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Abstract

This thesis is aimed to numerically study blood flow through a stented
bifurcation by using One-Stent Technique (OST) [1] under assumptions of steady
state flow condition and rigid blood vessel wall. Blood flow through both a regular
bifurcation and a stented bifurcation were investigated in terms of wall shear stress
(WSS) and flow fields by using the finite element method. The blood was assumed
laminar and non-Newtcnian, and behaved in accordance with Carreau-Yasuda model.
The bifurcation consisted of a main artery of 4 mm diameter and 90 mm long
connected with 45 deerees to a branch artery of 20 mm diameter. Reynolds number
of 233 based on the main artery diameter was fixed throughout the study, and was
equivalent to the diastole. The stent strut thicknesses of 0.3, 0.4 and 0.5 mm with.
fixed 28 stent cells were examined. The influence of number of stent cells was also
investigated by using 15, 28 and 54 cells with the fixed strut thickness of 0.4 mm.
The average wall shear stress of the regular bifurcation was 1.3 Pa, which is in the
normal range of 0.5-1.5 Pa. The wall shear stress for the three stent thicknesses
showed similar trend and that of 0.3 mm gave the values close to the normal range.
Thus, the thicker stent struts led to less wall shear stress due to the fact that the
thicker struts covered larger blood vessel area; hence, the wetted area was less, and
then the flow had less area to adjust itself to the normal condition. Finally, the wall
shear stress values of all three stent cell numbers showed similar trend. However,
the stent of 15 cells presented similar wall shear stress values to those of the regular
bifurcation. This is because it allowed more wetted area between struts whereas that
of 54 cells covered larger wetted area, thus the flow inside the wetted area was
unable to adjust itself to normal condition as shown in the presence of flow

separation and back flow throughout the wetted area.
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121 Weuwvveamauileilldl lusamdenauenassiu o viwiliAensge

1.2.2 Ainviuudrasanisivaveaienuuu non-Newtonian Hruesalnitlanigly
nanALianLeNanIdlneIin1sdnI1euuy One-Stent Technigque (OST) [1] snesuiliauds

mslwludiediuued

=l %4 =X A L7 [ [
1.2.3 (WRsudisumnududoudinnds wasnislvarussateildnelunasadenuen

danunuviaaadanlns

1.3 ﬂﬁULﬂﬂﬂﬂﬂIﬁiﬁﬁ'Iu
1.3.1 nnalvalu 3 &R
1.3.2 @eailanmznisiuauuunsdl (Steady State)
1.3.3 mslwareudaalunuusuiSev (Laminar Flow)
1.3.4 nifsvaemdsnudaunis (Rigid wall)

} o a N
1.3.5 \@enfluvestva Non-Newtonian NUTgHEAAUMIULUUTI9B9984 Carreau-

Yasuda

1.3.6 vnaanldlunasaiFoausnassinniulunmaiia OneStent Technique

(OST) faguil 1.1
1.3.7 Amuviniinveaden = 1050 ke/m’

o o - P
1.3.8 wnaamiiinsvedeufinaiumun 0.3, 0.4 way 0.5 mm uazdiaugensim

0.4 mm

° e o a s [T
139 dmnuwadmelureaafugunsdmdsuruundonyuivihnismagey léud
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3Ufl 1.1 One-Stent Technique (OST) [1]
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1.6 Asnsanduaulagesu
1.6.1 AnwsIaNsILUSTAIANmAunsivaveudentiuunain

1.6.2 Weuwuuvaemdenuonassdin 3 i MuvuvasndenuniLazasaidenilld
. w ]
YAAINUUY One-Stent Technique (OST) Fauanslugun 1.2
= £t o o o a v T Y,
® U7 1.2 (@) Wumsairmasadeaund 3aninnisairadulamanuevasa
Woandn niuivumduruguingt 4 mm uwazvseadendividesiiviusin
Audnaw 2.5 mm laevasndenaivndesvihudesiunasaideandn 45°

= 2 [ i @ @
e Uil 1.2 (b) Wunsadiwuuiasavesveainiiahianiludssgnddniv

P | v o | 'Y . |
“ﬁaﬂtﬁaﬂﬂﬂﬂ LﬁaﬁlﬁlﬂuuU"\]"laa\'ﬁlaQ“aaﬂLa@ﬂmﬁﬂﬂaqﬂﬂﬂiﬂﬂ 1.2 (c)

(a) vagrdaaun® (b) 987 (Stent)

OST

(c) naeaideaildunmnaluy One-Stent Technique [1]

A L] = ]
g‘lJVI 1.2 LUURI8DMADALEDALINFDNNLAL VAR



1.6.3 Import File \@sunuuresdranmasnidenusnassindldvaandhlusunsy
comsoL Iaetiuindeyaluguuuures File STEP AP203

1.64 fmuamnuiiinadtvemaanifeandniagld Re=233 Fanssfudaazae
faveaila (Diastole) [4] swvililedmsnislnaialSumiivndr @y Ju 7.53
Liters/min wagan3a (V) 1Ou 0.1664 m/s

1.6.5 fvuslidenlvaseniinieentasmaeaidananvisass Tnglvagussenini
anudunalugud

1.6.6 audrmnamdlvaiaiediinfuaud Wosmnanmelsifulag (No-Stip
condition) _

1.6.7 a¥ay (Mesh) Tulasunsiunmssmsivalaoduzunse tetrahedrat ¢
5Uit 1.3

g‘dﬁ 1.3 3Uns4 tetrahedral

9 - 1’ =y -:vl LT
1.6.8 situmsAumelaauasigiuniivansit vasvasan bililagly

Governing Equation M3l

ﬁumsaq%’nﬁma (Conservation of mass)

—+—+—=0 (1.1)
ox oy oz

aumsayindlundiy (Momentum Equations)

Tuudinlumuanu x : p(u% &y wéum) o V(uVu)+ pg., (1.2)

oy 0z ox



o Ou oP
Wandatununy y : p 2 v 2 s w2 = -2 L v (uvv)+ 1.3)
L R T T
Tuudnluwunnu z ; p(u% w2y w%) = —%P +V(1Vw)+ pg, (1.4)

AUN1IAMUNLAYDY Carreau-Yasuda
L= e + (o — Hoo) (1 + (A7) 2~ 1/2 (1.5)
15l K., Aa avunileiidasudeustiud Tnefdwindu 22x107° Pa—s
Ho fa mnmilaidnsdoudugud lnefimuvindu 2.2x10° Pa—s
Y Ao dnsamusuideu (Shear rate)
n fe Ardiliwhe Tnefidwiidu 0.392
A fo Armadl Taedidvindu 0.110 s,
Taeawing 9 11111990 Gijsen [6]

a [ [ <
rnadwdazagluzuves u (mnsiluwuinny x), v (eudaluwuinn y), w (aamuss
Tunwaknu 2), P (mud) wag o (@mamiie)

1.6.9 sntiumsanunulegldaunis

amsuRou (Shear rate) :

L (1.6)
ox ;
P auTrTa (Wall Shear Stress) :
: du
WSS = =gt .7
By =p——"

J

1.6.10 wavaiMAmIMITLANITeyanINIEYIBaIBregluguredusivg
Arunsy Wuilasernmds wasanuiudoudinda (Wall Shear Stress)
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Tnsndumeunsiniiulassmaiamunldaguiiuuuiiaves Data Reduction faguil 1.4

Literature Review

Dimensions of Bifurcation

Wouwuuneendennenaesimildvaain

Import drawing file into COMSOL

Mesh Gereration

!

Continuity equation

Navier-Stokes equation

SAsetiuulaTnu

o)

gﬂﬁ 1.4
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1.7.1 angeay 1,000 U
1.7.2 ABuau 1,000 umm
F 2,000 v
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NANNIIUASNO U]

exaf o g
2.1 ‘Iflt]‘blgmﬂtl'a‘tlﬂ-i

o 1 W - . ar
aunsiineesivlasmuduannisaunu (Governing Equations) dwiumsiva
aod = Y . = &
Tu 3 fiffan1zaf (Steady state) uasnizanmiluld (Incompressible) Falulasanuiles
2 L2 [ d‘l
Ussnavluseauniseawaluil

o . = o
211  aun1sayinvuIa (Conservation of mass) Y39 dUAITAMUADLLDY

(Continuity Equations)

ou ov ow
—+—+—=0 (2.1)
o oy o

212 aumsoyinsluuiy (Momentum  Equations) wiaaumsunies-aland

(Navier-Stokes Equations)

ou  Ou ou oP
Tausalunuunu x ; —tV—+ W—) = ——+ V{2V u )+ 2.2)
x: p(u = v > w 62) % (ﬂ u) rg,
o ou ou ou oP
Tuusntunuiwnu y : v i w D= vy (2.3)
y p(uax+vay+waz) 6y+ (1Vv)+ pg,
ou Ou ou &P
Tumgaluwuinny z : p(u—+v—+w—) = — + V{zVw)+ (2.4)
Pl > P (vw)+ g,



2.1.3 aun135994 Carreau-Yasuda
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ar 1 LAY o W 1 =2 d
Whidnumgnsivavesvadlvanliduluaumsduiivgiues fodu ndnied

a = = e ' | & Y - v o g
goumaiiniaq vedlvaimmmilalinef msasunudnsdeulasldauduiusdaunis

weluil

L= Moo + (Mo ~ Heo)(1 + (AY)H)-1/2 (2.5)

e e - O A w -
19 W, s mmmilandnsudeuerun nefidwviiiy 22x10° Pa—s

o s ] ' ar !
Ho Ao anuvilangnsndowiugud laedawiiiu 2.2x107° Pa—s

Y  #e dasenumauidlou (Shear rate)

n Ao masilimhe Taeiiauviiiu 0.392

- § 1 4 1 1 L7
A #fe anen TaediAwvinnu 0.110 s.

Taefiaafioing 4 Iénaan Gijsen [6]

ar o
HAdWEMNANNITA (2.1)-(2.5) avagluguvas u (maasalunuannu x), v (mmugaly

o a ]
HuANY ), w ARnuluuuanm 2, P (Ansis) uag p (@ uuila)

W P v e o ar
Tunsuanarassuandluguvesdnsudou (Shear rate) uasarmiAudoudionia (Wall

Shear Stress)

anudeu (Shear rate) :

ou

ox

!

7

@A a
AINULAULRBUNHE (Wall Shear Stress) :

(2.6)

e du,
WSS =py=p—= @.7)

)
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2.2 wquﬁms'lwa%"wauwm (Boundary Layer Theory)

1 g ‘;ﬂ
nsInarUNURRIAY (Flow Over Curved Boundary) WunisAnwinavesnis
A al 1 1 = -] Qs 5
wasuwasmmnsinazarusulufumisrnegeinisiva Tnsanseeduisdrdutuneuly

] 4 o = s d4 dU T ! L4
E'U‘ﬂ 2.1 "INL‘iJJi]’lﬂﬂ‘ﬁL‘UﬂEJULL‘UﬁQﬂ'J'uJL‘i')ﬂT!U‘UEIUl‘Uﬂ'UENﬂ'IﬂMa - Nﬂ’lll']ﬂﬂ’)’lfju&
dx
L7 dP = 5 W 1 L | L = - w = @ =5 o o
WAZAIUAU | — | HAUDBNIAUE daaliusaniinannanusussinaniadeafuia
dx

= = 9 = . 1 Y |
mqn'l's“lwauasmmmaauim (Point of Inflection: PI) %agma’lunm Fadumsluawuu
= . s 43 ) . [ ¥} |
s1uiSeu (Laminar flow) Seadnwauenuuiiin Favorable Gradient muama'lugﬂw 2.1 (n)
du dpP .

1 d 24 1 1 ar
ol — RAZATUAN — ﬁﬂ']L'V]']ﬂUﬂutl

dawalvial Pl agaguunila Jansinatiuey
dx dx

[
1

du
1 g o e Pl . ) | 1 A =)
Tutaa Transition Fendnvazuuuiliy Zero Gradient Awandlugui 2.1 (1) udiile — i
dx

dP = 1 I A ot y ar
AlpendEud uavaudy — dAnnndigud wseifiaainauduezinamianseiudou
dx
or o ol =i or A’I
viiemenslvauasii Pl ageglunisiva Gendnsmueuuuilin Adverse Gradient
o = = B b s
dwiuud 2.1 (A) Junrslwainienndeuiusuutiudau (Turbutent Flow) wa
= 'y S . = 1 a =
Fondnwazuuuiidn Weak Adverse Gradient Taed PI sguulusivdamnis dmiugud 2.1
(@) 98l Pl 9gganiiwuu Weak Adverse Gradient uazilgaiinnisuendavesnsiva
. : P o 1 e . a
(Separation point: T = 0) MHU3 \senanwizilyuydn Gitical Adverse Gradient dmiu

=) L 1 . . = ) ar r
un 21 (@ il Pl 2gganuyV Critical adverse  gradient waztianislvadaundu

(Backflow) Fiuils
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p
——~>0
dx
u
— -
U
v Ly
"
F——
it
—————
i I Pl
Y, T BackMow
Pl bl
1,=0
Pl |~
Favorable Zero Weak adverse Crilical adverse Excclssi\'c adverse
gradicnt: gradient: gradient: gradient: gradient:
“&_} >0 4Y_g U Zero slope Backfow
d g dx atthe wall: at the wall;
dp dp _ o l
P ax iy Separation Separated
dx Mow region
No separalion. No scparation, N i
Pl inside wall Pl at wall o separation,
Plin the Now
(n) ) G) () )

= P o o ow o
JUN 2.1 waveanseunvaseunuiivednunrduveuisansiva [5]

2.3 2550un550U5vVAY

Gijsen wazAns [6] MnnisAnwinslwanely Carotid bifurcation nmeldaniisnis
vanedt Tnoiwuslvinidmvasaidoniirmudaunds (igid model) wazgunsamasyadng
addsianisinavas Carotid  bifurcateon WaluFouiiisusznitsuadlua Newtonian
v Non-Newtonian lagidn1snaasilazsstisvisideiney wuiidmiunisvaasely
arsazatewiutiy 71% ¥ee Potassium thiocyanate (KSCN) unugedlva Newtonian wazly
anvazane Potassium thiocyanate Hauiu Xanthan eum (KSCN-X) umuweslva Non-
Newtonian Inefiansasatefananideuiuunuantfives shear thinning veudenldreuing
# warannmsiaamudldsmuainlsiiareiuiemsivalasld Re (Reynolds number)
was Y (flow division ratio) Fuiluiuusildesuensivaiuavudnvemasnidenusls
#im (External Carotid Artery) uag nmslvarnuviaendeavanvenlsfin (Common Carotid
Artery) dmfunisfnundnessideuitiBaiauldtwualy vesiua Non-Newtonian a4
WUUIA09TR4 Carreau-Yasuda ﬁgwmflﬂﬁvhmii'ma'luua’lugﬂuuu‘[ﬂ'ﬂﬂéﬂ'amL?'J waz

A lasea sy
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mnmvaaedldimunam Re = 270 ad Tasllomaamasaideandnuas Y = 45 %
Fadunmslvadu Intemal  Carotid  Artery  31nnns¥anisnseareamusalu Carotid
bifurcation tvinisiad madhees Common Carotid Artery 1 9m ua¥ Internal Carotid
Artery 590 figuRl 2.2(b) dmdurasinansiansnszarearnudalu Common Carotid
Artery TUsiWdamuiSwewaslva  Newtonian Wuwuuwisnluan wazluslndanuniones
wodlvia Non-Newtonian IdnwazuuumsinaN fﬁ'qmmﬂunammn shear thinning

external carotid
common carotid artery

artery

b8 man

2a

" dividder wall

interoal carotid
artery

/"

non-divider wall

hs

(a) TumvBILkUUTIanvaaniaan Carotid (b) vi@Rn1weIvasndan internal
Carotid Artery

] o = . 8
UM 2.2 wuudassearasaian Carotid luauwed Gijsen uagane [6]

—: Newt. - -1 non-Newt,

I
Newt. 1™ aea-Newn, Newt, A pon-Newl. '{E“I" non-Newl,

® W @2

Al
= .
3un 2.3 asnseanemiluvasadien Internal Carotid Artery
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dmFumannmsissuifisumsiamsnszaeanusinnisnisneasuasssiiouis
1B aly Internal Carotid Artery vasvadlva Newtonian iilewsdluaitluasnn Common
Carotid Artery Idilvaiing Internal Carotid Artery degnueneeniiyn apex wasiloduitddy
ngUnsusnadinfiinasenisivafennulAsweia (cuvature  effect)  dawalvifin
velocity gradient ga7l divider wall (ip) wadlvaiitndoufisgmimrlufananaviagnnae
lug divider wall uazgnunuiidhueynaveslvaiiedeuiithlndfu non-divider wall dwa
Tiveslvaiioglndiv divider wall vsiadsuiiliuuuusevadlug non-divider wall i
wuilinartliiAe secondary flow fuaadliifuils Dean vortex Asalidudlasenannda
Duguda C wiulddariuinm I wass C axusngliosasauiauiion Widifurauan
ﬁ’uﬁ’mwﬁ’ﬂmwﬁtﬁuﬁu (l,g) wazanald (I,y) 909 Internal  Carotid  Artery waNNIIM3
wsneniiuiieauasifuiuiinoaniigeiadinduina divider wall fifanansvistdums
Usinguas Shear Layer Funalddadl 1, uae |,s dmiuraslva Non-Newtonian dealviifin
inieuyinnaga (velocity  gradient) qqﬁ Divider  Wall iasanveslvafilvasin
Common Carotid Artery Isiuenlviawing Internal Carotid Artery lnognuenaeniiyn apex
MswUeaNYas Internal Carotid Artery 910 Common Carotid Artery @siifiufiwiidnanas
dawalinouniailaranasiivinalndiu nondivider wall taznsgiinusavie (gaudl 2.3)
danalip S afisTud 1, vazvaslya Non-Newtonian iianaas secondary flow tee
i1 (@l 2.3) Anfuvadivia Non-Newtonian 3aliivsingiflassguifa C wae viscoelastic
property vauadlua Non-Newtonian fnatiossenisinnsnszarearuialu Carotid

bifurcation

Gijsen WazAny (7] mafnwinsivavesdenfianmelinsiiiuvielda 90° e
ideunuumsivaveadondrudiulAsvomasadaniiilavuiaivg laafmualvinisvie
wHaunse uasviin1sdnwinasinauuy Newtonian  uae non-Newtonian 71 diastole
(Re=300), peak systole (Re=750) @ begin diastole d1m3un1inaastvyle Potassium
thiocyanate (KSCN) ununisluauuu Newtonian wazly Potassium thiocyanate wauiu
Xantan gam (KSCN-X) ununsivaluy non-Newtonian d@usalisudSifsiiay aziduns
a Newtonian (p Aaf) uwazn1simauuy non-Newtonian Inglduuudiaes Carreau-
Yasuda @fiautsdmiunisinads Safivasvie (a) mnand (V) nanlunisiva (1) uass

wUsliTAfe Shear rate number( ;) rlueuidin (We) wualusni (De) Fes1eaunane

agllugUuuuvadlusivdmnuimazduilasinnd
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00 non-Newtonian —: rescaled Nowtanian

2200007
D000

TR T T
S

NEWI. qL

@ jUuansdnumrvosvielfy (b) juransmanszereaanialy

vialAg
A o 1 1
U 2.4 wusaswewelfumaznsnisaeriugiluvield [7]

nstU3sufisunisivanvu non-Newtonian senisHanIsnaandnuIstieouisigg
ar & { = ¢ o ] 1 P
faavilviavun 3 iRe (1) 9 diastole wudszuu A-A" TsIWdausdnarsvioasiins
o g w v ;o 1 o v o A .
Weadniasoanainsuluvasiolas (A7) Tdwiuuen wazidyunnIuiuiiismesnyed
1 L 4 1 4’4 - oo L3 1 :{ o £ oy nl 1 L3 1
violda Aduduiiinsnndvivaresninilfsveviedagynliinusanosgaudnatsvesvie
= o A L1 =t |
A1 wasiiin secondary velocity Muanslyifiuiia Dean vortex uasnuifiszuu 8-’ Ws
Tdansusnanareisvziidnuarruy sutadnausnunseengsavielae Mduaudl
r| = L (Y] i d a
LUDITINANTLAAKNATDY non-Newtonian ﬁ'msum'iuamgﬂuuu Dean Vortex WwuammusIl
1 ] a . x5 a & o 1 1 =
drunanaraavioasiin secondary velocity I UAZISUAAAINUSLIUVI9BDNYDMIBLAY (2) 9
o | o |
peak systole wuiissuu AA" washissuiu B8 Tdnvaisvadusivdanuiiadenud
. L 1 | . P =
diastole usinann3agiinminiii diastole Falunsuanszuuuy Dean  Vortex 3siin
B 5 o 1 | 2 ot ) 1 v o g
secondary velocity JuRaundiunarsewislaslusuivd@ivaisvemislay dalumauion
- d nl (= % 4=| . N 2 b 4 1
non-Newtonian kazusuesiiiiadu (3) 11 begin diastole @A lATIAMGIIUNAIVD
e oo Y Y T or & e, o = d -
vielAnuvdusnmanisnuuanvawislaa (A) wazsdunnduauiuguind (@ i
; =y oo a = = y ¢ Ry | ’
nwesnyewislds sanndvinavesumiesgaudnatsveviolas uasnuinssuiu 8-8
o 4 =y I 1 b n' - -
TUsIdanaSiusnndiunarivesvislAsesisurzanauidiasaudin secondary peak
& d a [ a a o
WayTranMILIMNTUTIVSIMNeN YD WiBlAINSIEBVENATDY KSCN-X dmsumsuans
i d a ¥ ] a . & -
3UkuU Dean Vortex WUIMUTIUATINAWIBIMBILAA secondary velocity T uaslau

d a | s
aﬂﬂQﬂUimmﬂqﬁ'ﬂﬂﬂ'ﬂﬂﬂﬂiﬂﬂﬁ
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maeuifisunsivawuy Newtonian  wagmsivauuu non-Newtonian lagld
a1foudBieinawuln nvnsmslivauuyu Newtonian waznisiwawuu non-Newtonian
il diastole waxil peak systole fignvaizvoslusindluluiemadientu usifl peak systole
sxitruififiennnniaf diastole 1ilaannil diastole A Re=300 undi peak systole 1
A1 Re=750 Laswuiil begin diastole n13luauuu non-Newtonian fidnumzveslusing
anudaluludianadoafudl diastole uidnvageadlusindarumdiveanisivauuvy

Newtonian 9ziinnslnanenfaundiunanvametadluauiduvainvesvialag

Bernard uwagAny [8] ﬁnmwa'uaqminszﬁu Fndothelial Cell lag Wall Shear
4 a or a3 a 5 = .
Stress  (WSS)  #atlunumdrdglunisnduinfudnassveivasniian (Restenosis) N3
- a ] Ve =
Wasuwainisivareudonnazynadndmasadneaznsasuslawewediva lnoewe
ot ' . o el .
NANSENUYAY Stent Struts wankwdnwInIslvatiueeadn Helistent laedsnsvneasd (in
. ‘ o - . . A o
vitro model) ¥84 Stent Struts Yaanasntaaningy (intra-vascular prothesis) LIWOAN®INTT

vausadannudaures Stent Struts

PinnsfnwInisinavesdentitunasaidenlasnsldunain aneldanienisiva
= ° v ow = = L. =4 . .
asfl i vualisivasndeniinuudania (rigid model) @3l435 PIV (Particle image
. </ =1 A =3 @ =y 1
velocimetry) lunis¥anislvasoaion ieszuuarasuIganyalenninIsUAIIILANKNYDA

ol % ) 1 s . . < ..
nslya 29n3Snsveaadldanaiadnlsznoude sinusoidal rings uazgni¥eulae Helicoid

of bonds luguuuuda H dmualivaainieaued 10 mm uasidudugudnats 4 mm
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4.2 §un15a2uUAL (Governing Equation)

& 2 L X . - ar
aunmsnentesiulassnuiiiluaunisaiunu (Governing Equations) dwmiunis
aaA o =l .
Iwalu 3 ifnan1zAi (Steady state) sivalduLuusuiEau (Larminar Flow) wagnis
Qf  ar | 3 . -=" X } 3 a1 4"
dailild (Incompressible) #alulasanuilazusznauludisainisaneluil

4.2.1 aunseyintina (Conservation of mass)

ox oy 0z
y 4.2.2 aum3ayinelusigy (Momentum Equations)
Tuiluwuinn x :
ou ou _ Ou oP (4.2)
U—+v—+w—)=——+V{uVul+ ‘
Pl v = (uvu)+ pg,
Taauialuuuinu y -
p(uﬁqu~+v%+w%) = —?£+V(va)+ g, (4.3)
ox oy Oz dy
Tussnlusuiuny z :
\ ou Ou Ou_ OP (4.0)
U—+v—+w—)=——+V{(uVw)+ :
Pl Pyl = (17w)+ pg.
L = d o a o 1 d
de uv,w Aa ArnnTalunny x, v, z awddv dmiedu m/s
P Asrumunsiuveaden fimiseidu ke/m’
i Aammmilaveaden ey Pa-s Taadulunu

o LT A
WuUd1a89w84 Carreau-Yasuda Tuwiven 4.2.3

- [ 7 o w o 1 [ 2
%% % A anansaltiuansluuny x, y, z ewmdwdu dnudgidu m/s

~
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4.2.3 gun13v849 Carreau-Yasuda

Taervualiainuviiawain luaunislusiu (4.2) — (4.4) Dulumuaunis
wWUU91899 Carreau-Yasuda aamaluil

= e + (Mo — Heo) (1 + (A7)?) " 1/2 (4.5)

d =) =¥ A‘ r L4 1 1 e _
\io W, Ao mamilansnindeustiud lnelidwinfiu 22x107Pa~s [6]

P=J =1 A L2 =3 ) 1 ] &7 —
Ho  #e mumiafidhsudoutugud laeiidwiiu 2.2x107 Pa—s ]

Y fia smaInAuEeU (Shear rate)

n &8 masiidmihe Tasfiduyindu 0.392 [6]
r- | L A = 1 1 -

A fio Araan Teedlanyinnu 0.110 s. [6]

4.3 [Foulvvauivn {Boundary Condition)

nsAnenslnavendesildunan dmualiniwsmasnidaniainuudands
Benitannensivanuuasi nslvaresdendunuusuBevsaaniunsivalu 3 iR ooz
SmusAwaaaussluanduiniy 233 JerivenansdiuandzAnainiduigudnaroes
wasadosvanazyilfanusiviadreemaondoaniniu 0.1660  m/s wazan1azi
w'Naan'uawaamﬁaﬂﬁgqaaqmﬂn'lwafju'i'immﬂﬁmmﬁ’umL{‘luqué
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4.4 Data Reduction

(7S

d T ar = o ar
nguntsaruauilanavuudluiaiten 4.2 inaladmeuluguvasiuys
<5 d o d' 3 A [ ar dv
Hugmu uvw,P WwentsiunUiniudy 4 seluidululumansuwnddai

dns1aau (Shear rate) :

ou, (4.6)

¥ a e
AMULAULADUYIHNLN (Wall Shear Stress) :

du, @7
dx,

f

WSS =py=p

& ~ -l
lnstuseuvpmmaAumsvesteyauanslsiuzua 4.8

u,v,w, P

v v

Shear rate

t

A4

Wall Shear Stress

o ar = 5 -] v = o ar
31.'14 4.8 HIAMUAALIAITURBUNTIIATLIUATRILAULAIUNINU
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wasneuamsaiisuitinludeduwudaslusunsy COMSOL Tnsnaufinmasi
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