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Previous studies
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Previous studies
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[1]A.G. Brown et al., “Accuracy vs. computational time : Translating arotic simulations to the clinic”, Journal of
Biomechanics, Vol. 45, pp. 516-523,2012.

[2] R. Torii et al., “Fluid-structure interaction analysis of a patient-specific right coronary artery with physiological
Velocity and pressure waveforms”, Communications in Numerical Methods in Engineering, Vol. 25, pp. 565-580, 2009.

Previous studies

v Comparison of rigid and non-linear FST model

0.36

(b) B type (a) A type (b) B type
Rigid model Non-linear model
Time-averaged Wall Shear Stress

(a) A type

(b) B type (a) A type (b) B yype

rigid model Non-linear model
Oscillatory Shear Index (OSI)

(a) A type
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Previous studies

v Comparison of linear and non-linear FSI model
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Time-averaged Von-mises Stress
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(a) Atype & (b) B ype

(b) B type =
Non-linear model

linear model
Time-averaged Wall Shear Stress

Partitioned method solving Fluid-Structure Interaction problems

Partitioned (staggered) method => Iteration algorithm is used
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Flow chart of FSI algorithm

Denote: X, is predict value of variables on interface (displacement) at kth-(FSI)
iterations of time level n-th 1

The solution after solving FSI L Il rell < € = FSI convergence = exit
1

Xic+1 = S°F (X} 3 : Otherwise predict Xy, for

FSI Error 1y, = Xj41- X : next FSI iteration
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Partitioned method solving Fluid-Structure Interaction problems

Blow-up

(without under-relaxation) Multi-step prediction
(Use multiple old-data)

Monolithic c_ilS— = 515
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Predi w1 | .
EPreclzlc’ted value at t Single-step prediction
: E (Use% a single old-data)

E 5 | FSI iteration : . FSI iteration

0 1 2 ... n ntl 0 1 2 ... n ntl

Partitioned method solving Fluid-Structure Interaction problems

The formulations

1- Fixed relaxation XEH1 = @ & XK+ 4 (1-0)*XK
Or X5 = Xk gyltt Where rk+1 = Xk+1 — x¥
|_'_l
Increment
Xk . predict value of current iteration

xk+1: Solution of current iteration: X**1 = S°F(X¥)
Xk+1.  predict value for next iteration
kNT k+1 k
r r'’ —r
o, ) )

2- Aitken’s relaxation (adaptive relaxation) [1] o, =— — ‘2

r —r
Xk+1 = Function (X*¥*1, Xk X*,xXk-1)
3- QN_ILS [2] : Quasi-Newton with Inverse Jacobian from a Least-Squares model

Xk+1 — Xk + Zi:l,k—lAii-'—l % Ci + rk+1
L

|
Increment
Denote: AX!t1l= Xi+1l _Xk+1

ct can be predicted such that the error r¥*2 is minimum

[1] Ulrich Kiittler et al, 2008, Fixed-point fluid—structure interaction solvers with dynamic relaxation.

[2] Joris Degroote et al. 2010 , Performance of partitioned procedures in fluid—structure interaction. Computers and Structures Vol.88, p.446-457.
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Partitioned method solving Fluid-Structure Interaction problems

‘ Least squares method |

Using least squares method to determined c*

rk+is Z Artx ct|[ is minimum 0 {[Ar]7[Ar ]} * ci= [Ar]T (—1F)
2

i=1,k—1
Oor [A]*C=B

Ar= [negrinse @ [Al= [ACTTIAT] = [roeep « Notep

B= [Al‘ ]T (_rk+1)

With ngrep < 50

Partitioned method solving Fluid-Structure Interaction problems

Implementation

Prediction of X¥*1 by using Ngtep Previous I'SI iteration

1- Solve FSI at k-th iteration X*¥+1 = S°F ( X¥)

2— Calculate rt = Xi*1 — X{ i=1,k

2- Calculate AX 1= X+t - Xk+1 =1 k-1

3- Calculate Art= ri- rk, i=1, k-1,

=> construct matrix [Ar ] = [ Ar?,Ar? ... ArF—1]

4- Calculated matrix A and vector B follow:  B= [Ar]7T (—r¥)
[Al=[Ar]"[Ar]

5- Solve [A]*C = B to find c!

6- Calculate prediction value X¥** = ¥, _, ;| AX"*1 + ¢t + XK*2
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Application for simulating blood vessel

2D flow in a circular channel ‘

Schematic of the flow in a circular channel

The history of convergence a) p = 10,b)p = 1.2,¢) p = 0.5
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Iterations Iterations Iterations

Application for simulating blood vessel

’ Flow in 3D straight flexible tube ‘
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) 1=0.002 [s]

b)1=0.004 [s]

©) 1=0.006 [s]

d)1=0.008 [s]

7000
6250
5500
4750
4000
3250
2500
1750
1000
250
-500

=




Al
o
i

Application for simulating blood vessel

Flow in 3D straight flexible tube

=0.05 %
2005 S Aitken 200F o a0 » The QN-ILS is much faster than others
S itken ;
R I o o QNALS » Inlarge displacement case: fixed under-
o coooo o %0 f . .
Bisof TTeeeeeee 00 0000000 £isol relaxation and Aitken’s were divergence.
i £ low-Up!
z 2 100 b » With the heavy solid (p = 10) there are not
2 Lo - .
E 5 ) big different of partitioned methods in term
sof. e of convergence behaviour
L » With same density case( p = 1.2): QN-ILS is
= [ 1 1 1 !
0 0002 0004 0006 0008 001 0003 0004 0006 0008 001 much faster than others methods
Time [s] Time [s] » With slight solid ( p = 0.5): Fixed-relaxation
The number of FSI coupling versus time; very poor.
a) small displacement, b) large displacement » QN_ILS is comparable with monolithic
method [3]
0 0
""""" G015 ] —mimimm @ =0.02
T Aitken's fi o y e Aitken's
ON-ILS . i QN-ILS <. QN-ILS
fk monolithic S Monolithic 5 ﬁ{ S Monolithic
El E W = \\.\
£ i ELfY ! e
2 ERN LN =700 S
3 | I El: .
“fh 4 N\, aff ~
! a) : AN b) \ o~
' | -
6 T 1) I'
6L L 6l L | s L 1 X ) X .
0 100 1Rions 0 0 100 12%%ions 300 400 0 100 200 300 400

Iterations

The history of convergencea) p = 10,b)p = 1.2,¢) p= 0.5

[3] S. Kang et al, 2012 , Investigation of fluid—structure interactions using a velocity-linked P2/P1 finite element method and the generalized- a
method. International Journal for Numerical Methods in Engineering. vol. 90. pp:1539-1547

Application for simulating blood vessel

Flow through the aortic valves ‘

commissure

leaflet

free edge

Geometry of the aortic valves [1]

P
Radius R=H =20 mm 18
Length L =20 mm 14
Young E=1.E6Pa 10
modulus 6
Poisson ratio 0.4 2
Density pr = pr=1000 -2

kg/m3 -6

Pulsatile velocity was set at inlet, -10

the maximum Re = 250, Velocity field and pressure contour at

Time simulation T=1.0s a) time =T/2 and b) time =T
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Application for simulating blood vessel

’ Flow through the aortic valves

Simulation 3D

t=1mm
D =40 mm
P

100

80

60

40

20

0

20

-40
P

100

80

-40

The valves opening and fluid flow at: a) time =T/2, b) time =T

Application for simulating blood vessel

Geometry
0 L=01m | D=0.02m | 1=0.002m
Material properties
| P Fluid pr = 1000 kg/m* | u=0.004 Pa.s
[ ' Solid p, = 1000 kg/m* | E=1.0e6 Pa | v=0.3

Flexible pipe configuration

Performance of ANSYS and partitioned in-house code

CPU time for 80 time-steps
Solvers Time
ANSYS 12.28 (hours)
QN_ILS 0.85 (hours)

The in-house code, QN _ILS method is around
15 times faster than the commercial code (ANSYS)
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Application for simulating blood vessel

2D animation

Pressure contour

Velocity field . \

Application for simulating blood vessel

| 3D flow through aortic valves

Elastic valves Rigid valves
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Application for simulating blood vessel

‘ 3D flow through coronary |

Pressure [Pa]

60

37

14
-9
-31
-54
=77
-100

Pressure contour Wall shear stress contour

Parallelization

- MPI vs. OpenMP

Room
Room Room 3
S54pP 6

Rbom [4 Room
1
Room Room R
% 1 2 id oom

Master Node &

MPI/Domain Open-MP/Shared
Decomposition Memory
(Distributed Memory)

Computing Node 1

m

Computing Node 2

Intel Xeon E5-2680

=2 M A V2 2.80GHz
Cache size : 25MB
20 24071

( 1node : 207H)

- =
Infiniband 22| | L —«*f"—"'_f'ﬁ Computing Node 12
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Parallelization

- MPI vs. OpenMP

MPI/Distributed memory

Do # 1~Nd/Proc
tmp=tmp-+x(ja(i))*au(i)
ENDDO

Each Processor execute
‘Do sentence’ independently.

@ Proc2
L[ Je—[ [ ]

(Infini-band)

Open-MP/Shared Memory

$OMP PARALLEL DO
Do # j=1~Nd(/proc)

tmp=tmp-+x(ja(i))*au(i)
ENDDO

Many processor execute
‘Do sentence’ together.
(in the sense of ‘memory access’)

[ Pr(l)cl | Pr(l)CZ | Pr(l)c3 | Pr(l)c4 |

x| 1| © 0@ @ | @ |

Parallelization

- Parallel Conjugate Gradient(PCG) Ax=f —>r=Ax—f

threadl

| Mesh Partition by METIS Library

| Local Matrix Generation

!

Solution by Parallel Preconditioned
Conjugate Gradient Method

_ {Zj}T {r;}
Todt [Ad
H

={x;}+o;{d;}

® £
PNEIN
P
E, '
i, 12 : .
. . PE 0 |B, =% .. ' '
Communication by Sl R Sof----ta
. o Cy L |0
Message Passing Interface e T, o
. T L T )
lerE ) PE1 Bm:&%u' - :
_____ P L . . I
Bl AN f
Parallel Preconditioning by : : @;ﬁ% :‘:j
Block ILU(0) PE2 ' [ P
e e === = | A -
e %, B 1
PE 1 PE 2
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Parallelization

-SSR HEE AJA- A HA
18.00
16.00

14.00

12.00
10.00

8.00
6.00
4.00
2.00
0.00

SpeedUP

2 4 8

Number of thread

(a)

(b) N=144.000

=MPI
W OpenMP

Hybrid

(c) N=1.472.000

+ MPI
Hybrid (part: 6)
Hybrid (part: 12) .-

20F 20
0 0 | | | | 0 . | | \
) 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Number of thread
(a) N= 23,000 (b) N * 288,000 (c) N : 1,472,000
Parallelization
-METISE 0|83 YHEE AT U HA M5 (FAB 25 o4
Offset : 0.05D wall J1P -
Inlet (D) Area reduction ratio : 75% outlet | [ ﬁ
g Non-symmetric plane
Schematic of the eccentric stenosis model Symmetric plane
Instantaneous vorticity magnitude contours
Node : 320,000
12~
z

y |
ol
g |

3 12 core AFEA|

& °T “10HY 44~
3l

1 N 1 1 J
3 6 9 12
Num of Thread (Core)




b
o
i

Parallelization
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. -
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o 10 20 30 40 S50 &0 70

Number of cores

LAD: FFR=0.86
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Parallelization

- SH G0l ci3t HHS} 5

= Three-step splitting method based on P2P1 finite element method

u,—u' 1. 4 1 1/,
s —(aa, +ulu )=——p" +—(7,+1]) +S] A V> )
At 2 ( AN J 1) P P ( i i ) 7 // 1\
PREA / ‘\\
w-i, 1, \
P w4 PR
/ \ 7/ \
nel_o® / \ / \
w1, / \ / \
Al ==—P, / \/ \,
(u,v,p) & (u, v, p)
u, =0 (u,v)
= Parallelization : METIS + MPI
MPI (Infini-band)
main I ]
Computer 1 Computer 2 Computer 3
u velocity v velocity w velocity

Fluid domain (n=2)
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Parallelization

- A SIYYHEZE N2 FMETIS)E 0|8

ro
Y
B

Fluid domain (n=2)

Solid domain (n=6)

Core 4 : solveu
. Core 5 : solve v .
Comm Core 6 + solve w Solve displacement

Core 4,5,6 : solve p

Fluid domain (n=2) Solid d in (n=6)
011 omain (n=

Parallelization

150
1XME S : Fixed 7|
.. Kk
AtdE Hmal HHg T 100
™
3XFAE : Aitken 7| & =
<1 s0
AXPAE : ‘QN-ILS 7| O
0
IXpE e 2XfE s 3KpEE 4XtE =
s
s 24
20
17
15 fmmmmmmmmm e --4
o
=t 10
- R L s - -
[
&
| O s .
1 .
o L mim I
1 core 6 core 12 core 24 core

Number of core

©)1-0.006 [s/ A)r=0.008 [s]




Al
o
i

Parallelization
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Phase -1

2|4 $X17] B S

1O

1~2 week

Phase — 111
Many 3.0{ 8! Z| =3}

Phase — 11
B 23} (Multi 20])

Simulation of clinical trials

- CHgst A4 extofl cfst A7 = 4558 2Xe A= &S Uy

flow rate (mls)

j

18000

16000 |-

L L L
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EEEUEEE
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- 5215567

/

5 -
LN w b

flow rate (ml’s)
N

L L
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L L L
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Simulation of clinical trials

- ChREst Q4 BHXLO| LB SA-7E ASES of
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Von-mises stress

F RAAAAA A SRAK

0.555 0.8s 0.55s

PID : 2088164 PID : 5077626 PID : 5215567 PID : 2984908 PID : 3697100 PID : 3783472

APS(Axial Plaque Stress)

800
640
480
320
160
0 0.1s
-160
-320
-480
-640
-800

L ALAA A R4

0.55s 0.55s 0.55s 0.8s

0.55s

PID : 2088164 PID : 5077626 PID : 5215567 PID : 2984908 PID : 3697100 PID : 3783472

Simulation of clinical trials
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Wall shear stress

11.8

10.6

9.4

82

7

58 0.1s 3 0.1s 3 0.1s : 3s 3s 0.1s 3

46

34

22

1
0.555 08s 0.558 gt 0358 988 0.55s 0.8s {ss; 08 0.5 0.8
PID : 2088164 PID : 5077626 PID : 5215567 PID : 2984908 PID : 3697100 PID : 3783472

OSI(Oscillatory shear index)

0.35
0.3
0.25
0.2
0.15
0.1
8105 PID : 2088164  PID : 5077626 PID : 5215567 Von-mises
W APS
d
INS. WSS
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