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ABSTRACT

The movement of single cell in a two-dimensional no-sten micro-vessel is studied numerically
compared to it in a capillary with sten. In addition, the effect of red blood cells on the movement of white
blood cells is discussed. The shear rate of flow field is of great significance in the behavior of cells. Here
Immersed Boundary Method is applied to solve the problem of the coupling of fluid and solid. SMAC is
used to solve the Navier-Stokes Equation. Hyper elastic model is used in modeling the membrane of red
blood cells and white blood cells. It’s proved that the initial place of white blood cells, shear rate of flow
field, the existence of stenosis and the value of Ht will have effect on cell’s movement and
shape-changing. It’s expected that our results will aid in the elucidation of inflammation and thrombosis,
as well as the building of the platform for the biomechanical analysis at cell scale.
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FHFR ) 40 8 I Y BE B 2B MRIR S (Rolling); 55=25, FA40M-5 0% i fz 40 )
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A5 I BE F A S C A 256 T = AR FRORG B 27 i SR TR TR O 210F 47 1) — AN 2 2R AR
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BRI IS AR

PRI T I 7, 6 RRSH I i R shrf, i n] & - R s {H
FEAE RS IS ) IR B 55 06 25028 R I 200 B PR A A6 0T IR I B B 52 - Jonathan
B. Freund" e — i giid b i, TEMFEMRIEN T, AR N Fa400. [
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AETERG B, A e A AL T WA R BB B B IR 37 B BY D1 JE %6 (Shear Rate) 4t
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KRR M A A MEEEN R R . Sunt®lia AR T3 /K282 Ui, AL T I
EVIRIEOLT, W A 5] R B MR BRG B,  IEUE RGBS R 32T S
PR ol 0L/ 4 B DA % £ A B T AR 45 KA D 52
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TERAERL, LR 124 0 R, LT 4l i AR T P 8 Iy 8 s o 40 A AT R
1.3 AXTEN 4R

AR RS 1 TR T B, ERRANE oL dn s, A S (BR
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R B EC AR - 52 PR AR L R FH BB A, ORGP I AR FP R B LS R R 2 7. R
SR R A S A B TR R S, R AR E RIS 7% (Simplified Mark
and Cell, SMAC) :Kfi# Navier-Stokes 77 1%
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AT ) RSl S AR A I B M [ B, A ] B S B A2 TE T A
ARBIE AT, B AL IR AR, IS TR E . N AR T T R
MLk, (EEER LR HAE. MBshH RAAEMF . 24905 Aandl e
AL SRR A AL & . MR AE WA . A A AR A e 4R
BEARGB 20, FET R — 8 AR I RE S IS BE A AR RS IR D . & 2-1 P

MIEMmEE:
@ ;
o RBC— o8
& &

Bl 2-1 IR IAT B 1] (1 A R 2R s i
2.2 EHIFREEANRBFE
2.2.1 mahiEh 5
X FREEAS AT IR 2 AR, LI 5 p = const , HAIRIEBN FIRG 1 2R 5 11 = const
u N EERE, p Nk, t ASREE, T2 R PEAS T R 46 3 B AE 1)
Navier-Stokes J7 & /:
V-u=0 (2-1

p(%+u-Vuj:—Vp+V-y[Vu+(Vu)T]+F (2-2)

Hrr,  (2-2) W FRpRRIERIE A EAER 77, U8 BB AT . AR Rk
SR Y AR AR B R AT AR A .

2.2.2 "Nk

ER AR T, AT BB RG0K 5 S 3k &g, —
JiT, TR S R R R SR R A 0, B LAAR SCR A T e R 5 AT
IR SRR N-S HFE; H—0H, FigEEEES AT rEshia i, prolg
SCRFALE AR (8] 38 A PR hr 4 B XA IR A v 28 B 5 THT A S . /2 50 {E A
PSR, B RGN BB CELURARF AR B AR Jy . dELS) F5
BHATAE B, Xt ZEH RGN K% S (Dirac Delta Function) . W1l 2-2 .
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(2-2) FABESE—IFXt) fE, Hdx. X 3 5RESR/RBER. kg HBh
br, AT AR A M i 5
F@J)=Lf@205u—x3dl (2-3)
TEHRRMAS i N-S 7R BIBRBOE 3 e, ks B H 3 g s B vl
8 PRAUKRAS

u(x,t) = [ u(x )s(x-x)ds (2-4)
SEREL
EE AR R
_ Cartesian Grid | Lagrang/;an Grid
711
\ - M~
\
R 3
\‘-.. //

2-2 [EE I R/R NS Rits B H 3 A% S 2 B R (1) S pRi%k
T AZN ARG -4 0 B X TR 7
X, =X, + [ u(x,tyd
B AMHR IR g, R b R AR TE AT LBAES G Bit B ok, REH
iZ FH Tryggvason[?813 i g % ( Distribution Function) D, K [ ik 48 &) it 1) 25 ¥ 4k ) [
ST P L

(2-5)

n

(4h)‘”H{1+ cos%(x—x')} x—x]| < 2h,
' 0 x—x]> 2h, (2-6)
Hr h 2 RRME R ST, n ARCRT4ERE, T A SO Fi 2 8 4B 00 T T 1Y,
FTUAE n=2, i HIXAESHL & %, 3R (2-3) « (2-4) BIAEAT AN R RER:
F(x;) =Y f(X})D(x; — X)), (2-7)
j

D(x—x") =

u(x;) = 2 u(x;)D(x; = ;). (2-8)
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2.3.1 ZL40 AR
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X = %(cl +c, cos” & +c, cos* e)sin 0

y =a,co0s6d (29

Hh s ¥y 3=3.91, ©=0207, €2=2.003, ©3=-1.123; O F R F K554 MM O
[PIEEZ AT x Bl M. il 2-3 Fias.
YA RH SkalakIZB1ZE 2 HE R MRS AL . AN AR TR 5 = AR S i N Ay, i
Y IEVK B WU TE AR . 1225 R A7 q 4200 R R A 12930,
k=V-n (2-10)
M =Ealk—xr) (2-11)

L
dl (2-12)

Forbon 20 ERSRALAMEI R, oy e 2R OR S R L RS2 A0 T 2
A, m R B2, Es RIS IR, SHIE MR AT K. W
K 2-4 FioR

rbec
nomal vector

7
L)
.

7N
[
L

Element j

t

Element 1

K 2-4 AR RS /L FoT K RotikRE. YIR&E
HIFASCHHE 2 “4EIG 00 T AR A2, T AR I 32 (41 T A S g R AE AR
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K 2 4\ |1+CA (1+CH C ]
7 =Bl 1N1+cﬁ(1+cﬁ+i+cﬂl (1)

Horjg B R, HIZRTRARA T 8o £ N 77 M K 52 B eI KL Bl AT 4%
W5 Esy C /RIS UM . BRI Y 7k &40, GongBU%LL K Pozrikidis®
SRR TR, X T Skalak BB, A0 AR B2 2l L BT VIR R Es thog, R
5K REL C IR EL N o B DA SR FH o3 20 40 M I ) B OO R 1K T vk, AN ) et T
P 4T X 5 0 B A 200 B B AT DA R B

R4 Pozrikidis®hof 4H B BT 25 W FE OB 98, A B o2 20 0, Bl (2-3)
R R B AR S U2 0 B F T R T A T B

fl_hﬂi—rﬁj%%qni—qﬂn) (210

Forr, TFR L ARG B S BT T, t AT n 2 Dy BT Y B ) )
BfrAhErE, B (2-13) st EH R AR, Wog R (2-12) S iR,

2.3.2 [0t

A SCRAE AT AR T B4 A TR TAE 2L, £ B @ R A 1 —Leid&
BT K R AT N R e R, R R MRV A O B A P B A R R, R
WEAMNEAZ « AR AT TR BONIETE s 28100 2.3.1 Hhon 2140 B i 9 AN AL 2
fBCAC VA N A RV RE BE . B EEAR R . (7 BT A e, AR A R A Skalak i
FAPERLRY, PRl 2 (2-10) ~ (2-13) &3, HEMNETSE: FEFE s Es.
BIPIRCE Es. RIY 5K RE C 55, A LIE B 5256 BRI 7 B 40 i B B8 i s 24 1
B, (2-14) Ny, T B A B SR T 52 7038 75 25 R8T T RIKE 5 12 BORG B 0 1E
Bt LA e A0t 5 L0 B0 VA MRS AR P AR AR T 0, AN B AR 20 40 B AR A [] i 4K
®X (2-3) Iy f, AR, RATRAT, tHE BRI ST
fe:

Ftr, A
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=

whe —
normal vector

Kl 2-5 Fgiff TR S H AR T AME R =
2.4 BIEHESE
AL REAR R, X B (2-2) S5 R

z_l::—vp—adv+vis+|: (2-22)

Hooh R 0 Vp ALY T (22) EPEI"J%Vp, ¥ H T adv=u-vu , K P

vis=£V~,u[Vu+(Vu)T], TG — T F 4T (2-2) i LF
p p

¥ (2-22) WIRFEESEUL, AR
u™—y"
At
Hrradv? . vis” AR B AEUER A, 20 251 F (DL (2) Fis.
2.4.1 SMAC 7%fi# Navier-Stokes /5 2
IR
(1) TERFEDK AL, VRIS TR R —Fr ks B2, fH Adam-Bashforth #%38,

RGN TIEAHEERE U -

3 1 3 . 1 .
u” =u"+At| -Vvp"—| Zadv" —=adv"? |+| Zvis" —=vis"?* |+ F" -
[ p (2 : } [2 : j } 2:28)

=-Vp"* —adv? +vis” + F" (2-23)

(2) M Crank-Nicolson % 3R i Hifh ik EE iz U .

3 1 1 . 1 .
u' =u"+At| —Vp"—| Zadv"—=adv"? |+| = vis" + = vis* |+F" -
{ p [2 : j [2 ! j } 2.25)

Horh VIS A R B U, B (2-24) AIEE T UTHIERA SRR, FRLLAT SR %
YGBRARLIEAR I (SOR) SRAR, JEFMEN (1) FE3IRE VI Y .
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(3) RIRIE e 9P,
(2-23) XI55 (2-25) FAHME, 15

u™ =u"—At-v(p"™ - p")=u" - At-vd
(o) P
SR G PRI IR RS, A
V-u™=v.u"—At-Vidp
(2-21)
TSR, . TRWH (2-27) T Hya 7.
v-u'
v2dp = A: (2-28)
AT F B U A St A AT SR A
(4) fggu™, P
n+1: n+d
P P P (2-29)
u™ =u* —At-Vvdp
(2-30)

2550 w112 2P s SRS M w73 <97 D 7 o =9 0 B NP R g R S S 3
U] LIS 2R — I 2R o A AR 370 4. R ERE R EER/ R L Cy— Mk
MED WS, RS B BT (3) ARERTHE.

K 2-6 A SCEIETAE A o

Fa4 B (5] 2 5 Lot
no yes
4 kS, & (25) &
T e
%#)
ARmpEE | d (2.8) &
| SRR | R AR
I | yes
MDA | no
BB EOAFK) | [w—u | Mel<e
B (2-24) &2 (2-29) 18 Pra
w’ (2-30) f3u_,
B (2-25) & ‘ B (2-28) B
u dp

Kl 2-6 HkiAEK
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2.4.2 W5 B b B
(1) 78 x J7 ) bR JE B il 5 2% A
uO,j = unx,j ’VO,j = an,j (2_31>
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