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Abstract - Atherosclerosis is a form of cardiovascular illness characterized by an accumulation of insoluble substances,
cellular debris and inflammation in the innermost layer of the arterial wall. Statin drugs have been the primary method for
treating atherosclerotic lesions, but recent research suggests that lifestyle changes, in particular consuming a diet rich in
antioxidants, may be equally effective at preventing and potentially reversing the process of atherogenesis. In this research,
we formulated mathematical models to study the effect of the antioxidants on the legion regression of an atherosclerosis at the
biological, and the geometry of the irregularity caused by an oxidation shown as the first equation. The second equation is the
momentum equation, which is the fluid flow equation, the third equation is the energy equation and finally, the fourth equation
is the mass diffusion of cholesterol equation. The aforementioned equations were scaled and reduced to a system of an
ordinary differential equation. The biological model led to analytical solutions of the velocity, concentration and temperature
profiles. Mathematica codes were developed to simulate the effect of the governing parameters on the flow profiles. Through
the use of these equations, applied mathematicians can supply cardiologists with means for simulating and numerically
analyzing various lesion regression scenarios.
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I. INTRODUCTION

Atherosclerosis is the condition in which an artery wall thickens as a result of the buildup of fatty materials such as cholesterol
[4, 20].This syndrome usually affects arterial blood vessels and occurs in response to chronic inflammatory processes [4].
Many factors have been incriminated in triggering the inflammatory process [5, 21]. One of these is the accumulation of
macrophages and white blood cells promoted by low-density lipoproteins. Inadequate removal of fats and cholesterol from the
macrophages results in the formation of fatty streaks which ultimately lead to fibrous plaques [6].In animal studies, highly
oxidized and degraded substances caused adverse biological effects including growth retardation, diarrhea, cellular damage,
and even death [7-11]. Studies have also shown that heating edible fats at high temperatures and feeding these to animals
increase the development of atherosclerotic lesions [8, 12-14]. Several observations suggest that a diet rich in oxidized fat can
lead to atherosclerosis [2] and ultimately cardiovascular disease [3]. The edible oils and fats constitute our daily diet and as
such stands the risk of consuming oxidized fat. They provide a large portion of our energy needs, supply essential fatty acids,
and act as carriers for fat-soluble vitamins. However, chemical changes can lead to the production of oxidized products [1].
Palm oil is one of the world’s most widely consumed oils. Palm oil contains equal portions of saturated and unsaturated fatty
acids [15]. Palm oil also has a significant level of natural antioxidants and has little tendency to form gums and off-flavors [16,
17]. The effects of heated palm oil on lipid parameters as well as its ability to produce atherosclerosis have yet to be
determined. In light of this, our study focused on the consumption of this unsaturated oil (cholesterol), its mixed with blood
and then flows through an irregular channel caused by an oxidation at the walls of the vessel. [22] Investigated an oscillatory
flow of blood though a channel, though without considering treatment. However, in this paper, the formulated mathematical
models were solved analytically using the method of undetermined coefficients for velocity, mass concentration of cholesterol
and temperature profiles respectively.
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II. MATHEMATICAL FORMULATION

The fluid is a heterogeneous mixture of cholesterol and blood; it is incompressible MHD, viscous and conducting fluid. The
irregularity is as a result of the oxidation of the unsaturated fluid such as palm oil, which inhibits the normal flow of the blood
to tissues and other organs of the body. The mixture of palm oil with the blood is considered to be a Jeffrey Fluid, and it is
customary that the flow is unidirectional due to the intervention of the heart and the valves in preventing backflow flow, [19].
The increase in temperature through radiative heat source is considered to be important in reducing the oxidation level over
time and improves the blood circulation. Since blood is an MHD fluid, it important to consider that there is an influence of
magnetic field reacting with cholesterol. The schematic diagram showing the flow of Jeffrey fluid through an irregular channel,
induced by magnetic field, (See Figure 3.1) is presented as:
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Schematic diagram showing the flow of Jeffrey fluid through an
irregular channel, induced by magnetic field

We present the geometry of the irregular region as deduced from Figure 3.1, is:
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Following the consideration that the fluid flows through a channel and towards the axial direction and in view of the
assumptions we present the following equations governing models

Continuity Equation
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+P, 9/ (T* _Too)+pbgﬂc (C* _Coo)
Energy Equation
x e
PuCop (Ztr =Ky (Zy-l’:z +Q, (T*—Tw)+Q1(C*_Cw) (3.3)
Mass Concentration Equation
aa(t:* =D, azc*:z -k (c"-cC,) (3.4)
oy
The corresponding boundary conditions are as:
W =0T =T,,C"=C_ at y*:O} 5
w =0T =T,C =C, aty =R

where Q, is the dimensional heat source of the fluid, K, is the thermal conductivity of the fluid, Q, is the dimensional radiation
absorption, T is far field temperature of the fluid, D, is the molecular diffusivity of the fluid, p, is the density of blood, o,
is electrical conductivity, By is the magnetic induction, kr is the chemical reactant, C, is the specific heat capacity of blood,
B is the volumetric expansion, /3. is the volumetric expansion due to concentration, 4, is the dynamic viscosity of blood,

@ is the porosity, k™ is the permeability of the porous medium, A, is the ratio of relaxation to retardation time, and A, is the

retardation time.

The following non-dimensional variables were introduced into equations (3.1a)-(3.6) to obtain the dimensionless equations.
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Following equation (3.7), we reduce equations (3.1b)-(3.6) dimensionless governing equations.



KW. Bunonyo & B. Okardi / IIMTT, 67(5), 1-20, 2021

2
w_[L (1+/1§j6 2 Mew- 1 1 £1+,1 ajw+Gr9+Gc¢
ot 1+ 4 ot ) oy l+/11 0 (3-8)
2
Pr %:ﬁ+¢9Per +¢Rd, (3.9)
ot oy’
2
W_179 pyg (310)
ot Scoy
The geometry of an atherosclerotic region is:
. 1—R£(c0527zx) at %Sxﬁl
R T (3.11)
1 at 0<x<%b
A

The corresponding boundary conditions are as:
w=0,0=0,¢=0 at y=0

12

w=0,0=1¢=1 atyzRizh (3.12)

0

I1l. METHOD OF SOLUTION
Since the flow is purely oscillatory, it is appropriate to seek for an oscillatory perturbation solution to in order to reduce the
dimensionless coupled partial differential equation (3.8)-(3.12) to ordinary differential equations, [18].

w(y,t)=w,(y)e"

0(y.t)=6,(y)e"

¢(y,t):¢0(y)ei“’t (3.13)
_y
£
Substituting equation (3.13) into equations (3.8)-(3.12), we obtained the following ordinary differential equations:
) .
0 V\2/0 (1+21) +|a)(l+-/11) G (1+2_1) 00+GC(1Jf/11)¢0= .10
oy (1+diw) i (1+diw) (1+ i) (1+ Ziw)
8 0 +(Rd, —iw) Prg, =—¢Rd, (3.15)
2
% —(Rd, +iw)Scg, =0 (3.16)
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J%) - B, =0 (3.19)

The corresponding boundary conditions are as:

w,=0,6,=0, ¢ =0 aty=0
(320)
w,=0,0,=e"",¢9,="" at y=1

Solving for Mass concentration, we solve equation (3.19), and obtained the solution

¢ (x)= Alsinh( ﬂ3;()+ Blcosh( ,6’3;() (3.21)

Solving for the constant coefficients in equation (3.21) using the corresponding boundary conditions in equation (3.20), we
have:

—iwt

& (x)=| —F—= [sinh({B: ¥ (3.22)
sinh (Jﬂt ) ( )
To solve for the fluid temperature, substitute equation (3.22) into equation (3.18), we obtain the following:
0°6, .
372 ZZO +B,6,= Bsinh(B. 7) (3.23)
—iwt
where 8, = — Rd,he

sinh(\/ﬂ_s)

The homogenous solution of equation (1.20) is

HOh(;():Azsin( ,BZ;()+Bzcos( ,82;() (3.24)
The particular solution of equation (3.23) is:
2 ] -
6, (r)=| ———|sinh({B,x (3.25)
(0~ s s 7

The solution of equation (3.23) is as follows:
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: B, :
(7 = B — h .
O(Z) AZSII']( ﬂzl)"’ 2COS( ﬂzl)+[(ﬂ2+ﬂ3)]5m ( ﬁal) (3.26)
Solving for the constants coefficients of equation (3.26) using equation (3.20), we have the following:
. B, .
O, (x)=Asin| B, x|+ sinh(/ B, x (3.27)
b(2)= Asin(7.7) ((ﬁﬁﬂs)J (VA7)

nere B, =0, A, = [ A ]Si”huﬂ_s)
where B, =0, A, = — - -
sm(\/ﬂ—z) (B + 1) sm(\/ﬁ_z)
Substituting equation (3.27) and (3.22) into equation (3.17), we have the following:

8W
82

e {55 )

The homogenous solution of equation (3.28) is:

0 — Bw, = GrAzsmh( ,82;()+/5'53inh( /33;() (3.28)

W,, = Ajsinh(\/ﬁl;() + Bscosh(\/ﬁl;() (3.29)
The particular solution of equation (1.25) is as follows:
GrA, . B ).
W, =|-—=>-=%— [sinh + sinh (3.30)
” ((ﬁz—fa)] 2.7) {(ﬂl—m] 2]

The solution of equation (3.17) is the sum of equation (3.29) and (3.30), it is as follows:

w, = Asinh(JBi7) + Bacosh (A2} + (ﬂ IB)Jsin( ﬂ21)+((ﬂf—5ﬁs)}inh( %) o

Solving for the constant coefficients of equation (3.31) using the boundary conditions in equation (3.20), it is as follows:

W, = Asinn({/A,7) + ( G ﬂl)J in( ﬂzz){(ﬂf—sﬂa)]sinh( £.7) (632

e ((/; %J ;Th((@) {(ﬂgﬂjﬁl)J :::Eg

The velocity profile, temperature profile and concentration profile is obtained after substituting equation (3.32), (3.27) and

(3.22) into equation (3.13) respectively as:
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0(x)= Azsin( ,82;(){% sinh(\/ﬁ_ﬂ)]e“”t (3.32)

. g ot ) sinh( ﬁ3}() gt (3.33)

¢(Z)_ sinh(\/ﬁ

IV. PRESENTATION OF SIMULATED RESULTS
In this section, we shall code the analytical solutions in equations (3.31)-(3.33) using a computation software called
Mathematica, version 10.1. The simulation was carried out by varying each of the pertinent governing parameters such as the
radiation parameter, Schmidt number, Grashof number, solutal Grashof number, height of stenosis, treatment parameter,
periodic parameter, metabolic heat parameter, Hartmann number, and permeability parameter. The parameter values used in the

simulation is within the range: and below are the results: some of the parameters values used in the simulation are:

0<Ha<50<Da<10<4 <50<4, <1,
Gr =5,10,15, 20, 25,G¢ =5,10,15, 20,25, Pr = 21,0< Rd, <5,0<Rd, <5 Rd, <5,0< 5 <2

=5,10,15, 20,25

Figure 1.1: Effect of Grashof parameter Gr values on velocity W(;(,t)
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Figure 1.2: Effect of solutal Grashof parameter GC values on velocity W( ye t)
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Figure 1.3: Effect of radiation parameter Rd, values on velocity W(;(,t)
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Figure 1.4: Effect of absorption parameter Rd2 values on velocity W(;(,t)
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Figure 1.5: Effect of Schmidt number SC values on velocity W(;(,t)
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Figure 1.6: Effect of Darcy parameter Da values on velocity W(;(,t)
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Figure 1.7: Effect of Hartmann number M values on velocity W(;(,t)
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Figure 1.8: Effect of height of stenosis O values on velocity W(;(,t)
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Figure 1.9: Effect of treatment parameter R; values on velocity W( e t)
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Figure 1.10: Effect of relaxation to retardation time parameter A, values on velocity W( e t)
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Figure 1.11: Effect of retardation time parameter A, values on velocity W( X t)

12



1.0

0a

02

KW. Bunonyo & B. Okardi / IJMTT, 67(5), 1-20, 2021

0=0.5,0.6,0.7,0.8,0.9

02 0.4 0.6 0.8 1.0
x

Figure 1.12: Effect of height of stenosis parameter ¢ values on temperature 9(;(,t)

10
0.8
06

49( 7 t)

04

02

0 =0.5,0.6,0.7,0.8

Figure 1.13:

02 0.4 06 0.8 1.0

X
Effect of oscillatory frequency parameter @ values on temperature «9( X t)

13



KW. Bunonyo & B. Okardi / IJMTT, 67(5), 1-20, 2021

1.D-
I Sc=02,04,06,0
0.8
06
9(x.1)
04
ﬂ.E-
l (1] I I I 0.4 I I l 06 I I I 0.8 I I I 1.0
X

Figure 1.14: Effect of Schmidt number SC values on temperature H(z,t)

Figure 1.15: Effect of radiation parameter Rd, values on temperature 9(;(,t)
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Figure 1.16: Effect of radiation absorption parameter Rd2 values on temperature & ( ;(,t)
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Figure 1.17: Effect of treatment parameter R; values on temperature & ( e t)
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Figure 1.18: Effect of chemical reaction Rd,values on concentration ¢(;(,t)
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Figure 1.19: Effect of Schmidt number SC values on concentration ¢(;(,t)
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Figure 1.20: Effect of Treatment parameter R, values on concentration ¢( ;(,t)

V. DISCUSSION AND CONCLUSION

The biological models led to an analytical solution of the velocity, mass cholesterol concentration and temperature profiles the

flow profiles and the investigation revealed the following:

vi.

An increase in Grashof number Gr and solutal Grashof number (GC caused the velocity of the fluid to increase. This
result is of the view that the velocity of the fluid increase as the buoyancy effect due to temperature and concentration

is increased as seen in Figure 1-2.
The Radiation of through heat source denoted with Rd1 was investigated in this study and result denoted in Figure 3,

and it was found that an increase in radiation caused a corresponding increase in the fluid velocity. This is of the view
that the radiation increases cause an increase in the temperature of the fluid and as such reduces particles settling in
one place.

The chemical reaction between palm oil and blood with the other viscous constituents caused an increase in velocity.
it is seen in Figure 4 that the velocity increases for the increases in chemical reaction occasioned by the presence of
other nutrients.

Figure 5 depicts that the velocity of the fluid decreases, for an increase in the Schmidt number. This clearly showed

that the kinematics viscosity is greater that the molecular diffusion and this led to the decrease in velocity.
The Darcy number Da increase was investigated and results shown in Figure 6, the result depicts an increase in fluid
velocity as the pores of the medium are increased.

The velocity of blood decreases for an increasing in the Hartmann number M , this decrease is caused by the
interaction between magnetic field in an electrically conducting fluid such as blood, and this resulted to a force called

Lorentz force which retards the motion of the fluid, as depicted in Figure 7.
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We also studied the increase in the level of stenosis with other treatment parameters. It is noticed in Figure 8 that the
velocity decreases as stenosis increases. This result is of the view that the increase inhibits the regular flow of the fluid
through the irregular channel.

Figure 9 depicts that the increases in treatment increased the velocity of the fluid; this increase is seen as the
effectiveness of the treatment through drugs and other medical procedures in preventing the increase in the area of
stenosis.

The ration of retardation and relaxation was investigated and results shown in Figure 10 and Figure 11. It is seen in
Figure 10 that the velocity of the fluid decreases for an increase in the relaxation and retardation ratio, while
retardation increase caused the fluid velocity to increases as seen in Figure 11.

The fluid temperature increases for the increase in height of stenosis, this increase is of the view that the temperature
increase leads to blood thinning, and that caused an enhanced flow as seen in Figure 12.

Increase in oscillation caused a corresponding increase in temperature of the fluid as denoted using Figure 13. This
result is of the view that as pulse frequency increases the temperature of the fluid also decreases.

In investigating the effect of Schmidt number and radiation through a source on temperature, it is seen in Figure 14
and Figure 15, in figure 14, the temperature increases for an increase in Schmidt number, while the temperature
increases likewise for an increase in radiation parameter. This is consistent with existing laws of physics because
increase in the radiation actually increases the temperature of the fluid which could lead to blood thinning.

The radiation absorption parameter increase led to an increase in fluid temperature, this of the view that there is an
increase in retention level in the fluid and that caused the rise. But we noticed in figure 17 that the temperature
decreases for an increase in the treatment dosage.

The particles concentration was investigated in this research and results shown in Figure 18. This result shows that
the particles concentration decreases for an increase in the chemical reaction between the palm oil and other
constituents in the fluid. The concentration of the particles decreases as the Schmidt number is increased.

The treatment parameters was investigated and found very effective because the fluid particle concentration increases
for an increase in the treatment. This result clearly showed that the drug was able to block the production of more
cholesterol into circulation.

In conclusion, we have able to model the problem under consideration, solved the analytically and simulated the results by

varying the pertinent governing parameters to the satisfaction of the set out objectives.
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Nomenclature

*

>

O 0 <

Dimensional coordinate along the channel
Dimensional coordinate perpendicular to the channel

Radius of an abnormal channel
Radius of normal channel

Treatment parameter

Onset of stenosis

Heat radiation parameter
Radiation absorption parameter
Chemical reaction parameter
Thermal conductivity of blood

Dimensional velocity profile
Dimensionless velocity profile

Perturbed velocity profile

Concentration of lipoprotein-C
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C,  Concentration at the wall

C, Concentration at far field

Cpp The specific heat capacity of blood

t* Dimensionless time

T Temperature of the fluid

T,  Farfield temperature

TV: Temperature at the wall

D, Molecular diffusivity of lipoprotein-C concentration
B, Magnetic induction

Qo Dimensional thermal radiation

Q1 Coefficient of proportionality for the radiation absorption
Greek Symbols

v Kinematic viscosity of blood

y7n Dynamic viscosity of blood

Pr Prandtl number for blood

g Acceleration due to gravity

5 Height of stenosis

o, Electrical conductivity

A Length of stenosis

b=}

TS S S >
1l
N
3

90

Po

Subscripts

w Wall
b Blood
p Pulse

The retardation time

The ration of relaxation to retardation time
Oscillatory frequency

Dimensionless Concentration

Perturbed Concentration profile

Dimensionless Temperature
Perturbed Temperature profile

Density of the fluid
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