiene & glycerine polypropylene & glycerine Oriented
P [L0°kg/m”°] 0.91 ! 11 | materials
e incompressible 0.50 compressible 0.42
us[loﬁ kQ/mSZ] 0.53 317 4
pf[103kg/m3] 1.26 1.26
v'[10°m?/s] 1.13 1.13
Parameter | FS|1 |FSI2 | FSI3 Parameter | FS|1 | FSI2 |FSI3
P [L0°kg/m®] 1 1 |1 | 1 1
Ve 0.4 04 |04 P 0.4 0.4 0.4
1°[10°kg/ms®]| 0.5 05 |20 re- E
p [L0°kgm*] | 1 1 1 e Ud (20  [100 |200
v [10°m?/s] | 1 1 1 s
U [nvs] 0.2 2 U [m/s] 0.2 1 2
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> The position A(t)=(x(t), y(t)) of the end of the structure
» Pressure difference between the points A(t) and B
Ap*®(t)=p°(t)— p"(t)
» Forces exerted by the fluid on the whole body, i.e. lift and drag forces
acting on the cylinder and the structure together

Yy
. 1
f// \\ 5’2
Bif ) 1A
'/
\\-.._._.-/

(F,,F)=[ondS=[c'ndS + [o™ndS = [o ndS
S S, S, S,

A\

Frequency and maximum amplitude

Compare results for one full period and 3 different levels of spatial
discretization h and 3 time step sizes At

A\




Parameter FSI1 [ FSI2 FSI3
0°[L0°kg/m] 1 1 |1
Ve 0.4 0.4 |04
L0°kgms?]| 05 | 05 |2.0
p'[10°kg/m®] | 1 1
v [10°m*/s] | 1 1

Benchmark '['U
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f// \‘
8|
\" /)

ux of A [x10~]

uy of A [x10™]

drag

lift

FSI1 | 2.270493

8.208773

14.2942

0.76374




. large deformations, periodical oscillations

>

displacement x

FSI2

o]

-0.005
-0.01
-0.015

! | fsi2/= 'Iﬁ\‘]
! [
\

v
Voo

oL

2 A |
0.02 || ’J \ / \. /
\. \ 4! \ /
oozs |\ /g
-0.03 .
34 342 344 346 34.8 35
time
250 = e
150 | | / /
100 | \ \ 7 SN
58 -\ / /o
-\ \ :
ZEN ]
-150 | ey of / ,
-200 | Nz E
-250
34 34.2 34.4 34.6 34.8 3s
time
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006213 [ %Tl ]
> 0.06 | / ,"/\ 1
= o.04a | / / .
5]
E o.o2 | / \ / \ :
- O | ! "‘.\ ! \
B oes| \ \
= -0.04 | \
-0.06 | k
-0.08 - X
34 34.2 344 34.6 34.8 35
time
300 -
260 ?"-, F A / \ { \
240 | | / \ f \ \
S =200 | {0\ A I W
180 '\\ .’f \ / \ { -\ i
160 ¢ of o) / Vo
140 N A S \
120
34 342 344 346 34.8 35
time

e C——=

Test ux of A [x107°m] uy of A [x107°m] | drag lift @
FSI2 |-14.58+12.44[3.8]| 1.23+80.6[2.0] |208.83+73.75[3.8] | 0.88+ 234.2[%&1
)



» FSI3: large deformations, complex oscillations
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o e - - 0.04 — -
_ o001 | |_fl?_'~¢‘3_/ﬁ'll:| l:’I l‘I !. ..s !J,f\\ _ =l %\DJ '-”/\"\' ’/\4
Et  -0.002 | \ L L \ {1 E 8‘2? ,/ i ) {0
& o0zl | | | & [ | j | ] S £ A /
& f Lo { \ V| \ S / \ / \ /
§ ool 1] | 4 N AN
eV YV sl S\
-0.005 | VW J J ¥ -0.03 \/ \_/ \/
-0'00619-5 19.6 19.7 19.8 19.9 20 -0'0419.5 19.6 197 198 199 20
time time
200 — 485 -
150 _I ;\3 l/\ -~ | 332 %I fS|(’,3=l ~ ’{.“.Il ;"\\\ ,'ﬂ\
100 | [/ }ff \ "f " 470 \ f / | li /’ , f,’ '\ ]
. sof/ /\ o N o 2 L[] /a;\!,r\:
Y AR R AR SN\ \ oV
-50 \ ,.'/ .I'-,I .."" \ 445 \ul ‘|' \ / | \ J 'll f l\‘
100 1 l"\ / f \'\/ : :gg l"\f"x UJ \J"’ = "‘»j ‘-.;
-150 - ' 430 . s
19.5 19.6 19.7 19.8 19.9 20 19.5 19.6 19.7 19.8 19.9 20
time
— <|
Test ux of A [x10°m] ux of A [x10m] drag
FSI3 |-2.69+2.53[10.9] | 1.48+34.38[5.3] ¥57.3+22.66[10.9] | 2.22 +14978[
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> uncontrolled flow

ux of A [x107°m] |uyofA [x10°m] | drag lift
lift —0 FSI1 | 0.0227 0.8209 14.295 |0.7638
> Aim:
minimize (lift> + ¢V ?
( ) Nelder Mead
w.r.t V1, V2.

V1 velocity from top
V2 velocity from below




technische universitat

dortmund

SR s 12 2
minimize (lift* + ¢ V?) Wwrt Vi V2

V1 velocity from top

V2 velocity from below

Level 1 Level 2
o | er extreme point drag Lift Iter extreme point drag Lift
steps steps

le0 | 57 (3.74e-1,3.88e-1) | 1.5471e+01 | 8.1904e-1 | 59 (3.66e-1,3.79e-1) | 1.5550e+01 | 7.8497e-1
le-2 | 60 (1.04€0,1.06€0) 1.5474e+01 2.2684e-2 | 59 (1.02€0,1.04€0) 1.5553e+01 | 2.1755e-2
le-4 | 73 (1.06€0,1.08€0) 1.5474e+01 2.3092e-4 | 71 (1.04€0,1.05€0) 1.5553e+01 | 2.2147e-4
le-6 | 81 (1.06€0,1.08€0) 1.5474e+01 | 2.3096e-6 | 86 (1.04€0,1.05€0) 1.5553e+01 | 2.2151e-6
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» Future examples might be:

« complete walls elastic —

* portion of elastic

1.  minimize (Iif‘t2 + aVz) for deformed case
2. pressure loss minimize: minimize(p. - p,.,.)
w.r.t elastic deformation of the wall
or

w.r.t geometrical and material properties of beam
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» FSIl4: benchmarking of experimental data
» Flustruc experiment, Erlangen, http://www.Istm.uni-erlangen.de/flustruc

'
lad |

R ST —
(-55,120) A (284.120)
Com [T TTTTTTTTTTTTTTT T T F
— le 60 .< i :
> T B | 1
| |
| |
% x - - 1w W
: ' G |
. ! I
D=22 1 |
| 1
! I
S et I |
fluid parameters ———————————_—..
density of the fluid | 1.05e-6 [kg/mmA3] geometry parameter value [mm]
kinematic viscosity | 164.0 channel length L |338.0
channel width W | 240.0
_ cylinder center position C |(0.0,0.0)
solid parameters cylinder radius R |11.0
: elastic structure length | |50
density of the beam (steel) 7.85e-6[kg/mm~3] elastic structure thiciness w | 004
density of the rear mass 7.8e-6 [kg/mm~3] rear mass length W 16 0
Sgie;a;ror:(:gt?éus 3'28613 rear mass thickness hla0 & &
P : reference point (at t=0) A | (71.0, 0.0) /|
reference point B (11.0,%).6)
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» FSl4: benchmarking of experimental data

» + Laminar Flow (glycerine) e
> + “2D* flow and deformation I i 4
> - Rotational degree of freedom s 2
» - Large aspect ratio (thin structure)
» - Corners

Cells Vect Mag

[1 5e+03
—1.2e+03

Flustruc experlment | Q0

Erlangen
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» Aim: Numerical study of FSI due to stent geometries and elastic wall

(7))
huli
-
©
Q.
£
o
-
(D)
e
7))
©

behaviour

Cerebral aneurysm

Mesh for numerical

Simulation
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0.125 mm thick aneurysm

0.125 mm thick aneurysm

Cells Vect Mag

Cells Vect Mag
50

5049
a5
a5.9

a0
— 40.3

— 353

Gl Vet Mag

— 35 - Z
. ~
20 i 7 i = 30.2
/ . =
o 3 p 25.2
29 / 20.2
15 i i i ; \ 15.1
10 f f j ¥ 10.1
5 S5.09
o rigid wall and no stents o

0.125 mm thick aneurysm

rigid wall and stents

0.125 mm thick aneurysm

Cells Vect Mag Cells Vect Mag

50 50
a5
— 40
— 40
— 35
30
30
25 Cells Vect Mag
2
) I
20 - 15
15 —125
10 075 \
10 i
5
o elastic wall, no stent °
o elastic wall rigid stent
Tests: message -

* Less flow through elastic
* Less flow through stents
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= Vector magnitude inside aneurysma
» Rigid wall without stents

» VVector magnitude inside aneurysma
» Rigid wall and stents

—1.25

0.75

0.5

0.25

= VVector magnitude inside aneurysma = Vector magnitude inside aneurysma
= Elastic wall without stents = Elastic wall stents

Cells Vect Mag
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» Wall structure
» Rigid wall and stents

= Wall structure
= Rigid wall without stents

= \Wall structure = \Wall structure
= Elastic wall without stents = Elastic wall with stents

X e
“‘:“‘ Sy
Festientis
Sy
et
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» Strong influence of stent geometry and elastic wall deformations

Cells Vect Mag
Cells Vect Mag

- 12
- 12
- 10
- 10
8
8
6
[
q
4
2
2
0
0
26.63 T T T T e
no stents, elastic fundus ——— 26.62 T T T T T
3 stents, elastic fundus -~~~ no stents, elastic fundus ———
5 stents, elastic fundus 3 stents, elastic fundus -~~~
26.62 rigid walls 5 stents, elastic fundus
> W 26.615

26.61 26.61 o P SN

26.605
26.6
g ®
3 E 266
> [=]
26.59 )
26.595
26.58
26.59 Q"‘
‘e
26.57 — o,
3
26.56 L L L L L 26.58 L L L L ' . o
1 1.5 2 25 3 3.5 4 19 2 21 22 23 24

time step time step *
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= Combine elastic behavior with stents
=) Analyze different elastic properties and stent geometries

= More realistic material law for vessels
= Non linear flow model
»Fluid with shear dependent velocities i.e, biological fluids such as
blood flow
» People who addressed these studies are:
Cho, Kensey (89-91), Cokelet (72), Cross (65), Davies et al. (90),
Nakamura, Sawada (88).
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+ LiBo Nozal simulation Foin
N\

N Kanale

- FOut

Fyln -

m

+ Existing software packages
O\

1 Most powerful package: DAKOTA (from Sandia Nat. Lab.)
_l parallel, derivative-free, open source
I simple interface to simulation

1 collection of many state-of-the-art algorithms (nonlin. optimisation, constraints,
uncertainty,...) ®°
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« Proof of concept: DAKOTA with FeatFlow solver (Nav.—St.)

|, Une™ 0.3
v=1/10,L=1 o #it =53

>

o y=(-0.15, 0.14)

E0.8
. y2 506
o Pattern search '
0.4
0.2
0

Y

« Findy = (y1, y2) such that central outflow = (1, 0).

- Status
- LiDo cluster: Different strategies + long-term optimization
« LiBo nozzle: Verification of analytic nozzle models
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«  ZFP “Optimization”
= coupling from Simulation software (FEATFLOW) with Optimization tool (DAKOTA)

= Parallel optimization prototypical 2D nozzles ( here : incompressible, minimizing the
speed in the vertical direction on the right side

= Speed profile without secondary inlet supply (left) and with optimized secondary inlet
supply ( right)

Cells Vect Mag
14
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New Numerical and Algorithmic tools are availible using

v~ Monolithic Finite Element Method
v Arbitrary Lagrangian-Eulerian Formulation

v Fast Multigrid Solver with local MPSC smoother

For the simulation of FSI with application to hemodynamics
aneurysma




