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Abstract

This study investigates the effects of heat generation and magnetic fields on two-phase blood flow in a stenosed
artery, focusing on the distinct regions of the core and plasma. The governing mathematical model comprises a system of
partial differential equations (PDEs) that are transformed into a system of ordinary differential equations (ODEs) through
similarity transformations. Analytical solutions for the velocity, temperature, and concentration profiles in both regions
are derived using Bessel's equation. To enhance the understanding of the underlying physics, numerical simulations are
conducted, and the results are presented graphically. The findings indicate that the presence of a magnetic field
significantly reduces blood motion in both the core and plasma regions. This research contributes to the understanding of
hemodynamic behavior in pathological conditions, with implications for the development of therapeutic strategies

targeting arterial diseases.
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1. Introduction

Blood flow dynamics in arteries can be
significantly altered by conditions such as aneurysms and
stenosis. Arteriosclerosis, commonly known as stenosis,
involves the narrowing of arteries due to plaque buildup
and inflammatory processes. This vascular condition
results from various factors, including lipid deposits
within arterial walls and changes in tissue pathology [1-2].
Researchers have suggested that hydrodynamic factors
could play a crucial role in understanding a variety of
vascular diseases [3]. For example, Clark [4] conducted
experiments with different stenosis models, revealing that
as stenosis progresses, the arterial diameter experiences
substantial reduction. The study of blood flow dynamics
(BFD) in conjunction with magnetic fields has attracted
significant interest due to its potential therapeutic
applications [5-6]. Tzirtzilkis [7] explored how bio-
magnetic fluid (blood) circulation can be regulated
through constricted pathways under the influence of
magnetic fields. Ponalagusamy and Selvi [8] investigated
the effects of magnetic fields and heat transfer on two-
phase blood flow models, employing both one-phase and
two-phase models to evaluate the impact of magnetization
[9]. Their research highlighted critical factors, such as
lower shear stress on arterial walls and variations in

longitudinal impedance and plug core radius.
Magnetohydrodynamics (MHD) is the study of
electrically conducting fluid flow within magnetic fields
[10]. In a related study, Ali et al. [11] analyzed MHD
blood flow by modeling blood as a Casson fluid,
concluding that magnetic exposure reduces both blood and
magnetic particle movement. Ponalagusamy and Selvi
[12] further examined heat transfer in MHD two-phase
blood flow systems. Misra et al. [13] developed a model
treating the artery as a conduit, finding that the strength of
an applied magnetic field can be adjusted to manipulate
blood flow rates. Majee and Shit [14] studied the impact
of heat transfer on MHD blood flow in stenosed arteries,
revealing that an increase in the magnetic field parameter
raises blood flow temperature, a finding that has
implications for tumor hyperthermia [15].  Recent
advancements have emphasized the use of computational
fluid dynamics (CFD) to gain insights into blood flow in
diseased arteries, allowing for more accurate modeling of
complex flow behaviors and aiding in predicting disease
progression [16-17]. Additionally, advanced imaging
technologies, including MRI and ultrasound, have
enhanced our understanding of blood flow distribution,
providing valuable insights into hemodynamic changes
associated with stenosis [18-19].
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This study aims to deepen the understanding of the
interplay between arterial wall biology, biomechanics, and
geometric factors by examining yield stress, stenosis
height, and the effects of magnetic fields. By addressing
these factors, we can improve our understanding of
arterial diseases and their biomechanics, contributing to
better diagnostic and therapeutic strategies [20-21].
Furthermore, the role of temperature in blood viscosity
has been a topic of considerable interest. In two-phase
blood flow models, the core region's viscosity varies with
temperature, while the viscosity of the plasma remains
constant throughout the process [22-23]. The governing
non-linear partial differential equations were solved using
the Bessel equation, demonstrating two-phase blood flow
through a stenosed artery and illustrating the influence of
varying parameters on flow properties [24-25]. By
employing a two-fluid model, researchers such as Ikbal et
al. [26] and Ponalagusamy [27] have assessed the flow
properties of blood, comparing their findings with
experimental data. Understanding these properties is

crucial for developing strategies to mitigate the effects of
stenosis and other vascular diseases [28-29]. Ultimately,
the findings from this research are expected to provide
insights into the mechanics of arterial disease and aid in
the development of innovative treatment approaches that
enhance patient outcomes [30].

In the two-phase flow of blood, the viscosity of the
core area is temperature-dependent, whereas the viscosity
of the plasma region is viewed as constant throughout the
process. The Bessel equation was utilised to provide a
solution for the governing non-linear partial differential
equations. Two-phase blood flow through a stenosed
artery is shown graphically, along with the impact of
varying parameters on the flow's properties.

The link between artery wall Dbiology,
biomechanics, and geometric difficulties may be
understood by studying yield stress, stenosis height, and
magnetic field. This study helps interpret arterial disease
and biomechanics.

Nomenclature:
B_D Magnetic field intensity c specific heat
L, |length of stenosis i Velocity
d location of artery T Temperature
B central core radius and normal artery radius ratio. & Concentration
JGR—I} Normal artery core region radius K Thermal conductivity
n Shape of the constriction profile o Electrical conductivity
D Coefficient of mass diffusivity 4] Density

Pressure gradient

2. Mathematical Modelling

Consider unsteady blood flow of axially symmetric two-phase model with core region radius E{Z_}, plasma region

radius R (Z) and cylindrical stenosed artery radius R_D which is describe in Figure 1. The blood flow considered in

stenosis artery with magnetic field. The field is applied in perpendicular which is shown in Figure 1. The

(u;,v,,w, ) and (U, ,V, ,W, ) are velocity expression for core and plasma regions respectively along with

(7,8,Z ) directions in the cylindrical coordinates. The temperature and concentration near the walls are assumed Ty

and E respectively.
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Figure 1. Physical Sketch
The blood flow viscosities of both regions can be written as,
G ]_{yc for 0=r=R (2
for R (2) =r =R (3
The representation of stenosis for both regions are defined as,

n

R _J1-— ("N (z-d) - (2-d)") for d=z=d+I,
o FpLp n—1)
1, Otherwise
I -1 1
R@_ ﬁ—ﬁ,ii:—ﬂ(ﬂ” (z-d)-(£—-d) ) for d=f=d+1,
R_ I:l o
: 5. Otherwise

Now, under the all assumptions, velocity, temperature and concentration for core region are as follows,

—fm _ 48 —(E‘”ﬂ EE)_ 20—

Pe 57 = a§+ He \G= +:-~ ar o.Byl, @
—— T _ 8Tz J.E'l"l;-

PeCe 5o =K, (55+75°) +(T. - )

Similarly, for plasma region are given by

__ fug aF _ yB%g 1 ugn -~
E F F £
= -+ ( - )—G.B u
Pr 3¢ 85 ar: o ar o e
— 8 (8 18T
5o C, -2 = K. )+ T, -
PP ar ar2 r { }

In equations (4) - (7), subscripts ¢ and p stand for core and plasma regions respectively.

The appropriate boundary conditions for the model under consideration are as follows:

i, =0, T,=T,, at 7= R(Z)
", =M, r,=T., atrt= R (2),
aa; ATy _
-— = — =10 at r=10
ar ! dr ! ’
_ aT; _ 8T, e
T.=T,, . =5, at =R (2)
Now, we introduce the following dimensionless parameters
e H - Rz o R,r L (T Ty)
U, = —, r=—,t t, R = D,== = 6=2 6.=
£ ﬁl REJ ( j RE rTo DFJF |'-’!|:||'-’!,'_.'~JI RE, € 'l'-m_l'-n:"
J— f —_ Z 2 — 2 —_—
u=Ep Bh B KR p_ BHGRe P
P (-t P m BoF s Y m
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For core region Equations (4) - (5), dimensionless form can be express as

By e 1 (Pa 1o e

(pn) ar ﬂz+ pg ware +;|~ dr M Ue ®)
Bk, (&)_ (EJ:EJE 135)

gpsp . Ot o ard +:- dr +HH 10)

For plasma region Equations (6) - (7), dimensionless form can be express as

Rey dup dp 1 f8fup  18up

(pn) ar E'z+ pg LOr +:l fr ) M ‘L[ (11)
L ) J_E'E

P ( ) ars r or :] +H Ec (12)

Similarly, the corresponding boundary conditions equation (10) in dimensionless form are given as

u, =0, g, =1, at r= R(z)

P B
Up = U, 8, =6., atr=Rz),
ag a8y, )
T.=T,, a—f=a—':, at r=Ry(2),
Buc _ 98 _ .
=0 Z-=0, at r=0 (13)

3. Solution of the Problem
In the blood flow, it is considered pressure gradient which can be represent as,
dp

T =FE E“"”, where, B, represent the constant pressure.

As equations (9) to (13) are linear, the expression of all profiles can be written as,
u(rt) = u (e, u,(rt) = u, (rer, (14)
B.(r t) = 8., (r) e,  ,(rt)= 6, (r)er, (15)

Now, using equation (14), equations (9) - (10) can be converted in the form of

Flucy | 19ug HeRe __

(ﬂr: + r ar ) (H + go )uc':' - P'}HD (16)
8%6c, E%) _(; Peo _

( ar + r or (l PoSp N H) Ec':' =0 a7

Similarly, substituting equation (14) into equations (11) - (12), we get

8 up,  1dug _

(ﬁ-'-r?) (M?+ Re l}’u =—P (18)
9%8,, 186y,

(G +1%2)-Ga-ma,, 4

To find the exact expression of temperature profiles for core and plasma region, applying Bessel’s differential equations
on (17) and (19) with boundary conditions (14),

For simplicity, Assume the following term as,

So, the equations and change in form of

© University Journal of Research, 5(2), 2023 published by Ganpat University. All right reserved.



Bhoomi H. Patel/ University Journal of Research Vol. 05, Issue 02 (2023) Online ISSN: 2455-1724

E':EE-D }E‘EED) _ 2 _
( ars + r Ar "‘11 I?IFD =0 (20)
328y, 188y,
( ar? +;" dr ) 4 E =0 @b
Where,
2 . PeKp
A= —(iZ=_H 2
= —(1722-H) 22)
A'=—(iB—-H) (23)

Now, the exact solution of energy equation of core as well as plasma regions respectively, are

_ An¥y(dApfy)  Ayfi(A,Ry) S
6, = |1 (Fey —BRAR 4k )] Jotarn) (24)
_ AsYy(A=Ry) A, a"-_..nr (ARy) JolAzR) Yol dar)
Opo = [(ﬁ,,.v:..:_q:m ) (’F“{A ) - Yol Az R) Yo(Aar })] Yyl Az ) (25)
Where,
Jo(AzRy) JolA-R) VoldaRy) ¥oldzRy )
X, = — . Xo-=—
L Jo(ALR) YoldoR)  JoldeRy) > © Jol AR V¥ 4R) (26)
X, = . JolA:R) . .
3= Ji(4:Ry) — Yi(AzRy), Xy = A X 1 (A1R)) — AoX, (27)

Yol da R}

Where, [,,(x) and ¥, {x) are the Bessel’s function of first and second kind for integer value of 1. The expressions of
temperature for both regions, are as follows

Ao¥i(dzRy)  AuJi(ALR) : i
g8.(r,t) = {[ (A,,,YDIA_,R} i +Xn:]:| _,FD'[_AJ_T}} giwt (28)
| fAilaR)  AuXoi (4R JoldsR) o on AN iwe o Foldard o
6p(r, 1) = [{ Xy¥olAzR) X, )(JFDH n- Yo(4zR) Yolda ])]E ¥ otam) ® )

We consider that

(% +Jf?) +Pfu,, = — Poyg, where P2 = —(Mf + “p—"i“ 1) (30)

The complementary solution for velocity profile is

ue, = Cy Jo(Pir) + C2 ¥p(Py7) (31)
Where, 11, = Jo(Py1) and U, = Yo(P 1) (32)
The Wronskian of these two functions is

| B sl
The complete solution of equation (28), we have to find out

e e A (34)

For the core region, the complete solution of velocity profile is given as,

Ue, = Gy fc.'[:PiT} +C; YD{:PJ.T} + N, .-FD{:PlT} + M, Yy (Br) (35)
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For plasma region, we assume that

P, = —(M24+Rei) (36)
So the equation (18) becomes,

d*up, | 18up, 2
Apt +; Ar —F; Up, =~ Py (37)

Similarly, the complementary solution for velocity profile as,
= C3 Jo(Pyr) + Cy Yy (Pyr) (38)

ui’l:n:'

Where, 1, = Jo(Par) and u, = Yp(Por) (39)

The Wronskian of these two functions is

o _ | JolPar) YolPer) | _ 2z
W2 = —P, )(Por) =Py Vy(Bor)| mr (40)

To find the complete solution of the non-homogeneous equation (37), first we have to find out

N, = _I%ﬁf’n#n dr & My= _I%jf’n#n dr (41)

For the core region, the complete solution of velocity profile is given as,
Uy, = C3 Jo(Por) + Cy Yy (Por) + Ny Jo(Por) + My Yp(Por) (42)
After applying the boundary conditions equation (13) into equation (35) and equation (42),

a
We get ﬁZlﬂﬂtT‘Z{] =L, =10 (43)

Now, equation (50) becomes

Ue, = Cy Jo(Pyr) + Ny Jo(Pyr) + My Yo (Pyr) (44

After applying all the boundary condition, we obtain a linear system of £y, Cy and C4 in the form of

Jo(PiRy)  —Jo(P2R1)  Yo(PoRy) |[Cy Dy
0 Jo(P2R) Yo(BR) Cq|=|Dg (45)

Py 1(PiRy) PoJi(P:R) PoYi(PRy)|LCs Dy
Where, Iy, Dy and D4 are expressed as
Dy = AR, Jo(PRy) — B R, Yo(PiR,) + A3R, Jo(PzRy) + B3R, Y3 (P2Ry) (46)
D3 = —A;R Jo(P,R) + ByR Yy(PR) (47)
Dy=— 281 (PR)) + AR, P Yy(PR) — B Yo (PR) - BiR, PV, (PR +
28 1o(PRy) + ERL Yo(PoR)) — PoAsR, J (PoR)) + BoR, PoY, (PoR))

(48)

Equation (45) is a system of linear system with {y, 'y and C4 are unknowns. So, the obtained the unique solutions of
this system and substituting the values of {y, {3 and C. in equations (42) and (44).
dup

du . 1
Where, T = a—': — inter face wall of the shear stress and 7' = — 3
r up 8r

— puter wall shear stress.
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= The total volumetric flow rate @, and @ of blood flow for both regions in the artery is defined as
- PH . B
Q.= 2nR* fu uc(r,t)dr and @, = 2nR" fR_ uy(r,t) dr (49)
The total volumetric flow rate {J is given as
Q= Q.+ Q;J

= 2mR? f;uc{}.r‘,t} dr + 2mR? f; U, (r,t) dr (50)

With the help of the equations (42) and (44), we can find analytic expression for the volumetric flow rate 3.

4. Results and discussion
The better understanding of the said problems, numerical solution is obtained and express through the Fig. 2 to 13. In all
figures the core region radial distance is considered 0 to 0.7 where plasma region 0.7 to 0.9.
Figures 2 and 3 depict the velocity profiles for both regions under varying viscosity parameters. In both cases, an
increase in the viscosity parameter correlates with an upward trend in velocity profiles. Figures 4 and 5 illustrate the
influence of Reynolds number on velocity profiles. It is observed that as Reynolds number increases, the velocity of the
fluid decreases. Near the tube wall, the velocity decreases significantly compared to near the axis, where it remains
relatively unchanged. As we proceed along the radial distance from the axis of the tube, we see that the velocity remains
virtually unchanged; but, as we get closer to the wall, it begins to slow down.

Core Region
0.08
0.07f pe=12,15,2
0.08
0.05
2
80.04f
Qo
=
0.03
0.02f
0.01p
0 L 1 1 1 '} 1 J
0 01 0.2 0.3 0.4 0.5 0.6 0.7
Radial Distance
Fig. 2: velocity for fig
Plasma Region
0.03 9
e e
0.025 ‘.'-,c'.o . eag,
,u.n=1.2.1.5,2 5 e
k-
0.02f~ o -l
i"’ ".'- ELNRNNERN NN
-c“ -"‘- .-u-l"'"“" TRy
. a4 L
o . .
8 0015 K F L
= o o "
g ."’ i"‘. o
'0 +
". »* s -"..'
0.01F KA
o
.-’ .t‘ ‘O"
et
0.005 [~ ..:"..‘,.
St
RS
‘,s\
0 \ 1 1 1 L L L 1 1 1 ]
0.7 0.72 0.74 0.76 0.78 08 0.82 0.84 0.86 0.88 0.9

Radial Distance
Fig. 3: velocity for fig

© University Journal of Research, 5(2), 2023 published by Ganpat University. All right reserved. m



Bhoomi H. Patel/ University Journal of Research Vol. 05, Issue 02 (2023) Online ISSN: 2455-1724

Velocity

© University Journal of Research, 5(2), 2023 published by Ganpat University. All right reserved.

Velocity

0.06 |

s

=

=

1=
T

0.02p

0.01p

R =0.5,0.7,1
e

0.02p
0.018
0.016
0.014f
0.012p=

0.01p
0.008 = +
0.006 = o

0.004f= K

0.2 0.3 0.4
Radial Distance

Fig. 4: Velocity for R.

Plasma Region

0.5 0.6 0.7

l‘.u“nuulnuuuu\““““
v

-
~ [
e
e
=
S

0.4

012

0.1

Velocity
d
2

=
=

0.04

0.02

0.76 0.78 0.8 0.82
Radial Distance

Fig. 5: Velocity for K.

Core Region

Pp=1,152

0.84 0.86 0.88 0.9

0.3 0.4
Radial Distance

Fig. 6: Velocity for P, 0-

0.5 0.6 07



Bhoomi H. Patel/ University Journal of Research Vol. 05, Issue 02 (2023) Online ISSN: 2455-1724

Plasma Region
0.04 - 9
....ll"'"“"“"""'"'"llu...,
0.035 st
o
P,=1,15,2
0.03F '..,...
".‘ '".I_,..--."----u--....-u--..._“.
.-" nul""
0025 K
“ i'-
o ot
§ wm i s
g .."‘ ..'... ..--uuu.-l“"'""""""""'"""'""ll
+ b TLL
0.015F
.»" ."" .u-"'..
& 'l. st
0.01 S
.:“'a-' ‘-'“.u
sk e
.t_o",-'
Bt
Wil
0 “\‘ | | | | | I
07 072 0.74 0.76 078 0.8 0.82 0.84 0.86 0.88 0.9
Radial Distance
Fig. 7: Velocity for F, 0-
Core Region
0
0.005
PE =0.87,1,1.2
Q.01
o 00150
=
B
g .02
o
E
(7]
F o0k
0.03
0.035F
0.04 L 1 L L 1 L ]
0 0.4 0.2 0.3 0.4 0.5 0.6 0.7
Radial Distance
Fig. 8: Temperature for B g
107 Pasma
u- Pe=°'37’1'1'2 Region
s,
"y
25k P
i
L]
",
l..
,
] "
o
é A ."t,..
i "v,‘
& "&,.
5 "’n.‘
F sk “'*n
o
4,
f,"
i."
I.‘..
2k ""l,
1 1 1 1 1 1 1 L 1 ]

-2.5
0.7 0.72 0.74 0.76 0.78 08 082 0.84 0.86 0.88 0.9
Radial Distance

Fig. 9: Temperature for P a-

© University Journal of Research, 5(2), 2023 published by Ganpat University. All right reserved.



Bhoomi H. Patel/ University Journal of Research Vol. 05, Issue 02 (2023) Online ISSN: 2455-1724

- Core Region

0.00F
0.08f M=1,35
0.07fF

0.06

0.03 / \
0.02
0.01
0 1 1 1 1 1 ]
0.2 0.3 0.4 0.5 0.6 0.7
Radial Distance

Fig. 10: Velocity for M.

— Plasma Region

0.02f- M=1,3,5

0.015

Velocity

0.01

0.005

! L 1 1 1 1 L L 1 J
0.7 0.72 0.74 0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9
Radial Distance

Fig. 11: Velocity for M.

Core Region

-0.005
.01

0.015

mperature

o

T

-0.025

€0.03

-0.035

0.04
0 0.4 0.2 0.3 04 0.5 0.6 0.7
Radial Distance

Fig. 12: Velocity for H.

© University Journal of Research, 5(2), 2023 published by Ganpat University. All right reserved. m



Bhoomi H. Patel/ University Journal of Research Vol. 05, Issue 02 (2023) Online ISSN: 2455-1724

%107 Plasma Region

0.5

g
ER
:
£ i
ﬁ 15k .!""!.’!
e .'l Y
Wil
":".:.,'...": ’
il
2= '.',-r.
25 1 1 1 1 1 1 1 1 1 J
0.7 0.72 0.74 0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9

Radial Distance

Fig. 13: Velocity for H.

Figures 6 & 7 include a discussion of the velocity with various values of the pressure gradient (Fy ). These figures may
be seen below. It can be observed that there is a opposite relationship among the pressure gradient and the velocity.
These figures demonstrate an inverse correlation between pressure gradient and velocity. Figures 8 & 9 illustrate the
temperature curve for a range of various Peclet numbers and their associated values. The Peclet number is dependent on
the temperature, thus as it rises, therefore the temperature. The temperature is influenced by the Peclet number, with
higher Peclet numbers corresponding to higher temperatures.

The fluctuation in the speed of the blood flow with different values of magnetic parameter which is shown in Figures 10
& 11. The graphic makes it clearly visible that there is a negative correlation between them. Physically, the Lorentz
force, which functions as a resistive drag force, is responsible for this phenomenon. An activity that increases the internal
viscosity of the fluid, which in turn makes it easier for red blood cells to remain suspended in the fluid. Consequently, the
core and plasma areas both experience a reduction in velocity as a result of this. The variations of temperature
distribution with respect to the heat production parameter is seen in From the Figures 12 & 13, it is clear from looking at
the numbers that heat generation parameter tends to reduce the heat transfer process.

5. Conclusion
* Based on the graphic results, the following key conclusions can be drawn:

* Increased magnetic field strength leads to decreased velocity in both the central core and plasma areas, which holds
potential implications for surgical procedures within the human body.

* The numerical findings underscore the sensitivity of two-phase fluid flow to both stenosis and magnetic fields.
* As the core layer thickens, the Reynolds number decreases, relating with increased resistance.
* Heat generation parameter tends to reduce the heat transfer process in both regions.

e Higher temperatures in both areas result from higher radiation parameters in stenosed arteries, suggesting potential
applications in cancer treatment techniques such as hyperthermia.
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