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AT dumsfinuinsluadsiavresnisivaveadoauuu Non-Newtonian anmizll
Ay (Pulsatile) drumaanidonuenassitmesmasadanuasivialas e ilgamsuuuua q a1
AMs8MUNTes Movahed [1] #iilsedunsiu 509% viavua 5 nuudians wasnasmdenundsn 2
wuusians WermualiAoaysennfnuniuiuudiass Carreau-Yasuda  Iaeildseidouidnng
Ilufedwudiitontauns Navier - Stokes dsunisanuilldimuadoulanisluadunisiva
wuulineda (Pulsatile) munmsdiuuntos Chen wag Lu [2] nd1fa auEafimadivamaamien
laiasd TasesiAsunvadiuniunan daslimwealaiinatawga 1w peak Systole (t = 0.16 5,
v = 21 em/s) Beginning of Diastole {t = 0.38 5, v = 8 cm/s) Uag End of Di.astole (t=0s,v=28
cnv/s) Tngranisdnnnidsanniiiu 3 sunuuieiu dnwsn 1in aumnislvaiaszneuludiodu
WlAsIAMULET (Velocity  Contour) nmasanansy (Velocity  Vector) kaztdunssuanislng
(Streamine) drufians 16 arnsdudau (Shear Stress) iviidaag 4 wasaomdudeudiu
(Wall Shear Stress, W5S) dwiuduanvinafia sndiusenindnsinsinaldal$ues (Flow Rate)
fwdadng q deo sasinisluadainesimadivsaasndoandn UBNINIIIINIATIIEBUAIY
gndiasyastieyalasmsiuFouiisuanudmuuuinn x was y Tuvaeadeaninidwmia 12 mm
Sannmadmaendonfunanuivoves Gijsen waran [4] way Shuib wazeny [10] Felinanis
AnnadlnalAesiy

nan1sdnwInuIteteiiinadednunzvasaununisivauaznisnizane wss laud (1)
Fumiadns (Pulsatile) nanafie A Peak Systole 1udwmisiifinuniigean 7 End of Diastole
Wwaz Beginning of Diastole \Juswmieiiiianmdauiriuudlinanisdunfiuandatu esannua

999A1L94 {Acceleration) wagA UKL (Deceleration) MUEIAU (2) VUNAYBIVaDAEIDR LAYR



mslvaasdedumaeenidenaumdnddiumduingusnaduginimaeadanainses (3) uu
Lenapsd (Bifurcation Angle) na1dfn vaandensuds T danasmdenarmdniuueanainuny
vdn 30° uasnasadeamuiseuuuson 80° axliinmslnadaslumavaemdonaiansoansg il
wnnrauwdn wasiiansivaluunienii (Secondary Flow %3® Dean Vortex) usagliny
Fnuariluwanaieasud v dailuamonansinn 30° iy (4) Snvaziaziumiiuessosfi
(Curvature) WuUIgUs1ev0IsREAUNALNINT (Symmetry) wazliiaunng (Asymmetry) danasia
dnuwarradusiwdauiiuanmety uenaniliidumimiseefuie Critical Adverse Gradient
ezl WSS tﬂu@uéﬁﬁumﬂaﬁ FeluurlininlhiAanisuonduussnislve (Flow Separation) (5)
naAsuRenanaslvaduiownannisussnuesaandansnanunuvan lneasisnunsnis
wdoufiudula (Cunvilinear  Motion) ¥ialwlé 3unavasninusmiigudnans (Centrifugat

Acceleration}
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Abstracts

This research is to numerically study the Pulsatile flow of non-Newtonian fluid
through five different types of stenosis and two normal coronary artery bifurcation models
based on the classification of Movahed [1]. 50% stenoctic area was used throughout the
study. The blood behaves in accordance with Carreau-Yasuda viscosity model. The finite
element method was used to solve systerns of Navier-Stokes equation. In this study, flow
conditions were determined as unsteady flow (pulsatile) according to Chen and Lu [2], of
which velocity is considered as a function of time. Three pulsatile points namely peak
systole (t = 0.16 s) beginning of diastole {t = 0.38 s)and end of diastole {t = 0 s) were
focused. The computational results of velocities were expressed in three forms: velocity
contours, velocities vector plots and streamlines. Then, the wall shear stress (wss)
distributions were reported as well as the shear stress distributions of cross sections. Finally,
the ratio of volumetric flow rates at different cross sections to that at the entrance of the
main blood vessels were reported quantitatively. In addition, data validation is performed by
comparing the speed along the x and y axes in the main vessel at the 12 mm position
measured from the vascular entrance with the research of Gijsen et al. {4} and Shuib et al.
[10] which gives a consistent calculation result.

The results show that factors affecting the flow characteristics and WSS distribution
are as follows (1) pulse Position: peak systoie gives the highest velocity while end of diastole
and beginning of diastole are at the same velocity, but cause effects of flow acceleration
and deceleration, respectively. (2}vascular cross-sectional area, which induces more flow

toward larger vessel such as the primary daughter than the secondary daughter vessel. (3)



bifurcation angle such as in T-bilurcation, at which the secondary daughter vessel is tilted
80° from the main vessel whereas the primary daughter vessel is tilted 30° . Dean vortices
were detected inside its secondary daughter vessel. However, the dean vortices were absent
in Y-bifurcation, of which daughter vessel were tilted 30° equally. (4) curvature of the
stenosis resulting in velocity and WSS rises at the site of the stenosis. Furthermore, symmetry
and asymmetry of the stenosis also affect velocity profiles differently. At the end of stenosis
sites, critical adverse gradient and zero WSS were found, which tend to cause Flow
Separation. (5) change of flow direction such as the daughter vessels bifurcating from the

main vessel causing centrifugal acceleration to the flow.
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wwaRslUfagandanunintdu 99% veamuiiasmsivaniguentuvouin Saimainauonoun
velnaruuiuRey (Free Velocity) W3e U dAumsumgujaunnauienilo fnsmneinaanssnuvasninm
& o e, & oa & A 4 a X a o /A = |
il wustumstvalty 2 91 fle Tuieguiniivinvesing uaztuneduanmilesanly Tnendun
= or J = L2 5 o ar 1 3 1 ﬂuJ
finduiuRfanwusdutuuunn waskavesauviladanudifyreniilva (3and1 duveuiun
(Boundary layer) dwmiutuiiodusnimiiossnluiliutunislvauuvuliiinanamiia
4 o ' » o o | 4 [ s v H <
iloResannisivaiuuswaudeguin 2.1 Wulddgadudunisivalinmadwane &
' 7] da & o . o O 2 \ =
Tudrssudureuivaimindutdusuusuidsu (Laminar) udsornduidudrsnisiasuudas
(Transition) wagnansiutuvouwawuuiud (Turbutent) Tufiga nsluduvauivntiu wsamie
, A ) . = o o 1 o & £ |
(Viscous Force) Waswsdiey (Inertia Force) dinuddnuagraunn saiuansdluad (Snsdu
1 2 1 & o 1 e = 9 L.
szuinusudesdousmila) Llusiidivoamslwa lnefinmenudnune (Characteristic Length)
Aglunsmwanssluas Aannuenlufieinianisiva tufa
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pUx (2.8)
u

Re, =

c, =] n' L2 1 = of 4
Tnef x Agszervnsnaiunuuedniouiiagaiiaula

U U

ARAR
AERER]

- Fully Turbulent

]
s
kY

K
L]
]

I\
L

Iy
L

o P oy S Buffer
o e W
‘.,» o e
»"“ a-———- .
/W////ﬂ///ﬁ///////ﬂ///// 7 7 7 o i o e i Viscous Sublayer

AMENTFNG ANz IMRLUL
¥ o — = . —"1
WU WS Fem . Thilu

Transition

sUf 2.1 dumpurianizlvaruususou (8]
2.2.2 NMIAMUINTSAA Flow Separation (Back Flow)

X da v g d e = o
ﬂ"l5ﬁﬂ\:ﬂﬂWT‘LWaNqUWUWN')IﬂQLUUﬂ'\‘5ﬁﬂ‘lﬂ’|mEJ'JﬂUNa"‘ll'iNﬂ']'iLUﬁEJULLUaQﬂ')'IQJLTJ LLagAIdl

) o b v a o v & a P = o
duluinussing q vesnslua Tneanwisnosursadudunoudslusuil 2.2 JaFuemmaudsunas

du dP
= ' 1 '3 ar N W ' P
ﬂ’JWNL%'JWUN‘UBUL‘UWUENH’]'SIWE\ ﬁmmnquw WazAITUARU HATUDUNINAUYAINA
dx olx

o o v =a FT = v !
Tuseiifaanamduiifamafsiuiiansnislva waziigauaeulds (Point of Inflection: PY) ot

v e a & = ar oA ‘
ﬂ'lEJrLUNUQ WENaNEMELLLLET nstdasuudasaiunuag e seasd (Favorable Gradient) way

. . du
nstuardunisluauuususau (Laminar low) dawaadlugun 2.2 () rowuila | — | wazamud
dx

dP . : v
— | dawviiugue dalid Pl aguumis Janstuaiueglugig Transition Sendnuaswuuiii
dx

du

v = 5 2 - AW ' ¢ v

Zero Gradient dananslugui 2.2 (b) dmiuzun 2.2 () NAIUDYNIFUY LaLAIIHAY
dx

dP
&t | ' v o a u e v v o |
Hﬂ']u'\ﬂﬂ?'\f}u&] Ll:‘iﬂml:ﬂﬂﬂ'lﬂﬂ')quﬂuuﬂﬁm'l\]midﬂu‘ﬂqﬂﬂUmﬂW'}QHWSIWﬁ wag Pl E]%l‘U‘lJI"LJcJ
dx
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Idausa Fendnvarsuuuiiin mswdsuwlataruduedielidfisUssasd (Adverse
Gradient/Weak Adverse Gradient) wazn1stvaunmsivafiwIeudeudunuuiuthy (Turbutent
Flow) dm¥uguit 2.2 (d) Pl agganitiuy Weak Adverse Gradient wagfigaiinnisuendavesnis
a (Separation point: T, = 0) fiuils Bundnumziuuild nsdeudlifssvasdingn (Critical
Adverse Gradient) uasﬁ'm%'ugﬂﬁ{ 2.2 (&) Pl egjgandwuu Critical adverse gradient govilmAanis
Tnadaundy (Backflow) kil

i A
.M A N
';t,. - l[

<1 e - Nl Nejuetiing

Mo Y

; . REYOTR PN
i el 1wl

(a) (b (€ (d) (e}

p2d
ar o ar

3UT 2.2 navesmsidsunlatanuduiiiidednunsiuveuiiamslva [9]
2.3 9550uN55UUSV AL

Gijsen uagay [4] AnwdvdnavetauiRueniimeriiouresdoniifdenisnszorannga
Tuvaemden Carotid 1883 F33n1sAnvinuseemtu 2 diu Ifud nismeaes wavsaouitiaa
Fnay dmiviinsmaaesliasasanruiitilnunadonlsTolvsnun (<SON) Sslufiinmuels
uvetlvatmaiiien uazidiody Xanthan Gum aslveamaiuanmgiingsu Shear Thinning ety
Feltansazate Aqueous Xanthan Gum (KSCN-X) Wuveslnaueufiwmeiilsuunuden msnaaedd
Re = 270 Asfl waz y = 0.45 tilo y Aednandiuszwinadnsinasluann External Carotid Artery
wadnsnsiviaru Common Carotid Artery namfle diavesiualvaunlu Common Carotid v¢lva
wenlU# External Carotid 45% wae Internal Carotid 55% ﬁmﬁﬂﬂugﬂﬁ 23
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Fmsunisaneidsananldssdevigmslvludiodiuug Muwuslinisivaidusuusnuiausia
a o o o 2 o - Y
Asoivesedlvaiimaiiou wasuauilmaiiyy ul95NAUsEUUANMS Navier-Stokes WaWAaLNIS
wazlguuuinaasninumilavas Carreau-Yasuda

4.6 mm

external carotid
common carotid artery

internal caroti
Itery

5.6 mm

= < 5 . < o v e s
(&) TUIRLEENSIENTE Carotid Bifurcation (b) VLI iINISTARTIULS
=) \ . .
g‘ihn 2.3 Carotid Bifurcation [4]

JUTl 2.4 uansmanisiaasaIouifisufunanisdnnn dedlanaanadsaiulugiuuuues
Tslwdaauds wohivslidanuienedvailmeadounduzumsiua wasluslidaiiuives
veuilmeuuiusumnluatuiu witvussinats Jufinanasd® Shear Thinning

dmiuranInnITneas tasnavasnsAnudaiias Tianuaulaf Internal Carotid Artery
(gUit 2.3) dwFuvaslvalivioiloy iilorasivalnating Bifurcation :1Miuasifin Flow Separation
fanesio Common Carotid dsaliiininsieuiaruiaasdndiuuiion divider wall (521U Tg)
uanvniimulfsomedidsansznudenisluadniay ndnie Wevadluaiansiadeuiiniely
¥l Internal Carotid Artery azilauisadiigaudnansinlivedvaedouilfiidnunatie uaz
wilunna divider wall (sl @130 non-divider wall (suusn) vadlvaanadeudilddinda
uananiivadlvadlndiu divider wall amaaufiuuumyuniludl non-divider wall u3snguuuy
n5lyauuuiid1 Secondary Flow (Dean Vortex) dedanaliiinidugnlags (Contour) Ui C i
38U BB WAz Skewness fiszu1u A-A" 5UA 2.5 (a) luwniziilaiwy Secondary Flow Tumslvauuy
uauihmaiiloy sU 2.5 (b)
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Newtonian non-Noewtonlan
018 r 0.1% -
athi
& on ‘j 1} 412 ,l“'h*l-‘\
E i }}\ 3 »
= Y
b .00 ,( * 0.0 ’l \
; . ;l } » l\\
o4 68
1 \ ” A
! v
se3} y x 2.0 .
' . ; \
old 0 bam 3
-1 Y I oY) 1 1 Y Y 0.6 \
rfa [] r/a [

(a) Newtonian

(b} non-Newtonian

=t 3 = » v
UM 2.4 Wslidananialu Common Carotid Artery Tnofigauansdayaainnisvaaes uaziduuss
WAAIIBLAD NS0 [4]

’L = =~ . IUfH.
o, & T, (a0 ]
"5 ‘:_. 1:,.
":.l ‘5 i‘
Py f‘. t’
. & §
SN
Al' i .
l'n -'9.@ ho
B | ‘ _—
*a P 1
34
L X}
SN
wi —
lso Ha

(a) Newtonian
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——— - <! Bum. 000! CXP.

{b) non-Newtonian
= - = VI TN
jun 2.5 nsnszaeamuimaluvasaden Internal Carotid ANUINARNE [4]

Gijsen wazame (5] laAnvuisrfudninaresaudiueuivafisuvendondenisnszae
aruiatuvialas 90° Tnefidaulanisinauuulinei deiinisanudsznauludae 2 dau fie ms
visaad wazsidednan lunismnanald Potassium thiocyanate (KSCN) unuvadlnaiimnaifiou uaz
Potassium thiocyanate Hauiu Xantan eam (KSCN-X) wnuvadluavauimaidoy dwsunisin
amusvesaslvaiimawiiou vameldideulanisinauuulsinsadanuda ») %sLﬂuﬁqﬁ‘B’u"ﬁuayj
futaan (3Ui 2.6) @1 Re WaABLIN 300 (diastole Wio Tamazaaneivaaile) Wl 700 (peak
systole w38 Samzdiuimmeniale) eldauuanuddmivesinaimeiisuuda It
Xantham Gum aslulu KSCN Wi KSCN-X dmfunatlnaueniimeniiou wasvnisiamamsas
willaunvvedlwaiimveiou dwsvidbediadldannisammuilavss Carreau-Yasuda

axperimental grid measuring section flow pulse
08 15 “
1110 1L .1” a
S 1 W
i H 45

o W™

H B —
. 60 E 7l
=)
T B>
l} L1 q’; ;8 h — 90 '

. e A 7]
R=2Xmm a =4 mmn

’01: 4l Y4

= ad 9 o X .
gij‘n 2.6 1TaNINRRDIETIMSU Newtonian a2 non-Newtonian (5]
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nan1sanwilimuaulafimsivavssvasivaueuiveitisumelurelds Wewdsuifouna
nMaAaes waznannifiBafiavyssvediuausudmeliiuu wuinfl End of Diastole (gﬂﬁ 2.7) M3
nsz9wamiunintesdadunaunnautdusuiiimaiouvesaisazany KSCN-X (B-B
seuv 45 Wusuly) $ndwavinanuldwewvasaidemitlinnsnssneanuiitdnieslunwdi
Tasiulu (A) wagnaanmslvanfentl (Secondary Flow) Wuwnalwngegauadlusindgaiunsudly
varfasuuen (A g 45 Husily)

A dlunasnianiu

wan
wfauuen

Tustdmmndnuu

nINaN

Laily

i

= < o as a =
E‘L]Vl 2.7 ﬂ']iﬂiﬁ‘\]qﬂﬂﬁqu‘g? 1 end diastole ﬁ']‘lﬁ?U?JBquLﬁauauu’)Wﬂluau (5]

P o = I3 = e ,
o937 Peak Systole Tuguit 2.8 TWslaamuiilidnumsuuunsonas (B-8) wazily

v
s 1

nsutiasuuen (A) faiszuny 45 Wuiuld wazeaainnislvavuvunisnlivandviltuatnadmay

el & o | ‘ A A o H P
NqﬂVl?jﬂ u@ﬂ'inﬂUEJ\‘]WU"J']Ln‘iLﬁUUﬁﬂ?']l“s%')q\wn_lﬂ')EIJN‘LNLua\‘if\]"lﬂﬂumaUL‘UWﬂqquWuquﬂuqﬂ
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mfaFiunen

T ;Js’f k y

d dl ) a s ) =Y =l
SUR 2.8 M3nseaeaIEIl Peak systole dmiuvedlvaveuiimedeu [5]

A = "—‘J L2 ‘4 = = & o ld o \ 2
18RI Begin of Diastole A13UH 2.9 tRainitigudaudunuuliTugeu vinlud
& v a o P a = W A . a a |
A sanlnafuuiiams Wew3eudisuiui End Diastole 8M5%av8e Dean Vortex dina
NN Wagiinadun1snsga1ea1usy gagaaavesaanilunasiinuen (A) saziiinnsana
I = & Y & o 2 v E
v luluuinunsinas wagdauaviade 45 Wudulunisindounwuunguiuvasvedlvan

4 P o Ao |
LAaDUY L%’Jm’ﬂﬁlnﬂzﬂi’kmuu C-shape

adagusn

= < o a o =
JUT 2.9 nsnszaready 71 Begin diastole dwiuvadluaveuiimeldiou (5]
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Chen uway Lu [6] nsfinwimsluavesvadlnaveuiimadioulunvuiaosvasaiionuanass
dwamdid luvaamdan non-planar daughter vessel fauandluguit 2.10 1938 IWlud Rmudiile
wiauns Navier-Stokes auiid lngldaunisainuniinved Carreau-Yasuda Ynqussasives
nsfinwilifednudvinavesauivesveslnaueuiimaiiioy nasinanalds waggUNsaAvi
wasaLdenusndasiuliaumnsyevasmion non-planar daughter vessel fifisianuiAuLdoud

w114 (wall shear stress, WSS) wazn1siva (flow phenomena)

Non - planar daughler

(et \*"’*“m \
} g o, vessel
g o vl .
- )
ST e v |
é lu Ve
&
e e el 2z 17w datune gl e
{1 @
- £ W
g
nhar vessel 3 AN B R T O P gt e
“~_ Blucalan il L S TR VT CERMI S
N n
I*anz =
{a) lfl.llllr‘)-'l‘[ﬂﬂi'lll o)) 3]1!1!60114[lu’4llﬂu X

Non - planar daughter

vessel

onlep
wall
Xy 2ot e vy b e
i

S o . s \
s wall e 2 1 i e e g \

%

WLt s DA e v e

Planar daughter vessel Tk

(o) yumosluwiawny y (el) apn sl

gﬂﬁ 2,10 wuuinansauilivuas non-planar artery [6]

iaFeutitsududlasemandaues non-planar daughter vessel wag planar daughter
vessel WUTIUUILUIUANASUSRAMMENTaviaandoauendewiniigs S = 0.5 arangudily
nsmianmily (ﬁqgﬂ'ﬁ 210 # 4-¢' uay D-D) FaRnanuavesrnTFmsemnen waeniud
suuwlAsas non-planar daughter vessel fivtiia S = 2.5 Wusuly amndadudosonuln
TulumsnifsiutaiosnuaresninulAswas non-planar daughter vessel Gafirnuaonndasiu
Tuslwdnnandnande Wsludanusfuiumadnass daushter vessel Wlumsriissulu e
waemdeniiulfsanudninnslumandeiwuen dfissuivaninasues planar daughter
vessel s nfirnugudiumenisiulussmmuen sndufivingn S = 2.5 mwidaEudlung
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uissuuan (Ki5uil 2.10 9 B-8) arvheidudlassenuhavaunns Ssiimmmenndasfulusing
avIGIgudie iy
dewSsuiisuduiinlanainnnirssninvedvausuiimailvuuasvadivaimadounui
dudlassarmndvesadluataveidioussifaguhauuunsefunfidoasmpumuduuniinily
NABANINAIINYIIYD non-planar daughter vessel d1uvedluauouimeldyuliiifaguisiuy
wsrduniidv) wasduilassrmnbaiigusaaunasfuiesnuavesmnfinssy Shear Thinning

v
RIUuUBN

non-newtonlan

Wy £t =2
= 8 e v
ﬂ'ﬂllﬁ']lﬂJLUU\ilqulU‘ﬂﬁﬂﬂ']u'ﬂrN

i (

0 1

nevtonian

S=05 15 20 25 3.0 4.0 5.0

(a) non-planar raughter vessel

non-newtonian

newtonian

(b) planar daughter vessel
U 2.11 1iuAlassam37 (Velocity Contours) [6]
Ul 2.12 wamanisiFeuiitsulusiidanadudeuiiutasening non-planar daughter
vessel Wag planar daughter vessel vauuuitassnuvila 3 wuudiass loun vaslvathmailou
(1#uUs8) Rescaled-Newtonian (1§uguénany) uarvaslwaveniimaiiloulugves Careau-Yasuda
(Euiiu) wuiussvanasTeasadeausnaasimilndsuuiiumadives daughter vessel
Uhasiilumufudouiindadiannniigadasui 2.12 (@) wasidifesiigaiiusinniin
wondsluguil 2.12 (b) uenndiuussunldsilisuminsvemasaideausnassin viamiaiwly

r

v oA = oy W - = )
284 non-planar daughter vessel AIMULAULADUNHULINATRDYEY 10-15% Hamauny planar
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daughter vessel faluguil 2.12 (o) Faflanuasandasiulusiidanudddlunsniafuen
Tumanssiuduiinfaduuentes non-planar daughter vessel Aranduidoufindidunniy 10-
15% Lilawleufiu planar daughter vessel falugudl 2.12 (a) venanililawFeuifsuivsingaany
iwuileuszrwedvavsuivelsuivveslwaivellounuviveduausuilhmeisuilmaiueu

- Y ' . P P v o ar = P P
IQBUWNUQQJTHn']'l?laﬁlﬁau'lﬂﬂl,uau tLﬂSNﬂ'ﬂﬂaLﬂﬂﬁﬂU‘Uaﬂlﬁa'ﬁaLﬂau’JWﬂLUUU

Non-Newtonian Rescaled- Newtonian Newtonian

N /
/

. 3 o
{3) Awidie 1-1 (o) viindm 2.2

(K| WY xS e \
lf‘ R 60
osf’ WYL L L A

WES

O-‘.,: [ | :,.,.. e e gy F—
% 3 : s 3 % ? ¥ ¢ %
5 3
() fimida 3.3 (d) R 0.0

(i} non-planar daughter vessel



3
L)

N —
% 7 3 3 o il 1N & ¥
b9 5
fe) Phdndn C.C° () s 0.0

U

]
1

(i) planar daughter vessel

2.12 msnszaganurudoulunisnoluvaenidonaie [6)

23
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Chen wag Lu [2] MsAnwnsivia Putsatile vasvadivauauiimaiisulusuuiiassass
1danusNa91 1MUY non-planar daughter branch dauanaluguit 2.13 Tngldsuiauismalniudie
AUA LAZAUNSAMUNIIAYDY Carreau—Yasuda WaRnwdndiwaauiRvosvaslvausudmeifisu

waz§UnsanlaaunInsved non-planar daughter vessel fiflsiaanutAudouing

‘
" ‘lb\ﬁ'ﬂ"' P (0 ghtes

\I
i gt . r el
-2 v
watter wetl
)
feanpirne Gaaghter
T inner avall Vosued
[ARR NN ETEE
- Bitureation
franar
(a1 ysmnalaniny &) ypmedhuiurgny 2
Han-planar Daughlo: 2
Ve g S [ENL ST S 1Y
sl y o " Y
aY ey 20
\\‘ e L
cter k - S 1« kg It F Ueanning el diaslele
S P ]
. 2% 5o
NG, A=t L N
"{u'.‘ 1t sl P A
> ( 1
o5 1 1 N \ '
L 2 1} 02 [{E] LIN {8 1
. " 227 e Wy - plnan fanghter 2o T
e .
Flanar Daughter . e Ca s .
S A AT ann e plonar dechtor v sl {7} Flow Pulse

Vestel

. 7 - B nning i Fanar danelter s el
(=) L:i."HE:»! VUL Y

D= 1 o i Blanae datighte t arei

E‘ o = 1 =y,
E‘UVI 2.13 LUU189$VIaaALaaALENARITHLUUETLNA Wag Flow Pulse [2]

nan1sinumgAnssureswasivausudmadeuly pulse cycle wuinfiwiinga S = 1.5, 2 uay

2.5 984 planar daughter vessel ﬁ‘asﬂﬁ 2.14 (i) Lﬁmﬁﬂﬂ'sqmmﬁqsﬂmv%’um%tﬁmnJﬁ'auu:daqmn
mm'ﬂ,ﬂmqwmmu‘lu'l,ﬂLﬂuanwmvﬁmmmmmuauna'ml,ﬂaemlﬂa'm End of diastole TUg Peak
Systole ﬁuﬁﬂﬂ Beginning of diastole uaﬂmnumﬁumm S=1.5,2 uag 2.5 i Begmmng of
diastole HavnnIFBuAANNA LAREWATATIAMMEIFUR C T,u'i‘th’l 2.14 (i) Aimidn S =
0.5 wag 1.5 Laun'swu,ams'lmamuam‘lwmummimﬂ Dean Vortex bagnuianyugnIsifin Dean
Vortex i Peak Systole fifnvazadnafuft End of diastole



1 919,949

14 0.8 2560

End of dlastole

Peak Systole

Baginning of diastole

C-Shape Dean Vortex

() wAlaTIAmE (i) wunszuaniglwa
P
U 2.14 LEHJLﬂ'ﬂﬁiﬁﬂ‘ﬂmi’lua“’muﬂS“LLE‘IMSLMaLLUUﬂNElmJ‘UEN planar daughter vessel [2]

lefinnsoni non-planar daughter vessel #0731 LﬁNLﬁ1IﬂNﬂ’J’]ML%’JﬁQ§Uﬁ 2.15 (i) il
masnlsinlupsnedan wastaanaulfsed non-planar daughter vessel ivlnislnaidossn
wifsdnululumaaifsiudasindfie s = 20 Guiuld venanilaniudmdlasmimiigy
wisfundiduanmyuynuduuiininasanimenusaasaidan dviuidunszuanisivadegud
2.15 (i) az1Aunsiin Dean Vortex loodredmau waznaannn1uldsves non-planar daughter
vessel ilvisunuunisluaauinnsiu uaznuing beginning of diastole M3tnaiidnvastaliy

= a = o
AT ududnunzINIzI0IN IMau8s non-planar daughter vessel

$=05 1. 2.0 2.5 4.0

End of diastole

Peak Systole

Beginning of diastole

(i) VLA TATIATINS D (i) vdunszwanisiva

= v v 2 v a a
EUVI 2.15 Lﬂ'IJLﬂ"IIﬂSQﬂ'J"IﬁJLi?LLﬁSLﬂUﬂiSLLﬁﬂTﬂVIﬂLLUUﬂﬂEJﬂuﬂJ"U’EN

non-planar daughter vessel [2]



26

Tugudl 2.16 wae 2.17 Wansuiieulusiwdvasemududeuiiuasswing planar daughter
vessel Wag non-planar daughter vessel Wu319 Peak Systole ﬂmm%?ﬁﬁ’lqaﬁqm%aﬁﬂﬁ%u
YDULLAANMUWEAUIMAN wazaradndauiaiuinndtdl Beginning of diastole wag End of
diastole uonaniiauLAuLdaud Beginning of diastole Waz End of diastole didnyuzAaIBiY
FafuSaRosaianizit End of diastole wuiiflsswuainnsues daughter vessel D ERRICENY
wisinluiaauidudoudinidlngiiian (0-D was 4-0) wasildwfosflgainisiuuen (8- uas
2-2) Mnaasidlunssendsues non-planar daughter vessel (3-3) Aot
fleviouas 10-15% (Wariieu i planar daughter vessel (C-C') warnliiunanves non-ptanar
daughter vessel (1-19) pradndouiimisiiunaidadu 10-15% doifisuiy planar daughter
vessel (AA) afiansananaunneialusiddanududsniimiszninvadluaueuiveldouuas

-9 ] =Y @ A 1 3 (7] U = = =
fwauunuivedlvausuivadsuliaminnndl wazaaenuvaslviasanaiivoliio

1r . L
Wi A-A wiia B-B
[} 1]
——- Mun-Newlonian } — Non-Newtonian
I - ---Newtonian - - - -Newlonlan

{7 ——-Rescaled Newlonian —-==Rescaled Newlonian

Peak Systole
S ] )
B3 S
2
| PP S VIR RPN W B S 0 b u " bk . o
0 2 4 6 ] Q 2 4 6 8
§
6 - 18
_&{on-‘i\'c‘wmnmn ’ gﬁon.m'\\mnian
- - Newlonian i ----Newtonian
in, —— Rescated Newtonian g Rescaled Newtonian
4 L 17 f
1
= Sz T e 3 v
2 6 *,
0 S U 1 L 4]
0 2 4 & ] [} 2 4 6 g
s 5
17 L L 7
widn C-C wnne D0

() planar daughter vessel
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WHIRR -1 wiag 2-2
[ f
£,
" Non-Newlanian —— Non-Newlonian
4 -—--Newionlan : ————Newioniap
4 | Ay ——-Rescaled Newtonian 4 |- ——-Rescaled Newtonian
8 2
& =
2 2
0 PR 0 I
L] 2 4 4 - [} 2 4 ] ¥
§ 5
1% ]
A .
it —— Non-Newlonian s —— Non-Newlonian
| ----Newlonian i1 - ---Newlonlan
12 B4~ Rescaled Newlonian g i T Rescaled Newtonlan
) W
: &F -, T T T
y -l ~ l\.a"’
. i coemne
o v , . o o ol DR PR P PR
n 2 4 6 L 0 p! 1 i &
& Ny
I ar £
wuaa 3-3 wiéin 4-4°

(i) non-planar daughter vessel

sU# 2.16 uandlusluiduns wss 7l Peak Systole vavnpaiionayisans (2]

. & :
wihdn A-A , wiia BB
= Node Meutoalay —— Mo Meageatan
- oo Nawlubian - - -~ Nrwtosiag
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4.2 (auluvoun (Boundary Condition)
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Iﬂaﬁ%’ﬁiuﬂﬁ'ﬂm A fin Peak Systole, B @9 Beginning of Diastole Waz C A End of Diastole wazdl
N19BBNUBINABAMABARIVINEN uazuasmdsaatvrsesiwualiauiung (PY wu o pa
wenaniiiumaeadoniiaailitiloa (No-stip condition) wasndands (Rigid Vesset wall) &
uanstuzl 4.4 .



Pg=0 Pa \ / Pg=0Fa

+— g
< =3
- wdangs

N
[ \
= DA

u 0l ot o5 [EL) 1

T8l

= P s
5UN 4.4 Gaulvweuwalumsdnnu

o o ¥ o -
4.3 ﬁllﬂ"ﬁ"ﬂLﬂHﬁﬂlﬂﬂ‘lUﬂqiﬂqu')mﬂq‘ﬂﬁaﬂaﬂLﬂf’)ﬂ

80

“ a = 1=
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TunrsAruannisluaresfentunasnidonianassdnudotondsaunisariuasiiio
(Continuity Equation) Wazean1sluluusiu (Navier-Stokes Equations) lasimualudealuveslua
WUU Non-Newtonian nanfasmmilnanasemdudeuiunnssyniuvuaddvaiiatiu wasuves
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Tuuduluwwuny v -

LA LR L P - I A
a a e a B Ty e @3)
Tususiusuinny z ;
ow ow  Ow ow oP Fw 'w hw (4.4)
U — AVt W=k g | b -
ot oy oy 0z oz oy oz

Tosnmmualvaianuwilanainluaunislusududulunuasniswuudians Carreau-Yasuda

n-13/2
N2} D

w=p, +(u, - p., l+(/1;/ (4.5)

o - G @ o
We v, v,w, AaAFilununiny x anasalutuauny y arusalunnuny z
AINEIRNU
=4 = ﬂ; s L% r 5 1 S »
4, 1o enunilafsnsudausiud Taedawiiu 2.2x107 Pa-s
5 oo = 4 | L e -
4y A8 Aumilandniidomdugud laalidwvindy 22x107 Pa-s
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y  #o ensudou (Shear rate)
n Ao Arasitliiae Tnoildwviatu 0,392
A fa awan wedlanviiniy 0.110 s.
' - v .
Wi AAatisng ) 19ma Gijsen uazamy [4]

4.4 Data Reduction
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903\ BauY (Shear rate)

- d )
y = au; (4.6)
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Tunsvhen visnsdssanasadiseuaunisiduaunns Non-Linear su¥inldonnseanis
Awnlusunsuasyimsuasaunistiduauns Linear PDE vang 9 aumsnoutddemuin 39
Solver ﬂﬁﬁa PARDISO Uudana3iiuuuy Nested Dissection Multithreaded uaﬂmﬂﬁm’]m%’uﬂu
Haduitutunardadentld solver uu Time-Dependent wazauazidunuodlUsunsuvy
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3UW 4.7 Lagrange element
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&3 Mesh

Geomelrk [nlity Selection

5 lavishics

Complela mesh
Element type: | Alt elements

Tetrahedral elements 28105
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Privm efements: 6482
Tiishgulsr demints 4534
Quadrilateral elamentni 12
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Yeden tleminli: 17

Domuiin element statistics

Number of elements: 26677
Minimum tlemenl quality: 0.04332
Averzge element qusliy: ¢.5942
Elemenl volume ratio:  1.212E4
Mesh volume: 3.907E7 m?
Madmum grosth rate:  5.403
Aversge growlh rate: 1.967

a
gﬂ‘n

Gecmelic enlity level: ;Enﬁu_w BN

4.9 Statistics Mesh 999AMUMUNLLLTELUYRY Model B d1usuvaanidonuandasdudni
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. Ysunss
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Tetrahedral | Pyramid | Prism .mm 5
L/ Al
5,092 58 2,630 7,780 380 20.473
B 28,105 90 8,482 36,677 390 94.043
187,081 228 28,604 215913 394 548.003
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%difference = % 100 {(4.9)
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AMUYNABALINNT Model A wildiaailunisuszinanaviaundl Model C
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Peak Systole

End of Diastole

Beginning of Diastole

X Y

X Y

X b

AB

8.1214 6.0606

7.1395 8.0072

3.8584 2.8515

A-C

16.4813 99932

10.1585 10.1590

4.3120 2.3986

8-C

9.0989 4.1863

3.2515 2.3391

04719 0.4640

ﬁmamgﬂﬁ 4.11 WaneRIEINUUUIUNY X UAE v B LML Pulse Cycle sing 9 A
fim 2-2' 999 3 wuusiaes wulnsmEdnunsuuliuadetuiuimingn 1-1' uaanusaiiaing
amnmﬂﬁaamnaq’ﬁmmnmmanwamaamﬁaﬂ%ﬂﬂlﬁ%’wanizwumnmﬂuaLLsJﬂ antuile
A91904771 Beginning of Diastole WuiAN1IE3903 Model B fldtfosnda Model A uag Modet C
fislnalAsaiu Faunndreanandy weiilorSauivuduadidudmuuanaretasundagegn
Fauamlunn3197 4.3 wuin Model B darmauand1aoin Model A uaz Modat ¢ lalundsaghunasi
faausuls FnhuFudon Model B wWuiisafuiiniiga 1-1

SEUENINILULISAT x (mm)

X  Model A

4 Model B

*  Model C

FEOLNWAMULITAT y (mm)

(a) Peak Systole
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WuUIEDa X y X Y X y
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A-C 12.9716 13.4788 12.2744 | 12.6097 2.4953 1.3825
B-C 8.4202 8.3174 3.8750 3.7031 8.8399 8.4180

wonanitunisidenwuudassuvdudesrhilimiiunadiuiumsivismasadon Tny
vinamsiviuasiimnurunuiuresugeniinady wnisudenlhuriiiianuand saun q
pedsmalilusunaliannsodundld uazandeyanisuisuiisuamumuiurosssiing 1
smdadadu funadentd Model 8 anldlunisAuan



viv

89

e/ =
4.7 MIWIBUNBURANITAIANUNERINIUIILAINITTUNTTU
fowSuhnsiwasssansdevamgniesuesslovisideiildmemaisuiioy
v o - . o o o
fayammuiaitdninmsdnnnlunuideifuess Gijsen uasamy [4] Faviil Rep = 270 Tnelunns
o =] L 1 @ 24 = v =l =
Awmsuaanmhdafiiumis z = 12 mm annvnadivemaandon Asguit 4.12 (b) uasdl t =
A s hond = A o or
.38 s 94RTINUAINIY Beginning of Diastole Andu Rep = 155 uazifiefdananssnues Rep 131

= e = & My g a v < - e o o u
i]WI’lm‘iWﬁﬂmﬂ’;"lﬂJL‘i'ﬂ‘iwu’JEJ uU']HIﬂEJ —— 9 v A AULTY LAy v A ﬂ?ﬁﬂLi?Qéﬁﬂ iy

nix
]
‘ max

o [T P [ & o a o e o < ] =
'iﬁilgiﬂm'iﬂu:!ﬂ Heules — LIS » AR 3L LAY o AD TALYDINADALADM W'U'J’lﬂ']']l“:%']lﬂaﬂ'ﬂaﬁ“a
o

a < 4 ' af - a1 = <
nsANNUYaNIEAN 0.4447 druanuiiadovns Gijsen wazaniz (4] a1 0.6586 Badivwasifuany
1w 1] o o A o v I3
waneeiuoEn 32.47 % wagnsannuluaideiiiuees Gijsen uazane [4] lduuudans Carreau-
- v oW - o a4 a
Yasuda widlouniu duansluguin 4.12 @) dslunilisudon Model B 1niuoudisy

1.2~ :
ﬂ,"‘ e %, ®  EAATSANAIN
./‘ 0.8 ®e .
o
Py ; \ ~— Gijsen uBsARS (4]

’," 0.6 \‘
!q‘ o4 \

f
Y 0.2
/ 12 mm
0
- 0.5 0 0.5 1
_ r/a
= =l s oo - Y N ) = =4
(a) WssumBuNUNEYeY Gijsen wavAme (4] (b) vanmRRTYINAsIUSIULMEU

P Ll =f & or e . d v =5 o
FUN 4.12 WSBUMgURaNITAUINNUNLISETBY Gijsen wazamy [4] iiudnuumasniansudd Y
Unii



50

wonniluvueadendu ihmsuwisudiouramsAmnniunuideves Shuib wavane
[10] §avi#l Rep = 155 THuuusiaes Lamina and Turbulence Model TnglumsAunnisidennii
0 z = 12 mm Yavinmad1vemasadon #agufi 4.12 (1) wasdl t = 0.38 s Tanssfudanas
Beginning of Diastole Antllu Rep = 155 Tuuusiaes Cameau-Yasuda wuiiaauisnaduvena
MsaMnnYeLiilan 0.4447 druainninadeves Shuib wazame [10] fld1 0.6107 Seililadidy
mmansinafuagil 27.18 % waznswilaruuandsiuiasnnnsdunalunuddoiifueedlva
non-Newtonian @auauidsuas Shuib uazame [10] Wuveslua Newtonian ﬁ‘]‘qLLam'lugﬂﬁ 4.13
Feluiiisndon Model B 13suiiioy

*  pamakmeaN

—— Shuib whsAns (10}

0
r/a

<{ = = [J o =) . = .Y ot
JUN 4.13 WSguiigunansauaunuuisEues Shuib wazaue [10] dinuumasadenguds Y
Unii

vanews : o nvasadenienansingUi s iu 509 Tsunsuliannsavssnanalfiesmn
Andymifianuandeauenusivasadandiv1ses Teinsuiumnuandemusiuudiinig
Ussunana mnﬁ'juﬁmﬂtymﬁlfq’aulwamm Favtin1siAsudndl Relative Tolerance 1y 0.05
lUsunsudavinmsdssinanald



UNi 5
NAN1IAUIN wazanUstena

dwiuanitvillduanssansAnnneenu 2 gunuu dauusnldun aununisiuwadelszney
Tusae tdunszuanislva (Streamline) famaanidonuas ivtdnsadoniunasnidon Lnines
AL (Velocity Vector) Tustidannud (velocity Profile) uaviduidlassmunafivddngasii
Alvanaidanuaziimindasiageain fuaeaidon (Velocity Contour) druitaasldudanududon
%;a%uamwa’[,ugﬂtmuﬁumncaiwﬁ'umugﬂuuu‘léfuri Avmidudaudinds (Wall Shear Stress, W5S) #a
vasAdonihading 4 msdudeu (Shear Stress) Anthdasag 7 wazns W WSS Iaeuaniuanis
ﬁ’lmmﬁnaﬂamqﬂ AB End of Diastole (t = 0 s) Peak Systole (t = 0.16 5) waxz Beginning of
-~ Diastole (t = 0.38) dmfunvuiraomannidesivunlflunisduulilduuuiiassavun 7
wuuia el wunlunasaidentnd 2 wuusiaas LasnasnldenRURLTEFUNITAY 50 % 80 5

wuudIane fviugun 5.1 uaasiowlagsuuesuni 5



92

0 = vaomdeaundm Y, T
LUUIIa I NanLann

WUNED9913

A a l
Vanflaonnuy

m auuniilva J

Wunssuamsiva

— (Streamline) Waz

LAETATING
{Velocity Vector
Plot)

N

AMMLAULEEY

J

Mvaondanuay
WhdRdaRmIn
fMuvasaden

Shear Strass Cross

Section

WSS Different

Views

[, Tslvdarmia
{Velocity Profile)

wuirnlasenuss

{Velocity Contour)

R VT |
winiadARIATIYe
vasAldoalasnIen

fidlannfiunasmidon

K
] 19517 WSS ﬁ"maam
(dan
4 N
L, fiy A-A
e >,
r ™
[, A1 B-B
N w
r ]
» A CC
.

’l A DD

S

< & =
5UN 5.1 iemlaesiwesunil 5



93

5.1 waamﬁamwnﬂaedmgﬂﬁq Y Un@
5.1.1 durunisiva

auuniluaaunsonanddussasiBoalavarsgusuvluiiitsuansiaidunszua nislva

P 4 o vooow A ovow = ~
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