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DEVELOPMENT OF A MODIFIED k-¢ TURBULENCE MODEL FOR VISCO-ELASTIC FLUID
AND ITS APPLICATION TO HEMODYNAMICS

K.C. Ro' and H.S. Ryou*2

This article describes the numerical investigation of turbulent blood flow in the stenosed artery bifurcation
under periodic acceleration of the human body. Numerical analyses for turbulent blood flow were performed with
different magnitude of periodic accelerations using a modified  turbulence model which was considering drag
reduction of non-Newtonian fluid. The blood was considered to be a non-Newtonian fluid which was based on the
power-law viscosity. In order to validate the modified k-& model, numerical simulations were compared with the
standard k-& model and the Malin's low Reynolds number turbulence model for power-law fluid. As results, the
modified k-& model represents intermediate characteristics between laminar and standard k-& model, and the
modified k-& model showed good agreements with Malin’s verified power law model. Moreover, the computing time
and computer resource of the modified k-& model were reduced about one third than low Reynolds number model
including Malin’s model.

Key Words : H]57E1-5-#|(Non-Newtonian Fluid), 7= 2)(Turbulence Model), &+ 8K Hemodynamics),
A&7 4~ (Drag Reduction), 571714 5% (Periodic Acceleration)
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Fig. 1 Schematic representation of artery bifurcation for the

turbulent blood flow under periodic acceleration[24]
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Fig. 2 Transient profiles of the periodic body acceleration and the
pressure difference
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in wall coordinates

A9l HF sjilo] o] FOAwE 457] AL Fask) 3
A ARe AREgs Me E& @@ Az @77
045 mmZ sk} oF 281,250 7} AR} AMEEeH, Al
AN 7R W& quad-core 3GHz Al A] oF 24 AJ7bo] 4g

{90,

14 23 2 D

[o]]]

3.

31 THE ke 7 22 HE

Fig. 3 faming vFE Al5E power-law 2|5~ 9 #ols=
o wel Dodge[12]9] A#AFsl wlwe aPom,
2 <Ju)st

power-law A|57F 09l 7S 1 AV HA)
o

H, A7h 19 A5 reAlolth S a4

Diameter (m)

(b) Acceleration a, = 10.0m/s”

Fig. 5 Axial velocity distributions in the middle of stenosis with
magnitude of acceleration in maximum systole

4 T 54 AMole BE3 o
ANE BAFA N vl SAA] ofl= power-law 2|5l
A 7ha A4S A dSsH FEele AR

2 A gl 9For ey
FA) AY g BIE A AFSH 2ES wolm Yuk
powerlaw A|57F A 3 AR A LA oA
Tk 4% dEshe APl ok o) Vike] AaAZw
48 71F0R BAYS 7] v olnnt o AULA
2 A T A B S e Bae A
T AR, e A A sl Fe a3 ane



6 /| BH=ELFH S 55X

A

oL

AR dxe] Bdge] de gle 43 Eg /A2
.

Fig. 4= W it §5 &
st 9o 2 Fig. 33 wIAE standard
e Al A3 AS 2 4539

O
B oglems, oz dla) WHelMe] SE B ok &

y

32

kel
i
i
Y
2]
o~
29

SURR TR
o 1
(uU-S
oX _]IN.

2
L
rr to
o, S
o%)v s
of\r -
B
oy
o, M
= 4
4 %o
= oo

oft | f =
> o
0

ol
N ook

1 oy

]
4
o2,
)

o o
o

)
=

~

o
o
I
4o
i

i
o g

X
2
S

71 A o
o] AL
t},

O
S
I

(<0
o
)
>

ol
1%
>,
o)
tlo
=

3.2 HEEX gaoMel dFel HF Y

Fig. 5& #dl A% $57](maximum systole)A] @22 &
Aol el EWE SR TSR A7) we) e
A otk 78 AT V|F0R dolExaE & A
71o) we} oF 3,900, 490002, 7%} 5.0 mis”Y Aol =
W 2ol 4o, HREst 100 mis') Aol el
24 Fig. 5 (2)9F 2o Holgdell = SFelM drw F7}
2 Hlastgon, Fig 5 b)olAE Wi 99|22 malin[19]

o] 449 A HolExy Rl An% I AR &
W S SEY BE od) YuEnr)t 7asis 4
SollE T4 £&7t S7keka, HHel A Ado] 2h& A9
T A v fashe A4S HolBE Fig 5 (addlAe
HHAg o] 7P 22 FRAMA HFR e 7P AA

o =F a7} standard k-e W 2

S HolA Hrh Wy Z7|7F &

I~
o
k1
lo
on

12
- S,= 75%, a,= 5.0 m/s*, Laminer
e S,= 75%, 3,= 50 m/s", Standard k-e
F A —e—e—e— 8,= 75%. a,= 5.0 m/s", Modified ke
0.8 |-

Axial velocity (m/s)
o

(=]

04— - : : : :
0 0.001 0.002 0.003 0.004
Diameter (m)
(a) Acceleration a, = 5.0 m/s?
12

s=a----= S;=75%,.8,=100 mis®, Standard k-e
=== 8,= 75%. 3,=10.0 mis®, Modified ke
——— 5 =75%,3,~100 mis®, Malin LRN k-g model

=
@

Axial velocity (m/s)
o
s

PR SRS TR TN (NSNS TR TR TR [T SO T T SN TR S S T N1
0 0.001 _0.002 0.003 0.004
Diameter (m)

(b) Acceleration a, = 10.0 m/s”

Fig. 6 Axial velocity distributions in the middle at branched
artery with magnitude in maximum systole

A o Aow woln, 4B BA|FIHE BAztel

FEFo= At Foo] vl @ol WART7EH, o] Awst
o] BAR g2k Ao 2 a0 AZtE I Y] Wi
of olell tig Qe o5 PR sMelA wie TaT &
oty 7] 7Hrt 255 AR Aed 49l Stk
W, 53] EAFe] qk wo] A ool A f5gel v
2 9IS Fe R wErt standard ke W R
< Qo] A I} oSalo], ] HeE vl vt
Al sjAjate, o= Qlate] A T H=g ghukabA| Ake
el gl S AYar Aok AL powerlaw A7t



A9y 449 BF A4S AT A ke WHED AT L BHYF

£

A|154, A43%, 2010. 12 / 7

=) =
=2 T
Aol WhEA] AR 4 @S aestolol EF S
o=o] AN, AR AN Y Fo@ ¥ Avge

(wall shear stress

£
e
i3
2
oo
e
A
pasa
o
pu)
o
fru
>,
Al
i,
O,

4. 2 E

e @5 2 unY fAY] AR sAs fls
Az i ZEE Absiolon, Agkd b Rde dd
5718 dpRdae] nluE Fa eiAe AFA 9 A8
7FedE Eskinh AR dREE FAE ke HF B
do 7]E9 1 FojERg Y9l standard k-e FF L
HITE A WAl WEA] Rk e AR A RS S
TS ol gate] aeGith olE Skl HlH W a4
Al o] ARl A golmzgr Rl Hlsto] a4 Azt
o] &5 B HlFYE A4 T A fAd dusew A8
& ol RS 7Ha givk

T3k AA 7 A Aeete], Dol whRed el v
EA AR AAE aed dREES ARgslol 95 <)
At dF BFGS =elMe B eiAA] dee] S
9 Fek A7ke] 28% PR standard k-e i EES AR
sk 857t leu, AR s e di REES AN
she Zlo] Bt A3 diF SA4S 52 7 e dew
HetE

z= 7|

o] e 20089%E AH(EAR|EM Y Ao
spAde] AAg Wol aE 7] ZATAIUKRE:
2008-313-D00126)

[1]1 1990, Nichols, W.W. and O'Rouke, M.F., McDonald's Blood
Flow in Arteries, 3rd Ed., Lea&Febiger, Philadelphia.

[2] 1996, Fung, Y.C., Biomechanics: Circulation, 2nd Ed.,
Springer-Verlag, New York, pp.136-140.

[3] 1971, Seed, W.A. and Wood, N.B., "Velocity Patterns in the
Aorta," Cardiovasc. Res., Vol.5, pp.319-333.

[4] 1983, Ahmed, S.A. and Gidden, D.P.,
Measurements in  Steady Flow

"Velocity
through ~ Axisymmetric
Stenoses at Moderate Reynolds Number," Journal of
Biomechanics, Vol.13, pp.505-516.

[5] 1979, Yongchareon, W. and Young, D.F., "Initiation of
Turbulent in Models of Arterial Stenoses," Journal of
Biomechanics, Vol.12, pp.185-196.

[6] 1994, Hadzic, 1. and Hanjalic, K., "Numerical Modeling of
Pulsatile Physiological Flows at Transitional Reynolds

Numbers," in: Third International Symposium on Biofluid
Mechanics, Munich, Germany.

[7] 1978, Cassanova, R.A. and Giddens, D.P., "Disorder Distal
to Modeled Stenoses in Steady and Pulsatile Flow," Journal
of Biomechanics, Vol.11, pp.441-453.

[8] 1948, Toms, B.A., "Some Observations on the Flow of
Linear Polymer Solutions through Straight Tubes at Large
Reynolds Numbers," Proceedings of the First International
Congress on Rheology, Vol.2, North-Holland, Amsterdam,
pp.135-141.

[9] 1972, Hoyt, J.W., "The effect of additives on fluid friction,"
J. Fluid Eng-T ASME, Vol.94, pp.73-91.

[10] 1973, Lumley, J.L., "Drag reduction in turbulent flow by
polymer additives," J. Polymer Scinece, Vol.7, pp.263-290.
[11] 1975, Virk, P.S., "Drag reduction fundamentals," AICHE J.,

Vol.21, pp.625-656.

[12] 1959, Dodge, D.W. and Metzner, A.B., "Turbulent Flow of
Non-Newtonian System," AIChE J., Vol.5, pp.189-204.

[13] 1980, Cho, Y.I. and Hartnett, J.P., "Analogy for Viscoelastic
Fluids-Momentum, Heat and Mass Transfer in Turbulent
Pipe Flow," Letters in Heat and Mass Transfer, Vol.7,
pp.339-346.

[14] 1990, Pinho, F.T. and Whitelaw, JH., "Flow of
non-Newtonian fluids in a pipe," J. Non-Newtonian Fluid
Mech., Vol.34, pp.129-144.

[19] 1997, Malin, M.R., "Turbulent pipe flow of power-law
fluids," Int. Commun. Heat Mass, Vol.24, pp.977-988.

[20] 1999, Malin, M.R., "PHOENICS Simulation of the Turbulent
Flow of Herschel-Bulkley Fluids in Smooth Pipes," The
PHOENICS Journal of Computational Fluid Dynamics and
its Applications, Vol.12, pp.351-367.

[21] 1999, Escudier, B., "Drag reduction in the turbulent pipe
flow of polymers," J. Non-Newtonian Fluid Mech., Vol.81,
pp-197-213.

[22] 2001, Ptasinski, P.K., "Experiments in turbulent pipe flow
with polymer additives at maximum drag reduction," Flow,
Turbul. Combust., Vol.66, pp.159-182.

[23] 1982, Shenoy, A.V. and Saini, D.R., "A new velocity
profile model for turbulent pipe-flow of power-law fluids,"



8 | =T LA S35 X|

w7 3

& FA

Can. J. Chem. Eng, Vol.60, pp.694-696.

[24] 2009, Ro, K.C. and Ryou, H.S., "Numerical study of the
effects of periodic body acceleration (PGZ) and bifurcation
angle in the stenosed artery bifurcation," Korea-Australia
Rheology Journal, Vol.21, pp.175-183.

[25] 1985, Sud, V.K. and Sekhon, G.S., "Arterial flow under
periodic body acceleration," Bull Math Biol, Vol47,
pp.35-52.

[26] 2007, Mandal, P.K., Chakravarty, S. et al., "Effect of body
acceleration on unsteady pulsatile flow of non-newtonian

fluid through a stenosed artery," Applied Mathematics and
Computation, Vol.189, pp.766-779.

[27] 1987, Ku, DN. and Giddens, D.P., "Laser Doppler
Anemometer Measurements of Pulsatile Flow in a Model
Carotid  Bifurcation," Journal of Biomechanics, Vol.20,
pp.407-421.

[28] 1996, Yoo, S.S. and Roh, H.W., "Numerical simulation of
flows of non-Newtonian fluids in the stenotic and bifurcated
tubes," J.Mech.Sci.Technol., Vol.10, pp.223-234.





