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ABSTRACT

The unsteady, laminar and two-dimensional pulsatile flow of both, Newtonian and non-
Newtonian chemically reacting blood in an axisymmetric stenosed artery subject to body ac-
celeration and magnetic fields were studied. In the case of non-Newtonian blood, heat transfer
was taken into consideration. The combined effects of body acceleration, magnetic fields and
chemical reaction on blood flow were considered. The non-Newtonian model was chosen to

suit the Herschel-Bulkley fluid characteristics.

The non-dimensional governing equations were solved using the explicit finite difference
method and executed using MATLAB package. The solutions showing the velocity, temper-
ature and concentration profiles were illustrated. The effects of Reynolds number, Hartman
number, Schmidt number, Eckert number and Peclet number were examined. Additionally, the

effects of stenosis and body acceleration on blood flow were explored.

The study found that, body acceleration, magnetic fields and stenosis affect the normal flow
of blood. Body acceleration was observed to have more effect on blood flow than the mag-
netic fields and stenosis. Furthermore, as the key findings of the study, it was noticed that the
combined effect of stenosis, body acceleration, magnetic field and chemical reaction, reduce
the concentration profile of the blood flow and the blood flow velocity. It was also observed
that, the axial velocity, concentration and skin friction, decrease with increasing stenotic height.
The velocity on the other hand increased as the body acceleration increased. Furthermore, as
the Hartman number increased, both the radial and axial velocities diminished. The higher the

chemical reaction parameter was, the lower were the concentration profiles.

For the non-Newtonian blood, the velocity profile diminished with increase in the Hartman
number and increased with the body acceleration. The temperature profile was observed to
rise by the increase of body acceleration and the Eckert number, while it diminished with the
increase of the Peclet number. It was also found that, the concentration profile increased with
the increase of the Soret number and decreased with the increase of the chemical reaction. It
was further observed that the shear stress deviated more when the power law index, n > 1 than

when n < 1.
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CHAPTER ONE

INTRODUCTION

1.1 Background of the study

In day to day activities, the human body is subjected to different situations that disturb the
normal flow of blood. There are several crucial roles played by blood in the human body.
Hence when blood flow is not normal, it jeopardizes one’s life. Blood transports (inta alia)
oxygen to cells and tissues thus: (a) providing essential nutrients to cells (such as amino acids,
fatty acids, and glucose) (b) removing waste materials such as carbon dioxide, urea, and lactic
acid (c) protecting the body from infection and foreign bodies through the white blood cells, (d)
transporting hormones from one part of the body to another and (e) regulating acidity (pH) levels
of the body. Therefore, situations that disturb the normal flow of blood jeopardize human life.
This brings one to the attention of studying the dynamics of blood flow theoretically (through

mathematical modeling) and experimentally.

According to the World Health Organization (WHO)(2019), Cardiovascular Diseases (CVDs)
are the number one cause of death globally. More people die annually from CVDs than any other
cause. Cardiovascular disease usually refers to conditions that involve narrowing or blocking
of blood vessels. This can lead to a heart attack or stroke (the sudden death of brain cells due
to lack of oxygen which is caused by the blockage of the blood flow or the rupture of an artery
that supplies the blood to the brain). Thus, CVDs often are caused by the condition that damage
one’s heart or blood vessels by atherosclerosis. The atherosclerosis is a build-up of fatty plaques
in the blood vessels. Plaque build-up thickens and stiffens artery walls, and this can inhibit blood
flow through arteries to tissues and organs.This narrowing of the artery is known as stenosis.
Cardiovascular Diseases are sometimes referred to as the coronary artery disease because they
involve the coronary arteries. Coronary heart disease refers to the narrowing of the coronary

artery which is the major artery that supplies blood, oxygen, and other nutrients to the heart.

The presence of stenosis in arteries has attracted many mathematicians to model blood flow.
The current study is motivated by the need to continue investigating the blood flow in stenosed
arteries. In particular, the study focus is to model blood flow through a stenosed artery subject

to different situations that disturb the normal flow of blood.



1.1.1 Circulatory system

Circulatory system (sometimes known as cardiovascular system, CVS) generally has three vital
features: the fluid (in this case is the blood) which transports materials, the network of blood
vessels and the heart that pumps the fluid through the vessels. The human circulatory system is
closed in the manner that the blood is repeatedly cycled throughout the body inside a system of
blood vessels. The blood flow in human arterial system can be considered as a fluid dynamics
problem. Simulation of blood flow in the arterial network system will provide a better under-
standing of the physiology of human body. Hence, hemodynamics plays an important role in

the development and progression of arterial stenosis (Thomas & Sumam, 2016).

The cardiovascular system circulates blood in two circuits: the Pulmonary circulation that trans-
ports oxygen-poor blood from the right ventricle to the lungs where blood picks up a new oxy-
gen supply and the systemic circulation that returns oxygen rich blood and nutrients to the left
atrium and is pumped out all over the body. Figure 1 shows the schematic diagram of the cir-
culatory system. It shows the systemic and pulmonary circulations, the chambers of the heart,

and the distribution of blood volume throughout the system.

Pulmonary circulation 9%

Superior Aorta
vena

cava
Heart 7%

Inferior Arteries 13%
vena

Eava Systemic

vessels

Arterioles
and
capillaries
7%

Veins, venules, and venous sinuses 64%

Figure 1: Schematic diagram of the circulatory system (Keener & Sneyd, 1998)



1.1.2 Blood vessels

Blood vessels involve the routes by which the blood travels to and through the tissues and back
to the heart. There are three well known blood vessels; arteries, veins and capillaries. The
blood vessels decrease in size as they move away from the heart to capillaries. Arteries are
blood vessels that carry blood away from the heart to other parts of the body. They are much
thicker than veins and capillaries because of the high pressure of blood coming from the heart.
The veins transmit blood back to the heart. Veins have much thinner walls than arteries, making
it susceptible of easy collapse. Capillaries carry blood from the arteries to the body’s cells, and

then back to the veins.
1.1.3 Blood flow in a stenosed artery

Mekheimer and El Kot (2015), Awaludin and Ahmad (2013) and Ismail et al. (2008) postulated
that stenosis is a partial occlusion of the blood vessels due to the accumulation of cholesterol
and fats and the abnormal growth of tissue. Stenosis is one of the main causes of anomaly in
blood flow. The presence of stenosis in the arterial wall diminishes the diameter of the artery,
and if stenosis continues to grow, it leads to cardiovascular diseases. Awojoyogbe et al. (2011)

presented the normal and stenosed artery (Fig 2).

©) Nommal artery

e Marrowing Arfery cross-section

of artary

Marfowed  Plague
artery
I

Figure 2: The normal and stenosed arteries (Awojoyogbe et al, 2011)



1.1.4 Basic equations governing the flow

The focus of the current study is computational modeling of chemically reacting blood flow,
heat, and mass transfer through a stenosed artery in the presence of body acceleration and mag-
netic fields. Considering heat and mass transfer, the fluid flow is governed by the equations of
continuity, motion (also known as Navier-Stokes Equations), energy and concentration trans-
port. These equations, respectively, represent the conservation principles of mass, momentum,

energy, and mass concentration transport via Ficks law.
1.1.5 Transport Phenomena

According to Hauke (2008), application of classical mechanics conservation principles of
mass, momentum, energy, and concentration were initially developed for particle systems (La-
grangian) or pieces of matter (Eulerian). In transport phenomena, there are pieces of matter
that deform in a complex way making it a difficult task to follow the motion and evolution of
matter that are continuously changing their shape and size. Thus for convenience, the equations
of mechanics and thermodynamics are best written in a way for solving transport problems by

using transport theorems.

To solve a practical transport problem, it is convenient that the equations are applied to an
arbitrarily chosen volume of fluid, part of which could be fixed or in motion. Matter could
flow across boundaries of the arbitrary volume or its boundaries could follow the fluid. Such a

volume is called a control volume and is defined as follows:

Definition: A control volume is an arbitrary volume selected to analyze a transport problem. It

is denote by V (¢) and it moves with a velocity v.

The control volumes contain only fluid, however a control volume can contain any parts of

the analysed system. According to Hauke (2008), the transport integral equations are made of

< f v (1.1)

Upon differentiating the equation (1.1) with respect to time ¢, gives the transport integral equa-

integrals of the form:

tions. It is noticed that both the domain integral V (¢) and the integrand f(x,7) depend on time ¢.
Therefore to perform calculation on equation (1.1), the Leibnitz differentiation rule for integrals

can be used.



1.1.6 Reynolds Transport Theorem

There are three Reynolds Transport Theorems (RTT). The 15t RTT is for a fluid volume, the 2"
RTT is for a control volume, and the 3" RTT is for combined fluid volume and control volume.

Considering the 2" RTT is considered.

The 2" RTT

Consider a closed control volume, V(¢), within a flow field. The control volume considered to
be fixed in space and the fluid to be moving through it. The control volume is considered to

occupy reasonably large finite region of the flow field.

The second RTT states that, The rate of change of a thermodynamic entity, ¢ , of a system equals
the sum of the rate of change of that entity inside the control volume and the rate of efflux of the

entity across the control surface.
Mathematically, the 2"¢ RTT is expressed as follows:

Theorem (2"4 RTT): Let V(¢) be a region in Euclidean space with boundary S(¢). Let x(¢) be
the positions of points in the region and let v(x,7) be the velocity field in the region. Let n(x,?)

be an outward unit normal to the boundary. Let ¢ (x,7) be a vector (or scalar) field in the region.

Then:
l%///v(t)(i)(x,t)dvz ///V(l) 9¢§7t(,l)dV+//S(t)(v.n)¢(x,t)ds (1.2)

Proof: Let V(t) be the domain at time ¢, shown in Fig. 3 whose surface moves at velocity v At

some time ¢ + Az the domain will occupy space denoted by the volume V (¢,Ar). This volume at

t + At can be decomposed as:
V(t,At) =V (t)+ Vo (At) — Vi (Ar) (1.3)

The intersection of surfaces V() and V (¢, Ar) decomposes S(¢) into two surfaces Sz and Sy as

shown in Fig 3.



— n-w AtdS,

V(t+At)

Figure 3: Moving domain of integration V(t) with surface S(t)

Applying the definition of derivative,

dt//v[¢Xth_AlzlgloA_tU//,+A, (x,t+Ar)dV — ///M[ Xth} (1.4)

Next, the decomposition (1.3) is substituted in the integral on V (¢ + Atr):

il posra = | [[f oossvenav [[f otwivana]
A I eoeraar— [ ownav] o

By definition of derivative, the combination of the first and last integrals, gives

/// a¢ x,1) dV—AlthoAt [/// Xt+At)dV—///V(t)¢(x,t)dV} (1.6)

By the Stokes’ theorem, the volume integrals over V; and V; are transformed into surface inte-

grals, respectively as:

/// O (x,t+At)dV :/ ¢ (x,1)v.ndS (1.7)
Va (A1) $2(1)
/// O (X, +At)dV :/ ¢(x,1)v.ndS (1.8)
Vi(ar) S1(1)
The efflux across the surface is given by the sum of the efflux over S;(7) and S, (), i.e
// o (x,t)v.ndS = // ¢(x,t)v.ndS—|—// o (x,t)v.ndS (1.9)
S(1) S1(2) Sa(t)

Gathering all the contributions, the desired result is attained.



1.1.7 Conservation Principles

(i) Principle of Mass Conservation

Principle of mass conservation states that mass of a fluid in a control volume, [/ fv(z) pdV is a
constant, therefore its rate of change equals to zero. That is, The rate of change of mass for a
system equals the sum of the rate of change of mass inside the control volume and the rate of

efflux of mass across the control surface, thus:

/// dV+// p(v.n)dS =0 (1.10)

By Stokes’ Theorem and Leibnitz differentiation rule for integrals, Equation (1.10) becomes

///V(,) B_It) +V-Pv] dv =0 (1.11)

Since all variables are continuous throughout V (¢), then equation (1.11) becomes

dp
5, TVPv=0 (1.12)

Equation (1.12) is the conservation of mass, also known as continuity equation.

(ii) Principle of Momentum Conservation

Principle of linear momentum conversation states that the rate of change of linear momentum
for a system is equal to the net external force acting on it. By RTT, "The rate of change of
momentum for a system equals the sum of the rate of change of momentum inside the control

volume and the rate of efflux of momentum across the control surface”, hence

* Rate of change of momentum inside the control volume

%///vo) pdV = ///vm %(pv)dv e

The integral and derivative are interchanged since ¢ is independent of space variable

* Rate of efflux of momentum through control surface

/ pv(vdS) = //Si pvv.ndS = /// V(/.pV)+pv.7v)dV (1.14)

* Surface force acting on the control volume (with 0 a symmetric stress tensor)

//S(t) O'dA:///V(l)(V.G)dV (1.15)
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* Body force acting on the control volume (with fj, the body force per unit mass)

/7%%0p13dv (1.16)

Now, equations (1.1) to (1.4) give,

/// (8t pv)+(v (V.pv)+pv.vv)) dV:///V(t) (V.o+pfp)dV (1.17)

Since the variables are continuous, thus:

av 0
pat+va—p+pv VVHV(V.pY) =v.0+pf (1.18)
or
d d
P(3—:+V-VV)+V<8—IZ+V-PV) =v.0+pfH (1.19)

Since the mass conservation is op + v/.pv = 0 (which is continuity equation), the equation

dt
(1.19) reduces to:

av
p(a+v.vv>:v.6+pfb (1.20)
or
Dv
— =V/. 1.21
Pp =V-O+PS (1.21)
Slnce — = — + V.V is the material time (or constitutive) derivative.

Fra

(iii) Principle of Energy Conservation

From the first law of thermodynamics, the energy is conserved, which means, energy can neither
be created nor destroyed, it can only be transferred or changed from one form to the other. The
internal energy E of the system equals to the net heat transfer into the system Q plus the net

work done on the system W. This is mathematically presented in equation (1.22).

dE  dQ dW
E = We —=-2= 1.22
o+ dt dt ta dt ( )

Following the similar procedure as done for mass and momentum conversations, the energy

equation via RTT is obtained to be:

De 4 Dp 4 . " n " p i & (1 23)
pp el oy FPV V) =—Va +qg —Py.v+pu :



where q" is the heat flux, e is specific internal energy, qm is the rate of internal heat generation,
P is the pressure, i is the dynamic viscosity, @ is the viscous dissipation function, and v is the

flow velocity.

The advection-diffusion equation is now introduced. This equation is a result of Fick’s sec-
ond law. The concentration equation is sometimes referred to as the species equation. In this
equation, the principle which states that "the difference between the mass of material entering
a control volume and that leaving the control volume must be equal to the rate of accumulation
of concentration inside the control volume’ is used. The known concentration equation is as

expressed hereunder in equation (1.24);

e
5, +V-(v0) =v.(Dv C) - BC (1.24)

where, D is the molecular diffusivity coefficient and B is the chemical reaction.
1.1.8 The Lorentz force (Electromagnetic forces)

The Lorentz force is defined as the force that is exerted on a charged particle moving with ve-
locity v through an electric field E and magnetic field B. Lorentz force is just the perpendicular
force on a charged particle moving in magnetic fields. Now, consider the electromagnetic body
force F = J x B where J is the current density presenting the generalized Ohm’s law by ignoring

the hall effect, as expressed in equation (1.25):
J=0((E+vxB)) (1.25)

where, o is the electrical conductivity of the fluid (blood), E the electric field and B is the
magnetic field. The terms oE and ov x B respectively, represent the conduction and induction,
Turkyilmazoglu (2010). The induced fields are assumed further to be negligibly small so that

equation (1.25) reduces to equation (1.26).

J=0(vxB) (1.26)
which eventually, leads to equation (1.27).

J= —GB%W (1.27)

where w is the velocity in the axis of the flow.



1.1.9 Blood as material

Keener and Sneyd (1998), reported that blood is composed of two major ingredients: the lig-
uid blood plasma and several types of cells suspended within the plasma. The cells constitute
approximately 40% of the total blood volume and are grouped into three major categories: ery-
throcytes (red blood cells), leukocytes (white blood cells), and thrombocytes (platelets). Red
blood cells comprise water, hemoglobin and membrane components. Hemoglobin is biolog-
ically able to combine reversibly with oxygen and hence enables blood to carry substantial
amounts of oxygen around the body. White blood cells include granulocytes, lymphocytes and
monocytes, and have their primary role in the immune system, scavenging micro-organisms
and forming antibodies. Platelets are cell fragments used in blood clotting and are useful to
stop bleeding. The liquid component of blood is called plasma. This is the main component
of blood and consists mostly of water, proteins, ions, nutrients, and wastes mixed in. Plasma
carries different types of blood cells to all parts of the body. Besides the primary function of
blood being to deliver oxygen and nutrients to body cells and to remove waste from the body
cells, also specific functions of blood include defense, distribution of heat and maintenance of

homeostasis (DeSaix et al, 2018).
1.1.10 Blood’s viscosity

Blood has been treated to be a either a Newtonian fluid or a non-Newtonian fluid where various
behaviours have been considered. Payne (2017) described that plasma is a pale yellow fluid
that is a solution of proteins and electrolytes and that can be considered to be very close to a
Newtonian fluid. The Newtonian fluid is the one that follows Newton’s law of viscosity, that the
shear stress 7 is directly proportional to the velocity gradient. The constant of proportionality

u is referred to as the viscosity of the fluid.

d
r:ud—z (1.28)

Payne (2017) described further that though, plasma is a Newtonian fluid, the presence of other
particles means that blood highly, shows non-Newtonian characteristics and the relationship
between shear stress and strain rate is non-linear. At high shear rates, blood is thus close to a
Newtonian fluid and an assumption of Newtonian behavior (with a suitable value for viscosity)

is often made in large vessels.

Non-Newtonian fluids are the ones that do not obey the Newton’s law of viscosity. In this
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regard, the shear stress is not directly proportional to the velocity gradient.

T=pf(y) (1.29)

where 7 is the rate of strain. According to Sochi (2015), the most common descriptions of
blood being a non-Newtonian fluid that have been given by various scholars, including the ones

in equations (1.30) — (1.36):

T=K7" Power law (1.30)
T=T0+MUY Bingham (1.31)
VT =T+ /1y Casson (1.32)
T=1+uy" Herschel-Bulkley (1.33)
LL:=HW—F1#%ii%§E Cross  (1.34)
b= oo+ (o — ) [1+ (2] "7V Carreau  (1.35)

P
M} Powell-Eyring (1.36)

M=W+Wwﬂ@[ 7

where, K is the consistency index, Ty is the yield stress, Lo the viscosity at zero shear rate, e
is the infinite-shear viscosity, and A is the characteristic time constant. All models given by
Equations (1.29) to (1.35) can be reduced to a Newtonian model with appropriate choices of
model parameters. The current study considers both Newtonian and non-Newtonian models
to describe the blood. For the non-Newtonian fluid, the Herschel-Bulkley model is considered
because it is more advantageous as it gives more information than Casson, Bingham and power

law.

The Herschel-Bulkley fluid is a non-Newtonian fluid that requires a certain amount of yield
stress for it to flow. The stress tensor components are as given in equation(1.37):

Tij = (Kj/”_l _*_T_’;/)) Yij for 7>1 (1.37)

Yy=0 for 7<71
where, the subscripts ij = r,z. Ty is the yield stress at zero shear rate, K is the consistency
coefficient, n is the flow behavior index and ¥;; = (% + %) are the components of the rate
J i

of strain tensor and 7 is the second invariant of the rate of strain which is as given in equation

(1.38):
. ou\ > u\ 2 ow\ 2 du  ow\?>
r= 2[(5) +(3) +(a—z) ]*(a—ﬁz) (138)
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From equation (1.37) there are special cases that can arise. Thus, one can be able to see different

types of behaviors of fluids. This is as shown in table 1.

Table 1: Different types of behaviors of fluids

Type of fluid model K n 70
Herschel-Bulkley >0 O<n<oo >0
Newtonian >0 1 =
Power law for n < 1 (shear-thinning) >0 O0<n<l1 =
Bingham >0 1 >0
Power law for n > 1 (shear-thickening) >0 1 <n<oo =

1.1.11 Magnetohydrodynamics

According to Davidson (2002), Magnetohydrodynamics (MHD for short) is the study of the in-
teraction between magnetic fields and moving, conducting fluids. Yuduvanshi and Parthasarathy
(2010), described further that, the word magnetohydrodynamics is derived from magneto-
meaning magnetic field, hydro- meaning liquid, and dynamics meaning movement. Magne-
tohydrodynamics therefore describes the dynamics of conducting fluids, which are grounded
on the interaction of electromagnetic fields with the flow of particles in the fluid. The theory
syndicates the Navier-Stokes equations of fluid dynamics with the electromagnetism defined by

Maxwell’s equations.

In Magnetohydrodynamics situation there is a mutual interaction of magnetic field B and the
fluid velocity field v which arises partly as a result of laws of Faraday and Ampere, and partly
due to the Lorentz force. This brings the relative movement of a conducting fluid (in this case
is the blood) and a magnetic field causes an electromagnetic force |v X B| in accordance with
the Faraday’s law of induction. On the other hand, electrical currents will ensue, the current
density being of order (v x B), o being the electrical conductivity. These induced currents
must, according to Ampere’s law, give rise to a second magnetic field. This complements to
the original magnetic field and the change is such that the fluid looks to drag the magnetic field

lines.

The combined magnetic field (imposed and induced) interacts with the induced currents density

J to give rise to a Lorentz force J x B. As indicated in subsection (1.1.5)

12



According to Nallapu (2015), in recent years, the study of magnetohydrodynamic (MHD) flow
of blood through arteries has gained considerable interest because of its significant applications
in physiology. It is known that blood is a suspension of several cells in plasma, the main bulk
of the cells being erythrocytes. Since erythrocytes have negative charge (although small), an
applied magnetic field can impact the motion of erythrocytes; thus, blood flow is affected due
to the action of an external magnetic field Sinha er al. (2016). The use of magnetic fields in
the field of medicine has been on the increase. This include, in hospitals, the use of magnetic
resonance imaging (MRI). Magnetic resonance imaging for blood vessels such as arteries is
used to check inta alia, the blocked blood arteries, cardiovascular diseases, problems caused by

a heart attack, and problems with the structure of the heart. All these use strong magnetic fields.

Figure 4: Person being subjected into MRI (Stoppard, 2017)

The use of magnetic fields in health-related interventions is also manifested in various situa-
tions, including the treatment of ailments. In sports such as football and athletics, magnets are
used to perform magnetic therapy to maintain health and treat illnesses. Magnetic therapy is
an alternative medical practice that uses magnets to alleviate pain and other health concerns. It

is, therefore, possible that magnetic therapy in sports can be applied to a person with stenosis
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because all people are susceptible to have stenosis or plaques in the body.

1.1.12 Body acceleration

Body acceleration may be defined as the shaking or vibration of the human body. In day to
day activities, the human body is subjected to accelerations such as when traveling in vehicles,
boats, planes, or in doing physical exercises. These accelerations disturb the normal flow of
blood that is why some people feel a headache or vomiting when traveling using vehicles or
airplanes. Nagarani and Sarojamma (2008), Sankar and Ismail (2010), and Tanwar et al. (2016)
highlighted that the prolonged exposure to high level unintended external body accelerations
may cause disturbance to the blood flow and this leads to serious diseases which have symptoms

like headache, abdominal pain, increase in pulse rate, venous pooling of blood in the extremities.

1.1.13 Chemical reaction

Chemical reaction involves the law of mass action. This law describes the rate at which chemi-
cals, whether large macromolecules or simple ions, collide and interact to form different chem-

ical combinations (Keener & Sneyd, 1998).

Biologically, blood reacts and is soluble at the arterial wall as arteries may be basically consid-
ered as a living tissues that need supply of metabolites including oxygen and removal of waste
products. Every living cell in the body produces heat which needs to be spread around the body,
and this is done by the blood, which heats some organs and cools others by conduction and

other processes.

Misra and Adhikary (2016) pointed out that the rate at which blood flows through arteries can
also be enhanced/slowed down by the application of drugs. They further explained that this
is the observation of the clinicians, when they treat patients suffering from various types of
degenerative/tissue-destroying diseases, including multiple atherosclerosis (narrowing of arte-
rial lumen due to deposition of different fatty substances, cholesterol, etc.), arthritis, Alzheimer

disease, Parkinson disease, heart failure.

According to Casiday and Frey (2007), when the human body is subjected to the external body
acceleration such as physical exercise, the muscles consume a lot of oxygen as they convert
chemical energy (in glucose) to mechanical energy. This oxygen gas comes from hemoglobin

in the blood. Carbon dioxide gas (CO;) and hydrogen irons (H ™) are produced during the
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breakdown of glucose, and are removed from the muscle via the blood. The production and
removal of CO, and H™, together with the use and transport of oxygen gas, cause chemical

changes in the blood (Fig. 5).

H* (aq) + HCOy" (aq

H,CO, rq)

H,O m + CO;(aq)

Figure 5: Reactions taking place during exercise (Casiday & Frey, 2007)

1.2 Statement of the problem

The arterial blood flow may be affected by several factors such as physical exercises. The
normal flow of blood needs to be maintained so that human healthy is not jeopardized. It is
therefore important to study and model different situations that endanger the arterial blood flow.
Several scholars have studied arterial blood flow. This includes the study of Alsemiry et al.
(2020) who investigated blood flow and mass transfer through a stenosed artery. The study
assumed that the arterial wall had multiple stenoses. The magnetic fields and body accelera-
tion were not taken into consideration. Liu and Liu (2020) investigated a non-Newtonian fluid
model of blood flow through a tapered artery with stenosis. Heat transfer was also investigated.
However Magnetic fields, body acceleration, and chemical reactions were not studied. Misra
et al. (2018) modeled blood flow in arteries subject to vibrating environments. The presence of
stenosis and magnetic fields were not considered. Sharma and Yadav (2019) analyzed a math-
ematical model of blood flow in arteries under the presence of magnetic fields. The aspect of
body acceleration was not investigated. To the best of our knowledge, it is clearly seen that the

computational modeling of unsteady arterial blood flow heat and mass transfer for chemically
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reacting blood in the presence of body acceleration and magnetic fields is not studied despite
its manifestation health-related interventions. The current study, therefore, intends to fill the
gap by studying the combined effect of unsteady blood flow, heat, and mass transfer through a

stenosed artery in the presence of body acceleration, magnetic fields, and chemical reaction.

1.3 The rationale of the study

Understanding the dynamics of heat, and mass transfer of blood flow when the body is subjected
to body accelerations, magnetic fields, and chemical reaction is very important in the field of
medicine and in the field of computation. Most authors model blood flow through a stenosed
artery when the body is subjected to accelerations or to magnetic fields.For example Mwangi
(2016), Saleem and Munawar (2016) and Sinha ef al. (2016). The combined effect of body
accelerations, magnetic fields, and chemical reactions has not been taken much attention in
modeling despite its manifestation in different situations such as magnetic therapy in sports. The
current study combines the effect of body acceleration, magnetic fields, and chemical reactions
taking into consideration that the arterial wall has plaques or stenosis. This is beneficial in
health-related matters, in the field of fluid dynamics, in the field of computational science and
engineering in general as the findings of this study can be used in making or improving health

devises such as MRI scanning machine.

1.4 Research objectives

1.4.1 General objective

The general objective of this study is to model and analyze heat and mass transfer of unsteady
flow of blood in a stenosed artery in the presence of body acceleration, magnetic field, and

chemical reaction.
1.4.2 Specific objectives
The specific objectives of this study are as follows:

(1) To formulate mathematical models for the unsteady MHD flow of a Newtonian and non-
Newtonian blood through a stenosed artery in the presence of body acceleration, magnetic

fields, and chemical reaction.

(i) To solve and analyze the model for the Newtonian case and consider mass transfer.
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(iii) To solve and analyze the model for the non-Newtonian case and consider heat and mass

transfer.

(iv) To validate the model by comparing the current results with previous similar studies.

1.5 Research Questions

The study was guided by the following research questions:

(1) How can mathematical models for the unsteady MHD flow of a Newtonian and non-
Newtonian blood through a stenosed artery in the presence of body acceleration, magnetic

fields, and chemical reaction be formulated?

(i1)) How can a mathematical model describing the unsteady MHD flow of a Newtonian blood

and considering mass transfer be solved and analyzed?

(i11)) How can a mathematical model describing the unsteady MHD flow of a non-Newtonian

blood and considering heat and mass transfer be solved and analyzed?

(iv) How can mathematical models formulated be validated?

1.6 Significance of the study

This study is useful in the following ways:

(1) The study provides more knowledge on the dynamics of blood’s velocity, temperature, and
concentration subject to the combined effects of magnetic fields, vibration environment,

and chemical reaction.

(i) The study is useful for the clinical purpose which requires reducing the volumetric flow

rate of the blood. For example during surgery.

(ii1)) The study is useful for scientists in medicine for further research, for example, to separate
iron-oxide from the entire blood in case this is needed. This can be done by making use

of magnetic fields.

(iv) The study is useful in quantifying the arterial wall shear stress and knowing their dynamics

when subjected to vibrations and magnetic field.
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1.7 Delimitation of the study

The current study focuses on both Newtonian and non-Newtonian blood. The arterial wall is
taken to be rigid. The study therefore, does not consider the elasticity of the arterial wall.
For non-Newtonian blood, the study only focuses on the Herschel-Bulkley constitutive model.

Furthermore, the study is limited to theoretical model validation.
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CHAPTER TWO

LITERATURE REVIEW

The purpose of this chapter is to review the relevant literature on blood flow through a stenosed
artery. The study on unsteady blood flow through a stenosed artery in the presence of body
acceleration, magnetic fields and chemical reaction draws much attention as their presence,
may disturb the normal flow of blood, mass as well as the heat transfer. The chapter therefore
puts in place the review of literature on studies involving body acceleration, magnetic fields,

chemical reaction (mass transfer) and heat transfer.

Kumari et al. (2019) studied blood flow through a stenosed artery under the presence of mag-
netic fields. The arterial wall was assumed to be permeable. The blood was treated as the
elastico-viscous, incompressible and electrically conducting. The study also investigated the
effect of slip velocity. The expressions for axial velocity, volumetric flow rate and wall shear
stress were presented and computed using appropriate transformation. The study concluded that
the axial velocity and volumetric flow rate increases considerably with the increase of slip veloc-
ity parameters in the presence of magnetic field. Furthermore, the application of magnetic field
was observed to be useful in controlling the axial velocity. The study assumed unidirectional
flow where only one dimension was taken into consideration. The effect of body acceleration

was not investigated.

An investigation of an oscillatory blood flow in an indented artery with heat source in the ex-
istence of magnetic field was carried out by Bunonyo et al. (2018). The models expressed for
the study were solved using the Frobenius method. The computational results of velocity and
temperature profiles were presented graphically. The study revealed that the blood flow is in-
fluenced by the presence of the magnetic field and the Grashof number. As it was expected, it
was observed that the presence of magnetic field retards the velocity profile as well as the flow
rate. It was concluded that the temperature profile increases with increasing values oscillatory
frequency and radiative heat source parameter. The model on the energy equation did not in-
clude the viscous dissipation term, notwithstanding of its importance in exploring temperature

profiles. Body acceleration and chemical reactions were also not examined.

Saleem and Munawar (2016) presented a study that dealt with the flow of blood through a

stenotic artery in the presence of a uniform magnetic field. Different flow situations were taken
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into account by considering the regular and irregular shapes of stenosis inside the walls of
artery. The blood was assumed to suit the Eyring—Powell fluid. The solution for the axial
velocity was obtained using the regular perturbation method. The study presented graphically
the variations in pressure drop across the stenosis length, the impedance and the shear stress.
The study concluded that the pressure variations and the pressure drop inside the channel for
the case of asymmetric stenosis were large as compared to symmetric stenosis. Furthermore,
The Eyring—Powell fluid was observed to be helpful in reducing the frictional effects inside the
channel and hence helpful in reducing the resistance to flow. The resistance to the flow was

observed to increase as the magnetic effects increases.

Mwangi (2016) investigated magnetohydrodynamic fluid flow in a collapsible tube. The study
aimed at determining the velocity profiles, temperature profiles and the effects of fluctuating
dimensionless numbers on the flow variables. The fixed magnetic field was perpendicular to
the direction of flow of the conducting fluid. The equations governing the flow were non-linear
and could not be solved analytically. Therefore, an approximate solution to the equations was
determined numerically using the finite difference method. The study revealed that increase in
Reynolds number leads to an increase in magnitude of the primary velocity of the flow. Increas-
ing Hartmann number, results showed that the temperature profiles increases. Furthermore,

increase in Eckert number was observed to increase the temperature profiles.

The study on the effect of heat transfer on unsteady MHD flow of blood in a permeable vessel
in the presence of non-uniform heat source was also studied by Sinha et al. (2016). The non-
uniform heat source or sink effect on blood flow and heat transfer was taken into consideration.
The model equations were first treated mathematically by reducing to a system of coupled non-
linear differential equations, which were then solved by employing the similarity transformation
and boundary layer approximation. The resulting nonlinear coupled ordinary differential equa-
tions were then solved numerically by using an implicit finite difference scheme. The results
of velocity, temperature, coefficient of skin friction, and heat transfer rate were obtained. The
study revealed that heat transfer rate is boosted as the value of the unsteadiness parameter rises,
but it diminishes as the space dependence parameter for heat source or sink rises. The effects

of body acceleration and chemical reactions were not part of the study.

Sinha et al. (2016) presented a mathematical model which was established for studying the ef-

fect of body acceleration on pulsatile blood flow through a catheterized artery with an axially
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non-symmetrical mild stenosis. The study considered blood to be a Newtonian fluid. The non-
linear partial differential equations were solved using the perturbation method. The analytical
expressions for velocity profile, volumetric flow rate, wall shear stress and effective viscosity
were obtained. The study found that the axial velocity increases as the body acceleration in-
creases and the axial velocity declines as the phase angle of body acceleration rises. The effect

of magnetic field and chemical reactions were not investigated.

The study of arterial blood flow in vibrating environment was also done by Misra et al. (2018).
In this case the blood was treated to be a couple stress fluid. The study also considered the
oscillatory flow in a porous channel. Velocity of blood and the volumetric flow rate were both
observed to diminish as the external pressure gradient is enhanced. Blood velocity, volumetric
flow rate and also wall shear stress all were observed to reduce as the frequency of oscillation
is raised. Furthermore, it was found that the presence of couple stress in the fluid boosts the
velocity of the fluid in both axial and transverse directions, while a contrary phenomenon was

observed for the wall shear stress.

Changidar and De (2015) developed a nonlinear mathematical model for blood flow in a mul-
tiple stenosed arterial segment under the impact of body acceleration. The finite difference
scheme was employed to study the dynamics of blood flow through the cylindrical shape artery.
To use that method, first they transformed the cylindrical domain into the rectangular domain
by using the radial transformation. The study revealed that as the Reynolds number increases,
the wall shear stress increases. The multiple stenosis was observed to have a significant effect
on the wall shear stress in such a way that it developed more at the constricted locations than

all other places of the artery.

Jamil et al. (2018) examined the unsteady blood flow with nanoparticles through a stenosed
arteries in the existence of periodic body acceleration. The study modelled blood as a non-
Newtonian Bingham plastic fluid subjected to periodic body acceleration and slip velocity. The
flow governing equations were solved analytically by means of the perturbation method. By
using the numerical approaches, the physiological parameters were scrutinized, and the blood
flow velocity distributions were generated graphically and discussed. From the flow results, it
was seen that the flow speed increases as slip velocity increases and decreases as the values of

yield stress increases.
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Mwapinga (2012) studied blood flow and heat transfer in a stenosed artery in the presence
of body exercise. The study assumed the unidirectional flow in which one dimension was
considered. The blood was assumed to be Newtonian in character. The study found that the
increase of body acceleration rises the velocity of blood and temperature. It is also found that
as stenotic height increases the velocity decreases. It was further shown that increasing the
hematocrit ratio increases the velocity of the fluid. On the other hand, it was observed that

increasing the radial distance, declines the temperature profile.

The study of the chemical reactions on blood flow has become quite interesting because of
the quantitative prediction of blood flow rate. For the sake of examining the effects of the
chemical reaction on blood flow through an artery, Chitra and Bhaskran (2019) studied the
dynamical influence of heat and mass transfer on unsteady visco-elastic fluid on blood flow
through an artery with the effects of chemical reaction. The model equations for the problem
were solved analytically using the Bessel function. The main outcomes of the study were that
concentration profile declines with increase in chemical reaction parameter. The increase in
Schmidt number was also observed to increase the concentration profile. On the other hand,
increase in Pecklet number revealed to enhance the temperature profile of blood. The study
did not take into account the presence of stenosis on the arterial wall and the effect of body

vibration.

Tripathi and Sharma (2018) presented the mathematical model of heat and mass transfer effects
on an arterial blood flow under the effect of an applied magnetic field with chemical reaction.
The corresponding non-linear differential equations were solved by using an analytical scheme,
homotopy perturbation method was used to obtain the solution for the velocity, temperature and
concentration profiles of the blood flow. The study showed that in an inclined artery, the size
of the wall shear stress at stenosis throat increases as values of the applied magnetic field rise
while it diminishes as the values of both the chemical reaction and porosity parameters increase.

The study assumed that the flow is one dimensional and the effect of vibration was not in place.

The study on the influence of heat and chemical reactions on blood flow through an anisotrop-
ically tapered elastic arteries with overlapping stenosis was presented by Mekheimer et al.
(2012). The blood was considered to be a micropolar fluid. The effect of varying the Soret
number on concentration was done. The study showed that the concentration of the fluid de-

creases as the Soret number increases. The study did not involve the effect of body acceleration.
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On the other hand, the effect of chemical reaction parameter received little attention.

Sarojamma et al. (2012) explained, that when blood flows in large vessels it shows the charac-
teristics of Newtonian fluid, but when it flows in smaller diameter vessels, the apparent viscosity
of blood increases markedly and hence shows a highly non-Newtonian character. The study of
blood flow in the vascular system is complicated in many respects and thus simplifying assump-
tions are often made for the purpose of analysis. In large vessels of 1 to 3cm in diameter, where
shear rates are high, blood is assumed to have constant viscosity and thus is assumed to be
Newtonian (Khambhampati, 2013). Noutchie (2005) explained that blood flow in large arteries
and clearly showed that in the larger vessels it is reasonable to assume blood has a constant
viscosity, because the vessel diameters are large compared to the individual cell diameters and
because shear rates are high enough for viscosity to be independent of them. Hence in these
vessels the non-Newtonian behavior becomes insignificant and blood can be considered to be a

Newtonian fluid.

Zaman et al. (2015) pointed out that, it is generally accepted that the rheological behavior of
blood is assumed as Newtonian for values of shear rate greater than 100s~! and a such situation
occurs in larger arteries. But in smaller arteries the blood does not obey the Newtonian postulate
and therefore cannot be modeled as a Newtonian fluid. Categorically, blood is classified as
a non-Newtonian fluid. Tu and Deville (1996), Gijsen et al. (1999) and Rodkiewicz et al.
(1990) concluded that it is very crucial that blood is modeled as a non — Newtonian fluid. The
Herschel-Bulkley fluid is of general type and can be reduced to Newtonian, Bingham plastic
and Power-law fluid models, by selecting appropriate flow parameters (Biswas & Laskar, 2011).
According to Vajravelu et al. (2011), the Herschel-Bulkley constitutive equation contains one
more parameter than the Casson equation does, and thus more information about the blood
properties can be obtained when the Herschel-Bulkley equation is used than when the Casson

one 1s used.

The current work studies blood flow in both cases, Newtonian and Non-Newtonian. In both
cases the human body is assumed to be subjected to the magnetic fields, body acceleration and
the chemical reactions. Blood is considered to flow in a tube (artery) with plaques/stenosis. The

results obtained in both cases are compared.
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CHAPTER THREE

MATERIALS AND METHODS

This chapter presents the model assumptions, formulation of the models and the solution of the
models. The chapter is divided into two sub-chapters. The first section assumes that the blood is
Newtonian in nature, in the second section blood is considered in its non-Newtonian character.
In both sub-chapters, the assumptions considered are stipulated, then models formulated and the
corresponding boundary conditions prescribed. Non-dimensionalisation is done and the method

used to solve the formulated models explained.
3.1 Newtonian model for MHD arterial blood flow and mass transfer

In this section blood flow through a stenosed artery in the presence of magnetic fields, body
acceleration and chemical reaction is considered. All these situations that may disturb the nor-
mal flow of blood, may be physically manifested through a case of magnetic therapy taken to a

patient to reduce pain in sports.
3.1.1 Mathematical formulation of the theoretical model for the Newtonian case

The mathematical formulation, the following assumptions were considered:

(i) The flow is unsteady: In this regard, the velocity varies with time and space. Throughout

d
the study, it will therefore mathematically be considered partial derivative — (.) # 0.

ot

(i1) The flow is two dimensional: The current study considers that two spatial variables de-
scribe the flow. In this case the two space variables are the radial direction and the axial

direction, that is r and z.

(iii) The flow is laminar: In this case, it is assumed that blood flows in infinitesimal parallel
layers with no any disruption between them. That is, the layers slide in parallel, with no

eddies or mixing. The study therefore is of streamline flow.

(iv) The flow is axisymmetric: In this case, it is assumed that, the cylindrical velocity compo-
nents are independent of the angular variable 6. This means that there is also no variation
of the velocity with angle 6, therefore, — (.) = 0 with z— axis coinciding with the axis
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of symmetry of the flow.
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(v) The flow is incompressible: This takes into account that, the material density, p, of the

blood is a constant, variations with pressure are considered negligible.

(vi) The flow is fully-developed: In this case, it is assumed that the momentum of the fluid
does not change in the flow direction. The momentum is considered to be changing only

in the radial direction.

(vii) The fluid is Newtonian: In this particular section, blood is assumed to follow Newton’s

law of viscosity where the shear stress 7 is directly proportional to the velocity gradient.
(viii) Magnetic field By is applied in the direction perpendicular to that of blood flow.
(ix) Electrical conductivity ¢ is constant.
(x) Diffusion coefficient D is constant.

(xi) The force due to electric field is very small compared with the Lorentz force due to mag-

netic field.

Figure 6, is the schematic blood flow diagram, where » and z are the radial and axial direc-
tions whose corresponding velocities are respectively u  and v. By is the applied magnetic
field intensity, ry is the radius of the normal artery, J is the protuberance of the stenosis, 2z is

the length of stenosis, and %(z) represents the radius of the stenosed artery.
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Figure 6: Schematic flow diagram

In cylindrical polar coordinate, under the mentioned assumptions, equations 1.12, 1,21, and

1,24 of respectively, continuity, motion and mass concentration reduce to:
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Ju u 8w_

=0 (3.1)
or r 09z
@Jr @Jr Ju __£+ 8_2”+1@_ﬁ+‘9_2” (3.2)
p ot uar waz - or H or:  radr r?2 072 '
aw ow ow JdP 2w 1dw 9%*w )
oC 9C 9C 0’C 1dC 9J%*C
(E+“W+WTZ>ZD(W+?E+8_Z2>_[3C G4

where p is the density of the blood, 1 is its viscosity, P is the pressure, G(¢) is the body accel-
eration, C is the concentration, ¢ is the time, D and 8 are the diffusion coeffient and chemical

reaction parameters, respectively.

In the radial direction it is assumed that the pressure gradient is small due to the fact that the

lumen radius of an artery is small in comparison to the pressure wave. Under such assumption
. . dP . .

therefore, the radial pressure gradient — ~ 0. Following Ismail et al. (2008), the pressure

or

gradient in axial direction can be written as seen in equation 3.5:

JdP
—a—z =Ap —|—Alcos(n1t) 3.5

Where A is the steady state part of pressure gradient, A is the amplitude of pulsatile blood flow
that gives rise to systolic and diastolic pressure, n; = 27 f1, with f] being the pulse frequency.
On other hand, according to Nagarani and Sarojamma (2007), body acceleration term G(¢) may

be given as equation 3.6.

G(t) = pagcos(nyt + y) (3.6)

Where pay is the amplitude of body acceleration, n, = 27 f;, with f, being body acceleration
frequency, and y is the phase angle.

The equations can now be re-written as follows, see equations 3.1-3.4:

Ju u Jdw
FRRNR el G
@4_ @4_ @ — a_zu_i_l@_l_i_a_zu (38)
P ot uc?r W&z —H or:  rdr 1?2 072 '

a_w_|_ a_w+ a_w =Ag+A ( l)+ 82_W+la_w+az_w
P\ gr Ty TWay ) T AT 5y T g, T o2

+ papcos(nat + ) — GB%W (3.9)
oC JdC IC 9’C 19C 9d*C
(E”E”a_z) :D(W+m+a—zz) ke G-10)
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Following Das and Saha (2009), the geometry of stenosis (Fig. 4) can mathematically be ex-
pressed as follows:

ro—8(1+cos®E) —z0<z<z
h(z) = ( Z‘)) (3.11)

o otherwise

3.1.2 Boundary and initial conditions

In this part, the initial and boundary conditions are prescribed. In this work it is assumed there

is no slip condition on the arterial wall. See equation 3.12:
u(r,z,t) =w(rz,t)=0 at r=nh(z) (3.12)

and at the center of the artery (at the line of symmetry) it is assumed that there is no shear rate
and no radial flow. See equation 3.13 hereunder:

ow(r,z,t)

P =u(rz,t)=0 at r=0 (3.13)

Similarly, for concentration, the boundary conditions are as shown in equation 3.14

IC(r,z,1)

P =C(rz,t)=0 at r=h(z) (3.14)

Since blood can flow even in the absence of magnetic field and body acceleration, it is therefore
assumed that initially, there is non-zero velocity and concentration when ¢t = 0. This is as shown
in equation 3.15:

u(r,z,0) =ug, w(r,z,0)=wp, C(r,z,0)=0Cy (3.15)
3.1.3 Skin friction
After determining the velocity, one can now easily determine the skin friction factor C¢. The

skin friction in this regard, is the friction between the stenosed arterial wall and the fluid. Con-

sider first the arterial wall shear stress 7,, as shown in equation 3.16.

ow
The skin friction is defined as:
Ty
Cr= 3.17
1= oW (3.17)



3.1.4 Non- dimensionalisation of variables

In this part the non-dimensional variables are introduced. The fluid’s characteristic velocity and
distance w. and rq respectively are used. The w. is assumed to be average blood’s velocity

flowing along the artery and ry is the radius of normal artery.

r * Z * w * u * IWe * *
n=—, 2=—, w=—, u=—, I =—, a= 2 AO_ 2 (318)
ro ro We We ro wg pwg
ron r Arr o C D Br3
my = y M2 = ’ 1 — 7 €= —, C__7 D - 20 B -
We We pws 70 Co v v

(3.19)

Now substitution of the non-dimensional variables into equations 3.7 to 3.17 is done. Upon

substitution, the continuity equation 3.7 becomes:

we (Ju*  u* ow*
—=—4+—4+—=1=0 3.20
r0<an+n+az*) : (3.20)

dividing throughout equation 3.20 by e yields equation 3.21 below
1o

u* u* Jdw*

—+—=+=—=0 3.21
8n+n+8z* ; (3.21)

Equation 3.21 above is our continuity equation in non-dimensional form. Again, substitution of

the non dimensional variables into #— momentum equation 3.8 is done.

2 * * * 2% * * 2%
pw: (du Lou Lou Uwe (u* 1du* u* J°u
= — ——+== 3.22
. ((91‘* ot ar )T ot Ty 2t o (3-22)
pwa
dividing equation 3.22 by == leads to equation 3.23 hereunder:
1o
du* du* du* u %u*  1du*  ut  d*u*
* * = — -+ = 3.23
ar* i an v dz*  prowe (8112 + nadan n? + 8z*2> (3-23)
which can be written as
du* du* out 1 (%u* 1du* uw J%u*
—+u” ==t —=— -+ = 3.24
PP T Re(8n2+n a1 n2+8z*2) (3-24)
where Re in equation 3.24 is the Reynolds’s number defined as Re = P V::*ro.

Similarly, the v— momentum equation 3.9 becomes:

2 * * * 2 2. % * 2. %
pws [ dw LOw LOWEN  pwi L o Mwe (OTwF 1 dw*  d*w
(G G ) =T i Acosme) ¢ 7 R

pwe
+ - ¢ cos(mzt*—l-w)—wCGB(z)w*, (3.25)
0
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2
dividing equation 3.25 by i leads to equation 3.26 hereunder:

ro
ow* N LOw? Lo ow* A%+ A% cosmt* + u ?w* +law* N 2w
o " on o o ArE It e a2 T on T 972
32
+cos(mat* + ) — 2200 (3.26)
pPwe

which can be written as:

aw* N Low* n Low* C A%+ A% cosmt* + 1 [d*w* N 1 ow* +82w*
or o TV g TR0 AT TR o\ 9n? T an | 922
H2
+cos(mpt™ + ) — R—ZW* (3.27)

. . [C
where H, is the Hartman number given as H, = roBy E
One can then apply the non-dimensional variables to the concentration equation 3.10.

w.Co <ac* ,0C* *ac*) _ vCyD* (azc* 10cC* 820*) e

g on W ar )T T2 \anZ Tyan e

BC* (3.28)

ro r(z)

C
dividing equation 3.28 by Feo

gives the equation 3.29:
1o

oC* dC* dCc* vD* (azc* 1 9C* azc*> v

+u +w = on? +E an + 972

o " om oz rowe pc (3-29)

rowe

Equation 3.29 above can be written as shown in equation 3.30

% % * 2% % 2
S G+ 5 = e (o a  er) RS G0
where Sc i1s the Schmidt number defined as Sc = %
The boundary and initial conditions in non-dimensional form becomes:
w'(n,z5 ") =w*(n,75,t") =C*"(n,z",t*) =0 at n=H(") (3.31)
aw(g’;*’t*) _ ac("a’;*’t*) — (M, ) =0  at n=0 (3.32)
u'(n,25,0)=Uy w'(n,z",0)=Wy C*(n,7",0) =co (3.33)

For convenience, the asterisks are dropped, yielding to the following model equations in non-

dimensional form:

29



auﬁaw

- =0 3.34
an + n * dz (3-34)

@—{—uﬂ—}- @—i 8_214+l%_i+a_2u (335)
or "om "9z TRe\on? Tnon nZ ' 9z '
a_w_|_ a_w_|_ a_W—A +A t—{—i 82_W+la_w+(92_w
or " on TWoy TR0 AT R N\ a2 T hon T 92
H2
+cos(mat +y) — R_ZW (3.36)
daC dC aC 1 (d*C 10C J*C 1
E%—u% Wg_z_—SCRe <8_172+E%+8_z2>_ﬁﬁc (3.37)
subject to conditions:
u(n,z,t) =w(n,z,t) =C(n,z,t)=0  at 1 =H(z) (3.38)
aw(gwjlz’”:ac(g;’z’t)=u(n,z,z)=o at n=0 (3.39)
”(777270) =Uop W(nazvo):WO C(ThZ»O):CO (3.40)
On the other hand, skin friction (see equation 3.17) in non dimensionless form becomes:
1 dw
f_ﬁﬁ (3.41)

3.1.5 Radial coordinate transformation

In this section the transformation of the equations from cylindrical to rectangular domain is
done. The artery is taken to be cylindrical, with stenosis, Therefore transforming the constric-

tion, another variable & is introduced, such that
£ = (3.42)

This suitable radial coordinate transformation helps to map the constricted domain into a rectan-
gular one. Equation3.42 above has the effect of immobilizing the arterial wall in the transformed

coordinate £. Using equation 3.42 and re-arranging, equations 3.34-3.41 become:
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1du u dw SdHIw _

du_ _wdu  (u EdHOW\ 1 (P 1du_u)
ot HOE "\9z Hdzof) ReH?\9E2 T EQE &2
1 (9% _28dH 0P SdPHOu & (dH\'9Pw 3L (dH\'Ou| ..
Re | 072 H dz d€dz H dz2 0§ H?\dz ) 0&* H?\dz) 9J¢& '
aw uow dw & dH dw
9 = T HoE —w ((9_z - ﬁcTz%) + (Ap+Ajcos(mt)) +agcos(mat + )
1 [(d*°w 1aw 1 5
*W(a—wz%)‘ﬁf’”
1 |9%w 28dH 0*w  Ed*How &2 (dH\?9*w 3& [dH\?ow
— = -2 2ot ) st o) 55| (349)
Re | 072 H dz d€dz H dz? 0 H?\ dz ) 0&E? H?*\dz) 0d¢&
dC  udC dC & dHOIC 1 9’C 10C\ 1
E——Hag—w(a—z—ﬁd—zx) ScRe? (a_§2+3£>_1e_eﬁc+ (3.46)
L |9°C _28dH 0°C _EdPHOC & (dH)\'9°C 3¢ (dH)*IC
ScRe | 072 H dz 0£dz H dz? 6  H? \dz ) 0&* H?\dz) Jé&
bj :
ubectio W€z =w(E,nt) = CEa) =0  a E=1 (3.47)
d aC
W(géz’t): (jéz’t):u(é,z,t)zo at £=0 (3.48)
u(éuz70) :UO W(g,Z,O) = WO C(§7Z70) =C0 (349)
And, the skin friction (equation 3.41) becomes:
1 Jdw
I = Reti 9! (3.50)

3.1.6 Radial velocity transformation

The radial velocity u(&,z,7) is now obtained in terms of the axial velocity w(&,z,¢). The conti-

nuity equation 3.43 is then multiplied by £H and then integrate it with respect to &. This leads

to equation 3.51.

2 dH

dH
u(§,z,t) = 5d—ZW— Hdz 0

£ H (5 0w
wedé — — / —d

gag g ["e 5 ac
Applying our boundary conditions, yields equation 3.52:

L2 dH H 1 _ow
S wEdE = | EZ24
[ Swed 5/05&5

(3.51)

(3.52)

Comparing the integrals and integrands of equation 3.52, results into equation 3.53:

aw_ 2 dH

3_1_ Hdzw
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Substituting equation 3.53 into 3.51 yields

dH
M(é’ZJ):gd_ZW (354)

Equation 3.54 is the radial velocity component expressed in terms of axial velocity.
Now, substitution of the radial velocity obtained into v— momentum equation (see equation

3.45) and into the concentration equation (see equation 3.46) is done. Also, using the product

rule one ca easily find the derivatives % and _u as shown in equations 3.55 and 3.56
du dH [ dw
—=—\6=% 3.55
9~ @ (5 JE +W> (3:53)
dH dw d2H
= — 3.56
=5 ( &z 9z "V az ) (550)

This process therefore, eliminates u, and write radial velocity u in terms of axial velocity w. In
this regard, the equations 3.57 and 3.58 are easily obtained. These are the model equations that

need to be numerically solved.

ow EdH Y\ dw dw & dH dw
ik (Ed_zw) % —w (— — ———) + (Ag+Ajcos(myt)) + agcos(myt + )

Lo L (Pw dowy L
ReH? \ 982 " E Q¢ e

1| Pw 28dH 0%  EdPHow & (dH\ 0w 3L (dH\ ow| o
Re | 072 H dz d€dz H dz? 0 H?\ dz ) 0&? H?\dz) 0d¢& '

dC  (&dH \aC oC EdHIC 1 9’C 14dC 1

S G s (55 o) s (55 25) ~wePcr

ot \Hdz ) dé dz H dz d& ScReH?
L |9°C _28dH 0°C _EdPHOC & (dH)\'9C 38 (aH)\'IC| . o
ScRe | 072 H dz d€dz H dz2 06 H?* \ d 0E2  H2\ d & '

The model equations above, are solved subject to the boundary and initial conditions expressed

in equations 3.47-3.49.

3.1.7 Numerical Discretization by Finite Difference Method

In this section, the solution of the problem is obtained. Equations 3.57 and 3.58 are non-linear,
therefore, it is very difficult to find its analytical solution subject to the boundary described by
equations 3.47-3.49. Therefore, a numerical procedure has been employed to obtain the solution

of problem (see sub-section 3.1.8 below).
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3.1.8 Finite difference schemes

The finite difference method (FDM) substitutes derivatives in the governing field equations by
difference quotients, which comprise values of the solution at discrete mesh points in the area
under study. That is for all numerical solutions, the continuous partial differential equations are
written in finite difference form. The numerical solution is identified only at a finite number of
points in the physical domain. There are several finite difference techniques that can be applied
to solve the model equations. In this study, the explicit finite difference method was employed,

where quantities at time k 4 1 depend explicitly on quantities at time k.

The finite difference scheme is based on the use of the central difference approximations to
discretize all the spatial derivatives and the explicit forward finite difference approximation to

discretize the time derivatives. This is done in the following manner:

k41
Iw _ Wijer W1 9Pw Wi 2w W dw Wi — Wi (3.59)
& 2AE "9EZ (Ac‘;) "ot At '
a_W — w;{'i_l?j _Wf_lvj azw H'] o 2W +wl 1,j (3 60)
Jz 2Az7 "072 (Az) '

Similar expressions are also obtained for other spatial derivatives of C(i, j,k). See equation 3.61

and 3.62 here under:
dC _ Clk,jJrl 1] 1 aZC Clk]+1 _ZCk +Ck] 1 aC Clk,;Ll _Ck

—_— l7]

o 2A§ S Ay o= (3.61)
k k k k

9C _Cny =Gy 2°C_ Gy 269,46 (3.62)

oz 2A7 922 (Az)?

where A& is the increment in radial direction, Az is the increment in axial direction and At is the

increment in time.
Also the discretization of w(i, j, k) and C(i, j, k) is done by writing it as wi-f jand Ck respectively.

It is further defined:

Ei=(—1AE j=1,2,3,.,N+1 where, &y =1 (3.63)
=(j—DAz; i=1,23,.. . M+1 (3.64)
te=(k— DA, k=1,2,3... (3.65)

The boundary conditions (see equation 3.47-3.49) are also discretized. The Neumann boundary
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condition at & = 0 is given as:

k k
ow Wiy —Wij

- = =0 3.66

& 2AE (3.66)
This gives, wi‘ 1T f‘ 1= 0 which implies that wf.f 1= wﬁ j—1- Now at & = 0 implies that

d

Jj = 1 which eventually gives wf.‘z = wfo. Since wfo is a ghost point, the derivative a—g =118
now approximated using the denominator A as shown in equation 3.67.

ow Wi g W

. =T W 3.67

k

which gives wi, = wf |- In the same way, the Neumann boundary condition is obtained at § = 0.

Thus, the discretized conditions are as given in equation 3.68.
k k k k 1 1
Wi,2 = Wi,l’ Ci72 = Cial’ Wi.,j = W(), Ci,j = C0 (368)

the initial axial velocity Wy = W (&) is given as

Wo = (AOIAl) (1-(HE&)?) (3.69)

The equations (3.59)-(3.62) are then substituted into equations 3.57 and 3.58. This gives (in

, and ck.

discretized form) the equations 3.70 and 3.71. In this regard, w* i+

i | are made the

subject of the formula.

k k
W iy 5; dH\ ([ Wiji1—Wij
lj+1 dZ 2A§

[ Wk Wk

k k
Cak | it Wiy Ei (dH\ Wij+1~Wij
b 2Az H; \ dz ], 2AE

r k k
N At z]+l 2W +WU 1+l Wij+1 —Wij—1
ReH? (AJ;) &j 2AE

+ (Ag+Ajcos(myt)) + agcos(myt + )

At l+11 2W +Wl 1,j 25]’ d_H W§+1,j+1_Wf—l,j+1_W§+17j_1+W§_17j_1
Re (AZ> dz 4AEA:
A (dzH) wﬁjﬂ—wffj_l . ArE? (d_H)2 who =2k k)
reri \a2 )\~ 2ag ) T renp ), a8
3AE; (dHN\? (Wi = Wi\ A
— ) | 5 | - R HE 3.70
+ReHl.2 (dz>l.< 2AE Re ¢ Wi (3.70)
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’ " H; \ dz /; 2AE

k k k k
Gy —Ciny & (dHY Cijri—Cij
ZAZ Hi dZ i 2A§

k k k k k
Cijer 726+ Gy 1 (le _Ci,j—1>]

At
T RescH? (AE)? & 2AE

k
—AtWiJ'

At

k k| ok k k k k
G —2CG;+Cy 2 (d_H> Cirjm1 =Gl 1 =G TGy
(Az)? H \ dz ), 4AEA;

g (dPHY (Gl G N A&} (dHN? (Clya =205 4G
ReScH; \ dz2 ), 2AE ReScH? \ dz (AG)?

i

L (aHN (G =G A (3.71)
ReScH? \ dz 2AE Re "/ '

+ReSc

i

The skin friction in discretized form is as shown in equation 3.72

Lowk ks

C = Ll i 372
/i~ ReH;  AE (3.72)

3.2 Magnetohydrodynamics blood flow through a stenosed artery, a case of non-

Newtonian model

In this sub-section, a mathematical model of MHD flow of blood through a stenosed artery is
studied. Blood is considered to be non-Newtonian of Herschel-Bulkley type. Effects of mass
and heat transfer on the flow are investigated in the presence of body acceleration, magnetic

fields and chemical reaction.

3.2.1 Theoretical model formulation of the problem

In this work, it is considered that the flow is unsteady, laminar, two-dimensional, pulsatile,
incompressible, and axisymmetric in the sense that there is no variation of the velocity with
the angle 0 in the cylindrical polar coordinate system (r, 6,z), with the z-axis coinciding with
the axis of symmetry of the flow. The blood is considered to behave as a non - Newtonian
fluid satisfying the Herschel-Bulkley model. Furthermore, body acceleration (G(t)), and the
strength of magnetic field (By) act in the axial direction of the artery. Biologically, every cell
in the body can produce heat which needs to be spread around the body, and this is done by

the blood, which heats some organs and cools others by conduction and other processes. Thus,
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the study takes into account the presence of the chemical reaction such as exothermic reaction.

Figure 7 shows the schematic diagram of the stenosed artery.

By

T

5 (.
e a——

Figure 7: Schematic diagram of the stenosed artery

where 9 is the height of stenosis and 4z is the total length of stenosis.
The geometry of stenosis using cosine function is defined as shown in equation 3.73

ro— 90 <1—|—COSZn—ZE) —270 <7< 279

R(z) = (373)

) otherwise

Under mentioned assumptions, the equations for the z and » components of momentum together
with the equation of continuity, energy and concentration in the cylindrical coordinate system

are as shown in equations 3.74-3.78:

Ju u 8w_

B9 (3.74)
ar r 0z
Ju du du\  JIP 19d(rt,)  I(Tx)
(E*“E*W&)“E*; 5 T o G-7)
v dw  dw\ 9P 1305 Az :
(8t +uar+waz>——az~l—r 3, + 0z +F(t)—oBgw (3.76)
or ~ JdT = oT 9*T 10T  0°T du ow _ du
pcp E—l—ug—i-wa—z =k W—F;E—{—a_zz +TrrE+TrZE+TrZa_Z
45,2 (3.77)
Jz

" W I\ 92 Tror 92 Ty or:  radr 972

ot or 0z
- B (C —Co) (3.78)
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In the above equations, u, w, T and C are respectively radial velocity, axial velocity, temper-
ature and concentration of the fluid. c,,k,Kr,Dy,and B are, respectively the specific heat
capacity, thermal conductivity, the thermal-diffusion ratio, diffusion coefficient, and chemical
reaction parameter. Furthermore, 7,,,and7,, represent the normal stress components. 7, is the
shear stress component. The current study considers that blood obeys the Herschel-Bulkley
constitutive model. The stress tensor components are as given in equation 3.79.

’C,-J-:(Ky"l_|_r_;)j/ij for 7> 1 (3.79)

Yy=0 for 7<1

where, K is the consistency index, 7 is the flow behavior index and 7y is the yield stress at zero

shear rate.

Now,from equation 3.79 the shear stresses are written as shown in equations 3.80-3.82.

T, =2 (K7 '+ oy ") (%) (3.80)

T =2 (Ky" "+ 17 ") (‘Z—V;) (3.81)
o (=l o1y [OU Ow

T, =2 (K7 + 107 )(8Z+ar (3.82)

The pulsatile pressure gradient which is responsible for driving the blood’s flow in the axial

direction and the body acceleration term are as given in equation 3.5 and 3.6 respectively.

3.2.2 Boundary and initial conditions

The boundary and initial conditions for the developed model are as shown in equations 3.83-

3.87

w(r,z,t) =0, u(r,z,t)=0 on r=R(z) (3.83)
W =0, u(rzt)=0 on r=0 (3.84)
oT
% —0, on r=0 and T(rzt)=T, on r=R(z) (3.85)

.
0
w —0, on r=0 and C(rzi)=C, on r=R(2) (3.86)
r
u(r,z,0) =ug, w(r,z,0)=wo, C(r,z,0)=0Co (3.87)

where, T,,, C,, stands for arterial wall temperature and concentration on the arterial wall, respec-
tively.
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3.2.3 Non - dimensionalisation of the model variables

In this section, the non-dimensional variables are introduced. It is considered that, w,. as the
average fluid’s velocity which is therefore the characteristic velocity. It is also defined that, rg
as the radius of normal artery. The dimensionless variables are now as shown in equations 3.88

to 3.90.

r w u tw P

n=_, w=2 w4 pe ~_Z Pr=—, (3.88)
o We We ro ro pwe
A A Tij

AS = Or(z)a AT = lrgv my = ”Oml, np = r0m2, 03 = ’"0‘;0, Tij' = UZ (3.89)
pwe pwe We We We pwe
T—T, C—C r3 5 R

rro Il e 20 e P 0 ey RO (3.90
T, —Tp Cy—Co v 0 ro

Now, substitution of equations 3.88 to 3.90 into equations 3.74-3.87 is done. However, for

convenience, the asterisk/stars are dropped.

Ju u Jdw
—+—+—=—=0 3.91
o + . + 3. (3.91)
Ju du Ju OP T, 1 a1,
i - - — T+ —= .92
8t+u8n+w8z 8n—f—(an-l-rl’t-l-8Z> (3.92)
ow ow ow ot 1 ot
TS T —(An+A 241+ =
Y +u8n +w8z (Ao + 1c0s(m1t))+<an +n‘cz+ 7z )
H2
+agcos(mpt + y) — —+w (3.93)
ReG
or  oT .  oT 1 82T+ oT +82T
o "on "oz TR \on2 T nan " 92
u ow u ow
EC rr_ 2. 2y N 94
+ {r an”Zan”Zaz”H&z] (3.94)
o, ,0C, 9 1 (PC 1ac P
or "on "Wz TR \on? non ' 92
9°T 19T J°T\ BC
rn n+1 2
Where,ReG—O—pfz, Ha =By Groil, e:m, EC:L and
Kw} Kwl k cp(Tw —To)
B DfKT(TW— To) )
= are the, generalized Reynold, Hartman, Peclet, Eckert, and Soret numbers
vT,,(C,, —Cp)

respectively (see appendix 1 for more elaboration on the generalized Reynolds and Hartman

numbers). The stress component in non-dimensional form is as shown in equation 3.96.

| 1\ .
TijZ( VAR 1)%‘;’

ReG (3.96)

Yy=0 for 7<71
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with second invariant of the rate of strain given in equation 3.97

. du\2 [u\? [ow\? ou ow\’
Y= 2[(%) +<ﬁ> +<8_Z) ]‘f—(a—z‘f’%) (3.97)

and
Tpr =2 (ReGVl_1 + 707_1) (3_11;) (398)
e 1 [9
uz=2(&ﬂ71”+myl)<5%) (3.99)
d 0
%zzmwwl+my5<£+§$> (3.100)

subject to the dimensionless initial and boundary conditions
w(n,z,0) =wo, T(1n,z,0)=Ty, C(n,z,0)=Co (3.101)

own,zt) _ 9IT(M,zt)  IC(N,z1)

an an an

=u(n,z,t) =0,0nm =0 (3.103)

3.2.4 Transformation of domain

To obtain the numerical solution, the cylindrical domain is transformed into the rectangular
domain by using the following radial transformation, then the new variable & is introduced
o
R(z)’
transforming the constricted part into rectangular domain was also adapted by Nezamidoost
et al. (2013), Mustapha and Amin (2008), Changidar and De (2015), Mandal (2005), Majee
and Shit (2017) and Joshua et al. (2020).

such that & = This transformation, leads to equations 3.104-3.115. This method of
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1du u dw EdRdw _

RIE R 9 Rdiof " G104

e ot (G ST R e o 0y

%—:V:(A0+A1c08(m1t))—%— (?ZV Iifg;g) %8;? ;_% 0%
—f—efl—f%? + agcos(mat + ) — Z‘iw (3.106)

oT uoT (aT .ﬁdR&T) (82T 1 oT 82T>

9t RrRoE "\ 9z RazoE R0E TREIE T 92

1 |3€& OT 2£dR 9°T Ed*ROT £ dR\* 0°T
+Fe[_2 (d?) %‘FE&@JET%%”(E@TZ) 02 G107

55 Ju | Tz Iw du_ ¢ dRou dw _&dRow
+EC<R 8§+R8§)+chéz<az Rdz 98 ) TET\ 5, T R4z o8
aoC udC (ac édRac) <azc 1 aC azc)

9t rog "\ 9z R4z aE RIE: T RIEGE T 32
L L[3¢ (ary?ac 2gdr 2C_garaC , (EdRY 2] pC
P, |R2\dz) 0 R dzd&édz Rdz?dE Rdz) 02| Re
2 2 2 292
+S, ﬁ dr 8_T_§d_R_8 T _éd_R&_T 2 éd_R 8_T (3.108)
R2\dz) 0 R dzdEdz Rdz?dE Rdz) 0&2
With
, du N> [ u\* [ow EdRow\> ou EdRIu  ow \*
T=1412 tl5z) 555 5¢ |l 555 t55¢
RO& RE dz Rdz d& dz Rdzd& RIE
(3.109)
Tee =2 (Rg? '+ 1077 ") ou (3.110)
&¢é ¢ R8§
_ i\ [(Idw  EdROIw
T =2 (Rec?' ™ + 707 )(az R e ag) (3.111)
_ [ Ou EdARIu Iw
Te, =2 (ReV"™ ' + 0¥ )<3z Rz a§+an) (3.112)
Radial transformation leads to the following boundary and initial conditions:
W(ﬁ,z,()) = Wo, T(§7Za0) = To, C(€7Z70) =Co (3.113)

w(&,z,t) =u(§,z,t) =0, T(&,z,¢t)=T,,C(€,z,t)=C, on E=1 (3.114)
ow(&,z,t)  dT(E,z,t)  IC(E,z,1) _

5F = 5 5t u(&,2,0)=0, on E=0  (3.115)
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3.2.5 Transformation of the Radial velocity

In this part, the radial velocity is obtained, this will be substituted into v— momentum, energy
and concentration equations. The equation 3.104 is multiplied by ER(z) and then integrated

with respect to & to obtain equation 3.116:

dR 0
/5 d5+/ud<§+/§R W 4E + /gz W (3.116)
dz 85
Re-arranging equation 3.116 yields equation 3.117:
dR 0
/5 d§+/ud§ /52 Pag - /gR—dg (3.117)
dz 0&
Applying integration by parts and simplifying the equation 3.117 results into equation 3.118:
dR 2 dR R dw
= —GCW——— ds — + —d 3.118
u=Tow— g [weas—g [e5 e (3.118)

Making use of the boundary conditions in equations 3.114 and 3.115 and making re-
arrangement, the equation 3.119 is obtained:

2dR [! R (1 dw

—— | wéd :——/ —d 3.119

édz/o sds EJo éaz ( )
Multiplying by & and dividing by R yields 3.120

2dR

1 1 8w
Ed_z/o wgdz;:—/o §5mde (3.120)

Now, making comparison of the integrals and the integrands of equation 3.120, the equation
3.121 is obtained.
ow 2 dR

o = k" (3.121)

Now substitution of equation 3.121 into equation 3.119 is done. Such substitution gives equa-

tion 3.122:
dR 2 dR 2dR

which simplifies to equation 3.123:
dR
= (é—w) (3.123)
dz

Equation 3.123 above, is the radial velocity component which needs to be calculated. Now,
the substitution of this radial velocity into axial momentum, energy and concentration equa-

d
tions is done. Also, using the product rule the derivatives, a_ <§—+w) and

9E 9E
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d dR 9 d’R
! ( id ) are obtained. This process therefore eliminates u, as the radial

7 =5 dz 0z +Wd_z2
velocity u is now written in terms of axial velocity w. This gives equations 3.124-3.130. These

equations are later written in the discretized form.

ow dR aw dw & dRIw 10Tg, T, 01y
E—(Ao-l-AlCOS(mll))—(ﬁd—zw>ﬁ— (8z Hdz 85) R 9¢ +E+
_&dRIt, _H;
Rz Y + ag cos(myt + y) Rer (3.124)
T __(SdR)\oT (9T EaRaTY 1 (O 1 or o7
or  \Rdz" )& "\ 9: RdzoE R20E2 " R2E €
L [38 (aR\?OT 28dR 9T _éﬁa_uz Edr\* 0T
P, |R2\dz) 06 R dzdEdz Rd7? & Rdz ) 0&2
% dR (pow %z 9w L.
+E, { (5a§+ + R 9% +EcTe, | € & 92 +wd22 (3.125)

é d_R ga_w_}_ +E.T 8_w_§d_R8_w
R\ dz o " <%\ 97  Rdz 9
aC  (&EdR \dC (dC EdRIC + 9*C 1a_c+82_c
or Rdzw ag "\ 9z "Rz 9E RE T RIEQE T 92
3 (dRY)"9C_2LdR _édz_Ra_cH £dR\*9°C
dz 0 R dzd€dz R dz? d& Rdz ) 0&2
s (dmytar_2ean aZT_éﬂa_TH(;d_R)zaZ_T]
dz

—chgz

1
+ —

Rdz ) 0&2

0 R dz0Edz Rdz* d&
2 2
Sr( T I or a—T) ﬁC (3.126)

ROE TREJE 92 ) Re

With
5[ (4R (2w 2 /dR \* [ow EdRow\?
‘ ( IWZ x—f—w + R_dZW + d_Z_I_Qd_Z% +
J— ; (3.127)
(é (dR8W+ dzR)_éd_Rd_R (5a_w+ )_|_a_w)
\ dz 9z ' "dz2 ) Rdzdz \"9E ") T RIE
and
e .\ [dR (.0
Tee =2 (Re? ' +w077) (d_z (5£+W)> (3.128)

0 dR 0
PR

dR 0 d’R dR\? (.0 d
Te. =2 RV '+ 707 ") [5 (d avzv +w zz) _1% <_dz) (é—avg +w) +R—;%
(3.130)
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3.2.6 Numerical discretization by Finite difference method

In this part, the application of the finite difference discretization scheme to solve nonlinear
model equations 3.124-3.126 is done. The finite difference schemes are based on the central
difference approximations for all the spatial derivatives and the explicit forward finite difference
approximation to discretize the time derivative. The approximate derivatives are as given here
under equations 3.131-3.133. Similar method was adapted by Liu and Liu (2020), Zaman and
Khan (2020), Haghighi and Aliashrafi (2018), Priyadharshini and Ponalagusamy (2019), Reddy
et al. (2017), Sankar et al. (2010) and Hossain and Haque (2017).

k+1

I Wijer =it 9w Wi 2V W dw Wi W (3.131)
EE ME 98 (AE)? K7, |

' r k k k+1 k
O _ Ty ~T 02T _ T — 205475 or _ T T (3.132)
&g 2A§ 7852 (Aé) ’ 8t At .

h . . k k1 _ ok
a_C:Ci,jH—Ci,j—l 9°C _ Cij1 — 2T i+ T 9C M (3.133)

& 2AE T9Er (Aé) ' or At
Partial derivatives with respect to z are obtained in a similar manner, furthermore, the approxi-

mations of derivatives of 7¢_, and7 are as given in equation 3.134

k k
JTe, B (TKSZ),',]'H - (Téz),;j_l 0T, (Tzz)ﬁj-H - (Tzz)f,j_l 0T, (Tzz)f—i-l,j_ (TZZ){'(—L]'
0t 2AE T 9E 2AE " dz 2Az

(3.134)
where &, 1 and z; are as defined in equations 3.63-3.65. Now, substitution of equations
3.131-3.134 into equations 3.124-3.130 and make subject w,7, and C is done. The dis-
cretization of radial velocity from equation 3.123 is also included. This yields the equations

3.135-3.144 in discretized form.
L= g, ( ) W (3.135)
l

H2
wﬁ;&l — W{'(,j + At (Ao + Ay cos(myty) + agcos(maty + ) — R:G wffj)

k k k k
5; wk. Wijet TWijm1 ) p k[ Dl T Wis
dz by 2AE by 2Az
k k
Ak 5] dR WﬁjH_WfH 5] dR\ ((T2)ijir — (%o)ijo
ViR, a’z 2A8 dz 2AE

k
1 (éz) S I +(T‘5‘7’)"’f' , (Tam“f(faﬁ‘“" (3.136)
R; 2AE Ri; 28z |

+ At
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With,

k k 2 2
I (dR Wij+1 —Wij-1 k L (dRY
2011 = (= B LV Y < — | = <
(Ri(dz>i<€J< 2AE Vi HAVAVE AL

= " (Wﬁl,j—wf—u S (d_R) (Wﬁjﬂ _Wﬁj—1)> +(DF )2
\ 2Az R\ dz ), 2AE b
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ot~ [ (), (o) o, (45)]
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K K
o . dR Wij+1 — Wij—
(Tég)ij =2 (Rec?" " +w077") ((d_z) (51'% +W§j>> (3.140)

ko k 2
k -1 dR Wil = Wie1,j v [(d°R
(7)1 = 2 (Re?"™ 0" )[§j<(dz> ( o J)>+Wi’j(dzz |

& (dR L W Wi Wi
( eGYn + 107" )[Rz é]—g—FWi,j +W
(3.141)

wk

k k k
K 1, o1y | Wikl Wiy & (AR [ Wijen T Wi
Y. =2(R — — 3.142
(%)ij =2 (ReG7" + 007 [ 2Az R; (dz i 2AE ( )
The boundary and initial conditions are also discretized as follows:

w,{j:wo, T,IJ—TO, C,-1~:Co; wfzzw;ﬁl, T =T/, szchfl (3.143)

Wive1 =0, Uiy =0, Ty, =Ty Ciyy =G, (Téz) =0. (3.144)
Condition for Stability

The explicit finite difference method is conditionally stable. The condition of stability as per

. : . : A
Von Neumann analysis was taken into consideration. In that regard therefore, 0 < —— <0.5.

(A8)
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CHAPTER FOUR

RESULTS AND DISCUSSION

In this chapter, the numerical results and discussion of the study are presented. The chapter
includes both, the numerical results of the Newtonian model and that of non-Newtonian model.
The chapter first presents the numerical results of the Newtonian model. Later, the results for
non-Newtonian will be presented. The MATLAB codes for the discretized equations (3.70)-
(3.71) were written and implemented to produce graphs. To maintain stability using the explicit

. . . At
finite difference method, it was ensured that 0 < —= < 0.5. The constants and parameters

(A)?
were chosen by following other scholars and some were assumed by ensuring that they are
realistic situations.For example, the Reynolds number was changed to suit the laminar flow. For

convenience, constants were wisely chosen as follows:

Table 2: Values of the parameters

Parameters Range of values Source

Hartman number Ha 1-3 Sharma et al (2019)
Stenotic height e 0.1-0.3 Sankar and Ismail, (2010)
Body acceleration ay 1-3 Tanwar et al. (2016)
Reynolds number Re 3—-100 Assumed

Schmidt number Sc 3—4 Liu and Liu, (2020)
Chemical reaction 8 0.1-0.8 Kumar et al. (2021)

The following constants were also used:

Table 3: Values of the constants used

Constants Value Source

Steady state part of pressure gradient Ag 1 Mathur and Jain (2011)
Amplitude of the pulsatile A 0.5 Mathur and Jain (2011)

Pulse frequency m 1 Agarwal and Varshney (2016)
Body acceleration frequency my 1 Agarwal and Varshney (2016)
Phase angle ® 0.6 Agarwal and Varshney (2016)
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Figure 8: Effect of increasing stenotic height on axial velocity

The effect of increasing stenotic height on axial velocity is shown in Fig. 8. It is shown (as
expected) that as stenosis increases, the axial velocity diminishes. The decline of axial velocity
is due to the reason that increase in stenosis makes more blood (which is viscous) be on contact
with arterial wall. This can further be explained physically that as stenotic height increases,
the size of the artery in terms of radius is reduced, that is the vasoconstriction or narrowing
the size of the artery. Now as the resistance is inversely proportional to the radius, decrease
in radius therefore, increases the resistance of blood to flow and hence, the velocity decreases.
Medically, if the stenosis keeps on growing therefore, velocity will keep on decreasing affecting
supply of oxygen in different parts of the body, including brain. This can result into heart attack
or stroke. Figure 9 displays the variation of the axial velocity profile due to Hartman number.
From the Fig. 9 it is observed that, increase in Hartman number reduces the axial velocity.
This can be explained physically that the velocity decreases due to the fact that as the magnetic
fields is applied to the body, the Lorentz force tend to oppose the blood flow and as a results
the velocity get decreased. The Lorentz force is able to oppose the motion of the blood because
blood consists of red blood cells which contains ions. Similar result was obtained by Uddin

et al. (2020), Sharma and Yadav (2019) and Maiti et al. (2020).
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Figure 9: Effect of increasing Hartman number on axial velocity
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Figure 10: Effect of increasing body acceleration on axial velocity

Figure 10 shows the effect of increasing body acceleration on axial velocity. From the graph it

is observed that for the fixed values of Hartman number and height of stenosis, axial velocity
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increases as body acceleration increases. The increase in velocity is due to the reason that body
acceleration increases the heart beats and the pulse rate. When the body is subjected to body
acceleration, the heart speeds up to pump blood so that more blood can reach the muscles. This

helps to supply more oxygen and other nutrients in different parts of the body.

The effect of increasing Reynolds number R, on axial velocity is illustrated on Fig. 11. The
Reynolds number is the ratio of a fluid’s inertial force to its viscous force. This dimension-
less number plays a prominent role in foreseeing the patterns in a fluid’s behavior. Increasing
Reynolds number implies that inertial force is dominant than the viscous force. This in turn

enhances the fluid’s velocity.
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Figure 11: Effect of increasing body the Reynolds number on axial velocity

It is also observed that, both steady state part of pressure gradient and the amplitude of its os-
cillatory part influences the axial velocity. Their increase leads to the increase in axial velocity.
This is exhibited in Fig. 12 and 13. This is also due to the reason that their increase enhances

pressure gradient of blood and consequently increasing the blood flow rate.
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Figure 12: Effect of increasing steady state part of pressure gradient
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Figure 13: Effect of increasing amplitude of oscillatory
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Figure 14: Effect of increasing Phase angle on axial velocity

The variation of blood’s axial velocity with phase angle is displayed in Fig. 14. The compu-
tational results show that axial velocity declines as the phase angle increases. The variation of

radial velocity due to flow parameters and constants are illustrated in Fig. 15 to Fig. 20.
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Figure 15: Effect of increasing body acceleration on radial velocity
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Figure 16: Effect of increasing Hartman number radial velocity
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From Fig. 15, it is observed that increasing body acceleration on radial velocity brings the same
effect as in axial velocity. That is, the velocity get increased. Figure 16 also reveals that radial
velocity declines as Hartman number increases. The same was observed in axial velocity (Fig.
9). The difference and interesting pattern is observed in Fig. 17. From the Fig. 17, it is seen that
increase in stenosis, the radial velocity increases too. It is therefore, very interesting to note that
it has been revealed that increase in stenosis, decreases the axial velocity but increases the radial
velocity. The radial velocity increases as compensation to the axial velocity which decreases.
However, this may medically endanger a person by harming the arterial wall for prolonged
situation. It is also shown that Fig. 19 and 20, the steady state part of pressure gradient and
the amplitude of oscillation, play the same role as in axial velocity. Their increase lead to the

increase in velocity, both axial and radial velocities. Figure 21 illustrates both, the axial velocity
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Figure 21: Axial and radial velocities

and the radial velocity. From the graph it is shown that the axial velocity is higher than the radial
velocity. This is due to the fact that the pressure gradient is more dominant in the axial direction
than in radial direction. On the other hand, it is also observe that, the axial velocity is maximum
along the axis of symmetry and it is zero on the boundary. The axial velocity is decreasing as
one moves towards the boundary because of the no slip condition at the boundary. The radial

velocity is zero along the line of symmetry because there is no radial flow along that axis. Also,

55



it is zero at the boundary, to satisfy the no slip condition. The Transient effects of axial velocity

profiles and radial velocity profiles are illustrated in Fig. 22 and Fig. 23:
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Figure 22: Transient effects of radial velocity profiles
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Figure 23: Transient effects of axial velocity profiles
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The combined effect of stenosis, body acceleration and magnetic fields is shown in Fig. 24.
From the graph it is clearly observed that, the combination of stenosis, body acceleration and
magnetic fields highly reduces the velocity of the blood. On the other hand, body exercise
seems to have more effect than magnetic fields and stenosis. In this regard therefore, since
body exercise highly raises the blood’s speed, magnetic therapy for a stenosed person applied
in sports is more advantageous, not only for reducing pain but also regulating blood theology by
reducing blood’s velocity. It is further shown that magnetic fields and stenosis have very small
difference in lowering the blood’s velocity. Stenosis being slightly more hazardous in reducing

axial velocity than magnetic fields.
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Figure 24: General effects of some parameters

Here below, the simulations of concentration profiles are presented.The effects of stenosis, body
acceleration, magnetic fields and chemical reaction are illustrated and discussed. The effects of

varying the Schmidt number Sc and the Reynolds number Re is also illustrated.
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Figure 25: Effect of Chemical reaction on concentration
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Figure 26: Effect of Schmidt number on concentration
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The effect of chemical reaction parameter on the concentration profile is displayed in Fig. 25.
From the Fig. 25, it is clearly observed that, as the chemical reaction parameter increases,
the concentration decreases. The decrease of concentration is due to the fact that the presence
of chemical reaction acts as the consumption or destructive agent of chemical species. This
leads to the reduction of the concentration. Figure 26 shows typical concentration profile for
various values of Schmidt number Sc. From the Fig. 26, it is shown that the increase in Schmidt
number diminishes the concentration profiles. The Schmidt number is a dimensionless number
which is the ratio of momentum diffusivity to mass diffusivity. The increase of Schmidt number
implies decrease of molecular diffusion. Hence the decrease in concentration profile with the
increase of Schmidt number is revealed. The effect of Hartman number on the concentration
profile is illustrated in Fig. 27. In the figure, it is observe that, increase in Hartman number
increases the concentration of the fluid. The increase of concentration is due to the reason
that, the presence of magnetic fields induces Lorentz force which effectively impedes the flow
of the fluid and thus more concentration occurs. The reverse situation is observed in case of
increasing body acceleration, it is revealed that as body acceleration increases, the concentration
profile diminishes. The body acceleration increases the fluid’s velocity and therefore making

the concentration profile decline.
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Figure 27: Effect of Hartman number on concentration
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Figure 28: Effect of body acceleration on concentration

In a similar manner, it is observed that the Reynolds number reduces the concentration of blood.
As it is noticed that Reynolds number enhances velocity (both axial and radial velocities), this
therefore diminishes concentration (Fig. 29). The opposite situation is observed when stenotic
height increases. As shown in Fig. 30, as stenosis increases, the concentration profile increases
too. This is due to the reason that stenosis diminishes the velocity which in turn influences
the concentration profile. Figure 31 exhibits a mesh plot for transient effects of concentration

profile.
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Figure 29: Effect of Reynolds number on concentration
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Figure 30: Effect of stenosis on concentration
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Figure 31: Transient effects of concentration

Variation of skin friction due to Reynolds number, Hartman number, body acceleration and
phase angle is shown in Fig. 32-35. Its is observed that, increasing Reynolds number generally
decreases the skin friction. Raising Reynolds number implies increasing the inertial forces
than the viscous force. Now, as viscous forces become small, the skin skin friction declines
accordingly (Fig. 32). The same behavior has been shown when Hartman number increases.
This is displayed in Fig. 33. It is interesting to note that the magnitude of skin friction has

shown to increase with body acceleration.
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Figure 34: Effect of body acceleration on Cf
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Figure 36: Effect of steady-state part of the pressure gradient on concentration
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Figure 36 illustrates the effect of increasing the constant steady-state part of the pressure gra-
dient (Ag) on concentration. The graph shows that as Ag increases, the concentration profile
decreases. In Fig. 12 it was observed that increasing the steady-state of pressure gradient, in-
creases the velocity profile of blood. Now, the increase in velocity results into the decrease
in the blood’s concentration profile. Figure 37 displays the effect of the amplitude of pressure
oscillation responsible for enhancing the systolic and diastolic pressures on the concentration
profile. From the graph, it is observed, (like Ag) that increasing A reduces the concentration
profile. On the other hand, concentration profile decreases with increase in the phase angle (P).
This is as displayed in Fig. 38. The decrease of the concentration is due to the reason that,
increase in @, increases the velocity profile of blood, which in turn, declines the concentration.
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Figure 38: Effect of increasing phase angle on concentration

The combined effect of stenosis, body acceleration, magnetic fields and chemical reaction is
shown in Fig. 39. From the graph it is seen that, the presence of stenosis, (in absence of
body acceleration, magnetic fields and chemical reaction) highly increases the concentration
profile. The presence of magnetic field has also observed to have similar effect (like stenosis)
of increasing the concentration profile, however stenosis has been observed to increase more
concentration than the magnetic field. (Figure 39, profiles colored with red for stenosis and

magenta for magnetic fields). This therefore tells us that the presence of stenosis in arterial
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wall highly affects the concentration and therefore it is important to take medication or avoid
feedings that lead to stenosis easily. On the other hand, from the same Fig. 39, it is seen that,
the presence of chemical reaction (in the absence of stenosis, body acceleration and magnetic
fields) diminishes the concentration profiles. The same is observed for the case of body ac-
celeration, that the presence of body acceleration in the absence of stenosis, magnetic fields
and chemical reaction, decreases the concentration profile. In this regard, body acceleration
is observed to have more impact of reducing concentration profile than the chemical reaction.
From the same Fig. 39, it is observed the interesting result that the combined effect of stenosis,
body acceleration, magnetic fields and chemical reaction generally increases the concentration
profile. It is noticed that, the presence of stenosis alone, highly increases concentration than the
combined effect of stenosis, body acceleration, magnetic fields and chemical reaction. In this
finding therefore, the magnetic therapy taken during sports for the sake of reducing pain is also
affecting the concentration by decreasing concentration profile of a stenosed person. However,
the case will be different if magnetic therapy is taken to person without stenosis. In that regard,

the magnetic therapy in sports will increase the concentration profile.
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The computational analysis results of arterial blood flow through a stenosed artery for a case
of a non-Newtonian is now presented. In this part, the blood was assumed to follow Herschel-
Bulkley (H-B) fluid characteristics. The main parameters for H-B model are the yield stress
To, power law index n and the consistency index K. The effects of Hartman number, stenotic
height, body acceleration and Reynolds number are displayed and discussed. The constants and
values of the parameters used in simulations were chosen by following other scholars, some of
the values were assumed based on reality in medical grounds and the type of flow considered

(Table 4). Some of the parameter shown in Table 4 were varied to see their effect. The power

Table 4: Parameter values used

Parameter or constant value (unit free)  Source

Yield stress Ty 0.2 Sankar and Lee (2008)
Power law index n 0.95 Sankar and Lee (2008)
Hartman number H, 1 Sharma and Yadav (2019)
Stenotic height e 0.1 Sankar and Ismail (2010)
Generalized Reynolds number R, 1 Assumed

Eckert number E, 1 Tripathi and Sharma (2020)
Peclet number P, 1 Tripathi and Sharma (2020)
Soret number S, 0.002 Assumed

Chemical reaction parameter 3 0.1 Assumed

Phase angle ® 0.3 Sankar and Ismail (2010)
Steady state part of pressure gradient Ag 0.8 Mathur and Jain (2011)
Amplitude of the pulsatile A, 0.5 Mathur and Jain (2011)
Pulse frequency m 10 Assumed

Body acceleration frequency my 10 Assumed

law index (also known as behavior index) n was varied in a range 0 < n < 3. On the other hand,

the yield stress g was varied from 79 = 0 to 79 = 0.5.
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Shear stress

Figure 40:

Shear stress
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Figure 41: Effect of generalized Reynolds number on shear stress
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Figures 40-45 display the results of shear stresses. From the graphs, it is revealed that, the
magnitude of shear stress increases as the power law index n increases. This is shown in Fig.
40. The opposite behavior is illustrated in Fig. 41, where the magnitude of shear stress declines
towards positive values as generalized Reynolds’s number R, increases. In this regard, in-
creasing the generalized Reynolds’s number implies lowering the consistency index. This also

implies that as the inertial forces increases, the magnitude of shear stress decreases.

Figure 42 illustrates the effect of yield stress on shear stress. It is observed that as the yield
stress increases, the shear stress increases in magnitude. This therefore implies that increasing
certain a amount of stress for blood to flow, increases the shear stress. On the other hand, a
comparison of shear stress for different fluid behaviors of Herschel-Bulkley, Newtonian, power
law and Bingham is shown in Fig. 43. From Fig. 43 it is observed that, the power law fluid
when n > 1 has higher magnitude of shear stress compared to power law fluid for n < 1. The
same has been observed for Herschel-Bulkley fluid where the higher the power law index the
higher the magnitude of shear stress. It is interesting to note further that when power law index
n > 1 the shear stress exhibits more difference than when n < 1 where the difference is small.
This tells us that, shear stress deviates more when n > 1 than when n < 1. Figure 44 shows
the effect of body acceleration on shear stress. It is seen that as body acceleration increases,
the shear stress increases in magnitude. The opposite trend is observed in Fig. 45 where, the
increase in Hartman number diminishes the magnitude of the shear stress. Hartman number
is a ratio of electromagnetic forces to viscous forces. Increasing the Hartman number implies
that the viscous forces become lower than the electromagnetic forces. Physically, the Hartman

number enhances the Lorentz force which opposes the blood’s motion.
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Figure 42:

Shear stress

-2

-— 7'0=0.1
4 -— - T0=0.3 i
- - 7'0=0.5
6 - 1
- N
7 =S A
R N
8t ‘ /// Y \ ]
) 47 W
v~
~ »7/ ‘\ ¢
| N - 27
-10 \
w ///
» ///
12 \\\ /// .
A\ P24
<~ o7
_14 | | | | | 1 | 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t

Effect of yield stresst, on shear stress

-100

-120

-140

T

T

*Herschel-Bulkley for n<1

*Newtonian

*Power law for n<1 (shear-thinning)
*Bingham

*Power law for n>1 (shear-thickening)

Herschel-Bulkley for n>1

0.1

0.2 0.3 0.4 0.5 0.6
t

0.7

Figure 43: Variation of shear stress for different fluid models

71

0.8

0.9



5 T T T T T T T T T
N\
/ \ - . ao=1
-— == g =3
of / 1 e 1
I / - ~ \ 0
/
| AN /
2 5\ /y My ! -
o /
i “ o - i > :\ l
® -10F A\ V4 \ b, -
~ 7
\ / PN Y g
\ ~ -
<7 \ -
AN
151 \ - 71 ]
\ /
-
_20 | | | | | 1 | 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t
Figure 44: Effect of body acceleration ap on shear stress
0 T T T T T T T T T
2+ - ™= ~ e
I P N A P
-4 \ / i
\ % N
; 4 LN |
° -‘\~ - P - = ~\ - <
2 8F & 7’ \ .
© N ’ .
2 W - - N -
] SN ,
o \ N /
n -12 \ PN 7
: -~ -
14 | = == Hg=0 \ i
m— = Ha=1 \
16 | = == Hg=2 : \ -
\
-18 - \ P P
L
_20 | | | | | 1 | 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t
Figure 45: Effect of Hartman number on shear stress
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Figures 46-49 below show the variation of axial velocity profiles. In Fig. 46, it is exhibited that,
an increase in body acceleration, raises the axial velocity profile. Similar was observed for a
case of Newtonian blood. This therefore physically implies that increase in body acceleration
(such as body exercise) increase the heart beat and pulse rate as during exercises, muscles and
different parts need more supply of oxygen which is carried by blood. This makes blood’s
velocity raise. Similar as in Newtonian case of blood, it is again seen that increase in Hartman
number declines the blood’s velocity as illustrated in Fig. 47. Presence of magnetic fields
induces the Lorentz force which slows down the motion of blood. This is made possible as
blood contains iron oxide whose motion can easily be affected when subjected to magnetic
fields. Variation of axial velocity due to generalized Reynolds’s number is displayed in Fig. 48.
From the Fig. 48, it is observed that increase in the generalized Reynolds’s number increases the
velocity of the blood. Increasing the Reynolds’s number implies that, the inertial forces increase
than the viscous forces. Now as inertial forces become more dominant than the viscous forces,
the velocity of blood is increased accordingly. The effect of stenosis on blood flow is illustrated
in Fig. 49. It is seen that, increasing the stenotic height, diminishes the blood’s velocity. Similar
behavior was also revealed in a Newtonian case. When stenotic height increases, the radius of
the artery is reduced. This makes more blood be on walls of the artery. As blood is viscous in
nature, it therefore declines in its velocity. This was also expected as mathematically radius is

inversely proportional to the resistance to flow.

Interestingly, it is observed that the effect of body acceleration, Hartman number, and stenosis
on the radial velocity is the same as in axial velocity. The only interesting difference discovered
is that, the increase in stenotic height diminishes axial velocity but enhances the radial velocity.

The graphs for radial velocity are displayed in Fig. 50-53.
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Figure 47: Effect of Hartman number on axial velocity
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Figure 48: Effect of generalized Reynold’d number on axial velocity
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Figure 49: Effect of stenosis ¢ on the axial velocity
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Figure 50: Effect of body acceleration on radial velocity
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Figure 51: Effect of Hartman number radial velocity

Temperature profiles against radial distance are displayed in Fig. 54-58. One of the core func-

tions of blood is to transfer heat. Now, the illustration of variation of temperature due to various
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Figure 52: Effect of the generalized Reynolds’s number on radial velocity
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Figure 53: Effect of stenosis on radial velocity

factors is done. Figure 54 shows the effect of Peclet number on temperature profile. Peclet

number is the ratio of the heat transferred by convection to the heat transferred by conduction.
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Figure 54: Effect of Peclet number on temperature profiles

It is observed that, increase in Peclet number diminishes temperature profile. This means that

heat transfer by motion of blood increases than heat transfer by conduction.

In Fig. 55 it is observed, as expected that, increase in body acceleration raises temperature
profile. This implies that body exercise give rise to the core body temperature. It was used to
know that the core body temperature raises if someone has an abnormal condition of a body,
say a disease. However, through this study it is therefore true to include body exercise as one

of the factors that raises the core body temperature.
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Figure 55: Effect of body acceleration on temperature profiles

Eckert number is defined as the ratio of the advective mass transfer to the heat dissipation po-
tential. It offers a measure of the kinetic energy of the flow relative to the enthalpy difference
across the thermal boundary layer. It is observed in Fig. 56 that the increase in Eckert num-
ber increases the temperature profile, physically implying that as Eckert number increases, the
advective mass transfer dominates the heat dissipation potential and therefore the temperature
increases. Therefore, it is noticed that the increase in the Eckert number is to enhance the
temperature distribution. This is due to the fact that the energy is stored in the fluid region as
a consequence of dissipation due to viscosity. It is also illustrated on Fig. 57 that the tem-
perature diminishes with increase in Hartman number. This is because, the rate of increase
of axial velocity decreases with Hartman number. Further more, as displayed in the Fig. 58,
the dimensionless temperature decreases with the increase of the generalized Reynolds number

R.:.
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Figure 58: Effect of Generalized Reynolds number on temperature profiles

Figures 59-61 illustrate the variations of concentration profiles. From Fig. 59 it is observed that,
the concentration profile decreases with increasing chemical reaction parameter, which implies
that the chemical reaction parameter acts as a destructive agent of chemical species in blood.
On the other hand, Fig. 60 shows the effect of increasing the Soret number on concentration
profile. Soret number is the ratio of temperature difference to the concentration. From Fig.
60, it is observed two patterns, first the increase in Soret number, declines the concentration
profiles however later, close to the arterial wall, the Soret number is observed to enhance the
concentration profile. The Peclet number may be defined as the ratio of the species transport by
fluid convective motion to the species transport by molecular diffusion that is P,, is measure of
the mass transfer by convection compared to that due to diffusion. Figure 61 exhibits the effect
of increasing P, on concentration profile. From Fig. 61, it is revealed that increasing Peclet
number, reduces the concentration profile. This decrease in concentration is expected because

of the loss of solute in the blood. Similar results have been reported by Raja et al. (2017).
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In order to validate the model, the profile of axial velocity for Newtonian model was compared
with Changidar and De (2015). The result is as shown in Fig. 62. The result is found to be in
good agreement though their study did not include magnetic fields. In that regard therefore, For
the purpose of validating model, in the current study, the Hartman number was set to zero. This

way of validation was also done by Changidar and De (2015) and Misra et al. (2018).
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The current study investigates the unsteady flow of blood through a stenosed artery in the pres-
ence of body acceleration, uniform magnetic fields and chemical reaction. The study has con-
sidered the blood to behave both, as a Newtonian and a non-Newtonian fluid. The quantities
of radial velocity u, axial velocity w, temperature 7 and concentration C have been portrayed.
The study has also investigated the effects of varying the flow parameters such as Reynolds,
Hartman, Peclet, Eckert, Schmidt, and Soret numbers on profiles of velocity, temperature and

concentration.

The model equations for both the Newtonian and Non-Newtonian fluid were discretized using
the explicit Finite Difference Method (FDM). Before discretization, the model equations were
transformed from a cylindrical polar coordinated system to a rectangular Cartesian system. The

n

constriction H(z) was transformed by introducing another variable & = m The discretized
Z
equations were then implemented in MATLAB package and doing simulations to analyse and

study the effects of various parameters and flow variables.

The study established that the presence of stenosis, body acceleration and magnetic fields have
effects on the flow of blood. Chemical reaction is observed to reduce the concentration profiles.
For the case when blood is considered to be Newtonian, it is established that increasing the
stenotic height, diminishes the axial velocity and increases the radial velocity. The study reveals
further, that the combined effects of stenosis, magnetic fields and body acceleration reduces the
velocity of the blood. In this regard therefore, since body exercise highly raises the blood’s
speed, magnetic therapy for a stenosed person will therefore be more advantageous, not only

for reducing pain but also regulating blood rheology by reducing blood’s velocity.

In the Non-Newtonian case, blood was considered to be a Herschel-Bulkley fluid. It is estab-
lished that the Herschel-Bulkley fluid experience higher velocity than the power law (for both
when n < 1 and when n > 1), the Bingham and the Newtonian fluids. Further more, shear stress
is observed to deviate more when n > 1 than when n < 1. Considering the shear stresses for

different fluids, it is suggested that it is much better to set the power law index n to be less than
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one for modeling blood flow. This is because, (as observed in figure 43) that for power law
index n greater than 1, the shear stress experience higher values than when the power law index

is less than 1. Low shear stress will allow the blood to flow like a liquid as expected.

5.2 Recommendations

According to the findings presented in the previous chapter, the current study recommends the

following:

(1) MRI scanning in hospitals should be done with care, taking into account that the blood

velocity of a patient being subjected to the MRI machine decreases.

(i) Magnetic therapy in sports is recommended, this provides multiple benefits. The cur-
rent study indicates that magnetic therapy helps in regulating blood flow which has been

increased by body accelerations.

(i11)) Blood can be modeled as Newtonian or non-Newtonian, however, through this study it is
strongly recommended that blood should be modeled as a non-Newtonian fluid. This is
after studying the difference in shear stress and velocity profiles between the Newtonian

and Herschel-Bulkley fluids.

(iv) It is better to set the value of power law index n to be less than 1 when modeling blood

flow using the non-Newtonian models.
The following are possible extensions of research:

(1) One can extend the current research by considering that the arterial wall has multiple

stenoses

(i) One can extend the current research by considering that the constriction is a function of

time ¢ (the geometry of the time-variant stenosis) such that — = 0.

ot

(iii)) One can consider the viscosity of blood as a variable (varying with different physical

factors such as temperature) and not a constant.
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APPENDICES

Appendix 1: The way Reynold’s and Hartman numbers were obtained during scaling of

variables

As explained before that, the current study considers blood to obey the Herschel-Bulkley con-
stitutive model. The stress tensor presented was:

rij:(KV‘IJrT—;)yij for 7>1
Yy=0 for T<1

Now writing the above equation in component form, say 7., for example, taking into consider-

2 2 2 2
ation that y = \/2 {(%) —I—(%) +<%—V;> }—F(‘;—Z—F%—f) the following is obtained:
du\?  [u\2 ow\?
fzz:K<2 (a_) +(7) +(3_z>
-1
+10 (2 @2+(5)2+ DN (Fu )Y 2 ow
0 ar r dz dz  dr dz

The non-dimensional variables are substituted to obtain:

n—1

(2 ) T o
dz dr 0z
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It is now written in non-dimensional form as follows:

* Lo 1) O
TZZ:(ReGYU +TY )az*

where
0P
__"
Rec = Kwi™?
. . roP
The generalized Reynolds number is therefore defined as R, = — —.
c

THE HARTMAN NUMBER

From the last term of the axial momentum equation, the following is obtained:

—GB%W
pw?
Now substituting the non dimensional velocity —WCGB(z)W* is obtained. Dividing by —=< which
o

comes from LHS of the said equation yields:

ro GB%W*

pPwe
rooBj . . . . .
Thus the term — P is defined as Magnetic interaction parameter, let it be M so that
We
roo B(%
pwe

2

.. a .
However, it 1s known that M = Re where Ha is the Hartman number. Therefore the Hartman
e

number is obtained as

1
+1p2\ » +1
ory B\ 2 _ B, org
Kwi! Kwi!

Therefore, our Hartman number is Ha such that

1
+1p2\ » +1
Ha— ory" Bj 2=Bo | org
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APPENDIX 2: Nomenclature

S/No Constant or variable Symbol
1 Radial velocity u
2 Axial velocity w
3 Dimensional radial distance r
4 Axial distance z
5 Radius of the normal artery o
6 Dimensional radius of the stenosed artery h
7 Mass concentration C
8 Density p
9 Time t
10 Dynamic viscosity U
11 Steady state part of pressure gradient A,
12 Amplitude of oscillatory A
13 Heart pulse frequency n,
14 Body acceleration frequency n,
15 Protuberance é
16 Body acceleration amplitude ao
17 Electrical conductivity o
18 Magnetic strength By
19 Diffusion coefficient D
20 Reaction rate (first order) B
21 Shear stress Tjj
22 Temperature T
23 Specific heat capacity Cy
24 Thermal conductivity k
25 Thermal-diffusion ratio Ky
26 Yield stress T
27 Consistency index K
28 Flow behavior index/power law index n
29 Shear rate y
30 Non-dimensional radius of the stenosed artery H
31 Reynolds Number Re
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32
33
34
35
36
37
38
39
40

Hartman number

Schmidt number

Generalized Reynolds number
Peclet number

Eckert number

Soret number

Dimensionless radial distance
Transformed radial distance

Coefficient of skin friction
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Appendix 3: MATLAB codes

(@) MATLAB codes for Newtonian blood

L=2;

r=1,

t=5;

M=40;

N=20;

maxt=5000;

dt= t/(maxt);

dxi=r/(N);

dz=L/(M);

A0=1.5; A1=0.5; omegap=1 ; omegab=1 ; ReG=300; Re=3; e=0.1;a0=1; Ha=1; ppsi=0.6;
z0=1; K=1;n=1; tau0=0.2; Ec=1; Pe=25; Pec=25; beTA=0.002; Sc=1;Sr=0.001 ;
for j=1:N+1

xi(g)=(-1)*dxi; % w(:,:,1)

end

fori=1:M+1

z(i)=(i-1)*dz;

end

for k=1:maxt+1

t(k)=(k-1)*dt;

end

for i=1:M+1
R(i)=1-e*(1+cos(((pi/2)*z(i))/(z0)));
dR(1)=(pi/2*z0)*e*sin((pi/2)*z(i)/z0);
ddR(i)=((pi/2*z0))"2*e*cos((pi/2)*z(i)/z0);
end

w=zeros(M+1,N+1,maxt+1);
u=zeros(M+1,N+1,maxt+1);

for k=1:maxt+1

for j=1:N

fori=1:M+1

w(i j,1)=((A0+A1)/4)*(1-(R(i)*xi())"2);
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u(i,j,1)=0;

end

end

end

% % %we now put or insert here the boundary conditions!!
fori=1:M+1

for k=1:maxt+1

w(i,N+1,k)=0; %Dboundary condition on the boundary i.e at xi=1
u(i,N+1,k)=0;

end

end

for k=1:maxt

for i=2:M

for j=2:N

w(i,1,k)= w(i,2,k);
w(i,j,k+1)=w(i,j,k)+dt*(AO+Al*cos((omegap*t(k))))+dt*a0*cos((omegab*t(k))+ppsi)-
dt*((Ha)"2/(Re))*w(i,j,k)...
-dt*(xi(j)/R(1))*(dR(i))*w(i,j,k)*(w(i,j+1,k)-w(i,j-1,k))/(2*dxi)...
-dt*w(i,j,k)*(w(i+1,j,k)-w(i-1,j,k))/(2*dz)...
+dt*w(i,j,K)*xi())/R()*dR(i)*((w(i,j+1,k)-w(i,j-1,K))/(2*dxi))...
+(dt/(Re*(R(1))"2))*((w(i,j+1,k)-2*w(i,j,k)+w(i,j-1,k))/(dxi*2))...
+(dt/(Re*(R(1))2)*(xi(j)))*((w(i,j+1,k)-w(i,j-1,k))/(2*dxi))...
+(dt/(Re)*((w(i+1,j,k)-2*w(i,j,k)+w(i-1,j,k))/(d2)"2))...
-(dt/(Re))*(xi(j)/(R(1)))*ddR(i)*((w(i,j+1,k)-w(i,j-1,k))/(2*dxi))...
+(dt/(Re))*(xi()/R(i))"2*((w(i,j+1,k)-2*w(i,j,K)+w(i,j-1,k))/(dxi"2))...
+(dt/(Re))*(3*xi()/(R(1))2)*((dR (1)) 2)*(w(i,j+1,K)-w(i,j-1,K))/(2*dxi);
u(i,j,K)=xi(G)*dR(i)*w(i,j,k);

end

end

end

L1=2;

ri=1;

t1=5;

M1=40;
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N1=20;

maxt1=5000;

dtl=tl/(maxtl);

dxil=r1/(N1);

dz1=L1/(M1);

A0=1.5; A1=0.5; omegap=1 ; omegab=1 ; ReG=300; Re=3; e=0.1;a0=2; Ha=1; ppsi=0.6;
z0=1; K=2;n=1; tau0=0; Ec=1; Pe=25; Pec=25; beTA=0.002; Sc=1;Sr=0.001 ;
for j=1:N1+1

xil(j)=(-1)*dxil; % w(:,:,1)

end

for i=1:M1+1

z1(i)=(i-1)*dz1,

end

for k=1:maxtl1+1

t1(k)=(k-1)*dt1;

end

fori=1:M1+1
R1(i)=1-e*(1+cos(((pi/2)*z1(i))/(z0)));
dR1(i)=(pi/2*z0)*e*sin((pi/2)*z1(i)/z0);
ddR1(i)=((pi/2*z0))"2*e*cos((pi/2)*z1(i)/z0);
end

wl=zeros(M1+1,N1+1 maxtl+1);
ul=zeros(M1+1,N1+1,maxtl+1);

for k=1:maxtl+1

for j=1:N1

for i=1:M1+1
wl(i,j,1)=((A0+A1)/4)*(1-(R1(i)*xi1(j))"2);
ul(i}j,1)=0;

end

end

end

% % %we now put or insert here the boundary conditions!!
for i=1:M1+1

for k=1:maxtl+1
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w1(i,N1+1,k)=0; %boundary condition on the boundary i.e at xi=1
ul(i,N1+1,k)=0;

end

end

for k=1:maxtl

fori=2:M1

for j=2:N1

wl(i,1,k)=wl(i,2,Kk);
wl(i,j,k+1)=wl(i,j,k)+dt1*(A0+Al*cos((omegap*t1(k))))+dtl*a0*cos((omegab*t1(k))+ppsi)
-dt1*((Ha)"2/(Re))*w1(i,j,k)...
-dt1*(xi1(j)/R1(1))*(dR1(i))*w1(i,j,k)*(wl(i,j+1,k)-wi(i,j-1,k))/(2*dxil)...
-dt1*wl(i,j,K)*(wl(i+1,j,k)-wl(i-1,j,k))/(2*dz1)...
+dt1*w1(i,j,k)*xil(j)/R1(i)*dR1(i)*((w1(i,j+1,k)-wl(i,j-1,k))/(2*dxil))...
+(dt2/(Re*(RL(i))2))*((wl(i,j+1,k)-2*w1(i,j,k)+w1(i,j-1,Kk))/(dxi172))...
+(dt2/(Re*(R1(i))2)*(xi1(j)))*((wi(i,j+1,k)-wi(i,j-1,k))/(2*dxil))...
+(dt2/(Re)*((wl(i+1,j,k)-2*wl(i,j,k)+wl(i-1,},k))/(dz1)"2))...
-(dtl/(Re))*(xil(j)/(R1(i)))*ddR1(i)*((w1(i,j+1,k)-wl(i,j-1,k))/(2*dxil))...
+(dt2/(Re))*(xi1(j)/R1(i))2*((w(i,j+1,k)-2*w1(i,j,k)+wi(i,j-1,k))/(dxi1"2))...
+(dt2/(Re))*(3*xi1(j)/(R1(i))"2)*((dR1(i))"2)*(w1(i,j+1,k)-wl(i,j-1,k))/(2*dxil);
ul(i,j,k)=xi1(j)*dR1(i)*w1i(i,j,k);

end

end

end

L2=2;

r2=1,

t2=5;

M2=40;

N2=20;

maxt2=5000;

dt2= t2/(maxt2);

dxi2=r2/(N2),

dz2=L2/(M2),

A0=1.5; A1=0.5; omegap=1 ; omegab=1 ; ReG=300; Re=3; e=0.1;a0=3; Ha=1; ppsi=0.6;
z0=1; K=2;n=1; tau0=0; Ec=1,; Pe=25; Pec=25; beTA=0.002; Sc=1;Sr=0.001 ;
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for j=1:N2+1

xi2(j)=(-1)*dxi2; % w(:,:,1)

end

for i=1:M2+1

z2(1)=(i-1)*dz2;

end

for k=1:maxt2+1

t2(k)=(k-1)*dt2;

end

for i=1:M2+1
R2(i)=1-e*(1+cos(((pi/2)*z2(i))/(z0)));
dR2(i)=(pi/2*z0)*e*sin((pi/2)*z2(i)/z0);
ddR2(i)=((pi/2*z0)) 2*e*cos((pi/2)*z2(i)/z0);
end

w2=zeros(M2+1,N2+1,maxt2+1);
u2=zeros(M2+1,N2+1,maxt2+1);

for k=1:maxt2+1

for j=1:N2

for i=1:M2+1
w2(i,j,1)=((A0+A1)/4)*(1-(R2(i)*xi2(j))"2);
u2(i,j,1)=0;

end

end

end

% % %we now put or insert here the boundary conditions!!
for i=1:M2+1

for k=1:maxt2+1

w2(i,N2+1,k)=0; %boundary condition on the boundary i.e at xi=1
u2(i,N2+1,k)=0;

end

end

for k=1:maxt2

for i=2:M2

for j=2:N2
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w2(i,1,k)=w2(i,2,Kk);
w2(i,j,k+1)=w2(i,j,k)+dt2*(A0+Al*cos((omegap*t2(k))))+dt2*a0*cos((omegab*t2(k))+ppsi)
-dt2*((Ha)"2/(Re))*w2(i,j,k)...
-dt2*(xi2(j)/R2(i))*(dR2(i))*w2(i,j,k)*(w2(i,j+1,k)-w2(i,j-1,k))/(2*dxi2)...
-dt2*w2(i,j,K)*(w2(i+1,j,k)-w2(i-1,j,k))/(2*dz2)...
+dt2*w2(i,j,k)*xi2(j)/R2(i)*dR2(i)*((w2(i,j+1,k)-w2(i,j-1,k))/(2*dxi2))...
+(dt2/(Re*(R2(i))"2))*((w2(i,j+1,k)-2*w2(i,j,k)+w2(i,j-1,k))/(dxi2"2))...
+(dt2/(Re*(R2(i))2)*(xi2(j)))*(w2(i,j+1,k)-w2(i,j-1,k))/(2*dxi2))...
+(dt2/(Re)*((w2(i+1,j,k)-2*w2(i,j,k)+w2(i-1,j,k))/(dz2)"2))...
-(dt2/(Re))*(xi2(j)/(R2(i)))*ddR2(i)*((w2(i,j+1,k)-w2(i,j-1,k))/(2*dxi2))...
+(dt2/(Re))*(xi2(j)/R2(i))"2* ((w2(i,j+1,k)-2*w2(i,j,k)+w2(i,j-1,k))/(dxi2"2))...
+(dt2/(Re))*(3*xi2(j)/(R2(i))"2)*((dR2(i))"2)*(w2(i,j+1,k)-w2(i,j-1,k))/(2*dxi2);
u2(i,j,k)=xi2(j)*dR2(i)*w2(i,j,k);

end

end

end

plot(xi,w(6,:,800),'b','LineWidth’,2.5)

hold on

plot(xil,w1(6,:,800),'r", 'LineWidth’,2.5)

hold on

plot(xi2,w2(6,:,800),'k','LineWidth’,2.5)

hold off

xlabel("\xi")

ylabel('Axial velocity")\\

(b) Matlab codes for Non-Newtonian Blood (Herschel-Bulkley Model)

clear all;
L=4;

r=1,

t=1,

M=50;
N=20;
maxt=5000;
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dt= t/(maxt);

dxi=r/(N);

dz=L/(M);

A0=0.8; A1=0.5; omegap=10; omegab=10; ReG=1; Re=0.0001; e=0.1;a0=1; Ha=1,
ppsi=0.3;

z0=1; K=2;n=0.95; tau0=0.2; Ec=1; Pe=1; beTA=0.1; Sc=1;Sr=0.001 ;
for j=1:N+1

xi()=@-1)*dxi; % w(:,:,1)

end

fori=1:M+1

z(i)=(i-1)*dz;

end

for k=1:maxt+1

t(k)=(k-1)*dt;

end

for i=1:M+1
R(i)=1-e*(1+cos(((90)*z(i))/(20)));
dR(i)=(pi/2*z0)*e*sin((90)*z(i)/z0);
ddR(i)=((pi/2*z0))"2*e*cos((90)*z(i)/z0);
end

w=zeros(M+1,N+1,maxt+1);
u=zeros(M+1,N+1,maxt+1);
tauxixi=zeros(M+1,N+1,maxt+1);
tauxiz=zeros(M+1,N+1,maxt+1);
tauzz=zeros(M+1,N+1,maxt+1);
T=zeros(M+1,N+1,maxt+1);
C=zeros(M+1,N+1,maxt+1);
Nusselt=zeros(M+1,N+1,maxt+1);
Volu=zeros(M+1,N+1,maxt+1);
Sherwood=zeros(M+1,N+1,maxt+1);
for j=1:N+1

for i=1:M+1

w(i j,1)=((A0+A1)/4)*(1-(R(i)*xi())"2);
u(i,j,1)=0;
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T(i,j,1)=0.1;

C(i,j,1)=0.1;

end

end

fori=1:M+1

for k=1:maxt+1

w(i,N+1,k)=0; %Dboundary condition on the boundary i.e at xi=1
u(i,N+1,k)=0;

T(i,N+1,k)=1;

C(i,N+1,k)=4.5;

end

end

for k=1:maxt+1

fori=1:M+1

tauxiz(i,1,k)=0; %Dboundary condition on the boundary i.e at xi=1
end

end

for k=1:maxt+1

for i=2:M

for j=2:N

w(i,1,k)= w(i,2,k);
GAMA(i,J,K)=2*(((L/R@@))*dR(I)*xi(G)*(((w(i,j+1,K)-w(i,j-
1,K))/(2*dxi))+w(i,j,k))2)+((1/R())*dR (i) *w(i,j,k))"2)...
+2*%(((w(i+1,j,k)-w(i-1,j,K))/(2*dz))-(xi(j)/R(1))* ((w(i,j+1,k)-w(i,j-1,K))/(2*dxi)))"2+  (
XiG)*(dR@)*((w(i+1,j,k)-w(i-1,j,k))/(2*dz))+w(i,j,K)*ddR(i))) + -
((XiG)/R@))*(AR(1))™2)* (xi () *((w(i,j+1,k)-w(i j-1,k))/(2*dxi)))-
(Xi(G)/R)*((dR(@))2)*w(i,j,k)+(w(i,j+1,k)-w(i,j-1,k))/(2*R(i)*dxi) )"2;
gama(i,j,k)=nthroot(GAMA(i,},k),2);%sqrt(GAMAC(i,},k));
tauxixi(i,j,k)=2*((1/ReG)*(gama(i,j,k)(n-1))+tau0*(gama(i,j,K)(-
D)*A/R(@))*dR)*(xi()*((w(i,j+1,k)-w(i,j-1,k))/(2*dxi))+w(i ] K));
tauxiz(i,j,k)=2*((1/ReG)*(gama(i,j,k)(n-1))+tau0*(gama(i,j,k)"(-

D)) *(xi(G)*dR(i)*(w(i+1,j,k)-w(i-1,j,k))/(2*dz2))...
+2*((1/ReG)*(gama(i,j,k)(n-1))+tau0*(gamal(i,j,k)(-1)))*w(i,j,k) *xi(j)*ddR(i)...
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-2*((1/ReG)*(gama(i,j,k)(n-1))+tau0*(gama(i,j,k)"(-

D)*XiGYR@)* (AR 2*((xiG)*((w(i,j+1,Kk)-w(i,j-1,k))/(2*dxi))+w(i,j.k)))...
+2*((1/ReG)*(gama(i,j,k)(n-1))+tau0*(gama(i,j,k)(-1)))*(w(i,j+1,K)-w(i,j-
1,K))/(2*R(i)*dxi);

tauzz(i,j,k)= 2*((1/ReG)*(gama(i,j,k)(n-1))+tau0*(gama(i,j,k)(-1)))*(w(i+1,j,K)-w(i-
1,j,k))/(2*dz)-...
2*((1/ReG)*(gama(i,j,k)*(n-1))+tau0*(gama(i,j,K)*(-1)))*(xi(j)/R (1)) *dR (i) *(w(i,j+1,k)-w(i,j-
1,k))/(2*dxi);
w(i,j,k+1)=w(i,j,k)+dt*(A0+Al*cos((omegap*t(k))))+dt*a0*cos((omegab*t(k))+ppsi)-
dt*((Ha)"2/(ReG))*w(i,j,K)...
-dt*(xi()/R(1))*(dR(@))*w(i,j,K)*(w(i,j+1,k)-w(i,j-1,k))/(2*dxi)...
-dt*w(i,j,k)*(w(i+1,j,k)-w(i-1,j,k))/(2*dz)...
+dt*w(i,j,K)*xi()/R()*dR@i)*((w(i,j+1,k)-w(i,j-1,k))/(2*dxi))...
+(dt*((tauxiz(i,j,k)))/(R(@i)*xi(j))...
+(dt)/(R(i))*(tauxiz(i,j+1,k)-tauxiz(i,j-1,k))/(2*dxi)...
+dt*(tauzz(i+1,j,k)-tauzz(i-1,j,k))/(2*dz)...
-dt*(xi(j)/R(1))*(dR(i))*(tauzz(i,j+1,k)-tauzz(i,j-1,k))/(2*dxi);%...
u(i,j,K)=xi()*dR(i)*w(i,j,K);

T(i,1,k)=T(i,2,k);
T(i,j,k+1)=T(,j,k)-dt*(xi(G)/R@@)* (AR (@) *w(i,j,K)*(T(i,j+1,k)-T(i,j-1,k))/(2*dxi)...
-dt*w(i,j,K)*(T(i+1,j,k)-T(i-1,j,k))/(2*dz)...
+dt*(Xi(j)/R@@)*(dR(1))*w(i,j,K)*(T(i,j+1,k)-T(i,j-1,k))/(2*dxi)...
+(dt/(Pe))*((T(i,j+1,k)-2*T(i,j,k)+T(i,j-1,k))/(R(i))"2*dxi*2))...
+(dt/(Pe))*((T(i,j+1,K)-T(i,j-1,K))/(2*xi(j)*R (i) 2*dxi))...
+(dt/(Pe))*((T(i+1,j,k)-2*T(i,j,k)+T(i-1,j,k))/(dz)"2)...
+(dt*Ec)*(L/R(i))*tauxixi(i,j,K)*dR (i) *(xi(j)*((w(i,j+1,K)-w(i,j-1,k))/(2*dxi))+w(i,j,k))...
+(dt*Ec)*(1/R(i))*tauxiz(i,j,K)*((w(i,j+1,k)-w(i,j-1,k))/(2*dxi))...
+(dt*Ec)*tauxiz(i,j,k)*xi(j)*(dR(i)*((w(i+1,j,k)-w(i-1,j,k))/(2*dz))+w(i,j,k) *ddR(i)) -
(dt*Ec)*tauxiz(i,j,K)*(xi()/R(1))*dR(i)* (dR(i)*xi()*((w(i,j+1,k)-w(i,j-
1,k))/(2*dxi))+w(i,j,K))...

+(dt*Ec)*tauzz(i,j,k)*((w(i+1,j,k)-w(i-1,j,k))/(2*dz))-
(dt*Ec)*tauzz(i,j,K)*((xi(G)/R(@@)*dR(1)*((w(i,j+1,k)-w(i,j-1,k))/(2*dxi)))...
+(dt/(Pe))*(3*xi(j)/(R(1))"2)*((dR(i))*2)*(T(i,j+1,k)-T(i,j-1,k))/ (2*dxi)...
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-((2*%xi(j)*dt)/(Pe*R(i)))*dR(i)*((T(i+1,j+1,k)-T(i-1,j+1,k)-T(i+1,j-1,k)+T(i-1,j-
1,k))/(4*dxi*dz))...
-(dt/(Pe))*(xi(j)/(R(1)))*ddR(i)*((T(i,j+1,k)-T(i,j-1,K))/(2*dxi))...

+(2*dt/(Pe))* ((xi(j)/R(i))*dR (i) 2*(T(i,j+1,k)-2*T(i,j,k)+T(i,j-1,K)/((dxi)*2));
C(i,1,k)= C(i,2,k);
C(i,j,k+1)=C(i,j,k)-dt*(xi(G)/R(1))*(dR (1)) *w(i,j,K)*(C(i,j+1,k)-C(i,j-1,k))/(2*dxi)...
-dt*w(i,j,k)*((C(i+1,j,k)-C(i-1,j,k))/(2*dz))+dt*(xi(j)/R(i)) *(dR(i))*w(i,j,k)*(C(i,j+1,k)-C(i,}-
1,k))/(2*dxi)...

+(dt/(Pe))*(C(i,j+1,k)-2*C(i,j,k)+C(i,j-1,K)/((dxi)"2*R(i)"2))...
+(dt/(Pe))*((C(i,j+1,k)-C(i,j-1,K))/(2*xi(j)*dxi*(R(i))"2)+((C(i+1,j,k)-2*C(i,j, k) +C(i-
11,K))/((d2)"2)))...
+(dt/(Pe))*(3*xi(j)/(R(1))2)*((dR(i))*2)*(C(i,j+1,k)-C(i,j-1,k))/(2*dxi)...
-((2*xi(j)*dt)/(Pe*R(i)))*dR(i)*((C(i+1,j+1,k)-C(i-1,j+1,k)-C(i+1,j-1,k)+C(i-1,j-
1,k))/(4*dxi*dz))...
-(dt/(Pe))*(xi(j)/(R(1)))*ddR(i)*((C(i,j*+1,k)-C(i,j-1,k))/(2*dxi))...
+(2*dt/(Pe))*((xi()/R(i))*dR(i))"2*(C(i,j+1,k)-2*C(i,j,k)+C(i,j-1,k)/((dxi)"2))-
(dt/Re)*beTA*C(i,j,K)...
+Sr*(((T(i,j+1,k)-2*T(i,j,k)+T(i,j-1,k))/(R()"2*dxi*2)))...
+Sr*((T(i,j+1,k)-T(i,j-1,K))/(2*xi(j)*R(i) 2*dxi))...
+Sr*((T(i+1,j,k)-2*T(i,j,K)+T(i-1,j,k))/(d2)"2)...
+(dt*Sr)*(3*xi(j)/(R(1))2)*((dR (1)) 2)*(T(i,j+1,k)-T(i,j-1,k))/(2*dxi)...
-((2*xi(j)*dt*Sn)/(R(1)))*dR(I)*((T(i+1,j+1,k)-T(i-1,j+1,k)-T(i+1,j-1,k)+T(i-1,j-
1,K))/(4*dxi*dz))...
-(dt*Sr)*(xi(j)/(R(1)))*ddR(i)*((T(i,j+1,k)-T(i,j-1,k))/(2*dxi))...
+(2*dt*Sr)*((xi()/R(1))*dR(i))2*(T(i,j+1,k)-2*T(i,j,k)+T(i,j-1,k)/((dxi)"2));
end

end

end

plot(t,squeeze(tauxiz(4,20,:)),'b--",'LineWidth',2.0)

xlabel('t")

ylabel('Shear stress’)
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Abstract. A mathematical model has been developed and used to study pulsatile blood flow
and mass transfer through a stenosed artery in the presence of body acceleration and
magnetic fields. An explicit Finite Difference Method (FDM) has been used to discretize
the formulated mathematical model. The discretized model equations were solved in
MATLAB software to produce simulations. The effect of Hartman number, Reynolds
number, Schmidt number, stenotic height, body acceleration and chemical reactions have
been investigated. It has been observed that, the velocity, concentration and skin friction,
decrease with increasing stenotic height. Velocity on the other hand increases, as body
acceleration increases. It has further been observed that as the Hartman number increases,
both the radial and axial velocities diminish. Increase of the Reynolds number results in
the increase of the velocity profiles. The higher the chemical reaction parameter is, the
lower are the concentration profiles.

Keywords: Pulsatile flow, stenosis, body acceleration, magnetic fields, chemical reaction,
magnetic therapy

AMS Mathematics Subject Classification (2010): 78A30

1. Introduction

The use of magnetic fields in health-related interventions is manifested in various
situations, this includes in treatment of ailments. In sports such as football and
athletics,magnets are used to perform magnetic therapy so as to maintain health and treat
illnesses.Magnetic therapy is an alternative medical practice that uses magnets to
alleviate pain and other health concerns. It is therefore possible that the magnetic therapy
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in sports can be applied to a person with sterfestause all people are susceptible to
have stenosis or plaques in the body.
Biologically blood has a number of functions thes aentral for the survival of

human being, this includdasta alia, supplying oxygen to cells and tissues, providing
essential nutrients to cells (such as amino adatty acids, and glucose), removing

waste materials, such as carbon dioxide, urea,lartat acid, transporting hormones

from one part of the body to another. In this rdgderefore, blood can be described as
the transporting agent in the human body. Bloodsists of red blood cells which are

negatively charged. It is therefore possible thatftow of blood can get affected by the

magnetic fields.

Stenosis is one of the causes of the anomaliedoofltflow in arteries. The
abnormal growth of deposits such as fats alongattexial wall causes reduction of the
diameter of the artery and thus disturbs the nofload of blood. In day to day activities,
human being may also be subjected to external kemheleration. This includes,
travelling in vehicles, airplanes, sports and othetivities such as using the lathe
machine or jack hammer.In this regard thereforeggmatic therapy in sports implies that,
there is existence of magnetic fields and bodylacagon.

Mathematical modelling of blood flow in a stenosetkry under the presence of
magnetic fields has been worked on by several relsess. Kumariet al, (2019) [1],
Haghighi and Aliashrafi (2018) [3], Sharraal (2019) [4], Rajashekha al (2017) [7],
Mwanthi et al (2017) [8], Shitet al (2014) [6], studied Magnetohydrodynamics through a
stenosed artery. Their studies revealed that thécation of the magnetic field causes a
decrease in axial speed of blood.

Karthikeyan and Jeevitha (2019) [2], analyzed tbatland mass transfer effects
on the two-phase model of the unsteady pulsatdedlflow when it flows through a
stenosed artery with permeable wall under the efféachemical reaction. The study
showed that as the chemical reaction parameteedses, the concentration profiles
decrease.Further, plots of the volumetric flow ratel the velocity exhibitsinusoidal
behavior with time. A similar study with similars@ts was done by Hossain and Haque
(2017) [13] for bifurcated artery. These studiegjleeted the presence of body
acceleration despite the fact that the situatiorery common in sports.

Tanwaret al (2016) [5] investigated the effect of body accalien on pulsatile
blood flow through a catheterized artery. The blaad assumed to be a Newtonian fluid
and the perturbation method was used to solve tbblgm. In their study, it was
observed that the velocity of blood increases whthincrease in body acceleration and
the velocity decreases with the increase in phagkea

Furthermore, a mathematical model for the blooaftbrough an overlapping
stenosed artery under the effect of magnetic fiedd also studied by Parmeiral. (2013)
[9]. The flow was assumed to be laminar, incompbéssand fully developed. The blood
was also assumed to follow Herschel-Bulkley fluifiee effects of magnetic fields and
stenosis was discussed. Their findings found tregmatic fields and stenosis affect the
normal flow of blood.
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Sharma and Gaur (2017) [14] reported that, bloochdntained in a delicate
balance by a variety of chemical reactions, sona¢ &lid its coagulation and others its
dissolution. Biologically blood reacts and is sdéubt the arterial wall as arteries may be
basically considered as a living tissues that reguply of metabolites including oxygen
and removal of waste products. In this regard foeze chemical reaction in blood flow
exists, and it is therefore important know how migcromolecules transported or affected
by the presence of chemical reaction. Modelling ¢bmbined effect of stenosis, body
acceleration and chemical reactions for magnetcathy (to the best of our knowledge)
is missing in all literature despite of its manifg®n in different situation like magnetic
therapy in sports. The current study therefore abdetermining the combined effect of
stenosis, body acceleration and chemical reaati@gm magnetic therapies.

2. Mathematical formulation

We consider chemically reacting blood flowing thgbua stenosed artery in the presence
of body acceleration and magnetic fields. The flofvblood is assumed to be two
dimensional, unsteady, laminar, axisymmetric fléuly developed and incompressible.
We also assumethat the flow is under the influesfce constant electrical conductivity.
Blood is assumed to be a Newtonian fluid. We furttensider thatr = 0 is the axis of

the axisymmetric flow wheré?% = 0 and (u,w) are components of the velocityin z
directions respectively. Figure 1 shows the schiendéagram of the flow.

+
i
|
By !
IJ'I'I
§ BN
Nv#*liil-
e, |
s —
|
w — — e e S |
h(z) | " J
2z

Figure 1. Schematic flow diagram

In cylindrical polar coordinate, under the mentidressumptions, equations of

continuity, motion and mass concentration reduce to
ou u Jw
- =0 ey

or 0z
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ou 4 Ju tw ou _ opP 0°u 1ou u 0d%u )
p(at “or az> T T M\ T or 2 T 922 @)
ow N ow N aw\ 0P N 02w 1 aw 02w e B2 3
p(at “oar W62>_ z M\ T rar Tz aFow ®)
<0C . ac 9 0C> D d3c L1 10C 62 c 4
p Jt or 0z arz ' ror 622 —B )

where r,zare the radial and axial directions whose corredimgn velocities are
respectivelyu andw. p is the density of the blood ampdis the blood’s viscosity. is the
pressures is the electrical conductivityg, is the applied magnetic field intensity(t) is
the body acceleratiort, is time, C is the mass concentration, while and 8 are the
diffusion coeffient and chemical reaction paransgtegspectively.

In the radial direction we assume that the presguadient is small due to the
fact that the lumen radius of an artery is smattdmparison to the pressure wave. Under

such assumption therefore, the radial pressure'egmgé; ~ 0. Following Mustapha and

Amin (2008), the pressure gradient for a humandgirthe axial direction can be written

as

oP
P Ay + A cos(nyt) (5

whereA, is the steady state part of pressure gradignis the amplitude of the pulsatile
blood flow, that gives rise to systolic and diast@ressuren, = 2rf;, with f; being the
pulse frequency. On other hand, according to Najataal (2007), body acceleration
may be given as

G(t) = pag cos(nat + ) (6)
where pa, is the amplitude of body acceleration, = 2rtf, with f, being body
acceleration frequency, atdis the phase angle.

The governing equatioris— 4 can now be written as follows;

Ju 4 u Low ow _0 ;
Jor r 0z 7)
( au 6u> . 0%u N 10u u N 0%u g

az) K or?2 ror r2 0z2 (®)

(0W+ 6W+ OW) A +a (6 + )4 02W+ 10W+02W

ot Uy TWag) = A tAicostut) + pa cos(mot + )+ u{ o+ TEr 5
—oB2w 9)
<0C N ac tw 0C> D EIN L1 10C oc  o°¢ AN c 10
p ot u or 0z or?2 ror 0z2 B (10)
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Following Das and Saha (2009), the geometry afastis (See Figure 1) can
mathematically be expressed as follows;
220>' -2z, <z <z (11)

h(z) = {

rpotherwise
where h(z) represents the radius of the stenosed artgris the radius of the normal
artery,2z, is the length of the stenosis afiis the protuberance of the stenosis.

nz
Ty —6(1 + cos—

Boundary and initial conditions
It is assumed that there is no slip condition anaherial wall, that is

u(r,z,t) =0, w(r,z,t) =0 at r = h(2) (12)
and at the center of the artery (at the line ofregtny) it is assumed that there is no shear
rate and no radial flow, such that
ow(r,z,t)
% = 0, u(r,z,t) =0 at r=0 (13)

For mass concentration, symmetric conditions ard eoncentration is considered
uniform at the wall, Khan and Mohidul 2017.

aC(r,z,t)

Ew =0 atr=0 andC(r,z,t)=0 at r=h(z) (14

Since blood can flow even in the absence of magrietid and body acceleration, it is
therefore assumed that initially, there is non-zeslocity and concentration when= 0

u(r, z,0) = uy, w(r,z,0) =w, ,C(r,z0)=C, (15)

Non- dimensionalisation of variables

In this part we introduce the following non-dimessal variables. The variables, and
1o used are fluid characteristic velocity and disearfeor this case, blood flowing in an
artery,w, is the average blood velocity, angis the radius of the normal artery.

T ., Z LU w _tw, *_aoro3 *_A0r03
r]__l zZ =—, u=—w =—, T__)aO_ 2 0o — 2
To To W¢ W¢ To v pv

. AT 5 ., C ., D . Pr¢ o

Al =—=, e=—, C"=—, D*=—, B*=——M = Byry |—

pv Ty Co v v u

Substituting these non-dimensional variables igtoations 7-11 we get

Continuity equation
o’ + w + oW’ _ 0 (16)
an 1

az*

Equation of motion in the radial direction:

ou”  ou" ou 1 o%u* N 10u* u* N o*u* 17
ot an " 9z R,\on%z " non 2 9z a7
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Equation of motion in the axial direction

aw* aw* aw*

—+u’ _77 + W*T = Ay + A] cos(my 1) + ag cos(m,T + §)
1 (azw* 1ow* 62W*> M?

— + + ——w 18
Re\on? non 09z%) Re (18)

Mass concentration equation

ac” ac” ac” a%c* 1ac* od%c*

vt e TP\ G ey T

WcTo

wherer, = _— D* = % = S—lc Sc are, respectively, the Reynolds number, and Sahmid

number, andv = Boroﬁ is the Hartmann number. The mass concentratiomtem

becomes
oc* L oc* o acr 1 a%c* N 10C* N a%c* - 20
ot U on Y 9z T sc on? non  9z*? A (20)
The geometry of stenosis (Equation 5) in dimensiemform becomes
nz*
H(z") = {1 —e€ (1 t COS<T)) for—1<z"<1 21D
1 otherwise
The boundary and initial conditiod® — 15 in dimensionless form become:
u*(n,z*,1t)=0, w'(n,z", 1) =0 atn =H(z")
ow(n,z*,t 22
(n—)=0, u'(n,zt1)=0 atn =0 22
on
ac*(m,z"%, 1)
C*(n,z*,7t) =0, atn = H(z"), T =0, atn =0 (23)
u(mz,0)=u;, w'(mz,0)=w;, C(1z,0)=1, (24)

In this work, the initial condition for velocity waobtained from the steady state
of the equation of motion as

Ay +A
wan = (227 2) a -1 = w, 25)

4
3. Solutions
3.1. Radial coordinate transformation
In this section we are going to transform the equat from cylindrical to
rectangular domain. Assuming that the artery idndyical with stenosis, we
transform the constriction by introducing anothariableé such that
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n
e (26)
This suitable radial coordinate transformation betpmap the constricted domain
intoa rectangular one. That is, this has the etiéatnmobilizing the arterial wall
in thetransformed coordinage Using the above transformation, re-arranging and
dropping the asterisks, theequations of continuitgtion, and mass concentration
transfer become:

ou u ow §dHow

Haf+H§+az Hdz 0§ @7
du  uodu ou &dHouy 1 1 (0*u 10u u 1 [0%u 2&dH 9%u
o~ Hag "oz Haz g +R_ﬁ<6_62+3¥_6_2> R—Q[ﬁ‘ﬁaaeaz
Ed?Hou &% jdH\*0%u 3¢ /dH\*0u
—————4_—Q—)——+—{—J-— (28)
H dz? 0¢ * H?\dz/) 0&2 " H2\dz) 0¢
ow u ow ow & dHow
i —ﬁa—{—w E_ﬁgﬁ] + 4, + 4; cos(m;7) + cos(m,7 + ¢)
LA TN N TR O T o
R,H2\0¢Z ' 0f) R,|022 H dz 0édz Hdz2 0¢ ' H2\dz) 92
3¢ ;dH\2ow] 1
+H_i(E) 3| "MW (29)
ac udc aC §&dHOC] 1 (92C 14C\ 1 [d2C 28dH 9°C & d2HOC
E*ﬁa—g‘Wa‘ﬁzﬁ]*a(a—gz*E%) §[ﬁ‘ﬁza@‘ﬁﬁﬁ
&2 (dH\?0%C 3¢ (dH\?dC
1 (a) a—gﬁm(z) 3| ~PC (30)

Similarly, the boundary conditions 22-24 under thgiven radial coordinate
transformation, become:
u(é,z1)=0 w(z1)=0 at =1

M:O,u(f,z,‘r)=0 at £=0 o

%

C(§,27)=0, at £=1, %’;’TLQ at £=0 (32)
u(¢,z,0)=uy, w20 =wy C(2z0)=c, 33)
Initial velocity w, becomes

wo = (B8 (1 - ) (34)

3.2. Radial velocity
To obtain the radial momentum, we use the contreduation, we therefore multiply
equation 27 byH and integratethe resulting equation with respeét. tThis gives
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2dH

dH
w6n) = G ff——ff—f 35)

Now, applying the boundary condition 31, we obtain

1 1
J‘ 2dH J J‘ aw d 36
T WEds == | §——dE (36)
0
Comparing integrals and the integrands of equaé&rwe have;
6W 2 dH 37
9z H dz (37)
Substituting equation 37 into 35 we obtain
€)= 38
u fl Z' T)= f dZ w ( )

Equation 38 is the radial velocity component whiws to be calculated. However,
equation 38 will now be substituted into equatid@isand 30 and obtain:

6w_< & dH )6W [aw & dH ow
Hdzw

— = 58 —w|o EEG_E] + A, + A, cos(my1) + cos(m,t + )

N 1 1 (0*w N 10w *w  28dH 9*w & d*How f (dH) *w 3¢ (dH)z ow
R,H2\ 982 ' £ ¢ 07 Hdzogos Hd2 0t  HE\dz) 2%  HE\dz) ot
! M? 39
R, w (39)

ac_( ¢ dH )ac [ac gdHac] L(9°C 10C\ 1[0%C 26dH 9*C {dHOC
ot \Hdz")ag " Wlaz Hdzoel "sc\oez "€9¢) " Sc|9z2  H dz 9¢9z  H dz? o€

&2 /dH 3¢ (dH\? dC
T (dz) a§2+ (dz) 9|
3.3. Finite difference schemes

Equations (39) and (40) are solved numericallygiiie FDM.The finite difference
discretization is based on central differencesface and forward difference for time.

(40)

aw _ Wl — Wiy ow _ whiaj — Wiy ac _ Clqyy—Clyjac Cil,{j+1 -Cf5-4

14 2(A%) ’ 0z Z(AZ) "0z 2(0z)  0¢ 2(A8)
’w Wi — 2wl +wi_, 9%w WL+1] 2wl +wl,; 8%C CL’f,_lj 25+ ¢y 1)
&2 (Af)z "9z2 (Az)2 "9z2 (Az)?

92C  Clyy—2C5+ ¢y ow wkt—wk ac ckt-ck

— = ,and for time we have— = — o= =

&2 (A&)? 0t At ot At
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We now substitute the finite difference approximasifrom equation 42 to equations 39
and 40 and we make/* andC/;"! the subject, and obtain:

§j (dH Wl —wl_ Wi1) — Wia § (aH Wija1 ~ Wijo1
whkit = wk + At {( (E)LW‘I(J(TQ - wg T 2(82) (dz) 200

K K K K K
1 <Wi+11 2W it wit 11> _ izfj (dH> <Wi+1,j+1 T W11 T Wity 1~ Wi+1,j—1>
R

+ — J—

R, o e H; \dz); 4(08) (A7)
_ii<d2H> W5j+1_wil.(j—1+ii<d_H>2 ( Lj+1 - 2w +W1] 1)
R, H;\ dz? ; 2(A¢) R, H?\dz) ; (Af)2
13§ (dH\? (Wl —wi\ 1
— (= N7 BT i — 2.3 42
TR, 1 (dz)i 2(0%) R, Vi 42)

. ({ ( ) )Cil.cj+1_cil.cj—1_w-k. Ce1—Clia (& (dH) Cljer = Cljn
ij - = lij j Wij 2(A9) Lj 2(Az) dz 2(A%)

+— 1 Clk]+1 ZCk +Clk] 1 += 1 Clk]+1 Cil,cj—l 1 Cllfl—lj ch +Clkl]
Sc (Af)2 $i 2(4%) Sc (AZ)2

_Z_f,<d_H) Clijor +Clyjo = Clyj — Clajn s Cil,cj+1 - Cl5.q
H; \dz/; 4(Aé)(Az) H; dZ2 2(A8)
+€] d*H l]+1 Cll,cj—l —Ar ﬁCk +E_ d_H L]+1 ZCL]+CL] 1

dz? 2(09) dz) , (86)?

3¢; (dH e — Wl
+ ij(dz> i< ]Z(AE)J >]_ﬁcilf(f} (43)

where we define

zi=({—1DAz, i=12,..M+1,&=0G-DA, j=12,.,N+1

T, =0—DAr, k=12,.. HereAz andA¢ represent the spatial increments,
respectively, in the axial and radial directionsle/At represents a small increment in
time. We also discretize the boundary conditionfolews:

The Neumann boundary conditionéat 0 we have

K K
W _ Wije1 = Wija1 _ 0 (44)
0 2(A$)

This gives

w4 —wj_, =0 this implies thaw/,, = wf;_; now até = 0 means thatj = 1,
thus this meansv), = w,. However,w, is outside the domain of interest. It is

therefore the ghost point. To get rid of this ghpstnt we further approximate the
derivative for the intervadé as follows
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k k
ow|_ Wije — Wi 0 (45)
9| _, AS
This givesw/, = w/4, we therefore have
kK _ .k _ ok _ 1 _ 1 k _ ok ko _ rk
Uiy = Uiner = Wine1 =0, Wij =wo, Gy =¢o ,Wip =wiy ,Cp = (i (46)

The axial initial velocity is therefore discretizagw, = (%) (1 - (HEDD

4. Results and discussion

4.1. Numerical simulation

In this section we implemented the numerical maegjuations 42, 43, and 46) and
performed computer simulations using MATLAB codd® maintain stability, we

A : i
(AET)Z < 0.5. Forconvenience, constants were wisely choseiollsvs;

AO = 1,A1 = 0.5,m1 = 1m2 = 1,(1) = 0.6,e= 0.1,B0 = 1,30 = 1'SC = 3,Re= 3,Z=
0.2

ensured tha <

T =0.1990,At = 0.001. Some of these parameters were varied to obsegirectifiects
as illustrated in Fig. 1 to Fig. 23.

Effect of stenosis on axial velocity Effect of Hartman number on axial velocity
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Figure 2: Figure3:
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Effect of Reynold's number on axial velocity

Effect of body acceleration on axial velocity
07 ‘ ‘ 07
A A
06 06 E
05 05
04 S04
2
03 =03
=
02 0.2
01 0.1
0 I I I | 0 I I | |
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
¢ ¢
Figure4: Figureb:
General effects of some parameters
0.8 Axial and radial velocities in a stenosed artery
e of e 408 0.7 T T T T
W of s = Axial velocity in absence of a0 and Bo
07 ey accleraion 0.6 e Rayclial velocity in absence of a0 and BO
i of g fulds '
0.6 05
0.5 | h 04
o
04 203
0.3 0.2
0.2 0.1
01 1 1 1 1 0 L L L L
0 2 4 6 8 10 0 0.2 0.4 0.6 0.8
T ¢
Figure6: Figure7:

95



Annord Mwapinga, Eunice Mureithi, James Makungu ¥eddiana Masanja

Effect of stenosis on radial velocity
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Effect of Reynold's number on concentration
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4.2. Discussion of the simulations

The effect of Hartmann number on axial velocityfipes is illustrated by figure 3. From
the graph we observe that as the Hartmann numbezases, the velocity decreases due
to the fact that as the magnetic fields is apptiedhe body, the Lorentz force tend to
oppose the flow of blood. The Lorentz force is aloleoppose the motion of the blood
flow because blood consists of red blood cells tvidontains ions. Similar results were
obtained by Kumarét al, (2019) [1] and Sharme al (2019) [4] who considered the
navier slip.

Figure 4 shows the effect of increasing body acatten on axial velocity. From
the graph it is observed that for the fixed valogédHartmann number and height of
stenosis, axial velocity increases as body acda@erincreases. The increase in velocity
is due to the reason that body acceleration inesettse heart beats and the pulse rate.
When the body is subjected to body acceleratiam htart speeds up to pumping blood
so that more blood can reach the muscles.

This study also investigated the effect of Reynaidsnber on axial velocity.
From the graph we see that, as Reynolds numbemsaise, the axial velocity increases.
The increase in Reynold’'s number implies more iaseeof inertial forces than the
viscous forces. Thus, as the inertial force in@eathe velocity increases.

Figure 7 shows both, the axial velocity and thdalagelocity. From the graph
we see that the axial velocity is higher than #idial velocity. This is due to the fact that
the pressure gradient is more dominant in the akiaktion than in radial direction. On
the other hand, we also observe that, the axiacitglis maximum along the axis of
symmetry and it is zero on the boundary. The axddbcity is decreasing as we move
towards the boundary because of the no slip camditt the boundary. The radial
velocity is zero along the line of symmetry becatleege is no radial flow along that axis.
Also, it is zero at the boundary, to satisfy thestip condition. It is very interesting to
note that it has been revealed that increase igdherity of stenosis, decreases the axial
velocity but increase the radial velocity. The eddielocity increases as compensation to
the axial velocity which decreases. However, thé/medically endanger a person by
harming the arterial wall for prolonged situation.

The effect of Hartman number, body accelerationRegholds number on radial
velocity are shown in figures 9, 10 and 11 respetti The effect of increasing these
parameters on the radial velocity is observed tdhieesame as it is manifested on the
axial velocity.

The effect of increasing the chemical reaction peter on concentration profile
is illustrated in figure 12. From the graph, weatlg observe that, as the chemical
reaction parameter increases, the concentratiorea®es. The decrease of the
concentration is due to the fact that the preseasfcehemical reaction acts as the
consumption or destructive agent of chemical sgeditis leads to the reduction of the
concentration.

Figure 13 shows the effect of increasing the Schmisnber on concentration
profiles. From the graph it is observed that, as 8chmidt number increases the
concentration profile increases. This can physich# explained that, the increase in
Schmidt number implies that the molecular diffusttetreases that is, an increase in the
Schmidt number, increases the concentration boynidger thickness, which in turn
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increases the concentration profiles. Figure 14vshthe effect of increasing the stenotic
height on concentration profile. From the graph,he®e observed that, as the stenotic
height slightly increases, the concentration pesfildecreases. The decrease of the
concentration profile is due to the reason thatdize of artery gets decreased as the
stenotic height increases, thus the concentratenedses too. Similar effect is observed
in figure 15 where the increase in Reynolds numbéduces the concentration. Figure 18
shows the effect of increasing the Hartmann nuroheahe skin friction. From the graph,
we have observed that, as the Hartman number Besedhe skin friction profiles
decreases. The skin friction again varies peridigigégth time. This physically mean that
the shear stress decreases due to the presencgoétic field. Reduction of the shear
stress in turn leads to the decrease in the sldtiof coefficient. On the other hand,
increasing the Reynolds number implies that thetileforce increases than the viscous
force. As viscous force is smaller, skin frictioetg reduced. This means that, with
increase of the Reynolds number, the inertial foscenore dominant than the viscous
force. This lowers the skin friction. This has bebown in figure 19.

The combined effect of stenosis, body acceleratimagnetic field and chemical
reaction has further been shown in figures 22 @&d-Bom the graphs we clearly see that
the combined effect highly reduces the velocitytred blood. However, body exercise
seems to have more effect than magnetic fieldssd@dosis. In this regard therefore,
since body exercise highly raises the blood’s spesabnetic therapy for a stenosed
person will therefore be of more advantageous, amy for reducing pain but also
regulating blood rheology by reducing blood’s véipcFigure 23 shows the same for
concentration, from the figure we see that the doewb effect of stenosis, body
acceleration, magnetic field and chemical reacfamthe given values of parameters,
generally reduce the concentration. Thus, the ntagtierapy taken during sports for the
sake of reducing pain, causes reduction of tramafon of some information and
macromolecules in arterial blood flow. From thisidst we can therefore say that
magnetic therapy in sports should be done with ba@ause if a person has stenosed
artery and such therapy is applied, concentratiogenerally affected. Medically this
implies that the transfer of atherogenic molecslgsh as oxygen and even low-density
lipoproteins from the blood to the wall get reducEldwever, increasing body exercise
increases the concentration.

5. Conclusion

Formulation of a mathematical model and computerukitions of two-dimensional
blood flow through a stenosed artery in the presafidody acceleration, magnetic fields
and chemical reaction has been done. Similar witkipus studies, it is observed that the
presence of magnetic fields affects the flow ofkloln this study it has been shown that
the presence of magnetic fields in the presencaterfosis and body acceleration again
affects the flow of blood. The current study give®re insights in medical use of
magnetic fields in treating various diseases rdl&ieblood rheology like hypertension. It
has also been observed that body exercise incréfasdsdood’s velocity. Furthermore,
the presence of chemical reaction has been showedtee the mass concentration. In
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this regard we suggest that for patients with hdmgases, exposing them to physical
exercises should be done with care as prolongedsexp to body accelerations may
cause some serious health problems such as higle pate or even sudden death.
Therapies that involve vibrations should also bedied with care by taking into account
that blood’s velocity will be increased. In conétus therefore, magnetic therapy in
sports is very important, it may offer multiple ledits such as reducing pain and
regulating blood flow which has been increased djytaccelerations.
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account the presence of body acceleration, magnetic fields and chemical reaction. The study assumed that, the
flow is unsteady, laminar, two-dimensional and axisymmetric. The governing flow equations of motion were
solved numerically using explicit finite difference schemes. The study found that velocity profile diminishes with
increase in Hartman number and increases with body acceleration. The temperature profile is raised by the increase
of body acceleration and the Eckert number, while it diminishes with the increase of the Peclet number. It was
found also that the concentration profile increases with the increase of the Soret number and decreases with the
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1. INTRODUCTION

The cardiovascular system involves blood, the heart and the blood vessel. Blood is important
because it is a transporting agent in the human body. It is very unfortunate that the human
blood vessels such as arteries and capillaries may contain plaques which disturb the normal
flow of blood and hence leading to cardiovascular diseases such as heart attack and stroke.
The abnormal flow of blood has drawn attention to many researchers due to its implications in
medicine and fluid mechanics.

Blood is categorically classified as a non-Newtonian fluid, thus studies which involve modelling
blood flow should not disregard the non-Newtonian character of blood. In day to day activities,
human body is exposed to situation which disturb the normal flow of blood. This include
(among others), physical exercises, travelling using vehicles and applying magnetic therapy to
a patient.

A number of investigators have carried out theoretical studies on blood flow. Misra et al [15]
modeled blood flow in arteries subject to the vibrating environment. In their study, the fluid
(blood) was treated as a couple stress fluid. However, their study did not take into consideration
the presence of stenoses despite the fact that human arteries are often subjected to fat or solid
deposits that lead to constricted arterial wall.

A recent study of non-Newtonian blood flow in a stenosed artery that was conducted by Liu
and Liu [14] involved the flow of blood in a tapered artery and took into consideration heat
and mass transfer. The study established that as the maximum depth of the stenosis increases,
the blood’s axial velocity increases. Another study on blood flow in a stenosed artery was
done by Jamil et al [12] that took into consideration the effects periodic body acceleration and
nanoparticles. It was proved that velocity decreases as yield stress increases and the velocity
could be controlled by nanoparticles. Numerical solution of blood flow and mass transport in an
elastic tube with multiple stenoses was also investigated by Alsemiry et al [3], where blood was
treated a Newtonian fluid. The result of their study was that the double stenoses and pulsatile
inlet conditions increase the number of recirculation regions and effect higher mass transfer
rate at the throat. Changdar and De [6] conducted a similar study like Alsemiry et al [3] but

considered the presence of body acceleration. As it was expected, the result revealed that the
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presence of body acceleration enhances the axial velocity.
Computational modelling of arterial blood flow for non - Newtonian fluid was investigated (inta
alia ) by Sharma and Yadav [18], Jamalabadi et al [1], Dixit et al [7] and Prasad and Yasa [16].
These studies did not include the aspect of vibration or body acceleration and the heat transfer
in the body which is very important to take into consideration. On the other hand, Bunonyo et al
[5], Eldesoky [8] and Sinha et al [19] studied MHD blood flow along the arterial wall. However,
all these studies, the aspect of body acceleration and mass transfer were not investigated. As
expected, all these studies showed among other things, that magnetic fields affect the blood’s
velocity.
Arteries as living tissues, require supply of metabolites, including oxygen, and removal of waste
products, Akbar et al [2]. Zaman et al [23], pointed out that, it is generally accepted that the
rheological behavior of blood is assumed as Newtonian for values of shear rate greater than
100s~! and a such situation occurs in larger arteries. But in smaller arteries the blood does not
obey the Newtonian postulate and therefore cannot be modeled as a Newtonian fluid. Several
more scholars conclude that it is very crucial that blood is model as a non — Newtonian fluid.
These include Rodkiewicz et al [17], Tu and Deveille [21], and Gijsen et al [9].

There are several theoretical studies which have attempted to model blood flow in arteries
by considering blood to obey the Herschel-Bulkley fluid characteristics. These include studies
by Srivastava[20] and Kumar and Gupta et al [13]. All these studies assumed unidirectional
blood flow. The Herschel-Bulkley fluid is of general type and can be reduced to Newtonian,
Bingham plastic and Power-law fluid models, by selecting appropriate flow parameters, Biswas
and Laskar [4]. According to Vajravelu et al,[22], the Herschel-Bulkley constitutive equation
contains one more parameter than the Casson equation does, and thus more information about
the blood properties can be obtained when the Herschel-Bulkley equation is used than when the
Casson one is used.

Based on the reviewed literature, the unsteady, MHD flow of blood through a stenosed artery in
the presence of body acceleration, chemical reaction, with mass and heat transfer taking place,
and treating blood as Herschel-Bulkley fluid, has not been considered. Such flows have mani-

fested themselves in several situations like magnetic therapy in sports and in MRI testing. The
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current study therefore intends to fill that gap where, computational analysis of unsteady non —
Newtonian MHD blood flow involving heat and mass transfer in the presence of body acceler-

ation and chemical reaction is investigated.

2. FORMULATION OF THE PROBLEM

In the current study we consider that the flow is unsteady, laminar, two-dimensional, pulsatile,
incompressible, axisymmetric in the sense that there is no variation of the velocity with the angle
0 in the cylindrical polar coordinate system (r, 0,z), with the z-axis coinciding with the axis of
symmetry of the flow. In that regard therefore, ug = 0 and g—g = 0. The blood is considered to be
a non - Newtonian fluid satisfying the Herschel-Bulkley model. Furthermore, body acceleration
(F(t)), and the strength of magnetic field (B) act in the axial direction of the artery. Every cell
in the body can produce heat which needs to be spread around the body, and this is done by
the blood, which heats some organs and cools others by conduction and other processes. Thus,
the study takes into account for the chemical reaction such as exothermic reaction K for mass
transfer.

We define the geometry of stenosis as shown in equation (2.1)

r0—6<1+008%> —2z0 <7< 270
2.1) R(z) =

o otherwise

Under the mentioned assumptions, the governing blood flow equations, continuity, momen-
tum, energy and concentration equations in the cylindrical polar coordinate system are as written

in equations (2.2) to (2.6).
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FIGURE 1. Schematic flow diagram

du u Jdw
(2.2) E—F;—i—a—z—O
du  du Ju\  JdP 1d(rt,)  I(7)
2.3) p<§+u&— w&—)_—wt )y 20
ow . oW oW _ 9P 100T) | 0(%) )
(2.4) p<8t+u8r Waz)__az+r 3, + e +F(t)—oByw
(2.5)

(aT aT
pep | =—tu—=—+

ot or

(2.6)

o\ 92 ror 972 Tor  Cor oz oz

8_C — E+la_c 9°C _|_DfKT 82T+18_T_|_82_T
Waz P\ oz Tror T a2 Ty orr  rodr 972

—B(C—Co)

In the above equations, u, w, T and C are respectively radial velocity, axial velocity, tem-

perature and concentration of the fluid. ¢,,k,K7,Dr,andf are, respectively the specific heat

capacity, thermal conductivity, the thermal-diffusion ratio, diffusion coefficient, and chemical

reaction parameter. Furthermore, 7,,,and7,; represent the normal stress components. 7,, is the
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shear stress component. The current study considers that blood obeys the Herschel-Bulkley
constitutive model. The stress tensor components are as given in equation (2.7)
— T\ .
Tij = (Ky" 1+—,0> Yij for T>1
(2.7) v
Y=0 for 7<1H

where,K is the consistency index, n is the flow behavior index and 7 is the yield stress at

zero shear rate. From equation (2.7) there are special cases that can arise as we can be able to

see different types of behaviors of fluids. This is as shown in table 1.

Type of fluid model K n 70
Herschel-Bulkley >0 | O<n<oo | >0
Newtonian >0 1 0

Power law for n < 1 (shear-thinning) | >0 | O<n<1 | O

Bingham >0 1 >0

Power law for n > 1 (shear-thickening) | >0 | I<n<eo | 0

TABLE 1. Different types of behaviors of fluids

In equation (2.7), 7 is the second invariant of the rate of strain which is as given in equation

(o o’
dJdz OJr

(2.8).

. du\’ u\ 2 ow\ 2
v e |(5) 6 ()

Again, from equation (2.7) we can write the stresses

J
(2.9) T =2 (K7 + 17 ") (a—brl)
n—1 1 8w
(2.10) T =2(KY" ' +1%7") (a_z>

e - du Jw
(2.11) T =2(Ky" '+ 177" <a_z+W)



NON-NEWTONIAN HEAT AND MASS TRANSFER ON MHD BLOOD FLOW 7

The pulsatile pressure gradient which is responsible for driving the blood’s flow in the axial
direction is given as —g—f =Ap+Ajcos(wt), t> 0 where, we define Ag and A; as the steady
component of pressure gradient and amplitude of its pulsatile component respectively. @ =
21 fy, fp being the pulse frequency. We further define the body acceleration which acts in our
system as F(t) = pagcos(yt + ) where, pag is the amplitude of body acceleration, v is the

phase angle and @, = 27 f},, with f;, the body acceleration frequency.

2.1. Boundary and initial conditions. In this study we assume that initially as shown in

equation (2.12) that;
(2.12) w(r,z,0) =wo, T(r,z,0)=Ty, C(r,z,0)=Co,

The boundary conditions for the developed model are as shown in equations (2.13) to (2.16).

(2.13) w(r,z,t) =0, u(r,z,t)=0 on r=R(z)
(2.14) W:Q u(r,z,t)=0 on r=20
(2.15) W:O, on r=0 and T(rnzt)=T, on r=R(2)
(2.16) @:O, on r=0 and C(r,z,t)=C, on r=R(z)

Where, T,,, C,, stands for arterial wall temperature and concentration on the arterial wall,

respectively.

3. NON - DIMENSIONALISATION OF THE MODEL VARIABLES

We now introduce the non-dimensional variables. We use w, as the average fluid’s velocity
which is therefore our characteristic velocity. We define r( as the radius of normal artery. Our

dimensionless variables are shown in equations (3.1) to (3.3).
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. ro? WC’ WC’ r() ) ro? pW%7 lj pW%,
A A 0] 0] R
(2 A= g AV g 10 e 10 1000 ey 2 RE)
pw2 pw?2 We We w2 ro
T-T C—-C 2 S
(33) Ll (RO U chuul < Y LI R
To—To Co—Co v o

We now substitute equations (3.1)to (3.3) into equations (2.2)to (2.16) so that after dropping

all the asterisks, we to get equations (3.4)to (3.16).

du u odw

3.4 —t—4—=0
(3.4) an + n + oz
u u au 0P ot 1 a1,
(35) EjLuan & %—F ( an ﬁfrr a_>
dw  dw 8 8TZZ
8_t+u&n 5 = (Ap+Ajcos(mr)) ( 8_z)
2
(3.6) +agcos(wpt + ) — i
ReG
8_T+ 8_T+ or 1 82T+ oT +82T
or "on "oz TR \on2 Tnan " 92
du ow du ow
(37) +E |:Trran +TrZan +TI’Za +TZZ a :|
ac dc, oc 1P 1ac e
or " Yon "oz T \on2 Tnon " 92
*T 19T 9°T\ BC
(3.8) +S, (a—nz—f—ﬁ%"f—a—zz) Re

rh orit! WeroC w2
Where’ReGZO—p,zv Ha =By —— o 1 Pe:wa E.= ——“—~ and
Kw! Kwl™ k cp(Tw —To)

_ DyKr (T, —T)
" VTL(Cw—Cy)
respectively.

are the, generalized Reynold, Hartman, Peclet, Eckert, and Soret numbers

| 1) .
TijZ(R 7y ])Yz‘j
3.9 G

Yy=0 for 7T< 1
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with second invariant of the rate of strain given in equation (3.10)

. du\* [(u\> [ow\’ du  ow\?
wo GG GG

and
G.11) 6 =2 (Rt + i) (2
: rr eG 0 an
n—1 1 aW
(3.12) Tz =2 (ReGVl + 7Y ) 9z
. 1 [Ou  dw
e

subject to the dimensionless initial and boundary conditions

(3.14) W(T],Z,O)IW(), T(T],Z,O)ZT(), C(T],Z,O)ZCO

(3.15) w(n,z,t) =u(n,z,t)=0,T(n,zt) =T,,C(n,2,t) =Cy on N =R(z)
ow(n,zt)  dT(n,z,t)  JdC(n,zt) B B

(3.16) P P o= u(n,z,t)=0, on M =0

4. SOLUTION OF THE PROBLEM

To obtain the numerical solution, we first of all, transform our cylindrical domain into the
rectangular domain by using the following radial transformation. We introduce new variable
& such that & = L Making use of this transformation, equations (3.4) to (3.16) becomes

R(z)
equations (4.1) to (4.12).

1du u dw &dRdw _

@D R TREYT 9 TRz o
ua  u_ 0P wdu | (Ou EdROw\ 19% % 0% LR
‘ ot  RIE RIE "\9z Rdz9oE) R IE "RE ' 9z Rdz 9
ow uow ow & dRIw 10T, Tg, 01y
E—(AQ+A1COS((L)$))—IW&—W<8—Z—I—?CZ—Z%)+E 85 R_g 97
taron. N
4.3) Rdz 9E + ap cos(wpt + ) ReGW
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oT _ wdT (9T &§dROT\ 1 (0T 1 9T 0°T
or — RIE "\ 9z Rdz0&) P \ROE2TREGE " 92
L [3E (dR\*OT 28dR °T EdROT , (EdR\" T
P, |R2\dz) 06 R dzdEdz Rdz? & Rdz) 0&2
Teg du | Tez dw du G dRIu dw _GdRIw
+EC(R6§+R8§ tETe 5 T Raz 08 ) TE\ G T Rdz 08
dC  udC <ac ngac) 1(320 1 JC azc)

o~ RoE "V AV

(4.4) +

dz Rdzdé

L L[38 (dR\?9C 28dR 0°C Ed’ROC , (EdR\*@’C| pC
P, |R?\dz) 0§ R dzd&dz Rdz* & Rdz ) 0&2 Re
2 2 2 2 527 ]
s s [ (ARVOT AR PT EFRIT  (EaR\IPT
R2\dz) 0 R dz0d&dz Rdz*> d& Rdz) 0&2
With,
_ du \? u\? ow  EdROw\? du EdROu ow )\’
*0 YJZ (we) *(re) + (5 wz) |+ (5ot we)
and
n—1 1 du
4.7 Tee =2 (ReV'™ + 707 ) RIE
. . ow EdRIw
(4.8) T =2 (Reg? '+ 707 ") (a_z_ﬁd_z%)
e i [du EdRIu Iw
_ 1 (o4 cakou ow
(4.9) % =2 (Rea?'™ + 07 )<8z Rdz8§+8n)
subect to conditions in equations (4.10)to (4.12).
(410) W(&?LO) = Wwo, T(&,Z,O) = T07 C(&,Z,O) = CO
dw(&,z,t)  IT(E,z,t)  IC(E,z1) _ _
(412) aé = 85 = T = M(é,Z,l’) —0, on é =0

We use the initial velocity wg, which is obtained as the solution at steady state in the absence
of body acceleration and magnetic fields. Applying the radial transformation, the initial velocity

is as given in equation (4.13).

(4.13) wo = <A°+A1) (1—(HE)?)

4
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4.1. The Radial Momentum. We are now going to obtain the radial velocity. We use the
continuity equation (4.1) to get the radial velocity u(&,z,¢). We multiply equation (4.1) by ER

and then integrate it with respect to & to obtain equation (4.14).

dR 0
(4.14) /é;- d§+/ud§+/a§R dE + /ézd 8?
Re-arranging equation (4.14) we get equation (4.15).
2dR dw
(4.15) /g d§+/ud¢ /g T g - /gR

Applying integration by parts and simplifying the equation (4.15) we have equation (4.16).

(4.16) u:—z W ZdR/ EdE — g/gaw

Making use of the boundary conditions in equations (4.11) and (4.12) and re-arranging we have

4.17)

2dR (! R [l _ow
(4.17) Ed_z/o w‘g’déz—g/o &5 de

multiplying by & and dividing by R we get (4.18)

2dR [! L ow

making comparison of the integrals and the integrands of equation (4.18), we easily get equation

(4.19)

aw_ 2 dR

We now substitute equation (4.19) into equation (4.16). Such substitution gives equation

(4.20)

(4.20) uzc;—féw—%i—f w§d§—§/§ (—zd—fw) dé
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which simplifies to equation (4.21)

4.21) u= (5 cjl—lzw)

Equation (4.21) above, is the radial velocity component which needs to be calculated as well.
However, we substitute this radial velocity into our axial momentum, energy and concentration

d
equations. Also, using the product rule we find the derivatives, % T (6— +w) and
Z

s

2, dR 0 d’R
au =& ( 7 aw +w > This process therefore eliminates u,as we write radial velocity « in
< Z 02

terms of axial Ve1001ty w. We now have equations (4.22)to (4.28);

ow dR ow dw & dRIw lafgz Te, 0Ty
E—(Ao—f—AlCOS(a)t)) (5d—z )m— (a—z—ﬁd—zﬁ) I_Q 85 E—'_
(4.22)
2
_f_efi_]za&%z +aocos(a)bt—|—l/!)—€"6w

oT  (EdR \dT (T &EdRIT 9°T 18_T+82_T
or ~ \Raz")9E "\ 9 rRazoE) T p \®oer TREGE T 32

3¢ (dR\OT 2£dR O°T _éﬁa_T ) (E4RY T
R2\dz) 0 R dz0d&dz Rdz*> & Rdz) 0&2

Tr

oz SR (5 ) e s (5 )
) (65 o)) e (555

J9C _ _(EdR \dC  (dC EdRIC + 0°C 1 JC 0%
or  \Rdz")9E "\ 9z RdzoE R2OEZ T REEQE T 922

—chéz

L 1|38 (ar\PoC 28 dR o°C _édz_Ra_C ) (8dRY 9%C
P, |R2\dz) 0 R dzdédz Rdz?J& Rdz ) 0&2
g |38 (AR\TIT 28dR T L4PRIT  (EdR)’O°T
" dz) 0§ R dzd&dz Rdz? dE Rdz ) 0&2

(4.24) +S

9T N 1 8_T+82T BC
"\ R20E2 " R2E & 972 Re
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With,
5 | (4R 5aw ? (dR \? (ow EdRow\’
Raz\°3& ")) T\raz") "\ @& "Rz o€
(4.25) 7= ) )
+ g(d_Ra_W+Wd_R>_§@d_R(§a_vv+w)+a_w>
\ dz dz dz? Rdz dz \° d& ROE
and

(4.26) Tz =2 (Rec? '+ w07 ") <dR (5a—w+w)>

dz \” 9E
- —1 .1 (9w_§dR3w
427) T2 =2 (R? '+ 07 )(a—z EE%)
B el o o o1 dROw  d*R\ & (dR\*[ ow dw
(429 7 =2 (Ra? )[5 (G5 i) 7 () (55 )+ e

4.2. Numerical Procedure. In this sub-section, we move from continuous model equations to
discrete model equations through discretization. The finite difference schemes for discretization
of our model equations are based on the forward difference approximations for time derivatives
and central for all spatial derivatives, using the explicit finite difference method. This method
was also used by [10] and [11]. The approximate derivatives are as given in equations (4.29)
and (4.30).

Ow _ Wijnt —Whjir 9w Wi — 2wl dw Wi —w

(4.29) 98" ME gl (AE)2 T T A

The approximate derivatives for temperature and concentration are obtained in a similar way as
in equation (4.29)

Similarly, the approximations of derivatives of 7 ,and7, are as given in equation (4.30)

(4.30)

k k
JTe, B (Téz)j7j+1 - (T§z>i,j_1 0T, (TZZ);{,]‘—Q—I - (Tzz)ij_l 0T, (Tzz)§+17j - (Tzz)f‘c—l,j
0E 2AE T9E 2AE "z 2Az

We here now define §; = (j—1)AE;j=1,2,3.N+1 where, &Eyi1=1,z=(—1)Azi=
1,2,3.M+1 andfy = (k— DAk =1,2,3...
We now substitute finite difference schemes into equations (4.22) — (4.28) and we make

subject w,7, and C. We also include the discretization of radial velocity from equation
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(4.21). We therefore have equations (4.31)-(4.40).

(4.31) u v g,( > wi
k

H2
with =wi + A (Ao +Aj cos(1) +ag cos(@pti + Y) — Reacwi’j>

6 , k Wf-f,,-ﬂ - wf-ﬁj,l k Wf'{+1,.i - wﬁ-‘,u
— ) wii ) | 2 ) A | — 5 —
dz b 2AE b 2A7
k k
y ek B (ARY (Mn =) (o (i = ()i
LR dz ; 2AE dz 2A8

k k k
1 (Téz)[7j+1 - (Téz)[ﬂjfl (Téz>[7j <(Tzz)i'<+l,j - (Tzz)i'(l,j)
R + +

k k k

Tkl Tk z/+1 Tu 1 —AZWI-C- Ti+1,j_Tifl,j

i,j 2AE b 2Az
Wk é} T11+1 i,j +A* z]+1_2Tk+ i,j—1

‘fR P, R?(A&)?
Aﬁ t]+l TU l z+1 Ni _2Tk +Tk 35] «on Ttkj+l T{(J 1
P dz 2AE

26 (Ar

2§]R2A<§ (Az)2
B Ttk+1]+1 Tklj+l Tk+1] 1+Tk1] 1
PR dz ; 4AEA7

4.32) + At

+ At

At
P,

o6 (£7Y (T T )], 200 (Ga)? (Foos =20 T

P dz? 2AE P, \Ridz ), (A8)?

NE (ng)ﬁj dR (e Wi W) e ) (Tl (W W
‘I R dz ).\ 2AE b R; 2AE

wk o —wk 2
AR lé‘, <<[5§> (MEAZ!U> s <Ccllz§>i>
wk .
— AtE, (ng)u !Iij ( > (5, (W) +Wﬁ'{,]‘>

k k
- € S (AR [ Wi~ Wi
(4.33) AtE, (Téz)t]R <dZ>i ( ZAg )

k

Witt1,j— ,
+AzEC(r§Z)j§ ; (szZ

k
i—1,j
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ck.  —Ck.
k+1 _ o~k 5] k i,j+1 i,j—1
Gj =G Af[ (dz>.(wi.,j> (mg)]
— At wk AClkJ"l o C’k 1,j é] d7R Clkj-i-l Clk] 1
b 2Az R\ dz/, 2AE

k k k
[c,w 2CK +CF Ch—Ck CEL L —2ck e Ch
P,

R} (AE)? 28;R7AE (Az)?

(4.34)

2
+ At [3% (dR> ( ij+l 11 1>]
z
B 1+1]+1 cr 1j+1 Cz((+1,j71+czkfl,j71
PR 4AEAZ
dZR Cz]+1 l] 1 —i-& §jdR 2 Czk]+1 2C§fj+czk,j71
dz2 P, \R;dz ), (AE)?
35} ) ,+1 '71 _zéjAf dR Tzk+lj+l Tklj+l TIfHJ 1 +TE 1,j—1
R,‘ dz ) 4A€AZ

) ) (2 ()

+S,At

With,
k k 2 2
. dR Wi — Wi 1 dR
4.35 2=2 | (= i ptCa S E— L — ) (=) Wk,
@33) v <(dz)i<§J< 2AE W AVTIAVZ ;U
2
(4.36) (i & (AR (Wi W
' 2Az i \dz ), 2AE
k k 2
£, ( ) Wit1j —Wie1,j +W,§.(@
J 2& i )
(4.37) + Te e _—
J(_) §J lJ+ >J +W,J> lJ+ Wi j— ]
and

k k
o o dR Wijir1 — Wij—
(4.38) ()}, =2 (Rec?" ' + 707 ") <<d—z).<5j%+wfj>)
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"\ \dz ), 2A7 i\ dz? ),

k k k k
& (dR 2 é_Wi7j+1 —Wij-1 ok +Wi,j+1 —Wij-1
Ri\dz); \” 2AE b 2R,AE

(4.39)
(ng)ij =2 RV '+ w7 ")

(4.40)

k k k k
k et L oty | Wik T Wisny & (AR [ Wi Wi
£ =2 (R,g7' Zily Timly  5i (4R [ TR Tl
(Tzz)z,] ( eG + ToY ) [ 2A7 R; (dZ i 2A§

The conditions in equations (4.10) to (4.12) are discretized as shown in equations (4.41) and

(4.42)

1 1 I ok ok k _ ok ok _ ok
(4.41) wij=wo, T ;=T Ci;j=Co wip=wi, TH=T, Cor=C

k k k k k
(442) Wi,N+1 :O7 ui,N+1 :O, 'Tl',N+1 = TW, Ci,N+1 :CW, <T€Z)i1 =0.

I

5. SIMULATION AND DISCUSSION

In this section, we display and discuss the numerical simulation of the discretized equa-
tions (4.31) to (4.40). The simulation was done using MATLAB software using the following
parameter values. Ay =0.8, Ayp=0.5, ®,=10, @, =10, ay=1, Ha=1 y=
03, R.g=1, e=0.1, zp=1, Ar=0.0002, Az=0.08, A{=0.05, 1=02, E.=
I, P.=1, B=0.1, S, =0.002 and n=0.95. The parameters were varied to deter-

mine their effect.
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Figures 2-7 give the results for shear stresses. From the graphs, it is seen that, the magnitude
of shear stress increases as the power law index increases. This is shown in figure 2. Opposite
behavior is shown in figure 3, where the magnitude of shear stress declines towards positive
values as generalized Reynold’s number increases. This implies that as the inertial forces in-
creases, the magnitude of shear stress decreases. Figure 4 illustrates the effect of yield stress on
shear stress. It is observed that as the yield stress increases, the shear stress increases in mag-
nitude. This therefore implies that increasing certain the amount of stress required for blood
to flow, increases the shear stress. Comparison of shear stress for different fluid behaviors for
Herschel-Bulkley, Newtonian, power law and Bingham is illustrated in figure 5. From figure 5
we observe that the power law fluid when n > 1 has higher magnitude of shear stress compared
to power law fluid for n < 1. The same has been observed for Herschel-Bulkley fluid where
the higher the power law index the higher the magnitude of shear stress. It is interesting to
note further that when power law index n > 1 the shear stress exhibits more difference than
when n < 1 where the difference is small. This tells us that, it deviates more when n > 1 than
when n < 1. Figure 6 shows the effect of body acceleration on shear stress. It is seen that as
body acceleration increases, the shear stress increases in magnitude. The opposite trend is ob-
served in figure 7 where, the increase in Hartman number diminishes the magnitude of the shear
stress. Hartman number is a ratio of electromagnetic forces to viscous forces. Increasing the
Hartman number implies that the viscous forces become lower than the electromagnetic forces.

Physically, the Hartman number enhances the Lorentz force which opposes the blood’s motion.
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The results of radial velocity are presented in figures 8-11. From these figures, it is noted that
the radial velocities are negative in sign. The radial velocity is shown to be zero on the axis of
symmetry as it was assumed that no radial flow takes place along the axis of the symmetry. The
velocity is also zero on the arterial wall (§ = 1) to satisfy the no slip condition. In figure 8 we
observe that when the power law index rn is greater than 1, the radial velocity exhibits smaller
magnitude values than when n < 1. From the same figure 8, we observe that radial velocity for
Herschel-Bulkley fluid when n < 1 has higher values in magnitude as compared to power law,
Bingham, Newtonian and Herschel-Bulkley for n > 1. It is also observed that radial velocity
diminishes in magnitude as Hartman number and power law index increase as shown in figures
9 and 10 respectively. This finding is in good agreement with [10]. On the other hand, it is
further shown that increase in body acceleration increases the magnitude of radial velocity.
Like in radial velocity, it is also illustrated in axial velocity that body acceleration enhances axial
velocity while the Hartman number diminishes the axial velocity due to the Lorentz force which
tend to oppose fluid’s motion. Furthermore, the axial velocity is shown to increase with increase
in steady state part of pressure gradient and the amplitude of pressure oscillation responsible

for enhancing the systolic and diastolic pressures. This is as illustrated in figures 12-15 below.
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Temperature profiles against radial distance are displayed in figures 16-19 below. Figure 16
shows the effect of Peclet number on temperature profile. Peclet number is the ratio of the heat
transferred by convection to the heat transferred by conduction. It is observed that, increase
in Peclet number diminishes temperature profile. This means that heat transfer by motion of
blood increases than heat transfer by conduction. In figure 17 we observe as expected that,
increase in body acceleration raises temperature profile. This implies that body exercise give
rise to the core body temperature. Eckert number is defined as the ratio of the advective mass
transfer to the heat dissipation potential. It offers a measure of the kinetic energy of the flow
relative to the enthalpy difference across the thermal boundary layer. It is observed in figure
18 that the increase in Eckert number increases the temperature profile, physically implying
that as Eckert number increases, the advective mass transfer dominates the heat dissipation
potential and therefore the temperature increases. Figure 19 reveals that as the Hartman number

increases, the temperature profile decreases.
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Effect of body acceleration on temperature profile

Effect of Peclet number on temperature profile
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The effect of chemical reaction on concentration is observed in figure 20. From the figure,
we observe that, the concentration profile decreases with increasing chemical reaction param-
eter, which implies that the chemical reaction parameter acts as a destructive agent. On the
other hand, figure 21 shows the effect of increasing the Soret number on concentration pro-
file. Soret number is the ratio of temperature difference to the concentration. As expected, the

concentration profile increases with increasing the Soret number.

Effect of Soret number on concentration profile

-
-

0 A LLLLLY, P
0 01 02 03 04 05 06 07 08 09 1

FIGURE 20 FIGURE 21

6. CONCLUSION

The current study presents numerical results of an unsteady heat and mass transfer blood flow
through a stenosed artery in the presence of magnetic field, body acceleration and chemical re-
action. Blood is considered to be non-Newtonian of Herschel-Bulkley type. It is established that
the presence of magnetic field diminishes the blood’s velocity; the body acceleration and Eckert
numbers enhance temperature profile; while the concentration profile is reduced by increased
chemical reaction. The study strongly suggests that for people with stenosed arteries, physical
exercises in hot environment should be done with care. Further, the study has found out that the
Herschel-Bulkley fluid experience higher velocity than the power law (for both when n < 1 and
when n > 1), Bingham and Newtonian fluids. For non-Newtonian models, Herschel-Bulkley
when n < 1 is also observed to be suitable to blood flow than the Bingham and the power law.
Further more, shear stress is observed to deviate more when n > 1 than when n < 1. Considering
the difference in shear stress and velocity profiles between the Newtonian and Herschel-Bulkley
fluids, it is suggested that it is better to model blood flow using Herschel-Bulkley constitutive

model than Newtonian.
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OUTPUT 3: POSTER

COMPUTATIONAL ANALYSIS OF MHD BLOOD FLOW THROUGH A STENOSED
ARTERY IN THE PRESENCE OF BODY ACCELERATION AND CHEMICAL REACTION

Introduction

In day-to-day activities, the human body is
subjected to different situations that disturb the
normal flow of blood.

The presence of stenosis in arteries has attracted
many mathematicians to model blood flow. The
current study is motivated by the need to continue
investigating the blood flow in stenosed arteries.
In particular, the study focus is to model blood
flow through a stenosed artery subject to different
situations that disturb the normal flow of blood.
Magnetic fields and chemical reactions are
considered in the current work. Both, Newtonian
and non-Newtonian blood are studied and
simulations put in place. For the non-Newtonian
blood, the Herschel-Bulkley constitutive model
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Model Equations
Non-Newtonian Blood (The Herschel-Bulkley constitutive model)
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Results
It is found that body acceleration increases the blood’s velocity, magnetic fields diminish blood’s
velocity, chemical reaction reduces the mass concentration. The temperature profile rises by the
increase of body acceleration and the Eckert number, while it diminished with the increase of the Peclet
number. It was further observed that the shear stress deviated more when the power law index, n >
1thanwhenn < 1.

Conclusion
Magnetic therapy in sports is very important, it
may offer multiple benefits such as reducing pain
and regulating blood flow which has been
increased by body accelerations.

Recommendations
MRI scanning in hospitals should be done with care, taking into account that the blood velocity
of a patient being subjected to the MRI machine decreases. It is better to set the value of power
law index n to be greater than 1 when modeling blood flow using the non-Newtonian models.
The current work can be extended by considering multiple stenoses in arteries. One can also can
also extend the current work by considering the elasticity of the arterial wall.




