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Keyword: Tri-leaflet mechanical heart valve/Leaflet shape/Fully open angle

The objective of this study was to study the influence of leaflet shape and the
fully open of angle of tri-leaflet mechanical heart valve on velocity and shear stress
of blood flow. Two-dimensional models are used to compare of the effect of blood
flow patterns through mechanical heart valves. When the velocity and shear stress of
blood flow increase, resulting in high fluctuation of blood flow increase, the blood
flow fluctuates high, causing blood damage, and the blood clot around mechanical
heart valve. Three leaflet shapes: flat tri-leaflet, upcurve tri-leaflet and downcurve tri-
leaflet were modeled at different level of open angle: 85 degree, 87 degree, and 90
degree. All nine models were modeled and solved using Computational Fluid
Dynamics. As the results of the study, when the fully open angle increases, the blood
velocity decrease, and the quantity and recirculation area on blood flow also
decrease. The maximum shear stress decreases when the fully open angle increase.
Finally, under the influence of leaflet shape, the upcurve mechanical heart valve
generates the highest maximum shear stress compared with the flat and downcurve

tri-leaflet mechanical heart valve.
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cycle) azUsznoume F9mztenanad (diastolic phase) Tz a0uda (systolic phase)

95U 2.3 wag SUT 2.4

Y Y

a w

1) damzdusa (systolic phase)
Jemegduialoniea (Atrial systole) iosialavutawms suisnuainn1sduda
U = -] yqy a a = Y 1% LY v CY 1
ANuAudenyliauelnoon Julidenluaainesiilavuluiesiilaans

L = L% a s . QI L% a

Famgduduniaans (Ventricular systole) Suanszeznamvadlolaligunin
(Isovolumetric contraction) 1un1sinseuaunseudennglusiesialaans weshlaans
srisusulunmstuimidntes anudungluiesiiladaiingaduun dwaliduiilaweite
iepuAuANsLEaniY deunvziluszesiidentzguindideislusnnmeuassudenly
wanflem (Ventricular ejection) lAAIINN1STUFY89%09RIA819 LSeAUINTBBslaans
FAUNINNIWTIFUNNVRBARERAINAITAUATINTINAILURADEN

2) JzAaneAa (diastolic phase)

JamzAa1eflIunIAas (Ventricular diastole) nasanviewidlaansiinisdum
JUgALEILLAANITIT uAaNeA T end1 seezaatedalelelagiunsn (Isovolumetric
relaxation) Anusungluresnlaatasuanasdmal auiilanevuala wagSuiinsmsey
deningriaiilauy (ventricular filling) weeanantunisyhauazdunsiug

) & 1 Y ' v = a = o o

gnsudlunsiauvesiilasie 1 seu agldnailawmdy 0.9 W Tudeiznisyineu
veshlauauan aldszezsiansisudon (Ventricular filling) i1 0.5 3wl szezlaan
nasivasleleliguunin (Isovolumetric contraction) 0.05 3unil szuzIataudnlaon
(Ventricular ejection) 0.3 Tu1 ssammaﬁﬂai%hqwm%ﬂ (Isovolumetric relaxation)
0.08 3u1¥ (J Rodney Levick, 2010) lulsagtienisivalioulfonuesssuuagdunuslnenis
1 1 % & 1 % o %4 = & Y o I3 a YV 1
deiuusaiudensariu inlvssuulvaiswdenauysalladndulisenisnivauusidduusas

AN FL
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Rapid Slow Rapid  Slow
| ajection filling filling

Valocll, aotic  Ventrcle blood volume
oot (oms) ¢
(o]
|

o]
|

>
é

e 4
Phono- g A
cardiogram
ECG
o 1s
i wrn sl sovvin merid Boess bow sten Lokl ionlon cnswed Qs cdai ads cadonse Tua i, B Fomnubel

JUN 2.3 psmuasamsiudeuudasenuiuienvewiosiilaiieuiunaluszuuieseunis

euvesiala (Cardiac cycle) U Rodney Levick, 2010, p.12)



duiilassidudiunanlunismunuussiuaigly windumlafamiuunnsesse

nihnazdanasienisaivauwsssiudendeioigluiiinie uazanusaiadymanizunsndeou
vaamlaguluniena

Ventricular
systole,
isovolumetric phasae

Ventricular dhastole,

rapid filling

Ventricular

diastole, \ systola,
isovolumetric " ’ ion -
phase 1 \ S atrial refill

JUN 2.4 namn1svinauvevisaidlanazauilalueseunisinauvesiila
(J Rodney Levick, 2010, p.19)

d‘ 1 U o LY
199N 2.1 ﬁE‘U‘U’N‘Nﬂ’J%ﬂ']i‘VI'N’]u‘UENWﬂ."D

9293911220157NUYesAala | szeziaan (und) awed AuASWSINAL
STYUBLASUULRDA 0.5 \Un Un
szevvndivadlolaluguunin 0.05 Un Un
Jrevguiniten 0.3 Un U
szgaangdilelaliguein 0.08 Un Un
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2.4 Tsepdwinlawazdgyminuluguae
duvlaffmiuunnies dwaliideninnsivadeundugriesilaludomensaae

) 1 ] U

Y] % A ! v . .
AILAZFEYLANITAIUANNITAILLTIAULADATENINAIMILUUAT (Kim, Choi, Kweon, Yang and

LTAe a

= v

Kim, 2020) §Uaelsaausialaagiinsvituvesialanindu fUisunsigenataludedin
1199971NT2UVUNITYNUVR I leaNIaT FzanunTanUseantdy 2 dnwuzde aurmlah
(Regurgitation) kazdusiiladu (Stenosis) drulngydnnuungalufuiaieasinuaslsnau
] fa [ a Aaa YY) ¥ EZN Qy Ly & gj
Wlaeeesinluanvnnisidedinduduiuvesiuisdumlanilan suuslulssmelng
(8535504 Awian, nuaning ananuiadin, waziiuauig Jednd, 2563) FeaUnnanAl
Anunfvasaumlaludiaelsaduiilaannsaduunlsalioandu 4 nau Aadl
1) I5AaulaNN1SAaLAN LA

a (3 a

2) spawilagunin Wisduangtieldsundnd inannnisiiaie vilseuusianiy

piiauiuiinUng dwalluszezerufianmisvihaeilodeduiila siliauiilash WUealala

3) Isﬂguﬁaiaﬂmﬂﬂaﬂaﬂﬂmaﬁauamwmmmq Annnisidenaninuesausiile
psaen farwBanguiosas uazilluiufiugumeneliandsi silviauwinladadaldadn
snwulugiheeny 40 Fyuly

4) lspaualasnianannsinge et uainiadenieuen wu dnssuideainnis
T Fudnensauiu vinlilsednd odnssuaidenldine dawaliidoanunsimiziuazyians

duusznavvesauilale lsaduiiladssani anansaillenmaindulanugdennde

2.5 Famsinwgdaelsaauiala
Tutagtunisshwilseduilaaiuisashw lanainnaleIsnuseAuAUTULIIves

(Y &

g1nsTuegiumMTItadevesunndnviinissnw TaeiimsduunwumslunissnwgUaelsa

Y
¥

auila lensialud
1) M3shwiniee wndldenlunisveevasniion Ioa11150AIUANBHIINI T
vasilvvegUieniiennsguandenaiauniannanuiaunfvesiuilamion Yielviiala
MuaEAINIU Mssnwmegtaunsasnwauilanienisdemelisuwse
2) n1sgonusnauiala (Valve repair) aunsagonusuauialanidonaninlunis
gangu vise ¥1a neliawiilalionsivuwas sy wadanisgeunsuazminduniderigasn
& A Y ] A o - v o =t 1% 1Y) o v
wagniilatdolmiiumaunudiuniiesnly welvawiiladilassasranduuviauld

a aga sy a ° ) & Y o & | a0 v 2
RPGIRE 'JﬁV]EJ']ﬂLLaSLLWV]UV\@Q@JQ?WN%WUW@JIUﬂWi?ﬂUW %Qﬂ']ﬁ']Ls‘ﬂ‘ﬂgaﬂwa@m@%ﬂﬁlﬂiiﬂﬁu
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v dl Y ! U dl Q’j LY dl Y [ U QI
wlanlasunisidauasuauiilalussezend WewngUlglidessuussnmueaais iy
\Hon

3) mIndinlUdeuawilaiien (Valve replacement) wnngdmiugthelsaduinla
Aldanansashwlanigidmsidndeunsy da1nislsadurialanyulsssiuiduilainiig
= & [ ¥ aa o Y ad 1w = 2w I Y
doanmunn wingdanudnludediddumeinsidafsuiuilafisuununauiila

MFenann wialigUielsaduiilaanansamsetindelaluszezen

26 Ussanvashuidlaidiey
Tuthgtuauiladondugunsaimamaumegndnlunstiemiedtislsduiila
Fafudrunisluduroulunmawisunsiidadeud uarue Torgidouanimanslda
fihelseduiilansidenunindeulssnnauwinlafedlifimumnsauuasdasadely
nstdaulunsamsaindely uwuseanmudnuagla 2 viin Ao
26.1 duiiladisuuszanlang (Mechanical heart valves)

Fusauste . 1953 Auilafieuwuugnuoaiildgnanduiudioldlunisnns
rrsaLUAsuauilalag Hufnagel (Dasi, Simon, Sucosky, and Yoganathan, 2009) Fadu
sutilavszuanlans vdausnveslandanunsosdaddesuatosfoulddnse dedndu
sunuuluniseenuuuasrstuiiladion Jagtulddnianuiuarldoumenisumgluud v
TR saunauilafisuiesisseiies aunsetsd a.a 1969 Aumilaifsunuuluiy
Aenldgnassdulasidsudnuuriula-Tnnngnuealuluiu warlud a.a 1978 141
Msanawnladisanluiuisnduasdduiu Tne St Jude Medical (Dasi et al,, 2009)
Tuthgtuduwilafsusuuluiugduiuiladoaussannlangdldsuanudeulunsedo
Wasusnndian eehslsfiony dukilaifienvssnnlanzdugunsaimenisunndussandang
wflnnaudausmumy engmislinuemuu uwilasunfudiiamevesyudarainagiiile
sofuAuaniasulustne dgpudmngiheduwilaildfumalasuiuiilafonwoy
Tave Ao deslafunameaundennaontiniieannisindamandengasiluszuulnaiou
Fon Aulafeuussavlanzasmngdmiuitheiivasogsini 65 U fldidevinalunis
Sudseyueaansauden

262 aunladieuussinmiladle (Biological heart valves)

Auinlausenniiladaaziin1seanwuuLlawoauimlalialauas uiloi gy

(%
[y

Auauilakuuuni menisesnwuulraumlalidanuaue 3 Tuniu lnednuyauznisiuavas

dencuauIlaisuwuuLaldoazinnisinadwnssluniateanisivanssnalsiiuaumla



12

IS A

¥ A a Qy LY dy d" 1 -dll Qy a a v Y
Ioatiouass a‘IJ‘WJSL"\]U‘JgLﬂVILUEJLEJEJN?‘]'J'HJ‘EJWI/?E‘J‘U wasulminsuUalanudamgveaiila

Warganunldlunisudaduiiaifedumlafion aunsavnanidegoanddldiausziny

A ¥ £y

d' -y Y} & & A o ¢ A Yo a
U LUU aumiﬁmyj Lg WNVVﬂ"ﬂ'ﬁ'ﬂ NI NWQWﬂLu@LH@W’JiQT@Q@JHUS WlﬂiU‘Uqﬂﬂquiﬁnﬂ

9

2381 Wesnidustsizisunuuiiaigonaziin1svinauadieadsduausilanuuunfiuin

Y a 1w

fan UreEsaasuaulafsnUsznnitoladelifnalinisSuuseniuendatedutaen

9 Y

D.

' 14 v 14
L a8

Toideiiintureduiiladisndsuanidoessinadenaninnisldnuss fUefivhnig
HadadsugUnsalduiladisuUssianiiogeasliongnisldaiusnig 5-10 U Jamung
dmiuUigaengilidesnisivenaaiefudonioantadeide s uqn1endsnnn uas
AUrenlaifeen1sTuN AR UG

2.7  wgdAnssunsivavesdenniuauialaiion

anwaznsinaiiaunfvesdenfelayinuresauinlafisy fdmaliisauiden

(2
Y

gasuauila fedeslasunisiulsemugiamedutenageraiios ymnuluinain
sUsuuadluivauiladion nmssilvavesdoanuduiilaiien Jwhliananusilunis
lyavesdon AuAwey karn1sianseiaiunglubon Nuand1eiu lngasiiansan

wgAnssunshravesdear uauiIlalIsn M AuRUsAuLeLE AN

a' = = & vl o =
ANTNN 2.2 G]']ﬁ']ﬁL‘IJTEJ‘UL‘V]EJ‘UF’TJ"I&ILWﬁJ']%ﬁﬂJSLUﬂ']iLaBﬂISUau‘VT'ﬂQL‘VlEJlI

Ausnlaigy

Y A
VBN

BIGE

AunlaisuUssinnlany

Wause Asvy 9gnsldeu
g1 agdmI Ul Uag

43907851n91 65 U

A11750L NG ULR e AFTY
HUsedaslasueaasdy

HannaanaILN1T iU

dulaguUsenndialta

Lifndgymauidenaniuly
sy wazdUaglaidndudes
Sugnaateduiaen Wi

dmsugthegeeny

91gn15ldunn douann
lannglu 5-10 U

271 Aunilaisawuugnuea (Ball and caged valve)

31n3UN 2.5 wanangAnssunisivavesdensuduiilafisuwuugnuen
Tugenisivaludamidensglvnariiugnueaduduseuinauyhliguuuumsivaveuien

duduiladienguiiazgnuennisivalasgnueansenay Inefiszauanusigegavedonst
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FEMINEALIgNUeai Ui wazdundanusidendanuastinnseuanisivadeundu

YoddenarnunUIIumitgnuea anvadimunseuaiuvesdenunluusnununitvesiuy

gnuea
Ball-and-cage enphery leakage jets
valve N\ i — ; Skt ot
—/ 7T < ¢ AN
K Reverse flow
| g
| ecirculation region 74
S R — —
—
S  orer T
JUN 2.5 sUkuunisivaveadeanuaumlaliisuwuugnuea (Dasi et al., 2009)
2.7.2  aumladisnwuuluwuten (Tilting disc valve)

1N3UT 2.6 wanangAnssunisivaveudenriiuiuilafienwuuluiuies
Tutasnislvatnevii Besazgruenidumsnisivavesden ugsosmasiuguuuuluiuion
mnuslunisivaveadendnuidummaniagsuazisuuuunisivaveadeniinine diu
Tumssesariienanusilunisinavendentesndt SaduifuiinavhlnAanszuaiuaun
Tngusnamihluiuinanaruuanasanuiuegiiuiiniluiuiini Sntan1slinda
voslutuld strut lun1smuaumadalndswndutonisinavendenisvinlvignirfaiiud

N15L1aYD9LHeA LALAUAY

Tilting-disk la
valve @ ——
High-velocity forward jet -—
@ / - Periphery leakage jets
e T .
Slow forward jé ecirculation .
Y f
@ Vortex Revers/e low

JUN 2.6 sUkuunsivaveadeanuaumlaisuwuuluiuies (Dasi et al., 2009)
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2.7.3  aumilaisuwuuluiug (Bi-leaflet valve)

1n3UN 2.7 uananginssunisinaveudenruduilafisunuuluiug

Y

Tugenisivaludnamd @envzgnueniduniinisivavesdenduaiuneiuguwuuluiug
Usgnouse dondilvariudosnisinansanarsiuluiug wagdnassmis idonaglvaniy
sewinsluiuiuviag anasudengeanaznuisumistesnsinanarssznindlusiu @
psrlustufilaldnine shliidnwazvoadeniiluasinuresszuisluiuiuvmhaiinsauas e
Fosiamiiluiutios JuAnnszuamuveadontios uiaziinmNILANANIYEIANTITIETs
agriannluiy luitugasivoanisinafiiivdudmutymiinnuienisilvadeundues

LADANUTDIINNTLIAINTLUNY

ariph: t
Bileaflet 73\ Paripimy I
valve L2 > S as—
| - e —
Three
@ w - J forward jets .
—_< K —_— .
@D = 5
Vortex Reverse flow
P — ,__\ .-—r" ——
Unsleady) _— b-datum leakage jet
forward jet
2\ | L. e i
Hinge and periphery leakage jets

JUN 2.7 gduuunsinavesdensudumlaiiganuuluiiug (Dasi et al,, 2009)

28 {aseiifinaneniseenuuuauiinlaiiion
Wqﬁﬂﬁmaqﬂ’ﬁluamaalﬁamhuﬁyu%%Lﬁazuum'azﬂﬁzLﬂmﬁ?uﬁa"ﬂwmzlmmmﬁu
senludsdinalnenseonisifnauden andgminudaiteselunisesnuuy feluil vie
annsiinauLEen
1) anUsunanisivadeunduveaden nmsladoundureadenamisainiuriuly
wuluthsluiuigdn Tneunivsainnsmsinaandudeusunsiluanuauilafiouse 1

TIN5 UATA USUNai Ut uagAuUsEL NI U latiey Yu1e Awiuavasluny way

Y
v
6 a v

aunsaiadugenuvuInldur uaugnatavesduilafisy Tnenaluudiaziinluwuuna

Y

1NNILUULHDLED
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2) aneududauvesnisinaluden arudutiuvesnisinaluidesvinlifinde
mansivaveadeniitudoudutadvddylunsauanuduideow wazannsaadsdnuue
YansvuauULdondiaunsaveneduiioduiuilumsmunudindeniidemeriilnian
Temagslunsiindudenandiu

3) lneUSunaenurudougiluidon sduanumudeuneludeniiluddunsy
AoladLindanuwAs feg1Yy Advidadenuaduan (Hemolysis) SIIN1SNTERUNNT
vauvenndniden (Platelet activation) finnufuidouiniu 10 Pa

4) syuvunsivaveadon Tugdwuunislavesdennnuidondutladedifglu
muﬁmé’ﬂwngﬂLmum'ﬂwamauﬁaﬂﬁLmﬂﬁhaﬁ’uaaﬂlﬁmamﬂ stagnation flow %13® flow
separation fhemuuAnATUsEUIIAIsEFuAmIsluden ihlugindudongasiuly

SEUUMSIANEUYD AN

2.9  wamansvaslualdeAuan

Tudgmimeedlvaddmnssusneg nsfnwnginssunsinatuanansadnwls
Tae (1) nsTasent WlunsAnwdagminisiaideudelifanududeuldfeisnsud
aunsnsivalaeily Gsagldnalaaeiigndasmamdnnguinisiva (2) msadagaveass
Huisndmnuauatanniigaaansoesnuuuiaymidudeu uesiunasduianaculs daas
Iesutoyafitinnuansis widididedidalunmsasiagnnismaassuistymaglianunsaudly
Hapmigndtedls uag (3) msadranuudiass lWunsldreuiame funtiemuinuityminig
Tnadairnssudheisideuiiay BWenaviildannnisaduuudiaesazifunisyseanaen
W omnalRasvaImnay fae3sn1sasndlasesawmdensedulawmunisinauaz A
aunsmuaunsiva daduaunsifienududeu sinaziinanunainaind suseninenis
fna adsdeddrmudlalusadoudnauiiodenisnsuidymivenyay dofves
N13a319uUUIIARY An @1N1snantedinluni1sasneyaneass aunsnanauyulunisasng
wuudaes wavaninsauidymmneesafifiaududen uwinsasawuusiaedesiinny
dalaluddunszurunistunewiolildnanasvesineu fulu wamansaadlnalds

o = 3 v Y Q‘I
ﬂ?U'JiUSJ"UUG]E]Uﬂi%‘U’]UﬂWiﬂigll’ilumaLLﬂG’IW]']ﬂJLLNUNQWQEU‘VI 2.8
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n1sUszuaananay

Pre-processing

nsUszuang

processing

N13UsTuIanaY

Post-processing

AmuaTuuinisiua laeniesuu
¥ 8. . T
foua ieldlunisdrvuasadagg
Wrulusunsy

e afnlusauuudrasanisiua
o afwlasedrauunienianas

#£2UN12ATUIN AZATUINUNTTINA
duaunisaruaunisiua launasld
38 anTneduluntsudasaunasld
Wugduvufisada d03%nas
numerical vnldaursadszuan

UAPIHALARLISIATIAOL LTU UARY
wnwmefanuilunislug aewing
AMuAY WuArAReudeyaluusias
429 viouasenasesnasifou

Fuviteeing

Arusrausieannisludiuiae WIAHALIRALYOIAIREY

AIAY

JUN 2.8 Tumaunisuszinanadmsuisnamansveslraidadiuin (Computational Fluid

Dynamics: CFD method)

29.1 aumsmuqumﬂwa (Governing equation of fluid flow)
1) aun1seysnguia (Continuity equation)
aunseuintinavieaunsauseoslusUuuuinluausaesuiens
Inauvudafala (Compressible flow) wag vosluawuusnsalile (Incompressible flow)

[

Tneauideduvedlvauuudadilala avanunsadeugUaunisle dadl

d 0 d d
i+ (pu) d (pv) % (pw) 0

(2.1)
ot dx dy dz
2) aun1seusnulaaudy (Momentum equations)
TuudIluLLILAY X (X-momentum):
; 2 2 2
d(pu) 0(puu) + a( puv) + a( puw) =_(3_p+ [{? U + 0-u + a u] (22)
ot dx ady dz dx ox2  oyr gz

Tutudalunualnu y (Y-momentum):

d(pv) o(puv) + d(pw) + a( pvw) :_r)_p+ a2y + 02y + a2y (23)
ai ox ay 0z ay ox2  oay? 972
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TaluAa UL Z (Z-momentum):

(2.4)

dpw) O puw a( pyw a( pww) ap dw  9%w 9w
(pw) dpuw) | dpvw)  I(p =__1+[ v 0%

_ + +
ot dx dy 9z dz ax?  ay?  az?

Wo  p Ao ALY ( ke/ m3)
A 3
u A9 ALLTINNULAU X ( M/ 5)
& <
v A9 AULTINNULNY Y (m/s)
A [
w A9 ANULTINULNY z (m/s)

Ao duUsednsmunila (kg/m-s)

Ao AUl ( N/ m?)

29.2 wuusraesanuldutaudmsumsinaveaden

dyvnisinanvuiudauivarsguuuy fualiAnanudutululammi
Anwiumnanstuludnvarnisiinnssuau anusslunishranuuulaw wioausans
Inafidudnin dedwmadonugndedumsninaaasvesdmevaregiinndenldvinues
wuudiassruiulou FriunuuiiasswesnnututiuransUssnnite A umranza

fudonldnislwaiiinszilulaw desznauluse

1) wuusraesmshranuuulou k- e
wuuaesaudutin k- e Wuwuuhaoandowiufignldlunsiesey
Asluanuuduau Qﬂiﬁﬁumu%’aaﬂwfﬁﬁmwLLaﬂé’maLaaammﬁmauﬁsam%a WAy
¥uenslwavududeiavsenveuniddlaild Seldnavesnisimawuunseuaiunaznislnadia
A1 pressure gradient ﬁqqléﬂ,ﬁﬁﬁ’ﬂ nslvanvutlutau k- e Fedadldnisudaunisninn
waraavaudulau (Turbulent kinetic enersy; &) wagAdnsN1snszatsAudulau

(Turbulent dissipation rate; &) UsznaumIgaun1RLl

aun1swasnuIaumudulu:

2020 + d(pk”;') = ? ﬂ+£ —dk +G, +G,—pe—-Y +S§
ot ox, ox, o) ox, k™ =b Mk (2.5)
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LALALUNITONTINISHYNAANUNAINUIAL:

9Cpe) + o) :i (w“i]ﬁ +C i(G +C,G )‘C 8—2+S
31 o, axj[ v dxj.i| e 7T S 3 2T T (2.6)
o G, Ao mnsunsvesmdsusatanututu
G, Ao nMsadrmdsnuradanuiuthuiiesnnnsases
y Ao naveIN1IVLIBFIVEINTTAY

o, o Turbulent Prandtl number (k)

o, fAa Turbulent Prandtl number (g)

S5, Ao NatkuaanLile (ke)

e aArnunilavesnistudiu (Turbulent Viscosity; u, ) Ainuluaunisf 2.4 uag 2.5

ANU150ANUIULANAMUFUNUSVDI AN &, & bOAIFUNIST 2.6

k2

" g

#,=pC (2.7)

A15197 2.3 FkUSANAIRIUUANNITWUUI1aDINT bakuud Ut k- e

fauus
Cle C2s C?(' C.u k £

AR 1.44 1.92 0-1.0 0.09 1.0 13

2) wuudraesmsivauuuiutou k-
AUNNTAIVANTBIUUUTIADIANNT UL k- o 1uLvudiae 1
USuuganmsmumnuuntviefitudefn Fsaunsavhunengdnssunisivavuduiefaléd
Amkugiannsaesueldvisluguresanmendsnuaataatiu k (Tubulent kinetic
energy) aun1sil 2.13 wag aun1seRIINITHENAaNd9uaY o (Specific dissipation
rate) @57 2.14

aun1snassuaatuesautiuliu k (Turbulent kinetic energy)

ox,

! J

a(pky  O(pku) g ok
il —|p,—— |+ G-V, +5, (2.8)
dt ox, ()xj
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AUNNTINTINITNTUENEANINS1UIAY @ (Specific dissipation rate)

7] 0 7] a
ﬂ+—(pwu.)=—;¢ 22Vl 6 —v +5 (2.9)
(}1 0xl i ()xj o (]xj w (23 w

[

A9 BRIINITUENAAENAIUIAY (specific dissipation rate)

b

- v L3

[}

=l 1 1 v} '3 y 1
G A AINTITENTVDINAINUIaUNSUUUIU
G A AIDNITINISHYNFRNYNEINUIAL
Y A9 NN5NTELAMAIUIaUANNTUUIU k
Y A9 N13NTZAUAMBINUIAUANUTUUIUY @
Ao WALULNEIN LA &

A9 WAULNAIN AN @

Tngfuwusudagimennusngluauniseuay 2.8 way 2.9 aunsarmwiadlansaunissialuil

—_du,
G,=- ,r)u;u}. c)x: (2.10)
N3t
G,=pS5* (2.11)
de s Ao modulus of the mean rate-of-strain tensor
G,=a7G, (2.12)

31

a_ [a,+ Ret/ Rw
a=— (2.13)
a’ 1+ Ret/Rw
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PMNAFUUTEEND o @5 uInlaan 35 low-Reynolds-number correction flagang
214

a’+Re/R
of =t | % (2.14)
= 14Re/R,

*

19 AAINIVDIRAIUST R, AU 6 wazAwls a,

fifuiriu 0.072 uag Re, Auaala

2N
k
Re =2 (2.15)
L pw
B
af=— (2.16)
0 3
Y =pp'f ko (2.17)
il oy wildanideulusewing X, <0uay X >0
1 X, <0
f =1 1+680y7 (2.18)
P
o | |
1+ 400y
198 @1UITOATUIUIN X, a0
1 0k dw
f=— (2.19)

w3 dx. Ox.
i

e ArenvessakUs ¢ Uanvianu 1.5 aawds R, fidwindu 8 wagduds p7_fAuviiu
0.09

pr=pi[1+eF(M,)] (2.20)



4
g (4/15+(Re[/Rﬂ) ]

e l+(Ret/Rﬁ,)4
Y =ppf o?
® y

= %
bl f[j mlANaNns

1+ 70x
(02

fpmra
B 1+ 80x

logfl x  uag Q, Wudmnusdusiudvodiasiuainaunis 2.28

Q.08 .
il ki
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(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

e F(M,)fe aunisnisdudndeUsingegluaunis 2.20 way 226 Feamnsnldds

Compressibility Correction Tun1sauinas AvuaReuly feaunisi 2.27

0 M <M
! 10

2_ M2
M MIO M >M

(2.27)

(2.28)



M3NN 2.4 agummsnusngluaunisvednuudtassanududiu standard k- o
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WJLL‘U? a; T | % ﬁ; B, Ry | R, | R, g |\ My |lop e,
AR 1 052 | 1/9 | 0.09 | 0.072 8 6 295 115 1025120 | 20

3) wuuTaeenishrawuutuUau SST k- @ (Shear Stress Transport; SST

k— @)

WUUT1899n15awuut UUU SST k— o U ULUUTIa09n15 I Na LU

FUUIUTITIUTATLNING WUUINBBINSIMaLUUTUUIU £ — ¢ LAZLUUINEDINIST AU

YUty k- o lyazau150yuIengAnssusesnINgudaiatazauuontuldaialas lag

wuvnaesrnutulIul aunsnesunelasaaunisealull

aunisnassuaatuesautiulau k (Turbulent kinetic energy)

at ax.  dx.
i j

o( pk I pku ? Yok .
b, Leke) |:[,u+ ’]—]+Gk—rk+8k

o, axj

AUNNTINTINITNITULNFAIINSNIUIAY @ (Specific dissipation rate)

a( pw) a d B dm
+ - (pwu’) v, #+ — +GUJ7 YU)+D(H+S“7
ax .

dat ox. G, ) 0x,
i J
e G, Ao wdwwaatauudiuan Mean velocity gradients
= = y 1
K, Ao AUBdaueInIsUuUIU
Y, Ao N15nTTeANNTUUILLLBRIN k
" Ao NNsNsEAeANNUUUIULDIIN @
o, f@ Turbulent Prandtl numbers U84 &
c, fa Turbulent Prandtl numbers 199 @
Ky Ao WAULVAIN WA &

0y A9 NAULNAIN AN @

(2.29)

(2.30)
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p="— (2.31)

\l S Ao The strain rate magnitude Wag

1

o= (2.32)
Flo, + ( 1- F.J/rfhz
‘ (2.33)
o = .
v Fl/(yar,l+(l_Fl)/6m,2
dlo a* w9n The blending function o F ouay F, mlaan
F =tanh( ¢?) (2.34)

d’|=min|:max[ ﬁ )’ i 2:| (2.35)
o y

0.090y ~ py2w Dty

.27 @®

g rer 10] (2.36)

F=tanh( ¢2) (2.37)

vk 500 ] (2.38)

) =max|:2 ,
2 0.09wy py2w

de Ao SrurTuTaRenbU

DY A9 positive portion of the cross-diffusion term

Yk=pﬁco2 (2.39)



ﬁi:Flﬁi,l_'_( I_Fl)ﬁi,Z

198 Production of k:

E?k=min( G, 10pp " ka))

ilay Production of w:

am:Fla l+(1—Fl)(Z
W

B K2

a_  =——=
p e

] Uw’] ﬁeo

Bia K2

a ==

0, i

24

(2.40)

(2.41)

(2.42)

(2.45)

(2.46)

(2.47)

(2.48)

M13199 2.5 agumasiunngluaunisveswuuinassautudiy SST standard k- @

AU o, | o

%)

Uw,?

a,

ﬂi,]

ﬂi,’z

Amsil | 1.176 2.0

1.0

1.168

0.31

0.075

0.0828
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2.10 35n15UTuU5elATITIUNLUUNATAS (Dynamic mesh update

methods)

Tunsadrsuuudiassnisinanadamand iWefarsannisivadidawalilawy
annsndsuulasguswedlamununasuidonnannsUsnzveswedlva 1y n1g
ideuiiuuudady nMvyu maadouiiuuuidudunazmu Wusdu lvlawuiiinges
anunsaAsusunsanunaidsuly Soililasssugndadieuluvlvinisduan
AanadouvioRanasldidesangunimuesiaseiaum amsaliismsusuudasasaun
wuuwadmslumsusulslasssuvvedlasndiffinisfinguannaadeulmuedlanm 39
Usenousme 3 35LaLn Smoothing Methods, Dynamic layering Wag Remeshing methods

2.10.1 Smoothing methods

35713 Smoothing method 1HuAslunsUfuUgalasssumlngvaslaiuud
wndeulm Tngagivualilunaigluannsandeudiliudsiuuluadnaddmausegaii
Ay d115U33 Diffusion-based smoothing a8uten1siAdauivadlasastesun (Mesh motion)

HUANNNTAIUANNTSWNS (Diffusion equation) lansaunisi 2.51

V- (yVi) =0 (2.49)
o 7] A Mesh displacement velocity
¥ A The diffusion coefficient

nileATuUYB Boundary distance @unsamiAl y 3N@UASA 2.52

- (2.50)
4 PT

do  d 79 normalized boundary distance
a A9 Diffusion parameter

X =%  +AAL (2.51)

new
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2.10.2 Dynamic layering

7815 Dynamic layering 1UW35n5UsUU3e1AT9319um68N 158N U5 DRETY

1 v o [

wadegfnfuiuveulalauNIsAdaUT 1AgN13AIUANAINGIYRLYAdTUNOY AU

Y

v
A a

NuRlaluWARaUN 970 Heigh-based option laglsuannuusiwaaiioas st uwaalml (A
sUN 2.9) Taeriwualv £ way Tuvesnuguead WuA1AI a113aAIuIumIALge
vauwad (h) IneTigaa lUTuRINILVLIURIIUNTENIAINFWBUYAFUINNT1TNT1EIUN

Auuald feaunisi 2.54

Moving —/

boundary

1%
=

JUN 2.9 veulmlUstugadiuRIdmMIUTS Dynamic layering
hmin >( 1+ ().’S) h ideal (252)

e h Ao minimum cell height of cell layer

h..a 8 theideal cell height

a fia the layer split factor (fviuadueiasit gy a,=0.4)

2.10.3 Remeshing methods
35115 Remeshing methods Jwisnsdnn1siutgmauinvesveutnly
N15n5999 (boundary displacement) fvuaunniudlewisuiuruinves local cell ile
szuznnsadeuiivedawudvuiauinnitvuiavensas vlmeadudsuwladly (Junaldd

¥

wadidonann Jagu Tilugunss viseansaviudeudu vilildanusagiingemeulslu
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dfunainisduadaly (next time step) asnaunmusawadluseuinlanas tile
Tumsmuauwadnisedouiilunisuddymidldds local cell remeshing method AauA
youaiivdeuil Tnen1siuuauuin Minimum length scale wag Maximum length scale
o mmm’;ﬁuaqL%aéﬁmqw%ﬁ’m'j'} A1 Minimum length scale kag Maximum length
scale fifmumagihnsainslasastsunls (Remeshing) uaglwadiianumazgneAIUALAIY
1 (Skewness) vidomnulaiauansveseadliliiiud Maximum cell skewness fifvunly
Tnotlmnsinanuuassdid A Maximum cell skewness azgnimualiliiiu 0.7 Weay
QN‘U@NL%aéLﬁuﬂ’j”}ﬁlﬁ’mum"\]zﬁ’lmiﬁ%’]\ﬂ;ﬂiﬁiwLL‘Vﬂ,‘Mli (Remeshing)
2.10.4 A5%noeAdaTe (Six degree of freedom (6DOF) Solver Theory)
Ingaziinsindoudilédesiinmsmuniimnanazisunguuuunsiedeulnm
yeeing MsindeufivesingUszneuse msiadeuiiuuuidady nMaadeufiuuumnyy 113
\deuiiuuudaduuasvau Seimgavannsnndeuiliiudosdiusnssvhanmeuen Tnelu
sdatlaznamnfninadeuilunumu Seilusud Junaveusaiinssvhae inguilaling

mulusougavsiu Inemsintieuideyuuasing @ , Annnldainaunisi 2.55

Bp=L7 (2 My, x 18, (2.53)
hi @ Ao the rigid body angular velocity vector

A_ZB A® moment vector of the body

L fi inertia tensor

S %
1ne? MB mlaanaunis 2.56

—_—

M,=RM . (2.54)

o R Weuleguszuummandg ey

C,C, S, s,
SiSaCou—CiSy 5SS, €€, S,C, (2.57)

CaSaCut S5y €455, 550 €4
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o ddleuluguialy € =cos(y) uay S, =sin(y) uaz ¢ fie fudsyuluuwiunu
X,  fo fuwdsyulunuaunu Y uay i Ao Mwdsyuluwuiunu Z lneanudndeuazgnld

TunisAnadudsnisuiudlasesauniuunainsiieuSuugsiumiainisiniounvesing

211 uAdeiieadas
Aulafsuldgninluldlunis@neluguuvudassnislvanisadamansuas
Anseinindemeveademinuduilaisuuuluiuglnefowamnzaniuiodn (vun
et al. 2014) Auirladienuuuluitualdgniseiiuanudemevenden Tnsfideulvves
vnduiladwiudniiduihuguinaraiiy 23 Safues dmiu o1y 18 Tl warUdu
vndwilalimzausudmiudn Wauiladesluiuguunaduinugusnaaiiy 14
fadwns dmsueny 5 9 uay 9 daduns dmsuey 6 Weutuly auddu 1935Tasemdn
wuuluadesiuil (The lattice-Boltzman) Tun1sduianissiassnisinauuudutiudmesn
fluadgs Tnsfimsaeuifisunatuisundeuntiilud: Fumlafeufenluiugasgnineey
Tushumiatetoesin (Aortic) amguil 2.10 n1sUszifiumnumudsmeveindaiden
(Platelet damace) wuuazay #2835 Blood damage index (BDI) n13rwumsi owlunis
yeaesUsznoudag 8ns1n1siva wasumalavaduivauwialadieuuutluiug Tnsdneds
PNRTINTSIvaveudendmiviveny 18 ‘?Jﬁﬁulﬂé’agﬂﬁ 2. 11uazUSuiasuieuluveuiun

1o LY

dwsudeeny 5 U uay 6 W Awm1sei 2.5 nisinavesdenruauilaiienluiugdms

Y
12

divgjuansbiiuiinuaudfnisivaveadonibilussifouuinislvavesdentuiuiile

1o Y <

Jiealuiugdmsuidnifedesiuanududouvudonastu lneanudemevesndaden

Y

wiludeiingsninfoglug) indmdenilisumdemesdisnnlunssuadonvesioifingn
wusnnlugsduivhennluiuauilafivraiasaasaduniendlomagalussutlvaliou
Fonldas Gamssenuuvauilafeluiugdmiuifindafestinsesnuuuliiinrmuansis
fuduhladeluiugdmiuilvgiieantaymmaias dwsvnadedldnsuiaislums

UszlluwazIms1einudsnievanandaniiinainAauLAudauULL e le
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(@) "
f

-——-—‘\

Leaflets

“SIM valve
(b) o ()

R Leaflets

lﬂl a gj o 1 o Agj U = v ! o 1 Iﬂy lﬂl
SUN 2.10 nsAasaiumianisAwinvesauiilafisuluiug (a) uendiuvesiunainug
WuUT1a8 (1) dunuanewidla Left ventrilcular (2) sunisiansduiilaiiey

Tutitug (3) fiuids Aortic sinus (4) siuvtsvaeniian Aortic (b) AMYEIBLERAS

auwiladiealudiluiuilegean (o) yuuean1maudes (Yun et al, 2014)

auhladigyluiugivainvangUseianuaziiniseaniuusunse NMstuganu uazyslain
vosluwuauiilaisuiunng19iu nsANEI9ILI T8989 Akutsu and Haguchi (2001) 16
nsAnwauialadiesluiug 4 wuu lawn duilaiesluiug St Jude medical (SIM)

valve,

Flowrate (Lmin)

8888853 o

Time (ms) Time {ma)

JUN 2.11 a) Msimuagnsinisiva b) nisiedeulmvadduiv 1 seunisheauvesiile

(Yun et al., 2014)
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v Y

A15197 2.6 Weulvvauwmnisiravadsncudauiilavisuluiuad msudvieds 5 U wag

6 W (Yun et al., 2014)
Age Valve | Systolic | Heart Cardiac Peak flow | Peak Re
size (%) rate output rate number
(mm) (bpm) (L/min) (L/min)
18+ years 214 40 70 5 25 5780
5 years 14 40 90 2.5 125 4418
6 months 9 50 120 1.25 4.8 272

(%

Carbomedics (CM) valve tag Jyros (JR) #daay ﬁqgﬂﬁ 2.12 Tnvaumilaivuluiiuans

Y

4 wuu A3duuumndwesyudaluiuasge suvisavau kazsusuuluiunuaneneiy

[
v

fatl

SIM valve axfiqanyuvadluiudiogseyisuniswesdnldsi dusanuiainig
wu warflyuUaluivgsgauingu 85 e Wuluiuguuuiiey

ATS valve fldnuazasieadaiu SIM valve sagyuidaluiugagaintiu 85 aam us
myuIzegivumianarnauny WiluituguuuEe

CM valve Hanwagn153199nnyuvesluiumilouiu ATS valve diud1arayuila
gaanvadluiuwindu 78 s Wuluiuguuuisey

JR fidnwaziuans1ganawilaisuniaulseinnnountindae iWuaumlaieu

TuiuauuulAwaganasaiviyanUaluivasansiniu 80 8

(1) (2) 3) (4)

v

sUil 212 Awhladiealuiugildlunismaass (1)t Jude medical (SIM) valve (2)ATS

valve (3)Carbomedics (CM) valve (4)Jyros (JR) (Akutsu & Haguchi, 2001)
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= Qy 3 I o R o = = a s a ! !
Felunseenwuvawidlaieuuuuluiuguuazesnuuulagmiladansfiwesinaniuiney
il lnganunsausuuginsesnuuulalaen1sinsgiilseuiisunsiinduidengafuunas

< A =) au SMwyo 2 o L [ K7 1
anmezladenuaudenelalasnuifeilsvinmmeassduinladienluiugns 4 wuu /i
LA3 89 Laser Doppler anemometry L 8lUN15M5193UNTINAUO LA DALAZES 1IUNURT
anuslunisluaiierinisieseidseuiisugduuunisivaresden (Velocity profiles)
a a ' o % R - a Y
L auAAIHANTENUNLANA 1AL nRaflauansiudianisinavesdennunnsaiulay
Wisuieuaumladion ATS way CM valve TuituguUnasanlatosluseninaianislvaly
v v < A 1 [ 1 Y A a [ 5]
1anin arasudentudesnistuadiudeinisivatidiewiouiu SIM valve wag JR wazd
druanusndeniudesnisivasenindluiviviswnuiinniiveanisinansinaisdnties
wnanusdeafiuananiuszritesnisinailiinanududougaivinalaisluiv
@ SIM valve Ausilunisivarugeanisivanansiimgeninfledisvduiiladieului
AnaludesassnwsULuunisivaveienseninetesnisivalaanivinliinAiainuiau
Wauvudentaeiian uay JR mednvagduiilaiisuluivauuulasngeaniliminyes
mslvanunsananandduiliAneasigauddanssnysuuuutesnisinalanmeyudn
luugean 80 aem vilvidadnuaueulaliawnniileiieuiu SIM valve Nilyaulnlusiv
g9an 85 99A1 MNKAITeUIAUANIAIATIZINS Iavasdeniuauilafisuwuuluiug
laganusaugafiuananiuvesduiilameusnesniuuiieluniswawikasySudld
anwazvadluiuiiefsdnenmuesauilamedlvdvy tngliguuuunisivavesidentiiutes
szinnsiansiiioanaududsuliiintuluidontdesngadadududsd A vinlia
Hoainmnudemeuaziinaudenansule

NSEARURgUAUI WU AW ATl Ee NN TSI IUYUIY0 8 UI1A
Wisuildudagylunisadauuilnavesdeaniuluiu deazdeiinisinsivesduiiladisy
Tmunzauiiaiingusuunisivaveudenlanfign Jsnsinseiiuioudiisunt shndeau

Wlawiesluivg o yuesmnuanaeiu Inen1sAnw1a1uideves Hong & Kim (2011) e

[
o I a [

Fraesauiladisnluiugiuy SIM valve wnuil o siuniadueeasin (Aortic) lavinis

nageuwioandu 3 n3dl Aeduinlafieuiiedluiiugfadsiumiumunaueessfinviyy

Y

Tunsiasaindiu 0 8eAn, 15 839A1, 30 B3A1 AR WBUU Aortic sinus AegUR 2.13
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(a) Case ] (b) Case2 (c) Case3

[
v a o

U 2.13 yulunisiinssauiladenluiug (2) nsdli 10 aaen (b) nsdlil 2 15 o ()
3637 3 30 96N (Hong & Kim, 2011)
MnuanIsnadeUN Ui n3dififinisfiadamesanisansauiilafiesdsuuasludmalsy
Anruuanensvasnszkauuudon 13U 2.14 Iihnsinnnududauvasduiugits
2 Tustu Tunnnsdl Tiuarnansaudamvesluiui 1 uay Tuiudl 2 fdwvindu 1413 rad/s
frvhiudesanluiuiasdugnmidusuminisivavesdesiiaunnms nsdd 2 wuin
Tuiulud 1 wagluiuludl 2 fannandudenviiiy 133 wag 241.2 rad/s mudiy wazlu
nsaudl 3 wunudnlusivlud 1 uaslusiuludl 2 fdmensudayusindu 104.7 uas 256.1
rad/s sudy MrannIsudisunuindefadduiilafisuiiyuesmandadeuiy
Aortic sinus ey fussssainduasnuasLANANTEINAIE LT 2 Iuﬁ'ugﬂﬂﬁu
Glunsdifl 2 uag 3 duagyililuiuludl 2 indeufilauesTaiinailudl 1 malindavesly
wiuilindeufudsualiAnnssuamunazanundondigimdslui Ssausaiinszsilai
nsfadauuulunsdiil 2 uay 3 asfinanizaznsdemeeadadenldunndiingdd 1 g

Annn1sivesiwdduiilaiisunldaunnsvesluivgahlignisliaunasening

Y

(%
a LY

wsINSEYvaLdaanuszuIsluRusasdlutazidunalvluiuaulafeuinaiudnmuse

Talwiniu
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300 Casel |
Sl i
Y 200 T 200
B 10 - Case3 1 120 [ A
%loo- == Case 3 (Leaflet 2) e L% ;‘.
: s0 b 030803160324 ;
2 o AL e
ol LY 4
100k -100
'150- -1404 | 1 1 1
200 L L N p 0308 0316, 0324, y
0 0.05 0.1 0.15 02 025 03 035
t's

JUT 2.14 Anunsudeayuvestuivluwsaznsdinisfinega (Hong & Kim, 2011)

arundevnevesduirlafisuannsaiied uldssnineanisindsluduieildsunis
sirdaLdsuduialadion Ineiaandsunwdesannnisnd oulmvasluiuarunsavili
muaumsadaveduiuldliiuideaninsainanaudensaduiigeusuvdesumisy
WU 9733 $8999 Shahriari, Maleki, Hassan and Kadem (2012) 1& @ nw13 1A 82 unis
UssidunavesnuduidouaranuudonlnoIouiisuauiladeuluiug nedlui
anunsaedoulmlduuuund tu dumladiesluiuaildannsovhanuadoulmluiulsd
wuuUnd Ale3sn1sdnaemadineans lagldaunisniuad @unis Navier-Strokes wag
Turbulence closure equations #2875 Smoothed particle hydrodynamics “ch\i%a‘lgmﬂ
yamaununusioil ssweslamunisiva Wunisdaesuvvasdid nsivuaiouly
youmazldmnilunsivauvulsinsiisional fguil 2.15 Mnuaanamuuiuyeuden

WA 1056 kg/m3 wazAmuuilnedaaawinnu 0.0035 Pa.s AUaIAU
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o
o

£ 08 Valve Leaflets
£ 09 Left Ventricle — Aorta
§ (inlet) > 0.027 (m) 0.036 (m) (Outet)
—
$ 02 y

od I—o W

0 02 04 08 08 x

Time (s)
- 0.027 (m) -_— 0.063 (m) -

JUT 2.15 a) Aduenusudeamsu i bllawuildlunisneaes (Shahriari, Maleki, Hassan

& Kadem, 2012)

Wsuifiey nadif 1 duiladieuluitugldluitudaund waensdd 2 luiuldouiaung 1
Tuituagelsdndnluiulsianansadald 99ngUfl 2.16 uay 2.17 wananuis nszuanuy
uay AuudeuULAeA NUTNSN 1 AsuanssreInEIdensEinstoenisian
i nsdlt 2 Snvislunsali 2 wunspuanuawelrgFwmdodsluiudainaniiufinisane
wnluitufivinanisivaiden uarsuuuvreadenilisuiFouiliiAnmufuuuienss
1nnInsdin 1 dswaliiAnnisnszdureimsdemeveaden Inglsiussuifisugiuuuns

o s

[ A a & o cs' ! A -] ~
agﬁllﬂ']’]NLQULQ@umLﬂ@ﬂ]UUu@Hﬂqﬂ WQEUW 2.18 NUINNIUN 2 uuauw’ﬂ‘r\]LWUMSLUW‘U@V]

ReaUnAdUsEanSAmlunsiineuEeessaenadinIntunseyn 1 Naumitaiisulunuae
Y Y

e

Tuanmzuna
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gm

NaEdO® N&O’bag

OOt bkt

Tralling stream of
the leaflet

Vortex shedding

o

cozzRRERsssv O

Shear layers

JUN 2.16 yUnvunsivavesdemsuluiuduialamenluaniizunan (0.1 Jurdl) 97
ASdengega (0.3 Funfl) Yuvzasfivesrusden (auu1nreanIusa

(b)NSELEIUTDLFDA (O)ANPNULAUDBUULLEBA (Shahriari et al,, 2012)
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7
-

SN KN,

COQaanNNOW

Lower lateral
b orifice

Large
recirculation region

2 T . £

Shear layers

3

Ui 2.17 jUsuunisinavesdoariuluivauiiladiouanngldauiaundn (0.1 3wl
g9ausdengedn (0.3 Fuidl) Yrevzasdivesnuiiien (auu1nues

AULSY (D)NTELEIUVDNADN (C)APNULAULERUULLADA (Shahriari et al., 2012)
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a b
T | [ T e
Pas 0 02 04 06 08 1 12 14 16 173 Pas 0 04 08 12 16 2 24 28 31

Trailing stream region Large recirculation region

JUN 2.18 sUuuuNsazauvasmAuReuiiaduueunia @luiuduiladsuly

annzund (b)lunvawmladeuanizldaurnung (Shahriari et al., 2012)

Grigioni, Daniele, D’Avenio and Barbaro (2001) 1ﬁwmaaﬂ§uﬁ”ﬂﬂLﬁﬂiﬂuﬁwﬂm
ﬁﬂmﬁwéwamaqmmiﬁﬂuﬁuéuﬁﬂﬁ]LﬁemLLUU’IUWU@J' IngLlspuszwingluiuiFeu St. Jude
HP fulustulda Sorinbicarbon (SB) fa3Uf 2.19 adeuineusndeniilnaruauile
Lﬁaﬂuﬁugjchum%q Laser Doppler anemomentry (LDA) tazlUIouiisuaianutauidou
vuidon lunismeaeuniumeadia LDA aunsatnanuidudeufiszeznie 7 14 21 waz 28
fiofumns muddu fuadosnmuos S8 luiuguuulds fmnuduiusvssenduthugedu
agraiulddanunislnatensinans vsdiusasenindduiusaraanuAanishna
thuhutfeniilesnnnszuanislnaveadengnuatsseouunlAsedluiudefisudy Stiude

HP wuuluwuiseu Tunmenauniy StJude HP naularaansasanutuiudaninanutuliun
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UINAUSEIINGLUNULAZIIUNINAIIEILAUITDINTS IBNUASINA1 VeI AU laie U U

aosdlusitug faguil 2.20 uag 2.21

jijﬂﬁl 2.19 St. Jude HP wag Sorinbicarbon (SB) (Grigioni, Daniele, D’Avenio & Barbaro,

T T

500 = -

400 = 7]

300 |~ 7]

e — PN ]

100 |- yar
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JUN 2.20 Aranudududiugeanfisuniaszegniaindunisauiladionsindu 7 14
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21 uaz28 fadmns vesaunladivy St. Jude HP (Grigioni et al., 2001)
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-1D/2 0 -ID/2

JUN 2.21 Aanuaududiugs

q
v

AATIAILNUITEEENI9NAILAUIA U L RBuINAY 7 14

21 uaz28 Uaaluns vosauialawivu Sorinbicarbon (SB) (Grigioni et al., 2001)

m5i 2.7 Aaansutudiuasanluidagiunisanaunlaieuluiug (Grigioni et al,,

2001)

STEZNINANALNUIAUID LD

Wiay (Haguns)

ArAnuiutulIugedn,
Sorinbicarbon (SB)

Aanuduiiutougege,
St.Jude HP (N/m2)

(N/m2)
7 2519 162
14 151.2 179.5
21 551.1 198.7
28 293.7 206.7
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a v & Y ) S o a IV, ] Y
NA5T 2.7 laliuunumvesadlasluiuvesdwilaiesluiualaglulive sy
Tudhugegaiinfuganduuuluiuisey udileiansanainmurdsiifiaduidmuinluiu

a v oA y | a X ° | A o ) ) P Y a 2
WUULSIUNUAMULA LR ULUUTUUIWAATY 2 fwnuds WiatfsuiukuulunulAswdindu
USUMWULIraInIsanataiesdiuie?

9U378909 Bluestein, Rambod and Gharib (1999) lad1asenistuac1uauala

ad o a

desnuuluiugieisiasaudsadnmanimavedlvaiiieUssifiunisiianseuaiuveanaln
ansafisfoudenidulud (Embol) n1siinduidengaduiiurilaitenismuatiudunaun
PNNInsEiuvenanden (Platelet activation) Inefnsduiafiuiyfanuazguuuunisiva
vosdonruauiladeuiildldtanianin lnenuidedldlflueaauduiuwuy Wilcox
k-omega 4 wwnunzd1nsunisivauuuluriowaz e Reynolds-number 61037 10,000
\Wisuiiieufuis Disital particle image velocimetry (DPIV) @9vinisinainusuaznszua
vendonuduialafionluiugauin 27 feduns luuuusasagunss aortic root
Usgnause sinus of valsava Lilensaaaeunmigniesvedlusunsulammuanuauifves
DA MLAIUAUILUULYINAU 1.056 g/ cm? A1ANUALAVINNU 3.5 CP WarAUALANaIng
WU 0.0035 cm?/ s 918036 1ulUTNTY Ansys fluent Ingldauni1sniunu Navier-strokes
1N3UR 2.22 Wisuifisunaszninamaia DPIV uay wani3iiaeanisadnmmans wuin

ANWULNTERAIUVULADALANATNALASIN Y DIhIITINANITAIUI LT IAIAVIST AN WY

'
[

Tnssasnguuureddeniindnuazninemnil wiln1sdnsiveenssuadenwazaiusiiond
TnalAssiu
Bokeria, Bokeria, Karamatov, Kevorkova and Soboleva (2008) lavinnisveaeuau
Wlaeuwuuauluiulagldvedn TRICARDICS Tnedlysntaluiivgagawiiiu 88 asm wuin
dnwaizn1sinavedioaruawlusulanvuzadeaasiuauiilaase Jaguieunldniun
~ v o = a ¢ v DX & av vo Y a
nbndley laglainisfinwiesmensiusndeyadUiens 9 aunlasunisiidaasy
duiilalunsanielussuziian 3 849 6 weou asulaiinisesanulidiianisunsndau
= Y a L o a v & t N v 2w =
WWesnnisnadatUdsuduialaiien nsldaudessnulunisiudsuldauduiiladen
TRICARDICS wuvanluiuiuiiuszansanlunisldeu
Gregoric et al. (2004) lavihnsnaaevaumlaiisuainluiulnen1sAnnaunui o
smuvisdumlalunsaludnineassnglusseziian 1 U ladduinlafisunvuanaluiuuas
auiladisuwuuluivgumageu Iaeldiandu pyolytic cabon WUIINISARAUER ARGl

wuiiedu wagldlianuuandslundunaaes annsAinulilssliunavesduriladisuwuy
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a =

v S VYvo a P Y ) ~ a = & Ao A a
aulunutulasfunistaaulsegrslannsenasiuse@ansaw Fadumadanifdiaifieu

fuauiladeuuuuluitug

Li, Chen, Lo and Lu (2011) 1@ A nw1sA 81 udnwuen1sinavedean tagnns
Wisuieuaumlaiiesluivguazawilaieuuuvanaluiu dagui 2.23 lag3Bn1snaaes
sgldansravarenlauandfnd1eidonaonwd N 1siuinNan18nIMANNaR LB AN Y
sUkuuNTsivaveudennuAIeINA@au Mock circulatory loop system A1NHANSNAGDY
wuaunilaviedluiuguasduidlafisuauluivisluuunisivave sdeniiuansiniu
Insduilafieuluiugazuusgesnisivaseniluaiudiu nariudesnisivanans 1 dw
waz senindluiuiunaedn 2 diu drvduiladisnuuvadluivasinisivanmssgeanis
Tanans wasfiidenlnarudessswiluiuivmaindesdadidnvasnislvavesionndie
uauiIlaase Aegun 2.24

Y = P 9 Y ' A g v = =

awihlameuladinmaimungduuuludnyaeene welvinisivavendeaiivunzay
uwagldneliifndaymsenitafuiendeandunisings Felgyminiinluvesduiilaiey fe

= 1 v 14 v = = vl v ! Qi/ v )
nsinavesdeniiudnyurlassaiievasluiuiion Jdaiinsiaugussveduiilaiion
= ¥ o ¥ dl U dl A

sudslduuudaeddunisaing weldlunisesnuuuuiulsadiegsuuuunisivaveuden a1n
MmAelatim s glsuvaunlafsuasluiviasdnvaelasaiveduinlafisuwuy
awluiuedneivauiilaeeesin waglidnwaesduuunmsivavesfenndenisiu uay
° o = & oA A o a s = = 1%
muualinislvavesdenduiuuliaeidenian wedmisdiwesnldlunmaSeuiiiguunly

Usglemilunisaunniseaniuvaumilaiiuauluivluguiuuse
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Velocity Vector Field
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JUT 2.22 ununml3euiisunan s udonseningds DPIV uwasn1sinaavnendnmans
(105 ms 528¥N19310 0.05 04 1.2 wudsums a1ndaralunwy) (Bluestein,
Rambod & Gharib, 1999)
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sUN 2.23 Tweaduiladisawuuluiuguagauilaieuiuuanaluiunldlunsmeass (L,

Chen, Lo & Lu, 2011)

TRi-phase B

SJM-phase D
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3.1 unih

Tuunilasuanadsdniunside swnanistunou Tunisiannduuuuiaziuimily
N15338 N13eenuuulamuNITNAaes Msuvdnsulawy n1snTvdeuwIsuLiisuNa N3
ATIFUAMAINYBLINY FauluveuivalaynsAuIa wazn1snsavaeuloulun1sAuIn
Fenssiaawnagendiiineuiiaed itelunsinvmniivesvessuuuuluiviuiila

~ a v & o = A ] 2
L‘Vl‘c’JllLLﬁglqlllLU@%QE‘I@I?JENIUWU@UWUFLQLWUNWNN@ﬂi%WU@@ﬂWﬁIW@%@QLa@@

3.2 NSWAIIAULUULAZLUININTUNITITY

nMswaeenuuUAWTla et wwinsannisinaveadonlutidlaumnis
Inasuduiiladioy Ima%ﬁwmiaaﬂLLUU?:uﬁ’J%LﬁEJﬂugiJLLUUﬁuaﬂuﬁﬂuﬁimaﬂé’ﬂwaﬁ
WoRnwinsaAangAnssumsiadeulnvesluiiulardnuvazsunuunsivavouden nase
deailalussduszneunanlunisuansnginssunisivavesdenvzddnvuziduves
nyenszvenansalidenlunaruld lnonsdnueuisedisuan 1) Arvidumladien
wuulustug (Bileaflet) TnemsasrslawiudiassnslvanuundamansilowSouifiounanis
$1a03f U3 Tov04 Bluestein uagany Tull 2000 way Shahriar wagang lul 2012 Wie
thiteulvveunisdwanldfnuseluguuuuaniia (2) AnsaiTeuiisuguuuuanuli
Tulnwudiaosnisivavesdensiuduirlafissuvanloiulusuuuuaudd etha
Tésfidamaronisinadifigaundnyisiolu (3) Anvidieudsuiuilafesanluiu susuy
Tuituiseu THenne wagldsain uaziSsuiisuguilingeanvedduiu Tuguuuumaiedeudly
eANG LG

321 nnwawilafieuuaznsaddawntuialaiios

aumladiendugunsaimenaiilivdnnislunisiadoufivesluiudmuny

vyulagnisdsiuussiudenlaonsagluiviliiAanisiedeufiveduivludnuasdauas
Tnsen FeazUsznaude tswnuuarluiumuinaunns mMisenuuuzUuuuiiaesauiale

Wendssnnanudluivagldizniseenuuulaenisusulseandusuuauilaiieuuuuluiug

Y
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a a v o ° aa o Y =
NU QE‘UV] 3.1 IﬂﬂLﬁﬂJmu’iﬁﬂﬂqﬁﬁiqﬂLLUUC\na@\ﬂHEULL'UUa']ﬂJQJWGU@Q@]ULLU‘UaUW'JEL‘{]L'V]EJlILL'UU

Tutug fagui 3.2 Aunvesdiuysenevaumlaiisuwuuluiuguansfansnn 3.1

U

JUT 3.1 sunuuduilaiieuwuuluiug

Y

W WU \

Annmmnie |

— $ e —— . { _— '

IF e

']
\
\
vy oper poence |
) =y |

JUN 3.2 wuudnaesanuiiivesduilaiieuiuuluiiug

Y

A15197 3.1 VUIRYRIEILUSENUTUAINAUI LB UL UL T URUA

U

S80S W9 (HaaLUn3)

uRuAUgNang 27

ANMUNRUNVBI MU 0.2
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3.2.2  msasdadauldarusanfnls

1) NM15a519laUNITNAaaRialglun1snTI9E@UNTS I UL NAKIS

f]zgmi?fl%’wmaauLﬂuimmumilwaeumLﬁammu?g}uuﬁ'ﬂﬁ]LﬁstLUUIUWU@
I@LiJ‘LJﬂ’]i‘V]ﬂa’eNGUSQﬂ’e)’e]ﬂLLUU‘ﬁl‘uLﬁ@ﬁ%’mﬁluﬁﬂ’]ﬂﬂaﬂﬂﬁLﬁ@(’ﬂ(ﬂEJﬂ']iE]’e)ﬂLLUUI@LiJU‘-DS
Usznoudae fe Tnwuvasnidentile wazauwalod guuuuluiuguuuandia ludusduusn
szSuinwnmslnawuvaesiituazvualiluiudsldiinsedoud Tnensadidawusians
ﬂ'ﬁluasuauﬁamhuayuﬁ’ﬂ,aLﬁauLLUU‘LUﬂ’U@' lneoyad199MNUITY Y04 Shahriari Lay
Ay Tawuusznoudeluivauiladioud suse fureswinlaandouasilaasnidon 1o

wasmiielilunsimunveuunlududely wansddaunisasinisivavesdon Aegun
33

Aortic Sinus
b A s
Valve Leaflets
Left Ventricle —~ o002 (m) B ) Aorta
(Inlet) [ (Outlet)
¥
Li i g\1
'r‘ 0.027 (m) + 0.063 (m) .1|

P 2 ' & o ~ ) ' aa aw
E'U‘V] 3.3 IWL&IUﬂ']{L‘ViﬁqJE]\TLa@ﬂN']‘Nﬁu‘Vi'ﬂ"’ULWEJlILL‘U‘UI‘UW‘U@jLLU‘U?IENNWQ']ﬂQ']u’J"UEJsU@Q
Shahriari et al. (2012)

JUN 3.4 Inwunisivavesdenduauilaiisunuuluiudguuuassdifnlddnwm



ar

Mntuareenuuureasiamunsinavesdenduauilufsuwuuluiuguuy
avslisiaguil 3.4 TvinduTausideves Shahriar wagane wieltlunsiisudiivuna
vosmuiFudondilvarnlusi

2) Msfwunfouluveuiadmiunisnsaaousa
FBmstvuaiouluveulwn (Boundary conditions) wsun1ssiasinis
Ivaveaden dnsfmunveualidimnuaenadestudoulvvudonlilndlfssnuaiann
flan Wemnugndesvaanadnsmmnou lunisimuaieulvveuivavulawuinisiivue
YouLARsgUR 3.5 uavuanaswazidoalulawudmssi 3.2 Yeyadiedannnnuideves
Shahriari wagane Inedin1sivuaruaudfvesdon IWlAIAINNMUIKILY ( p) WU 1056

keg/m? wag ANMNUNNANATRS () WndU 3.5% 1073 Pa.s AN9UAAINMLSINI9UIE 1084

=

donluwuuliaafisional wWasuulasnuansaus 0 G 0.83 3unil Aagud 3.6

JUN 3.5 lawunisivavesidenartuauiiadlaifisugeslunuiuuaesdfnasnisivuaeuly

VBULUA

10
ﬁ 08
2 06
8
e 04
-
£ 02
0 -
0 0.2 0.4 06 0.8
Time (s)

U 3.6 Anasamanidwaadien (Velocity blood pulsatile flow) 91n%assivlaansdne
(Shahriari et al., 2012)
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M1397 3.2 Msivuateulvreuwavulamunsivaveioaruauiladiesluiuguuy

NG
Roulvvauwwn | Reulunisluavauden 51881980
Inlet Unsteady velocity inlet AuLdennTiesrila Left ventricle
(m/s)
Outlet 0 Pa ANLALLEBAINVIABALADALALLDLEDIANS
Wall No-slip wall YDUNTI

3) AN5AINUALI BULUNITAIUIUKALLUUI189AUY UUIUAINTUNIS

ASIVADUNA
o = 1 Qy Y a o 1 aa ¥
mif\]’la@\imﬂﬁaﬂaﬂLﬁ@ﬂmuaUVﬂ"\]WﬁmLLUUIUWUQIUI@LNU?{ENQJG] [
NAFBUNITINA 3 E‘ULL‘U‘U 1pen1531a89n1s awuutulu k-epsilon, k-omega way SST k-

al ° a A P a ) °

omega Lwa‘mgﬂLmeimamﬂ'ﬁlmmmLaamwmaiﬂamENLwamumﬁmamﬂ'ﬁlwamm
Foarulawuduimlafsuassluiuluvasstia sensinAauS st luiu Las
ALUUINFIUNU WABUNUNANI5T1889989 Bluestein et al. (1999) wagShahriari et al.

(2012) nsiuuaiaululunISAIUIULEAIFINNSIN 3.3

A15197 3.3 nMsmvuaeuludnsulals suisunadnassnsiuawuudulin vulauunng

Iaveudenruawiilaienluiuguuuasadls

Raulunsduon 318aZL8ANITATUIN
Software Ansys fluent version 18.0
Algorithm SIMPLE
Numerical Scheme Upwind Differencing Scheme (UDS)
Viscosity Model Incompressible flow
Flow model -Turbulent model (k-epsilon)

(For validate to The turbulent models.) | -Turbulent model (k-omega)

-Turbulent model (SST k-omega)

Grid types Tetrahedral

Method First order upwind

Residual le-6
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A15197 3.3 nsiuaaulvdnsuldlssuiisunadtassmsirawuutulau vulawunig

Iavaudearuawidlaiieuluiuguuuasids ()

RoulunisAuan FIUALLDYANITAIUIN
Initialization method Hybrid Initialization
Solver time Unsteady (t = 0 to 0.83 s : 1 Cardiac
cycle)
Time step size = 0.0001
Iteration = 8300

4) HaN1SNIAFOUNT INIULDNALITN1SANWILUUFDINR
wuuaesmslvavendentuauilafieuwuluiuguussuuansdn 16
a¥amdunuvaumasslulawunisiva waznsadrasmuuiudaiusndaieadostuen
y+ dmduassnisinanuutulau Jedderimun y+ widu 1 (11seuanlszneusie
mm%’;qqqmuulﬁammﬁu 0.9 m/s, ANUNUILUUVDILADA () WINAU 1056 kg/m3, AN
AMUNLANATRT (p) INAU 3.5% 1073 Pa.s wazsdunisinaluy Interal flow ARUUIAYBY

i % 1 6

WuNuAgNa WU 27 Aadiuns) Nn1sAMsULTLEaRLsn LAty 0.05
fiodiuns wagfmuadaTueneduia Growth rate winfu 1.2 vuidudedin Juuuugunse
dinf ou draed s Inflation vududaia n1svaasuaududassvesnia (Grid
independence) i idonnaveanisimuipuudnaiuelivnzay lnednsdauiaves
L (mesh sizing) agiﬁ 1.5,1.2, 1, 0.6, 0.25, 0.1 fadAs MUSIU LanIfemsedl 3.4 89
nanaduIumvnazniaild uazinanuisigeanuuidensudundmdsluiu Tanmuuy
A09URLLADNVUIALLTIINAY 0.6 ﬁaémmmmzamﬁfjmfﬁwmummviﬁu 15,223 1988 wazdl
Tupnsdunsiegawiniu 570,840 90 Taggui 3.7 wanaunliwesnsmiavosmAmis

geanuANTLYILIn 0.6 Tadwns lnsvzuansiegrauusiliuulamunisivadaguin 3.8
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= ° ~ ° = ' Yy = )
AN519% 3.4 LaARIIN UL T UL 1aRINTTivavesdenNua U lasukuuluRua

Y

warnaveIn U Igegas i luiulussuuaedin

Grid independence (Bileaflet 2D case)
Mesh size (mm) 1.5 1.2 1 0.6 0.25 0.1
Node 3392 4230 5452 15223 49483 285973
Element 3264 4082 5283 14916 48906 544613

Maximum velocity

(m/s) 1.15 1.23 1.25 1.26 1.26 1.26

Grid independence of Bileaflet 2D case

=
w

[ ]

=
[

Maximum velocity (m/s)
=
[N

1 | L
1000 51000 101000 151000 201000 251000 301000

Node

JUA 3.7 wansnaaaunududasevensa (Grid independence) dnsudgymlawunis

Inaveudenruawilaiienuuluiuglussuuasaia

[y

JU7 3.8 sUnvuvuulawunsivaveudearmauidlaiisuuuuluiug dmsulgmily

Y

S PANIGRNNG
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e i - as o i o o
Auvdauunluny  auvdavadluwy

I

d' ° i ™ = & v ° | v 1y
EU‘V] 3.9 ANULVUINITATIVABULUIHULNYUNGUBIAIINLIIEDA UTeNaune G]']LLVUQVIU']I‘U‘W‘U

LAZALAUIAILUNY

Mnuan1sTansnisinavendendulawud uirladeuwuuluiudlussuvandia 1
MTIAOUATNEDNEDIT LAY ol swlsvtTuiy wagsundandsluiu wWisudiey
funani13§1aeves Bluestein et al. (1999) waxShahriari et al. (2012) #e3Uil 3.9 Wud1
9ngU 3.10 fa3Uit 3.12 amsaudesiiuulilunsinavesdesluluiiamadeddu a
wuAIEIgeanog isuntagosnisinanans uagdandmeuiilndidssiu uuudassnny
Juthuwuy k-epsilon , k-omega ey SST k-omega ATIEDUANINARIALAROUR AT
Tusiuuagduvamdsluiudidfamsned 3.5 dnnuaaiaindsundsuuluuiianiniiy
Juau kepsilon , komega waz SST koomega flAWITU 3.9825, 10.5175 uag 3.555
Wesldud amudy anaisuisuiisuuuuiiaesanuiiuliu ST k-omega dA1A27
ammadeulaeladetosfigaifloisuiuuuudassmnuiutudug ngluddudaluazi
WUUTI889 SST k-omega undanldlunuAnwivulamunisivavesdaauuuaiudauas

° « = v ~ % ]
ﬂ'ﬁﬂu@lNEJ‘UVLGUGUEJ‘ULsﬂmmqlﬁqﬁagL@H@V]l@mﬂqia@ULﬂﬂUNaLLa’J G]EJIU
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P 1 = = = 2 & ° i v Y]
M99 3.5 ﬂ']ﬂ')']ﬂﬂa']ﬂLﬂa?Ju‘inﬂﬁ\laﬂqiLU?EJ‘UL'V]EJ'U?’YN&ILTJLaaﬂm"lLLVU\i'ﬁu’]KLUWULLaE

FLIUIUAI LU
ANANNABIALAFDUIINNAVDIAINLSD (%) ANAUARTN
Turbulent y q
Shahriari et al. (2012) | Bluestein et al. (2000) LAADULRAY
model
1y [} 'y [y} [} 'y 0,
WUNIUNY | wadluny | v luwu | wiaslunuy (%)
K-epsilon 6.19 0 7.15 2.59 3.9825
K-omega 3.54 19.47 2.68 16.38 10.5175
SST K-omega 5.31 2.66 6.25 0 3.555
Validation Bileaflet model (6hunuyminTuwu)
§ . aflet 2D (K-Epsilon
= e
é eaflet2D (Bluestein et al
(V] X
£
o Bileaflet 2D (Shahriari et
fa)
00
0.5 15
5.00
Velocity(m/s)
Validation Bileaflet model (dunuonasluy)
,E- -o—Bileaflet 2D (K-Epsilon
5 model)
?’_, - = Bileaflet 2D (Bluestein et
%) al. 2000)
o o Bileaflet 2D (Shahriari et
o al. 2012)
0.00 c—;*?—:—-v—-f""
0.5 .‘9 0.5 1 1.5
5.00
10.00
Velocity(m/s)

N o aa = ] <@ I 1 o y 1
EU‘V] 3.10 HANNFNRDILUUADINALUTYULNYUAINNLIN La@ﬂNW‘Nﬂ’]iﬂﬁa’e}\‘lﬂ’]ﬂﬁaLL‘UU{j‘uU’J‘N

k-epsilon WW3guLiey a dunsanasluiulagsiumdsntnluiy
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Validation Bileaflet model (druwuswinTuwu)
30.00
25.00
- 20.00
g o= Bileaflet 20 (K-Oemga
- 15.00 model)
S - = Bileaflet20 (Bluestein et al.
g 10.00 2000)
K] o Bileaflet 20 (Shahriari et
o 5.00 al. 2012)
0.00
0.5 1.5
-5.00
Velocity(m/s)
Validation Bileaflet model (drumuondyTunu)
35.00
30.00 .‘
e~
25.00 "*\ !
—_— 2)
€ 200qu—e— T = >’ ——Bileaflet 20 (K-Oemga
E Al S cee model)
oy 15.00 Y — N
o - = Bileafiet 20 (Bluestein et
g 10 al. 2000)
k) .00 * Bileafiet 20 (Shahriari et
o al. 2012)
0.00 F.. - -: -—— s
0.5 ) 1 1
-5.00
¥10.00
Velocity(m/s)

N o aa = = 8 A 1 o y '
E‘U‘V] 3.11 HANNT1RDILUUADINALUTIULNG UAINULT? La’tlﬂNWUﬂ’]i‘\]’]aENﬂ']ﬂ‘ViaLL‘U‘U{]‘U‘U'J‘LJ

k-omega W3HULIBU 84 Aunrdanasluiuazdwruantnluny
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Validation Bileaflet model (fruniyminTuwu)
30.00
25.00
— 20.00
§ ~o—Bileaflet 20 (SST K-omega
= 15.00 2 & model)
-
g 10.00 [—-——rr-o.o_.‘\ 2000)
® | e Bideatiet 20 (Shahriarn et
o 5.00 al. 2012)
’/
000 o -
Validation Bileaflet model (ArunuondyTuwu)
-
E —o=Bileafiet 20 (SST K-omega
=
p - = Bileaflet 20 (Bluestein et
Q
=
) o § afiet 20 (Shahriarn et
o
L4 V.o
00
Velocity(m/s)

JUT 3.12 namsdnaeswuvgesdiinIeuiiupnuiadentiunisdiaesnisinauuududiu

SST k-omega W3guUigy o Mmuianaslunulag Aunaniinlunu

3.2.3  N15NIAUAL B UIUNISATUIMKATKLUUIIa09A270Y WU 2UdaI NS UNIS
ASIVFDUNAMUTTUUAIUNR

Homitlimaaeussaaulamunsivaveadoniuauiladowuuluivg
iisldlunsisuiisuainmanisinaesnisivavesdenlussuvandia tnenisadislamu
nsluavesdonauuuaudd fasud 3.13 uarihauiladouwuuluiugdlaildeanuuuly
poudu fa3UTl 3.1 sznevdulawunisivaveadon ladsguil 3.14 Iidulammnislva
wuasiiFkuauilafisswuuluiug Snstmundeulveuamiieuduiieafuduney

WUUARIHR f9m13197 3.2 uazlansmvuaRouluveulwndsguil 3.15 wasidenldnisinaes
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nsirawuutulau SST k-omega FaluanudnliavidunisilSouiisunavesanusinnu

st R uLaz naslunu

2D domain I:

improve for

Ty

% Front view

2
B — ——— g
|
: g /o | ” = 1
Front view
| |
g S 3D domain

)\lsometric view ~— | J
~\ / |
2 X (

' '
aaa

5U 3.14 Tawmunislvavesdearuauilafisnuuuluivguuuanudidnlddinw



56

i
. myw ° 1 = o = . - 1
Inlet: Pulsatile of blood _ Bileaflet position (susn ddluiufuinlafauunn i)

flow (velocity wave form]™

3D domain

“\___~Blood flow domain

'5‘:'”"“:': view S (lawpansluanedden)

1
— b . | Outlet:
Aortic position Preszure
. Wﬂ =0Pa
z

JUN 3.15 Tawunistravesdennuawiilaiieuassluiusuuauifvagnisivuadouly

VBULUR

3.2.4  WNANISASIVEBUNS LEIULONALISNISANWILUUAINLR

[

wuudnasenisinavedidenduduiilaiisusuuluivguussuuauda e
asrausduwuvauasylulawunistia warn1si UL TUTARIR UMM BUAU
JULUUABSd A 91ngUT 3.16 uansnavesnisnadeualtuiudaszvsinia (Grid

independence) [OLA8ANAUDINITANIUNNZEL 1AHNITTAVUIAUDIUNY (Mmesh sizing)

'
1

289 1.5, 1.2, 1,0.8, 0.6, 0.5 NadLUAT AIUAWU AISI9N 3.6 LEARIDIUIULUTAZNS AT 1T

3
waziamnasigsgauuidentudundandluiu fisufl 3.18 annan1sadeuIziden
YUIAWINAY 0.6 Taduasimanzaudign Sudumuwindy 2,431,318 wwad waziiluanis
AMurasegawiiiy 520,419 9a Tneguil 3.16 wansuurlduvesnsvinaverALsIgean
Bupsifiumauin 0.6 Tadwnas Tavazuanwhenamvilduulawunisinadsgui 3.17

~ ° PRt ° & ' L o ~ )
AN519% 3.6 LARIINUIULLTA T Ul UI1aDINTiavesdenNua U lasukuuluRua

Y

warnaveInuIgeaadmiamiluiuluss uvau s

Grid independence (Bileaflet 3D case)

Mesh size (mm) 1.5 1.2 1 0.8 0.6 0.5

Node 50094 | 86393 | 136316 241079 | 520419 848823
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15199 3.6 uanshuusildlulamuiassnsivaveadenduauilaiisanuuluiug

warnaveInusIgsgaswdimtihluiulussuuauia (o)

Node

850000 1050000

Grid independence (Bileaflet 3D case)
Element 188262 | 345236 | 570840 | 1066990 | 2431318 | 4104521
Maximum velocity
(m/s) 19 1.08 1.08 1.07 1.05 1.05
20 1
é 15
Tz 10
t
=
0 g & & L
50000 250000 450000 650000

gﬂ‘ﬁ 3.16 wansnadeuAuudasyaeania (Grid independence) dusulgmilamunis

Inaveudearuauidlaieuuuluivgluseuuauis

Isometric view

front view

Cross-section line

(for show mesh inside)

Cross section plane view

JUN 3.17 sUsuuiuvuulawunisivavesdenduauiilaiisuuuuluivgdmsulagmnlu

EUUAIUNR

Y
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Cross-section in middle plane

o I o ar --
A uiauTin T

ANLMLIUAY LU

P ° i = = & v ° | v
E‘U‘Vl 3.18 ANLNUINITATIABULUTH ULNBUNAUDIANULIILEDA UTZNaune G]']LL‘VTU\‘]‘WH']I‘U

WULALAWNUINAILUN UVl AUBUVANLDR

Mnuansaesmslnavesdeninulasnauiiladouwuluiuglussuauda
dninasuifisunssaeunavessuidiulawuduiladsuwuuluiuglussuuaedia 1
p3IvEeUmNLIE denae st a duvsdantiiluity uazsuv andslusiu deguil 3.18
wu31 903U 319 manuiidenduunliilunislvavendeslulufiamaiieodu azwy

1l o 1

A ageanogisumtadainisivanans uazdardmoniiuualiinlndifeatu Hedumis
ninlununagnasluny lagluaaudnlyazdinuudnass SST k-omega uLdantalusiuy
Anwlawunisinavesdenuuuauiuazimvuadoulvveuwanueasdendilatinsaey
Wiguwaud ieAnwidvinaveasuuuuluiunassulagegaueduiulng Fuandnuivy

JEEEREMTUT LR



59

Validation Bileaflet model (GnuwiominTuwu)
30.00
25.00
— 20.00 ——Bileaflet 2D (SST K-omega
E model)
i 15.00 —=—Bileaflet 3D (SST k-omega
() model)
.
OE) 10.00 — —Bileaflet2D (Bluestein et al.
© 2000)
= 5.00 o Bileaflet 2D (Shahriari et
al. 2012)
0.00
0.5 1.5
-5.00 _
Velocity(m/s)
Validation Bileaflet mode! (6uvuanayluwu)
35.00
30.00
25.00
. ——Bileaflet 2D (SST K-omega
g 20.00 model)
v .
= 15.00 ——Bileaflet 3D (SST k-omega
9 model)
7] 10.06 5% =— — —=gileaflet 2D (Bluestein et
=
® 5.00 al. 2000)
= o Bileaflet 2D (Shahriari et
0.00 al. 2012)
0.5 15
5.00
10.00 )
Velocity(m/s)

JUT 3.19 namsdnaesuuuilisuifisuanuiidendiunsitaesnisivauutulau SST k-
omega WSBUWIBU  dmundsnasluiuuagmuwndaninluiu (Ussuiisunanis

$1a99N15 bakuUa Il Rwazaulf)
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33 mssteesmsivasauialadisuwuusaluiy
n¥rnduneunsUsuifisuinanuinien Welanam ugnieswaseenduasly
wuvaesnislnavendensuiuilafieuwutluiug anssuuassifiisutadulniuunis
$raeauuvandd elunsidenlduuudiass msadaws wazimuaveulwaioulunis
A Hegldinseilulasnlusiuuuania lnglunssunisdollazidunsdiasnis
Inavesdenruaumilafieuuuanluiuiieinseinavesnuuansmginssunisla
vondenruduiilafiosuvanluiviifienslds eefinsuiuussssduresauldsmosly
Wy el dumnmafnnanuldsmedluiuifinasonginssunisivavedon
331 nmssanuuviuilafissnuusmuluiunaznisufulzsgiuuuaniald
va9luny
1) nsoonuuuauilafisuuuuaniluiuuuuEsy
susilafsuuuuasluivaggneenuuulneldvunves duriugusnans
armmuasluiurasauiilafisnuuuassluiu dimised 3.1 niseenuuvAuialadio
wuuansluiuae SuduanniseenuuulenIsadaenan 1Nty aeduiaauaasniely
Anauauduitiy vhauneluszrinefuiidy 120 ssm faguil 3.20 n1seeNLUUAY
lafeuwuuaaluivuuuiSounansdetndluna dsgui 3.21 azgnldifulneaduuuuly

[y

asutuseunsUsulTIAalasasiuiy

JUT 3.20 wwiRnn1sesnuuuauilameUssnnauluiy
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Front view Isometric view

JUN 3.21 shegalunaauiiivesduiilaiienussinnanyluiuwuuluisey

2) mIvenuuvdnlfmeduiuduilafio

lun1s@nwrdnsnavesaulasluiunazyudnggaveasluiuann
msfnwludwilafeuwutluiug lumsesnuuuidieanniafinenudssioniafinduden
fie amnszuaunaznsivauuudutuuden dwiliidesiianuisigauas nelmanam
Wuideugeionvdamaundseudeaiioninanizauiengeaduld Tuiivaumlafisuuuy
TuitugdesiifafiarulAmoduiuogsznineag 0.50 89 0583 wiwasaunisluiuau
vlafien uazegluriemidaggnil 85 f9 90 D3 MUTIBULBI McQueen and Peskin
(1991)

TusuiTedudlfisvandnsmeassuszinnauldsluiulngasig
wuudaesmnulAuUiuwmisedfudl (Static mode) ilovuanulAseduiuiidanasie
nsluavesdendauilafsswuvanlviuiaian Tasusuauiladeuouanluiu
wuuiSou AdnnsAnwaaildaimuelidsafivindy 0.50d, 0.542d waz0.583d Tag fuus
d Aemnuniavedluiy anguil 3.22 uansuuaniseenuululieedluiy loun efiannu
Téwadluitu (R) way anuntavedluiy (d) Idlunaduiladeuilélunsfin 4 Ussiom
o duialadisuwvuanluivuuudey, Auilafeuwuuanluiuuuulds 0.50d, u
srladtnuuuaniuiuuuulés 0.542d wag Ausialadienwuuanluiuuuulés 0.583d
wansdagudl 3.23 Saguit 3.26 muddu Tudduduneuseluasdumsasrdlamunisvaaes

IdienaaauaulAdaziuinggn
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P B S

/

{ Smiimnulas (R)

\ |
g

s

JUN 3.22 M3eaniuuaulasvesluiuauiilaiiey

Front view Isometric view

JUN 3.23 TumaanudAvesaumlamieulssiananuluiuwuuluSey

Front view Isometric view

JUN 3.24 Tuwaauiiavesquimlaiieudssinmanuluiuuuulas 0.50d
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Front view Isometric view
X

JUN 3.25 Twaanuiifvesqumilaiieuyssiananaluiuwuulas 0.542d

4

Front view Isometric view

) @

JUN 3.26 TumaanuilAvesdumlaiieudseinnanaluiuwuulas 0.583d

332  asadelawutazydmdunissiasinisivavedansituauialaiion
wuvaulunu
1) msafrlamunssnasinisluaveadensnuauiladfieuuuuanluiu
msadslamunissiass axilumaauiladiouwvvauluiuismadils

panwuull Taluwuuinasaveviaandanluuaiuilf lun1snaaauasiunua i

o Fumlaieuwuvaruluivwuuisey dyugegavesluiuilawiniy 85, 87 uag 90

DIANNNUAIAU

o Fumiluieuusziavaluiuwuulas 0.542d dyugeanvesluiuidamiiiu 85, 87

Lag 90 99ANNINAINU

o Fuwnlailenuszinvanaluiiuiuulas 0.50d fyugegavesluiulawintu 85 aam
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o FumlaieuUszinnanaluiiunuulas 0.583d Hlyugegavesluiuiawiniu 85 aam

nlawunstravesdasniuaumlaisykuuauluRut 199 UL 98U InI3
F1ae0andu 8 Tatuu nazazinusatelaiuulng 1eaen1s1en 3.7 sUlamuNsIaeInIs

Inavesion uanasagui 3.27 fis UM 3.34

AN5199 3.7 IaLunisInassnisiraniuaus e uvandlununlelunsaidnw

Domain Domain details Curved inner Fully open
name radius (mm) angle
(degree)
Model 1 auhlaiennuvaluiusuuiEey - 85
Model 2 aulaiennuvasluiuiuuiEey - 87
Model 3 aulafeunuvaniluiunuuEey - 90
Model 4 auhlaiennuvanluiuuuulge 0.542d 85
Model 5 | awfladienuuuanaluifunuulfs 0.542d 87
Model 6 | awlaienuuuanaluiunuulds 0.542d 90
Model 7 aumlafsnuuvansluiuuuuli 0.583d 85
Model 8 auhlaiennuuailuiunuulfs 0.50d 85
Front view Isometric view
85 degree ,‘:“m 4
8/ -~ >

JUN 3.27 Iawunisivaveadenduawilafieusuvanaluiukuusey MvuaydiUngagn

85 41 (Model 1)
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Front view ’ Isometric view

57 3.28 TawunsivavesdensduauiilaiienuvvasluiuuuuiFey fvuayudagsan
87 99A1 (Model 2)

Front view Isometric view
90 degree
A P
p o ﬂ“x.
N ~
! /} \\:\\
L M
|_5 \_{“x\ { ;’j
~_| )
\%L//

PN & I Y = o = ° a
E‘U‘V] 3.29 I@LNUﬂ'ﬁl‘VTaﬂJ@QLa@@ﬁﬂuau%'ﬂﬂl,ﬂﬂllLLUUﬁ']@JIUWULLUULiEJU ﬂ'ﬁ/iu@@gﬂLU@q@?jﬂ
90 8971 (Model 3)

Front view EY O\ Isometric view

85 degree ' i ,’ | g

JUN 3.30 Taunislivaveadenduauiilaiionuvuainluiuwuulas 0.542d Amunyy

\Unggn 85 var (Model 4)
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Front view

87 degree

Isometric view

sUT 331 Iaunsivavesdoaruduiilavisnwuualuiuuuulas 0.542d Amuayy

\Ungean 87 83rn (Model 5)

Front view

90 degree

¥

A

Isometric view

JUN 3.32 lawunislvaveudenduauiilaiienivuaiuluiuwuulds 0.542d Amuayy

\Ungan 90 031 (Model 6)

Front view

85 degree

p _/“" kﬁ\. .
Aefl )
i

Fag,

Isometric view

JUN 3.33 Tawunislvaveafenduauiilaiiouuvuainluiuwuulas 0.583d Amunyy

\Unggn 85 03 (Model 7)
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Front view Isometric view

85 degree

Trrre-

JUN 3.34 Iawunisivavesdeanuawiiladisuiuuaiuluiuiuulds 0.50d Avuayaide

g9em 85 94A1 (Model 8)

2) NSASIUUVAMTUNITNAARINSInavdannuAuI laWsuuvaiuly

[
aa o

msasrlulaunisivavadanwuuauifnng 8 nsalfnw anwalu
gj a o aa o [~ At 8 W % PP
JununIsEULTgULUUTIaeEuilRA IzAruasUkuuuuUsTuganaiilulawund
AnududulAmsadudaulaf TAULIAURAUBYINAYU 0.6 TARLUAT LAZAIAUALLYNTUTAN
WinAu 0.05 fadluns WINAITAIUINAT v+ WinAu 1 d1usu 8 Tatuunisdnassnisiuaves

gon lnsuansuuildlu 8 nsaidnwn laRegun 3.35 fagun 3.42

Isometric view

Cross-section line

(for show mesh inside)

front view Cross section plane view

L.

Y 1

SUN 3.35 dregramsuuulawunisivavesdeanuauilaifisuuvvansluiuuuuisey

Amuaydagegn 85 aen (Model 1)
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—

Isometric view

Cross-section line
(for show mesh inside)

front view Cross section plane view

U

il

3.36 A19819N1SUYUULALUNNTINAYB 1A AR UA U LA By hUvE N TUR UL UULS 8

Ay Ungean 87 a9 (Model 2)

Isometric view

Cross-section line

(for show mesh inside)

Cross section plane view

B

Y 1

JUN 3.37 degrmswsvulawunisivavesdenduauinlafiswuualuiuwuuEey

AUy Uagean 90 a9 (Model 3)
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Isometric view

Cross-section line

(for show mesh inside)

front view Cross section plane view

JUT 3.38 Msgunmsiuvuulaunisivavendeniuauiilaufisuuvuadluiviuules

0.542d fviunysdngegn 85 aen (Model 4)

Isometric view

Cross-section line

(for show mesh inside)

front view Cross section plane view

—

SUT 3.39 Msgumsuvuulaunisivaveadeaiuduiiludeuuvuadluiviuules

0.542d fviunsangean 87 asen (Model 5)
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Isometric view

front view

Cross-section line

(for show mesh inside)

Cross section plane view

JUN 3.40 fregranisiuuulaunisivave sdeniuauiilafisuwuvauluiuuuulag

0.542d fiviunyuiagagn 90 8ern (Model 6)

Isometric view

Cross-section line

(for show mesh inside)

Cross section plane view

U7 3.41 $79819n150sULlALLUNS bavaddann LA w la sy wuuauTunuwu LAY

0.583d finunyatagagn 85 asrn (Model 7)
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L.

Isometric view

front view

Cross-section line
(for show mesh inside)

Cross section plane view

a{' o 1 a | Y = 1Y) Y
EﬂVI 3.42 9139819 ﬂ']iLiJGU‘UUI@ LN‘Uﬂ'ﬁl‘V]aﬂJ@ﬂ La@mmquauwﬂﬂ'ﬂ LNgu LLUUﬁWﬂUWULLUUIm

0.50d fiununsUngegn 85 8 (Model 8)

3.3.3  msnvuaauluvnisAulanaziiaulvvauivanisinavasnisinass

N3AINT531ADWUUEINA

1) nMsmnuataulvvauansluavaian

Touilddszidgning 8 nsdldnwriinisnivuataulasauini

= L v 1 o d‘l U d‘ a U dgj
bANBUNU LLﬁ@QﬂQG]’J@EJ'Nﬂ’]iﬂ’mu{ﬂLQEJ‘LJlﬂJ“ZJﬂJEJUL‘UG]ﬂQE‘UV] 3.43 LLagLEMNTIeaLLagnn Y

d' = =2 aa
A151991 3.8 Woulvvoulvnresnisinavesnsdifinguulauanuiis

Roulvvouwn | Reulumslvaveaden S18az19en

Inlet Unsteady velocity inlet ANuSIGenaniwila Left ventricle
(m/s)

Outlet 0 Pa ANUAULEDANNADALADALALLDLDDIAS

Wall No-slip wall YOUNIINADALADA
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&

ar & e

Inlet: Pulsatile of blood Trileaflet position Ehumisiusiuawilafauuuuanalusiy

flow (velocity wave form

3D domain

Isometric view £ DRA)

Y

A

JUT 3.43 wansiaegranismvuasulvvevianisivavulawunstlfnwiwuuaud s

Outlet:
Pressure
outlet =0 Pa

Aortic position

= e
(LQ@UIGU%@ULSUWUU 8 NIUANEN)

2) MsivuAauluNISATUIMULIBNALIS
AU aulyNIsAILINAINS UNS AN W ULAUT L RsL wuvanulu
WUN9 8 Nl Az U aUlIEIunISI A URaBLA BN 199U Taetd auluN1SATUILERIAS

AN5197 3.9 sasalUll

A15199 3.9 Waulvn1sAunuYeINIsiraveensmAnE I UUlALLUEIUTR

RoulunsAuan FIYALLDUANITATUIN
Software Ansys fluent version 18.0
Algorithm SIMPLE
Numerical Scheme Upwind Differencing Scheme (UDS)
Viscosity Model Incompressible flow
Flow model Turbulent model (SST k-omega)
Grid types Tetrahedrons
Method First order upwind
Residual le-6
Initialization method Hybrid Initialization
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A1519% 3.9 Waulun1smunveInisaveansalAnwuulauauls (#e)

waulun1sAuIN S18ASLDYANITATUI

Solver time Unsteady (t = 0 to 0.83 s : 1 Cardiac
cycle)

Time step size = 0.0001

Iteration = 8300

3) ANTLEAING

TunsuanInaeInIsnauLla R 1LlALUILUUINISIATIERRIY 2
funis Fafenfulnavusundddndduluiuwazuy Aortic sinus Laun sumsniitluiu
(Entrance flow through leaflet) way sunusuataluny (Leaflet tip) éﬁ’qguﬁ 3.44 1agay
ArTgAUToufisunalduluininuga (Velocity profiles) waz AmAULdouUUdonHIY
aulafouansluiy 8 nsdny Inglunsdnsazilieudfisuniuuandswesguuuy
ANUlASlUNyY Ui Model 1, Model 4, Model 7, wag Model 8 auansu @iunisiuseuiieu
ANULAnAevasUiuuaulAdluiukaryudageanvesluny vu Model 1, Model 2,
Model 3, Model 4, Model 5 wag Model 6 guasu

Results at the position

1 2 I gunsiantiilumy
{Entrance flow through Leaflet.)

2 dunidavdalui
(Leaflet tip.)

JUN 3.44 suvdeiasgiinisivavulamuduilameuuuuanuluiuiuuanuia

]
S 1

3.4 msiassnsivaiiuduidlaieswuuasluiukuunisiafauiniuge

N3

auiladieusimtiluniseugunisivaseninaiesiila dunslalaluiudeaes

[y

a1devann1snyuiielUauazlavesmsivalvifenlraniule 91n91uidediun1sdnaeanis
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Tnachuaurmladieusuvanuluiy fadunisanasauvaudfwaduluusiwnusluiuaen
d‘ o Qy LY =1 o Yo Y % a o
iananin1sdnassnisluavesduilaiennuvawluiulndeulnalfssiungAnssuluiu
[wnAgau Fadin1sdassmisivaiiuauiilafisusuvanluiuLuunsaisuniiiuge
wyu e AnwinginssunsivavesdenriuluiuseninUaliaudwnalegn 1o 939013
lnaldrmihvesden lngluiuaganunsandounlaruuseduiiionfideuangluiuinlia

TutuiUneanlaniugavy Asgun 3.45

Fully leaflets close position.

Rl
e

Fully leaflets open position.

JUN 3.45 asdusznevvedtamunisivavesdendurumlaiieudumisluiulnanuaziUn

aqn

3.4.1 N1599NLUVANY laisuwuuaInlunug1sun15INaaINI1s avaaan
WUULARBUTEUYANII

1) n15asalumantaluns@nw

¥ '
el =

lauNINnaesRzgneanwuuduLiieas i ufinslravesianlagnis
29NWUULAIUAZUTENBUAIY AD LALUNABALEDANAL karduinlaineudssinnanuluny
N1500NLUUALAUITDIA UM RALUALTNINTUN A ANLMUIVDIAULDLEDSAN tngAuIlaLe
&a @ A 1 | % CY 1 £ . [ = v s s
wasAnlugadeudasenitaviesinlagedie (Left ventricle) funaonieniilatoieainis
(Aorta) Tenaendeniilaidussfusenaundnlunisuaninginssunisiuavenion g
< (9] [~3 1 v A 1 % % =

panuwuutduanwuztJuvsgInsInszuanauisabiaenlnaniule 1assastsweavasniian

Wlavggnasistuaindadiuiazvuinaulassasislusuuuvassdfives Liand Lu (2012)

'
a

Inedin1susuussidusuuuulassaineanulia Aaguin 3.46
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duiilafisudugunsainananldndnnislunisiedeunveduiiuruwnu

1 1 U =4 1 % o Y a 4‘ Id‘ U g a
nyulagnsadsuusuidonlnensidluiuviiiinnsedeunveduiuludnuvusUnuay
\Unean 3eazUsznaunie 2aumukazluivruisauuinsanuly n1seanuuuiUuuuinges
aumlafisussinnanuluivaglunisdesizinisivaveudearunisvyuueluiu 149
W|nseenwuulen1sUTuUTInausuualamedluiu (nlumaduimilaisuuuuany
Tuuiuuaulawvindu R = 0.542d) Felunsinszinisivasvvaudfuuuluiungais

(Fixed leaflet position) lvikadwsvaanisivavedfoanuaNulAdmananisivanian

26 mm 26 mm ! 78 mm

5.5
mm

d' & Y ° o ° a 1
E‘U‘V] 3.46 LLNUﬂ'TWLLa%mu’]@m@ﬁI@LNu%a@@La@@'ﬂ'ﬂ‘ﬂaqwi‘UﬂWi‘ﬂqﬁaﬂﬂq{lfwamﬂﬂLaa@m']u

v uasluiiy

aumladieuwuuadluivlusuunisiedeunriiugavyy Usuuselntanvoe
FuuluiuiidnwazratendnuauiilaeeasinwaziwaliiiaYaanistravewioni
InalResivauiilaieieasinunniian Iadeedinisuiuganyuvedluiu lnyssesvesganyuas
451991NVOUNDNTYDIIUMIUAIANYU (2) vasluiullAwvindu 1.25 dafiuns Aegun 3.47
& o P 9 ) = = aa v

nduilassasgneenkuulivedluiuindusuiduguwuuauiia Ingldvuinaaumu
vasluiuawilafion wazasrosiieiduginlunissesiunisnyu Wethulsenay
ufuvglanvuiaesauifveduinlafisuwuuauluiusuuissuasgun 3.48uazgnas
Yuyndasduiialdlunis Anwdnvaze-Un f9innsnsiadsudianistouriuiuuestudiu
\eAueBnLUUNgnAesmnzaudmsuniseantuuiudulilidanisndeulmsieiu was
a a 1 ¥ 4 [ o dy % [ d‘ a o d‘ o
aunsaa-Uaruganyuldauysel wazilusuuiassdeswundniignldlunwide wet
N5EmesvRIRUUIasdu laeutuvanuluiunlaunlalunisAnwiwaziwsiginalu

suuuunsivavesiden
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)

e

— Rotating axis of leaflet

JUN 3.47 Mynagavyuvestuivaumlaiigusuvauluiy

auilaiguUszinnansluiuisanusiuuaziiniseenuuuluiulviddnwagsaiuiefinw

[

anvalzgUkuunsivaveudeniuaumlaiisy Fadinisnaaeuauidlaiisuussinnanuly

(%
LR a

wusaueialaefdnvuziduuiudeu ety wagldone audidu saudanis@nunm
ngeanvasluiy iy 85, 87 uaz90 asmmuddu lunisesnuuuduldsvesduiuiy
Wlawienazeenuuulvlivuinvesarundngluiuinduy dwlasesluivgnesniuuain
yunaunivedluivauialadsuuuuieu (d) feilvuiawindy 16 Saduns Tagl
Samdiuresanulda (R) ey R = 0.562d fadu nssrassnisivavesdendusile
Fenuuuauluiunuunisiadeuiiiiugenuy szuddueasenduy funlafeuuuanly
ftuuuidey Aulafeuuuvandluiusutifome weyduiladewuanluiuuuulfe

A anueandu fsguin 3.48 fis 3.50



A

“Isometric

*Top *Isometric

*Front < *Right Fully close position

*Front < *Right Fully open position

7

JUN 3.48 lupaanudfvesduridlafisudssiananuluivuuuluiseudmiunisdnassiuy

NIARBUTIN LAY

*tront Fully close position

Fully open position

JUN 3.49 lumaanuiifvesduiilaifisudssiananaluiusuulamangdmiunsitassiuy

NIARDUTINIUANL Y
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‘tromalvic

*tront “Right Fully close position *tront *Right Fully open position

5U# 3.50 lmaanuiifivesduidlafigudssinnandluiusuulamagdmsunisinasawuy

NIARBUTINIUANLY

2) msadlawudildlunsdlfnusassauiladiswuvanlofuuuunis

\RDUTIH LoV
Tunsnvimssiaesduilafienuuuanluivuuunaiedeudiiiuga
vyuazAnwilasfisanvudiufiamnsaiunginssunisiadeuiivesluiulidaiau lagas
afalamummeasdasuladussuvassdiindnvnduiuuasauilafoswuvanluiud
AUANUAITUUTE UV INS LA UENd NN saan1g 1 Tu 3 veslauy laenns
a¥auunssasinslrauudonlunsdinisdne uanduneundininnisaiiauusias
wasndentlauaruuudassauiladionussinmanaluiy Idhuuusassiaesdanan
Uszneusintuiieadslamudviunisnaaes Tnsasfntudiuvenaumussniiosainidu
Fuduiiafntunliasnidentile sxmdeudtudiundn Ao lustuiunasndoniala i
sUft 3.51 msasdlaundlunmasesdmiunsdfnuldaestuiilafeuuuuauluiui
auuuindsuunasndeniile Tnsazeenuuulawudmiunisneaediduiiuiiaeda Tae
thwisiweSnanueiladnaduannisadrslunasiassanifunesnuuuusynausdawuly
sumislusiufimilout anguil 3.52 fs 3.54 uansnmdnideulawuanauifansuunuy
szuvaeadf Tnen1suvan ndaiew (Cross section plane) fiszuiunans wiesainluiy
yilaFeu Idanne wagliendn fgemuimunegivevluiuiguifentu Tnsnisivuauy

srunvgealfazdanuuaneeiu ngluiuiseuasnyuazusingeguiinandluiv tieean
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Tuiuimnussunssnaeauuaniadouszuiu Tuiuuuuldmneuagldad agsngan
myuvashuiudasivuualuiy iWesmndluiumuldstufuwum Soililuiuuunne
muandseoniiibesud warluiuuuuldsaigammuandeseendieibosaud Tasga
myuvesluiuilduuszunvassdifivesiuilafieswuvanaluiuseauuuuiuagndml
wansdaguil 3.55 Wisuifleulunisnsgavyuresduiiladfisuisanueia Inegavsudd
aruusnansfuazhldimueditagamulmidewsndssanvesdusilafisuuuuansluiy
vunsaldrassnsinaluiuindouiiimugavuuussuuassdd waggUi 3.56 B4 3.58 uang

mogalunsalluiuingegasiuganauin 85, 87 uaz90 8 MuERY

Rotational axis

luwuaurlamen

A
Tﬂ!!ﬂﬂ‘l’iﬁﬂﬂ!ﬁf’]ﬂ

\.\.\C
l\e/zfe/‘/. ,.::"-.
g
S~ |

- |
™~ -" . /
o AN |
/ . J
f J
- | /
7 .

"sometric

o T Qv u = w =
mwnalegadszaeulamm: aviilameuauluusnuuSey

JUN 3.51 MmegramsuseneulumaauiifivesduilafisuiulauvasnidoniilaLuunis

41' 0
bARBUNRIUIANYU
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Audlawgnasluiusuuisau

2 dimension

Cross section plane —ou

< "4 Detai

/,_...

\\

.'. X&taii'I
.\.\ P - /'.;

L
")‘ Axis on
somelic
2D plane.
Axis
Axis

JUN 3.52 nmdumeunsuansfiingavuaumlaiisuwuvasluiuwuusey
Cross section plane 2 dimension
—

. Detail

“sometic { /

o

R - . o
AulasianaaluusuulAsuae

__Deta il

L

*front

Axis on
2D plane. |

™ Axis

Nl
[l
=b

3.53 AMNTUABUNITHAAIN
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NAANLUA
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Cross section plane _2 dimension

_——_ Detail
N

_ f' @ | Full3D
\‘\__\___ ) '/

aumlawgnadluunuuidiai

Vol
Detail\'-,
P ~—
\_\:\ *Frand
Axis on

2D plane. |

JUT 3.54 nndunounsuanaiingavsu

¥

aumnlaisuwuvauluiukuulAIAn

TuiuuuuBey

Rotational axis

TuuuuulAswmang

Rotational axis

TuwuuuulAeaan

JUN 3.55 Wiguiisulunismeganyuvesaumlaiisuisanueinuussuiuasils




WwALLLEayY

TuuuuulAsmana

TuwuuuuiAsaan

JUN 3.56 fregeiunisaurilaiieniuvaaluiunewdagn L 85 8

TuWuwuuFay

TuwuwuyiAsmane

TuwuuuulAean

e

SUN 3.57 degriunisaurilaiieniuuansluiuneuidagn uu 87 aamm

luuiuLissu

TuwuuuulAsmans

TuiuuuulAsadn

L2

SUN 3.58 Megreiunisauilaienuuuaniluiuneudagn yu 90 aeen

82



83

3) ANSARUARILIUIE U lUUUNSEANEIN1TINaRIlALIURUUAD LR
d‘ U (] U Qi’ o = w 5
INFUN 3.59 uansnndnyedmsvauilafisuuuvadluiunsany
YRALAYINITINFIVBIAUTILAT Y VUIAANMUNUNVDIAUNILATIBY hasdnAIUYDILALUY
PADALADANILITLVINNUY NIFITLADITNLANFAUTEWINAUII LA RgU buvaL U UNE L sie
AB AN UTBIAUIIATIENT WWvuInaINYALSUAY (Origin point) TukuiwAuwaw Wiy X
wazluluaunuawiniu Y waziinisusumndwesyudageanvesluiu lagaiunsauwus

Tamudmsunsieseidu 9 o fanis199 3.10

26 mm 78 mm

5.5
mm

125
mm

JUN 3.59 dnwazvedawuildlunsfinwiuunisindouniugamau

M1597 3.10 nslAnw a1 Aldlun1sdnasuuunIsIAaouNNILAIYL

nsflAneauidlamisulssianay | aavyuvasauinlaiien | yuawduluwu (asen)

Tuwu X (mm) Y (mm) A B C

AuilasuwuvauluRukuULS U 25.4 11.25 - - 51.31

o

wUaluiugagn 85 aeen

dumlaguwuvauluRukUULS Y 25.4 11.25 - | 5331 -

a

yuUaluiiuasan 87 aeem

3
2

dunlaisuwuvauluiukuus gu 25.4 11.25 | 56.31 - -

yunluiugaan 90 aeen

3
2
a

duslaisuwuvaiulunukuulag 26 11.25 - - 51.31

neyaluiugegn 85 aeen

durmilafisukuvaulunukuules 26 11.25 - | 5331 -

nneyaluiugegn 87 o

suilaisuuuuanuluiuwuula 26 11.25 | 56.31 - -

neyulaluiugagn 90 aamm
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M13°9% 3.10 nIdlfnwkaznsmesianltlunisdnaeawuunsiadeuniiiugavy (de)

nsalAnwauidladisuyssianany | avauvesauriale | guawduluwu (asen)

Tunu Wieal

X (mm) | Y (mm) A B C

duslasuduvanulunuwuules 24.8 11.25 - - 51.31

AnyaUaluiiuasan 85 aaen

duslasuduvanulunuwuules 24.8 11.25 - 53.31 -

AnysUaluiiuasan 87 asm

duslasuduvanulunuwuules 24.8 11.25 | 56.31 - -

Anyualuiuzsan 90 8

342 nsadaavdmiunsmassinsivavesdeaituauiladisuuuuauly
WuluuLARauTiH gAY
1) ms%’mszﬂau‘[mLuuaf"m%’u‘[,@LmuLLUULﬂﬁauﬁwwuqmugu
Mnmsoenwuulawunsinavedearuauilafiouwuuanluiy 9
gnuusdulawueanilu 5 du leuA Leaflet domain, Moving zone domain, Inlet zone
domain, Outlet zone domain kagAortic sinus domain ﬁﬁgﬂﬁ 3.60 LanIlATIAS 19U
Towuazvaziidnvar nMseenkUUTILAnANs iy Lﬁaa%ﬁqsuuml,azgﬂmasuaqLmﬁmmzau

o (% a v (% a v =
FNRTUNUINY AIT18ALLBYA NIN1T1N 3.11

a = ] = Y =~
A3 3.11 5']EJa%L@EJﬂﬁ']u‘Ui%ﬂ@‘UGUENIﬂLlluﬂ'ﬁlwamaﬂLa@ﬂﬁ\l']uaUW']IQWlEJiJLLU‘Ua']@J&LU

WULUULATRUTIH WAV

anulauy Folawu seazBuantinfivasiauu
1 Leaflet domain Tnsumuaunsuvedluivauiladioy
2 Moving zone asaiufinseurqumaiadoufiveduiuauiila
domain Wiz
3 Inlet zone domain | Tawuitufimedrvenden
q Outlet zone domain | Tawufiuiivnsvosnuesden
5 Aortic sinus domain Immmﬁuﬁmaﬂ Aortic sinus
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Detail A

Aortic sinus.
© domain

Inlet Moving Outlet

0ne z0ne z0ne

domain ® domain domain
o .
T

~ Aorticsinus T A
* domain
Inlet Moving Outlet
zone zone zone

® domain domain
.

domain
° Leaflet
domain

JUT 3.60 nsuusgeglawunisivavedfoanuaumlaiisuwuuasluiiuwuuindeunsiu

INVHU
9 3

2) miasiuiidmiulamuedoud
13Ut 361 Wunsadulawulunsiedeulmluivduilafewuas
Sulamundniiddalumsuansneas Sonludiuveduivauiladioy Feaurlafiouay
annsandeuildlunumuiilognussfudennnnsznuifiadudaluiu nseenuuusunss
Tuiululamunsivaszgniinoentmdudnwazdesiemmgunssluiv Wosnlsidosnsl
BonlvarugunssiarliAnfuniudeniuluiu Tuiuauwilssansandoulmld
Fosfinnsrmunsraumuulauind (Dynamic mesh) feiugasiinisfmuauazidslai
yossouluity Fsazrmuniiufivesinsseninluivuaskdvaondonsiniu 0.25 fafuns
Hunsadrddamuiuilunismsureduiy (Leaflet domain) asfesagnelulaumiiaugu
ﬁuﬁmsmu (Moving zone domain)
3) msaamedmsulamundeud
Tunsafrasluguuuulaundinddu azdudulaenisadns Moving zone
domain Fusifteldimunduiuilunisauaslfluivansaedeuiiog e luuindeud
A Moving zone domain azeaniuulidiuiiaseuaguludamenisnyula-Ialy
fuitladten wasBulnwuiefiaunsodsuassunsslumuiuiindeulmveduiy
Auladon 2nguit 3.62 Wunsadrslaumiuitlunisguvesluiu (Leaflet domain)
fvualagoonuuuliliszezanuniaifu 0.125 faduns 1InnsuUsanAimilsesszes

Yo919szreluiulazndavanadaaiatdunisasialasesraunlunsasdamumiinu 1ag
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Tnwuiulunisnuuvesluity (Leaflet domain) waslniufinauauitufinisvaiu (Moving
zone domain) ag AvuATUIANRY 0.125 fadiuns warlamud pruuil ui n1avy
(Moving zone domain) s835uUn15a¥esauvwasiuiinsuyuvasluiu Tunsadsluiuiu
ladeslieglusumidnainiafidodinlunisadauaziioandammsineriuiusening
Ity Fainsimualisunseves Moving zone domain aseuaguluiusevinslunuiy

vineaRonmla faguin 3.63

Moving
zone

()
Leaflet domain
domain

JUT 3.61 nmvgnguantdIuTIvazidunvedlauAfoui

Leaflet o
domain

g‘d‘ﬁ 32.62 Ty Leaflet domain waziuvdnsulawy Leaflet domain
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U7 3.63 1L Moving zone domain Uagkawdmsulaiiu Moving zone domain

4) NSUIENSULALUUTDS

N13as9lAmUTEN LRI NRNIZAWNIITAUANNISIAGRUTIVRS U

~ ~

Auilaieuieannisas199unnvealaluuLAaauld 39801585190 UUTRIUTENDULNUN

i
v a

Toungndniiaeanly ieawenadiulunisasiemsliivuizauduidasswrnualauy wazdy

Y

aerusenauildlunsivunveulwaeuly a1ngUR 3.64 BagUf 3.66 Tawusesusenausie

® Inlet zone domain gnasdulauuiiuideuseanlawumannisdivendon
® Outlet zone domain gnasiadulawuiiuiideuneanlauundnyiauieantes
Bhl

® Aortic sinus domain gﬂﬁ%ﬁ«flu‘[muuﬁuﬁmm aortic sinus
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Tawuseswimuadlasuiunandulawundaualng wagidudiudAglu

o

Y

msiasziunlnaveadon druariinisoenuuulassailulawuseddslitinududou
Wetaslunsanszeziatlunsdiuna

N5a%19319UEM3U Inlet zone domain WA Outlet zone domain #aaos
ImLuué'fqﬂa"ng]ﬂﬁﬂimuuLﬂué’wmgﬂmﬁm?{wﬁuﬁﬂ snaunlulauazeanwuuLduy

v @ '

= N [ a a Y < a a k4 1 & [y
FLURAYUINITANTINY 0.125 UaaUpTENINY LLEWL‘U‘Ll‘Vli\‘IaL‘VI@EJSJW]‘L!L‘VI']LL@BMQQ’Wﬂﬂ‘UﬂWﬂ‘Ma

q

YDUADA bATIUIULLY inner zone domain kag out zone domain WU 17,280 hay

70,410 mudsy fsgUT 3.63 wagguRl 3.64

Inlet
zone
domain

E‘Uﬁ 3.64 Tawiu Inlet zone domain waztvaInsulawy Inlet zone domain

Outlet
zone
domain

.

5U7 3.65 Tatu Outlet zone domain waziwdmiulaL Outlet zone domain

91n3U7 3.66 Aortic sinus domain tJulausesnianvuzaulAwnnen
310 Inner zone domain wag Outlet zone domain Tun1sas1vuvanzauiulauag

DONWUULI BT UNTIAULNA B 1LY a5 UTATIas 19 vaulA9aalaLLY Aortic sinus
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domain 3nnseenuumglulauulaTIuIuNBNAY 13,530 91n3U7 3.67 Ae3UN 3.69

(%

Wunisa$alassdawmaeusaduszvinadamuudunisusenaulamuisuaingenu wWisli

4

Tunldlunmsfinunasuauysal

JUN 3.66 1AL Aortic sinus domain uazl¥dm3U Aortic sinus domain

W
|

vy

JUT 3.67 Msasiauveusiaseninelaiuy Inlet zone domain kag Moving zone domain
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5 |

3
SR
i

SEaan
STest 31:'1),

SUT 3.68 NsasaluvLfonsioszniInglalu Aortic sinus, Outlet zone domain tag Moving

Y

zone domain

JUN 3.69 Myasruunousaseninelaiy Leaflet domain Wag Moving zone domain

5) NMIATIADUAUNNYDLIY
AUNINYBLUITUNUIME AT AR N U waLaR e TAINlLN AN

WWaiaLav Wielun15@en g oINS As1ZiLaENISAIUIUNA ML AU VY TURDU

n1sasivaeununInvesusdwdud i sndui asasivaeulidaiugndesnawsy

¥
Y

N3EUIUMSIUNITANIN IguIdelin1snIIaae uAMAINLUINIELLULAIETS Aspect
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ratio A SMINEUTTIIE ANENGIARTUANEIAEAveslATILY Telasasmididadiu
finrwauunsvindy sgdandilng 1, Maximum skewness Tngvialuudrazdmunenlalss
/AL 0.95 wag Element quality Ao Snaunitanysaluvuiidiiiy 1 Fslumsnedt 3.12 uans
Aanmsasglulamuililunuide wailauamdegluinasinimsisasugauninils

AMUUALY

M5NA 3.12 S1eazBendnuiukaraunmvesuylulamunisivavefeniuauialaiey

wuvanulusiv
Tatuu U | UUUA | Aspect | Maximum Element
LY ratiolade | skewness quaLityLQ’sc'i'EJ

Inlet zone domain | 17,280 17,549 1.0015 0.48576 0.998
Outlet zone 70,410 71,145 1.0449 0.48576 0.991
domain
Aortic sinus 13,530 6,984 1.1963 0.452 0.964
domain
Leaflet domain 516 516 1.265 0.2838 0.948
Moving zone 43,252 22,066 1.1845 0.4004 0.967
domain
33U 144,988 117,561 1.0963 0.48576 0.98263

343 nstavuadeuluvnsduianazisulvvsuiwanisivaveinssnass
nsdinssaesmsinaauiiuavguluiu
1) msfmuaieulvveulnnsivavesden
Tnwudsuaiioufiuiilunisussgdon uazgnltlunisiiameiuuinis
lyavesden Fedesdinismuuarinuautfivesion Usznaume AunuILiugeddan
Winfu 1.287 ¢/ em? waranunilalauniing wiadu 3.9 P warinuslideadunisiva
wuudadalalld (Viscous incompressible fluid) ann1sAuInE AT Ssnsiinsien
Fraesdlgmidaimnssulinsuanysallddudeiinsimuniioulvveuivnvesusaydiu
Tnunilviaenndesiunginssunisivaveaden Tnsdinsdadumisdoulvveuivn wansdsgy

7 3.70 waza1unsaawunUsenndouluvauln a5 3.13
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mTIdennazausudeniignasinuriesilaidunsdimesfivuali
Tuiuannsawdeuditnuganyuldlagldmnuuandsvesmuiuszrisviestladunsdy
mamuluiiu Geagdmualiiesinlavhanuisuiaiioudnes Tneflteuldlanuisuden
wazussfuduuuulinsiidonar Feulvveuwamavndt dfmunausidens1edsain
41398ve4 Shahriari et al. (2012) wavAuy Uarv1eanveuiendzgnivualilage198eain
Uoyaa1uILVe4 Li and Lu (2012)

Tuiuazamnsavgulddudosdinisimungamu Fdlumnuidedldimue
wmfnosddnluniseonuuunsaldrasslsiunndnadufio fe nM519ganyu uazsuila
geanvadluiiu Fssesiimsfmunioululauniindiflermusnisindeulmveduiu Tagasd
nszylassslilamundndunuulasssiwmuulaunfindd uduf uiauaalunis
wdoulmvedlusiv Tudiuvedluivazgnivualiduingudsinds (Rigid body) 9Nty
fvusganyuvesluiy uagivussulagsanvedusiu Alddmuald dsmsed 3.12 e

AUUANTUANWITNADING 9 LU

Detail K/?\

v, Blood vessel wall

Leaflet
domain

/ A inlet \-\\ vens | Outlet zone B |
zone \\ ® domain d ; Symmetry_bottom
domain leaﬂet‘\ omain /_
domain

' K ||A=Inlet

B = Oulet
Leaflet . C = Aortic sinus domain

edge  Moving

zone
domain

JUN 3.70 Meazidundeulvveuwsvedamunisinavesdentiuauiilaiiensuvaluiv
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A9 3.13 Msmvuateulrveulndinsunisitasinisivavedensuauiilaiisuuuu

AU URUUNTARRUTIN LAY

outlet

Soulvvouwn | Reulunislvavaadon 518821380
Inlet Unsteady velocity AnuSLdennviala Left
inlet ventricle
Outlet Unsteady Pressure AMUAULADAINVABALRDALAILBLDDS

|28

Moving zone

domain

Domain, Dynamic
mesh (Deforming

mesh)

seylaudmivaseiuiveuwnly

= 9
nsiadeulmvesluiy

Leaflet domain

Inner domain,
Dynamic mesh (Rigid
body)

srylaudmiuiunauaung

wwanulmvadluiu

Leaflet edge

Wall, Dynamic mesh

(rigid body)

dy d‘a o Qy CY =
YAUNUNRVBIlUNUANIIL gL

dmiumnunAesian

Symmetry bottom

Symmetry

JrUMITALVioulAILNTALIN

Inlet zone domain

Fluid domain

TALIUTD LA AN AUV

Outlet zone

domain

Fluid domain

TALIUTD LA AN ILAUITIBDN

Aortic sinus

domain

Fluid domain

TALIUTDILADANILIAUS Aortic sinus

Blood vessel wall

No slip wall

YAUNUNRIVDIVIADALADANILY

2) MsivuaauluNITAUIMULIINALIS

msmnuaaulunisiualainuanisatasslidunisluanuutiuliu

F93glduuud1aes Standard k-omega tJunuuIassimunzauiun1sianenIsinanuy

Yuthuwuuanavusdlungdsi (Low Reynolds number) wazlunissassdunisnaassuuu

Fps1ernanaiiodtunal Jsdesivuatauluanduluy Transient Tagiinuaiian 0 9

0.6 U9 L BLanINTIsAF U lYRIRNIlA s wuvE NI UNUA LA WL S uAUlUuRa

sundsyuidagegavedluiiv lagandinisivuadl Time Step Size Awuauiu iy

0.001 39l waziin1snmuaReulun1sAIUIUDUS MURITIT 3.14
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d‘ o d‘ [J o [ o A 1 : LY )
A1519% 3.14 nsAmuaeaulun1sAuIME S UN1SIaeIn1sinavedfenruaulaiey

WU lURURUUN AR UTIN LAY

Roulumssuan 318aZDIANITATUIE
Software Ansys fluent version 18.0
Algorithm SIMPLE

Numerical scheme

Upwind Differencing Scheme (UDS)

Viscosity model

Turbulent standard k-omega, Standard wall functions

Flow model Incompressible flow

Grid types Quadrilateral, Tetrahedral
Method First order upwind
Residuals le-6

Initialization method Standard Initialization, Compute from all-zones

Solver time Unsteady (t = 0 to 0.6 s: Forward flow phase)
Time step size = 0.001

[teration = 6000

3) MInTvdeuRanisaansinavesdentuauilafisauuuansluiy
LUUMSIARBUTINU AV
91nkan1snaaesimual eulun1avidnazvieenvesidon nuin
anuIdennazeududon danudsuntadlumunandulusuiifimuaveuiun Tagan
wan1sinswilduuildiveadesimwndiuazsisenlulufiamadeitu fgud 3.71
Wisuiauauiudenn19a 1A usuiddeees Liand Lu (2012) uag Bluestein et al.
(1999) uaraIngUA 3.72 Wisuiisuanuduvesidennisuieensiuauiseves Kadhim,
Nasif, Al-Kayiem and Al-Waked (2018) wagdns1anatianiauidn (Velocity inlet) way
ArudursTIeen (Pressure outlet) Wuiouluvouniifnualfadeussiudonsiaasis
wowtila yhlsluivauiladfisvanunsondeuditugevauvesluiuiisvuald d8ns
LLiaﬁuLﬁaﬂﬁu’aaaqEﬁmﬁmﬁﬂwiaL'Jmﬁm'mﬁﬂﬁzﬂumﬁLLaquammmammaﬂuﬁ'vﬁu

Wlaveuwagiwmisasuiumugisainuly fsguin 3.73
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08

07

Velocity inlet (m/s)
°
2

The comparison of velocity inlet with time

® gseo 900s
Ky w'.r.:-.-e:...,_...
...

® Apply velocity inlet ref.data from Chi-Pei Li and Po-Chein Lu, 2012 f
© ref.data from S. Shahriari, H. Maleki, |. Hassan and L. Kadem, 2012

» ref.data from Danny Bluestein, Edmond Rambod and Morteza Gharib, 1999

Time (s)

JUT 3.71 nsmliSeuiiisuiouluanusmisndi Velocity inlet boundary

95

Pansiaeunvesluiua nade udugsn1sinalutaminveaden (Forward flow phase)

439387 0 89 0.6 Wil Wiednwianizy1aingfinssuvesivadenanuluiuseyuila

Susulvauiauilaasaavedluivuazgauieandu 4 929 laun Frasusunsnyuresty

WU (Start rotating phase) 71 0.38 Fu1# FasiunuaiUngsgavasluny 9 0.46 Tu1¥ 49

° | Y] = a a | NN o & Y a =
WWLLVUQLW\?@UQQQW%@QL@@@ 0.5 79U LL@%‘UNL‘U’]Q%’Nﬂjsaamﬁuauaa@ N 0.56 UM

AUAINU

Pressure (Pa)

The comparison of pressure outlet with time

® Apply pressure outlet ref.data from Chi-Pei Li and Po-Chein
Lu, 2012

® ref.data from Saleem khalefa kadhim, Mohammad Shakir

Nasif; Hussain H Al-Kayiem and Rafat Al-Waked, 2018

Time (s)

gih?'i 3.72 03

WiUSsuiisuteulunnusunisuiesn Pressure outlet boundary
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Comparison of pressure between Inlet and Outlet blood flows with time

18097 Fully open

angle phase
N

TS,
N

Fully open angle phase

16,000 -

Deceleration
phase

Start rotating
phase

]
|
|
|
|
|
|
1
|
1
1
|
|
1
|
|
|
|
|
|
|
1
1
|
1
|
1
|
1
|
|
1
1
|
|
|
|
|
l}

v T—y———
0.4 0.5 0.6

JUN 3.73 uansgansiedeulmvadluiuiiuanududense ninaiesiilaseriad

13U 3.75 Ievinisddudiaiierssuiiisuninisgeanlunsiazdisse vinanans
31889119 CFD AU HAN1SNARDIVBY Li et al. (2011) #AN1591809904 Li and Lu (2012)
wuhauigeanluiastisiiunlimesnmuiigegalunednvasiAeadu Ui 3.74 16
vhmsTauudavesluiuriugasafiudsuwiadly aindegnsmavesiuilafieuuuuan
TuiunuuiSsuudagegn 90 aam lanaaeuiUSeuieuyuidavasluiuiunanisdnasves
Li and Lu (2012) wuirainwanissraasluivaziiaded 0 7und uazazidudagedusinu
Franaii 0.38 Jundt ileuiumanssraentFeudsuduluivasvgaiuaziiudinngdaves
Tustudi 0.38 3wt Tunudldumsilaveslusiuiaduiuidngean wufidumiafetudsly
WulUagean o swviaaan 0.46 3wt lunisiiansaniesiginisivavudenasiases

s wrsluiudngn(@isluiuidngn YI9usRUEIanvRRaen WavYTEaRfiIaen) Wi

[%
LY

Tnutesnuuuiudunnlawuiidudnuurluiulaey dufuudaisng Fsi fidnnsimue
wrlulamuadoufiduwuu Dynamic mesh 3avhlinddsudnvarlauuldiiunsiedeud
WasuuUasguiuurasnsreiame Tnedomngddausluiuln GhumsSuduasislam)
yuluiu 34.81 eam galuauiidluiudagega (humisiiasesd) yluiuda 90 asen 2y

wanIN1sUAsuwUasusNunaiasull@egralawaumlafeuwuvauluiukuulag
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A1 Nadngean 90 0aen) A9gUN 3.76 fa 3.78 uazdeyadnuiuiuLazluaninig

Wasuuwlaslusensnsd 3.16

100

20

Angular displacement (degree)

10

Leaflet angular displacement

0.2

0.4

Time (s)

nsaidnwen Trileaflet (2D)

= = =Trileaflet Li et.al (CFD)

JUN 3.74 nslUSeuiigunanisdnaesuilngegavedluiuiiuisuudaslumunaivesiiu

Mmladleuwuvauluiu

M1519 3.15 agudamsiageunvestuivawiilaeuuuvaluiuieuiuig

NAN13I1899 NAN1ANADIUBY | WANIITNAADIVDI
(Li & Lu, 2012) (Li et al., 2011)
(Simulation) (Experimental)
demaadeuiivaslu | diumis | peida | dumle | anads | sumds | anus
WU a0 GG an gean a0 gedn
Gua) | (m/s) | Guid) | (m/s) | Guad) | (m/s)
PaGudumguvedly | 038 0.5 0.38 0.07 0.38 N/A
Wu
ULy ngagn 046 | 1.033 | 0.44 1.08 0.45 1.56
vosluiy
PUAWAUIUTIAUFIER 0.5 1.041 0.5 1.55 0.5 2.09
SRNGLL
Paguzaemveaion | 0.56 0.82 0.56 1.26 0.56 1.69
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2.5

Velocity (m/s)

0.35

0.4

0.45

0.5
Time (s)

0.6

—— ANITA IR

<@+ (IANITIAIRDY Chi-Pei Li LAy Po-

Chein Lu, 2012

== HAanNITaAaaJduad Chi-PeiLi WAy
Po-Chein Lu, 2011

JUT 3.75 nawlasuiUeuiilsunannusainugunisedesunvesluiviuiiladfisuwuuany

TuRukuuS8URIUIT 193188919 CFD

M1319 3.16 wanstoyan1siasuiuasmgniugatluiulaauiialngn

Moving Nodes Elements Minimum Maximum | Maximum
domain at Face Angle | Face Angle | Element
time position (degree) (degree) Volume
(s) Ratio
0.05 44198 43318 27.76 100.51 3.33786
0.1 44314 43434 26.16 101.54 3.3384
0.15 44470 43590 24.17 102.61 4.06588
0.2 44812 43932 24.03 101.78 3.86362
0.25 45114 44234 20.05 122.97 5.52926
0.3 45458 44578 24.76 101.66 4.55385
0.35 45716 44836 13.1 144.5 4.84627
0.4 45494 44614 18.62 142.19 5.13546
0.45 39608 38728 24.164 105.71 6.43432
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3481° Mesh deforming zone At Time = 0.05 s (Fully closed phase) ~ Velocity streamline

771 Mesh deforming zone AtTime =0.1 Velocity streamline

Velocity streamline

3

U

=
]

3.76 wananniuaguuasuerugsaluiulnauiatagn (t = 0.05 fia 0.2 Fui)
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543 Mesh deforming zone AtTime=0.25s Velocity streamline

“

o Mesh deforming zone AtTime=0.3s Velocity streamline

o Mesh deforming zone AtTime =0.35s Velocity streamline

Mesh deforming zone AtTime=0.4s Velocity streamline

JUN 3.77 wansnmivdsuwdasusiudisnatluiulasuiiadagn (t = 0.25 89 0.4 Fu19)

(%8)
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Mesh deforming zone  AtTime=0.46s (Fully open leaflet phase)  Velocity streamline

. <

/ y/. )i/ / Z

JUN 3.78 uansnmivdsuwdatugsuginiatluivdnauialegn (t = 0.4 Ju1¥ suns

Tuiudnan) (sia)

4) NILEAING
LA LN INADERARIHANITIATIZAE YN SRR UTIT LA UNITATD9
Foulaud 3 929 Ifunvrssidngeanvestuiv (0.46 3unil), Trauseiugeanvoaiden (0.5
TU) wag19TEanA 1 1Lan (0.56 TUIT) AINAIAULALILATITNG 1agasTlAseu
Wisuiflsuratduuuanuiia (Velocity profiles) n1siinnsslau LagA1AINLAULEDUUY

VEOA NIU 4 929 AILAUINISIAAULLEDA AD SLAUIPTNIUNY ALAUINE SLUNU dwmnuds

a

PAUDLSAN WU LATAILNUINAINNADALEDR AUAIPU AeguR 3.79 YULAIUNITINADING

n3dl 9 Anwn laeAnwimuuand1sgvsnavesgusluivauilameuwuuansluiu aw

WUU AD WUULSEU LUULA9TY hazhUULAIAI1 AUaNeU

@

winludu vasluwy  vadaes NATNYARALADA
Anlmiia

SUN 3.79 duntsiriinsginauuioanulamunsinaeLuugesdansdinsAnwauiila

Wienwuuanuluiuluuniouninugamvyu
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NAN1SANUUNI5IAY

4.1  unmi

TUUNT UL LEUDHANTTTIaDINTIATIE AT AUA I8 NS AL AN ADLA LA DS
fofnwwansEnuvesnislnavesdentudvisnavesluivauiladion Tnevinnisiiasigs
Wisuiiiay mama@w%wamammL'{Jﬂqqqmaﬂuﬁu&iaguLLuumﬂwasuaqLﬁamhuﬁﬁuﬁﬂﬂ
Fesuuuaniluiu uay Sviwavesemnaldduiudesuuuunisinaveadentiuauilaifios

wuvanuluiu

42  wamssrassnslvasuauidlafeuuuuasluivuulamuauia
Mnran1ssaednislnavuidendiulawuisiassnsiauuvauinvanun 1 89 8
Model leiFanuiua suutasvesdianmduidounazguuuunisivavondonsiunandi
Waguwlaslu 0.105 , 0.3, 0.6 wa0.8 Iundl nuitlaesiuuan linamanuduidouuuiden
Aulvluwumaiiondu fe wuminnuifudeugaaausngnuiiioa 0.105 3urfl uazwy
Tndfusumdanimaoadennediu Aortic sinus Wunaanludiwhumdanaiinms
geandilvarususiduiuilviidmududougsgaunnnin drsiumisnaidug Wusa
Tluthsnnusigegnuuidenvseiia 0.105 Jundl flenmadssiioviinauidengaduganin
Tugrshumisnandugfinuamanudeuuuionsinii é’fagﬂﬁ 4.1
4.2.1 S‘m%wasuaagﬂs’wﬂuﬁuﬁammLﬁutﬁauuazgmmummL%"mul,ﬁamhué’u
W laisuussnnauiif
MnuaresA1ndeugeganaramindonlundazdasiaiiuey
Wasuwdaslumunnudianuudnfidnisasuntasmnudilumunan lunsinsizidu

il Aaruduidougegauudisiumisam awnuegfisunuaa 0.105 Juft Feaztiun
finsanlumaUiouifiouna mnussuifsunaldihauialafeuifauunndiaesguin
luWyu Ae WIgULgUNaYBIN1591809Y09 Model 1, Model 4, Model 7 LagModel 8
MUAFU Wanaanseil 4.1 Fsflenaumndnsvesguialuiu Wisuifeuiyuingean 85

aarfeniu MnnalunsSeuiisuimundmdsluiu mauiudougigauazanuniigs
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qmwuﬁ@?’lLmﬁﬂﬂﬁﬁuﬂmﬂuﬁ'ﬁaL?Jua;m?ilawiaﬂmﬁm?imLﬁamqmﬁuﬁguﬁﬂaLﬁammﬂﬁqm
AANAudsuudeawazauiudenlunsdAnwiuiouiisugus1avesluiuuans
AUy 203Ul 4.2a wuinmnududeugsgauuidend iy Model 4, Model 7,
Model 8 uagModel 1 iy 9.81 Pa, 9.07 Pa, 5.08 Pa Uag 4.29 Pa Aua1AY MNHANTT
Wisuidieu Model 4 wag Model 7 nuaranduidougegaannnindlofisudu Model 1 uaz
Model 8 wagnugagafisumisindifsaiy Aortic sinusisiaznuaadudousiatdiniy
senIeanusluiu Tumanduiunad lunaves Model 1 wag Model 8 lvinaf1AIuLAY
Beugeaniduidndruluivudnuanummaufudousnitlusumisnauuivass
Foauaz Aortic sinus Jauna 2ngUT 4.2b inannraveaLLILdumIEUULEeaTlined
UULUIAMLINITIA 1ag Model 1 uag Model 8 5uwummLLmﬂmwaammﬁwuL%aWg]a
ﬁqﬂ (Velocity gradients) vuguuislnanuluiulunwiageinisluanans us Model 4 way
Model 7 Tuuinaluiununuauuandiswesmaivuidensiningd Model 1 uag
Model 8 9n3v3nazesniseanuuummuanasvasluiuty Tiuadiaududeunas
mnufudesiuandsaznuludgmddunisiuesnly Wunadensiinduidesludau

ANLAUITNLANAIAY

4.2.2 dnswavasuUagegalunudeaaduidouuazguuuuanuiiviion

NIuAUI I suUsTANEINlf (Auidlaisuruuaulunukuuseu)

Tunavesdiud 1avin1sTnAAuA U aulaz LU EAUANISI VLA R TILlva

[
1 a LY

rudulafsnuuuasluivsuuBeuiiymdngsgaunnsisiuiidy 85, 87 uaz90 s
muaU (Model 1, Model 2 wag Model 3) fi3an5137 4.2 91nvesaandudouvuidon
LARIFIFUR 433 nUAIANLAULE BUgIgAdImTU Model 3, Model 2 uay Model 1 i
WU 9.24 Pa, 5.63 Pa uay 4.29 Pa a1udau Adslanssvesysilagagaiiludenaiy
Audeunazanuiiiuudoniiuandistu Model 2 uag Model 3 \uiulaifisunuuluiy
Souiinudaluivgudatesmsivaldniadeiieutu Model 1 $uuda 5Ufl 4.3b inan
mam’ammmemwaamwm%aﬁLﬁﬂsﬁquudau Aortic sinus w3 ol anasnidon 49
annsaaisAdudeuUI M Aortic sinus lennndnfiyudn 85 asm feyuilaiuay
fanaznumnduidougaaaiumidndluiuuny wifduiladeswovasluiuuuuiFey
Tadagega 90 o9 (Model 3) wunslvadeunduvesdenifumisszyinsluiv Fafyy
Wngean 85 uaz 87 earnlimunszualunadounduuuiden adusunsesounassiuiives

audenuaziinlvansdounduresduidenaunsngasuluiuiluiulea
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- Results at the position MuHUIHN U
. 105 ms (Entrance flow through Leaflet.)
™ 300 ms
g 06
g 04 _
2 021/ 600 ms 800 ms
0
0 02 04 06 0.8
Time (s)
12 12
<10 Model 1 at 105ms =10 Model 1 at 300 ms
e : [ s
E 8 Aortic|sinus Centeréline E Aortic{sinus ; 8 Aortic|sinus Center;lme E Aortid sinus
Es ! Leaflet line | | Leafletiline
2, i 25 h E
o 0 N : i " 0 \\ : i
0.02 0.03 0.04' 0.05 0.06 0.02 0.03 0.04 0.05 0.06
diameter (m) diameter (m)
12 12
=3 Model 1 at 600 ms = Model 1 at 800 ms
o ! g 7
E 8 Aortic|sinus Cemeréline E Aoni% sinus E 8 Aortic|sinus Center;lme i Aortig sinus
g 6 Leaﬂeliline g 6 Leaflet!line
g ¢ _— 5 | —
[} i (5} i |
= 2 ! &% : i
0 - T : = . 0 \\¥ E } e
0.02 0.03 0.04' 0.05 0.06 0.02 0.03 004 0.05 0.06
diameter (m) diameter (m)

JUM 4.1 Wisuigurariauauuien s suvidantluiu vulawuduiladienwuy
auluiunyulngegn 85 09M1 N1UYIUIAINTNATITN 0.105, 0.3, 0.6 Uaz0.8
U7 AINAeU

A15199 4.1 TaLun1531a99n1sinan ud winlaieukuua 1 lun ud Lot uns s A nwd

Wiguiiguussvadluiy
Domain Domain details Curved inner Fully open
name radius (mm) | angle (degree)
Model 1 dumlasuwuvanuluiukuus ey - 85
Model 4 auilasuwuvanulunukuuls 0.542d 85
Model 7 dumlasuwuvanulunukuula 0.583d 85
Model 8 aumnlaisuwuvanulunukuulag 0.50d 85
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MUEHUINAOMINTITH

Results at the position Aurvanaaluy

10 105 ms (Leaflet tip.)
‘i‘ 08 (After peak
.8 systole
i phase)

04 _
i 02

0
0 02 04 08 0os
Time (s)

\

/

Shear stress (a) Velocity (b)
12 ' Center line Model 1 2 | Center line i
10 { At cross section 2 18 Aok ke
: 18 ™
is ‘ Leafletline F1a . Leafletline |
3 Aortic sinus ! Aortic'sinus| £12  Aortic sinus Aortic sinus
: / : s Z10 J N
/| H 05 l
; 4 (l : l\" Zos [ )
| 0.4
2 U ’ % l\

0 . /
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06

0 A v ¥4
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.08
diameter (m)

diameter (m)
12 Center line Model 4
10 Al cros section.
Zs Leaﬂclélinc
g Aor(i/, sinus Aortig sinus

0o N 3 g >
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06

2 |

Center line

4]

0.02 0025 003 0.035 004 0.045 0.05 0.055 0.06

diameter (m) diameter (m)
12 ' Center line Model 7 2 [ Center line Model 7
10 | Al cross section 2 18 | At cross section 2
H 16 | '
s J  Leafletiline ' s14 Leaflet line
2 Aortic sinus ! Aorti¢ sinus | £1.2 Aonij inus I Aortid sinus
:6 7 H { z1.0 :
1 H ! ‘o8
3 /l ' l /I l
5 K ’ 0.4 k
q / 02
5 \_ b / o : ",
002 0.025 0.03 0.035 0.04 0.045 0.05 0.055008 002 0025 0.03 0035 0.04 0.045 0.05 0.055 0.06
Dmie (m) Diamcter (m)
12 ‘ Center line ! ’m 2 | Center line Model §
10 Ate 2 F L8 At cross section 2
H 1.5 H
£8 Leaflet line 714 Leaflet line
Aortic sinus Aortic|sinus | £22  Aortic s : rtic sinus
6 2z10 p Q
\ | Zo. : ‘
; 4 Zos
. 0.4 :
2 \ 0.2 H /.‘
0

N ' ~
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06

diameter (m)

9 N : ' ~
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06

(m)

105

4.2 \WSeuiigunavasaImnuAudon (a) bagwuilduninusiuuien (b) liunsal

naaaudninavesgus1eluiy (Model 1, Model 4, Model 7 wag Model 8

AuaeU) 9 0.105 U
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A15197 4.2 Tauun1sanaednistran1ud uiilasunuuauTuwui 19l uns 6@ nwd

WiguieuyuUngegauesaumlaiiawuuanuluiuiuuisey

Domain

name

Domain details

Curved inner

radius (mm)

Fully open
angle

(degree)

Model 1

Qy CY = v a
dumlaisunuvasluiuluus ey

85

Model 2

dumlasuwuvanyluiuluus ey

87

Model 3

tay C% I U a
dumladisunuvasluiuluus ey

90

mlmmnmmmﬂm Results at the position

105ms

(After peak |
systole
phase)

Shear stress (a)
[12 4 B el ]— 2
Atgrons section 2 18
10 : 16
N Center line lmﬂcl line 1'4
é:s Aortic sinus Aortic sinus ;1 2
g 6 I z10
] ) Zos
74 i ) 1 ’o.s
04

: Lﬁjn

\ 0.2

0 ! 0

002 0025 0.03 0035 0.04 0.045 0.05 0.055 0.0
diameter (m)

—

Aortic sinus

0.02 0.025 003 0035 004 0045 ODS 0.055 0.06

i
002 0025 003 0035 004 0045005 0.055 0.06

12 Model 2 i
10 Atcross section 1-6
| N Center line . Leafletline

£ Aortic sinus Aortic sinus El 2 Aortic sinus
b 1 1

3 1

Za F \ ,° 8

& -

2 | | [ ﬂ J \
{ {

Aumianaaluty
(Leaflet tip.)

Velocity (b)

Model |
Al crom section 2

Center line  Leafletline

i Aortic sinus

Mol >
At o » wothon 2
Center line Luﬂ'lhm.

i Aortic sinus

[ 12 I Model ) 2

o Al rows sextion 2 18 Center line At cross section 2
1 | g
Centerline~ Leafletiline 2 N Leafletiline

é 8 Aorticisinus | 212 Aortic sinus ' Aortic sinus.
7 E 10 | N
26 Zzos \
7 £ \.
g Zos | \
44 29 , \

02 \ !

° J\

/

Madel 3

o N

o,
| 0.02 0025 003 0035 004 0.045 005 0.055 0.06
002 0025 0.03 0.035 0.04 0.045 005 0055006 .
diameter (m)

diameter (m)

P = = ! Y oA Y & a 1 =
JUN 4.3 WisuiisunavasAtnuiudon (a) wazkuidunnuiiivuiden (b) iunsel

nageudnsnavesyulnasgaluiuwuuiseu (Model 1, Model 2 uazModel 3

AMaeU) 9 0.105 U
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4.2.3 dnswavasuUagegalunudeanaduidouuazgiuuuanuiiviien

NuAUI lasuUsTAnaIudin (Aundlaisutuuaulunuwuulag)

Turamssaesnisivavudeavesdini lévhmsiaranududouasiun
Fuamdiuudeniilnaduiuwilafssuuasluiusuul sy dageaaunnsiaiu
wihfu 85, 87 waz90 oen MuUAIRU (Model 4, Model 5 uag Model 6) fimsait 4.3 91
suaqmmLﬁuﬁauumﬁamamﬁqgﬂﬁ 4.4a A1AUALEDUEIGAEIMTU Model 4, Model 5
LAz Model 6 ALY 9.81 Pa, 8.98 Pa Ua¥3.99 Pa nuadyu wulidl exuidngaan

ALY UE NS UAUIMLAT U buua Ul URURUUTAST NA T ANULA LR D UULLADAAAAY LT D990

a

wEUAMNULS T AR L TURUT AL NA19YDIANNLEIANAINAIWALG Aortic sinus kAazd

=

[ 14 1 < A o 1 LY [ A
Naﬂflﬂﬂﬂﬁ'lllLL(F]ﬂG]'NSUQW]'J']lILﬁ’JUULﬁE]ﬂ@QVWI']LLMuﬂUWU GNE‘UV] 4.4b

ANALLAULA BT @I nUUUAortic sinus YiWLARAIEBesaNSLAREY

[ '
a = = o 1

dengasuldveruiedtuannavesnszuaulindvwinivgiiadufisuniatidunanis

57UTANLEA (Hong & Kim, 2006) N15igunaA1A LA LEoulinTulal Asiinnde

= dl 1 1%

HenALTUNAIANLLALIRDUUNLGEAZINIT 10 Pa (Ge , Dasi, Sotiropoulos & Yoganathan,
2008) fewnisiinAimuruouuuaenggatunsainisinaesnsivaruauilavioy
wuvanuluunavuaaldiiuen 10 Pa usin1siindudentuaiunsaiinaintdadedu wwu

nsiialnsale, Stagnation flow, NMSIAAANUALAR LATNISIAANTELEITLULLEDNA

A15197 4.3 1aLUN15918090715 bak1ua Ui ladenwuua Iy Tuwua Lo luns el @ nwd

) ] a Qy Y = % 14
WiguguyuUageanvesauinlaeuwuuasluiuiuula

Domain Domain details Curved inner Fully open
name radius (mm) angle
(degree)
Model 4 suiladisuwuvanuluiuwuulas 0.542d 85
Model 5 suiladisuwuvansluiuwuulas 0.542d 87
Model 6 duilasuwuvanuluiukuulag 0.542d 90




108

o ' 4 ¢
MUHUINANIATIZN  Results at the position Mumvanasluiy

O 105 ms (Leaflet tip.)
g os (After peak
2o systole
i phase)
04
i 02 B
o
o 02 o4 o6 o8
Time (s)
Shear stress (a) Velocity (b)
12 l Model 4 2 Model 4
Al cross section 2 1.8 nmmz
10 Center line 16 Center line LcaﬂcLImc
78 5 14 :
= H 2 N :
B 6 Lcaﬂu line 51.2 [ \ : !
3 Aortic sinus i Aorti sinus -;1'0 Aorticsinus | Aortic sinus
: \ 0.8 ol ' K
g a P l ; | l\
2 04 (-} : ‘ |
02 : /

(=}

0.02 0.025 0.03 0.035 004 0045 0.05 0055006 002 0025 0.03 0.035 0.04 0.045 '0.05 0.055 0.06

diameter (m) iameter (m)
[T12 [ Model § a2 [ i
8 Al gross sextion 2 1.8 At cross section Z
T e Center line Lcaﬂclglinc 1.6 Center line Leaflet Imc
g 7% Aortic/sinus 5 Aomc sinus

z8 i Aortic sinus

7 é 12 }
g 6 .%‘1.0 ///\ \
i, 208
L 0.6 /
2 0.4
0 g 0.2
0
0.02 0025 0.03 0.035 0.04 0.045 0.05 0.055 0.0¢ 0.02 0.025 0.03 0035 004 0.045 005 0055 0.06
diameter (m) m)
12 Model 6 2 Model 6
At cross secton 2 1.8 At cross section 2
10
Center line : g3 Center line Lcaﬂct line
zs : e :
< 40 Aomc'smus : Aoruc sinus
_E 6 Lcaﬂct:lmc | gl.o [- —_
§ Aortic sinus ; Aomqsmus o5 J
‘ | I
2 04 u'
0 o 2 =/
\
0.02 0.025 0.03 0035 004 0045005 (oX 500{ 0.02 0025 0.03 0035 004)0045 005 0.0 5005

JUT 4.4 Wisuiisunavesainududou (a) wasuuduausiuwien (b) diunsdl
naapudninavesyuilagegalununuulag (Model 4, Model 5 uagModel 6

ANUAeU) N 0.105 AU

Tuadusau19zUs s UL B UNATRINTSIAANTE LA UUULA AT LT utade?

o w

ddglun1ssiuiiveddiuiien lagainguin 4.5 uanswanisiuTeuliisun1siianseuaIuuy

WEenkUA Ul sukuuanlun UL UULS 89U wazduia ey wuvuanulunuwuulag f
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fauvtianan 0.105 3wt nsamsisuiiey AuidladenwuuaniluiuuuuFeu Model
1 wa Model 2 wunisiinnszuanuAatulusumis Aortic sinus 9 Model 2 @2 Model
3 numaidnnszuauiintulusudomdsluiu mnmanstisudiey uinlafieuwuuan
Tuwuuuulds Model 4 wag Model 5 nuwuinvesnssuaiudlvglndfusumis Aortic
sinus 39uANA199N Model 6 FaRnnsziarusglusiunia Aortic sinus Model 3 Auvala
WisnuuvauluiuuuuBsuyuiiagsiign 90 eem ianszuamuifvualnginin Model 1
uaz Model 2 7ifpidngsgavesluiuiiu 85 uas? ssm dudufudnnsivauiouves
dudeniigslusumisluiunazieomnanduidougsaeis 9.24 Pa 3demadsdlunisiia
Audengaduiiluiudaduamdeanniian dusviuilafeuuuuauluiuwoul ds
Ienaluynanduitu fe duilafisuuuuandluivuuulds fadingsan 90 ase (Model 6)
sUsuumMaRnnszuawistuuanisnnyulingsan 85 uaz 87 ase (Model 4 uagModel
5) lunavasauldsluiudwiusmlingaan 85 uay 87 esamiuinadenisiinduidengasy
aeievuavednszuamuinundsluiy wagAnnududeugsaniinuiauviiiu 9.81 Pa
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Velocity profiles at Fully open angle of leaflet

Fully open angle 90°.
Fully open angle 87°.
Fully open angle 85°.

Diameter (mm)
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2 . : . 4.5
Velocity (m/s)

o H

Velocity profiles at Peak flow phase

Fully open angle 90°.
Fully open angle 87°.
Fully open angle 85°.

Diameter (mm)

(b)

4.5

2
Velocity (m/s)
Velocity profiles at Deceleration phase

Fully open angle 90°.
Fully open angle 87°.
Fully open angle 85°.

Diameter (mm)

(c)
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Shear stress on Flat tri-leaflet mechanical heart valves
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Velocity profiles at Fully open angle of leaflet

Fully open angle 90°.
Fully open angle 87°.
Fully open angle 85°.

Diameter (mm)

2
Velo_ci_ty (m/s)
Velocity profiles at Peak flow phase

Fully open angle 90°.
Fully open angle 87°.
Fully open angle 85°.

Diameter (mm)

(b)
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Velocity (m/s)
Velocity profiles at Deceleration phase

Fully open angle 90°.
Fully open angle 87°.
Fully open angle 85°.

Diameter (mm)

2

Velocity (m/s)
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Velocity profiles at Fully open angle of leaflet

Fully open angle 90°.
Fully open angle 87°.
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Shear stress on Downcurve tri-leaflet mechanical heart valves
Fully open 85 degree Fully open 87 degree Fully open 90 degree
a
” L) =20 t=0.465| - 20 T2 §ssl t=0.46s
P 8| E15 [T eaaroipan-mme—or. Y E1s Rmfr o PARCm=muehe
S5 810 5 10 510
AR g g
%&‘.‘ ° 3 K] 5 8 2
d 3 L SSCSRRER] KSR e S =] . 1 R
s % 0 12 16 20 24 28 0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
- Shear stress (Pa) Shear stress (Pa) Shear stress (Pa)
(b -
1= t=05s| = T [T t=0.5s
S E15 |1 Qeeeeeqpparececcn. £ E 15 N LR T Y e
s | g £ 10
> v Q 3
: | £ £ £ s
= RPN e Eatd Edes dee] Is331 s3ind 345 3 =] RN kadie bedsl Joked tendl Kt ¢4 bees S
=4
-4 12 16 20 24 28 0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
L= Shear stress (Pa) Shear stress (Pa) Shear stress (Pa)
@ 2 T t=0.56s| 20 §=-- t=0.56s| z20 F=~s., t=0.56s
c £ PR T LT E 15 h Lt S Ll E15 Wil ST LD DL
2 o | & b g 10 I 210 >
2| E £ £
K & 3 s
[ Rl ] TSt B R Ho 1 ...................... 0 0 e e
3 8 12 16 20 24 28 0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
Shear stress (Pa) Shear stress (Pa) Shear stress (Pa)

sUfl 4.14 ﬂi’ﬁ/\lLLamawﬁwammmuLﬂmiuwuaqammaﬂaﬂmmumauuul,aamsuaqauwﬂam&m

LLUUE‘{’]ZJIUWULLUUIQQWJWVIHNLUGIIUW‘UQQEM 85, 87 ez 90 93F tu 479019

WmanURvaTluRy

4.4

wuusuluiy (Luunsiaaaunvaslunurugany)

answavasaulaslunudeguuuunisivaveudenrtuauialatis

lassasravesluiulaiinisauigduuuinegedeiiosuasd ukuuniunneneiu

sonly dnwazvedluiuduiladisududiudsznevdrAglunisadisgluuunisivaves

Foalrtanuwazianaiaiueanly IngasyinnsiuSouiiounnusiiden NsewaIu wazANy

WULROU TUWAAEYI9N15LARBUTNVBILUNY 1NN wavesduiilaieukuuaulunukuy

a L o ~ ) Py YY) ~ ) v o = o
BYU duTlasuwuvadluiuwuulAeae wazaulaweukuuaulunukuulaeaIn Gl

NasaNISIAREN T ANGRAWILA




125

4.4.1 3Inswavasanulaslunudaguuuunisivavadansuauidlaiieuluy

analununyulunuillngegn 85 aeen

Tutsuidnggavedluivauilafosuvuanluiu 913U 4.15a wy
Srvuzeanudivendenlndifesty uwituilafonuasluiuuuuldmnewuauiags
Windu 0.8234 m/s wagdanuinszualnadendoundugsidumisansluiuiniy -
0.094 m/s diaifisuivauilafenuuualuiuwuudeu uas duiiladouwuuanuiv
wuuldandn nanwgAnssuvesdensnluiy anguil 4.16a wuitluiasysndngsgaas
Busulumsaiienssuany feauilafeuwuuanluiuuulfomme wuanududengdian
aunsolvawnsniusgnindluiuias aortic sinus Jevinliiinaansadengs o aortic

sinus

lugrauseiugegavendon 31n3UN 4.15b nunseudlvadeundugaiuain

Preyudageanvedluiu faguil 4.15a sduilaiisuwuuadluivsuuldmaeiiany
@ & 1 [ @ A v [ a ¥ ]

ANNLSIHDAGIEAWINAY 0.9221 m/s uag wuALEIAenlradaunduaIuTumvinluiu
WU -0.366 m/s aulaweniuvaiyluiiuluuissunuaneuzvaunaustdoaldlunig
a [ @ & 1 [ @ =] % v} 1 [y}
WAEaiu NUANNSILABNgIaALIiY 0.9499 m/s wagnuauiudenlvadounduindu -
0.1 m/s Tunandunu auilafesuwuvaiulunusuulasadnlununsewaliadounaun
suvaUangluiu winunssualuadeundugeiianag s unusnarvasaidion A
Inadaundugedls -0.223 m/s Weilsuiy duiiluiiesusuvauluivwuulimaswasau
Wilaieuuuvamluiuluuisey 9nUN 4.16b WeRnTIUYeuTRN U AUV aortic sinus
FaflvuanszuauninariinnusigaiuandanuUeasgavedluiu Tnsduhladieunuy
ATUNULUUTAIATIAENUNTZLAIUT U8 UTIIM aortic sinus WANUATZLAIUIUIA AT
AWAUINA1AALEDR FIRN991INAUIRbaeukuUaNluRULUULAIINY hay AUl Ay

wuvauluiukuulAIAI AINUNIELEIUIUIAIREIUTIIM aortic sinus

Turnwaefveaden dumhlafisuuuasluiuiuuFeunuanuiudon
gefiiunisvesseningluiuiy aortic sinus Bsilmnuialvadounduitiy -0.372 m/s
uay AuIEAAenU3ian aortic sinus Wy 0.4162 m/slasaingudl 4.15¢ Ausilaiion
wuualuiuiuuFeuiiviom aortic sinus fienuifadongean Woiouiy uialaidios
wuvaluiuLUUTAS LagnunsEuaUIIUIULNTIGATIUIIN aortic sinus WazMda aortic
sinus wenanAuvtsvadluiy Geanunsanunszudlvadoundugeis -0.352 m/s Mdumia

P89 aortic sinus LAY ALUUINANNADALEDN AUNI LA YU LUUA N IUNULUULAINRIT8NU



126

nwarnslvavesdon wandsnnduilafisuuvuasluiuwudey femuanudilva
founduuina aortic sinus wagilnnusigausnauaeluiu Fainandnvazvsinszua
MU aortic sinus $931n3U7 4.16¢ Fosnnsivavendonsyninslusiuiy aortic sinus
yosduilufsuuuualuiuwuulfmnenheiigahliuanuiidonausaseniiy
fhoamudigriuuuluiu SreliAenssuauiifenudidengeiigndedoutu uile
Foswuvanluivuuuiey wesduilafenuuauluiuwouldsad Auilafenuu
anfluituuuuldsedn nudnwaznsivaveadesiinuie Wetidinisiedeuivesluiy
Wasuuwlasld windunuaudaidengegawiiiu -0.499 m/s iveanisivansanans e
Feufuauiladeuuuuasluivwuuldmes warduivilafieuwuvaaluwudey S
ATuUANANsTBsA N NAeRZIUaNL aortic sinus TnsangUTt 4.16¢ Auiladfionuuuan
TuuuuulAsadmunszuanuindudesdiandishuvis aortic sinus iAnanvesnisiug
semindluiuiu aortic sinus wauian Waieusvauiladesuuuauluiuwuuldmne
waz Aushlafsuuuuasluiuwuueu udtiszaeivendon navuamuariidnuasiiniis
wagifiuduaudy %ﬂLﬁﬂ%H@ﬂﬁU%L?mUaﬂﬂ aortic sinus IuiANIzualnadounduveFangs
figaiumisnanaaendentidla ieifsuduauwilafey wuvasluiuuuuldmnsuas

=
bUULIEU

9n3U7 4.17a uamsmaiUSsuifsumnuidudouvasauiilafionuuua
TuiuwuuiFey wuuldamne wasuutlAsnifigudeluiugean 85 eam w Hansiadoud
vodluiu Tutsmilingsgauasluiu wuidanududsuuuienlndifestu Tasduils
Wsunuvanluiugandaluiugean 85 aea luiuiFeu luiuldmae uasluiuldeadi 4

ANAMULALLADUWINAY 4.7055 Pa, 4.6205 Pa, way 4.7546 Pa A1uasu

INFUN 4.17b wanwiusugegnuacdon aumlaisuwuuadluiuiuy

= v v (I) dl a o a v = 1 Y
Seu wuuldmng waziuulasniniyudaluiugean 85 s IA1AnuAudausanviniy
5.334 Pa, 5.1323 Pa Uag 5.1323 Pa Aud1iu wuinanuiiuideugeanialnalAesiu us
nuIAUMlasukuvanluRukuUlAIaY iauuIaueInsehalun1elusEnI1aus I
aortic sinus WALNAILUNU NIN9LkAE I UILLEDLNINAUR LU WUUEN TURULUULS 8 ULAY

v o A a . . & Y a ) & & a ) ! Y a
WUULAIAINTIUSIEY aortic sinus MUKNAAANITIIUAIUDILIALADATNLANAILAL N LLAA

N385 19aUEAYUREUNUSIN aortic sinus

v
a LY

ﬂ’]ﬂzﬂﬁ 4.17¢ Lans¥9vzaanviion duiilaisuuuuaiulunuluy

a1 1

a ‘NI a U 1 1% = ‘2" o 1 U v U
LiﬂUVIHNLU@IUWUQQ@@ 85 83" ‘W‘Uﬁ']ﬁ’ﬂllLﬂum@u%ﬂ@ﬁﬂ%G]’]LLMUQM@QI‘UWU&IW]W]"IﬂU

q



127

6.103 Pa wazuvLands aortic sinus fiAvAU 7.094 Pa Fageninanuiiuidougagauu
autlafsuuuuaaluiuuuulfamnsuasideed Samiududeugegaiiiu 4.221 Pa
uay 3.864 Pa ddlutisszasivesdonduiilafsnuuanluiuwuueuierundesgade
nsadedndendlafisuivluivtsziandy iesnnanududougsaausnglndsiumis
vsluiy wazifndnuvazvesnszuaudnauinuinamdsluiu shldAnnssusvesay

wasntunuladneninauinlaiisuuvaulunusuulAsmagkaslagadn

Velocity profiles at Fully open angle of leaflet

N
o

Flat trileaflet

$ 288 t=0.46s e
16 X Downcurve trileaflet
E - 'Y ;‘.‘
E 12
3
Q
2 8
8
S 4
0
2 2.5
Velocity (m/s)
Velocity profiles at Peak flow
Flat trileaflet
Upcurve trileaflet
Downcurve trileaflet
’g ............................................................
E
3
°
£
8
[=)
0 0.5 1 15 2 2.5 4.5

Velocity (m/s)

Velocity profiles at Deceleration

Flat trileaflet

t=0.56s Upcurve trileaflet

Downcurve trileaflet

Diameter (mm)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Velocity (m/s)

JUT 4.15 nsuansdninavesyulaluiugegn 85 aarm siepnududenvesauialaiiion

wuvanyluRukuuseU 1A9nae wazlaandn a 339n15eaaunvesluny



128

"rx-\ Mumiandinnzinszuaiu

nsainfSourioy
Y4 vA
X X
Flat fully open 85 degree Upcurve fully open 85 degree Downcurve fully open 85 degree

Recirculation flow on Fully open 85 degree of mechanical heart valves

Flat trileaflet Upcurve trileaflet Downcurve trileaflet

Fully open
angle of
leaflet phase

Peak flow
phase

Deceleration
phase

“0.800 -0.679 -0.558 -0436 0315 -0.194 -0073 0048 0170 0291 0412 0533 0655 0776 0897 1018 1139
3 N . Leay . ] A | 1

Velocity u (ms*1)

JUT 4.16 uananszuauveadeniiuyuUaluiuasgn 85 e Aorusudonvesauila

Weukuvaulururuuissy 1Ay kazleandn a 99n1saaaunvadluny



129

Shear stress on Fully open 85 degree of mechanical heart valves
Flat trileaflet Upcurve trileaflet Downcurve trileaflet
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20 Velocity profiles at Fully open angle of leaflet
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Velocity profiles at Fully open angle of leaflet
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Shear stress on Fully open 90 degree of mechanical heart valves
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ABSTRACT

This study mainly focuses on the influence of leaflet
shape of mechanical heart valve on the characteristics of
blood flow through the valve. A three dimensional
study was undertaken to investigate the velocity profile
and characteristics of blood flow through fully opened
flat bi-leaflet, flat tri-leaflet, downward concave tri-
leaflet, and upward concave tri-leaflet heart valves. The
k-o turbulent model in FLUENT was applied to analyze
unsteady incompressible blood flow. As the results of
computational simulation, the maximum velocity is
found at the central orifice between the leaflets of bi-
leaflet valve and at the orifice between the leaflets and
housing of tri-leaflet valves. The concave leaflet valve
generates larger circulation and higher maximum
velocity than the flat leaflet valves. Meanwhile, the
maximum velocity of the flow through the flat tri-leaflet
valve is lower than that through the flat bi-leaflet valve.
Therefore, the flat tri-leaflet is promising to reduce
blood flow circulation and minimize the thrombus
formation.

Keywords: mechanical heart valve, leaflet shape, tri-
leaflet, concave leaflet

1. INTRODUCTION

The heart has four valves: the tricuspid, pulmonary,
mitral and aortic valves. When one of native heart
valves does not work normally, it is one cause of heart
valve diseases. Heart valve diseases can be caused by
theumatic fever, degeneration related age changes, and
infection. This causes has change the flexibility and
shape of a native heart valves. Dysfunctional heart
valve disease cannot open or close completely, resulting
in backward blood flow through the valve. This makes
heart to work harder to supply blood to other organs
sufficiently. The remedy of heart valves disease can be
treated by taking medicines, repairing or replacing heart
valves. Doctor may prescribe medicines to prevent
arrhythmias, lower blood pressure which can reduce
workload of the heart and relieve a symptoms. For the
treatment with a repairing and replacing heart valves,
the treatments depend on many factors, including
severity of heart valve disease, and age of patients.

Repairing heart valves can preserve the function of
heart muscle, it results in lower risk of endocarditis and
it does not need to take anticoagulants. However,
patients who have severe symptoms, they need to be
treated by replacing heart valves with prosthesis heart
valves.

Currently there are two major types of prosthesis
heart valves: biological prostheses and mechanical heart
valves. Biological prostheses are tissue heart valves
grown from pig, cow, or human tissue. Patients who
implants with biological prostheses do not need to take
anticoagulants. However, the biological prostheses has a
low lifespan, they are suitable for being implanted into
elderly.

A mechanical heart valve is a medical device used
to replace dysfunctional heart valve in patients with
heart valve diseases. Several types of mechanical heart
valves have been developing, e.g. caged ball valves,
mono-leaflet, bi-leaflet, and tri-leaflet valves (Pibarot
and Dumesnil 2009; Gallegos et. al. 2006). They are
durable to implant in young patients who need long
lifetime of the valve to sustain their life.

Replacing heart valve treatment has many
complicated after surgery obstacles, including
hemolysis that damages red blood cells and platelet
destruction. This destruction of red blood cell and
platelet can induce thrombus formation around the
leaflet and housing of mechanical heart valve prostheses
(Hong and Kim 2011). This thrombosis shortens the
lifetime of the valve after the implantation in patients.
The patients with implanted mechanical heart valves
need to take anticoagulants, e.g. vitamin-K antagonists
(VKA), to prevent thrombus formation near the leaflet
and housing of the valves. Consequently, bleeding
becomes a major concern in the patients with implanted
mechanical heart valves, they need intensive monitoring
of the anticoagulation status for their entire life
(Verheugt 2015). Several recent studies suggest that the
hemodynamics of blood flow through the mechanical
heart valves plays dominant role in the thrombus
formation (Cheng, Lai, and Chandran 2004; Krishnan
et. al. 2006). Types of mechanical heart valve influence
jet flow, elevated shear stresses, areas of flow
separation and recirculation, shed vortices, and
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turbulent flow that may induce platelet activation and
lead to formation of blood clots. Thus, the mechanical
heart valves have been designing based on
hemodynamic improvement that minimize the thrombus
deposition.

Tri-leaflet mechanical heart valves imitated from
actual tri-leaflet tissue heart valves are promising to use
and perform to safety levels comparable with bi-leaflet
mechanical heart valves (Gallegos et. al. 2006; Kiang-ia
and Chatpun 2013). However, the effects of design
parameters of tri-leaflet mechanical heart valves on
blood flow have been restrictively investigated. This
study primarily investigates the influence of the leaflet
shape of mechanical heart valves, including the number
of leaflet and the leaflet curvature, on the characteristics
of blood flow through the valves. The results of this
study is expected to use for fine modification of the
leaflet of mechanical heart valve.

2. MATERIALS AND METHODS

In this study, the mechanical heart valves with a
diameter of 27 mm (Figure. 1) were modeled with
different types of leaflet: flat bi-leaflet, flat tri-leaflet,
downward concave tri-leaflet, and upward concave tri-
leaflet. The valves replaced the aortic valve and located
closed to the aortic sinus. The model of the valve
connected with the aortic sinus is shown in Figure 2.
The geometrical model blood flow through the valves
were created with SOLIDWORKS 2016. The
computational simulations were based on the finite
volume method conducting with ANSYS Fluent 18.0.
In the discretization, the optimum element size of 0.6
mm was applied to all geometrical models, resulting in
the number of elements about 2.4 million elements for
all models. In this study, models were set in aortic
position with fully open angle of 85°.

Boundary conditions were set based on Shahriari et
al. (2012). The inlet velocity inlet was applied at the left
ventricle side of the model as presented in Figure 3. The
blood flow was modeled as unsteady incompressible
turbulent flow using k-omega turbulent model with the
time step size of 5 ms, and the number of calculation of
50 iterations per step. The blood properties are
considered to be constant along the flow channel: p =
1056 kg/m3, and 1 = 3.5 x 10° Pa.s.

The two-dimensional (2D) blood flow through bi-
leaflet valve model was simulated to validate the
computational model with the study of Bluestein,
Rambod et al. (1999). Next, the three-dimensional (3D)
blood flow through bi-leaflet valve was modeled and
was compared with the flow through the 2D bi-leaflet
valve. The 3D blood flow through flat bi-leaflet, flat tri-
leaflet, and concave ftri-leaflet valves were also
simulated to compare the velocity profiles and flow
characteristics of the blood flow.

Figure 1: (a) Flat Bi-leaflet Valve, (b) Flat Tri-leaflet
Valve, (c) Downward Concave Tri-leaflet Valve, (d)
Upward Concave Tri-leaflet Valve.

Aoric Sinus
Vale Leafis
Left Venticle et c — Aot
my S " (Ouel)

g

0.2 m) 0083 (m)

Figure 2: A Schematic Diagram and Dimensions of
Mechanical Heart Valve and Aortic Sinus (Shahriari et

al. 2012).

2.1. Theories and Principles

The physical phenomena of blood flow in the study
system based on the conservation of mass and
conservation of momentum. The blood flow is
considered to be incompressible turbulent flow.
Mathematical model of the blood flow is governed by
Reynolds-averaged Navier-Stokes (RANS) equations.

a(pzl,lll)__a_P+i %+E}i
P N B

where o is flow density, u is flow velocity, P is
pressure, and £/ is viscosity.

The effect of turbulent fluctuations, —puu; is called

the reynolds stresses. The Reynolds stresses can be
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related to the mean velocity gradients by using
Boussinesq hypothesis as in equation:

TR ou, Ou,| 2 ou
—pupl, = p| =L+ —L|-Z| pk+p, == |5, @2
P ”[ax, 6x] 3[’0 /'é’x,,]"

i

Where k is turbulent dissipation rate. In this study, the
Standard k- @ model was used as the turbulent model.
The RANS equations was solved using Finite volume
method with ANSY'S Fluent 18.0.

3. RESULTS

Figure 4 shows the correspondence among the velocity
profile obtained from the study of Bluestein, Rambod et
al. (1999) and the velocity profile obtained from 2D and
3D blood flow simulation through the flat bi-leaflet. As
the results of the study, the maximum axial velocity
locates near the central orifice between the leaflets of
the bi-leaflet valve. The lowest velocity locates near
leading edges and housing area. While the small
difference in the velocity gradient can be observed near
the housing area.

10

08

06

04

02

Inlet velocity (mi/s)

0 02 04 06 08
Time (s)

Figure 3: Inlet Velocity Wave Form (Shahriari et al.
2012).

The velocity profiles in Figure 4 also correspond to
velocity contour in Figure 5 (a) that shows the
corresponding area of maximum velocity. From the
velocity contours in Figure 5 and the velocity profiles in
Figure 6, the maximum velocity locates at the central
orifice between the leaflets of the bi-leaflet valve, and at
the orifice between the leaflets and the housing of the
tri-leaflet valves. At t = 105ms, the maximum velocity
of the blood flow through the flat bi-leaflet, flat tri-
leaflet, downward concave tri-leaflet, and upward tri-
leaflet valves are 1.27 m/s, 1.156 m/s, 1.313 m/s, and
1.80 mvs respectively. The maximum velocity varies
with the inlet velocity that can be seen in the variation
of the flow maximum velocity with time. At t = 300ms
when the inlet velocity decelerates, the maximum
velocity of the blood flow through the flat bi-leaflet, flat
tri-leaflet, downward concave tri-leaflet, and upward tri-
leaflet valves are 0.927 m/s, 0.8498 m/s, 0.9761 m/s,
and 1.377 /s respectively (Figure 7). At t = 500ms,

the maximum velocity of the blood flow through the flat
bi-leaflet, flat tri-leaflet, downward concave tri-leaflet,
and upward tri-leaflet valves are 0.3119 m/s, 0.3182
s, 0.386 /s, and 0.4689 nv/s, respectively (Figure 8).

0025

002

==Bluestein, Rambod

etal (199)
thes i + Bileaflet 2D model
// +~Bileaflet 3D model
() o™ A

Vi (s

Figure 4: Comparison of Velocity Profile at the Leading
Edge (at 105 ms after Peak Systole) Obtained from the
Study of Bluestein, Rambod et al. (1999), 2D and 3D
Simulation Results of the Flow through Bi-leaflet
Valve.

The blood flow through the upward concave tri-
leaflet has the highest maximum velocity compared to
the flow through the other valves while the flat tri-
leaflet induces the lowest maximum velocity. The flow
separation region and circulation region can observed
near the aortic sinus for the blood flow through all types
of mechanical heart valve. They are enlarged with time,
especially during the deceleration of the velocity inlet
(Figure 5, 7, 8). Moreover, the flow separation and
circulation can also be seen on the curvature surfaces of
the concave tri-leaflet valves. The upward concave tri-
leaflet induces the largest flow circulation and
fluctuation compared to the other valves. This large
circulation can induce greater shear stress and the
development of thrombus near the leaflet tips of the
concave tri-leaflets and aortic sinus. Meanwhile, the
large flow channel at the central of fully opened flat tri-
leaflet provides the lowest maximum velocity as well as
small flow circulation near the leaflet tips and the aortic
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sinus. Therefore, the flat tri-leaflet is promising to
reduce blood flow circulation and minimize the
thrombus formation (Kiang-ia and Chatpun 2013).

Figure 7: Velocity Contour of (a) Flat Bi-leaflet Valve,
(b) Flat Tri-leaflet Valve, (c) Downward Concave Tri-
leaflet Valve, (d) Upward Concave Tri-leaflet Valve (at
Figure 5: Velocity Contour of (a) Flat Bi-leaflet Valve, t=300ms)

(b) Flat Tri-leaflet Valve, (c) Downward Concave Tri-
leaflet Valve, (d) Upward Concave Tri-leaflet Valve (at
t=105 ms)

=-Bileaflet

o Flat tileaflet

+» Downward concave
rileale:

~Upward concave trileaflet

Vx im/s)

Figure 8: Velocity Contour of (a) Flat Bi-leaflet Valve,

Figure 6: Comparison of Velocity Profile at the Leaflet &) Hat Tocleatley Valve, (€) Downman Goncave Trie

Tips (at 105 ms after Peak Systole) leaflet Valve, (d) Upward Concave Tri-leaflet Valve (at
500 ms)
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4. CONCLUSION

The purpose of this research is to demonstrate the
effects of the leaflet shape on the flow characteristics of
the blood flow through the mechanical heart valves. The
blood flow simulations through different types of the
valves were based on the finite volume method
conducting with commercial software. As the results of
the study, the flat tri-leaflet is promising to reduce flow
velocity, flow separation, and flow circulation of the
blood flow. While the number of leaflet and the leaflet
curvature affect the maximum velocity and flow
circulation of blood flow through fully opened valve.
Therefore, these factors should be considered when we
design the mechanical heart valve prostheses. However,
the simulation study needs to be improves by applying
fluid structure interaction to the blood flow simulation.
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Abstract

A mechanical heart valves is a device implanted in patients with the dysfunctional heart
valves. It has been using to save many lives. Several types of mechanical heart valves have
been developed to improve hemodynamic of blood that flows through the valves. The open
angle and the curvature of leaflet of the mechanical heart valves may affect the hemodynamic
of blood flow. Therefore, this paper was aimed to study on the influence of fully open angle
and the curvature of the leaflet shape of the valves on velocity and shear stress of blood flow
through fri-leaflet mechanical heart valves. This paper studied on three dimensional models
of eight tri-leaflet mechanical heart valves: flat tri-leaflet heart valves at the fully open angles
of 85, 87, and 90 degree, curved tri-leaflet heart valves with the curved inner radius of 8.672
mm at fully open angle of 85, 87, and 90 degree, curved tri-leaflet heart valves with the curved
inner radius of 8 and 9.328 mm at fully open angles of 85 degree. The SST k-® turbulent
model in FLUENT was applied to analyse unsteady incompressible blood flow. As the results
of computational simulation, the maximum shear stress was found at after peak systole phase
in both flat and curved fri-leaflet heart valves. The flat tri-leaflet heart valve at the fully open
angle of 90 degree provided the highest shear stress of blood flow compared with the flat tri-
leaflet heart valves at other levels of open angle. While the curved tri-leaflet heart valve at
the fully open angle of 85 degree provided the highest shear stress of blood flow compare with
the curved tri-leaflet heart valves at the other levels of open angle. The highest velocity was
found in the region between leaflets for all types of tri-leaflet heart valves, resulting in high
shear stress in that region. Therefore, the fully open angle and the leaflet shape of tri-leaflet
heart valves affect to velocity profile and shear stress of blood flow that may lead to blood
clotting conditions in the mechanical heart valves.

Keywords: Tri-leaflet mechanical heart valves; leaflet shape; leaflet open angle
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Introduction

The human heart is an important organ of the
human body. It pumps and circulates
throughout the body via the circulatory system.
It consists of four chambers: upper left atrium,
upper right atrium, lower left ventricles, and
lower right ventricles. Each heart chamber has
different roles. Oxygen-poor blood returned
from the vein enters into the right atria. When
the right atrium contracts, blood is pumped
into the right ventricle. After that blood is
pumped through the pulmonary circulation via
pulmonary arteries to purify blood in the lung.
The left atrium receives oxygenated blood
from the lung via the pulmonary vein. Then,
oxygenated blood is pumped into the left
ventricle that pumps blood into the aorta to
disperse blood throughout the systemic
circulation. At the connections between the
heart chambers, there are heart valves to
prevent backflow of blood to the anterior
chambers. The heart chambers are separated
by four valves: the tricuspid, pulmonary,
mitral, and aortic valves.

When one of native heart valves does not
work properly, it can be one cause of heart
valve diseases. Rheumatic fever, degeneration
related age changes, and infection cause the
changes in the flexibility and shape of a native
heart valves. A dysfunctional heart valves
increase workload for the heart to supply blood
through the circulatory system. Patients with
dysfunctional heart valves who receive delayed
and discontinued treatment may confront with
the heart failure, atrial fibrillation, endocarditis,
pulmonary hypertension, and blood clots. The
remedy of heart valves diseases can be treated
by taking medicines, repairing or replacing the
heart valves. The treatment depends on the
doctor diagnoses that consider based on many
factors, including severity of heart valve
disease, and the age of patients. Patients who
have severe symptoms, need to be treated by
replacing heart valves with prosthesis heart
valves.

Prosthesis heart valves have been using
for valves replacement for decades. There are
two major types of the prosthesis heart valve:
biological prosthesis heart valves and

mechanical heart valves. The biological
prosthesis heart valves are tissue heart valves
that have risk of valve deterioration. Elderly
patients are more suitable to implanted with
biological prosthesis because this type of the
valve has low lifespan.

Another type of prosthesis heart valves
are mechanical heart valves (MHV's) that are
medical devices, for patients who need long
lifetime of the valve. They are durable to
implant with mechanical heart valves. Several
types of mechanical heart valves (MHV's) have
been developing, e.g. caged ball valves, mono-
leaflet, bi-leaflet, and tri-leaflet valves (Pibarot
etal., 2009). A caged ball valve is the first type
of mechanical heart valve that has a blood flow
channel around a ball. It induces a high risk of
blood clots formation. Currently it has
discontinued to be produced commercially. A
mono-leaflet MHV was designed to develop a
flow channel around a single leaflet that has
two different sizes of orifice, leading to a
difference in velocity blood flow through two
orifices. This difference causes stagnation
flow, leading to thrombosis. A bi-leaflet
MHVs was developed from the mono-leaflet.
This device has a flow channel with two
leaflets, It makes smaller regions of flow
separation from the orifice and lower reverse
flow of the valves (Yoganathan ef al., 2004).
Although the mono-leaflet MHV has a lower
risk of thrombosis compared with caged ball
valves, a study of Lee ef al. (2006) investigated
a valve closing velocity of mono-leaflet and bi-
leaflet by charge-coupled device. Their results
showed that a bi-leaflet had lower closing
velocity compared with the mono-leaflet. A
valve closing velocity affected a cavitation
bubbles generation that might cause a blood
cell damage. A tri-leaflet MHV is a MHV that
was developed to imitate native heart valve,
blood flows along central channel of the valve
is similar to the flow through the biological
prosthesis. Although, MHVs have a long life
span, patients with MHVs may confront with
after surgery obstacles, including hemolysis
that damages red blood cells and platelet
destruction. The destruction of red blood cell
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and platelet can induce thrombus formation
around the leaflet and housing of MHVs
prostheses (Hong and Kim, 2011). Several
recent studies have suggested that the
hemodynamics of blood flow through the
MHVs plays dominant role in the thrombus
formation (Cheng et al., 2004; Krishnan et al.
2006). Types of MHVs influence jet flow,
shear stresses elevation, flow separation and
recirculation, shed vortices, and turbulence of
blood flow. That factor may induce platelet
activation and lead to the formation of blood
clots. Thus, MHV's have been designing based
on hemodynamic improvement to minimize
the thrombus deposition. Grigioni et al. (2001)
tested a turbulent shear stress of a two bileaflet
valves using Laser Doppler anemomentry,
although they are very similar in design. the
concept of curved wake could conclude that
the curvature of the leaflets' surface must be
identified as an important parameter. Li ef al.,
(2011) compared shear stress between
bi-leaflet and trileaflet MHVs via Mock
Circulatory Loop System. The magnitudes of
the shear stresses of blood flow in both
tri-leaflet heart valve and bi-leaflet heart valve
are similar. The tri-leaflet MHVs imitated
from actual tri-leaflet tissue heart valves are
promising to use and perform on comparable
safety levels to bi-leaflet mechanical heart
valves (Gallegos et al.,, 2006; Kiang-ia and
Chatpun, 2013). This study is aimed to study
the influence of curvature and fully open angle
of a tri-leafletmechanical heart valves on shear
stress and velocity of blood flow through the
valves. The design parameter of shear stress
and velocity blood flow of tri-leaflet MHV's
primarily investigates a factor of blood flow
through leaflet valves for results to expected to
using in modification of leaflet shape and fully
open angles of tri-leaflet mechanical heart
valves design.

Materials and Methods

In this paper, the models of MHVs had a
diameter of 27 mm for all models. The curved
leaflet were designed with leaflet width (w) at
16 mm, the radius of the leaflet curve (R) were

0.5 w, 0.542 w, and 0.583 w. The schematic
dimension is shown in Figure 1. The fully open
angles were designed with 85, 87, and 90
degree as in Figure 2.

The leaflet valves were simulated to
locate at aortic position. The 3D models of
MHVs were created using SOLIDWORK. A
tri-leaflet MHVs models was designed with
different leaflet shape and fully open angles as
shown in Table. 1. The flat tri-leaflet MHVs
were designed with a three models with fully
open angles of 85, 87, and 90 degree. The
curved tri-leaflet MHVs were designed with
three different inner radi of 8, 8.672, and 9.328
mm at the open angles 0f85, 87, and 90 degree,
respectively.

Midpoint of MHVs

—

(~) \ppw Joyea

Figure 1. A leaflet shapes MHVs design

Figure 2. geometrical aortic position with
leaflet valves model
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Table. 1. Tri-leaflet MHV's models type

Models of tri-leaflet MEVs Curved inner radius Fully ope.n angle
(mm) (degree)
Flat tri-leaflet MHV's Model 1 - 85
Flat tri-leaflet MHV's Model 2 - 87
Flat tri-leaflet MHV's Model 3 - 90
Curved tri-leaflet MHV's Model 4 8.672 85
Curved tri-leaflet MHV's Model 5 8.672 87
Curved tri-leaflet MHV's Model 6 8.672 90
Curved tri-leaflet MHV's Model 7 9.328 85
Curved tri-leaflet MHVs Model 8 8 85

Figure 3. The cross sections of MHVs models
for mechanical heart valves

The computational simulation was based
on the finite volume method using ANSYS
fluent. Boundary conditions were set based on
Shahriari et al. (2012). The inlet pulsatile
velocity flow inlet was applied at the left
ventricle side of the model as in Figure 2.
The blood flow was modeled as unsteady
incompressible turbulent flow using SST k-
omega turbulent model. The blood properties
were considered to be constant along the flow
channel, density of blood is 1056 keg/m?, and
dynamic viscosity is 3.5x107 Pa.s (Shahriari
etal, 2012).

This paper analyzed shear stress and
velocity profiles with five cross sections as
shown in Figure 3: flow entrance, leaflet tip, 2
mm after leaflet tip, 5 mm after leaflet tip, and
34.7 mm after leaflet tip section. Shear stress
and velocity profiles of blood flow were
considered in each cross sections.

For the effect of leaflet shaped of MHVs,
the shear stress and velocity of blood flow
were investigated in different models of
MHVs: model 1, model 4, model 7, and model
8. While effect of the leaflet shape and fully
open angle analyzed the shear stress and
velocity of blood flow were analyzed in the
model 1, model 2, model 3, model 4, model 5,
and model 6.

Theories and Principles

The physical phenomena of blood flow is
governed by the conservation of mass and the
conservation of momentum. The blood flow
was considered to be incompressible turbulent
flow. Mathematical model of the blood flow
governed by the Reynolds-averaged Navier-
Stokes (RANS) equations is given in Equation
())

o( puu, ) P & ou, éu, F) —
—_—Im = |y =L+ +—(—pu,uj)
ox ax; ox; ox;  ox éx,

@

where p1is flow density, u is flow velocity, P is
pressure, and £is dynamic viscosity. i, j are the
unit vectors in the horizontal and radius
directions, respectively.

The effect of turbulent fluctuations,
—pu is called the reynolds stresses. The
Reynolds stresses relates to the mean velocity
gradients based on Boussinesq hypothesis as in
Equation (2):

— ou Ou;| 2 ou
—pul’ = | —+—L |-Z| pk+u —~ |5
PRy /{ﬁ\fj ax,} 3['0 /'d\fk]"
@)
where £ is turbulent dissipation rate. The SST

k-omega model was selected as the turbulent
model in the study.

Results and Discussion

To validate a results of the numerical study
were set base on boundary condition with
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Bluestein ef al. (1999). The velocity profile of
blood flow through the bi-leaflet MHVs
obtained from 2D and 3D numerical simulations
were compared with the velocity profile of
blood flow at the leaflet tip obtained from the
study of Bluestein ef al. (1999). The numerical
results are in good agreement with the results
of Bluestein ef al. (1999) as in Figure 4.

Figure 5 shows the variation of shear
stress and velocity along the diameter of the
flat tri-leaflet MHV's at fully open angle of 85
degree in a cross section 1 at the time of 105,
300, 600, and 800 ms. The shear stress of blood
flow through the flat tri-leaflet MHVs varied
with time. The highest shear stress was appears
at 105 ms after peak systole phase, it was found
nearly aortic sinus. This phase had the highest
shear stress. The high shear stress causes a
high risk of blood cells damage, leading to
hemolysis and platelet activation.

Effect of Leaflet Shape on Shear Stress and
Velocity Profile of Blood Flow Through
Tri-Leaflet Mechanical Heart Valves

As the results of shear stress and velocity
at each time step, the shear stress and velocity
varied with the time and velocity inlet. In this
section, the highest level of shear stress and
velocity at 105 ms after peak systole phase was
considered. At the cross section 2, high shear
stress and velocity profiles were found near the

Model 1 at 105ms

Shear stress (Pa)

002 003 004 005 0.06
diameter (m)

0025

/ +-Bileaflet 2 model

Figure 4. Comparison of velocity profile at the
leading edge (at 105 ms after Peak
Systole) obtained from the study of
Bluestein ef al. (1999), 2D and 3D
simulation results of the flow through
bi-leaflet valve

leaflet tip that may cause high risk of blood
clots in MHVs. The leaflet shapes were
modeled at the same fully open angle 85
degree to investigated shear stress and velocity
profiles in: model 1, model 4, model 7, and
model 8 as shown in Figure 6. The maximum
shear stress obtained from the model 4, model
7, model 8, and model 1 were 9.81 Pa, 9.07 Pa,
5.08 Pa, and 4.29 Pa, respectively. The
maximum shear stress obtained from the

10 Model. | at 300 ms

i S——

002 00 0.04 005 0.06
diameter (m)

Shear stress (Pa)

Model 1 at 600 ms

o 5

Shear stress (Pa)

diameter (m)

Model 1 at 800 ms

Shear stress (Pa)

— -
0.0 004 005 0.06

diameter (m)

Figure 5. Comparison a shear stress and velocity profiles in the flat tri-leaflet mechanical heart valve
with open angle 85 degree with a 105, 300, 600, and 800 ms
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Figure 6. Comparison a shear stress and velocity profiles of tri-leaflet mechanical heart valves
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Velocity (mvs)
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(model 1, model 4, model 7, and model 8)

model 4 and model 7 were found at nearly
aortic sinus, however low shear stress was
found at between leaflets area. On the other
hand, in the model 1 and model 8, low shear
stress located at aortic sinus area while a the
maximum shear stress locate between leaflets.
As the results of velocity profiles, in the model
1 and model 8, the maximum velocity gradient
observed nearly between leaflets, resulting in
high shear stress. In the model 4 and model 7,
low velocity gradient appeared nearly between
leaflets. Whereas a velocity gradient occurred
along cross section in the model 1 and model
8. High velocity gradient causes high shear
stress that may induce more blood cell damage

along cross section in the model 1 and model
8. The different leaflet shape resulted in the
difference in shear stress and velocity profile
of blood flow through a tri-leaflet MHV's that
can induces a platelet activation and blood cell
damage occurs in a different area in tri-leaflet
MHVs.

Effect of Fully Open Angles on Shear Stress
and Velocity Profile of Blood Flow Through
a Flat Tri-Leaflet Mechanical Heart Valves

In this section, shear stress and velocity
profiles of blood flow through flat tri-leaflets
at fully open angle 85, 87, and 90 degree
(model 1, model 2, model 3, model 4, model 5,




157

Suranaree J. Sci. Technol. Vol. 28 No. 4; July - August 2021

010061-7

Shear stress (Pa)

diameter (m)

Model 2
At cross section 2

Shear stress (Pa)

diameter (m)

Mot
Atcron seiond

diameter (m)

Velocity (m's)

diameter (m)

Velocity

diameter (m)

Velocity (m's)

diameter (m)

Figure 7. Comparison a shear stress and velocity profiles of tri-leaflet mechanical heart valves

(model 1, model 2, and model 3)

and model 6) were investigated to studies the
effect of fully open angles on shear stress and
velocity profiles of blood flow. Figure 7 shows
shear stress and velocity profiles of blood flow
through flat tri-leaflet MHVSs model 1, model
2, and model 3. The results show that the
maximum shear stress in model 3, model 2,
and model 1 were 9.24 Pa, 5.63 Pa, and 4.29
Pa, respectively. Different fully open angles
provided different shear stress and velocity
profiles. Model 2 and model 3 that had larger
fully open angle compared with the model 1
caused has change velocity gradient in the
aortic sinus, generating higher shear stress at
nearly aortic sinus than that in the model 1.
However low velocity gradient has between
leaflet area, generating low shear stress
between leaflet region. In the model 3 the
maximum shear stress appeared at the aortic

sinus area, resulting in high shear stress along
cross section. While velocity profiles of blood
flow in the model 3 show the back flow of
blood between leaflets.

Effect of Open Angles on Shear Stress and
Velocity Profile of Blood Flow Through a
Curvature Tri-Leaflet Mechanical Heart
Valves

Figure. 8 shows the shear stress and
velocity profiles of blood that flowed through
curved tri-leaflet MHV's with fully open angle
of 85, 87, and 90 degree. The results show that
the maximum shear stress of blood flow
obtained from the model 4, model 5, and model
6 were 9.81 Pa, 898 Pa, and 3.99 Pa,
respectively. The increasing of fully open
angle caused the change a velocity profiles
with lower velocity gradients at aortic sinus
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Figure 8. Comparison a shear stress and velocity profiles of tri-leaflet mechanical heart valves

(model 4, model 5, and model 6)

area and higher velocity gradient at between
leaflet area. The high shear stress was
generated in different areas of curved tri-leaflet
models based on velocity gradient.

The high shear stress found at aortic sinus
has increase a higher risk of blood clotting
potential due to aortic sinus area has a large
recirculation to allow platelet to a trap (Bang
et al., 2006). For an estimation, the shear stress
must above 150 Pa to cause blood damage and
above 10 Pa to cause platelet activation (Ge
et al., 2008). Although, shear stress in this
study was below 10 Pa of all tri-leaflet MHV's
models that platelet activation initiation but
blood clotting can occur from many factors
such as cavitation, stagnation flow, pressure
drop and recirculation region. In this study,
blood clotting can be considered from
recirculation region factor. Figure. 9 shows the
comparison of streamline of blood flow

between ftri-leaflet mechanical heart valves
with flat tri-leaflet and curved tri-leaflet at
after peak systole phase (105 ms), resulting a
recirculation flow in flat-trileaflet model 1 and
model 2 (fully open angle: 85 and 87 degree)
has occur at aortic sinus regions, model 2 has
a larger recirculation flow region than a model
L.

A recirculation flow region in model 3
was larger compared with model 1 and model
2, nearly leaflet tip. Model 4 and model 5
has a different position and magnitude of
recirculation flow, a recirculation flow region
has large and occurs at nearly aortic sinus
position. Model4 and model 5 provided larger
recirculation region than model 6. A
recirculation flow has a important factor
allows a platelet to be a trapped (Yun BM
et al., 2014). The model 3 had a larger a
recirculation that caused a larger area of
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Flat tri-leaflet MHVs

Curved tri-leaflet MHVs

Figure 9. Comparison a streamline of tri-leaflet mechanical heart valves

platelet trap region than model 1 and model 2.
Thus, the model 3 had a higher shear stress
than model 1 and model 2. Model 3 has a
highest risk of blood clotting in flat tri-leaflet
mechanical heart valves model with high risk
of platelet activation and larger platelet to be a
trapped region wherewith a position of
recirculation flow region and maximum shear
stress occurs at nearly a recirculation area.
Although, a model 1 had similar recirculation
region compared with model 2 but model 1 has
the lowest shear stress amongs flat tri-leaflet
heart valve models that cause the lowest risk of
blood clotting compared with flat tri-leaflet
models. From curved tri-leaflet mechanical
heart valve models, the model 6 had similar
recirculation flow region occured in the model
1 and the model 2, resulting in the lowest shear
stress in curved mechanical heart valve models
and leading to the lowest risk of blood clotting
in curved mechanical heart valves models.
Although, model 4 and model 5 had a higher
risk of platelet activation but a platelet trap
region occurs in different area. In the model 4,
the trap region occurs at nearly leaflet tip,
leading to blood clot in leaflet.

These study compared effect of leaflet
shape and fully open angle can cause change
areas of shear stress and velocity profiles that
found a risk of blood cell damage, higher risk

of platelet activation lead to blood clotting at
a difference areas.

Conclusions

The shear stress and velocity in MHVs were
investigated numerically in tri-leaflet MHVs
with different with open angle and leaflet
shape. As the results of the study. The flat tri-
leaflet MHVs with open angle 85 degree
provided the lower shear stress on blood flow
that caused the lowest risk of blood clotting
than the other level of open angle with same
types. On the other hand, the curved tri-leaflet
MHVs with open angle 90 degree provided the
different results compared with the flat
tri-leaflet MHV's. The leaflet shape and open
angle affect the shear stress and velocity
of blood flow, these factors should be
appropriately considered when designed
MHVs to reduce high risk ofblood clotting and
platelet activation from shear stress.
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