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Abstract: The dynamics of blood flow are dramatically
changed by arterial stenosis, a leading cause of cardiovas-
cular diseases. The hemodynamics through a bell-shaped
stenosis are examined in this work, which increases with
time. A new model is developed after incorporating the
temporal term in the geometry of the bell-shaped stenosis.
The equation is then solved to get analytical solutions
of the flow parameters for axisymmetric, incompressible,
and fully developed flow, taking blood as a non-Newtonian
fluid. Important variables, including viscosity, time, and
stenosis geometry, are changed to see how they affect
the volumetric flow rate, velocity, pressure drop, pressure
drop ratio, shear stress, and shear stress ratio. The find-
ings demonstrate a large drop in velocity and volumetric
flow rate at the bell-shaped stenotic region with increasing
time and viscosity. In the region of bell-shaped stenosis,
pressure drop and wall shear stress and their ratios
increase rapidly with increasing stenosis. These results
demonstrate how important the bell-shaped progressive
stenosis is to prevent blood flow and raise the risk of
cardiovascular disease. It can be used for the clinical
approach and for the researchers in this field.

Keywords: bell-shaped stenosis, shear-thinning behavior,
power-law, non-Newtonian fluid, Navier-Stokes equations

I. INTRODUCTION

Blood is a complicated biological fluid that supplies
oxygen and nutrients to tissues and cells, which is
essential for preserving human health [1,2]. Blood con-
tains suspended blood cells in plasma. It can be treated
as a non-Newtonian fluid, whose viscosity changes with
the shear rate and which is heterogeneous, making the
flow complicated [3]. Blood reaches every cell of the
body with the help of arteries, which are a closed
network of vessels, which vary in size and usually
tapering in nature [4]. The largest of these arteries is
the aorta which is about 2.5 cm in diameter, and the
capillaries are very small in size, which are less than 5
µm in diameter [5]. Arteries have different geometrical
structures, such as branching, curvature, and tapering
in size, and that makes the flow complicated [6]. It is
necessary to know the arterial network and its structure
to understand cardiovascular diseases, especially those
associated with structural anomalies such as stenosis or
narrowing of the arterial lumen and inner artery walls
[7, 8].
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Further on, all flow parameters of blood flow through
a curved artery having symmetric shaped stenosis were
already calculated by Gautam and Kafle in [9].

Stenosis modifies the normal circulation of blood and
affects the flow parameters such as velocity profile,
volumetric flow rate, pressure drop, pressure drop ratio,
wall shear stress, and its ratio [10–12]. Due to the sharp
wall, the bell-shaped stenosis has a significant impact
on the blood flow dynamics and the temporal term,
which measures the rate of increasing thickness, making
this model more effective.

According to Young [13], the impact of stenosis
becomes considerable when it surpasses the critical
value. Low shear stress is strongly associated with
plaque buildup, which suggests critical shear level may
play a key role in its development [14]. Lee and Fung
[15] investigated the flow dynamics within a constricted
tube, focusing on steady flow conditions characterized
by a low Reynolds number.

Kafle et al. [16] discuss and derive analytical solu-
tions for flow variables including velocity, volumetric
flow rate, and pressure drop in the stenosed portion
of an artery. Muravyov et al. [17] have stated that
hydrogen sulfide and sodium nitroprusside help to make
erythrocytes more deformable when gasotransmitter
donors are involved. The impacts of vorticity and ve-
locity characteristics at the apex of the bifurcation in
the stenotic region have been explored by Antonova et
al. [18].

After studying the effect of time-varying curvature
on the velocity profile, Schilt et al. [19] came to the
conclusion that the curvature causes the velocity profile
to change in form and be biased against the outer wall.
Gautam et al. [20] investigated the effect of curvature
on flow parameters using analytical solutions in a two-
layered model.

Amit et al. [21] modeled the blood flow in an
arterial segment considering the combined effects of
time-varying stenosis and slip boundary conditions.
Particularly in tiny arteries or at low shear rates, blood
exhibits non-Newtonian behavior [22, 23]. Under these
circumstances, its viscosity varies according to the shear
rate [2,17]. A popular model for explaining this behav-
ior is the power-law model, which describes blood as
a fluid that thins with shear [2,17]. For this model, the
velocity distribution is determined by a flow behavior
index n, where shear-thinning behavior is indicated by
n < 1 [24, 25].

Blood flow through a bell-shaped narrowing catheter-
ized artery is analyzed by Srivastav and Agnihotri
[26], considering blood as a Newtonian fluid, and they

have shown that the flow resistance and shear stress
increase with increasing catheter and stenosis size, and
shear stress at the throat behaves like impedance. In
spite of these developments, most previous studies have
employed static stenosis models or simplified sinusoidal
temporal variations.

Gautam et al. [27] have calculated the flow param-
eters for a stenosis increasing with time and sym-
metric in shape. Ponalagusamy and Manchi [28] have
examined the flow behavior of six different types of
stenosis, including bell-shaped taking blood as a K-
L Newtonian fluid. Very little is known about the
combined consequences of time-dependent and bell-
shaped stenosis geometry with non-Newtonian blood
behavior. An analytical model of blood flow through a
time-varying, bell-shaped stenosis in a cylindrical artery
is developed in this paper to fill this research gap. It
incorporates a power-law fluid model to account for
the non-Newtonian properties of blood.

Key cardiovascular factors, such as velocity distribu-
tion, volumetric flow rate, pressure drop and its ratio,
and wall shear stress and its ratio, are analyzed in
this work under biologically relevant circumstances.
Medical diagnoses and surgical procedures and the
design of implants depend on an awareness of these
alterations [29, 30].

Several earlier investigations have reported that in-
creasing stenosis severity leads to reduced velocity and
volumetric flow rate, accompanied by elevated pressure
drop and shear stress [10–12]. The present study further
extends these observations by incorporating a time-
dependent bell-shaped stenosis, offering deeper insight
into progressive hemodynamic changes.

II. MATHEMATICAL MODEL

In this study we examine the influence of bell-
shaped arterial stenosis, which increases continuously
over time, by considering axisymmetric, steady, and
fully developed blood flow in a vessel with bell-shaped
stenosis. Blood is considered a non-Newtonian, incom-
pressible fluid exhibiting complex flow behavior.

We use the Navier-Stokes equations to develop a
mathematical model that analyzes blood flow through a
stenosed artery. Blood’s shear-thinning behavior at low
shear rates leads to its treatment as a non-Newtonian
fluid, which is best captured by the power-law model.

A. Geometry of stenosed artery

We describe here the time-dependent geometry of
symmetric, Gaussian-shaped stenosis in a blood vessel.
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Fig. 1: Representative geometry of a stenosed artery with a bell-shaped constriction.

The radius of the vessel, varying with axial position z
and time t, is given by

R

R0
=


1− δ

R0

(
1− exp(−t/T )

)
exp

(
− w2ε2z2

R2
0

)
,

for |z| ≤ z0,

1, for |z| ≥ z0.
(1)

Here, we denote R(z, t) the radius of the artery with
stenosis as a function of axial position ′z′ and time ′t′,
R0 the radius of the artery without stenosis. Here, t is
time and δ is the maximum narrowing of stenosis. The
term (1 − e−t/T ), also called the temporal term, has
a transient effect representing the development of the
stenosis over time and varies from 0 to 1 as t runs from
0 to ∞. Here, t denotes time representing the yearly
progression of stenosis, and T is a fixed reference time
used to remove dimensions from the quantity.

When t = 0, the temporal term is 0, which indicates
the initial state. For t < T , the value becomes small,
and then its transient effect develops slowly. If t = T ,
its value (1 − e−1) ≈ 0.632, meaning approximately
63.2% of the vessel is affected, and the stenosis begins
to show a significant effect.

When t becomes much larger than T , the term
et/T tends to zero, and the effect of time becomes
negligible as the system approaches complete occlusion.
The impact of time is greater at the beginning and
slows down gradually for very large t. Make this
sentence short, simple, and academic. When t becomes
much larger than T , the term e−t/T tends to zero,
the system approaches total occlusion, and time has a
negligible effect. At first, time has a greater impact, but

it decreases gradually with increasing t.
The term exp

(
− w2ε2z2

R2
0

)
represents a bell-shaped

and symmetric stenosis with maximum height at z = 0
and gradually decreasing along the downstream direc-
tion. Here w and ε denote the stenosis width and shape
parameters, respectively.

B. Velocity for non-Newtonian fluid
In this study, we analyzed blood flow through a

circular artery by treating it as a non-Newtonian fluid
described by the power-law model. A control volume
within the artery was examined to determine the shear
stress (τ ) on its outer boundary which is,

τ = −µ
(dv
dr

)n
, (2)

where µ is the dynamic viscosity, v is the axial velocity,
r is the radial coordinate, and n is the flow behavior
index that characterizes the non-Newtonian nature of
blood. The pressure gradient along the axial direction,
denoted by P = −∂p∂z is assumed to drive the flow.
Based on this, the shear stress can alternatively be
expressed as follows

τ =
Pr

2
. (3)

By combining (2) and (3) we have

dv

dr
=

(
Pr

2µ

)1/n

.

Integrating with respect to r, and taking limits from r
to R we obtain

v =

(
P

2µ

)1/n
n

(n+ 1)

(
R1+ 1

n − r1+ 1
n

)
. (4)
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The velocity reaches its peak at the centerline of the
vessel (r = 0) and gradually decreases toward the
arterial wall as the radial distance increases. Taking
blood as a non-Newtonian fluid, the flow behavior index
n takes values in the range 0.68 ≤ n ≤ 0.80. For this
study, an average value of n = 0.75 is used. Now from
equation (4) we have

v =

(
P

2µ

)1/n
n

(n+ 1)
R

n+1
n

0

(( R
R0

)n+1
n −

( r

R0

)n+1
n

)
.

(5)
Set

χtb =
δ

R0

(
1− exp(−t/T )

)
exp

(
− w2ε2z2

R2
0

)
.

The exponential term 1−e−t/T has a Taylor expansion
up to the second order

1− e−t/T =
t

T
− 1

2

( t
T

)2

,

and we denote it by (A−B) with

A =
t

T
, B =

1

2

( t
T

)2

.

Similarly, the exponential term exp
(
− w2ε2z2

R2
0

)
has a

Taylor expansion up to the second order

exp
(
− w2ε2z2

R2
0

)
= 1− w2ε2z2

R2
0

+
1

2

(w2ε2z2

R2
0

)2

.

Thus,

exp
(
− w2ε2z2

R2
0

)
= 1− α+

α2

2
, α =

w2ε2z2

R2
0

.

Hence, χtb can be written as

χtb =
δ

R0
(A−B)

(
1− α+

α2

2

)
. (6)

Thus, by using (1) and (6), equation (5) becomes

v =
( P

2µ

)1/n n

(n+ 1)
R

n+1
n

0

(
(1−χtb)

n+1
n −

( r

R0

)n+1
n
)
.

Now, we apply the binomial expansion formula, and we
receive (5) as

v =
( P

2µ

)1/n n

(n+ 1)
R

n+1
n

0

(
1− n+ 1

n
χtb

+
n+ 1

2n2
(χtb)

2 −
( r

R0

)n+1
n
)
.

C. Volumetric flow rate

The volumetric flow rate Q can be determined using
the following integral

Q = 2π

∫ R

0

vrdr.

By substituting the velocity term from Equation (4) into
the above equation, the resulting expression is

Q = 2π

∫ R

0

( P
2µ

)1/n n

(n+ 1)

(
R1+ 1

n − r1+ 1
n

)
rdr.

After integrating, we get

Q =
nπ

3n+ 1

( P
2µ

)1/n

(R)
3n+1

n ,

which can be written as

Q =
nπ

3n+ 1

( P
2µ

)1/n

(R0)
3n+1

n

( R
R0

) 3n+1
n

. (7)

Using the expressions for v given in equations (1) and
(6), we have

Q =
nπ

3n+ 1

( P
2µ

)1/n

(R0)
3n+1

n (1− χtb)
3n+1

n .

Using the binomial expansion, we define the axial
velocity as

Q =
nπ

3n+ 1

( P
2µ

)1/n

(R0)
3n+1

n

(
1− 3n+ 1

n
χtb

+
(3n+ 1)(2n+ 1)

2n2
(χtb)

2
)
.

D. Pressure drop and pressure drop ratio

From equation (7) we derive the pressure term as

P =
2µQn

R3n+1
0

(3n+ 1

nπ

)n( R
R0

)−(3n+1)

.

Set

C =
2µQn

R3n+1
0

(3n+ 1

nπ

)n
, χ(t) = (1− e−t/T ),

D1 = (3n+ 1)χt, k =
w2ε2

R2
0

,

D2 =
(3n+ 1)(3n+ 2)

2
(χt)

2.

Assume χ(t) < 1. Now by using binomial expansion
for the Taylor series of R

R0
we receive( R

R0

)−(3n+1)

= (1− χte−kz
2

)−(3n+1)

≈ 1 +D1e
−kz2 +D2e

−2kz2 .
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Following the flow of blood through the narrowed
section, the pressure drop ∆P can be calculated by

∆P =

∫ z0

−z0
Pdz

= C

∫ z0

−z0
(1− χ(t)e−kz

2

)−(3n+1)dz

≈ C
∫ z0

−z0
(1 +D1e

−kz2 +D2e
−2kz2)dz.

We integrate each term separately∫ z0

−z0
1 dz = 2z0,∫ z0

−z0
e−kz

2

dz ≈ 2
(
z0 −

kz3
0

3
+
k2z5

0

10

)
,∫ z0

−z0
e−2kz2 dz ≈ 2

(
z0 −

2kz3
0

3
+

2k2z5
0

5

)
.

Thus, the pressure drop is

∆P ≈ C
(

2z0 + 2D1

(
z0 −

kz3
0

3
+
k2z5

0

10

)
+2D2

(
z0 −

2kz3
0

3
+

2k2z5
0

5

))
. (8)

In the case without stenosis, where both δ and t are
zero, the pressure drop ∆P simplifies to

(∆P )0 = 2z0C. (9)

Based on equations (8) and (9), the expression for the
pressure drop ratio is

∆P

(∆P )0
= 1 +D1

(
1− kz2

0

3
+
k2z4

0

10

)
+D2

(
1− 2kz2

0

3
+

2k2z4
0

5

)
.

E. Shear stress and shear stress ratio

The shear stress along the wall of the stenotic region
is regarded as minimum, as this location is relatively
closer to the centerline of the vessel. It is mathemati-
cally defined as

τmin =
PR

2
.

The wall shear stress on the basis of radial distance
from the center

τmax =
PR0

2
.

Based on these definitions, the ratio of shear stresses
between the stenosed and non-stenosed vessel walls can
be expressed as

τmax

τmin
=
R0

R
=
( R
R0

)−1

= (1− χtb)−1.

III. RESULTS AND DISCUSSION

We investigate the behavior of hemodynamic vari-
ables by applying the already discussed model formu-
lations, specifically incorporating the time-dependent
term. The following hemodynamic parameters are em-
ployed to generate the results: the arterial radius R0 = 2
mm, the stenosis width parameter ω = 0.5 mm−1,
the pressure gradient p = 100 mmHg, the location
of maximum stenosis z0 = 1, the stenosis height
δ = 1.44 mm, the parameter characterizing shear
thinning behavior n = 0.75, the constant time T = 10
years, and the stenosis shape parameter ε = 1.

A. Effect of time and viscosity on velocity

Figure 2 shows how velocity v along the axial
direction z changes over time t under a constant blood
viscosity of µ = 4.5 cP. At the beginning of the artery
(z = −1) and at t = 0.00 years, the peak velocity in the
absence of stenosis is 259.5 mm s−1, while at the center
of the stenosis (z = 0), the velocity decreases to 259.0
mm s−1. This shows that the decrease in velocity is
negligible when t = 0. As time progresses, the velocity
at the arterial entry decreases to 223.1, 192.9, and 167.8
mm s−1 at t = 1.0, 2.0, and 3.0 years, respectively.

At the peak of the stenosis, the corresponding ve-
locities are 220.9, 189.0, and 162.6 mm s−1. Over
this period, the velocity decreases by approximately
35.34% at the upstream region and 37.34% at the
center of the stenosis. These observations demonstrate
that increasing stenosis severity leads to a progressive
reduction in flow velocity, consistent with the expected
hemodynamic consequences of arterial narrowing.

Figure 2B quantifies the impact of blood viscosity
on flow velocity in a stenosed artery along the axial
direction ′z′ at a fixed time t = 3 years and at
r = 0 or at the center of the artery. According
to Nader et al. [3], blood viscosity lies in between
µ = 3.50 cP and 5.50 cP, so the viscosity is varied
within this range. The velocity profile, evaluated at
z = ±1 mm from the centerline, exhibits maximum
values of 227.4 mm s−1 (µ = 3.50 cP), 190.3 mm s−1

(µ = 4.00 cP), 162.6 mm s−1 (µ = 4.50 cP), and
141.3 mm s−1 (µ = 5.00 cP). These results demonstrate
a 37.86% velocity reduction across the tested viscosity
range, highlighting the persistent influence of viscosity
even at δ/R0 = 0.70.

Figure 2C displays a 3D surface plot of velocity
v(z, t) as a function of axial position z and time t, at
r = 0 and fixed viscosity µ = 4.5 cP. The velocity at
the peak of the stenosis (z = 0) gradually declines from
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S.N Time (t) velocity V velocity V difference of percentage decrease
[year] at z = −1 at z = 0 velocity in velocity

1 0.00 259.5 259.0 0.5 0.1920
2 1.00 223.1 220.9 2.2 0.9861
3 2.00 192.9 189.0 3.9 2.0217
4 3.00 167.8 162.6 5.2 3.0989

Table 1: Analysis of velocity profile along axial direction for different times.

S.N viscosity (µ) velocity V velocity V difference of percentage decrease
[cP] at z = −1 at z = 0 velocity in velocity

1 3.50 234.5 227.4 7.1 3.027
2 4.00 196.3 190.3 6.0 3.056
3 4.50 167.8 162.6 5.2 3.098
4 5.00 145.8 141.3 4.5 3.086

Table 2: Analysis of velocity profile along axial direction for different viscosities.

t = 0 to t = 3 years, illustrating the time-dependent
deterioration of blood flow due to stenosis progression.

Figure 2D illustrates a 3D plot of velocity v(z, µ)
versus axial position z and viscosity µ, at fixed t = 3
years and r = 0. The result shows a marked decrease
in velocity with increasing viscosity, particularly at the
maximum thickness of the stenosis, reflecting higher
resistance for more viscous blood.

In Table 1 we show the effect of increasing stenosis
on velocity at different times. Velocity is measured at
the beginning and at the peak of the stenosis. In fact,
effect of stenosis is zero at the beginning, and it is
maximum at the peak. When t = 0 years, velocity at
the beginning is 259.5 mm s−1. In this case the velocity
decreases by 0.192 %. This percentage decrement in 3
years time is 3.0989%. Again, keeping the point fixed
when the time increases, the percentage decrement is
35.337% at the beginning and 37.341% at the peak of
the stenosis. This difference shows that the effect of
time upon velocity at the peak of the stenosis is bigger
by 2.004% than at the beginning.

As time progresses and stenosis severity increases,
blood flow velocity decreases due to rising flow resis-
tance, which is governed by principles of fluid mechan-
ics. This reduction is more pronounced at the peak of
the stenosis, where the cross-sectional area is minimal,
resulting in greater shear stress and energy loss, as
evidenced by a higher percentage drop in velocity
compared to the stenosis onset.

Table 2 highlights the impact of increasing stenosis
on blood flow velocity at various viscosities. Velocity
measurements are taken both at the onset of the stenosis
and at its peak. As expected, the influence of stenosis is

negligible at the entry point and reaches its maximum at
the narrowest section. When the viscosity is µ = 3.5 cP,
the velocity at the beginning measures 234.5mm/s, with
a 3.027% decline observed at the stenosis peak. This
decline slightly increases to 3.086% when viscosity
rises to µ = 5.00 cP.

Additionally, a comparison of velocity reductions
between the two viscosity levels shows a 37.825%
decrease at the onset and a 37.862% decrease at the
peak. An increase in blood viscosity leads to greater
internal resistance, causing a reduction in flow velocity,
which becomes more noticeable at regions of maximum
constriction due to enhanced shear effects. The slightly
higher velocity drop at the stenosis peak reflects the
greater energy loss and flow resistance in narrower
regions, consistent with principles of viscous flow in
fluid mechanics.

B. Effect of time and viscosity on volumetric flow rate

Figure 3A demonstrates the effect of temporal vari-
ation on volumetric flow rate (Q) in a stenotic artery
along with respect to axial position ′z′ at a constant
viscosity µ = 4.5 cP. At t = 0.00 years (baseline),
volumetric flow rate (Q) is 360.4 mm3/s. As stenosis
develops, volumetric flow rate (Q) is 268.8 mm3/s at
t = 1.00 years, 201.3 mm3/s at t = 2.00 years and
152.2 mm3/s at t = 3.00 years. Q decreases from
360.4 mm3/s to 152.2 mm3/s in t = 3 years’ time,
showing a consistent 25% reduction per year. The ratio
δ/R0 = 0.7 remains constant, but the effective stenosis
severity increases gradually from zero to its maximum
as time progresses, due to the time-dependent growth
function (1− e−t/T ) in the model.
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(A) (B)

(C) (D)

Fig. 2: Relation between velocity profile and stenosis with a time-dependent bell-shaped geometry, (A) for different times, (B)
for different viscosities. Velocity due to combined effect of (C) time and stenotic height, and (D) axial direction and viscosity
µ.

These results quantify the hemodynamic impact of
progressive stenosis, where each 10% increase in steno-
sis severity corresponds to approximately 25% flow
reduction. Progressive stenosis causes a significant re-
duction in blood flow rate over time by increasing
vascular resistance, consistent with fundamental fluid
dynamics principles. This study quantifies that even
moderate increases in stenosis severity lead to substan-
tial decreases in flow, highlighting the critical impact
of arterial narrowing on hemodynamics.

Figure 3B demonstrates how increasing blood viscos-
ity (µ) influences the volumetric flow rate (Q) along
axial position (z) for fixed time t = 3 years. Using
parameters same as in Fig. 3A, the flow rate is observed
to decline as the viscosity increases. Specifically, when
µ rises from 3.50 cP to 4.00 cP, Q decreases from 212.8

mm3/s to 178.1 mm3/s. Further increases in viscosity
to 4.50 cP and 5.00 cP result in flow rates of 152.2
mm3/s and 132.2 mm3/s, respectively.

These measurements correspond to a stenosis severity
ratio of δ/R0 = 0.7. The trend clearly shows that
higher blood viscosity leads to a significant and consis-
tent reduction in volumetric flow rate, emphasizing its
critical role in hemodynamic behavior under stenosed
conditions.

Figure 3B shows that as blood viscosity increases, the
internal friction within the fluid rises, leading to greater
flow resistance and a consequent decrease in volumetric
flow rate. This behavior aligns with fluid mechanics
principles, where higher viscosity fluids exhibit reduced
flow under the same pressure gradient, especially in
constricted regions like stenosed arteries.
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(A) (B)

(C) (D)

Fig. 3: Relation between volumetric flow rate and stenosis in a time-dependent bell-shaped geometry: (A) for different times,
(B) for different viscosities. Volumetric flow rates under the combined effect of (C) time and axial direction and, (D) axial
direction and viscosity µ.

Figures 3C and 3D display the three-dimensional sur-
face plots of volumetric flow rate Q(µ, z) and Q(t, z),
respectively. In the Q(t, z) plot, viscosity is fixed at
µ = 4.5 cP, while time varies from t = 0.00 to 3.00
years. The flow rate is initially high when the artery is
healthy, reaching a maximum of about 362.4 mm3/s
at z = ±1 mm and t = 0, but steadily decreases
near z = 0 as the stenosis progresses, dropping to a
minimum of approximately 161.2 mm3/s by t = 3.00
years. In contrast, the Q(µ, z) plot holds time fixed at
t = 3.00 years while varying viscosity from µ = 3.50
to 5.00 cP. The flow rate is highest (about 212.8 mm3/s)
at low viscosity and outer axial positions (z = ±1
mm), but decreases sharply with increasing viscosity,
reaching around 132.2 mm3/s at µ = 5.00 cP and
z = 0, where stenosis is most severe.

Both plots show symmetric bell-shaped dips centered
at z = 0, and a smooth downward trend along increas-
ing t or µ axes. Blood viscosity has an immediate and
strong effect on reducing flow through the stenosed
artery, causing sharp declines in Q as µ increases,
especially at the stenosis center. In contrast, time-
dependent stenosis growth leads to a gradual decline
in flow over several years, reflected in the nearly linear
or gently sloping nature of Q versus time.

C. Effect of time and viscosity on pressure drop (∆P )

Figure 4A visualizes the pressure drop (∆P) along
the axial position of a stenosed artery over time using
a non-Newtonian (power-law) blood flow model. The
dynamic viscosity of blood is µ = 4.5 cP, under a
constant volumetric flow rate of Q = 151 mm3/s. At
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(A) (B)

(C) (D)

Fig. 4: Relation between pressure drop and stenosis with a time-dependent bell-shaped geometry, (A) for different times, (B)
for different viscosities. Pressure drop due to combined effect of (C) time and axial direction and, (D) axial direction and
viscosity µ.

baseline (t = 0.00 years), the pressure drop is 103.7
mmHg. As the stenosis progresses, it increases to 129.8
mmHg at t = 1.00 years, 161.2 mmHg at t = 2.00
years, and 198.8 mmHg at t = 3.00 years, showing an
approximate 20% increase per year.

As stenosis progresses, the narrowing of the artery
increases flow resistance, causing a significant rise in
pressure drop along the vessel, consistent with fluid
dynamics principles for viscous, non-Newtonian flow.
The increasing pressure drop over time reflects the
greater energy loss needed to maintain a constant flow
rate through the increasingly constricted artery.

Figure 4B illustrates how increasing blood viscosity
(µ) affects the pressure drop (∆P ) along the axial posi-
tion (z) of a stenosed artery at a fixed time of t = 2.00
years. The arterial geometry and flow parameters are

the same as those used in the analysis of Figure 4A.
An increase in blood viscosity from 3.50 cP to 4.00 cP
results in the pressure drop rising from 125.4 mmHg to
143.2 mmHg. Subsequent increases in viscosity to 4.50
cP and 5.00 cP lead to further elevation of the pressure
drop to 161.2 mmHg and 179.1 mmHg, respectively.

This behavior illustrates that elevated viscosity sub-
stantially enhances flow resistance, stressing the key
role of blood’s physical properties on pressure drops
in narrowed blood vessels. Increasing blood viscosity
raises the internal friction of blood flow, which signif-
icantly increases the pressure drop needed to maintain
flow through a stenosed artery. This highlights how
the physical property of viscosity directly influences
flow resistance and energy loss in constricted vessels,
consistent with fluid mechanics principles.
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(A) (B)

(C) (D)

Fig. 5: Relation between (A) pressure drop ratio / (B) shear stress ratio and axial position of the stenosis with a time-dependent
bell-shaped geometry for different times. Combined effect of time and axial position for (C) pressure drop ratio and (D) shear
stress ratio τmax

τmin
.

Figures 4C and 4D illustrate the variation of pres-
sure drop ∆P along the artery’s axial position z
influenced by time and viscosity, respectively. In the
time-dependent plot ∆P (t, z) at a fixed viscosity of
µ = 4.5 cP, the pressure drop starts at a minimum
value of approximately 104.6 mmHg and steadily rises
as stenosis progresses, reaching a maximum near 198.8
mmHg at the stenosis center (z = 0) after 3 years.

This increase reflects the gradual intensification of
flow resistance due to the growing arterial narrow-
ing. Conversely, the viscosity-dependent plot ∆P (µ, z),
keeping time fixed at 3 years, shows that pressure drop
increases sharply with blood viscosity. The minimum
pressure drop near the artery’s ends (z = ±1) is
around 148.6 mmHg, while the maximum pressure at
the stenosis core reaches 220.9 mmHg at µ = 5.0 cP,

indicating the strong influence of blood flow dynamics
on pressure drop in stenosed arteries. Blood viscosity
and duration have a significant effect on the pressure
drop across a stenosed artery.

The pressure drop increases gradually with time-
dependent stenosis, but it rises more sharply and in-
stantly with increased viscosity, particularly near the
arterial constriction.

D. Effect of time on pressure drop ratio

Figure 5A presents how the pressure drop ratio ∆P
∆P0

changes along the axial position (z) for different time
points, while maintaining constant parameters such as
radius, viscosity, and flow rate, as used in Figure
5A. The analysis considers a fixed stenosis severity
level of δ

R0
= 0.7. As time advances, the stenosis
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thickens gradually in accordance with an exponential
growth model. This progression leads to a consistent
and measurable increase in the pressure drop ratio along
the length of the artery. At the initial time t = 0.00
years, the pressure drop ratio begins at a baseline value
of 1. As time moves forward t = 1.00, 2.00, and 3.00
years, the corresponding ratios rise to 1.24, 1.49, and
1.76 respectively. This pattern reflects the accumulat-
ing influence of stenosis increasing over time on the
pressure drop ratio.

Figure 5C shows how the pressure drop ratio ∆P
∆P0

changes over time along the artery’s axial location z.
A bell-shaped narrowing with a center at z = 0 that
grows gradually over time with a time constant of
T = 10 years is used to depict the course of stenosis. At
t = 0, the pressure drop ratio is approximately 1, which
indicates a healthy artery. After three years, it rises
gradually to a high value of approximately 1.811 near
the stenosis center. The pressure drop ratio increases
steadily with time, attaining its maximum at the peak of
the stenosis and remaining lower near the left and right
endpoints. The gradual start of arterial narrowing and
the localized rise in flow resistance as stenosis increases
are reflected in this 3D Fig.

E. Effect of time on shear stress ratio

Figures 5B and 5D present two-dimensional and
three-dimensional representations of how the shear
stress ratio evolves along the axial coordinate z of a
stenosed artery over time. The arterial narrowing is
modeled in a symmetric, bell-shaped function, intensi-
fying gradually with time based on the exponential term
1− exp(−t/T ), where T = 10 years characterizes the
rate of stenosis development. In the 2D plot (Figure
5B), distinct curves represent shear stress ratios at
different time snapshots, showing a uniform rise from
1.000 at t = 0.00 to 1.071, 1.145, and 1.222 at
t = 1.00, 2.00, and 3.00 years, respectively.

The 3D plot (Figure 5D) complements this by show-
ing a smooth, upward-sloping surface, where shear
stress increases both with time and toward the stenosis
center (z = 0). The progressive increase in stress and
geometric symmetry around the center emphasizes how
stenosis exacerbates the effects on wall mechanics. All
of these figures together show that shear stress increases
gradually in response to stenosis that develops over
time, reaching its maximum at the wall where the
stenosis has its maximum height. Time-dependent and
spatially localized stenosis raises the mechanical diffi-
culties associated with progressive arterial narrowing.

IV. CONCLUSION

In this work we have examined the effect of increas-
ing thickness of the stenosis on hemodynamics when
blood passes through a bell-shaped stenosis. Blood is
modeled as a non-Newtonian, incompressible, viscous
fluid following a power-law rheology. Assuming ax-
isymmetric flow, a mathematical model based on the
Navier-Stokes equations is formulated to investigate
velocity, pressure drop, pressure drop ratio, volumetric
flow rate, and shear stress ratio.

The results reveal that both time progression and
increasing blood viscosity significantly reduce velocity
in a stenosed artery. As we move from the center to-
wards the arterial wall, the velocity decreases gradually.
However, the effect of time-dependent progression of
stenosis is more dominant. The volumetric flow rate is
significantly reduced by blood viscosity, particularly in
the stenotic region.

Thus, stenosis severity over time has a greater impact
on hemodynamic behavior than viscosity variation. In
contrast, time-dependent stenosis growth leads to a
gradual decline in flow over several years, reflected in
the nearly linear or gently sloping nature of Q versus
time. Pressure drop gradually rises over time but reacts
more strongly to variations in viscosity. The shear stress
shows that there is a growing and focused mechanical
pressure caused by the worsening of stenosis, which
increases over time and is highest at the peak of
the stenosis. These results highlight how rheological
and temporal factors interact and compound to affect
circulatory flow dynamics.

The present results align well with our previous stud-
ies on non-Newtonian blood flow in stenosed arteries,
showing reduced velocity and volumetric flow rate and
increased pressure drop and shear stress with greater
stenosis severity. By incorporating time-dependent bell-
shaped stenosis, this study reveals a more progressive
deterioration of hemodynamic characteristics over time.
These trends are also consistent with other studies
discussed in the introduction. Including temporal pro-
gression provides further insight into the long-term
hemodynamic impact of stenosis, complementing and
extending existing models. This result may be useful in
the clinical approach as well as for researchers in this
field.
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