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Abstract

A non-Newtonian model of blood flow through an artery multiple with a mild smooth
axisymmetric contraction (stenosis) centered at (x/L = 0.6, 0.7, 0.8 and 0.9) for Reynolds number
values of (Rep= 60, 80, 100 and 120) with intravascular catheter cooling is investigated
numerically. Cross model chosen as blood viscosity model. The flow assumed to be steady,
laminar, two-dimensional and axially symmetric. The governing equations of motion and energy
in terms of the viscous shear stress and boundary conditions in cylindrical coordinate system
transformed using a radial coordinate transformation before they discretized using a finite
difference scheme based on central difference approximations on non-uniform grids. The present
numerical results obtained in terms of blood flow and thermal characteristics shown that the
friction factor increased by 52 % and the Nusselt number by 43% with increasing the stenosis
height from 0 to 16.5 %. In addition, the increasing stenosis height caused to increase the
dimensionless flow impedance, axial velocity and shear rate along the artery and the catheter
walls. However, the presence of multi stenosis in the artery will cause to increase the impedance
of the flow.

Keywords: Cross model, multi-stenosis, stenosed artery, blood flow.

1. Introduction

Blood flow through arteries is very
importance because it provides an
insight into physiological situations.
Under diseased cases, abnormal and
unnatural growth develops in the artery
lumen at various locations of the
cardiovascular system. Therefore, the
growths of stenosis will effect on the
blood flow and the blood temperatures
increased in the artery. The effect of
blood flow in artery with a single or
multiple mild stenosis commonly
occurs in the femoral and pulmonary
arteries, has been studied extensively in
recent years [18], [11], [6] and [14]. A

mathematical solution of the steady
flow of Casson fluid through an
inclined artery of non-uniform cross
section with multiple stenosis was
developed by [19], their results showed
that the flux increases with increasing
yield stress in the stenosis regions. The
heat transfer and fluid flow analysis of
blood flow through multi stenosis
arteries with viscous dissipation effects
considered by [16], their result
indicated that the high radial velocities
prevail for high degree of stenosis and
maximum velocity gradient in the
concavity in artery wall. Various
stenosis configurations have been
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suggested by many researchers, for
example, the cosine-shaped geometry
was considered and analyzed with
different parameters by [10] and [4].
Also, a composite shaped geometry of
arterial stenosis is suggested by [9]. In
these studies, the shape of stenosis was
considered symmetrical about the axis
as well as radius of the flow cylinder.
However, [20] and [1] studied the
model of blood flow through an artery
for improved generalized geometry of
multiple stenosis located at equispaced
points. In small vessels, blood exhibits
shear-dependent viscosity and requires
a finite yield stress before flow can
commence, thereby making the non-
Newtonian nature [2]. The Power-law
fluid showed far more non-Newtonian
influence was experimentally founded
by [17]. A number of researchers have
studied the flow of non-Newtonian
fluids such as in [23] with various
perspectives.  [15] presented a
numerical study of a non-Newtonian
pulsatile model of blood flow through
multiple  stenosis  with  irregular
surfaces. The study of blood flow in
catheterized artery was considered by
[13], they used micropolar fluid (fluids
with suspension nature) in an annular
region with constriction. The flow of
couple stress fluid in an annulus with
multiple constrictions at the outer wall
was considered by [5]. The heat and
mass transfer phenomena in the arteries
and biological tissues has been
investigated by [2], and [24] they
developed a mathematical model

describing the dynamic response of
heat and mass transfer in blood through
bifurcated arteries under stenotic
condition. [22] used the flow and
energy equations together with the
boundary conditions in dimensionless
form by formulation the problem in
term of vorticity- stream function
model. Flow of blood through narrow
stenotic vessel by considering blood as
Bingham plastic fluid and shown that
resistance to flow and wall shear stress
increase with the size of stenosis but
these increases are smaller due to the
non-Newtonian nature of blood [3].
[25] represented an unsteady blood
flow through constricted artery in the
presence of velocity slip. Finally, [29]
developed a mathematical model for
studying the effect of body acceleration
on pulsatile blood flow through a
catheterized artery with an axially non-
symmetrical mild stenosis. The aim of
this study is to investigate the fluid
flow and heat transfer in a multiple
stenosis in catheterized artery. This
study numerically investigated the
effects of catheter temperature, number
of stenosis and stenosis heights, on the
temperature and velocity profile,
impedance, wall shear stress, heat
transfer coefficient and friction factor
along the artery wall.
2. Mathematical Model and
Numerical Solution

The wuniform blood vessel segment
having a multiple stenosis in its lumen
is modeled as a thin rigid tube with a
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circular cross-section containing an
incompressible non-Newtonian
characterized by Cross model and
assume that the artery wall at constant
body temperature of (T, =37 °C) and
the catheter, but the cooling catheter
surface  maintained at specified
constant wall temperature (T.). Let two
dimensional of (r, x) be the coordinates
in the cylindrical polar coordinates
system where the (x-axis) is taken
along the axis of the artery while with
centered catheter segment shown in
(Fig. 1).

$T

=Ty, =37°C 20

t—Intrance Length (Le) — L

Fig.1 Schematic diagram of catheterized
multiple stenosed artery.

The vessel has a circular cross section
whose radius is R, in everywhere
except in a multiple small regions
centered at (x/L = 0.6, 0.7, 0.8 and 0.9)
with a mild smooth axisymmetric
contraction (stenosis), described by
following function [18]:

2
R=R(}[St(wj J ,0<x<2D

(1)
where St is the stenosis degree defined
by:

R -R_
St=1-—_== . 100% (2)

Rmin 1s the artery radius at the throat of
stenosis constriction. By using the non-
Newtonian model constitutive equation
of the Cross model by [21]:

Ho = M
1+ (my)"

p(y)=p, +

3)
Where p,=0.056,  n,=0.0345
m=1.007s and n=0.285

Pas,

2.1 Governing Equations
The governing equations for the x and r
components of momentum together
with the equation of continuity, in the
cylindrical coordinate system may be
as [26]:
The continuity equation:
1 0(ru) N ov
r or Ox
Q)]
r-momentum equation:

ov ov_ 10p
u—+v—=———+

ox  or p or
2{(5% v 1oy ou ov ou

=0

+7 R _  (— R
ox* o' ror r) ( 8r)

)

X-momentum equation:
ou du_10p

u—=+v -——

ox or p O0x
2 2
{(a u 0’u 10u, du dv

N "o "o Tarex o *>

8;1@
or or

01 ou
8x ox

energy equation:

oT 8T\ .[16( 8T\ &(dT
pcp( or +v6xj k{rar(rar}&c(axﬂ

(7)
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where u and v are the components of
velocity in r and x directions
respectively.

Let us now introduce a set of non-
dimensional variables:

Rt x_Xp_4 g, v
R U Ty,
T-T
p=L_g-—""n p_Y
pU, I.-1, a

where U, is the velocity averaged over
the section of radius R,. Moreover, the
Reynolds number can be defined as:

Re — pROUO
H,

Dimensionless Continuity Equation:
LaRU) o) _

0

R OR oX
(8) |
Dimensionless r-momentum equation:

ov. v 1oP
U—+V—=———+

ox OR p OR

6|:(62V 62V+16V'_V)+a/l(a[/+al])+zallal/}

Re| 'aX* O6R* ROR R 08X 0X OR™ OROR
9) |
Dimensionless x-momentum equation:
y U 1P

X OR poX ( 1 O)

2 2
Re| X OR® ROR° &R OX OR X X
Dimensionless energy equation:
2
OR 0Z RePr|ROR\ OR) o7

(11)
The following relation between
velocity components and vorticity-

stream function holds:

S o LoV 1oy
ox or roox r or

(12)

The non-dimensional counterparts of

the Eqgs. (5 and 6) are cross

differentiated and subtracted, to obtain
the vorticity—stream function
formulation with ® the azimuthal
vorticity and  the Stokes stream
function:

(1 oy bw 1 6_1//5_@] © dy _
r Or Ox r Ox Or r? ox
1 o 0w 1 0o o oy Ow
7| X 7t PR B P
Re ox or r or r Oox Ox

2 2
J%@%qw}461(1@Q226w]

or\_ or r orox\r* ox r  Orox
Oy Oy 10w 10w 1 oy
+ — —_—
o> o \rar* rox* #or
(13)

where the dimensionless form of the
blood viscosity was given by [29]:

X()=1+—C9D (14
1+(Ap™
Where the dimensionless variables
given by:
: H
X=— 5:&, A—>AU"
M M, R,
In addition, the blood shear rate
defined as:
7224{1(8@ (wj lawaw}
r2 et ox Or Ox r Ox Orox
L[y 1oy oy
r2 or? ror  ox’

(15)
The relation between the vorticity and
stream function are related by the

Poisson equation:
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2.2 Grid Generation

The grid generation in which grid line
coincides with the body contour in the
flow region can provide an accurate
representation of boundary conditions
in the region of greatest sensitivity.
[12] introduced a method for numerical
generation of curvilinear coordinate
systems with coordinate line conformal
with all boundaries of arbitrarily
shaped bodies in a two — dimensional
flow region. In the method, the polar
coordinate (x,r) of the boundary grid
generation points in complex physical
space are computed as solution of an
elliptic system of partial differential
equations with Dirichlet boundary
conditions. In this work, two different
sets of partial differential equations are
used in boundary grid generation
(€,M).[30] proposed Poisson’s equation
as the coordinate generating system. It
1s:

—r =

(16)

Suts, = P(C.n) (17)
Ny N = QIEM) (18)
This yields an elliptic system of
quasilinear equations n the

transformed plane:

o, =25, 475, == (PG, + Q&)
(20)

ar..=2prtrm, == (PG + 0
(21)

where o , B and y are transformation
coefficients

o=x; +1,

B=x x, +11, (22)
y=x;+10

Control of the coordinate line spacing
in the field and on the boundary if
Neumann boundary conditions are

imposed, can be accomplished through
the control functions P({,7) and

o(,n).
and J denotes the Jacobain of the
transformation

e
' o)

The constant ¢ lines and constant m
lines can be spaced as desired around
the boundaries in the physical domain,
since the assignment of the ()
values to (x,r) boundary points via (x;)
and (r;) functions are arbitrary.

=X I, — X, I, (23)

23 Generalized Coordinate
Transformation

In this section the relationships
between the physical coordinate

(x,r) and the computational coordinate
(En) will be established. First it is
assumed that there is a unique, single

valued relationship between the
generalized coordinates and the
physical coordinates, the

transformation relating the physical
space and the computational space is
specified by the direct transformation
[27]:

C=¢xr) . m=nlnr) 4
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The transformation from computational
space to the physical space is specified
by the inverse transformation [27]:
x=x(Em) . r=r(n) @9
The determination of the coordinate
transformation 1s called grid
generation. Once the coordinate
transformation has been determined the
differential  equations  must be
transformed from physical space (x,r)
into computational space (£,n). Given
the functional relationships of Egs. (24
and 25), the governing equation can be
transformed into corresponding
equations containing partial derivatives
with respect to  and 1.
Egs. (24 and 25) can now be solved on
a uniform grid in computational plane.
The derivatives of (Cx) , (Mx) , (&) and
(nr) are called the metrics of the direct
transformation. The Jacobain
determinate J is defined:
1= 250 (26)

aC.m)
It can be shown that the metrics of the
direct transformation can be expressed

as [28]:
T X
(;x = . (;r:_in
I xR 1| @D
_ ke _ X
nx - J s nr J

After identifying lines of symmetry
and establishing the nodal network for
the system, the appropriate finite
difference equation was written for
each node working with the equation
defining for example the vorticity Eq.
(16) will be written as:

2 2 2
- = la—y/+oa—y/+aa—y:—2ﬂai+;/a—yj J-
o o o 04 0 o¢”

%25

(28)

To transform Eq. (12) then it has been
divided to several partitions:

15;//:—1(81// o oy arj/J

U=— ——

rox  rl\oc on o oc
(29)
_lﬁw_l(ﬁwdx 8w6xj
“ra r\onol o on
(30)

In this study the following thermo-
physical properties of adult human
blood were presented in (Table.1).

Table .1 Standard properties human blood

(37°C) I8]

Physical Properties Values Units
Density 1064 (kg/m?)
Specific heat 3840 (J/kg. K)
Thermal 0.53 (W/m.K)
conductivity 0.0045 (kg/s.m)
Viscosity

2.4 Initial and Boundary Conditions
At inlet cross section of the artery for
boundary at (x=0) given by:

u(0,r)=Uo, v(0,r)=0, T(0,1)=T,

Also, at outlet cross section (x=L)
assumed the following boundary

conditions:

ou(L,r) _ 0 OT(L,r) _

=0
Lo ’ O0x ’ 0x

0
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However, at outer and inner pipe walls,
no slip boundary condition for the
blood flow velocity as the following:

v(x,R,)=0,ux,R)=0,v(x,R,)=0,u(x,R, )=0

It was assumed that there is an
isotherm uniform temperature on inner

catheter cooling wall as:
T, R)=T,

The artery wall maintained at constant
temperature of the body temperature.

T(x,R,)=T,=37°C

The boundary conditions are required
for all boundaries of computational
domain since the governing equations
are elliptic in partial coordinates, see
the Fig. (2a).

1- In the inlet the stream function and
vorticity set as zero value.

2- On the walls of the artery and the
cooling catheter, the value of the
stream function 1s unity,
corresponding to an impermeable
wall.

3- The value of vorticity on the walls
of the artery and the cooling catheter
is unknown and must be solved as a
part of solution.

4- The outlet boundary of stream and
vorticity which 1is located three

periods downstream is imposed to be

the same in the stream wise

direction.

et y=10  Artery wall y=10 Outlet

Flow v 800

®=0.0 &
y=00 L)

=10 T
Cooling catheter wall <

Fig.2.a Boundary condition

Ditection

2.5 Numerical Method

Generally, the analytical solution for
the physical domain shown in Fig.2b is
very difficult, this is because biological
phenomena often involve nonlinear
partial differential equations (PDEs),
but the numerical solutions of these
equations are possible and easy. FDM
1s an approximation that converts the
partial derivatives of PDEs to algebraic
equations by using finite difference
expressions. The continuous domain is
represented by a finite-difference grids,
by replacing O(x, r) by O(1Ax, jAr)
points could be located according to
values of (i) and (j), general points (i,
j). The computational domains and
Grid used for annulus space numerical
grid (=141, j=51) Fig 2c. The
convergence criterion for velocity is
the maximum relative mass residual of
the control volumes is less than 1.0
x107, and the criterion for temperature
is the relative difference between the
two heat transfer rates obtained from
two iterations separated by 1000
successive iterations by using the
optimum Gauss-Seidel method and was
designed to enhance fast convergence
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used in this study. To improve the rate
of convergence, the residual 1is
multiplied by some terms and add that

to Y@ at the (n'™) iteration to get new
Vi at ((n+1)h) iteration, thus.

fl =¥/ . +RF Eg’j)
(&%) @) 2(1/(Ax)2 +1/(AV)2) (3 7)

Stenosis region

16 E  Artert wall
16
14f \
12 Mesh

1

Artert wall

r{cm)

Cooling catheter wall

0
8
6
4F
2

s s s s s s s s s s s s s s
00 2 4 6 8 101214 16 18 20 22 24 26 28
x (cm)

Fig.2.b: Schematic of computational domains
and grid used annulus (i=141, j=51).

The parameter (RF) is called relaxation
factor. The value of (RF) lies between
1 and 2, (When RF >1, the method is
called  successive  over-relaxation
SOR). Its suitable value must be found
by trail-and-error. The  process
continues until converge criteria, £gj) ,
have been relaxed to values that are
small enough to insure achievement of
the desired accuracy. The converge
criteria is as follows [30]:
i = 2 2
2(1/(Ax)” +1/(Ar)%) (38)

i=161, j=31

=141, j=51

Fig.2.c effect of grid used on the local
Nusselt number versus Dimensionless axial
distance.

3. Results and Discussion

The numerical computations of the
desired quantities of major
physiological significance used the
following parameter values: stenosis
height (a=1.2 cm), inner radius (Ri=0.5
cm), outer radius (Ro=1.2 cm), the
artery length (L=18 cm), entrance
length (Le=12 cm), x-axis interval
Ax=0.0025, r-axis interval Ar=
0.000175, Reynolds numbers (Re,=60,
80, 100, 120), stenosis minimum radius
(Rmin=0.7, 0.8, 0.9, 1.0, 1.1, 1.2 (no
stenosis)), catheter wall temperature
(Te=32 °C) and number of stenosis
(No.=0, 1, 2, 3, 4). The results
appeared to converge with an accuracy
of the order (107°). The computed
results obtained following the above
mentioned method for various physical
quantities of major physiological
significance in order to have their
quantitative measures.

The results for the axial velocity profile
of the blood characterized by the
generalized Cross model (non-
Newtonian) at a specific location in the
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stenotic region were illustrated in Fig.3
at three regions of the catheterized
artery of (a) Just before stenosis region
(x/LL=0.58), (b) middle stenosis region
(x/L=0.6), (c) Just before stenosis
region (x/L=0.62). These curves are to
be analogous in the sense, showed that
it decreases from their individual
maximal value at the center of the
annulus as moves away from it and
finally drop to zero on the inner
catheter cooling and outer artery wall
surfaces. The axial velocity profile
assumes a flat shape in the presence of
stenosis instead of a parabolic one for
non-stenosis artery. Thus, the presence
of stenosis influence on the axial
velocity of the streaming blood past a
stenosed artery significantly.
Moreover, show that the velocity in the
middle of stenosis region increased as
compared with the other regions and
this increasing of velocity will decrease
by using two or three stenosis instead
of one stenosis due to increasing the
resistance of the flow with increasing
the number of the stenosis.

22
op—8—-
1gpl—8— ¢

1.5?

14F
S 12f
08f
06
04F
02F

L1 | I |

! L ! L - 1 ! ! ! L
of 0.25 0.5 0.75 T
re=(r-Ri)/(Re-Ri)

(1) Number of stenosis=0

22r
o —8&— a
1.85 ——c

16F
14F
12F

uf/uo

g3
08f
06F
04k
02f

O\\\I\\\.I\.\\I\\.\_
0 0.25 05 0.75 T

re=(r-Ri)/(Ro-Ri)

(i1) Number of stenosis=1

22
2p| & — @
18fl—O—¢

16
1.4
12

1
08
06
04f
02

wuo

n 1 1)
g 0.25 05 0.75 T
re=(r-Ri)/(Ro-Ri)

(ii1) Number of stenosis=2

22¢
op—8—a=
18fl=—2—=

16
14F
12F
0.8f
o6t

u/uo

0.4f
0.2F

o e,
0 025 0.5 0.75

re=(r-Ri)/(Ro-Ri)

(iv) Number of stenosis=3
Fig.3 The dimensionless velocity for (a)
Just before stenosis region (x/L=0.58), (b)
middle stenosis region (x/L=0.6), (c) Just
before stenosis region (x/L=0.62).

In addition, the results presented in
Fig.4 indicated that the effects of
increased the stenosis height on the
behaviour of blood axial velocity and
the shear stress across the annular
region for middle stenosis region at
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(x/L=0.6). It shows that the velocity
increased with increasing the stenosis
ratio from 0% no stenosis to 50%
stenosis due to decreasing the area of
blood flow with increasing the high of
the stenosis and this will increase a
resistance to the blood flow as plotted
in Fig.4 (i). However, the effect of
stenosis height on the shear stress
presented Fig.4 (ii), it shows that the
increased the stenosis height will
increase the wall shear stress along the
two walls (artery and catheter wall).
Moreover, show that the shear stress on
the inner wall (catheter wall) is higher
magnitude than that on the outer wall
(artery wall) at using Cross non-
Newtonian fluids, due to shear stress
profile is non-linear and the velocity
profile is not symmetric about the
midpoint in a concentric annulus.
Clearly, can show that the location of
maximum velocity is closer to the inner
wall than the outer wall outer wall, this
was due to the high shear stress along
the inner wall compared with low shear
stress along the outer wall.
8

——&8—— 8 % stenosis

o —=A—— 16 % stenosis

7 r ——— 30 % stenosis

= —©&—— 40 % stenosis

—6—— 50 % stenosis
0 % stenosis

u/uo

‘0.25‘ - ‘0.5‘ - ‘0.75‘ L
rc=(r-Ri)/(Ri-Ro)

(i) Velocity

—a—— 0 % stenosis
3 ——d—— 8 % stenosis
—&—— 16 % stenosis
—9—— 30 % stenosis
25 ——fp— 40 % stenosis
& ——ap— 50 % stenosis

[S)
T

150,

‘Wall Shear Stress, Ts

(i1) Shear stress

Fig.4: Effect of stenosis height percent on the
stress

dimensionless shear

(x/L=0.6).

velocity and

The effects of stenosis number on the
dimensionless temperature distribution
in the annular space between the
adiabatic blood artery wall and the
cooling catheter wall at 32 °C was
illustrated in Fig.5. It shows that the
temperatures will be decreasing
towered the cooling catheter, but the
temperatures in the middle stenosis
region at (x/L=0.6) is higher than the
just after stenosis region at (x/L=0.62).
But, it gives smaller than the just
before stenosis region at (x/L=0.58)
due to increasing the velocity in the
region under the stenosis. These
temperatures will be increased with
increasing the number of stenosis due
to reusing the velocity in the region
under the stenosis.
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middle stenosis region (x/L=0.6), (c) Just after

stenosis region (x/L=0.62).
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(iv) Number of stenosis=1

Fig.5 The dimensionless temperatures for (a)

Just before stenosis region (x/L=0.58),

(b)

Fig.6 shows the increasing in the shear
stress with using one stenosis in the
region of middle stenosis region at
(x/LL=0.6), due to increase the velocity
gradient near the wall of the stenosis
and the catheter cooling wall. In
addition, the increased wall shear stress
will cause high defect on the
endothelial cells of the artery. Shear
stress 1s a particularly important
concept in the blood hemodynamic.
Blood is a living fluid, and if the forces
applied to the fluid are sufficient, the
resulting shearing stress can destroy
red blood cells.

05

045

Wall Shoear Stress, Tr

res{r-RNRR)

(1) Number of stenosis=0

05

045F

Wall Shear Stress, T
o
Be

075

i Beig _.__-.- e
res{r-RiN{Rs-R:)

(i1) Number of stenosis=1
Fig.6 The wall shear stress for (a) Just before
stenosis region (x/L=0.58), (b) middle stenosis
region (x/L=0.6), (c) Just before stenosis
region(x/L=0.62)
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Fig. 7 shows that the effect of stenosis
number on the dimensionless flow
impedance (Rmin=0.5). It shows that the
values of the dimensionless flow
impedance seem constant as along as
the length of the artery for all numbers
of stenosis. However, the impedance
suddenly increases and fluctuating in
the middle of the stenosis due to
decrease the cross section of the artery.

27

I L I L
0 02 0.4 0.6 0.8

(1) Number of stenosis=0

24F

3
®
N

Impedance, ).
S
T

1 1 L 1
0 02 0.4 0.6 0.8

(i1) Number of stenosis=1

21E No=3 stenosis

oF
oH
3

(9=
NS

_ I I I I
0 0.2 04 0.6 0.8

ce, .

Impedan

(ii1) Number of stenosis=3

No-4 stenosis
oF
6

3

oE

3

~ L L ! L
0 02 0.4 0.6 0.8
YL

(iv) Number of stenosis=4
Fig.7: Effect of number of stenosis on the
dimensionless flow impedance (rc=0.5)

Furthermore, the study of heat transfer
in blood flow in stenosis artery caused
by presence of stenosis in the wall
artery and its effects on the Nusselt
number was illustrated in Fig. 8. The
results show that the Nusselt number
will gradually decrease from the inlet
of the artery due to the entrance length
effect until reached the developing
region in the middle length of the
artery. Moreover, it refers to the effect
of stenosis number on the Nusselt
number at Reynolds number of
(Re=60). Fig 8i illustrated that the Nu
increase by (42%) if the stenosis high
increases (from 0 to 16.5%). In
addition, the results show that the
values of Nu suddenly increased and
then it fluctuated in the regions of the
stenosis due to decreasing the cross
section of the artery. This will lead to
increase the blood velocity in this
region and increase the heat transfer
coefficient in these regions.
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Fig.8 Effect of number of stenosis on the blood
Nusselt number.

The stenosis high and blood Reynolds
number plotted in Fig.9. It shows that
the increasing stenosis height will
increase the shut of the peak Nusselt
number rapidly. Also, the Nusselt

number increased with increasing the
Reynolds number
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Fig.9 Effect of stenosis high percent on the
blood Nusselt number.

Now at the same flow condition, the study
of the effect of high and number of
stenosis artery on the blood friction factor
at (rc=R), Re=60, T~ 32 °C illustrated in
Fig. 10. The results show that the blood
friction factor will steady at 0.2 for all
cases at the inlet of the artery.
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Fig.10 Effect of number of stenosis on the

friction factor for (rc=Ro).

Nevertheless, the friction factor will
increase suddenly from (0.2 to 0.4) in
the stenosis region due to decreasing
the cross section of the artery, this lead
to increase the blood velocity in this
region, this cause to increase the wall
shear stress along the artery, and by

very long-term effects on the vascular
remodeling,  endothelial  damage,
changes in Dbarrier function, and
atherosclerosis. The effect of stenosis
height on the blood velocity contour in
the artery was presented in Fig.11.
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(vi) 50% Stenosis
Fig.11 Effect of stenosis high percent on the
blood velocity distribution in the annular
stenosied catheterized artery at Re=60.

Also, the effect of inline stenosis in the
blood artery on the blood velocity
vector in the artery was presented in
Fig.12. The results show that the
stenosis height increased with decrease
the artery cross section area and leads
to increase the velocity in a neck
region of the middle region and

r(cm)

decrease the velocity value until to
reach the zero velocity value in all
cases.
B
(v) 40% Stenosis
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Fig.13. presented the effect of stenosis
high on the shear stress distribution.
The results show that with increased
the stenosis height, the shear stress
profile will began to modulate and

increased the shear stress lines towered N e
the artery center. Also the increased the 05F

. . . . 0.4F
stenosis height will lead to activate the osk
shear stress along the catheter wall. 02f . . .
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16F Finally, two cases of the stenosis
E heights were illustrated in Fig.14, to
1sf present  the  blood  streamline

distribution in the annular stenosied
catheterized artery. It shows that the
increasing of stenosis heights will
o7 I increase  the  blood  streamline

06— o o~ | distribution lines and its values in the
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Fig.13 Effect of stenosis high percent on the
blood shear stress distribution in the annular
stenosied catheterized artery at Re=60.
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4. Conclusion

From the above discussion, it is clear
that the Reynolds number, ratio of
maximum stenosis height and normal
artery radius and number of stenosis
are the strong parameters influenced on
the blood flow and heat transfer
characteristics in the cooling catheter
process was considered in this study.
From the numerical results it is
observed that:

1. The presence of a single stenosis in
the path of the blood flow will case
to increasing the maximum

velocity that located in the center
of the artery by (36%), and
increasing the wall shear stress
along the artery wall by (55%) but
with a percent of (35%) along the
cooling catheter wall, and increased
the dimensionless flow impedance
by (68%), finally increasing the
Nusselt by (36%) as
compared with no stenosis artery.

number

2. The presence of multi stenosis will
increase the magnitude of velocity,
flow 1mpedance, shear stress,
Nusselt number and friction factor
in the middle region of the stenosis.

3. The effect of stenosis height and
number of stenosis is reduces the
blood flow rate. In view of these

friction factor

and Nusselt

number increased by 43% with

arguments, the
increased by 52%

increased the stenosis height from 0
to 16.5%.
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Nomenclatures Greek letters

C, blood specific heat u dynamic viscosity, Pa.s.
D stenosis length. [T effective dynamic

viscosity, Pa.s.

ST BB ORI s

0

X < e

calculation error.

Darcy friction factor .
heat transfer coefficient, W/m?.K.

Hematocrit expressed as a percentage, %.

number of nodes along x-axis.

number of nodes along r-axis.

Jacobian of direct transformation.
thermal conductivity, W/m.K.

artery axial length, m.

power-law consistency coefficient, Pa.s"
power law flow behaviour index.

pressure, pa

dimensional radius=t/R,.

radial distance from pipe centerline, m.

blood Reynolds Number

radial coordinate = (r—R;)/(Rs—Ri ).
relaxation factor

mner diameter of annulus, m.

minimum radius of stenosis, m.

center of maximum velocity, m.
outer diameter of annulus, m.

local cooling catheter surface temperature, °C.

local body surface temperature, °C.

blood inlet temperature, ° C.

velocity component in x-direction, m/s.

bulk axial velocity, m/s.

velocity component in r-direction , m/s.
axial distance along artery, m.

Non-dimensional viscosity.

o, B,y Transformation parameter

Y Shear rate, 1/s.
p density, kg/m?
up viscosity of plasma, cP.
T shear stress, N/m? .
) dependent variable.
® vorticity, 1/s.
v stream function, m? /s.
.M Coordinate in the domain
A Material parameter
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