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Modeling and flow simulation
about coronary artery of infant
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Abstract

Kawasaki Disease is one of the diseases that children under four years old tend to

contract. The definition of this disease are as follows [

Lasting of high fever for more than 5 days.
Congestion of conjunctivas of both eyes
Strawberry tongue, red mouth and throat

Polymorphous rash in all body parts

M e

[Acute stage] Swollen hands and feet
[Convalescence stage] Desquamation from fingertips
6. Cervical lymphadenopathy in acute stage

In these major 6 symptoms, admission of Kawasaki Disease needs more than 5
symptoms. However, in some cases, it is admitted to be Kawasaki Disease in case of
occurrence of just only 4 symptoms.

This disease was presented for the first time in the world by Tomisaku Kawasaki,
Japanese doctor, in 1967. After that, other reports became to be made in all over the
world. The number of patients is larger in Asia especially Japan than other region. After
year of 1982 and 1986 that were epidemic period in which number of patients was about
15,000 a year, number of patients was about 6,000 a year for a while. However, recently,
number of patients tends to increase gradually. Moreover, year of 2013 and 2014 had
larger patients than year of epidemic, 1982 and 1986.

The cause of this disease has been known to be vasculitis which is damage of blood
vessel by enzyme caused from white blood cell since the reaction to protect the self-
body occurs too strong when invasion to the interior of the body is made by virus and so
on. Nevertheless, the reason why this kind of reaction occurs has not been revealed and
the trigger of this reaction has not been specialized.

Vasculitis sometimes makes aneurysms on coronary arteries of patients’ heart. If there
are aneurysms, thromboses are easy to be formed and that become the cause of heart
attack. In other case, it is possible that the inner wall of coronary arteries that are
damaged by vasculitis become atherosclerosis. Coronary arteries are important blood
vessels that pomp blood to cardiac muscle making possible heart to beat. Thus, if these
arteries has been injure, heart cannot maintain its function and that leads to the death in
the worst case.

It is necessary to research the blood flow situation in the inner of coronary arteries to



presume the damage of coronary arteries suffered from Kawasaki Disease. The first step
for investigation of inner coronary arteries is visualization experiments or measurements
of flow velocity or other flow index. However, it is difficult to implement those
experiments with thinking about necessity of the expensive apparatus or mature
technique since the diameter of infant coronary arteries is very thin like as 1~2 mm.
Moreover, inner flow of coronary arteries is very complicated since coronary arteries
have viscoelastic characteristic on its wall and branching configuration. With thinking
about uncertainty of measurement, it is almost impossible to grasp the inner situation
experimentally.

Hence, simulation with numerical analysis is effectual method to reveal the flow
situation of inner coronary arteries. Large-scale apparatus is unnecessary in numerical
simulation and it is not limited physically despite the fact that it is necessary to confirm
whether real phenomena is reproduced.

Complicated flow situation that was not able to be elucidated ever has been able to be
analyzed in detail since the computational technique has been improved recently. There
are some researches about flow in coronary arteries of Kawasaki Disease with

910191 However, they treat vessel wall of coronary arteries as

numerical simulation
rigid body though these are viscoelastic intrinsically and they does not take into account
that coronary arteries are forced to move periodically with synchronizing with heart beat
since that blood vessel are on the outer wall of heart. Thus, inner flow of coronary
arteries has not been elucidated so far.

In this research, vessel wall of coronary arteries is treated as viscoelastic body to
investigate interaction between flow and vessel wall. Moreover, effect of displacement

of coronary arteries is investigated.
Outline about these research are as follows.

Section 2 Numerical Simulation of the Flow in the Large Aspect Ratio Pipe with
the Viscoelasticity Effect of Blood Vessel wall

As the first step to reveal the inner situation of coronary arteries, simple spring-
dumper model was adopted as viscoelasticity of vessel wall. With that condition, it
became capable to simulate with the effect of the force that wall receive from fluid flow.
It was showed the necessity the analysis with viscoelasticity comparing with the case of

rigid body.

i



Section 3 Numerical Analysis of Flow in a Hyperelastic Circular Tube Model of a
Coronary Artery

Next, Mooney-Rivlin model was adopted as hyperelasticity that make possible to
model more real vessel wall of coronary arteries. The situation of deformation of vessel

wall was grasped.

Section 4 Numerical Analysis of Flow in the Branch Pipe with Hyperelasticity
Modelling on a Coronary Artery

The method in Section 3 was applied to branching configuration that is characteristic
to coronary arteries. The difference of flow situation between various branching angles

was showed.

Section 5 Flow Simulation in the Pipe on the Sphere with Expand and Contract
To investigate extent that the flow was affected by heartbeat, pipe modeling coronary
artery was set on the sphere which expands and contracts temporally. The characteristic

flow situation was revealed.
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spring

dash-pot

¢ : Viscosity of blood vessel

Fig, 2-1 Schematic of Voigt model.
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Fig.2-2 Calculation field of the straight pipe.
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Fig.2-3 Calculation field of 90 degree
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Fig. 2-4 Example of physical coordination.

Fig.2-5 Orthogonal coordination.
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(2-6-9)
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=& fre v &) fe + EM Sy +E ) £y + EC S + EC) S
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(2-6-10)

21



y, z HEZOWCHRKEICHET S L, FItonWTDTFF3 T VLT

VKT ZENTED.

VZ :leé:é: +C2f7777 +C3fé’é’ +C4fé:77 +C5f77§ +C6fé'é: +C7fé: +C8f77 +C9fé’

(2-6-11)
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Fig.2-6 Time history of velocity pattern at the inlet of the coronary.
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Fig.2-7 The comparison of defomation rate of pipe diameter with the position

in the case of straight pipe.
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of time average shear stress [%]

Rate of difference
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Fig. 2-8 The difference of time average shear stress in z direction between

with and without viscoelasticity.
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Fig. 2-9 Shear stress in z direction at the different time.

28



2-9 (T BEITHEHAE 2 RFIC BN BT DN L - TEILT 54
BOEAWIEEZ, ANRERENRKERNDOGEIZHOWTORLE, AARE
INR DS, w/NDOEE LI, EAWICIHEDRK 3 fFEv. 72 FRICAT
LR >TER DT NI EF L THS.

29



2-9-2.90° 2z ENTHEN

BIEIZ TR (2-2-3) OEENDOTNTIEIHADBMHRTET-DOT, RICEED
M 2 A L7- 90° iz 0 &N (X 2-3) (2, EEEOREEIRO A O T
(X 2-4) #WAIHT.

® At the Inlet
H At the Middle
® At the Outlet

Deformation rate of pipe diameter [%o]

0 0.2 0.4 0.6 0.8 1
Time

Fig. 2-10 The comparison of deformation rate of 90 degree bending pipe
with the position.
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(d) £ =0.85

(e) t=10.95

Fig.2-11 Velocity vectors in the 90 degree bended pipe.
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Table 2-1 Velocity vectors in cross sectional area.
Outside B

Inside

= View point

Position A

Outside

Inside

Outside

Position B
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Shear stress [Pa]
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Fig.2-12 Shear stress distribution in cross sectional area at Position A and B
(t=0.35,0.85) .
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Fig.2-13 Comparison of temporal variation of shear stress with position
in flow direction (at the center of bending part) .
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Fig. 2-14 Shear stress in the case of the wall with solid and viscoelastic at position of A
and B (= 0.85).
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S.. aW—zaW (3-1-1)

17 0E; e,

Z 2T, S : % 2Piola-Kirchhoff Jis /17 > V)V, Ej; : Green-Lagrange N9 47
V)V, Cy: 4 Cauchy-Green £7 v Vv, Thb.

HEBERRME 2 FF OB O TH 2 DIS TS T 2EEDES WKL TH Y,
MEHZAEDE THA OETAPRBEINTWVD. AL TIE, MMoOFA O MmE
BE |25 LT D H 5P Mooney-Rivlin &7 /L4 B350 L=,

Mooney-Rivlin €5 /L
AL TIL FRROEDET V2R L.

W:CI(]l_3)+02(12_3)+C3(13_3)2 (3-1-2)
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c1, ¢, GIXPMEETHL DT, ERIVROIEEFERT 5. A BENISTHME &
WLULTDFED@EY & L7zPo

Table 3-1 Physical properties in Mooney-Rivlin model.

c1 () C3
2.5 2.5 2.5
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Fig. 3-1 Schematic of difference between Eulerian and Lagrangian mesh.
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TV alETIEHRNR L2 XY ICEE A v v a B 25 T LE 5 AlagtEn
bHbH. ZORSELELEZEHDIZ ALE (Arbitrary Lagrangian — Eulerian) #:0
WD, ZOFETIEREOEE L MST 2 BB O E 28 A LT, HERK
FTHRBEICEELTCLEY) T 770V aiEOT A v MREEESLTWA. T2
2L, R Z U AER) & IMSTICE T RER S D7D, W EZ RO
LRt R ZmBIEEAT O MERH Y, FHEARPIEFIZREZ .

ZOMITTRKEEE ZENENAA T kT LT T T P a kI TH %
(2R % IB (Immersed Boundary : HLOIALEER) #E o6 H%. Zo
JHEIIRE 2 2B IR SN TV DN, T7 70V a ka2 mg 2 L ICHEA
TOMERDH LD, RIFVFHEARMPBRKRENEDOTHD.

IO OREEMIET 272012, ik HEz b T—2o00ike LTH
WEHREAT 2B Z 5% 0 P VOF (Volume of Fluid) 755> Level Set 151
P2 P RE SN, BIEHMEIAS neo-Hookean A7 FICB+ 53 32— g
YPMTOITE 2. AR TIE, EEIREED#1ME % K § Mooney - Rivlin £ 7 /v
EWAD LI LI RA A 7—FECTRIEHT 2 2 LItk y, Fik - fd
HAUZE O REA R L7 9 A TH Y EERIZHEWETY I a2 Lb—3 g U238
AlRE L L7e.
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3-2. AR

(2-2-1) T L7zdmoXicmz, UTFToEOF T 4= « X h—7 ZAHELE
BATD.
Vv=0 (2-2-1)

pE,v+Vv-v)=-Vp+V.o (3-2-1)

clX MR EEEDIS T IV ERELEDLEEZLOTHY, LT X HITF
Ehb.

o= (1—¢S)0'f + @0 (3-2-2)
of=2uD (3-2-3)
Oy =2uD+ogp (3-2-4)

3-1. T2 K DT, iR E G & 2 HET 2 EARBRKITIA TERL TWV5.
%72, D=(Vv+W)2 : OFBEETF L VL, L L. BENLZT5 %
KT oy 1T ——DIENT VI NVDERNPLUTOL I IZRINDBEDE L
7-.

I I oI
1 F_{26W61+26W62+26W 3}-FT

O =——
St 4et(F) T oCc ' T al, oC | aly oc

=(2¢|B+2c¢5(tr(B)B—B- B)+4c3(tr(B)-3)B)

(3-2-5)
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ZZT, B, C=F " F: Ff, Ea—yv— -7 U—=VIiEhT /N,
F=0x/0X : BRAR (x BUEEAZ, X FExHEE), W OF AT X —HHE
Bk, Zzxhzth£7.

EAE &, Aa—y— - 7 U =287 BI1E, TRENRLELTO L D ICHk
.

09y +v-Vo, =0 (3-2-6)

0,B+v-VB=L-B+B-L" (3-2-7)

ZZT, L=W HEART VL, Thb.
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3-3. A& v H— &1

WEEENZR CHFRTERT 2 EAHNRENGNHBE LT <25,
FZTHENZAT T —EHE L TR O A THE L, EERS 2 EEE T
DREEFLE LI ALY v T — M CRIEET 272 RN 5.

7

P 22O\ TOD
avhbg—ARY =2—2A

u ([ZOWNWTODO
ay hr— R 2—A

zzzzzzzzzzzzzzzzzzzzz

= CEPFEA TS
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Q Wyl
) PSS

zzzzzzzzzzz
zzzzzzzzzzz
zzzzzzzzzzz
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Fig.3-3 Position of Staggerd Grid.
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3-4. SIMPLE (PISO) £

AWF5E CIIE BRI 2R T 2 72 O A IRIKFEIE 2 -V 72 SIMPLE 7412 T
BEAToT. P TFOEMRREREE 2 5.

ou O 0 o( ou O ou) op
—+—(purr)+—(pvut) = —| p— |+=| u— |-=+s (3-4-1)
o o ) ay(pv) Gx(ﬂéxj 8y(ﬂ5yJ o M
ov 0 0 o( ovy O ov) op
() +=—(pw)==| u— |+=—| u— |-=+s (3-4-2)
o o) ay(pv ) ax(“ 8xj Gy(ﬂ Gyj Py

5 5

3-4-1. x HapEE HEXOBERA L

Eu OFEBHBERAUTONVTERD.

N
o

" P
B

J-1 — °

il I i I i+1

Fig. 3-4 Controle volume about u.
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3-4 kv, X (3-4-1) OXRESE 1 HiX, UTOBSICEXET LN
TE 5.

ﬂ%(wu)dxdy =y | %(puu)dx
= &y x [(pun), — (pur),, |
=Ayx pl0.5x{U(1,J)+U(I +1,J)}xu,
—0.5x{U(I -1,7)+U(1,J )} xu,,]
=CE xu, —CW xu,,
=CEx0.5x[U(I+1,J)+U(l,J)]
—CW x0.5x[U(1,J)+U(I -1,7)]

(3-4-4)

A U< RS 2 HHEHIcEEZE LTV, #HE v iz oo dh TR
B OWNEET, (5 e L THAAA TN,

12 (pvakisdy = 2a] 2 (i

= Axx|(pvu),, —(pvur) ]

= Axx p[0.5x (1, J + 1)+ V(I —1,J +1)}xu,,

—0.5x{(1,J)+V (I -1,J)}xug |

=CNxu, —CSxug

= CNx0.5x[U(1,J +1)+U(1,J)]
~CSx0.5x[U(1,J)+U(1,J -1)]

(3-4-5)

WIZ, FEVETEES 1 THE 8 2 OB L E T 5. vy HROMES I EEIZXH
MEZF T, x HFIFEABIE you/ox DZETHRT. T OMOEO B R e I2F
FAMENE, EE uw DS E, P OELZWSHOEEECRLTE 2 5.
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If sx( gjd dr=m] ( szdx

RCREN

—Ayxyx—[@u w]
—DEx(@u) DWx(@u
= DEx[U(I+1,J)-U(1,J)]-DWw x[U(1,J)-U(I -1,J)]

(3-4-6)

—Axx,ux—[éu 6u) ]

_DNx@@n DSx(0u),

=DNx[U(1,J +1)-U(1,J)]-DSx[U(1,J)-U(1,J -1)]
(3-4-7)

JENABEEIE, y FTANZOW TIERESEICXEEEZ T C, x FAldER A w, e
WCES DO HAREE SN TWATZD, ThbDEE L TEERT LN TE
5.

0 0
j .[ (— a—ijdxdy =—Ay I 8—de

= _AJ’[Pe _pw]
= Ay[P(1-1,7)-P(1,7)]

(3-4-8)
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U bomEA2E L5 L, x HER 7 RAOBEXUTIU TO L 512725,

AP(1,J)xU(1,J)=AN(1,J)xU(1,J +1)+ AS(1,J)xU(1,J -1)
+AE(L,J)xU(I+1,J)+ AW (1,J)xU (I -1,J)+SU (1,J)
(3-4-9)
AN(I,J)=—-0.5xCN + DN
AS(1,J)=-0.5xCS + DS
AE(1,J)=-0.5xCE + DE
= AW,J)=-0.5xCW +DW

AP(I,J)= AN(I,J)+ AS(1,J)+ AE(1,J)+ AW (1, J)
+(CN —CS +CE - CW)

SU(1,J) = Ayx[P(I ~1,0) = P(I,J)]

—

52



3-4-2. y J7AEE) L

y TFa OB G RAOHHE S x & REKICITAS. KB aRIEN 3-5 O X
INCERSND.

P I & ________ S
Uy
e N n ;
W ::::V(I.afl.'):ffffffi E
S ey % e °
:::::::::?P:::::::i
71 ;:::::::::::::::::i
S
TR SR S N
L1 i I i1 jast
Fig. 3-5 Controle volume about v.
XHLIEES 1 =,

] a%(/OW)a’xa’y =Ay| 8%(/mtV)dx

= &y x[(puv), = (puv),, ]
= Ay x pl0.5x {U(I +1,0)+ U(1,J )} x v,
—0.5x{U,J)+U(I-1,J)}xv,, ]
=CE xvy, —CW xv,,
=CEx05x[V(I+1,J)+V(I,J)]
—CW x05x[V(1,J)+ V(I -1,J)] (3-4-10)
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XTI 2 I,

J.J. pvv dxdy Axf )dy

= Ax x [(pW)n (o) ]
=Axx p[0.5x V(1,7 +1)+V(I,J)}xv,
—0.5x (1, )+ V(I,J =1)}xvg]
=CN xv, —CS x vy
=CN x0.5x[V(1,J +1)+V(1,7)]
~CSx0.5x[V(1,J)+V(1,J -1)]
(3-4-11)

FEMETEIILL T O X 5 TRk T& 5.

(15,5 Joar=anf 2w o
-of(+2) {43,

~ dyxpux-f(@v), - @),,]

= DEx(0v), —DW x(ov),,

=DEx[V(I+1,J)-V(1,J)|-DWx[V(1,J)-V(I-1,7)]
(3-4-12)

”a[ ?jdxd ij [ gyvjdy

)

= Axx yxALy[(av)n - (ov),]

= DN x(0v), — DS x(0ov),
=DNx[V(1,J +1)-V(I1,J)]-DSx[V(1,J)-V(1,J -1)]
(3-4-13)
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JETIEIE,

L

=—Ax{p, - p]
= A P(1,7 =1)- P(1,J)] (3-4-14)

x F Ok & FERIC, UbaE b &,

AP(1,J)xV(1,J)= AN(I,J)xV(1,J +1)+ AS(1,J)xV (I, J 1)

—

+ AE(L,J )<V (I +1,J )+ AW (1, J )<V (I =1,J)+ SV (1,J)
(3-4-15)
AN (1,J)=-0.5xCN + DN
AS(1,J)=-0.5xCS + DS
AE(I,J)=-0.5xCE + DE

AW (1,J)=-0.5xCW + DW

AP(I,J)= AN (1,J )+ AS(1,J )+ AE(1,J )+ AW (1,J)
+(CN —CS +CE —CW )

Sv(I,J)=Axx[P(1,J —1)-P(I,J)]
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3-4-3. HiggONX L EE HFRBR0 N v 7Y T

EE) TR OITEHE L RO D Z LN TELH70D, HOX 0 IXEN 215
T2V, JENENZEN T RWZOITEE HRANEMAEDELNENH D.

WP u 23R % x J5 1A E) 5 R o Bz,

delte = zanbunb +b+A4,(pp—pr) (3-4-16)

yHENZOWTHUTO L S IZH BT

vy =D AppVp Th+ 4, (pp—py) (3-4-17)

JEATx L ClEtI e p 2525 L, WEIC LToREE «, via L
2B UTOLEITRKRDEZENTX S,

au, = Zanbuzb +b+Ae(p; —pZ) (3-4-18)

av, =Y ayve, +b+4, (p; —pjv) (3-4-19)

ELWENBLOHES p, u, v &L, HEEp T 2MIEEE p', xHid
HDEEMIEZ Y, vV ET DL,

p=p +p (3-4-20)
u=u"+u' (3-4-21)
v=v"+' (3-4-22)

B 3 A (3-4-16), (3-4-17)RUTRAL, FHENG-4-18), (3-4-19):% 7
Lpl< e,
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agity =) apytin, +b+ 4, (pp ~ pi) (3-4-23)

ayvy =D auVip +b+4,(pp — ply) (3-4-24)

ZCHEORFROBEMERDOZEN NS NEEZOND D, HiLE 1
Iﬁ%éﬂiﬁ\ﬂ“é. (BUTIRARE G HNAVTHIERIZ TR T 0 [Z D720, AR
RIRETHD. LIeh>T, HEMERT

ul, =d,(pp - k), d,=4,/a, (3-4-25)

V' =d (pP pN) dn = An /an (3_4-26>

THZ2 65D T, HEOROHEHLIZHERFHE TR TREIND.
Uy = I/l: +de(p}3 _plE) (3-4-27)
v, = v: +d,(ppr-ply) (3-4-28)

O 3-4-3) #ar ba—b - R 2—AIOWTHGT D &,

[(oue), = (o), Jay + (), = (ow), Jax =0 (3-4-29)

ZoRiz (3-4-27), (3-4-28) X, BLXDPu,, vicBET2REEOKXEZICAL,
JESIE R p ICEAT 2L T OESIMERXEZES.
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appp =agpp +aypy +aypy +agps+b (3-4-30)
aE :pdeAy) aW :pdey, aN :pdnAx’ aS:pdgAx

ap =ap +awy +tay tag

p=llpu), o ) b+ o), ~ o), e

PLED AR 72 SIMPLE DO FINETH 5.

AWFFE CIIIEEFE RN 24| 5 7912, SIMPLE Atk B L7z PISO EaT-H
L7z. PISO #Tld SIMPLE JEDOFHBEICMAMED TR E 2 S 512h 9 1 (Al
S

AETFIRTLL I RT B Th 5.

L)

v
551 BePlE Bk L 7= 5 R EK
(3-4-23), (3-4-24) %fE<
v
552 Beft R ) o IER
(3-4-30) Z i<
V
53 B R ) R ONEEE A IET D
(3-4-20), (3-4-21), (3-4-22),
V
o4 B2 JE H OJE e AR
v
55 Bebs R ) R ONEE A IET D
v
56 BERE: T ) LA TS
\i

RDEFHIAT 7

Fig. 3-6 Flow chart of PISO Method.

58



3-5. XHRE OB L

X (3-2-6) & (3-2-7) OXFIAIX 5 kD WENO {EIZ CHES L 21T o 7=, %t
¥ %z uof /ox (f:¢, B) &TD&,

U [l +aDed +aDel)
12Ax al(_) + ag_) + ag_) +&

-ule®g +a$gO +a{e)

a1(+) + a§+) + a§+) +e

(wof Jox) =

+

(3-5-1)

sl(i) = 13(5(f)ii5,j _25(f)ii3,j +§(f)iil,j)2
+3(§(f ix5, —40(f )ias,; +35(f)iil,j)2
s$ =13 (i3, =200 a1 j + §(f)z¢1,j)z +3(§(f)ii3’/ _g(f)’il’f)z

Sgi) =13 5(f)ii1,j _25(f)j$1,j + 5(f)i¢3,j)2
+ 3(35( izrj =46 )iz +(igs, j)2

H O —Dvof oy b RRRIZHERL 21T > 7.
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3-6. FHESRME

FHEAEIRIIAME 2mm, PR 14mm, & 20mm OEF E L, 2 KITrtHEZ(T
o7z

WBEDSMITT NV R LEMEE Lz, £ AOGIEM 33 IRLEE S 74
WEE D FEBRE GEEIRA FOEEE) (X 2-6) ZiRA S, O CldosE Al
WH oL Uiz, XEEHFEAL, BEEY 1s, HREE 02ms, RERS=FH
BCERITALL, LA 2 AXEUE 70 & L= Wik (MiK) O, &
p=1050 kg/m’, K5/ = 0.0035Pa-s & L7-.

T EIT640x 32, BFRIZIZIE1.0x107 CEHEEIT - 7.
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3-7. 24 PEDOFH

REOFHEEIT AN, 3-1, 32 THRARLHEET VORLMERIET 572
DOFHEEIT-T-. K341 LEZE DT, 2.0 OFETENNZ 8.0 DESD
WATEARE O E % 2 5. BRI SERE O FLICE ML TE Y, iiRIE
MR D B LT END. E ORI, FER Uysinet &-U,sinat DR
T, KOAELF IR 5.

AT H 2 RN 2 72 O BEF ORER & I ATREZR X D 1S, U, = 1.0,
o=nr, REFEYT=20, BHEEEAOEIR=1.0%81L, HBTEIT8x128 TiHH
BAToT0. Fle, BEp t¥EuEEnEN 1.0 L, X (3-2) TOFEE ¢
=2.5,¢,=00,c3=00 & L7-.

U sinot

yperelastic  material

-U sinot
w

Fig. 3-4 Schematic of model for validation test.

FHELRE B SCER[3-8] L HeEk L, B 3-51T R LT,
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Fig. 3-5 Comparison of velocity distribution (7=0) .

ERIZEBNT, M 34 OTFH5 (y =0 ~1.0) [ZOWTORRREE (7=0)
IZ2OWTC, MEE DO AIT 72, y=0 ~0.5 T TOHHMIE, y=05~1.0 LT
INBBPERNERIC O W T ORSRTH D, TORER, CHE & 02T 5 3E
181071 IZH L C2.8x10 2 DL, RN mE K L.
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3-8. FHEAER

3-6 ([CTRNIHE DR DORFZ DO BB gy D3 LHERT R L& TRT .

FEEEEREEEEREEEEEER R R R RN E R R R R R R R R

0 0.5 1
&

Fig.3-6 Velocity vector and distribution of ¢

AFHETIE A2 0.5 KV /NSWEERETA, 0.5 LLETER > E Lz, 2ol
TR LTI LG RRICE A T2 2 LT,

X 3-712¢t=0¢& t=0.85 (RAFEENRK) TOALOITL OILKRKZRT.

t=0 t=0.85

Fig.3-7 Enlarged view in the vicinity of the inlet
(solid line: the boundary between fluid and wall).

Z ORI TIZBDOPRRNER D GRSy 2 W DA 2R L TR Y, ke
WSy DEREZFRTRL TN D.

ZORKLY, BEE (#E) PRAL TS DHMEICE > T LT BT
DT ERDZLNTE . 5 2 EORLZLUEIONZETIE, MEBEHRSIZS
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WTIHFRTE TR o a2, e EREOBERDER £ TRTIENT
ETCWiehote. 3-1 TR LEGEZRMAT 52 8I2X0, Zo &5 IcEiER
DI & GBI R T 2 LR ATREIC R o 7.

% 3-8 (CEEZMIK L UE LI a L, ABIECHA L@k ko 7 1%
FAVN P35 6 OB A B D ST A Rt
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35 - ® RIGID WALL
I
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L4 L
= 2.5 A <
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Fig. 3-8 Temporal variation of shear stress at the inlet.

ZORER LY, EEROMERED WM WEBENED B 5 ERE O WG T
B, BEEZAMAERE LTSS LY S 1 EA#ME (B4 0~1 £T) THAK
30%FRE SRR D T LMo,

MRI (Magnetic Resonance Imaging: B IEMGEIRTE) RCMLE ERHIER E D
R 2 WE 22 O THE AW S 2 51 L ENIREEALSERESBAL & e 2975 2 &
Z&Y, WIS NSO NERECDOFRF & 725 Z ERER SN TEY
BHEBI0 = o 1 AN TOEWZIEETHD L EZD.

64



3-9. f&dm

TEENAR 2 AR L7248 OBEIZ LV SEFRIZITV Mooney-Rivlin E7 /L TE I 5
MR E 2 5 %, TR &G L RIS FTRE e FIEZ Ty I 2 b—
g U EATV, LUF Offam 2157

(1) EEEIEARZFREETHAEIELZ LN TERED, MALTL i
Lo TEBENER S EONDE5F AR Z DI &N TE .

(2) HHMEFEEBET DL, LAaWGEIZTE AR IMEICK 30%F
FEOBENNAEL D Z Enymnoiz,

(3) [EREE LIZBAOFEERE O, Bk Tz <,
LV BEHE A BE T HRETHDLZ LB oT.
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4-1. &

% 3 BTHWE, A EEELFRICEHET 2 FiEL Y, SEBERORH T
AN - ENRNICONWTY I ab—ya &2 {To7-.

Konishi &' (2 k2 &, EENROD /A ITE DK E <, Sl o
DGEFE THA Th 5. ARHFZE T A FEOEWIZ X 2 NEOFAUIZ DN T
WD, sl 4 FEICOWT, TRENLERRNE Y I 2L —a L,
ZDFEMNIDOWNWTEREIT T2,
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4-2. FHEfENR

TEICRT X 9 2 E N ORI OWT, 4TI A E %, 45, 60, 90, 135 FE L
L THEFNEFNDOEESIZOWTEE 2T 7-.

Outlet

Branch angle
(45, 60, 90, 135 degree)

Viscoelastic
wall

Outlet

Inlet

Fig. 4-1 Calculation field for branching pipe.
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4-3. FHESM

BAONGK 3-4 LREOAOFHE 5 2, JEZBE LTI ZERN 2 A8 % 0
ELTe. HOICBET 25003, HABEEE -T2 80, TRETDOLD
IR EAEL 0 L35 BRMHSEMETIE/R L, MAESHOmEAEICE U T
DRI ERE L. FRENIELTHHATIEX 42 [ZR-T X9 2E
1% 5z =2

25000
20000
15000

10000

Outlet pressure [Pa]

5000
0 0.2 0.4 0.6 0.8 1
Time

Fig. 4-2 Outlet pressure.
FTEEDEEOERIT 221 & L. BHEIT32x64x64 & U, BeRI% 0%
1.0x107° TRHEA L7z,

WEOBPET Z £ TER U #EEp=1050 kg/m’, HKiEEu= 0.0035 Pa-s & L
7-.
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(Solid line : boundary between fluid and wall).
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Fig.4-4 Shear stress on the wall of the main pipe near the branch.
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Fig.5-1 Volume of heart at the diastole and systole.
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Fig. 5-2 Calculation field.
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Fig. 5-3 Velocity vectors in condition 1 (without expansion and contraction) .
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Fig.5-5 Velocity vectors from the view point of inner of the sphere.

X 5-5 IZEROPNMIN S HEE ST FLMITOEESRY b LERT. B
IZE o TRT MVOEN IR D DX, EROIEKHE/NEENC X > T Z &2k
FHBRER DO THD. ZHLDOEENY MKIEK 5-4 L8R, Ko
JERAE/IET OB X DR 0 X R D,

91



(a) t=0.1

{

Loy
N
TR S T S T TR SR
- ¢¢¢¢¢¢¢¢¢¢¢ ‘L¢ e
4/4,4/ \LJ,‘LL‘L‘LJ,J«lJ_‘L’LJ' ¢¢ \L\L"
v Lddd Lt
syt et e
J"LJ,‘LJ’J:L J"Lll llll Jll‘l'J'
\L‘L\L‘LJ"L‘I’l\LJ,f% ‘%llii‘L‘l’J"L‘Lw
\L.L\Li\l» l~LL¢¢
O R e teigy
A
\LJ’J’J' ,LJ"L\L J"L\L,L¢J,\L‘L¢J'J{J’J,¢ L v,
R SR S T A} L
Lo byt ¢¢
<
L
<L
<
A
N2
L
L
L

(b) t=0.2

Fig. 5-6 Velocity vectors in cross sectional area at the center of main stream direction

(Upper : Outside of bending , Lower : Inside of bending) .
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(d) t=0.6

Fig. 5-6 Velocity vectors in cross sectional area at the center of main stream direction

(Upper : Outside of bending , Lower : Inside of bending) .
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Fig. 5-7 Comparison of shear stress between the case with and without
motion of the sphere.
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