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ARTICLE INFORMATION ABSTRACT

Original Research Paper Variation of wall shear stress (WSS) in the microvessels may damage the endothelial layers. It also
Received 11 January 2016 changes the mass diffusion and sediment and may be considered an important factor in the formation of
Accepted 03 February 2016 the fatty plaques and causing heart disease. According to the importance of the issue, the aim of this

Available Online 12 April 2016 paper is to study the effective parameters on the wall shear stress in microvessels. In this paper, the

hybrid method, combined lattice Boltzmann and immersed boundary methods are used to simulate the

gﬁ)e/\;osrgsés red blood cell (RBC) motion in the plasma flow. It should be mentioned that red blood cell has
Lattice Boltzmann method- immersed significant effect on WSS; in this regard the present results show that the blood rheological behavior has
boundary an important effect on WSS. The results also demonstrate the effect of stenosis severity and RBC
Elastic module location in different regions on wall shear stress and consequently cause heart, coronary disease. It

Bending resistance should be noted that the presented results have been evaluated by previous numerical results for

microvessels and the results show the ability of lattice Boltzmann method to simulate complex
problems, especially for modeling the deformable solid objects suspended in the fluid.
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Fig. 3 The effect of flexibility of RBC on wall shear stress
SsSn o 20 2 0y B G 2 a8 JoalS (s iy Sllan 5k 3 YU

4 o jlosis 16 095 1395 L5 urde Suilke wiiie

1
08 <~ - N
= ~
\
0.6 !
|
Pure plasma |
— — — = blood flow in presence of RBC |
=
I 04 I
By \
)
~ -
02} -
0 L L L .
0 0.25 0.5 0.75 1
u/Uppax

Fig. 1 The profile of blood flow in microvessels (Eg =
0.00013,G = 0.18)

Eg =000013,G =) S350 5 095 ol Sepm Jedon 1 J5b

(0.18
T
12 1
T}
1
T
2
0.8 F
* 2
[Ny
0.6 |
04
0.2
00 1 2 3 4 5 6

x/H

Fig. 2 Normalized wall shear stress on the microvessels wall
(Eg = 0.00013,G6 = 0.18)

(Eg = 0.00013,G = 55,50 0)lg28 » 3,lg o o9 S G 2 Sl
0.18)

O el 93 5a38 JolS 5l aS by 5l (e 02 S8 4 A
Jols spam Jome ;o a5 Jbo o il Sud5 So o am s S0
J5elS slr o lalogiion svalie (L2 (A5 55 35 Dyt 5o 8
)l 9 308 JolS G 4l )0 Ce s LIS ol ol s 4 e 3

Gy G5 ey JelS 5l jeee plan 4 (T)) whige (I3l (o p i

B JelS S 50 355 perie Jaie 4 &S Gloy U b a8
2 05le) 0l 2525 S5 4>l a3 JpulS ity o ol o (T,) o0
4ol ol o e pe LolF als el o8 (Jlw S5 S oxte pux
2395 ol ke 4 (LA AT o) Su 4ol cnl 5l an 3580
S 45 (T,) 29 g0 onnlin (b (25 Gal3l 05 9,500 o)l (59,
O Dyt ol &5 iy azg b el o5 adsl peySle ke 4
9 SogaSol Lawgs ool Cews 4 @l b 508 JsolS <8 > 5l (A6 o
Jor 185 )5S0 S50 0z (owyp 50 5 )1 Slsan L [9] S
ol 3B 508 Sl S o e sla el e L aslol 53 el e

132



Uhed 9 031) dMe Lso

LS9 50 JAIS (b g Gl il )3 H350 S selily

2 03 syt sy G DS (KBS e pon )0 e
IS8 0 lie (S8,5 L S e Se Ko g0 e f oS S i) 0l
Dyl ge ai8)S Hai ;05

5 el 43S ) 3x = 037L alols o K255 a5 canl S5 4 o3
e o] 09,5 oo iy 23 2R/H % 100 = 30% §50% 52,5 ooy
5 oy 30,500 S5 o b S8 26 Gy
S 56 S o b o ol 2alai 6 JSE 15 o5 JplS
e Lialisl o 4 allis ol a5 il ie GialiEl K538 e o Iz
G s 4 (S jgee 5l am g wede ) (KBS S S
S5y b fal 8 (Lhp 5 (KBS Sy 0 b Se e
Gl L ls (B A5 S eadine 3l (K285 oo o
Ol 50 e GBI (AL &S (B 5 a3l e (K335 w0
(i O Olpess oS cldls az g bl e Gl33l Gl 4l
slasl jo oy bl fog o)lie 4 azgi b cllae (pl oS o)ls ()5
S Sl (LA A Gl el g BB 4l ol s ol jlsn)
g b8 SRl &S culs azg b ogdioe JlE ll g )9S JSB
aSh Cl S5e sl iy JU! 5l 2 oS & 95 5l 0k e j5ee
1728 JselS hgee 23U caalsl jo 05l (a0 Sed slml el WIS o
Kb @ ar g boogbie oy T USS )3 (B 55 Sl p (K85
5 S5 55 45) (S5 ey 5 Loy 5 08 J5elS 6,258 Jone 7
bl dmles b i p Flaie Ol Sl (el oad ooly iules

S g S g9 dbml el o8 JolS a5ty Sl s b Geizren
wodee Slo Fg,See Sy Ghn GBS OlymsS W) 50 peris
3y 55 4 sl asalin b (ol 50 55,5 5 5,500 15 cal il

L=5H
. nstan
u=(l_(y)2) H o S constant
H/2 pressure
' A
Fig. 5 Model of stenotic microvessels
S g0 3 S5 Joe S Y
14—
12 _—
10 -:
*Hg C
sk
[ 30%
- —— - - 50%
61—
Py
L ' 0I6 ‘ O.IS i

x/L

Fig. 6 WSS for stenosis severities of 30% and 50%
50% 530%6%;3;..\,9);); GmwaJ&w

133

1.2

0.8

0.6

04 F

0.2

0 1 7 3 r 5 s
x/H

a- shear stress on microvessels wall tor presence of 2 RBCs

308 JsalS 2 j982 53 59,500 01320 (595 (B p S5 -l

12

09
08}
0.7
0.6}
o5t
04}
03
02} x/H
01}

x/H
b- Shear stress on microvessels wall for presence of 3 RBCs
308 JsalS 3 jpa> 10 5580 o)l (59, by A5 T

08
0.6 |

0.4

c- Shear stress on microvessels wall for presence of 9 RBCs
3058 Joal5 9 ypam 53 559800l (59, (b S g

Fig. 4 Comparison of the Shear stress on microvessels wall as
the function of hematocrit

o Sled 5l (b Djg0 4 Fyg Sn 0l 0 Sl (b S dlie 4SS

S ) G g 5 S5 S sl 3 oo Sl

4 o ploits 16 0,95 1395 ju5 (o oe Suilfe wise



Uhed 9 031) dMe Lso

LS9 50 JAIS (b g Gl il )3 H350 S selily

Silosl Sz sk 5SS p5le (B 5 e 0 5sS (0SS
D O 5 (85,57 8 5oler 455550 Sl Slatie b g ead JUeb 35,0
o)lged Ll g Syg,Se Hhad ¢ oDy (RS GBI L a5 clls axgs Wl
Oledl o3 gl daz llyl o Wbge Gl (Ghp A5 GhelS Cax
DBl ged gl
Gy 45 S il onel Ces 4 @l 4 a2 b ST 0

Sel)lS (s30e by, S Glare 4 jeabogd e - reiiler aSed gy (oS S
D9 g0 Pgwis SilSagn Jluw gilwas jo

cxpr-6

[1] T. W. Secomb, Red blood cell mechanics and capillary blood
rheology, Cell Biophysics, Vol. 18, No. 3, pp. 231-251, 1991.

[2] C. Ross Ethier, Computational modeling of mass transfer and links
to Atherosclerosis, Annals of Biomedical Engineering, Vol. 30, No.
4, pp. 461-471, 2002.

[3] D. Alizadehrad, Y. Imai, K. Nakaaki, T. Ishikawa, T. Yamaguchi,
Quantification of red blood cell deformation at high-hematocrit
blood flow in microvessels, Journal of Biomechanics, Vol. 45, No.
15, pp. 2684-2689, 2012.

[4] M. H. Friedman, L. W. Ehrlich, Effect of spatial variations in shear
on diffusion at the wall of an arterial branch, Circulation Research,
Vol. 37, No. 4, pp. 446-454, 1975.

[5]1 X. Yin, J. Zhang, Cell free layer and wall shear stress variation in
microvessels, Biorheology, Vol. 49, No. 4, pp. 261-270, 2012.

[6] J. B. Freund, J. Vermot, The wall stress footprint of blood cells
flowing in microvessels, Biophysical Journal, Vol. 106, No. 3, pp.
752-762, 2014.

[71 A. G. Koutsiaris, S. V. Tachmitzi, N. Batis, M. G. Kotoula, C. H.
Karabatsas, E. Tsironi, D. Z. Chatzoulis, Volume flow and wall
shear stress quantification in the human conjunctival capillaries
and post-capillary venules in vivo, Biorheology, Vol. 44, No. 5, pp.
375-386, 2007.

[8] O. Oulaid, J. Zhang, Temporal and spatial variations of wall shear
stress in the entrance region of microvessels, Journal of
Biomechanical engineering, Vol. 137, No. 6, pp. 1-9, 2015.

[9] W. Xiong, J. Zhang, Shear stress variation induced by red blood
cell motion in microvessel, Annals of Biomedical engineering, Vol.
38, No. 8, pp. 2649-2659, 2010.

[10] K.Boryczko, W.Dzwinel, D. A. Yuen, Dynamical clustering of red
blood cells in capillary vessels, Journal of Molecular Modeling,
Vol. 9, No. 1, pp. 16-23, 2003.

[11] K. Vahidkhah, N. Fatouraee, Numerical simulation od red blood
cell behavior in a stenosed arteriole using the immersed boundary-
Lattice Boltzmann method, International Journal for Numerical
Methods in Biomedical Engineering, Vol. 28, No. 2, pp. 239-256,
2011.

[12] C.S.Peskin, Numerical analysis of blood flow in the heart, Journal
of computational Physics, Vol. 25, No. 3, pp. 102-112, 1997.

[13] Q.Liu, Y.L.He,Q. Li,W.Q.Tao, A multiple-relaxation-time lattice
Boltzmann model for convection heat transfer in porous media,
International Journal of Heat and Mass transfer,Vol. 73, No. 1,
pp.761-775, 2014.

[14] X. He, Q. Zou, Analysis and boundary condition of the lattice
Boltzmann BGK model with two velocity components, Journal of
Statistical Physics, Vol. 87, No. 1, pp. 115-136, 1995.

[15] O. Fillippova, D. Hanel, Grid refinement for lattice BGK model,
Journal of computational Physics, Vol. 147, No. 1, pp. 219-228,
1998.

[16] C. Leondes, Biofluid methods in vascular and pulmonary systems,
Vol. 4, pp. 350-358, New York, CRC Press, 2001.

4 o jloss 16 095 1395 L5 urde Suilke wiie

i 4
- ?
i d
10 |-
. b
5 o
A 1!
2|
& 5
6 1

L
0.4 x/L 0.6 0.8 1

Fig. 7 WSS variation along the stenosis as the function of RBC location
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