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1 Introduction

Due to the complex nature of blood, the exact characteristics of blood flow
through a stenosed arterial tube remain unknown, despite its crucial role in any
blood circulatory disorder. The accumulation of fatty substances in the lumen
of the artery leads to stenosis, resulting in increased resistance to blood flow.
Time-dependent arterial stenosis is one of the most common forms of arterial
disease. Various cardiovascular diseases, like atherosclerosis, heart attacks, and
brain hemorrhages, are worsened by arterial constriction.

The probability of stenosis formation rises in arteries with high curvature,
as reported by Sharma et al. [26]. Their study also showed that blood gener-
ates greater entropy as the intensity of viscous heating and thermal radiation
increases. Shabir et al. [24] demonstrated that the curvature of blood vessels
significantly influences blood flow velocity. Hussain et al. [11,12] conducted
a numerical study of pulsatile flow of a nano-fluid (blood) through a curved
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artery with stenosis and post-stenotic dilatation to examine the effects of ther-
mophoresis and Brownian motion. In another study, Mekheimer et al. [15]
theoretically investigated blood flow through a catheterized curved artery con-
taining a time-dependent overlapping stenosis.

The impact of various factors influencing arterial blood flow has been ex-
plored through mathematical modeling in numerous studies. Awad et al. [3]
reported that higher values of wall elasticity parameters promote smoother
blood flow through a stenotic section of the artery. Zaher et al. [30] confirmed
that increasing parameters related to wall flexibility makes blood flow easier
through the stenosed area. Bali et al. [4] examined how a magnetic field affects
blood flow resistance when there is arterial constriction. Chakraborty et al. [7]
built a model to evaluate how body acceleration influences unsteady blood flow
with time-dependent arterial stenosis. The effect of time-dependent stenosis on
blood flow has also been explored by Mishra et al. [16] and Khan et al. [18].
Shabir et al. [25] investigated the electro-osmotic effects in time-dependent
blood flow through a W-shaped stenotic conduit driven by a pulsatile pressure
gradient.

To study blood flow characteristics through a constricted artery, several re-
searchers have proposed mathematical models assuming constant viscosity [1,4,
7]. However, since viscosity depends on hematocrit, incorporating variable vis-
cosity provides more accurate results for determining flow rate, flow resistance,
and wall shear stress. Shit et al. [27] developed a model for blood flow through
a stenosed artery that incorporates variable viscosity. Mekheimer et al. [14]
conducted a theoretical study on the combined effects of variable viscosity and
thermal conductivity on pulsatile blood flow in an asymmetric channel.

Blood flow behavior also depends on shear rate. At high shear rates, blood
flow exhibits the characteristics of a Newtonian fluid in large-diameter arteries,
whereas at low shear rates, it displays non-Newtonian properties, especially
when the artery diameter is relatively small [10,19]. Several studies modeled
blood flow by considering blood as a Herschel-Bulkley-type non-Newtonian
fluid. Ali et al. [1] presented a mathematical model to examine the non-
Newtonian behavior of blood in the presence of overlapping arterial steno-
sis. However, blood more accurately represents a Casson-type non-Newtonian
fluid, as it precisely captures the yield stress caused by red blood cell (RBC)
aggregation, provides a closer fit to experimental rheological data, and re-
flects the micro-structural characteristics of blood, particularly at physiological
shear rates. In [8], Charm and Kurland experimentally demonstrated that the
Casson-type fluid model is a suitable representation of blood flow through a
narrow arterial tube at low shear rates. Chaturani and Samy [9] considered
Casson-type blood flow and developed a mathematical model for pulsatile flow
through a stenosed artery. Blair and Spanner [6] observed that blood exhibits
characteristics of a Casson-type non-Newtonian fluid at moderate shear rates,
making it a suitable model for blood flow. Aroesty and Gross [2] also formu-
lated a mathematical model for pulsatile blood flow through a narrow, uniform
arterial tube, treating blood as a Casson-type non-Newtonian fluid.

Instead of assuming uniform blood flow behavior throughout the entire
artery, many researchers (Ponalagusamy et al. [17], Sankar et al. [22]) pro-
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posed a two-layered mathematical model for blood flow through a constricted
artery to study flow velocity and resistance to flow. In these models, blood in
the outer region of the artery is treated as a Newtonian fluid, while the inner
core region is assumed to exhibit non-Newtonian behavior. Several recent stud-
ies investigated how variations in viscosity affect the two-fluid model of blood
flowing through constricted blood vessels [3,21,23, 24,25, 26, 30].

Furthermore, the slip velocity on the arterial wall plays a significant role in
reducing hydrodynamic resistance, pressure drop, and wall shear stress within
a stenosed artery, while also increasing the flow rate. Biswas et al. [5] demon-
strated that slip velocity influences blood flow in a stenosed artery when body
acceleration is present, using a two-layer pulsatile flow model. In [28], the effect
of slip on pulsatile blood flow through a stenosed arterial segment subjected to
periodic body acceleration was examined.

This study presents a mathematical model to investigate the effects of vari-
able viscosity and slip velocity on the flow rate, resistance to flow, and wall
shear stress of blood flowing through an artery with a time-dependent stenosis.
The blood flow is modeled with two layers: a cell-free plasma layer treated as
a Newtonian fluid, and a core layer composed of a suspension of red blood cells
in plasma, modeled as a Casson-type non-Newtonian fluid.

2 Mathematical formulation

To develop the mathematical formulation, an axially symmetric, two dimen-
sional, laminar, and pulsatile flow of blood through an inelastic arterial blood
vessel is considered. Assuming the artery is sufficiently long, the effects of
blood flow at the entrance and exit are negligible and can be ignored. The flow
consists of two layers: a cell-free plasma layer, modeled as a Newtonian fluid,
and a core layer comprising a suspension of red blood cells in plasma, which is
modeled as a Casson-type non-Newtonian fluid (see Figure 1).
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Figure 1. Constricted arterial tube for two fluid model.

To present the two-layered mathematical model, cylindrical coordinate (7, ¢,

Z) is considered, where 7 is radial coordinates, ¢ is the azimuthal angle, and z

is the axial coordinate. In case of mild stenosis, << 1 and therefore % = 0.
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Thus, the governing equations are

ou.  9p 10

<L = X __(FF <F< Rtz .
Pe5s % f@F(TTC)’ O_T_Rl(t,z), (2.1)
_ Oun op 10  __ = = _ _ =

N__ 9 19 <F< .
PN 57 93 FaF(TTN), Rl(t,z) <7< (t,z), (2.2)

where p. and py are densities, @, and @y are velocities in core and plasma
region respectively, 7. and Ty are shear stresses, p is the pressure and ¢ is time.
The correlation between shear stress and strain rate is expressed as

1 1 Ol _ -
7cé:77-0;+ ﬂ/c(f) (_ au_) 62707 RpSfSRl(ta2)7
T
T8 _ = 2.3
877:0’ TC<TOaO§TSRp7 ( )
ot _ _
™~ = iiN (—ng> ,Ri(t,2) <7 < R(t,2),

where fil(7) represents the radial varying viscosity in core region and Rp is the
plug core(flow) radius.

The variation in blood viscosity is influenced by several factors, including
shear rate, temperature, protein concentration, and various pathological con-
ditions like anemia and diabetes. It is observed from experimental results that
the core region is not completely cell-free; therefore, the viscosity in the core
region, fi.(7), may be expressed in the form [23]

i (7) = fie/ [1 = K+ k (7/Ro)"],

where k = 1 + Bhy,, fic is the coefficient of viscosity, h,, is the maximum
hematocrit having the value 2.5 (Mazumdar et. al. [13]), 79 is the yield stress, n
is the viscosity index. Furthermore, the blood exhibits radially varying viscosity
due to nonuniform RBC concentration, known as hematocrit, and this form
successfully captures the viscosity behavior, including high viscosity at the
center (7 = 0) and low viscosity near the wall (7 = Ry).

The boundary conditions are given by

T. is finite at 7=0,
Te=7N, Uc=1Un at T=Ri(t2),
iy =1u, at T=R(z),
where w4 represents the slip velocity. In the core and peripheral region, the
geometry of time-dependent constriction is given by [16,21]

- R 750(176*?) [1+cos 2220], if— 922, < 7 < 25,
Rl (t’ 2) = ! 70 (W / )
YRy, otherwise,
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R(52) - Ry —don (1 — e—f@) [1 + cos (wz/%o)} . if—2z, < <23,

Ry, otherwise,

where Ly is the length of the stenotic region and equal to 4%, d. and dy
represent the maximum height of the stenosis in core and peripheral region
respectively, R (¢,z), Ry (£,z) are radii of the constricted artery with periph-
eral and core region respectively, Ry be the radius of the normal artery, vRg
represent the radius of the core region for normal artery, < is the fraction of
the core radius to the radius of the normal artery.

Introducing the non-dimensional quantities

TC:%C[?O,TN:@,L:g,zozé—o,fip:&,p:@
Uofic Uofin Ry Ry 0 Uoiin

r:];(),tztw,Losz,onZR(Q)l_jjvaj,poz';Z,uc:g;,

un %, Uug %, 0 = Z)ORZ, 50—;%, 5N=%, R(z) = RR(?,

R =D g Bl g Bl D)

where « is the Womersley parameter and w is the angular frequency of the
blood flow. The pressure gradient is taken as

415 1),

where the pressure gradient at steady state is represented by ¢ (z). f(t) is
defined as equal to 1 4 Asin (¢), A represents the pressure gradient amplitude.
Using non-dimensional variables as given above, Equations (2.1)—(2.3) take the
form

o? Ou, 10
z

gat = ()f()—;a(”c)’ (24)
8uN 13
2 — _ -
0?2 () [ 1)~ S (v, (25)
(\/ﬁ—\/%)Q(l—k+kr"):—%lic, T>1, R,<r<Ri(tz),
Ou,
SC=0, r<m, 0<r<R,
0
== Ri(tz) Sr<R(2),

In non-dimensional form, the boundary conditions are given by

T. is finite at r =0,
Te =TN, Ue =un at 1= Ry(t 2),

uy =us at r=R(t2).
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In core and peripheral regions, the geometry of the stenosis is given by

_ et e o<
Ri(t,2) = ¥—0.(1—e )[1+cos (7rz/2zo)}, if — 22, < 2 < 22,,

v, otherwise

B —e if — 22, < 2z <
R(t,2) = 1-dn(l—e )[1+cos(7rz/220)}, if — 22, < 2 < 22,

1, otherwise.

The volumetric flow rate is given by

R(t,z)
Q= 8/ ru(z,r,t)dr.
0

3 Steady flow of blood

Under a steady flow of blood, the governing equations are

1d
fd—(rTc), 0<r<Ri(z),
ps=3 1% (3.1)
;%(TTN% Rl(z) STSR(Z)v
Ou, 2 n
o = (\/770—\/%) (1—k+kr™), R,<r<Ri(2),
du,
G =0 m<m0<r<R,
0
- g;v =7n, Ri(z) <r < R(2) (3.2)
with the following boundary conditions
T, is finite at r = 0,
Te = TN, Ue = Un at T = Ry (2), (3.3)

uy = us at r = R(z2),

where ps; = (—%) is the non-dimensional steady state pressure gradient.
From (3.1) and using the boundary conditions (3.3)

Tc:p;/r’ O§T§R1(Z)a
™ = ;r, Ri(z) <7 < R(z2),

du, 2 n
~5e = (Vpr2 = ym) L=k + k™).

3
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Integrating (3.2) and using the boundary condition u, = uy at r = Ry(z)

o R2_ 2
ux —u, + 22T
J(R2 — R? L1 — k)(r2 — R?
Up :u§+p (R4 Rl) 7p ( )ZET. Rl) 7T0(17]€)(T7R1)
2+/2psTo 3 z Dsk n+2 n+2
e (7"2 R1> o) (72— Ry?)
Tok il a1 2k\/2psTo | i3 (nts)
- -R — -R, 7 .
(n+1) (T ! )+ (2n + 3) " !

The plug velocity is obtained from core velocity u. by putting r = R,. Thus,
the plug velocity is given by

ps(R* — RY)  ps(1—k)(R] — RY)

Uy =t + i - T —7o(1—k)(Rp — R1)
2v/2pso 3 3 psk nt2 | pnt2
+3(1k)<RpR1>2(n+2)(Rp - Ry
10k (gt pagr) | 26V2peTo [l n
(n+1) (Rp By ) + (2n+3) " B ’

In core and peripheral regions, the geometry of the stenosis for steady state
flow is given by

v — b {1 + cos (WZ/ZZO):| , if—2z, < 2 < 22,

7, otherwise,

1-90n [1 + cos (71'2/220)} ,  if—2z, < 2 < 22,

1, otherwise.

The volumetric flow rate @ is given by [29]

R(z)
Qs :8/ ru(z,r)dr
0

R, R1(2) R(z)
:8up(z,Rp)/ rdr—|—8/ ruc(z,r) dr—|—8/ run(z,r)dr.
0 Rp R] (Z)

The resistance to flow Ais given by A; = psL/Qs, where L represents the
length of the blood vessel.
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4 Solutions for pulsatile flow of blood

Since Womersley parameter « is assumed to be small, expressions for velocity
distribution u. and shear stress 7. are expressed in the form [21]

=ueo(z,7,t) + aPuer (2,7, 1) + ...,

uC(Z, T, t)
Te(2,7,t) =Teo (2,7, 1) + a1 (2,7, 8) + ..., (4.1)
un(z,7,t) =uno(z,r,t) + Puni(z,7,t) + ..., .
5 (2,7, t) =Tno(2, 7, 1) + TN (2,7, 8) 4. ..
The boundary conditions in non-dimensional form are given as
Te0 and 7.1 are both finite at r = 0,
Te0 = TNO, Tel = TN1, Ue0 = UNO, Uel = un1abT = (2, 2), (4.2)
UNO = Usp, UNT = Ug1 ab 7 = R(t, 2).
Putting (4.1) in Equations (2.4), (2.5) and equating the coefficients of o,
0
D (rr0) = ra(2)£(0). (4.3
Ou,
(V7w = V)" (1= k4 k™) = =522, (4.4)
0
9 (rrwo) = ra(2) ), (45)
0
E(UNO) = —TNo- (4.6)
Integrating (4.3), (4.5) and using the boundary conditions (4.2),
r r
Teo = §Q(Z)f(t)7 TNO = §(I(Z)f(t)'
Integrating (4.6) and using the boundary conditions (4.2),
t
UNO = Uso + Q(Z)f( >(R2 7“2) (4 7)

Again integrating (4.4) and then using the boundary conditions (4.2),

Uep =Us0 T %(RQ - R%)

(VT = V) (1= BBy =)+ (R =) (49)

The zeroth order plug velocity can be obtained from (4.8) as upo = uc at
r= RpO-

Math. Model. Anal., 31(4):604-624, 2026.
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Similarly after substituting (4.1) in Equations (2.4) and (2.5) and equating
the coefficients of a? results

O = L rma), (4.9)
”““3%;“”%1—k+kW)=—%¥%

alg;” - —%%(rn\n), (4.10)
R (4.11)

Substituting (4.8) in Equation (4.9) and then integrating we get after using
boundary condition (4.2)

10 (- ) - LB (72 )

Tel = 8po

n (1—Fk)f'(t) |70q(2) (2 3 )k ( Ry - et
po 2f(t) \5 )po 3 n+4
IO [roa) (2 ey 2 s
(n+ Do \| 270 < i >

N
S
+
—_ =

570 Tongt
Integrating (4.9) and using the boundary conditions (4.2),

U =D+ I+ I3+ 1+ Is+ I+ Ir + Is + Ig + Tio + L1, (4.12)
where the terms I; to I are given in Appendix A.

Integrating (4.10) and using the boundary conditions the expression of 7y is
obtained in the form as

a(2) (1) (R% ) RIOIKO (RQR% R )

mETT e T dr 2 4
q(2)f'(t) (1=k)g(2)f'(t) [ RS
RN 8rpo (R2 B R%) B - 27 po (121>
+(1 —k)f'(#) [10q(2) (4R2) _ q(z)f'(t)k R1n+3 B R1n+3
po 2f(t) \35 1 2r(n 4 1)po 3 n+4
kf'(t) Toq(z) (2, s 2 2nt5
r(n+1)po \| 2f(t) <5R1 7 )

Similarly by integrating (4.11) and using the boundary conditions the expres-
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sion of un1 is obtained in the form as

Y 2,2 rd r P 2 _ p2\ p2
o =2 <R4 —16) i () 10 [q( g

q(z) (R* — R}) R} (- q(z)R} - k)4\/7'0q(z) ng

80 24p0 Tpov/2f
4 4 27;;»7 / 4
Ca@ER 4V Ry g = SIESOR
6po(n + 4) 5p0(2n + 7)\/2f(t) 64

The wall shear stress 7, and the shear stress at the core layer 7. can be obtained
as

2 I 2
Tw = |:7-N0 + « TNI} y Te= |Teo + TCl:|
T L

r=Ip
The plug velocity, u,, for pulsatile flow is obtained as
Up = Upo + 042up17

where u,9 and u,; are obtained by r with Ry and Ry in (4.8) and (4.12),
respectively.

The velocity u. and uy in the core and plasma layers are respectively given
by

Ue = Ueo + @Uer,  Un = uno + ’un,
where ucg, Ue1, uno and upy are given in (4.8), (4.12), (4.7) and (4.13) respec-

tively.
The volumetric flow rate for pulsatile flow, @ is thus becomes

R, R »
Q :8up/ rdr —|—/ 8r {(up|Rp0) —70(1 —k)r — Zs(l —k)r?
0

Ry
2 k psk
Spro(l — k) opld gyl PR ngo
+1/2p7o( )3’" HrE 2(n+2)
2 Saperor dr+/R8 T (=) | ar
(2n+3) PsTo . 4 s .

Resistance to flow is given by A = , where Py and P, are pressures at

z =0 and z = L respectively.

Py—Pr
Q

5 Numerical results and discussions

5.1 Analysis for steady flow

Figures 2 and 3 show the variation of the core velocity for different values of
viscosity index (n) and slip velocity (us). It is observed that core velocity (u.)
decreases as the radial distance (r) increases with constant slip velocity. It

Math. Model. Anal., 31(4):604-624, 2026.
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—%—u =003,n=2

+Us=004‘n=2

—e—n=0,u.=002
—%—n=3,u =002

—%—n=10,u =0.02

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
—>r —

Figure 2. Core velocity profile vs radial Figure 3. Core velocity profile vs radial
distance for different n. distance for different wus.

is also observed that core velocity (u.) decreases as n increases, whereas the
opposite effect occurs when slip velocity (us) increases.

Figures 4 and 5 represent the variation of plug velocity (uy,) for different
viscosity indices and slip velocities. It is found that as the yield stress (7o)
increases, the plug velocity (u,) decreases. It is clear from the figures that plug
velocity (u,) decreases for increasing n, but the opposite phenomenon occurs
when slip velocity ug increases.

0.14 0.16
—e—n=0,u =002 —e—u,=002 n=2

14
012 —%—n=3,u,=0.02 o —%—u,=003,n=2
—%—n=10,u =002 . —x—U =004,n=2

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
—> 7 —>,

o

Figure 4. Plug velocity vs yield stress for Figure 5. Plug velocity vs yield stress for
different n. different wus.

—6—n=0,u =002
—%—n=3,u=002
—x—n=10,u =002

—e—u,=002,n=2
—%—u =003,n=2
+us=00¢,n=2

0.2

0.15

0.08 0.1
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2

—> 7 —> 7

Figure 6. Volumetric flow rate vs yield Figure 7. Volumetric flow rate vs yield
stress for different n. stress for different wus.

Figures 6-13 illustrate the variation of volumetric flow rate (Q) with changes
in yield stress (79) and height of the stenosis (dx), viscosity parameter (k) for
different values of viscosity index (n), slip velocity (us), and pressure gradient
(ps). It is evident from the figures that the volumetric flow rate decreases as
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the yield stress, stenosis height, and viscosity parameters increase; however,
the pressure gradient exhibits the opposite trend. Additionally, the volumetric
flow rate decreases with an increase in (n) and increases as the slip velocity
increases.

—e—n=0,u =002
—%—n=3,u =002 0.5,
—»—n=10,u =0.02

—o—u =002,n=2
—%—u =0.03,n=2
—%—u =004,n=2

0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

Figure 8. Volumetric flow rate vs § for Figure 9. Volumetric flow rate vs d for
different n. different us.

—e—u,=002,n=2
—%—u =003, n=2

0.16 —%—u =004 n=2
0.2

o014 o 0.18
A —e—n=0,u =002 $016
0.12 | —%—n=3,u =002

—%—n=10,u_=0.02 0.14

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
—> k —> kK

Figure 10. Volumetric flow rate vs k forFigure 11. Volumetric flow rate vs k for
different n. different wus.

—e—n=0,u =002
—*—n=3,u =002

—6—u =002,n=2
—*—u =003, n=2
—*—U =0.04,n=2

—%—n=10,u =0.02

Figure 12. Volumetric flow rate vs ps Figure 13. Volumetric flow rate vs ps
for different n. for different us.

Figures 14-19 depict the behavior of flow resistance with respect to varia-
tions in stenosis height (dx), viscosity parameter (k), and yield stress (7p). It
has been observed that, in all instances, the flow resistance (\g) increases with
the increased values of the above parameters. Furthermore, it is noted that
the flow resistance (\;) increases as n increases, whereas it decreases with an
increase in slip velocity (us).
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Figure 14. Resistance to flow vs 79 for Figure 15. Resistance to flow vs 79 for
different n. different us.
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Figure 16. Resistance to flow vs § for Figure 17. Resistance to flow vs o for

different n. different us.
8 6.5
—e—n=0u =002 —e—u,=002,n=2
SL|—#—n=3y,-002 6 | —%—u =003,n=2
——n=10,u = 002 55l | U =004 n=2

Figure 18. Resistance to flow vs k for Figure 19. Resistance to flow vs k for
different n. different us.

5.2 Analysis for pulsatile flow

Figures 20 and 21 illustrate the variation of core velocity (u.) in the case of
pulsatile flow. It increases as the yield stress (79) and the slip velocity (us)
increase. Similar phenomena are observed regarding the variation of n and wus,
analogous to the behavior in steady flow conditions.
Figures 2225 present the variation of plug velocity for pulsatile flow (u,) as a
function of yield stress and time for various values of n and wu,. It is observed
that plug velocity increases with an increase in yield stress. However, in the
case of time variation, it is found that wu, initially increases until ¢ = 8, after
which it gradually decreases for all permissible parameter values.

The variation of wall shear stress for pulsatile flow (7,,) as a function of
time for different values of the viscosity index (n) and the amplitude of the
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Figure 20. Core velocity profile vs 79 Figure 21. Core velocity profile vs 79

for different n. for different wus.
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Figure 24. Plug velocity vs time for Figure 25. Plug velocity vs time for
different n. different wus.

pressure gradient (A) is depicted in Figures 26-27. It is observed that the wall
shear stress (7,) follows a sinusoidal variation.

In the case of pulsatile flow, the volumetric flow rate (Q) exhibits an increase
with the yield stress (79), as demonstrated in Figure 28. However, over time, it
sustains an increase until approximately 8 seconds, after which it diminishes,
as evidenced in Figures 29-31 for various values of n, k, A respectively.

Figures 32-35 illustrate the variations in flow resistance for pulsatile flow.
These figures clearly demonstrate that resistance to flow decreases as yield
stress increases, whereas it increases with a higher viscosity index. As time
progresses, resistance to flow decreases up to a specific fixed point in time,
after which it increases again for constant values of other parameters. It is
observed that the flow resistance exhibits a sinusoidal pattern over time.

Math. Model. Anal., 31(4):604-624, 2026.
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Figure 26.

Wall shear stress vs time for
different A.

Wall shear stress vs time for Figure 27.
different d .

Figure 28.
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Figure 29. Volumetric flow rate @ vs
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Figure 30.
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Figure 31. Volumetric flow rate Q vs
time for different A.
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Figure 34. Resistance to flow rate A vs Figure 35. Resistance to flow rate A\ vs
time for different k. time for different A.

6 Validation of results

The validation of the presented theoretical analysis has been performed by com-
paring the results obtained with those reported by Biswas and Chakraborty [5],
who studied two-layer pulsatile blood flow in a stenosed artery under the influ-
ence of body acceleration and wall slip. The results shown in this paper closely
align with the findings of Biswas et al., as illustrated in Figures 36-38. This
close agreement confirms the accuracy and reliability of the proposed model.
In [20], the variation of volumetric flow rate in the Rubinow and Keller model
is validated experimentally. Awad et al. compared the results of their derived
model with those obtained from the Rubinow and Keller model [3]. The varia-
tion of volumetric flow rate @) for different radii of blood vessels in the proposed
model is compared in Table 1 with results from both the Rubinow and Keller
model [20] and the Awad et al. model [3].

—e—n=0,u,-002
—4—n=3,u =002
0.05F|—*—n=10.u,=002

—+— D. Biswas et al[5]

0 01 02 03 04 05 06 07
—>r

Figure 37. Validation of results for
volumetric flow rate Qs vs pressure
gradient.

Figure 36. Validation of results for core
velocity profile vs radial distance.
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Figure 38. Validation of results for wall shear stress vs time.
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Table 1. Comparison of volumetric flow rate for different radius with Rubinow and Keller
model [20] and Awad et al model [3] (n =3, 79 = 0.2).

Q in Rubinow Q in Awad Q in Proposed
R(Z) and Keller model [20] et al model [3] model
0.1 0.000012 0.00000013 0.000014
0.2 0.00033 0.000013 0.00021
0.3 0.0039 0.00033 0.0010
0.4 0.028 0.0039 0.0033

7 Conclusions

The variation in blood viscosity plays a crucial role in various cardiovascular
diseases because it influences blood flow in constricted arteries. However, there
is currently no method available to measure blood viscosity for treating many
arterial disorders. Slip velocity also impacts blood flow in a stenosed artery by
significantly reducing hydrodynamic resistance, pressure drop, and wall shear
stress, while simultaneously increasing the flow rate. This paper presents a
mathematical model that accounts for both variable viscosity and slip velocity
to examine their effects on flow rate, resistance to flow, and wall shear stress of
blood flowing through an artery with a time-dependent stenosis. A two-layer
blood flow model is considered, comprising a Newtonian fluid for the outer, cell-
free plasma layer and a Casson-type non-Newtonian fluid for the inner core layer
containing red blood cells, as this model more accurately characterizes blood
properties within a stenosed artery.

It has been observed that improving blood flow requires a reduction in
blood viscosity. Additionally, blood flow can be enhanced (under any arterial
occlusion) by increasing slip velocity. The results of the proposed model are
compared with those reported in the literature earlier, ensuring the validity of
the proposed model. Therefore, the present work may be helpful for better
treatment of any arterial diseases.
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Appendix A

The terms of (4.12) are expressed as

R2—R?) | (1 —Fk)r?  krnt?
I — /t ( 1
1=q(2)f'(t) 370 R
2 219 . kv2m9 rntLo

RN e ol ey oE

= 1S OA k) | (1~ k)Rir® KRy (1—k)r*t ket
i 200 9 T Bato T 16 dn+ 16
B (l—k)\/ﬁ 2R17“2'5 _ﬁ B k\/ﬁ 2R1’I"n+2‘5_ ’I“"+3'5
q(2)f(t) 15 14 ) ft) \ 6n+15 dn+14 )|’
=D OVTa(2) |, (4R 4t
oY) [(1 %) ( 25 49 )

p(Arres s ) (T (Rt
10n + 25 14n + 49 \/7 21

B k219 <2R1r”+2 orn+3 ]

() f@) \ 5n+10  Tn+21
Cq@ Wk |, (BT g
“ e | k)< ) (n+4)2>

_|_k R?+1T7'+3 B 7“2"+4
3n+9 (n+4)(2n+4)
_(1—k) 270 (2R?+1r2'5 2pnt3.5 >

q(2) f(t) 15 (n+4)2n+7)
k270 <2R711+1Tn+2.5 9p2n+3.5 >]

d)f) \ 6n+15  (n+4)(dn+7)
_ k) va)mo B D R
e (n +1)pov/2f(t) {(1 & ( 25 (2n + 7)2>
AR pnt2:5 fp2n+3.5
+k< 0n+25 (2n—|—7)(4n—|—7)>
279 Rt opn+3
S q(z)f(t) ( 5 (2n+7)(n+3)>

k\/ﬁ 2R?+17“n+2 2r2n+3
q(2)f(t) 5n + 10 2n+T7)(2n+3)
Math. Model. Anal., 31(4):604-624, 2026.


https://doi.org/10.3846/mma.2026.24090

m A.K. Maiti

Ry .« | QR?—R?) R} (R*-R}) R? R{
Is=1 — t — —(1—-k
; og( R)q<z>f<> - (1o
4T RY® kR 4Ry

+(1-k)

TV DaE) S+ A spo2n+ V2 0aE) |

I; = Q(Z)I/(t) <R24R% - % - 31124> + us1 — Q(Z)f/(t) l(l _2]6)]:@

RRYTE ) VZWRRYY VIM2RTTY | (R - RY)
n+2 3Va@ ) 2n+3)Va@)f()] S

OG- [ R ket DR
18—2—[)0 |‘7(1—/€)y4i1 W
mlgR‘;"s ok \/ﬁ(Qn + 13)R?+3'5
210y/q(2)f(t)  6(2n+5)2n+T7)\/a(z)f(t) |
Iy = (1 — k)f’(t) TOQ(Z) l(l _ k) 963%5 ) 16(n +6 R?+3'5

—(1—k)

)
por/2f (1) 1225 35(2n +5)(2n +7)
V27 11R3 ) V2702(2n + 11) R}

T s e B+ D+ 3T |
fo = ARF@E [ DR ens DR
0 0 (n + 4) 9(n +4) 6(n +2)(n+3)

-k V2702(2n + 13) Ry o V/2T02(4n + 13) R +35 1
1520+ Va0 3Cn+5)n+ Dy/a@ 0 |

_ k' ()V704(2) [(1_k)16(n+6)R?+3<5 32(n + 3)R3+3:5

N 25(2n +7) 5(2n +5)(4n +7)

20470027 (1)

—(1—k) \/%(271 + 11)R?+3 . \/ﬁ2(4n + 11)R§n+3 ‘|
5(n+3)va(2)f(&)  5(n+2)(2n+3)/a2)f@) |




	Introduction
	Mathematical formulation
	Steady flow of blood
	Solutions for pulsatile flow of blood
	Numerical results and discussions
	Analysis for steady flow
	Analysis for pulsatile flow

	Validation of results
	Conclusions
	References

