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ABSTRACT

Numerical and experimental investigation of blood flow through stenotic and tapered arteries
under pulsation condition are studied. Blood is considered as non-Newtonian fluid. Artery is
considered as a rigid wall tapered vessel with different tapering angles (0.5°, 1°,1.5°), as well as,
straight vessel for comparison. The governing equations have been written in stream- vorticity method
and are transformed into generalized coordinate system. The time marching has been employed to
solve the resulting partial differential equations. The experimental work carried out to examine
pressure in vessel and pressure drop across the stenosis under pulsation condition. Differential
pressure transducer coupled to the data acquision card type PCI-911DG, which is built in computer
was used to record pressure data.

The results showed that, as a tapering angle increases (0.5°, 1°, 1.5°) both wall shear stress and
pressure drop increasing, also as stenosis increases (50%, 60%, 75%) both wall shear stress and
pressure drop increasing. These behaviors are found in literature, pressure drop is used to compare
experimental data and numerical results, which indicates agreement. As the distance into taper section
increased both wall shear stress and pressure drop are increased, as well as, both wall shear stresses
and pressure drop increased with inlet flow rate increased, while decreased with inlet diameter

increase.
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INTRODUCTION

Considerable attention was paid to study related circulatory flow in blood vessels toward the
beginning of the last century. A large number of theoretical and experimental Investigations relevant
to this biomechanical aspect have been carried out in recent years. Hardly need mention that, about
three quarter of all death occurring these days are mainly caused by circulatory diseases associated
with disturbed flow condition in the blood vessels which lead to the malfunction of the cardiovascular
(Chen 2003). The presence of stenosis increases flow resistance in arteries which forces the body to
raise the blood pressure to maintain the necessary blood supply. Both the high blood pressure and
narrowing blood vessel cause high flow velocity, high shear stress and low or negative pressure at the
throat of the stenosis .In addition to low shear stress, flow separation and wall compression or even

collapse at the distal side of stenosis .This may related to the thrombus formation, atherosclerosis
growth and plaque cap rupture which lead directly to stroke and heart attack.

Several studies of fluid dynamics through stenosis have been carried out to evaluate the flow
pattern and the shear stress at walls at steady and pulsate flow conditions .Some attempts to study
experimentally,(Walburn and Stein 1981 ) measured velocity with Laser Doppler anemometer in
plexiglass tube with tapered of 0.5°, 1.5° and 2.5°, measured from centerline to the wall during steady
flow. These angles were comparable to the angles of taper observed in abdominal aorta of normal
subject 1.5°. + 0.2° "range 0° to 3°" as reported. They calculated transition Reynolds number which
based on diameter of tube at point of measurement. The results show increasing of transition Reynolds
number with increasing angle of tapering, also with increasing distance into tapered section for
constant angle of taper. These observations suggested that, tapering of abdominal aorta tends to
promote laminar flow.(Qjha, et al 1989 ), used a photochromic tracer method to record pulsatile flow
velocity profiles simultaneously at three axial locations along a flow channel. Thereby enabling the
time and spatial distribution of the wall shear stress to be studied, as well as visualizing of the flow. In
addition, they studied the transition to turbulence triggered by the moderate stenosis. Asymmetric and
axisymmetric stenosis models were used. Shape of stenosis were based on clinic observations ,
percent of area reduction were 45%,65% and 75% for axisymmetric ,while 38% "of total area cross
section " for asymmetric stenosis .The work was done for Reynolds number in the ranges of 380-575
and Womersley number of 7.5.

Other numerical studies deal blood as non Newtonian fluid, (Pontrelli 1999) investigated
steady axisymmetric flow in a constricted rigid tube. A shear- thinning fluid which modeling the
deformation dependent viscosity of blood .The governing equation was written in vorticity—stream
function and solved numerically by finite difference method. The constriction was described by
exponential function. The results demonstrate that, the non-Newtonian character of the blood in some
typical regimes modify the flow pattern even beyond the constricted region, reduce the pressure drop
and shear stress at the wall across the stenosis.(Kimmel and Dinnar 1983) , modeled blood flow
through a segment of large arteries between bifurcations as pulsate flow of Newtonian fluid in tapered
converging tubes of small angle of converging up to 2 degree .In this study, flow rate considered as a
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forcing function rather than uniform pressure gradient .Integral method was used in solution of Navier
—Stokes equations. The result showed that, change in flow condition due to tapering of blood vessel
are significant even for small tapering angle and cannot be ignored. Also as tapering angle increases,
peak shear stress at wall also increases, but still below the critical range which lead to damage of
endothelial. (Porenta et al 1985), used a finite element method to model pulsating flow in arteries
segment including taper, branch, and obstructions. In branch model ,they assumed that the pressure
different across location where branch diverter from the main stream was small and can be neglected,
while in obstructions model ,they calculate pressure difference across stenosis .The results indicate
that, the pressure wave were traveling along artery shows an amplification in distal direction ,and
they conclude that each nonlinear term contributes to the effect noticed in the nonlinear case .While
the influence of the convective acceleration term in momentum equation was stronger ,also the
combined effect of both nonlinearities was larger than the added effect of each individual term .The
effect of stenosis on pressure shows that the distal pressure for 50% stenosis only slightly reduced,
and distal flows were slightly damped ,while for high stenosis (75% and 90 %) had large effect. Wall
shear stress is an important factor in the study of blood flow ,and an accurate predication of the
distribution of wall shear stress are particularly useful for understanding the effect of blood on
endothelial cells. (Guo-Tao et al. 2004) investigated distribution of wall shear stress by simulation of
pulsating blood flow through stenotic tapered artery .The incompressible Navire-stokes equations
were solved numerically by a finite difference method .The results indicated that, the height of
stenosis was more important factor influencing blood flow than wall tapering. Tapering found to have
no effect on flow pattern, but only change the value. On the other hand, it becomes bigger value than
without tapering; also the peak value of shear stress of tapered artery was bigger than that without
taper. In parallel work, (Hun Jung et al, 2004) used a finite volume method to solve three
dimensional, fully developed flows and blood taken as a non Newtonian fluid which obeys to
Carreau-Yasuda. They compared the results with (Ojha et al 1989) for case of 45% stenosis
trapezoidal profile, and a good agreement was shown .For cosine profile stenosis, a numerical
computational was conducted for 50 %and 75% stenosis, and the result showed that, the severity of
the stenosis had significant effect on the general flow features such as separation Reynolds number
and size of the separation region, while the shape of stenosis had less effect. Also, it showed that, the
peak values of wall shear were exerted at the stenosis and negative shear stress were observed in the
region where a vortex exists. Summary of the past studies indicated that, the flow of non-Newtonian
fluid though constricted taper artery under pulsation condition was not considered .As a conclusion,
(Guo-Tao et al.2004), considered Newtonian fluid through constricted taper pipe, but only for small
angle 0.5°, while the present study extended to involve 1°, and 1.5°. Also noted that, (Hun-jug et al.
2004), considered flow of non-Newtonian fluid through constricted tube under pulsating condition ,
but they ignored effect of tapering and restricted the study to small percent of
stenosis(25%,33%,50%),which its effect was small on pressure drop across stenosis (Porenta et al.
1985).

The present work will consider the flow of non-Newtonian fluid through constricted artery
under pulsation condition for tapering angles up to 1.5° and percent of stenosis up to 75%.Numerical
and experimentally investigations of blood flow through constricted taper artery are carried at
pulsation condition for vessels with 50%, 60% and 75% stenosis. Blood considered as a non-
Newtonian fluid obeying the shear thinning model

MATHEMATICAL MODEL AND NUMERICAL CALCULATION
The governing equations of blood flow through stenosis artery at pulsation condition are

formulated and stated in polar coordinate. The working fluid is considered as a Non-Newtonian fluid
and incompressible.
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A schematic of the stenosis tube geometry considered in this study is shown in Fig. (1), which
consists of two main parts, tube and the stenosis, stenosis geometry is shown in Fig.(2)

Let us now consider a cylindrical coordinate system (x,r,0) having the x-axis coincident with
the pipe axis .since we seek an axisymmetric 2D solution ,all variable are assumed independent of 0
and the azimuthal component of v vanishes ,equation of motion can be written as follows:

du du du op .oudu du dv du o’u 9’u 19du (1)
g4 o= B D IR Tt sl Bt sl A Wi -9

p(8t+uax+var) ax+ ax8x+8r(ax+ar)+ﬂ(ax2+ar2+rar)
dv dv _dv ap 0°v 9*v 10v v._ du,dv du dudv )
gy gy Y __YF S AN Sl e Wt S R i

P V) T Tar e Tar Trar ) M axax ar) Far ar

Where (u,v) are the components of V in the r and x directions respectively.

Complex rheological behavior of blood is approximated using a shear thinning model, where

the apparent viscosity is expressed as a function of the shear rate ( Pontrelli 1999) and (Hun Jung et
al 2004 ).

1) =n. + @, —g e+ AD), 3)
I+Ay

Where
n, and 77 are asymptotic viscosities as 7/ — 0 and oo respectively
A is a materiel constant with dimension of time representing the degree of shear thinning .

y shear rate which represents a scalar measure of the rate of deformation is given by (Pontrelli
1999 ) and (Hun Jung et al 2004 )
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To non-dimensionalized the governing equations, a set of variables are introduced (Pontrelli
1999)
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Where: R= vessel inlet radius and V =average velocity at inlet
eq.(1) can be written in following form
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and eq.(2) can be written in following form
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Where: 4 = R % Womersley number , Re = JEES Reynolds number; f= Frequency of pulsation
Y7,
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X =Non dimensional viscosity which is given below

X(j/):1+(5_1)[1+10ge(1+/\}/)

— (7)
I+Ay
Stream - vorticity approach

By cross differentiating and by subtracting the counterparts of eqs(5) and (6), we obtain the
vorticity —stream function formulation :

A ow 10y dw a)al// 10y dw 1 0X . odw 0w i 100 o
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and shear rate can be written as follows
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Vortlclty and stream functlon are related by poisson equatlon.
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Stream — vorticity approach obtained by eliminating the pressure terms from the momentum
equations. Since its important to know pressure drop to used to compare numerical results and
experimental data, the pressure drop along x- axis derived from momentum equation for steady
incompressible, and non — Newtonian fluid eq.(5), ( Nallasamy 1986).pressure drop calculated from
following equation:

2

@__[ (_a_a)_g+8X law 10y law (11
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Also, shear stress at wall is important factor Wthh has direct effects on internal layer of vessel, where
a high value of shear stress leads to damage in vessel wall, shear stress at wall calculated from
equation:

g z.wall = al){ﬂeﬂ (12)

Initial and boundary conditions

To solve vorticity transport equation eq(8) and Poisson equation eq.(10), it required that, the
appropriate expressions for stream function ¥ and vorticity @ be specified at the boundary
(Anderson et al 1984 ). The specification of these boundary conditions is extremely important since it
directly affects the stability and accuracy of the solution. It is important and care must be taken to
ensure that the physics of the problem is correctly modeled, on how to treat these geometries or
models.

Hence the boundary conditions are summarized as follows:-
1- At tube center line:
Vorticity and stream function sets equal zero, i =0, @ =0
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2- At tube wall:
Since no-slip condition at wall, velocity component equal zero, stream function set
Wwall = q/2 (13)
Where q is flow rate for real situation (Taylor et al 1998), the flow changes as shown in Fig.(3).
While vorticity at wall derived form Poisson eq. (10), with %/I = 0(no slip condition), for that eq.(10)
r
can be written as ( Agrawal and Sengupta 1989 ) and (Cheng et al 1974).
1 821// a 1,//
= 14
i = (G5 (14)
3- At tube inlet:
Since the flow at inlet uniform, the vorticity value will set equal zero, while stream function at inlet
varied form zero at center line to value of eq. (13).
4- At tube exit:
At exit, the variation in vorticity and stream function is negligible
ay/ 0w
=0 15
ox  ox (9
5-Initial condition:
Assume no flow, then stream function and vorticity set equal to zero.
Since the stenosis artery is a complex domain, therefore, the governing equations are transformed
from polar coordinate to generalized coordinate.

TRANSFORMATIONS OF GOVERNING EQUATIONS

Transformation stream- vorticity equation:-
5 x,J xeJ
SO =Y At Yy Y Y, = — = 2By,

(16)
2 2 —
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Transformation vorticity transport equation:-
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Transformation of pressure drop equation:-
E:_X[(a)” X, @, x, )/]+7J(an§—X§ xﬂjl/J*
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Transformation of shear rate equation:-
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Transformation of boundary equation:-
_ 7
a)wall _m(l//rm) (21)

Grid Generation

The most common partial differential equation uses for grid generation in two dimensional is a
Poisson equation in the form (Fletcher 1987) and (Anderson 1984).

o = 2%, + 0,y =—1x,P(C ) +x,0( ]/ J° (22)
ary = 2ry, + W, =—1r,P(E )+ 1,011 J° (23)
Where

2 2 2 2 _ _ _
a—x”+rﬂ,7_x§+r§,,6’—x§xn+r§r,7andJ—xgr,] Xnle

all grids used in this investigation are generated with P({,7)=Q({,7)=0.( Bramley and Sloan 1987)
and (Ali 2002).The non linear difference equations are solved iteratively using a point SOR method
and, at each cycle of iteration, the coefficients ¢, ,3 and 7 are evaluated using previous

approximations. Fig.(4.a) and Fig.(4.b) show the physical and computational domains which are used
in the present study.
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Time Marching

The basic principle of time marching is to start from an initial guess of the flow pattern, then
the method solves the unsteady continuity, momentum equations for the evolution of the flow in time
until equilibrium is established. Basically, the flow region is divided in to a grid network so that
different terms in the governing equations are defined at each grid point. The flow field is then solved
from the governing equations in finite difference form subjected to the imposed boundary conditions.
With the flow equations applied to each grid point in turn, the solution becomes closer to the unsteady
state solution for each time step ( Iatridis 1987).

Experimental Work

The rig was designed to simulate the blood flow through constricted artery, which must satisfy
number of requirements: pulsation flow, non-Newtonian fluid, taper vessel, stenosis vessel,
developing flow and Laminar flow as shown in Fig.(5).

Dosing pump type ALLDOS Model EN600034 with flow rate 115 L/h, 3 bars, power
0.09Kw, 0.88-0.9 Ampere and 1270 RPM is used, which its operation is based on using diaphragm

movement by rode connected eccentric disc, to generate pulsating flow. In order to measure a
pressure drop in the test section under pulsation condition, the differential pressure transducer type
FOXPRO with range of 20 mbar is used. Its operation is based on diaphragm movement and
converting the pressure drop to electrical signal. Switch flow meter with range of 130L / h which
gives indication for the number of pulses in sec and frequency .Flow meter is connected with interface
card and accessed to computer. The amount of flow rate was measured by collecting working fluid in
container and time was accounted by stop watch. To simulate the fluid dynamic behavior of blood, a
solution of 2:3 glycerin-water with density of 1.120 g/cm3 and viscosity (3.5 - 4) C.P. was used (Rose
et al 1998 ), (Cebral et al 2002).Density and viscosity were measured every day before starting to
record data .To simulate the artery Acrylic tube with inlet diameter 16,18 and 20 mm (Cox et al
1979) and (Wellborn and Stein 1981),with taper angle for each size (0.5, 1 and 1.5 degree) were
used (Walburn and Stein 1981),(Kimmel and Dinnar 1983).The length of test section was 175 mm
(Walburn and Stein 1981) and 10 mm threaded added in entrance to use in connection with Acrylic
block. The taper of inside diameter of tube match taper angle of out side diameter of stenosis to fix
the stenosis in first third length of tube. Small tap was used upstream of joins block to prevent
bubbles to inter test section.

Stenosis model is made from Acrylic with trapezoidal shape (Ojha et al 1989) and (Varghese
and Frankel 2003) as shown in Fig.(2).
Five taps with sizes according to ISO standard 5167 (Miller 1983) were drilled in test section and
locations of taps are shown in Fig.(6) . A copper tube with 4mm out diameter was fixed on taps (1, 2,
4, and 5) by epoxy, as shown in section (A), while bolt (M4) was used for tap (3), which required a
special connection, as shown in section (B).

Data acquisition card type PCI-9111 is used, this data acquisition card is based on the 32-bit
PCI bus architecture. High performance design and the state-of-the-art technology make this card
ideal for data logging and signal analysis application in areas like medicine and process control,
(Aimen 2005). In order to read the signal from the Pressure Transducer and Swatch flow meter sensor
a program is required to record signal. Before writing this program it is necessary to ensure that the
MATLAB defines the DAC in its tools.

Results and Discussion
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To study the influence of stenosis and taper on blood "Non — Newtonian fluid" flow through
artery, the computations were conducted for various stenosis severity (50%, 60% and 75%) and
different values of tapering vessel angles (0, 0.5°, 1°, and 1.5°). To perform a careful parameter
analysis, the instantaneous streamlines are calculated and shown during cycle of pulsation flow at
intervals of 0.1 sec. The non — dimensional Womersley and Reynolds numbers are considered as 7.1
and 50 respectively .The study was carried out under constant flow rate.

Numerical results

As a first step in the analysis, a check for validation program is performed through the
comparison of numerical results with results of (Pontrelli 1999), for steady flow, Newtonian and non-
Newtonian fluid at a Reynolds number of 10. The stenosis profile used in this comparison is described
as exponential function. The stream at wall "maximum stream function" is 50 (Pontrelli 1999).
Comparison shown in the Fig.(7) and Fig.(8) which indicated that ,the present result has higher values
than results in (Pontrelli 1999), for both cases Newtonian fluid and Non — Newtonian fluid .The
difference in results is due to method of calculation, the used equation in calculation of wall shear
stress and input parameter of (Pontrelli 1999).

The numerical study is carried out under pulsation condition, Re. No. = 50 and Womersley No.
=7.1.Blood is considered as a non- Newtonian fluid with parameter A =50 which represents the degree
of shear — thinning and for ratio of asymptotic viscosities at zero and infinity equal to 6 = 40
(Pontrelli 1999). The number of grid points along the axis in (C, 1) is (176, 16), the time step has been
selected as small AT=10" compared to AT=10"° for steady case [Pontrelli 1999] in order to guarantee
the convective and diffusive stability condition in all cases [Fletcher 1987,1].Different angles of
vessel tapering (0,0.5°1°,1.5°) with different degree of stenosis (0,50%,60%,75%) are considered.
Streamline, wall shear stress and pressure drop results are plotted and studied.

Streamline distributions inside blood vessel at each time step are plotted for different stenosis
present and different vessel tapers. The results indicate that, the stream line changes as inlet flow rate

change as shown in Fig.(9) , the separation region is noted clearly at time step 0.4 sec and grows as
time advanced. Also it can be noted that, the separation region upstream of stenosis showed to be
started at time step 0.8 sec .The WSS distribution for tapered vessel 1.5°, with 75% stenosis is shown
in Fig.(10). Due to taper angle, the WSS increases as distance increased into tapered section, the peak
value of WSS is shown at stenosis part. While the WSS values at time step 0.4 sec, 0.5 sec, 0.7 sec
and 0.8 sec are not increased due to low inlet flow rate at these time steps. At time step 0.7 sec and 0.8
sec negative values of WSS are indicated. The WSS distribution indicated same behavior as seen
when stenosis 60% but a lower reduction is observed with negative value of WSS at time step 0.8 sec,
also this effect become lower at 50% stenosis. Comparison WSS of distributions at some
instantaneous times reveals that, the highest of stenosis has a significant influence on the WSS at the
throat, the downstream of throat, and the length of separation region. Since high WSS is not only
damage the vessel wall and causes intimal thickening, but also it actives platelets which causes'
aggregation, and finally results in the formation of a thrombus, the wall shear stress at throat deserves
to be noticed (Guo-Tao et al 2004).

Pressure drops along the axial length of vessel are plotted, which indicated that, the pressure
drops at stenosis part and this drop in pressure reduces at distal stenosis. Also, pressure drop changes
as the inlet flow rate changes at each time step. Further, the drops change according to the stenosis
percent changes. Fig.(11) shows pressure drop along the axial length and the pressure drop changes as
inlet flow rate changes. A high reduction in pressure is observed at time step 0.2 sec and 0.3 sec for
high flow rate. Pressure at distal stenosis was higher than pressure at proximal stenosis due to the back
flow at distal stenosis.

Experimental Results
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Experimental work was conducted at Re.No.= 580, Womersley No.= 6.3, and frequency=
2.1Hz. The density of the working fluid was taken as 1.120 g/cm’ and the viscosity in rang of (0.035-
0.04) Posie. Test was carried out at an average flow rate of 51 ml/sec and the data recorded at rate of
1280 samples for duration of 51sec.As the stenosis is increased the pressure difference increased. As
the stenosis increase the cross sectional area decreases and flow accelerates, consequently, the
pressure energy is converted to the kinetic energy. The reduction in pressure can be calculated from
Bernoulli's equation and it can be written as follows (Walburn and Stein 1981):

Ap = O.5pV2((d2)4 -1 (24)
Where d, is diameter of center stenosis: D is diameter upstream stenosis
It is clear that, diameter of stenosis had a direct effect on value of pressure drop value, and power
index "four" explain the difference in pressure drop for different percent stenosis (50%, 60% and
75%) as shown in Fig.(12).This results are in agreement with the results of (Porenta et al 1985 ),
(Bapat 2005), and consistence with the general observation of the effect stenosis of less than 50%
have little effect on pressure and flow .This is one of the reason why stenosis are difficult to diagnose

at an early stage. The pressure difference in all measurements are non dimensionalzed with (% pV?)

for all the cases. In taper section, the flow is accelerated and energy is converted from pressure energy
to kinetic energy. This reduction in pressure energy can be calculated by substituting the continuity
equation into the Bernoulli equation, with some manipulation, yields (Walburn and Stein 1981).
2 D 4
Ap=0.5pV*[(5—r——)" I (25)
eq.(25) indicate that, as tapering angle increases the pressure drop increase as shown in Fig.(13), also
the pressure drop increases as distance of taper section increases.

Comparisons

To check the validity of the numerical technique, several comparisons of numerical results for
different cases are performed at time step 0.2 sec, where the discrepancy is clear and this is due to the
maximum flow rate. Experimental results for pressure drop are compared with numerical results and
with available literature for same cases.

The effect of different percent stenosis on the WSS for 1.5° taper vessels are shown in
Fig.(14), which indicates that, as stenosis degree increases WSS increases and the same trend is by
(Hun Jung et al 2004).

Pressure drop plots are used for comparison of numerical results with experimental data for the
present study to investigate the effects of stenosis percent for different taper vessels .Fig.(15) indicates
that, the pressure drop increases as degree of stenosis increases in straight vessel and a high pressure
difference is found at 75% stenosis compared with 50% and 60% stenosis .This behavior was in
agreement with (Bapat 2005) as shown in Fig.(16).It indicates that, present experimental data has a
higher value, this due to constant viscosity and shape of stenosis used by (Bapat 2005), also it is
coincident with the conclusion of the survey investigated by (Young 1979).

On the other hand, the effects of tapering angle are investigated with and without stenosis. For
case of without stenosis, comparison of experimental data with (Walburn and Stein 1981) is
preformed as shown in Fig.(17) .It is clear that, present data have higher values than (Walburn and
Stein 1981) data ,this is due to the viscosity (0.0103 Poise) compared with a mixture fluid with
viscosity in range (0.035 to 0.040 Poise) in present study. Also as tapering angle increases WSS
increases, and this is clearer at the end of the vessel. This is in agreement with (Kimmel and Dinnar
1983) as shown in Fig.(18).It shows that , the values of WSS in the present study are higher than
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(Kimmel and Dinnar 1983) values, because they are assumed Newtonian fluid, different input flow
rate and one dimension flow .

In order to compare the numerical results with experimental data in the present study,
calculations are preformed with sine wave profile inlet flow rate to confirm the experimental work
with Re.No.= 580 and Womersley No.= 6.3 as shown in Fig.(19). This indicate that, the numerical
results have same behaviors as experimental results, but with higher values

Conclusions

Computational and experimental simulations for blood flow through stenosis artery under

pulsation condition were carried out in this study. A shear thinning model was used to express Blood,
which is considered as non-Newtonian fluid. Attention was focused on the effect of stenosis on
pressure drop and wall shear stress. The following are the main conclusions drawn from the present
investigation work ,Both pressure drop and wall shear stress were increased as taper angle of vessel
increase (0.5°, 1°, 1.5°), due to increase in kinetic energy, also increased as stenosis increase (50%,
60% and 75%), and a large effect seen for 75% stenosis.
Wall shear stress had negative values where vortex exists, vortex region may be the origin of red cell
damage and thrombus formation and the stenosis will progress further, and the high stress is exerted
near the stenosis throat of blood vessel due to fast flow and will generate serious physical damages.
Tapering of the artery did not change flow patterns, but only changed values, amplified the values of
wall shear stress and pressure drop. As the distance into taper section increased both pressure drop and
wall shear stress were increased. Both pressure drop and wall shear stress were increased as the
distance into taper section increased. For the stenosis percent less than 50% a little effect on pressure
and flow was seen. This is a reason for why the stenosis percent are difficult to diagnosis at an early
stage.

As a related to the present work, following suggestions can be put forward. Vessel wall will be
consider as a distensible, curved artery will be consider, where curved is more reality, and Bifurcation
will be consider.
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NOMENCLATURES
symbol Meaning Units
D Diameter m
e Strain rate /s
L length m
p Pressure N/m”
q Flow rate ml/s
r r-coordinate
R Radius m
Re Reynolds number pVR /u
u Velocity component in x-direction m/s
v Velocity component in r-direction m/s
\Y Velocity vector m/s
X X-coordinate
a Transformation parameter in grid generation
S Transformation parameter in grid generation
Y Transformation parameter in grid generation
7 Shear rate y = ou s
or
n
5 J =" ratio of asymptotic viscosities at zero to infinity
4 Coordinate in the transformed domain
n Coordinate in the transformed domain
n Shear viscosity N/m”
0 Taper angle deg.
A Weromsly No.=R , / % ratio of transient inertia force
to viscose force
A Material constant S
MU Dynamic viscosity kg/m.s
14 Kinematics viscosity m’/s
P Fluid density kg/m’
T Shear stress N/m*
¢ General dependent function
X Non-dimensional viscosity
74 Stream function m?/s
@ Vorticity 1/s
AL Grid step distance in { -direction
An Grid step distance in 77 -direction




