Taylor & Francis
Taylor & Francis Group

UNIVE!

s vyl Journal of Taibah University for Science

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tusc20

Effects of radiative heat and magnetic field on
blood flow in an inclined tapered stenosed porous
artery

J. U. Abubakar & A. D. Adeoye

To cite this article: J. U. Abubakar & A. D. Adeoye (2020) Effects of radiative heat and magnetic
field on blood flow in an inclined tapered stenosed porous artery, Journal of Taibah University
for Science, 14:1, 77-86, DOI: 10.1080/16583655.2019.1701397

To link to this article: https://doi.org/10.1080/16583655.2019.1701397

8 © 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

@ Published online: 20 Dec 2019.

\J
C)/ Submit your article to this journal &

||I| Article views: 2347

A
& View related articles &'

View Crossmark data &'

@ Citing articles: 11 View citing articles &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tusc20


https://www.tandfonline.com/action/journalInformation?journalCode=tusc20
https://www.tandfonline.com/loi/tusc20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/16583655.2019.1701397
https://doi.org/10.1080/16583655.2019.1701397
https://www.tandfonline.com/action/authorSubmission?journalCode=tusc20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tusc20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/16583655.2019.1701397
https://www.tandfonline.com/doi/mlt/10.1080/16583655.2019.1701397
http://crossmark.crossref.org/dialog/?doi=10.1080/16583655.2019.1701397&domain=pdf&date_stamp=2019-12-20
http://crossmark.crossref.org/dialog/?doi=10.1080/16583655.2019.1701397&domain=pdf&date_stamp=2019-12-20
https://www.tandfonline.com/doi/citedby/10.1080/16583655.2019.1701397#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/16583655.2019.1701397#tabModule

JOURNAL OF TAIBAH UNIVERSITY FOR SCIENCE

Pl
e
RSN

—

2020, VOL. 14,NO. 1, 77-86

https://doi.org/10.1080/16583655.2019.1701397

JTUSCI

'of Taibah I..Iniversity
or Science
ournal

Taylor &Francis
Taylor &Francis Group

a OPEN ACCESS '.) Check for updates

Effects of radiative heat and magnetic field on blood flow in an inclined
tapered stenosed porous artery

J. U. Abubakar

2 and A. D. Adeoye ©P

aDepartment of Mathematics, University of llorin, llorin, Nigeria; ® African Institute for Mathematical Sciences, Limbe, Cameroon

ABSTRACT

A porous tapered inclined stenosed artery under the influence of magnetic field with radiation
was considered. The momentum and energy equations with thin radiation governing the blood
flow in the inclined artery were obtained taking the flow to be Newtonian. These equations
were simplified under assumptions of mild stenosis, non-dimensionalized and solved using Dif-
ferential Transform Method (DTM). The DTM were coded on Mathematica software to obtain
expressions for velocity, temperature and the volumetric flow rate of the blood. The results pre-
sented graphically show that the velocity of the blood flow and the blood temperature decreases

as the radiation parameter (N) increases.

Nomenclature

(r.0,2)
(Ve Vo, Vz)

h(n

Cylindrical polar coordinate system
Velocity components

Length of the artery under consideration
Angle of inclination of artery

Applied magnetic field

Radiation

Flow density

Variable viscosity

Coefficient of viscosity of plasma
Dynamic viscosity

Coefficient of thermal expansion
Permeability of the porous medium

Wall shear stress

Wall shear stress at the maximum height
of the stenosis

Hematocrit

Maximum hematocrit at the midline of the
artery

Velocity shape parameter

Hematocrit parameter

Radius of tapered artery in the region of
stenosis

Radius of the non-tapered artery in the
non-stenotic region

Stenosis shape parameter

Length of stenosis

Tapering parameter

Tapered angle

Maximum height of the stenosis at some
location z

Reynolds number
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Ef Electric filed
o Stefan-Boltzmann constant
ay Radiation absorption coefficient
T Local temperature of the blood
To Temperature of the blood at the stenotic
region
P, Prandtl number
E. Eckert number
G, Grashof number
® Temperature parameter
Z Porosity parameter
N Radiation absorption parameter

1. Introduction

Blood is a suspension of erythrocytes (red blood cells),
leukocytes (white blood cells), and platelets in an aque-
ous electrolyte solution known as plasma. In normal
blood, erythrocytes constitute 45% of the total volume
of blood. This volumetric fraction of the erythrocytes
defines an important variable called hematocrit.
Stenosis, a constriction in blood vessels, is one of the
leading causes of death in many countries of Africa and
the world at large. Severe stenosis reduces the blood
supply, thereby causing critical flow conditions which
results in serious effects called carotid artery blockage, a
major contributing factor to strokes [1]. This results from
the brain not receiving enough blood as the plague
builds up and hardens down the artery. When the brain
lacks adequate supply of blood, the cells in it begin to
die. This leads to severe disability or death of an individ-
ual. Due to these risks, it is important to watch out for
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the symptoms of a carotid artery blockage, like the Tran-
sient Ischemic Attack (TIA) and stroke, so that proper
measures can be taken before the condition gets worse.

The study of fluid dynamics has enabled many
researchers to examine the mathematical and physical
behaviour of fluid flow for use in medicine and other
industrial applications.

Under several conditions, the enhanced heat trans-
fer property and thermal conductivity of fluids, such
as nanofluids which contain nanoparticles that further
enhance the thermal conductivity of the fluid, have
been observed by some researchers in the past years.
For example, Ellahi [2] studied the effects of MHD and
temperature dependent viscosity on the flow of non-
Newtonian nanofluid in a pipe. Hassan et al. [3] exam-
ined the convective heat transfer flow of nanofluid in
a porous medium over wavy surface. Alamri et al. [4],
through a novel perspective of Cattaneo-Christov heat
flux model, studied the effects of mass transfer on MHD
second grade fluid towards stretching cylinder.

In the past decades, many investigators have dis-
played interest in problems arising from blood flow
mechanism and characteristics under different condi-
tions and influence of external factors.

The idea of electromagnetic fields in medical re
search was first given by Kollin [5] and the possibility
that the application of magnetic field to blood would
regulate its movement in human system was later stud-
ied by Korchevskii and Marochnik [6]. Abdullah et al. [7]
and Bose and Banerjee [8] discussed magnetic particle
capture for biomagnetic fluid flow in stenosed aortic.

The above mentioned authors observed that the
effect of magnetic field is to slow down the speed of
blood. But, they did not analyse the magnetic effect on
blood flow through aninclined artery. If a magnetic field
is applied to an electrically conducting fluid in motion,
electric and magnetic fields are induced which interact
and a body force known as Lorentz force is produced,
and has a propensity to either assist or oppose the fluid
motion. Chakraborty et al. [9] analysed the suspension
of blood flow through an inclined tube with an axially
non-symmetric stenosis.

In the case of stenosis when the cholesterol deposits
on the wall of the artery, the artery-clogging blood
which clots inside the lumen of the coronary artery is
considered as being equivalent to a fictitious porous
medium. This case is particularly examined by some
researchers. Elnageeb et al. established a cu-blood
flow model through a catheterized mild stenotic artery
with a thrombosis. EI-Shahed [10] presented a model
for pulsatile blood flow through a stenosed porous
artery under the effect of periodic body acceleration.
Akbarzadeh [11] presented a numerical simulation of
the effect of periodic body acceleration and periodic
body pressure gradient on magneto-hydrodynamic
(MHD) blood flow through porous artery. All of these
published works, however, do not include the analysis

of blood flow characteristics through an inclined artery
with the applied magnetic field, which was presented
by Srivastava [1].

Blood viscosity, although constant in real physiolog-
ical system, it may vary in ratio of hematocrit or depend
on temperature and pressure [12]. Bhatti et al. [13],
using a clot blood model, analysed heat transfer on
peristaltically induced motion of particle-fluid suspen-
sion with variable viscosity. EInageeb et al. [14] stud-
ied the hemodynamic characteristics of gold nanopar-
ticle blood flow through a tapered stenosed vessel with
variable nanofluid viscosity. Massoudi and Christie [15],
Pantokratoras [16], Nadeem and Akbar [17] analysed
the influence of heat transfer with temperature depen-
dent viscosity. Petrofsky et al. [18] examined the effect
of the moisture content of heat source on the blood
flow response of the skin through data. Prakash et al.
[19] developed a model for bifurcated arteries to ana-
lytically study the effects of heat source on magneto-
hydrodynamic (MHD) blood flow.

In this work, we present combined effects of an exter-
nal heat source (radiation) and magnetic field on an
inclined tapered stenosed porous artery, considering
variable viscosity of the blood flow. Under well-defined
boundary conditions, the resulting non-linear differen-
tial equations of the model have been solved numeri-
cally using Differential Transform Method (DTM).

2. Mathematical formulation of the problem

Let (r,6,z) be the cylindrical polar coordinate system,
and let v, vy and v; be the velocity components in the
r, 6 and z directions, respectively. Consider blood flow
through a tapered stenosed artery in the axial direction
of the artery with length L and inclined at an angle y
with externally applied magnetic field M and radiation
gr (see Figure 1).

Blood can be seen as a suspension of red blood cells
in plasma. Consider an incompressible flow of the blood
such that the density p is uniform throughout. Viscos-
ity, ;. (r) however, varies as the blood flows in the radial
direction. Einstein’s model of variable viscosity is [20]:

w(r) = po(1+ 1h(n), )

where g is the coefficient of viscosity of plasma, A is a
constant which takes the value 2.5 for blood (suspen-
sion of red blood cells which are considered to be of
spherical shape) and h(r) is the volume fraction of the
red blood cells, known as hematocrit.

The analysis will be carried out using the following
empirical formulas for hematocrit [21]:

r m
hr) = H [1 _ (d—o> } @)

H, = AH, (3)

and



Figure 1. Geometry of an inclined non-tapered artery.

where H represents the maximum hematocrit at the mid
line of the artery, m represents the parameter which
determines the shape of the velocity profile of blood
(m > 2) and H, is the volumetric ratio of red blood cells
in the blood and is known as the hematocrit parameter.
Consider a tapered stenosed porous artery inclined
at an angle y with an externally applied magnetic field
(M) as shown in Figure 1. Let d(z) be the radius of the
tapered artery in the region of stenosis, with [21]:

d(Z) = dO + ‘i:zl (4)

then, the geometry of the stenosis in dimensionless
form is defined by [21,22]:

d)[1-n(b"'z—a—z—-a")], a<z<a+b,

h(z) =
@ d(z), otherwise,

(5)
where dj is the radius of the non-tapered artery in
the non-stenotic region, n is a parameter which deter-
mines the shape of the constriction profile (n = 2 for
a symmetrically shaped stenosis and n > 2 for a non-
symmetric stenosis), b is the length of the stenosis and
& isthe tapering parameter defined by & = tan ¢, where
¢ is the tapered angle which assumes value ¢ < 0,
¢ > 0and ¢ = 0in the converging, diverging and non-
tapered regions, respectively.
Let § be the maximum height of the stenosis at the
location [21]:

z=a-+ (6)

then, we define the parameter 5 in (5) by [21]:
sn"/(n=1)
" dob(n — 1)’

Hence, for our model, we make the following
assumptions:
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e The artery is a circular cylindrical tube with finite
length.

e Bloodisincompressible Newtonian fluid (the artery is
large enough that a Newtonian model is appropriate
[23]).

e The blood flows steadily in the axial direction and
a uniform magnetic field (M) is applied in the radial
direction (perpendicular to the flow).

e Theflowis axisymmetric. This implies that v,, v, and p
do not depend on 6, and we write (r,0,2) = (r,0, 2).

e The stenosis is mild and is symmetrical about the axis
of the artery.

e The temperature difference of the blood and artery
is very high. This ensures that radiative heat transfer
is valid.

e The dimensionless magnetic Reynolds number R; is
small (Re << 1) so that the induced magnetic field is
negligible compared to the applied magnetic field
[24].

e The electric field Ef = 0 since the flow is not sub-
jected to any applied voltage.

Under these assumptions, the governing equations
for the steady, axisymmetric flow of blood through an
inclined tapered artery with mild stenosis are given by

0 0
W Ve 2y 7)
ar r 0z

19 vy Z: 2.2
“ 0 (Z - 22 |~ oy 2 H
UET, |:M (az o )] T1HmfoVz

V.
+ pga(T — Tp) cos y — %, 9)
1

c vaT-i-v oT
Pep "or 29z

_ka (or +k327
Trar\or 922
vy 2 Vi 2 vy 2
2 - r -z
e () ()" (%

av, v, \ 2
+M(—r+—2) — aq,/or. (10)
0z ar



80 J.U. ABUBAKAR AND A. D. ADEOYE

The most general differential equation for the radiative
flux g, is the transport equation [25]:

where o is the Stefan-Boltzmann constant.

We assume that blood is optically thin, so that «, <
1 [25]. Then, if T is the local temperature of the blood,
and Ty is the temperature of the blood at the stenotic
region, (11) can be simplified to [25]:

g
a—r’ = 4a2(T — Ty), (12)

Equations (7)-(10) are dimensional equations of motion
which govern the flow of blood in the stenosed artery
under the influence of radiation and magnetic field.
These equations are not easy to solve by the num-
ber of parameters they include. This number of param-
eters, however, can be reduced by introducing non-
dimensional groups.

We therefore introduce the following non-dimen
sional variables into (7)-(10) to get the equivalent non-
dimensional equations of motion [21,26]:

uupd
v,:TO, r=rdy, z=2b, v,=wug, h=hdo,
- ugbugP bu T—T C
p=00, =0 =0 p=E2
dy 1o To k
g ke , oHid3 . 4ddal
Ee=—1, Z=—5, M =——, N=——,
CpTO dO Mno k
gad3To
G ="——. (13)
v

where R, Py, E., Gy, ©, Z, M, and N, respectively,
represent the Reynolds number, Prandtl number, Eck-
ert number, Grashof number, temperature parameter,
porosity parameter, magnetic field parameter and radi-
ation absorption parameter. The term v = ug/p is the
dynamic viscosity, « is the coefficient of thermal expan-
sion, and k; is the permeability of the porous medium.
In order to adopt simple notations, we will drop the
prime (') onr, z, w and h. This basically changes nothing
since we now have them in their dimensionless forms
and by considering dp = 1.
We assumed a symmetrically shaped mild stenosis in
which

5
— 1, 14
do < (14)
and the conditions of [21,27]
R.8nV/(n—=1)
i —— (15)
b
don'/ ™=V ~ O(1), (16)

then, the pressure gradient in the r-direction is neg-
ligible compared to the pressure gradient in the z-
direction, that is,

aP 9P

ar oz

Also, condition (14) implies dv,/9z <« 1. Therefore,
given conditions (14)-(16), the no-slip boundary condi-
tion, and that h(z), defined in (5), is the geometry of the
stenosis in non-dimensional form, then (7)-(10) in their
non-dimensional forms, respectively, become

vy
Z_y, 17
o (17)
P
Z—o, 18
o (18)
P 1 1 J
— =|=-4H(-=m+1)rm] Al
9z r r ar
a [ow
T+HO =M =+
+ [1 4 Hi( ')]ar(ar>
2 1 Hr m
WM +=+—=0-r")Y)+GOcosy, (19)
Z'Z
19 (00 ow\?
SO fEp (M) N0 =0 (20)
ror \ or ar

The corresponding boundary conditions are

e the axisymmetric boundary conditions of the flow
axial velocity at the mid line of the artery

ow 00
— =0, =0 atr=0, 21
ar ar

e and the no-slip boundary conditions at the wall of the
artery

w=0, ©=0, atr=h(), (22)

where h(z), defined by

h@ =Q0+&201 -1'(z-d)—(@z—-d)")]

whend <z<d +1, (23)

is the geometry of the stenosis when the radius dj of
the artery is of unit length.

In (23), n’, @’ and &’ are defined as follows:

s/ n/(n—1) 5 a
=" " withe =2, a=2
(n—1) do b

3. Solution of the problem

The Differential Transform Method (DTM) was used to
solve the system of Equations (17)-(20) with bound-
ary conditions (21)-(22). The DTM, which is based on
the Taylor series expansion of a function, is an alterna-
tive method for obtaining analytic Taylor series solution
of differential equations. That is, for an analytic func-
tion f(x), the differential transform at the pointx = O is



defined as follows:
F(k) = f(") (0), (24)

while the differential inverse transform of F(k), in real
application, is

F(x) = Xn: (%)k F(k). (25)

k=0

The differential spectrum of F(k) is defined in the inter-
val x € [0,H], where H is a constant whose value is
generally taken as 1.

First, we write the momentum equation (19) and the
energy equation (20) respectively as follows:

_q 0w m_10W 3w
(O +H)r ' — —He(m+ Dr —+( +Hr)_2
ar ar ar
32w 1 H, H,
—Hm S (M2 2 ym
o < +z+z> Tz
oP
+G,®cosy — i 0, (26)
z

and

90 920 w2
TSGR ) —Ne =0, (@7)
8r ar? or

and obtain their respective differential transforms. Let
the differential transform of w(r) and ©(r) be W (k) and
G(k), respectively, then (26) and (27) become

k
(1+H) Y sk—1+ DI+ DWA+1)
1=0

k
—Hm+1)Y stk—I—m+ DU+ DW(+1)
1=0

+ (I +H)k+ Dk+2)W(k +2)

k
—Hy Y 8k —1=m) I+ 1)+ W +2)
I=0

<M2+Z+H>W(k)+ H’Za(k—/—mwm

+ G, cos yG(k) — Z—za(k) =0, (28)

and

k
D stk—1+ 1)U+ DG+ 1)
1=0

k
+EP Y (k—1+ Wk =1+ 1D+ DHW(+1)
I=0

+ (k+ 1) (k + 2)G(k + 2) — N’G(k) = 0. (29)
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Applying Equation (24) in the boundary conditions, tak-
ing H = 1, we find that
W) = gw(h@) =a1, G(0) = §0(h(2) = ay,
W(1) = ;w/(0) =0, G(1) = §;0'(0) =0,
where a; and a; are constants which can be determined

by using the boundary conditions (22).
From (28), we obtain:

Wk + 2)

CH(m+ 1) Y g8k~ —m+ D+ DHW(I+ 1)
B (1+H)k+ 1)k +2)
5(k) P
(1 +H)k+ Dk +2) oz

W k) (M2 +14 %)
(T+H)tk+1(k+2)

L H S8tk — 1 —m)(+ DI+ 2W(+2)
(M +H)Kk+1)(k+2)
Gy cos yG(k)
T (O +Hk+ Dk +2)
Hr YK o 8k — 1 — myW(l)
~ ZO+Hyk+ Nk +2)

and from (29), we obtain

G(k +2)
NGk
T k+D(k+2)
Y8k =1+ DI+ DG+ 1)
k+Nk+2)
L EP Y8k — I+ Wk — [+ D)+ DYW( + 1)
k+ Dk +2)

(31
fork=0,1,2,3and m = 2.

Hence,
ai 5 1 H,
= ——  m _ '
w(r) a1+{2(1+Hr)< +Z+Z>
Gy cosy a 1 P
2(0+Hp) ° " 200+ Hy) 8z

1 1
—— la (Mt <+ H-
+{24(1+Hr)2|:1( Tzt ’z)

a>G; cos +8P 8H+M2+1+H'
20, Y 97 r 7 7

1 1
—ar1Hy= — =N?a5G, cos r* 32
1 rZ > 20y V} (32)

N402 Ecp(
24 12(1 + H,)2

1 H P 2
|: (Mz—i- + r)—i———azG,cosy} }r4

N2a
@(r)_a2+—r +{

Z Z 0z
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The boundary conditions (22) imply:
w(h(2))
= = (M-
m+{xrwm< +Z+Z>

Gy cosy 1 oP] 5
— a + —
21 +Hy) 2(1 +H,) 0z

1 1 1
—  la (M +=+H~=
+{Mm+mﬂ[1< Tzt 7)

aP > 1 H
—azGrc05y+$ | 8H M+ -+ =

Z V4
T 15 4
—a1H,= — =N“a,G,cosy ¢ h™ =0, (34)
Z 2
®(h2)
N202
=ay+ ——=h?
2+ >
N*ay E.P, 5, 1 H
_ M+ — T
+: 22 120 + H)? [01 ( Tzt z)
P 2
+E — ayG, cos y:| } h* =o0. (35)

The Wolfram Mathematica 11.3 software was used to
solve (34) and (35) simultaneously for a; and a;. The val-
ues obtained for a; and a; were then substituted into
(32) and (33) to obtain full expressions for the velocity
profile, w(r) and temperature profile, ©(r). The expres-
sions are not shown due to their lengths.

4, Volumetric flow rate

The volumetric flow rate, Q, is defined as

h
Q, = 271/ rwdr, (36)
0

where w is the obtained axial velocity and r is the artery
radius.
Substituting (32) into (36), and integrating, we obtain

Cl17T 1 Hr
= g mh? L Y P
Qy a +{4(1+Hr)< +Z+Z)

Gy osy b4 oP B
40 +H) 2" a1+ H,) oz

+ 7 ar (M2 + 1 4 h,.
720+ H)2 | z "7

a,G; cos +aP 8H, +M2+1+H1
2Gy 14 97 r b rZ

T T
—3—Za1 H — gNzazGr cos y} he. (37)

The values obtained for a; and a, are substituted
into (37) to have expressions for the volumetric flow
rate. The expression is not shown due to its length.

5. Wall shear stress
The wall shear stress, T of the blood flow is defined as

ow

Substituting (32) into (38) and differentiating with
respect to r, we obtain

ai 5 1 H,
— M2
‘ [u+m< +Z+Z>

a, Gy cos y 1 ap}
(1+Hp) (1+H,) 3z

1 1
— a (Mt < H-
+{12(1+Hr)2|:1< Tzt ’z)

P 5 1 1
—azG,cosy—i—E - |8H, +M +E+H,z

4a.1H,
_Tr N?a>G, cos y } h3. (39)

The values obtained for a; and a, are substituted
into (39) to have expression for the wall shear stress. The
expression is not shown due to its length.

The wall shear stress, 75 at the maximum height of the
stenosis located at

, Z _a 1
T8 o e
(the stenosis throat) is computed by assuming a negligi-
ble value of &£ in (23), and puttingh = 1 — § [21]. Hence,
we have

Ts = [tlh=(1-5) - (40)

6. Results and discussion

The numerical results are simulated in the figures below
in order to have greater insight into the qualitative anal-
ysis of the results. The magnetic field parameter (M),
heat radiation parameter (N), the angle of inclination (y)
of the artery and the height of the stenosis (§) were sim-
ulated through graphs plotted using the Mathematica
software.

The following values of the various parameters were
used [21,26]:

oP/9z=03, M=15 Z=03, H, =1,
G =2 y=mn/3, N=15

B, =EP =2, £=0002, a=0.25 b=1,
dp=1 n=2, z=05 6§=0.1, and

h = 0.923.

Figure 2(a-d), respectively, show the effects of heat
radiation, magnetic field, the angle of inclination of the
artery and the height of stenosis on the velocity profile
of blood.
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Figure 2. Effects on blood velocity. (a) Effects of heat radiation
on blood velocity. (b) Effects of magnetic field on blood velocity.
(c) Effects of the inclination angle on blood velocity. (d) Effects
of the stenosis height on blood velocity.

Figure 2(a) describes how the velocity of blood varies
with heat radiation. We see that the velocity of blood
decreases with an increasing heat radiation.

Figure 2(b) shows the behaviour of the axial velocity
with the applied magnetic field. We see that the velocity
increases as the magnetic field parameter increases.
This occurs because the magnetic field is applied to a
moving electrically conducting fluid and as these fields
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Figure 3. Effects on blood temperature. (a) Effects of the heat
radiation on blood temperature. (b) Effects of magnetic field
on blood temperature. (c) Effects of the inclination angle on
blood temperature. (d) Effects of the stenosis height on blood
temperature.

interact, the Lorentz force produced assists the motion
of the blood.

Figure 2(c) shows the behaviour of the velocity of
blood with the artery inclination angle. As the inclina-
tion angle of the artery increases from 0 to /3, the
velocity of blood flow increases.
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Figure 4. Effects on volumetric flow rate. (a) Effects of the heat
radiation on volumetric flow rate. (b) Effects of magnetic field
on volumetric flow rate. (c) Effects of the inclination angle on
volumetric flow rate.

Figure 2(d) indicates the behaviour of the velocity
profile of blood as the stenotic height varies. It shows
that the velocity of blood flow increases as the height of
stenosis increases, but changes behaviour as the steno-
sis height approaches its maximum value.

Figure 3(a-d), respectively, show the effects of
heat radiation, magnetic field, the angle of inclina-
tion of the artery and the height of stenosis on blood
temperature.

Figure 3(a) displays the effects of radiative heat trans-
fer to blood flow on the blood temperature. We see that
the temperature of blood decreases as the heat source
parameter increases.

Figure 3(b) represents how blood temperature varies
with the applied magnetic field. It can be seen that the
temperature increases as the magnetic field parameter
increases.

Figure 3(c) shows how blood temperature varies as
the inclination angle of the artery varies. It shows that
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Figure 5. Variation of wall shear stress at stenosis throat. (a)
Effects of wall shear stress at stenosis throat with the heat radi-
ation. (b) Effects of wall shear stress at stenosis throat with the
magnetic field.

the temperature of blood increases as the inclination
angle increases.

Figure 3(d) indicates the behaviour of the tempera-
ture of blood with the height of the stenosis. The tem-
perature of blood increases as the height of stenosis
increases.

Figure 4(a,b), respectively, show the effect of heat
radiation, magnetic field, and the angle of inclination of
the artery on the volumetric flow rate of blood.

Figure 4(a) indicates the behaviour of the volumetric
flow rate in the diverging, converging and non-tapered
regions of the artery with change of heat radiation
parameter. The volumetric flow rate of blood decreases
with an increasing heat radiation.

Figure 4(b) shows the behaviour of the volumetric
flow rate, Q, in the diverging, converging and non-
tapered regions of the artery as the applied magnetic
field parameter changes. It is noted that as the magnetic
field increases, the volumetric flow rate increases in the
diverging, converging and non-tapered regions.

Figure 4(c) shows the variation of the volumet-
ric flow rate in the diverging, converging and non-
tapered regions of the artery with the inclination angle
of the artery. It is seen that the volumetric flow rate
decreases as the inclination angle increases from 0
tor/3.

Figure 5(a,b), respectively, show the variation of the
wall shear stress at stenosis throat for different values of
heat radiation and magnetic field parameters.



Figure 5(a) depicts how the wall shear stress changes
with a change in the radiation parameter. It is noted
that, increasing the value of the radiation parameter
raises the value of the wall shear stress at the stenosis
throat.

Figure 5(b) shows that the wall shear stress decreases
as the magnetic field parameterincreases. We have seen
that the magnetic field speeds up the blood flow and
this allows the blood to flow with a reduced interaction
with the walls of the artery, hence producing a minimal
shear.

7. Conclusions

The electrically conducting blood in motion and the
effects of an external magnetic field and heat radia-
tion on the blood flow in an inclined tapered stenosed
porous artery have been studied through this work.
The mathematical formulation for the momentum and
energy equations was obtained for the blood flow
considered to be Newtonian. The resulting equations
of motion were solved numerically using the Differ-
ential Transform Method (DTM). Various fluid param-
eters were introduced and used to study the effect
of heat radiation and magnetic field on the velocity,
temperature, volumetric flow rate and the wall shear
stress of the blood. The following are the findings
obtained:

(1) An increase in the magnetic field parameter, M
increases the velocity and temperature profiles of
the blood flow due to the presence of the Lorentz
force which assists the motion of the blood. The
curves representing the volumetric flow rate show
that the volumetric flow rate increases as the mag-
netic field parameter increases and is greater in the
converging region as compared to the diverging
region. It is however observed that the wall shear
stress decreases at the stenosis throat as the mag-
netic field parameter increases.

(2) Under the influence of heat radiation and magnetic
field, there is a greater variation in the volumetric
flow rate of an inclined artery in the converging
region than in the diverging region.

(3) By increasing the heat radiation parameter, we
observed that the curves representing both the
velocity and temperature profiles deviate rapidly
from the origin. The volumetric flow rate varies
inversely with the heat radiation parameter for
converging, diverging and non-tapered regions of
the artery.

(4) The velocity and temperature profiles increase as
the angle of inclination, y of the artery increases.
With the increase of inclination angle of the artery,
it is observed that the volumetric flow rate will
increase more in the converging region than in the
non-tapered and diverging regions of the artery.
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(5) By increasing the height of stenosis, we observed
that the velocity and temperature profiles increase,
as the curves representing them shift away from the
origin.

Acknowledgments

Authors are sincerely thankful to the African Institute for
Mathematical Sciences, Cameroon for providing the platform
which served as the foundation of this work.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

J. U. Abubakar ‘2 http://orcid.org/0000-0002-2079-5731
A. D. Adeoye 2 http://orcid.org/0000-0001-7048-0984
References

[1] Srivastava N. Analysis of flow characteristics of the blood
flowing through an inclined tapered porous artery with
mild stenosis under the influence of an inclined magnetic
field. J Biophys. 2014;,2014:797142-1-797142-9.

[2] Ellahi R. The effects of mhd and temperature dependent
viscosity on the flow of non-Newtonian nanofluid in a
pipe: analytical solutions. Appl Math Model. 2013;37(3):
1451-1467.

[3] Hassan M, Marin M, Alsharif A, et al. Convective heat
transfer flow of nanofluid in a porous medium over wavy
surface. Phys Lett A. 2018;382(38):2749-2753.

[4] AlamriSZ,Khan AA, Azeez M, et al. Effects of mass transfer
on mhd second grade fluid towards stretching cylinder: a
novel perspective of Cattaneo—Christov heat flux model.
Phys Lett A. 2019;383(2-3):276-281.

[5] Kollin A. Electromagnetic flowmeter:principle of method
and its application to blood flow measurement. Proc Soc
Exp Biol Med. 1936;35:53-56.

[6] Korchevskii E, Marochnik L. Magnetohydrodynamic ver-
sion of movement of blood. Biophysics. 1965;10(2):411-
414.

[7]1 Abdullah I, Amin N, Hayat T. Magnetohydrodynamic
effects on blood flow through an irregular stenosis. Int
J Numer Methods Fluids. 2011;67(11):1624-1636.

[8] Bose S, Banerjee M. Magnetic particle capture for bio-
magnetic fluid flow in stenosed aortic bifurcation con-
sidering particle-fluid coupling. J Magn Magn Mater.
2015;385:32-46.

[9] Chakraborty US, Biswas D, Paul M. Suspension model
blood flow through an inclined tube with an axially non-
symmetrical stenosis. Korea-Aust Rheol J. 2011;23(1):
25-32.

[10] El-Shahed M. Pulsatile flow of blood through a stenosed
porous medium under periodic body acceleration. Appl
Math Comput. 2003;138(2-3):479-488.

[11] Akbarzadeh P. Pulsatile magneto-hydrodynamic blood
flows through porous blood vessels using a third grade
non-newtonian fluids model. Methods and Programs
in Biomedicine/Comput Methods Programs Biomed.
2016;126:3-19.

[12] Shit G, Majee S. Pulsatile flow of blood and heat trans-
fer with variable viscosity under magnetic and vibration
environment. J Magn Magn Mater. 2015;388:106-115.


http://orcid.org/0000-0002-2079-5731
http://orcid.org/0000-0001-7048-0984

86 J.U. ABUBAKAR AND A. D. ADEOYE

[13]

[14]

[15]

(16l

(171

(8]

Bhatti MM, Zeeshan A, Ellahi R. Heat transfer analysis
on peristaltically induced motion of particle-fluid sus-
pension with variable viscosity: clot blood model. Meth-
ods and Programs in Biomedicine/Comput Methods Pro-
grams Biomed. 2016;137:115-124.

Elnageeb T, Shah NA, Mekheimer KS. Hemodynamic
characteristics of gold nanoparticle blood flow through
a tapered stenosed vessel with variable nanofluid viscos-
ity. BioNanoScience. 2019;9(2):245-255.

Massoudi M, Christie I. Effects of variable viscosity and
viscous dissipation on the flow of a third grade fluid in
a pipe. Int J Non Linear Mech. 1995;30(5):687-699.
Pantokratoras A. The Falkner-Skan flow with constant
wall temperature and variable viscosity. Int J Thermal Sci.
2006;45(4):378-389.

Nadeem S, Akbar NS. Effects of heat transfer on the peri-
staltic transport of mhd newtonian fluid with variable vis-
cosity: application of adomian decomposition method.
Commun Nonlinear Sci Numer Simul. 2009;14(11):
3844-3855.

Petrofsky JS, Bains G, Raju C, et al. The effect of the mois-
ture content of a local heat source on the blood flow
response of the skin. Dermatological Research/Arch Der-
matol Res. 2009;301(8):581-585.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Prakash O, Singh S, Kumar D, et al. A study of effects
of heat source on mhd blood flow through bifurcated
arteries. AIP Adv. 2011;1(4):042128.

Wikipedia contributors. Hemorheology — Wikipedia, the
free encyclopedia; 2018 [Online; accessed 15-April-2018].
Tripathi B, Sharma BK. Mhd blood flow and heat transfer
through aninclined porous stenosed artery with variable
viscosity. arXiv preprint arXiv:1610.03470; 2016.
Mekheimer KS, El Kot M. The micropolar fluid model for
blood flow through a tapered artery with a stenosis. Acta
Mech Sin. 2008;24(6):637-644.

Pedley TJ, Luo X. Fluid mechanics of large blood vessels.
Xi'an: Shaanxi People’s Press; 1995.

ElJery A, Hidouri N, Magherbi M, et al. Effect of an external
oriented magnetic field on entropy generation in natural
convection. Entropy. 2010;12(6):1391-1417.

Cogley A, Gilles S, Vincenti W. Differential approximation
for radiative transfer in a nongrey gas near equilibrium.
AlAA J. 1968;6(3):551-553.

Ogulu A, Abbey T. Simulation of heat transfer on an
oscillatory blood flow in an indented porous artery. Int
Commun Heat Mass Transf. 2005;32(7):983-989.

Young D. Effect of a time-dependent stenosis on flow
through a tube. J Eng Ind. 1968;90(2):248-254.



	Nomenclature
	1. Introduction
	2. Mathematical formulation of the problem
	3. Solution of the problem
	4. Volumetric flow rate
	5. Wall shear stress
	6. Results and discussion
	7. Conclusions
	Acknowledgments
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


