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Numerical investigations of pulsatile flow in stenosed artery
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Purpose: Abnormalities in blood vessels by virtue of complex blood flow dynamics is being supported by non-Newtonian behavior
of blood. Thus it becomes a focus of research to most of the researchers. Additionally, consideration of real life patient specific model of
vessel as well as patient specific inlet flow boundary condition implementation was limited in literature. Thus a thorough implementation
of these considerations was done here.

Method: In this work, a numerical investigation of hemodynamic flow in stenosed artery has been carried out with realistic pulsating
profile at the inlet. Flow has been considered to be laminar due to arresting condition of cardiovascular state of the subject. Two non-
Newtonian rheological models namely, Power Law viscosity model and Quemada viscosity model have been used. Two different pa-
tient-specific pulsatile profiles are considered at the inlet of a long stenosed artery with varying degree of stenoses from 25% to 80%.

Results: Transient form of Navier-Stokes equation is solved in an axi-symmetric domain to calculate the detailed flow structure of
the flow field. From the simulation data, temporal and time averaged wall shear stress, oscillatory shear index and pressure drop are
calculated.

Conclusions: The results demonstrate that oscillatory shear index and wall shear stresses are extensively governed by the degree of
stenoses. The position and movement of recirculation bubbles are found to vary with flow Reynolds number.
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1. Introduction

For the past few decades cardiovascular diseases
have become the third largest cause of mortality
across the globe, where stenoses is of special con-
cern. This leads several research communities
investigating the above problem with due consid-
erations from the transport process angle. Hemody-
namic plays a significant role in understanding the
arterial wall thickening process as well as the effect
of stenoses on the flow structure. The transport
process in stenotic blood vessels deals with differ-
ent complex issues such as the pulsating nature of
flow field and an appropriate rheological descrip-
tion of the fluid.

A detailed study of the state of art about the steno-
ses and physics contributing to the phenomena reveals

some of the important contribution made by several
researchers across the world. Ai et al. [1] used inter-
facing of MEMS thermal sensor with high frequency
pulse wave Doppler ultrasound for the study of actual
physiological flow profile of the problem. Simultane-
ously, Beratilis et al. [2] had investigated turbulent
behaviour of hemodynamic through diseased vessel.
Drikakis et al. [3] investigated the blood flow behav-
ior in reconstructive surgery considering the simplest
form of pulsatile flow, whereas few studies had also
been carried out considering the real geometry of ste-
nosed blood vessel [4]. According to Johnston et al.
[5] non-Newtonian effects of blood viscosity model
could become important while studying transient
flows in complex geometries, like arch of aorta, bifur-
cation.

In most of the studies, attempts have been made
either to realize the exact geometry of the stenosed
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wall, or pulsatile flows at inlet. Earlier, Jinyou and
Yang [6] had used CT scan data for realizing the
geometry of the problem. Li and Kleinstreuer [7]
used Quemada viscosity model of blood with the
FSI effect on sac blood pressure and wall pressure
while performing a comparison test between numeri-
cal and experimental studies. Blood flow phenome-
non through stenosed vessel is not limited to laminar
flow. It often goes in the regime of transition to tur-
bulence in critical conditions. Thereby studies on the
turbulent behavior of the blood flow through ste-
nosed vessel have been done extensively for a dec-
ade by several researchers [2], [8], [9] and [10].
Neofytou and Drikakis [9] analyzed the problem by
considering three different viscosity models (Casson,
Power Law and Quemada ) for comparative study of
the blood flow through stenoses. Several researchers
used perturbation theory for solving the same problem
considering the pulsatile nature of blood flow as sine
wave and emphasized the role of Womersley number
on the properties of flow behaviour [11] and [12].
Rigid wall boundary had replaced the realistic elas-
tic nature of blood vessels throughout decades by
several researchers [13] and [14]. Womersley et al.
[14] had developed Womersley parameter (α =
R × (ω /ν)1/2) which issued in the transform developed
in Stoke’s second problem, in which flow is induced
by an oscillating flat plate. Mostly, walls of the blood
vessels are considered as rigid walls for the simplicity
of problem.

The above survey reflects that despite the exis-
tence of a comprehensive work on the subject, com-
parative assessment of the non-Newtonian rheological
models on the dynamics of flow due to realistic pul-
satile flow at the inlet of the vessel is scarec. In this
work, a numerical investigation of the transport phe-
nomena in stenosed blood vessel considering 2-D
axi-symmetric geometry has been done for perform-
ance assessment of non-Newtonian viscosity models
(Power Law model, and Quemada model), with con-
sideration of realistic pulsation at the inlet of the ves-
sel. The degree of stenoses is varied from 25% to
80%, and they are considered to be function of the

upstream length of stenoses and depth of stenoses,
driving the geometry of stenoses more approximate to
reality. Two input flow profiles (one from literature
and another from patient specific data) at two separate
flow levels for each case are considered purely to be
physiological pulses of pressure driven mass flow
rate, making the study most appropriate with the input
boundary condition. Cumulative effects of all the
above parameters are studied for different frequencies
of WSS, and OSI.

2. Materials and methods

The axi-symmetric  computational domain is given
in Fig. 1, and the stenoses profile is defined by
Neofytou and Drikakis [9] as follows
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a and b are functional depth of stenoses and length of
stenoses, respectively; Lu, Ld, and l represent upstream
length of vessel, downstream length of vessel, and
length scale, respectively; H represents distance be-
tween the symmetric axis and the wall. The blockage
of the vessel, i.e., the degree of stenoses is defined as
the ratio of maximum height of stenosed part a to the
vessel inner radius R.

Localised pressure deflections leading to com-
pressibility of fluid due to fluid structure interactions
are neglected, and incompressibility property has been
considered for the simplicity of the model. This re-
duces the mass conservation continuity equation,
which is given by equation (3) as
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Fig. 1. Stenosed blood vessel geometry definition
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where u and v represent non-dimensional velocity
components in x and y directions, respectively. Simi-
larly the conservation of momentum equation along
the axis of symmetry as well as along the radial direc-
tion consists of a transient term, convective term,
a negative pressure term, and diffusion term, and can
be represented by equations (4) and (5) as:

• axial momentum equation
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• r – momentum equation
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where μapp and ρ are apparent viscosity and density of
blood, respectively. The wall of the stenosed blood
vessel has been considered as rigid wall [15]–[17],
implementing a no slip boundary condition at the
wall, while a zero gauge output pressure has been
considered at the output of the vessel due to the pres-
ence of the whole system (stenosed blood vessel) in
the submerged body fluid. Input mass flow rate have
been considered the most realistic transient physio-
logical flow profiles of different physiological states,
and different Re numbers, as given in Table 1. Two
physiological input velocity profiles are given in
Fig. 2(a) and (b), which have been described later.
The no-slip boundary condition can be expressed

mathematically as u = v = 0 on the walls and the pres-
sure outlet condition can be expressed as the gauge
pressure p = 0 at the outlet. The pulsating inlet profiles
are discussed in the following section in equation form.

Table 1. Mean velocities and corresponding Reynolds numbers
of inlet profiles used

Inlet velocity
profile type

Mean velocity
(m/s)

Reynolds
number

1 0.15 1060
2 0.0977 690 Re I

1 × 2 0.30 2120
2 × 2 0.1954 1380 Re II

Considering the blood viscosity as non-Newtonian,
Power Law model proposed by Walburn and Schneck
[15], hematocrit and total protein minus albumin was
taken into account. It is known as Power law model,
also referred to as “Best three variable model”. It is
represented by the system of equations (6) and (7).

γγτ 1−= nk (6)
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where τ and γ are the shear stress and shear strain, re-
spectively. For normal blood samples the parameters
are k (consistency index) =14.67 × 10−3 Pa s, and n
(flow behaviour index) = 0.7755 as described by Ku
et al. [16]. If n > 1, the fluid is known as shear-
thickening, while if n < 1 it is known as the shear thin-
ning fluid. The characteristic parameter for a Power-
Law-model-based flow is RePL (Reynolds number
associated with Power Law Model).

(a) Type 1 velocity profile (b) Type 2 velocity profile

Fig. 2. Two different inlet velocity profiles
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Further considering the viscosity of concentrated
disperse system, Quemada [17] proposed a model
based on shear rate and haematocrit. The system of
equations of shear stress and effective viscosity in
tensorial form and dimensionless form are as fol-
lows:
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γγ *  is the reference shear rate, and the

parameters are given as Pa.s102.1 3−×=Fμ  is the
viscosity of plasma (suspending medium), and for
haematocrit ,45.0=ϕ  the values of the parameters are

.33.4and07.2,88.1 0
1 === ∞

− kkscγ  The charac-
teristic parameters for a Quemada-model-based flow
are ReQU (Reynolds number associated with Quemada
model ) and *

cγ .
Velocity profiles considered are curve-fitted for

transient simulation, as depicted in Fig. 2. Blood flow
through stenosed ascending aorta of a ventricular fi-
brillating patient at Podder Hospital, Kolkata was
measured using Ultrasonic Doppler Velocity-meter,
and is represented as Type 1 inlet velocity profile,
realized as Fourier function, and it is given by equa-
tion 10, having R-square = 0.9532, and RMSE =
0.02362.
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where  ω = 4.436, and the coefficients a’s and b’s
are defined in Table 2. The above profile is of Re =
1060. For Re = 2120, the coefficients would be
doubled.

Table 2. Parameters for velocity profile I

Type 1 waveform
a1 –0.0808 b1 0.05008
a2 –0.01045 b2 0.0276
a3 0.01747 b3 0.05915
a4 –0.01034 b4 0.0504
a5 0.0002387 b5 0.01144
a6 0.01345 b6 0.01187
a7 0.002937 b7 0.01849
a8 0.003077 b8 0.009732

In the other case, the variation of the cross-
sectional average velocity at the model inlet as de-
scribed by Tan et al. [18] is realized by Fourier func-
tion, with R-square = 0.9981, and RMSE = 0.006317.
Type 2 inlet velocity profile is given by equation (11).
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where ω = 6.709, and the coefficients a’s and b’s are
tabulated in Table 3. Here again, coefficients would
be double when Re is made double. Table 1 shows the
average velocity values and corresponding Reynolds
number for the two different inlet profiles. It is
observed that the value of Re is within the range of
690–2120, implying a laminar flow regime.

Table 3. Parameters for velocity profile II

Type 2 waveform
a1 –0.06001 b1 0.02598
a2 0.01797 b2 –0.03354
a3 0.004013 b3 0.0036
a4 0.0002017 b4 0.0123
a5 –0.01081 b5 –0.008332
a6 0.004275 b6 0.0008295
a7 0.002519 b7 0.0002386
a8 –0.002491 b8 0.002568

Simulations were performed with a mesh size of
150 × 30. Before selecting the final mesh, a rigorous
grid independence check has been carried out with
three levels of grid sizes at 120 × 25, 150×30 and
180 × 35 cells. The grid independent extrapolated
values of velocity components were evaluated at sev-
eral locations considering grid independence study, as
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mentioned below. The values of velocity components
evaluated from the present mesh differed by less than
1% from the extrapolated value, and accordingly the
present mesh was adopted for further analysis.

Richardson extrapolation is used to calculate
a higher-order estimate of the flow fields from a series
of lower-order discrete values ( f1, f2, ..., fn). The value
estimated from the Richardson extrapolation is the
value that would result if the cell grid size tended to
zero, (h → 0). The extrapolation is made from the
results of at least two different grid solutions. Roache
[19] generalized Richardson extrapolation by intro-
ducing the p-th-order methods,
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In this study, the grid refinement ratio r, is mean
refinement ratio rmean of r1 and r2.
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Here, subscripts 1, 2, and 3 represent cases of
study with different grid sizes. From equation (12),
the extrapolated value is varied by different choice of
the order p. According to Stern et al. [30] the order of
accuracy can be estimated by using equation (15),
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To evaluate the extrapolated value from these so-
lutions, the convergence conditions of the system
must be first determined. The possible convergence
conditions are:
1. Monotonic convergence: 0 < R < 1;
2. Oscillatory convergence: R < 0;
3. Divergence: R > 1;
where R is the convergence ratio and it is determined
by equation (17):
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Table 4 summarizes the order of accuracy for pre-
stenoses axial mean velocity (Vaxial(mean)), and Absolute

Wall Shear Stress (WSSAbs) from the simulation re-
sults on three grids. The convergence conditions for
Vaxial(mean) and WSSAbs are monotonic. The Grid Con-
vergence Index (GCI) provides a uniform measure of
convergence for grid refinement study [20]. It is based
on estimated fractional error derived from generaliza-
tion of Richardson extrapolation. For fine grid solu-
tion, GCI can be represented by equation (18),
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The safety factor (Fs) selected for this study is
considered to be 1.25.

Table 4. Order of accuracy and grid convergence index
for 2 variables

ε32 ε21 R p GCI32 (%) GCI21 (%)
Vaxial(mean) 0.0035 0.0018 0.514 0.9957 4.7126 2.48688
WSSAbs 0.0159 0.0077 0.484 1.0857 4.2409 2.09036

As listed in Table 4, there is a reducted GCI value
for the successive grid refinements (GCI21 < GCI32)
about each of the two variables. The GCI for finer
grid (GCI21) is relatively low if compared to the
coarser grid (GCI32), indicating that the dependence of
the numerical simulation on the cell size has been
reduced. Additionally, as the GCI reduction from the
coarser grid to the finer grid is relatively high, the grid
independent solution can be said to have been nearly
achieved. Further refinement of the grid will not give
much change in the simulation results. For variable
Vaxial(mean), the extrapolated value is only slightly lower
than the finer grid solution (h/D = 0.002 ) and it is in
the range of the finer grid GCI as shown in the Fig. 3.
Similar behaviour is observed for the variable of
WSSAbs. Therefore, it is shown that the solution has
converged with the refinement from coarser grid to
the finer grid.

The fluid mechanical equations were solved using
the SIMPLE formulation [21]. In order to achieve
higher accuracy, QUICK scheme is used to discrete
the convective terms. Fixed time step size of 0.0005 sec
to 0.00005 sec with second order accuracy in time
domain was used requiring 2400–24000 time steps for
one cycle. The momentum interpolation method due
to Rhie and Chow [22] was used in a collocated grid
arrangement which can satisfactorily overcome the
problem of pressure oscillation. The technique in-
volves appropriate interpolation of velocity field at the
interface of the cell faces. It has been demonstrated
that such momentum interpolation is equivalent to
solving a continuity equation with an added fourth
derivative of pressure which does not change the for-
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mal second order accuracy of the basic discretization
process. The procedure was also successfully imple-
mented in a previous work by Nandi and Chattopad-
hyay [23]. In order to check the faithful repetition of
result after grid convergence test, a multiple cycle
simulation had been carried out for reproducibility of
the result, and it has been reported in Fig. 4.

Fig. 3. Comparison of global results normalized by
the extrapolated value, between three grid solutions

and Richardson extrapolation estimation

Fig. 4. Repetitive cycle of results reflecting axial velocity profile
at near-outlet downstream

3. Results

From the calculated data, important fluid-mechanical
parameters of interest such as shear stress, vortical
structures, pressure profile and velocity distribution
have been evaluated. Two important parameters need

special mention in this connection having relevance to
the health of arterial tissue [18], namely, the time-
averaged wall shear stress (TAWSS) and the oscilla-
tory shear index (OSI). While TAWSS can be simply
integrated and averaged over a cycle, OSI is defined
as
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where τmean is the time-mean wall shear stress and τmag
is the time-mean magnitude of the wall shear stress.
OSI has a range between 0 and 0.5, where 0.5 defines
purely oscillatory flow. Areas of high OSI would lead
to endothelial dysfunction and artherogenesis [18] and
hence the detection of such zones is very important.

It is well understood that the flow structure of ste-
nosed vessel is dominated by vortical structures and
post-stenotic recirculation region [9]. Figure 5 shows
contour plot of time averaged velocity stream function
for type 1 inlet velocity profile at different degree of
stenoses considering Power Law Viscosity model.
Comparison has been made at two different Reynolds
numbers (Re I and II) in the figure. At low Reynolds
number, recirculation bubbles propagate away from
the region of stenoses with time for a lower severity of
stenoses of 25%. However, at higher Reynolds num-
ber the same severity of stenoses causes complex flow
structure with multiple recirculation bubbles moving
away from the region of stenoses with time. On in-
creasing the degree of stenoses (to 56%) at low Rey-
nolds number, recirculation bubbles oscillate in axial
direction and accumulate to form large eddies with
time. Same phenomena occur while increasing the
Reynolds number of inlet flow. At 80% stenoses, re-
circulation bubbles drive inside towards the stenoses
with time due to the decrease in pressure shedding at
low Reynolds number along downstream with devel-
opment of flow, and it dissipates into multiple recir-
culation bubbles forming complex structure with an
increase in Reynolds number as found earlier [9].

Figure 6 shows a comparison of OSI at different
Reynolds number for two different viscosity models
(Power Law and Quemada) at different degree of ste-
noses. For type 1 inlet velocity profile, both the vis-
cosity models exhibit almost similar nature of OSI
curves with peak value of 0.5 at post stenoses region
for 25% stenoses. Shifting of the peak value of OSI is
also noticed for higher Reynolds number in the case
of 56% stenoses, with a significant variation in OSI
distribution along the length of the vessel at different
Re. But at 80% stenoses, type 1 inlet velocity profile
yield maximum OSI of 0.2 to 0.25 at the distal end of
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the vessel, and the pattern remains almost identical for
different Reynolds number at different viscosity mod-
els. In the case of type 2 inlet velocity profile, at 25%
stenoses both Power Law and Quemada viscosity
models exhibit maximum OSI at post stenoses region
for both low and high Reynolds number. However,
variation in OSI was observed by Tan et al. [18] as
their domain of study varies to bifurcation, and inlet
boundary condition remains distinct from that of
physiological conditions.

In Fig. 7, a comparative study of average shear
stress on the wall of the vessel at different degree of
stenoses was made for two different Reynolds num-
bers. It is observed that high shear stress results from
flow at higher Reynolds number, as depicted by Sid-
diqui et al. [12], and the magnitude of the peak of
average shear stress increase sharply from 7 to 40 and
500 with the increase in degree of stenoses from 25%
to 56% and 80%, respectively. Temporal Wall Shear
Stress (WSS) at locations of 2 cm, 9 cm and 18 cm

Fig. 5. Time averaged stream function of velocity for Power Law model with Type 1 inlet velocity
at different degrees of stenoses (25%, 56% and 80%) at (a) Re I and (b) Re II, with inset of re-circulation zone

in 25% stenoses case (i-i) for (a) and (b), respectively

(d) (e) (f)

Fig. 6. Comparison of OSI distribution for different viscosity models: (a) Type 1 inlet velocity: 25% stenoses,
(b) Type 1 inlet velocity: 56% stenoses, (c) Type 1 inlet velocity: 80% stenoses, (d) Type 2 inlet velocity: 25% stenoses,
(e) Type 2 inlet velocity: 56% stenoses, (f) Type 2 inlet velocity: 80% stenoses, (g) Type 3 inlet velocity: 25% stenoses,

(h) Type 3 inlet velocity: 56% stenoses, (i) Type 3 inlet velocity: 80% stenoses
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from the inlet (i.e., pre-, on- and post-stenotic zone)
along the vessel length has been compared at different
length of the vessel for two different viscosity models
at 80% stenoses as shown in Fig. 8. It has been ob-
served that WSS in the region of stenoses varies
widely while applying Quemada model at the initial
stage of flow. While Power Law model shows a nega-

tive WSS of –12 initially in the region of stenoses,
quite similar to numerical investigation findings by
Beratilis et al. [2], and the corresponding for Quemada
model is –30. It is also noticed that variation of WSS
in the pre-stenoses region for both the models is quite
insignificant and very low, thus it can be neglected in
further studies.

Fig. 7. Effect of Reynolds number on average WSS distribution using type 1 and type 2 inlet velocity
at different degree of stenoses for different rheological models (Power Law and Quemada)

Fig. 8. Temporal WSS for the first cycle (1.0 sec) in the case of 80% Stenoses
for (a) Power Law Model and (b) Quemada Model

Fig. 9. Temporal WSS plot at different degree of stenoses for type 1 input velocity profiles
considering Power Law model at (a) 25% stenoses, (b) 56% stenoses, (c) 80% stenoses
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Temporal WSS variation for three different de-
grees of stenoses along the wall of the vessel for
Power law model is compared in Fig. 9. For type I
velocity profile, while at pre-stenoses region WSS
varies insignificantly at 80% stenoses, it varies from
–1 to –0.25 for 25% stenoses with time, and the
variation dampened with the increase in degree of
stenoses. A detailed study of axial velocity along the
centreline is shown in Fig. 10. Power Law viscosity
for blood is considered here with variation in the
degree of stenoses from 25–80%. Velocity curve
representation at each successive time step of T/8
depicts the resemblance of gradient variation of
mean axial velocity about the centreline with that of
inlet plug pulsatile velocity profile. The overshoot of
temporal velocity in the region of stenoses (0.07 m.
–0.116 m) indicates the presence of gradient flow
breaker in each type of stenoses. In Fig. 11, it has
been shown that magnitude of wall pressure in-
creases both for increase and decrease of stenoses
from 50% stenoses (approximately). Physics behind
this variation is yet not clear, and it has not been
discussed in the literature yet.

4. Discussion

In the of higher Reynolds number, the peak of OSI
shifted slightly away from the region of stenoses
as compared to the earlier case, because at higher
Reynolds number, the dissipation of energy by the
fluid at the wall immediately after stenoses reduces
dynamic pressure further downstream during higher
stress relaxation factor of the corresponding vis-
coelastic fluid. For both types of inlet velocity pro-
files, Quemada viscosity model exhibits higher value
for average wall shear stress than that of Power Law
model. It has been found that the region just immedi-
ate after stenoses is prone to very low wall shear
stress, irrespective of the flow rate. This is linked to
the existence of recirculation pattern at such locations.
At high degree of stenoses, post stenoses wall has low
value of wall shear stress (about 0.5), development
of prone region for re-stenoses at downstream of
flow. Development of wall shear stress at post steno-
ses wall has been found at low degree of stenoses
(25%), indicating low susceptibility of re-stenoses at

        

(a) 25% stenoses (b) 56% stenoses (c) 80% stenoses

Fig. 10. Velocity plot at different degree of stenoses for type 2 input velocity profile
at each T/8 time steps considering Power Law model

        

(a) 25% stenoses (b) 56% stenoses (c) 80% stenoses

Fig. 11. Static Wall Pressure plot at different degree of stenoses for type 2 input velocity profile
at each T/8 time steps considering Power Law model
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further downstream. Re-stenoses can also occurs in
vessel with higher degree of blockage due to much
higher gradient change in wall sear stress across the
region of stenoses, and thus responsible for develop-
ment of vortices near immediate post stenoses wall.
Thus it can be concluded that even at pre-stenoses
region flow structure varies widely at the onset of
stenoses. It has been observed that WSS oscillates
from negative to positive values at the end of the time
cycle for 25% stenoses, and for 56% stenoses, it fol-
lows a symmetrical pattern.

On comparative study among the degree of steno-
ses, it has been found that mean axial velocity in-
creases (from 0.3 m/sec to 4.5 m/sec approximately)
with an increase in degree of stenoses along the cen-
treline. It indicates flow development from laminar to
transition as blockage increases due to the increase in
kinetic energy of the flow structure. Thus, it leads to
vortex development at further downstream of stenoses
due to formation of temporal-spatial low pressure
region due to dissipation of energy by the molecules
of the fluid in those regions.

Although the spatial and temporal distribution of
magnitude of axial velocity increases with increase in
Reynolds number by two-fold, yet there are insignifi-
cant changes in the pattern of the same, except an
occasional overshoot of axial velocity at further
downstream at low Reynolds number due to cumula-
tive stress response of the fluid. As the fluid at wall
has been considered to be of no-slip boundary condi-
tion, static wall pressure has been considered for
comparative study of wall pressure at different degree
of stenoses. Interestingly negative overshoot of wall
pressure has been found at further downstream of
stenoses, which increases with an increase in the
degree of stenoses, confirming recirculation of flow.
Phenomena for recirculation (vortex formation) had
already been discussed.

5. Conclusion

The present work combines pulsating flow and
non-Newtonian rheology for investigating flow
structure in stenosed artery. The location and move-
ment of recirculation bubbles are found to be depend-
ent on the degree of stenoses. At higher blocakge,
transient WSS profile shows symmetrical nature for
both types of input velocity profiles. As the geometry
of blockage induces narrow duct to the flow of the
fluid, it leads to the development of laminar to transi-
tion flow. Considering the viscosity property of the

fluid to be non-Newtonian, especially considering
hematocrit component of the fluid (blood) in case of
Power Law model and Quemada model, contribution
to the steep increase in WSS at downstream of post
stenoses region is of significance. While considering
hematocrit components of blood, which are macro-
molecules, flow behavior changing from laminar to
transition leads to greater dissipation of energy by
these molecules. Dissipation of energy in terms of tem-
poral heat leads to the development of quasi-spatial low
pressure region, which drives the phenomena of vortex
formation in those regions. Similarly, with the devel-
opment of vortices, oscillatory nature of WSS de-
creases, leading to low OSI. And temporal low value
of OSI leads to spatial aggregation of macromolecules
at the wall, leads to development of re-stenoses at
further downstream.
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