Int J Advanced Design and Manufacturing Technology, Vol. 11/ No. 1/ March - 2018 79
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Abstract: In this paper, the ADINA finite element software was used for numerical
investigation of laminar and non-Newtonian flow through a blood artery with consecutive
stenosis. For modeling the non-Newtonian behavior of blood, six models were used, namely,
Carreau, Carreau-Yasuda, modified Casson, Power law, generalized power law, and
Walburn-Schneck. The results show that for all non-Newtonian models as well as the
Newtonian model, the velocity of blood flow in the second stenosis is greater than the first
stenosis. Also, up to 4D back of second stenosis, a reverse flow area is formed that causes
the spread of disease and the formation of new plaque. As a general conclusion, it can be
stated that due to the smaller values obtained from the power law and Walburn-Schneck
models, as compared with the other models, for fluid velocity and wall shear stress, these
two models must be applied with caution.
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1 INTRODUCTION

As blood flows through the stenosis, its non-Newtonian
effects become more pronounced [1-4]. No model,
Newtonian or otherwise, can comprehensively cover all
the complicated characteristics of blood. For this reason,
different models have to be used. The many differences
existing among these models, Newtonian or otherwise,
can lead to very different results [5-9]. Fry [10] stated
that wall shear stresses greater than 40 Pa would damage
the endothelial cells. Ramstack et al., [11] stated that a
wall shear stress, greater than 100 Pa leads to endothelial
cells damage and consequently, blood clots. In their
investigation on the LDL particles mass transfer in the
carotid artery, Fazli et al., [12] showed that a smaller
reverse flow region is lead to more accumulation of LDL
particles, which in turn increases plaque growth and

spreading. Investigation of velocity profiles leads to
more accurate methods in the treatment of clogged
arteries [12]. Investigation of shear stress on the wall for
predicting damage in arteries is also essential [10], [11],

[13-15].
With due regard to these facts, the present study aims to
conduct an ADINA-aided analysis by using

physiological pulses for investigating shear stress at
artery walls, as well as the reverse flow region length
inside a blood artery with consecutive stenosis. Since
different non-Newtonian models exhibit different
capabilities in describing various physical phenomena,
the Newtonian as well as six non-Newtonian models
were used in this study for simulating blood behaviour.
The study of the effect of stenosis spacing on
hemodynamic parameters such as blood velocity and
wall shear stress of artery is a problem that has not been
studied so far.

Table 1 Non-Newtonian models with given molecular viscosity of blood

14=0.0033

Newtonian [8, 9, 13, 14]

p=k[f[", k=0035n=06

Power-law [17]

p= e+ (=g, (1+ AL )

A =10.976,n =-0.3216, 1, = 0.0033, 1, =0.056

Carreau [17]

Ho — K
[1+al) ]

=u +

H, =0.016, 4, =0.0033,1 =8.2,b =1.23,a = 0.64

Carreau—Yasuda [18]

A7)

#He = 0.0033,m =100

Modified-Casson [19]

u=k [
K(7) = o, + A exp{—(u I, exp(i)}
a 4

n(y)=n_—An exp {—(1+ m) exp(i)}
C v

4, =0.0033,Ax=0.25n, =1,An =0.45, a=50,b =3,c =50,d =4

Generalized power law [20]

1-aH)

Hu=a,exp(a, +%)\7’\(

a, =0.00797Pa.s,a, = 0.0608, a, =377.7515,a, = 0.00499

Walburn—Schneck [21]
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05
2 GOVERNING EQUATION

The general form of the equations governing fluid
motion, i.e., momentum and continuity equations, in
ADINA are as follows [16]:

o
=

o
-
OrTT T | L N L DL L

gﬂﬁ
M+v.(pvv ~7)=f, (€3] ‘E
ot s 02
%pw.(pv )=0 0

Where t is time; p is density; V is velocity, fs is volume
vector force exerted on the fluid (assumed zero here),
and 7 is stress tensor determined from the following
equation:
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Fig.1  Average inlet velocity profile [23]
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In the above relation, p denotes pressure, | is the unit
matrix, and p is fluid viscosity. For modeling non-
Newtonian fluid behavior, we used the models presented
in Table 1.

3 PRESENT WORK

Dimensionless Pressure Drop

The blood artery model considered in the present study
has symmetrical stenosis and rigid walls with stenosis
percentages of 30, 50, and 70 percent. The equation for -20
blood flow through the blood artery in the stenosis area AR S L

I I T NSRS i
is described as [22]: 15 :;lﬂ al Loc’gstion (mg?) 35 40

R(z) L Ry— ngl Lt cos 27[(2 -z, ) (5) Fig.2  Non-dimensional pressures in axial direction
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Where Ry is radius of the undamaged artery (equal to
0.015 m), R(z) is blood artery radius at the stenosis area,
Ro: is blood artery radius at the throat of the stenosis
area, zm is axial coordinate of the stenosis area, and Ls
is length of the stenosis area. Moreover, lengths of the
entrance region, the stenosis region, and the exit region
are considered as 20Rq, 4Ro, and 42R, respectively. As
an incompressible non-Newtonian fluid, blood has a
density of 1050 kg/m3 and a viscosity of 0.0035 Pa.s. In
this study, the right coronary artery pulse flow, presented
by Zeng et al [23], was used (Fig. 1). Average flow rate
of this pulse is 1.65 ml/s and cardiac cycle is 0.8 seconds.
To obtain results that are independent of the grid, and to . L
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determine the best situation regarding accuracy of "o 15 20 25 a0 35
solutions and minimization of computer run time, a Axial Location {rmm)
30-node meshing was used across the artery [24]. Fig.3  Non-dimensional WSS in axial direction
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4 RESULTS

To investigate the validity of the numerical solution used
in the unsteady state in the presence of stenosis, the
numerical method used by Jeong et al [25] was
implemented. In Figs. 2 and 3, non-dimensional
pressures and stresses obtained from this study are
compared with those obtained by Jeong et al. As can be
seen, these results are in very good agreement. Fig. 4
shows the locations of the 8 sections considered in this

study: Section 1 at a distance of 1 diameter before the
first stenosis, Section 2 at the throat of the first stenosis
area, Section 3 at a distance of 1 diameter after the first
stenosis, Section 4 at a distance of 2 diameters after the
first stenosis, Section 5 at a distance of 1 diameter before
the second stenosis, Section 6 at the throat of the second
stenosis area, Section 7 at a distance of 1 diameter after
the throat of the second stenosis area, and Section 8 at a
distance of 4 diameters after the throat of the second
stenosis area.

Fig. 4 Geometry of artery with stenosis, stenosis length=2D, distance between of two stenosis=4D

Fig. 5 shows the velocity profile at different sections at
t = 0.24 s in artery with 70% stenosis for the Newtonian
and the six non-Newtonian models. As can be seen in the
figure 5, velocity values obtained from the Newtonian
model as well as the Carreau, Carreau-Yasuda, Casson,
and the generalized power law method are very close.
Moreover, Fig. 5 shows that velocity at the throat of
second stenosis is much more than throat of first
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stenosis. The reason is that, after passing through the
first stenosis, the flow is diverted towards the central
axis of the artery. The value obtained for minimum
velocity at section 6 (throat of the second stenosis area)
is zero for all the models, and is equal to the velocity at
the wall. This indicates that no reverse flow exists at this
section. As expected, the maximum velocity occurred at
section 6 (throat of the stenosis area).

— CARREAU
— — — - CARYAS
——————— CASSON
—— — - GPL

- - - - PLAW

WSCH
0.001 — - - — NEWTONIAN

o) FUNET RUREE FEREE FUREE FEREE FRREE FEREN SR W "
0O 02 04 06 08 1 12 14 16 18 2

Velocity (m/s)




Int J Advanced Design and Manufacturing Technology, Vol. 11/ No. 1/ March - 2018 83

0.0015

CARREAU

— — — - CARYAS

——————— CASSON

—— —- GPL

- ——— - PLAW
WSCH

—— — NEWTONIAN

|
|
| .
1
|
1
‘ i
\HLu\Iw\\wl\u\IuHIHHIHHIHHIHHI TNINE AR
H50 02040608 1 12141618 2
Velocity (m/s)

0.0015

CARREAU

— — — - CARYAS

——————— CASSON

—— —- GPL

- ——— - PLAW
WSCH

—— — NEWTONIAN

'Section 5
- |

|
|
‘ !
\ i
PENEIS AVENTENE STEVENENS EVUVIVANS EVAVEVANE AVEVEYEVEN AVAVENEVE BVE SVAVE R P AVERETIVE AV
H50 02040608 1 12141618 2
Velocity (m/s)

0.0015 ‘
F CARREAU
L( — — — - CARYAS
I\ - CASSON
—— —- GPL
Fo) - — == PLAW
. WSCH
0.001 ~. —— — NEWTONIAN
L .
_ I
E I
— B |
Foo
0.0005| !
I
I
ro
oo
L
| I I I I I I I il
9).2 0O 02040608 1 121416 18 2

Velocity (m/s)

0.0015

———————— CARREAU
— — — - CARYAS
-_——— CASSON

— — — - GPL

- = == PLAW
WSCH
NEWTONIAN

|
|
\ P
| 1
! i
o v b b 1 B
$> 0 02040608 1 12141618 2
Velocity (m/s)

0.0015

I ———————— CARREAU
CARYAS
CASSON
GPL
PLAW

WSCH
0.001 —— — NEWTONIAN

0\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\I\\\
O 0.2 04 06 08 1 12 14 16 1.8 2
Velocity (m/s)
0.0015
B —————— CARREAU
- — — = = CARYAS
N = CASSON
M ———-GPL
L | - = = = PLAW
WSCH
0.001 - : —— — NEWTONIAN
— |
3 I
— ro
L ]
0.0005 |} 'Section 8
|
I |
B |
L | 3
o ! '
o ] I I I I I I 1
-0.2 0 02040608 1 121416 18 2

Velocity (m/s)

Fig.5  Axial velocity profile at difference location, 70% stenosis, t=0.24s

Figs. 6 and 7 show the axial velocity diagram obtained
for the Casson model and the Newtonian model
respectively in artery with 70% stenosis, distances of
2D-8D, and t = 0.24 s. Comparison of the axial velocity
profiles at all sections after single and Double adjacent
stenosis shows that in double stenosis, axial velocity in
the central flow region of the artery exceeds that
obtained for the case of simple stenosis. Moreover,
reverse flow at regions adjacent to the wall is more
common in Double stenosis. Figs. 6 and 7 show that the
maximum axial velocity is equal for different distances

of stenosis at the first stenosis. However, at the second
stenosis, as can be seen in Table 2, this maximum
velocity decreases in the Casson, power law, and
Walburn-Schenck models as the distance is increased
from 2D to 8D but in the Newtonian model as well as
the Carreau, Carreau-Yasuda, and generalized Power
law models, the maximum axial velocity first decreases
as the distance increases from 2D to 3D, and then
decreases as the distance further increases from 4D to
8D.
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Fig. 6

Table 2 Maximum axial velocity, 70% stenosis, distance between two stenosis=2D up to 8D

Axial velocity, Casson, 70% stenosis
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Axial velocity, Newtonian, 70% stenosis

Distance between two stenosis 2D 3D 4D 5D 6D 7D 8D

Newtonian 2.01 1.97 2 2 1.98 1.97 1.95

Carreau 2.00336 1.9614 1.9979 1.9872 1.9732 1.9571 1.94
Carreau—Yasuda 2.004 1.9646 2 1.9903 1.9771 1.9617 1.9452
Modified-Casson 2.0053 2.0052 1.999 1.9877 1.973 1.9563 1.9388
Generalized power-law 2.0059 1.9661 | 2.0033 1.9943 1.9818 1.9668 1.9506
Power-law 1.7445 1.7419 1.7387 1.7347 1.7299 1.7244 | 1.7182
Walburn-Schneck 1.8709 1.87 1.8684 | 1.8633 1.8562 1.8475 1.8386

Table 3 Maximum WSS for second stenosis, t=0.24s

Distance between two stenosis 2D 3D 4D 5D 6D 7D 8D
Newtonian 83.4042 | 86.936 | 85.2324 | 86.2048 | 87.0928 | 87.8729 | 88.5462

Carreau 84.2 87.8 86.1581 | 87.1644 | 88.067 | 88.8508 89.5
Carreau—Yasuda 83.6783 | 87.3032 | 85.5529 | 86.539 87.432 | 88.2126 | 88.8841
Modified-Casson 84.8826 | 85.7959 | 86.8664 | 87.8907 | 88.8039 | 89.5928 | 90.2643
Generalized power-law 83.4011 | 86.9318 85.2 86.2009 | 87.0877 | 87.8674 | 88.5405
Power-law 29.3913 | 29.5136 29.6 29.7862 | 29.9335 | 30.0769 | 30.2114
Walburn—Schneck 52.904 | 53.2638 53.7 54.0926 | 54.5094 | 54.8943 | 55.2404

If first and second stenosis are closer together, the fewer
walls shear stress is exerted on the second stenosis.
Table 3 shows maximum value of shear stress on the
second stenosis for the studied models in double stenosis
located between 2D and 8D apart and at time of t = 0.24
s. Figures 8 and 9 show stress distributions shear for the
Casson and Newtonian models respectively at 70%
stenosis and various distances.

Maximum shear stress at the first stenosis is equal for all
models, but at the second stenosis, it varies according to
the distance between stenosis. As already mentioned, the
first stenosis directs the flow towards the axis of the
artery, leading to a reduction in shear stress at the second
stenosis. As the distance between stenosis decreases, the
flow would not have sufficient time to immediately
spread along the artery wall. Therefore, less shear stress
has been observed at the second stenosis. In the Casson,
power law, and Walburn-Schneck models, axial velocity
decreases as distance increases from 2D to 8D.
Moreover, as the flow rate is constant, the velocity
gradient at the wall increases as the distance increases

© 2018 IAU, Majlesi Branch

from 2D to 8D. Therefore, as the distance increases, all
the mentioned models show an increase in their shear
stress at the wall (Fig. 8).

In the Newtonian, Carreau, Carreau-Yasuda, and
generalized power law; although the maximum velocity,
and consequently the shear stress, does not follow a
constant trend as the distance increases from 2D to 8D,
in these models, maximum axial velocity decreases with
the increase in distance from 2D to 3D, and, therefore,
velocity gradient also increases with increasing distance
from 2D to 3D, leading to an increase in shear stress. In
the 3D to 4D range, axial velocity in these models
increases and therefore velocity gradient and shearing
stress decrease. In the 4D up to 8D range, axial velocity
decreases and, ultimately, shear stress increases. Fig. 10
shows the maximum shear stress values at the first and
second stenosis in the Casson model for t=0.24 s. The
value 0.006 on the horizontal axis indicates two adjacent
Double stenosis, and the value 0.024 shows two double
stenosis with a distance of 8D between their throats.



Int J Advanced Design and Manufacturing Technology, Vol. 11/ No. 1/ March - 2018 85

100

———— 2D
noy ———- 3D
TR —mmm 4D

;i'i - - - - 1D

--------- 6D

N
o
O

002 004 006 o008 01

Fig.8 WSS for Casson model, t=0.24s

100

WSS (pa)
N P (2] @
o o o o

o

——— 2D
- ——-3D

———-5D

o1

)
o

Fig. 9

94

002 004 006 008 o1

WSS for Newtonian model, t=0.24s

—

LI S N S R B EN B B B R B

92

90

88

Max Wss (pa)

86

——=—— First Stenses

1]
1]
1]
1]
1]
=

Second Stenses

%fOOé =

0.021 0.024

0.015

001z o018
Distance (m)

0.009

Fig. 10 Trend of Maximum WSS for first and second

stenosis, Casson model, t=0.24

5 CONCLUSION

In this paper, we studied an ADINA-aided numerical
investigation on the effects of different non-Newtonian
models as well as the distance between the stenosis on
such parameters as velocity and shear stress. The
obtained results showed that maximum shearing stress at
the first stenosis is equal for all the models, whereas at
the second stenosis, it depends on the distance between
the stenosis. The reason is that the first stenosis would
divert blood flow towards the blood artery centerline,
leading to a reduction in shear stress at the second
stenosis. The results obtained for shearing stress profile
show that in 70% stenosis, there is the possibility of
damage to endothelial cells. Examination of the axial
velocity parameter reveals that maximum axial velocity
at the first stenosis is the same for all distances.
However, at the second stenosis, this velocity decreases
for 2D up to 8D range in the Casson, power law, and
WAIburn-Schneck models. In the Newtonian, Carreau,
Carreau-Yasuda, and generalized power law, however,
maximum axial velocity decreases in the 2D up to 3D
range, increases in the 3D up to 4D range, and once again
decreases as the distance between stenosis increases
from 4D up to 8D. Another result obtained from
comparing various non-Newtonian models is that the
values of maximum wall shear stress and maximum
axial velocity predicted by power law and Walburn-
Schneck models are lower than other non-Newtonian
models. Therefore, more caution must be considered
when predicting disease is based on these two models.

6 NOMENCLATURE

e Velocity strain tensor [1/s]

P Fluid pressure [Pa]

Y Velocity vector [m/s]

= Body force per unit volume
B [N/m3]

Ly Length of stenosis region [m]
R(z) Radius of artery in the stenosis
region [m]

R, Radius of the healthy artery [m]

R Radius of artery at the stenosis

ot throat [m]

z Axis coordinates of stenosis [m]
Axis coordinates of stenosis

Z, throat from the origin of
coordinates [m]

t Time [s]

P Density [kg/m?]

u Fluid viscosity [kg/m-s]

T fluid stress tensor [Pa]

4 Shear rate [1/s]
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