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TR A1 T S8l K PN B A A0 LT 20 7 2 23 A (K 5 W), DA T 5 200 30 Jok A 6 A BRE RO ol 5
RSP A BB L.

ARSCR B 3 2707 1 0 AN [) B 78 A< B S5l Ik N AR Newton 15 285 ML A7 37 [0 48 75
BB BT WIS T L TRV R A SR X Sl Jik A LA 3 0 2 A B2 ), P T B R
5 KA RS RS R B 2R, DA rp ) B LR SR TR AL T —E e S

IR i

1.1 Y

K Pro/E 4.0 FE ST BT A2 BESBU E S DAY (18] 1) S50 ko Y A0 45 3515 5l
Jik ( common carotid artery, CCA) #i N Bk (internal carotid artery, ICA ) 1545l ik ( external ca-
rotid artery , ECA).CCA N2 4 5.3 mm,ICA N4EH 3.8 mm,ECA 424 3.2 mm,ICA A 4%
ABeAE N PR TE R AR 4 mm SRS IKAE RETE A4S Ry 52 e i AR A2 AL, R i A 5 T AR &,
W B KA BE 5 A REBESR BN 5] & 1n] [al PR 2B RL , STl IKEE )R R 0.5 mm , SRR
4 500 kPa, Poisson (JF#4) FL 4 0.45 %5 % 4 1 150 kg/m™®,

PR R TN

D-d

S = x 100%, (1)

Horb, D O ICA ATARIER AR, d 9pRZE B R e AR N A, L7447 mm .
R JH ICEM Xof 35 5l ARG T A 3l o, U [R5 TR 3 T2 B 8 ) — AL A%,
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Fig. 1  The stenosis carotid artery model Fig. 2 The curve of inlet velocity

1.2 Fik
1) Wi &AsE
MR 1056 kg/m®, FSN KN IE 5 A= FHEHE N 13 339 Pal”! .55 Bk A 1 1L 37 4 3 Bt
ik ) S A AR AR T (&L 2) , IR U CCA Bl A — 0 3 B S ICA AT ECA H il #a T
FasE & AR ESRI% A 0 Pa'” . 3FE Newton Il ¥ 25 % 4% Carreau-Yasuda #8910,
wo=p, + (g = ) [T+ (Ay) )00, (2)
Horr, w I RRRE , B0 Pa-s ARBYVIRGEE w, 4 22x107° Pa-s, mBTUIRE ., 4 2.2x107°
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Pa-s, A a) %% A S~ 0.110 s, Carreau-Yasuda 8% n 0.392,%@1’5%& 270644,y Sh BT )
2) T e
(1) Iz 2 )7
A DB 0.8 < FEAFFELI K 0.01 s, MU AT 1 = 2 W L i 30
Navier-Stokes 72" Ky
Veu=0, (3)

d
p(;;+(u-V)u - VP + V-1, (4)

K (3) M), w HILRHE B R, P AR ,p IR B, 7 SR 5k .
(ii) 1M BE 32 B 7 AR
HRAE SCHR [ 12, 178 BE 2 sl il Rl
pa, =V-o,, (5)
X (5) T, p MM RERLE  a, A RE R 5 B NNTE R or, A 145 BE A 07 ) 5K Bt I Y5 I 72
10 R A VT IR 56 A2 DA R 2%

d =d, (6)
u, =u_, (7)
o-f.nf = O-S.ns’ (8)

X (6) ~(8) W, d WAL u JHE o NN 3K 0 St Sk e AR €, s 2050 AR
[ A

2 HERE M

21 MFRLESH

K 3 AR A B FENK N (¢ = 0.19 ) L FELE 55 &L i R0, Bz 3007 mhocs I
W B R, AR L XIS S KA 1 A 2498 18, T TR0 ARAS [l f ARG S 388 37 X R IX P
ML /N, FAFAE DR RS AR ML, MR H g BT 47 4 3R 45 Ko T 5 UURR, ook
BEYUIE LR AEAE FI S5 0F 6T H 6 B[R] BeA% 22 04 350 a0 ik 9 LIS 43+ A, o] RIS A5 SR 5 /N, 5 3
ok PR AL 3 R KA DX 43 A 35 0 ok %) F 0 2 I3 TR K/ I Fl R 2 ) A BE R TR /D 5 TR A
RRAGIIT , 391 ) ik PN L3 1 55 43 AR B IR | ISR KA DX AE it 28 B 25 7 J ke A e, A AR 7E
0PN Bl Ik S AT A MU T B 2 A A I, B A AT e A I 3 A R K, IR R R AR A
(RS54 I bk PN AL 50 A , $5091 29 Jok P AL 37 0 A 8 7 18 K 5 5 P9 50 Mk P A U 8 3 3 X T R o
B, MR AR I £, R4 2 i .5 0.05,0.1,0.2,0.3 1 0.4 3X 5 Fpess R4 i h
Jik PN LA AT R AR L, B8 2R R 0.5 A S BH Ik PN I3 43 A B 2%, M0 378 8 B8 A /N5 i) A 5 vl
7 Xof E B KRS R BEFTE 15 R ELAT (i A .
2.2 EEVINAHH

Kl 4 AR SR BEN K (¢ = 0.19 s) BETEIYI N I 2 L IBCRE D) ) i 7y A 0 ~
600 Pa, H1 AT, AN [R)Be 78 371 35 8 Ik BE 11 U0 0 ) 22 S8 K, 38l Ik o3 S5 8 25 7 ff 3l IX.
S RE U] N S35 E 6 B A [) B 2 e 1) 25 sl Jik B T DI 7 g o3 A, i BB 2 B A SRt R
A1 2 Jik R T ) 1 (R R BRI, B A AN g B T BT 7 g DX T R T B A, S 4 s ik T U]
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velocity streamline 1 velocity streamline 1 velocity streamline 1
u/(m/s) u/(m/s) u/(m/s)
3.313 3.438 3.803
2.485 2.579 2.852
1.656 1.719 1.902
0.8282 0.8596 0.9508
0 0 j 0
0=0.05 0=0.10 0=0.20
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u/(m/s) | u/(m/s) ‘ u/(m/s)
4327 4.899 5.174
3.245 3.674 3.881
2.164 2.450 2.587
1.082 1.225 1.294
0 0 ) 0
6=0.40 “ §=0.50
Bl 3 N[l pers 2 W a5 sl Ik P9 L it 2 3 A
Fig. 3 Streamline distributions of blood flow in the carotid artery with stenosis
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Fig. 4 Wall shear stress distributions in the carotid artery with stenosis
F1IR 32 BN AE ()50, BE 1T D) N7 ) L B 4 R B A A6 b L PRI BE T U1 g g X T AR i sk
ZE ARG MG K, H 5 AR Ik X 5 AIRBE T YD 1 ) 5175 A N B R 3 8 5 10 8%, B 2 3
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Fig. 5 Wall pressure distribution in the stenosis of Fig. 6 Relationship between the stenosis ratio and
carotid artery within a cardiac cycle the max total mesh displacement

I 5 Ry 33 ok pe 7 v B T H 5 B i 1) 22 £ it 2 F&1 p BT AT 290, FE O S 9 (0~ 0.3 s)
AT A I3 3 B AN T K, 2SS N T 0.2 B, 251 50 Jhkope 2 3500 o7 B T s 58 1 B — o i 1
K P R T AT 0.2 B, Beas o BE 7 FR 3 -5 A 11 I 37 2 B 2 67 R O, R ) IE 7 A2 B
SRR, M 0 = 0.19 s B, A LI 3 B 8 B e K, 0 78 Ao Ak B T 1 5 i e /N TR O B T
iKH1(0.3~0.8 s) , T A FMLFGE RN, 6 FAS R B A% 5 11 250 o0y lokople 7 350 7 B 1T R 52 25 5 AR
AN WG R 6 FOAS [R) B A% 238 1 S5 20 kope 7 B o BE TR R 5 53 A, e PRI 6 B 7 38 0 K, Bk
A TSN B TET S SR (LN, TR A B0 ™ A5 R B S8 A 2 R/ INB 9 e B AR AN S I
XPEREVE R 38K A RE T AR S 1 O, {E A BE 1T i AR AR/ A TR 1B J < R 50R.
TR SR I, S50 I K iR 045 P L3 20 A S I 9 R R AR AR, o S 4L il AS B B 75 R
SR A A A D A IR TN 1 i A B A 0 gl B R 2 B R 3 £ (S R R
BEH i — 20 A J PRI , A8 3B e AN B TR Hs i (LB /), T B = £ H” RACR ]
IR RS Y A STy
2.4 MBKERRTENW

&l 6 Ay 3 3l Ik e RIE AR 1 R 25 40 OC . pR R AT, B 6 55 A BE TR AR 1 S P 2 0 G
RIEEF/NT 0.3 B, BB kN RIE AL S G238 0 P R T5E T 0.3 B, B 5h ik i e e
T A o R 4 R A AR/ INIT | DRI 15 | A8 A G T AR/ B 5 38 e 32 Ak %t ik /> £
IR R SN kA BE i AP 228 A8 AL W i

B 7 AR R K (¢ = 0.19 s) B REIR ARl I 50, 30080 1k 53 SCRpe 78 3 7 4
BEMIEAS 3 K, FoB d O A BER AR B/ X E2E th FIUMIB R & AR 58748 7E LT dR 258
70 DX PN I 2 30 O R B A3 A I A E AR 3, S BOR L E BRI AR R A T
IR BEASAE Newton I , SN VK 73 SCRNBE 7S R A8 BE b 28 32 ) 58 A8 N J A, 8 1 v )22 i
TIEL Gy 9% 558 031 2 A9 28 R b 6 AN [ Be A8 2R 14 351 0 ik P s KO 2% f 43-A , 7T R BB %5
BRI R, BB K o0 SRR 2 R A5 BE T A8 B WG A, 1T AR B2 1 F4 1 sh JikOT A8 1 AR £ )
5] BB W HE R H AN [FIHeAS 28 %67 201 20y KA B D A e PR 50 T 25 S A0 K, e 78 3B K, 91 B fik
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O3 SRR TR BRI A BE I AR RO | 5y e A N 1 S v Al i S5l ok oo e XEBR 14 2 .
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Fig. 7 Total mesh displacement distributions in the carotid artery with stenosis
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Fig. 8 von Mises stress distributions in the carotid artery with stenosis
2.5 FENEKEEE von Mises R 143 #f
Bl 8 MAIRIAS RN HIBNK (¢ = 0.19 s) 45 BE von Mises N 74347 &, BN 7 7 v il ok
290.913~40 000 Pa .l EIFT A, i Be7E 0 2 /0 SR KN von Mises [ JJ 8K ; B4 3 ik
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I von Mises I JJ 4344450, I RSP Bl KA 11 1) 151328 80080/ 5 10 390 PN 80 kPR AR B 2 2 48
B¥ von Mises I 75 #00Ek Bl ik — 2%, Be 22 50807 2 J5 B BE von Mises N S/, a0 A 5] KN
SEAR/IN AR AR TR AT IS von Mises N JJ 22, 5200 T B A5 FRAL S FEBEHR A2 ME AT EL 6
FRAS[R) B 7 22T 251 50 Dk A8 BE von Mlises 1 34347 , AT 1A & B 7S 243G K, S BN K A 25 von M-
ses W 7 DX THI RGBT 1 K, RARZAE I SAM  JiK  von Mises W 43 A7 BUEE AN AR HL & (A R ) (B 1%
K, PN BN KB 2 FE AL IS von Mises N ) 2538 K305 3l kRN B 28 347 457 BE von Mises W /15
K, oy kAN B 1 L Kok e R 54 | 35 FE RN LA, 5 | e i i 2 v ) 2 A

3 4 7

TLERR A VER T 43 B AS R 2 1) 3518 ik N JE Newton RS I E4 THUE 43 B, I M I
VLBl 1245 AR5 T A3 BT T 828 6] 350 80 K A BEVRE AL ) X R AR B DL R 4598

1) B R[] (330 ik P L 20 A e B 8 AR TR] L 5 0.05,0.1,0.2,0.3 F10.4 31X 5 Flpk
78 R R K PN LR A R PR AR HE, B2 R0 0.5 RO S 8h ik P9 I 37 43 A 2 4% 5 Wt 5 0k 7 SR 38
K B RS F O 0 YR I S T 3 K I TR 5 T B 3 198 R T 4 2 W 2, B 2 A0 B 3 Y
T3 UL 2 I S0 3445 R A I 5 e 4/ 3 ik i g 43R

2) RN (0~0.3 s) , BEASH/NT 0.2 I, 815 ks 2 S 07 BE 1 JR 3 H 30— E 184
KA R R THT 0.2 W, Fih kA 307 i B T H o 50 4 28 JRy il 67 28 245 | AR IE 5 A P
SR AR ELA T L 0 e AR, 2 Ak B T R 5 (1 S5 /N T 7RO S 5K 9 (0.3~ 0.8 s ), L
TR/ AN R B2 T Sl Ik 7 A0 B T e 5 A8 fb S AR /) 5 B 4 e A8 R IG K, AR AE T r
R T R BB RS /N I8 BRI B0 R0 B S, 35 PN 3 IOk i P X485 P9 L 38 2 0 AS A2 I 90 8
REEAVR , S (48 i AN R B 75 2 ke ot P g A v 4 2 2

3) Bl AR BRI e 008 F R 1T ) 1 ) {8 R R, A0 2 S AN o B T VT 7 g T AR
W s A AL b T DX AR T B 1 ) X T R e 2 SRR AT 1 K, LS i X
FHA; TN K BE T DI N ) IR A2 B AE (52, B G R IR S R BE T DN ) 5 5 R Y
B AN s SRS, SRk s K E— A .

4) FEN Ko SURIPE A FRAL 4 BEIE AR F von Mises W 148K ; BB BAS BB B as
I BETE AR i S 2R b K B AV BT IS von Mises N ) 22 38 I 388 G, B2 2 350407 53 R BAE
Pz Wik 52 i A v i) 2 AR 23R,
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Analysis of Non-Newtonian Blood Flow in Stenotic
Carotid Artery Under Fluid-Structure Interaction

LIU Ying', YIN Yan-fei', ZHANG De-fa', ZHANG Zhi-liang’
(1. School of Mechanical and Electrical Engineering, Nanchang University,
Nanchang 330031, P.R.China;

2. Department of Cardiology, the First Affiliated Hospital of Nanchang
University, Nanchang 330006, P.R.China)

Abstract: The non-Newtonian transient blood flow with fluid-structure interaction was numeri-
cally simulated for 6 stenosis ratios of carotid arteries with the computational fluid dynamics
method. The effects of the carotid artery stenosis ratio on the hemodynamic performance were
investigated to clarify the relationship between the stenosis ratio and the atherosclerotic plaque
formation and development in the carotid artery. The results show that, different stenosis ratios
of the carotid artery result in obviously dissimilar hemodynamic characteristic distributions.
Compared with the stenosis ratios of 0.05, 0.1, 0.2, 0.3 and 0.4, the stenosis ratio of 0.5 corre-
sponds to strikingly larger blood stagnant vortex flow zones around the stenotic section. Under
the action of the complex bood flow field, lower wall pressure, abnormal wall shear stress dis-
tribution , larger total mesh displacement and higher von Mises stress will occur around this sec-
tion, where the lipid and fibrin macromolecules may easily deposit due to low-speed blood
flow. Meanwhile, low wall pressure may cause obvious ‘ negative pressure’ effects, and in turn
insufficient blood supply for brain. Furthermore, the atherosclerotic plaques are liable to rup-
ture and fall off under abnormal wall shear stress distribution, and consequently block the
blood vessel in brain. Large vascular von Mises stress may cause stress concentration and rup-
ture of blood vessel, providing favorable conditions for the occurrence of stroke. Therefore, the
larger stenosis ratio the carotid artery has, the greater the influence is on the formation and de-
velopment of atherosclerotic plaques,and the higher the possibility of cerebral ischemic stroke

occurs.
Key words: computational fluid dynamics; stenosis rate; carotid artery; fluid-structure inter-

action( FSI) ; hemodynamic
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