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Nomenclature

English words

h(z) height of stenosis

€o radius of normal artery
L length of artery

Lo, L length of stenosis

R, Reynolds number

n shape of stenosis

t time

Uug averaged velocity

D pressure

Siz shear stress

length of stenosed artery

embedding parameter

L

Q

P., Prandtl number
H, Hartmann number
Ny

thermophoresis parameter

Ny Brownian motion parameter

S2 Strommers number

G, Grashof number

B, local nanoparticle Grashof number
Jo current density distribution

R, magnetic Reynolds number

F flow rate

T,, T1 | constant temperature on walls
u,v,w | components of velocity
T,z radial and axial directions

C,, C1 | nanoparticles concentration on walls

H,, H, | axial, radial induced magnetic field




D,
S

Q1(t)

Darcy number
dimensionless slip parameter

time-variant parameter

Greek words

™

> o D 3

Qp

(0]

0

di, o, 3;
ag, bi7 &

Ly, My Gi

thermal slip

velocity slip

viscosity parameter

catheter radius

inclination angle

tapering parameter
maximum height of stenosis
resistance impedance
angular frequency

tapering parameter

heat source parameter
amplitude constant
nanoparticle volume fraction
temperature

indicates position of stenosis
constants

constants




Chapter 1

Introduction

Blood is considered as a vital fluid having major importance in physiopathology that remains
a factor of heart failure and other diseases. Blood is a very much concentrated suspension
with a variety of cells such as red blood, white blood cells and platelets that are suspended
in a continuous phase called plasma. Plasma is an aqueous solution of organic substances
and electrolytes mainly proteins. Plasma behaves as a viscous fluid whose viscosity depends
mainly on temperature as water does and exhibits non-viscous properties at low shear rate while
flowing in the small diameter arteries. The main objective of the blood flow model in arteries
is to evaluate hemodynamic effects for which artery wall experiences due to different factors
like the fluid flow geometry, the pulsatile blood flow and the blood rheology behavior (i.e.,
viscous or non-viscous properties of fluid). Further, it is important to discuss the correlation
between abnormal biological events and flow pattern characteristics and arterial diseases like
thrombosis, atherosclerosis and stenosis. The hemodynamic effects play important roles in the
access of arterial diseases and regulation of vascular biology (see Mann et al. [1]) and some
other researchers have also discussed this study [2, 3].

Arterial Stenosis is a disease that developed in the form of the obstruction in the lumen of
the blood vessel and it disturbs the normal blood circulation causing major concerns to health
in the form of strokes brain ischemia, cardiac ischemia etc. Atherosclerosis is attributed to
the addition of fat, cholesterol and lipid, so forth on the inner wall of the blood vessel and this
blockade may harm the internal cells of the walls and may promote to the growth of the stenosis

[4,5]. One of the most serious significance of these arterial diseases is an increase in resistance



to blood flow, which leads to reduction of blood flow in the affected vascular bed.

The mechanics of circulation of the blood through stenosed arteries have been discussed
theoretically and experimentally by many researchers [6,7]. Liu et al. [8] discussed the blood
flow through models of stenotic and tapered arteries. Here they deliberated that the stenosis
disturbs the flow field at the throat of the stenosis. Siegel et al. [9] discussed the physiologic
stress levels that are experienced by platelets and endothelial cells in the region of vascular
stenosis. Morgan et al. [10] discussed an incompressible blood flow through an axisymmetric
stenosis. Here they found that the theoretical calculations of flow separation characteristics
and pressure drop are in reasonably good agreement with the experimental measurements. The
blood vessel walls may be movable, flexible and permeable. Cholesterol is considered as one of
the major reasons to increase in permeability of the arteries and the further theoretical studies
related to this topic are [11,12].

Stenosis or atherosclerosis may develop in series (multiple), non-symmetric, symmetric,
irregular, composite and overlapping or bell shaped manner. Perhaps one could consider effects
of stenosis that may develop with different shapes in the realm of formation of arterial narrowing
which may provide more help to design and to construct upgraded artificial organs. Chakravarty
et al. [13] discussed the problem of the blood flow through confined vessel segments with an
overlapping stenosis. They discussed two dimensional and non-linear mathematical model of
blood flow in tapered arteries with the presence of overlapping stenosis. Ellahi et al. [14]
discussed the arterial blood flow through composite stenosis under the mild stenosis case by
treating blood as micropolar fluid. Mekheimer et al. [15] discussed a micropolar fluid model for
axis-symmetric blood flow through radially symmetric but axially non-symmetric mild stenosis
tapered arteries. Some other geometrical configurations of the stenosis proposed by different
researchers are [16 — 18].

Blood flow through arteries becomes more complicated due to development of aneurysm.
Aneurysm is a like a balloon dilation found on the walls of a blood artery and are usually
seen in arteries such as carotid, cerebral, thoracic, abdominal, femoral, renal etc. It develops
gradually as time passes and grows faster as it becomes larger. The role of hemodynamics in
the growth of aneurysms has been the subject of several studies [19,20]. Mukhopadhyay et

al. [21] analyzed the systematic analysis of flow features in a tube and modelled as an artery,



having a local aneurysm in the presence of hematocrit. Kumar et al. [22] discussed the pulsatile
suspension flow in a dilated vessel. They discussed the pulsatile suspension flow characteristics
by analyzing the flow, pressure and stress fields.

The interaction and combination of aneurysm and stenosis further complicate the hemody-
namics in diseased arterial vessels. Pincombe et al. [23] discussed the effects of stenosis and
dilatations of the coronary arteries with various combinations on the resistance impedance to
flow by considering blood as Bingham fluid model. Prasad et al. [24] discussed the steady flow
of Jeffrey fluid through a tube with both constriction and dilatations. Numerous theoretical and
experimental studies of fluid dynamics through different geometries of constriction or expansion
have been discussed to evaluate the flow pattern (see [25,26]).

The tapering effects are a substantial characteristic of mammalian arterial systems and
considered mathematically by many researchers in order to create resemblance with the living
organism. Biswas et al. [27] discussed the steady blood flow analysis through arterial stenosis
along tapering wall phenomena. Zaman et al. [28] discussed the two-dimensional model to
analyze the unsteady pulsatile flow of blood through tapered stenosed arteries. Sankar et al.
[29] considered a computational model to analyze the unsteady flow of blood through tapered
narrow arteries. Mekheimer et al. [30] discussed the diverging, converging and non-tapered
effects by considering the time-variant anisotropically elastic arteries.

The procedure of catheterization is important and has turn into a standard tool for the treat-
ment and diagnosis in latest medical applications. The inclusion of a catheter into an artery
produces the annular region between the arterial wall and the catheter wall. A catheter is com-
posed of polyester based thermoplastic polyurethane, chlorides and medical grade polyvinyl
etc. The insertion of the catheter into arteries will change the flow field and modify the hemo-
dynamics conditions that occur in the artery before catheterization [31,32]. Mekheimer et al.
[33] discussed the study that is related to the surgical technique for the injection of a catheter
through stenotic arteries. They explored the movement of physiological fluid on behalf of blood
in the gap between two eccentric tubes. Srivastav et al. [34] discussed the blood flow in a nar-
row catheterized artery. They investigated by using a two-phase macroscopic model of blood.
Verma et al. [35] discussed the problem of the blood flow through a symmetric stenosis during

artery catheterization by assuming blood to behave like a viscous fluid.



The use of external magnetic field in biotechnology has many applications for the advance
development of instruments for cell separation, magnetic tracers, cancer treatment and for
the reduction of bleeding during surgeries. To decrease the heart rate in biological systems the
influence of external magnetic is helpful as described in [36]. The study of electromagnetic fields
in medical science was firstly introduced by Kolin [37]. Recently, several mathematical models
have been considered by a number of investigators to discuss the behavior of the blood flow
under the effect of magnetic field. Stud et al. [38] discussed the influence of moving magnetic
field on blood flow. They observed that the influence of suitable moving magnetic field speed
up the blood. Korchevskii et al. [39] explored the possibility of regulating the blood movement
in human system by applying magnetic field. The significant contributions of current years to
this topic are cited as [40,41].

The circulation of the blood through arteries with no slip condition has been discussed by
many researchers in which they assumed that the fluid layer moves with next to the boundary
surface [42,43]. Misra et al. [44] considered a theoretical model of the blood flow through a
stenosed arterial segment with no-slip condition at the vessel wall. However, there is another
mechanism available in literature which considered the hypothesis of slippage, which states
that the velocity of the fluid is linearly proportional to the shear stress. The flow problems
that exhibit boundary slip conditions have important applications, such as in internal cavities
and polishing valves of artificial hearts. Sinha et al. [45] considered the influence of externally
imposed periodic body acceleration on the blood flow through a stenosed arterial segment by
taking velocity slip conditions into account. Recently, Ponalagusamy et al. [46] considered the
mathematical models for the blood flow through stenosed arterial segment with velocity slip
condition at the constricted wall.

Mostly, the studies that are mentioned above arteries carrying blood were considered to
being horizontal however various arteries in biological systems are not horizontal such as bi-
furcated arteries. Chakraborty et al. [47] explored the blood flow through radially symmetric
but axially non-symmetric stenosis in an inclined artery. Mekheimer et al. [48] explored the
analysis of the blood flow through inclined catheterized arteries with a balloon (angioplasty).
Biswas et al. [49] discussed tapered inclined arteries with the catheter insertion. Here they

considered suitable flow geometry to investigate the effect of shape parameters on the stenotic



wall. For some further studies in this direction are given in [50, 51].

The circulation of blood plays an important role for heat transferred analysis in tissues.
A variation of temperature and heat transfer rates in living organism depends on the blood
perfusion, arterial blood flow, metabolic heat generation, thermal properties of blood and tissue.
The heat transfer in tissue is a complex process and discussed by many researchers [52,53].
Ogulu et al. [54] examined the heat transfer analysis on the circulation of blood in a diseased
artery. They discussed here that the heat distributions also effect the circulation of blood
in cardiovascular system. Chakravarty et al. [55] presented a model to discuss the dynamic
response of heat and mass transfer in bifurcated arteries by considering stenotic conditions.
Tashtoush et al. [56] discussed the influence of temperature distributions on a blood flow
through multi-stenosis arteries. They investigated here the effects of stenosis with Nusselt
number and shear stress.

The viscosity of blood in physiological system is not constant and may depend not only
on the diameter of vessel but also depend on radial coordinate, hematocrit ratio, temperature
and pressure. In fact, blood viscosity decreases when temperature of blood increases, which
will help to increase the blood flow rate and reduces coagulation factors [57]. Shit et al. [58]
discussed the blood flow model through a stenosed artery with hematocrit depended variable
viscosity. Nadeem et al. [59] discussed the blood flow through a tapered stenosed artery with a
temperature dependent viscosity by treating blood as Jeffrey fluid. Misra et al. [60] discussed
dependence of blood viscosity on hematocrit. Gupta et al. [61] discussed the mathematical
model of the blood flow with radial dependent viscosity in a stenosed artery.

In biomedical applications, the use of nanotechnology giving a unique chemical and phys-
ical property has the potential to provide intensely advance diagnostic methods and capable
devices for more effective molecular exposure [62 — 64]. Nanotechnology based drug delivery
has various advantages and provides a mechanism for solving the problems associated with
conventional drug delivery systems. A small amount of nanoparticles, when dispersed and sus-
pended into the base fluid can provide dramatic enhancements in the thermal properties of
the considered base fluid. The nanoparticles are nanometer-sized particles of carbides, oxides,
metals, or nanotubes and these nanoparticles have applications in biomedicine i.e. radiation

therapy for cancer treatment, deliver drugs by targeting rotted arteries which have developed
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as a noninvasive method to contest heart disease especially copper nanoparticles that corrects
abnormal heart enlargement called hypertrophic cardiomyopathy [65] etc. Gentile et al. [66]
discussed longitudinal transport of nanoparticles in blood vessels by considering blood as Cas-
son fluid. Fluids with nanoparticles firstly proposed by Choi [67] and after him highlighted
by others [68 — 73]. Buongiorno [74] discussed the different method to analyze the effects of
nanoparticle dispersion with in the base fluid.

The blood mediated nanoparticle distribution is a growing and new field in the development
of diagnostics and therapeutics. A nanoparticle with magnetic properties adds a new dimension
where they can be manipulated with application of an external magnetic field. The magnetic
nanoparticles as a drug agent has gained much attention based on their ease of preparation and
ability to transport a drug directly to the centre of the disease. The concept of nanoparticles
with magnetic field effects for drug delivery application is discussed by many researchers [75, 76].

The suspended nanoparticles within the base fluid alone are not enough to enhance thermal
conductivity due to dependence on the shape and size of the particles. Recently, Murshed et al.
[77] demonstrated that a carbon nanotube (CNT) provides six times better thermal conductivity
as compared to other materials. Carbon nanotubes are long, thin cylinders of carbon which
were discovered by Iijima et al. [78] and now captivate a wide range of industries as well as
scientists interest due to their fascinating chemical and physical properties. They hold potential
for applications in medicine, gene, and drug delivery areas. There are three key features of CNT
i.e. single, double and multiple wall carbon nanotubes. One of the most important potential
applications of single wall carbon nanotubes is in the domain of nano electronics and as a result
of SWCNT'’s is highly conductive. Further discussed by many researchers as [79, 80].

In understanding with all above literature, present thesis is devoted for theoretical analysis of
blood flow through stenosis with help of mathematical models. The nanoparticles are utilized
here as a drug carrier to discuss the hemodynamic effects of stenosis. The considered nano
mathematical models are simplified for mild stenosis (or aneurysm) case and then solved by
using exact and HPM techniques. The detail description on the HPM technique can be found
in [81]. The main outcomes are obtained after the graphical and flow pattern illustration.
The thesis consists of ten chapters that are authors own work which is published in reputed

international journal.
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Chapter 2

Theoretical analysis of metallic
nanoparticles on blood flow through
tapered elastic artery with

overlapping stenosis

In this chapter, the mathematical model of blood flow through an elastic artery with overlapping
stenosis under the influence of metallic nanoparticles is discussed. To do this an appropriate
mathematical geometry of the overlapping stenosis is considered with tapering effect. The
governing equations for a mild stenosis case have been modeled to obtain exact solutions of
velocity, temperature and pressure gradient. The expressions of impedance resistance to flow
and wall shear stress are computed to discuss hemodynamic effects of stenosis. The effects of
different emerging flow parameters are discussed through graphs for different values of interest.
The obtained results from nano contributions are also discussed with comparison to the pure
blood case ® = 0.00. At the end, it is concluded that the contribution of metallic nanoparticles
is important as drug carrier to decrease the significances of the wall shear stress and resistance

impedance to flow when compared to the pure blood case.
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2.1 Mathematical formulation

Fig. (2.1): Geometry of overlapping stenosed artery.

Let us consider the laminar and the incompressible viscous nanofluid flowing through a vertical
tube of length L with overlapping stenosis. Let (7, 6, z) be defined as coordinates in the
cylindrical polar coordinate system where z axis is taken along the axis of the artery, while
0 and r are taken along the circumferential and radial directions respectively. Also, we have
considered that » = 0 as the axis of the symmetry of the tube and heat transfer phenomenon
is taken into account by giving temperature T, to the wall of the artery. The geometry of the
elastic arterial wall of the time-variant overlapping stenosis for different taper angles is defined

as
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— 6§ cos ¢ 94 32

J— *—= J— ~ —_ — (> — 2
Aet) = (€7 e0) = 275 = {1l = (e = d) o+ (- d)
- o= Q0 dsz<d+3Lo
= (C"Z+e9)Q1(2), otherwise, (2.1)

where h(z, t) defined as the radius of the tapered arterial segment in the trapped region, eg
as the constant radius in the non-stenotic region, ¢ as the tapered angle, %Lo as the length of
overlapping stenosis, d as the location of the stenosis, § cos ¢ is taken to be the critical height of
the overlapping stenosis and { =tan¢ represents the slope of the tapered vessel. We can explore
the possibility of different shapes of the artery, the converging tapering (¢ < 0), non-tapered

artery (¢ = 0) and the diverging tapering (¢ > 0). The time-variant parameter is taken to be

Q1(t) =1 — ay(coswt — 1) exp[—a,wt], (2.2)

where a, is a constant, w represents the angular frequency of the forced oscillation and ¢ is
the time. The governing equations for conservation of mass, momentum and temperature for

viscous fluid can be written as

+ 2y, (2.3)

@4_@@4_@@ —_@4_ @4_1@_’_@_@ (24)
Pri\ot " "or TVoz) T Tor M \o TFor o2 2)° '

ow _ow _ow\ = Op Pw  1ow  w
s (G + 0 + Tz ) = ~gp s (Gt + H o+ gt ) 9@ -T2

(2.6)

GT+EGT+@8T K¢ 8ZT+ 18?+ 0*T N Qo
or?  rTor 0z (pep)ng
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In above equations w and w are defined as components of velocity in radial and axial directions,
T as the temperature of fluid, Qy as constant heat absorption or heat generation. For the
proposed nanofluid model p,,; is defined as viscosity, K,y as thermal conductivity, p,; as
density, 7,,; as thermal expansion coefficient and (pcp),s as heat capacitance and the thermo

physical properties are given as

By _ Ky _
(1 _ @)2.5’ Qnf = (P%)nf, Pnf =
(pep)ng = (1= @)(pcp)f + P(pcp)s, (PY)ng = (1= @)(p7) 5 + (p7)s,
an_ (KS+2Kf)—2(I)(Kf—KS) 97
Ky (Ks+2Kf)+ @Ky — K,) ' 27)

:unf - (1 - q))pf + q)ps7

here for base fluid p; is defined as density, u s as viscosity, 7; as thermal expansion coefficient,
(pcp) ¢ as heat capacitance and Ky as thermal conductivity, while for solid nanoparticle p, is
defined as density, v, as thermal expansion coefficient, (pcy)s as heat capacitance, K as thermal

conductivity and ® as the volume fraction. Non-dimensional variables are defined as

7 z w Lou e2p
r=— zZ=—, w=—, U= ,
€0 Lo Uo Uol uoLofty
tu, €oUopy 97 sPse5T0 L
= y dlen = , Gr = = —
L [y (o Lo
Qoe’ T Ty Cplf
= 0 = P, = -2, 2.8
=g 0= g P = (2:8)

After using Eq. (2.8), Egs. (2.3) to (2.6) take the following form

L [Ou u ow

Pnf ggr (O | s, OU u) _ _9p @2*@ 10u 2@_3
preneé <8t+6u8r+w82 = 3T+Mf65 8r2+rar+6 5.2 2 , (2.10)
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pr€n6<8t+5u8r+w82 B 8z+,uf 3r2+7‘8r+6 022 +(p7)f

a2 T ror ¢ 922

K, 2 1 2
RenPoné? <69 L +w‘99> _ Ky (pep)s (3 0 100 2”) n <(ppcc”))f .
p)nf

ot or 0z Ky (pep)ny

G0, (2.11)

(2.12)

In the above expressions G, represents as the Grashof number, R, is the Reynolds number, P,,

is the Prandtl number, 8 is non-dimensional heat source parameter with respect to fluid and

ug is the averaged velocity. Using mild stenosis case 6" = % < 1 and taking extra condition

e = 72 ~ O(1), the constitutive Egs. (2.10) to (2.12) can be written as

dp
or Y

op g _ Pw 10w iy (0
0z ppy  Or 1 Or g (pY)f

G0,

9% 100 K

2 T rar TR,

=0.

Boundary conditions and geometry of stenosis in dimensionless form are defined as

h(z, £) = [(C2+1) = 6% cos d(z — d*){11 — %(z ) +32(z — d7)—

2
%(Z — d*)3}]Q1(t), d*<z<d + g,
= (Cz+ 1)Q1(1), otherwise,
?::0 at m=0, w=0 at r=h(z),
0
gT:O at m=0, =0 at r=h(z),

where
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S =—, d"=—, (= . (2.19)

2.2 Solution of the problem

The exact solutions of Egs. (2.14) and (2.15) are written as

Ly o K(1-9)+ Kf(24 Q)
b= 46(’" ") <Ks(1+2<1>)+2Kf(1—<1>) ’ (2.20)
_(1 (I))2'5 @_ 2 2 72 QI(l—‘I))% 4 34
w 1 7 h*qi | (r* —h*) + ST (r* —h%), (2.21)
where
G,f3 psvs> < K,(1—®)+ K;(2+ ®) )
= 1-¢ P . 2.22
« 4 <( )+ prYy) \IHs(1+20) + 2K (1 — @) (222)
The flow rate F' that is given as
h
F = /rwdr. (2.23)
0

Using Egs. (2.21) and (2.22) into Eq. (2.23), we get the expression for pressure gradient in

terms of the flow rate as follows

dp 16 hSqi (1 — <I>)2~5>

dz b1 —®)25 <F a 24 (2:24)

In above F is constant flow rate and the pressure drop across the length of the overlapping

so= [ (-2 235

Using above Eq. (2.25), the impedance resistance experienced by the flowing blood in the

stenosis is given as

arterial segment can be evaluated as
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d* d*+3

L
Ap
A== / 2(2) lh=(cz41@i() 42 + / Q(z)dz + / £(2) Ih=con@i 4= p 5 (2:26)
0 d* d*+3
where
16 hOqi (1 — ®)%5
Vo) =g m \F—— o — 2.27
() = raa —eyeer ( 21 ’ (2:27)
2(2) = U2) [h=(mz+1)Qu (1) - (2.28)
Expression for the wall shear stress is given as
S, = —tnt (8w> : (2.29)
K or r=h

Using Egs. (2.21) and (2.22) in Eq. (2.29), we get the expression for wall shear stress in the

stenotic region
1 1 d h?
Sz = - <2 (-th + di) h(1l— @)% + %(1 - @)2'5> - (2.30)

The expression of flow pattern is obtain by using Eqgs. (2.21) to (2.22) and utilizing ) = 0 at

r = h in the following

_ 1oy

T ror’

(2.31)
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2.3 Thermophysical properties of blood and copper

The experimental values of the various physical parameters are presented in the following table

Physical properties | blood | Cu
cp(J/kgK) 3594 | 385
p(kg/m3) 1063 | 8933
K(W/mK) 0.492 | 400
v x 107°(1/K) 0.18 | 1.67

Table (2.1): Thermo physical properties.

2.4 Results and discussion

In order to understand the quantitative effects of the different flow parameter the graphs of
wall shear stress, impedance resistance to flow and temperature distribution are plotted by
considering three distinct types of tapering effects (diverging tapering ¢ = 0.01, converging
tapering ¢ = —0.01 and non-tapered arteries ¢ = 0.00). In particular the graphs are plotted
by keeping the parameter constant such as o, = 0.1, w = 7.854, t = 0.5, L = 3, d* = 0.75 [29],
further parameters are defined as & = 0.00—0.09, 6 =0.1,6 = 0.2, F = 0.01, G, = 0.9, z = 1.5.
Figs. (2.2) to (2.5) are strategized to show that wall shear stress is essential in understanding
the development of arterial disease between the stenotic segment 0.75 < z < 2.25. The stresses
on the wall of overlapping stenotic arteries gain its higher magnitude at the critical locations
where the stenosis is considered maximum, while its magnitude decreases where the stenosis is
considered minimum. One may observe from these graphs that the convergent tapering effects
gives higher results for wall shear stress as comparing with other non-tapered and divergent
tapering effects. The wall shear stress for different values of heat source parameter § is given
in Fig. (2.2). It is analyzed that stresses on wall of arteries decreases with an increase in heat
source parameter 5. This increase is due to increase in internal heat source i.e. metabolic
process, which accelerates flow of blood and shift stenotic pressure to the wall of arteries. The
wall shear stress for different values of Grashof number G, is plotted in Fig.(2.3). It is analyzed

that wall shear stress decreases due to increase in the viscous forces as compare to the buoyancy
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forces. Fig. (2.4) relates to the variation of wall shear stress S, for different values of stenosis
height ¢ against the axial distance z. It is illustrated from this graph that stress on the wall
of arteries is increases, as if we increase the stenosis height d. This justifies the results of
tapering phenomena that stresses on the wall are higher for contracted arteries as compare
to the expanded arteries. Fig. (2.5) is plotted for different values of nanoparticles volume
fraction ® and analyzed that the stresses on the wall of arteries decreases with an increase
in nanoparticles volume fraction. It is also observed from this figure that the stresses on the
wall is higher for the pure blood case when compared to the other cases (& = 0.01, ® = 0.02).
Figs. (2.6) to (2.8) show the variation of the resistance impedance to flow along the maximum
height of stenosis ¢ for different values of tapering angle . From these graphs it is depicted that
resistance impedance to flow gives higher results for converging tapering as comparing to other
tapering effects. It is also concluded that resistance to blood flow is directly proportional to
stenosis height 0 i.e., if we increase stenosis height ¢, the resistance to blood flow in the presence
of time variant overlapping stenosis will get the higher amplitude. The effects of Grashof number
G, is given in Figs. (2.6). It is analyzed that resistance impedance to flow decreases with an
increase in the viscous forces. The wall shear stress for heat source parameter (3 is plotted in Fig.
(2.7) and it observed from this figure that with an increase in internal heat source parameter
flow is accelerated and resistance to blood flow decreases. Fig. (2.8) is plotted to show the
resistance impedance to flow for nanoparticles volume fraction ®. It is observed from this
figure that nanoparticles with high thermal conductivity reduces resistance to blood flow and
concluded that they are useful as drug carrier to heal the consequences of stenosed arteries. The
variations of temperature profile for different values of stenosis height §, nanoparticle volume
fraction ® and heat source parameter [ are shown in Figs. (2.9) to (2.11). It is analyzed from
these graphs that temperature profile gives higher results for divergent tapering as comparing
to other tapering and maximum temperature occurs at » = 0. The temperature profile for
different values stenosis height ¢ is given in Fig. (2.9). It is observed from these graphs that
temperature profile decreases with an increase in the values of stenosis height §. The variation
of temperature profile for heat source parameter (3 is given in Fig. (2.10) and observed that the
temperature profile increases with an increase in the values of heat source parameter 8 because

of increase in the thermal state of the fluid i.e. through metabolic process. From Fig. (2.11),
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it is analyzed that temperature profile decreases with an increase in the nanoparticles volume
fraction, which means nanoparticles with high thermal conductivity are useful to dissipate
heat. It is also observed that the temperature distribution remain higher for pure blood case.
Figs. (2.12) and (2.13) are plotted against time ¢ for almost four and three cardiac phases. In
these graphs the magnitude of first cycle starts decreasing to obtain its minimum then starts
increasing to obtain its maximum then replicate its form again to obtain the starting point
of the second cycle and so on. It is observed that these graphs decay as the time t increases.
This graphical illustration shows that the resistance impedance to blood flow and wall shear
stress contributes better results for convergent tapering. Trapping characterized an interesting
phenomenon for the blood flow in an overlapping stenosed artery that is discussed through
Figs. (2.14) to (2.16) for non-tapered arteries, other associated arteries are discussed in Fig.
(2.14). Fig. (2.14) is plotted for convergent and divergent tapering arteries. It is depicted that
trapping bolus shift towards lower side for expanded arteries (¢ > 0), while shift towards upper
side for contracted arteries (¢ < 0). The effects of stenosis height ¢ and time ¢ are discussed
in Figs. (2.15) and (2.16). It is observed from these graphs of streamlines that the number of
trapping bolus increases with an increase in the values time ¢ and stenosis height §. Tables
(2.2, 2.3) are plotted for velocity and temperature profile. It is observed from table (2.2) the
temperature profile decreases throughout the considered stenosed artery with an increase in the
nanoparticle volume fraction ®. The velocity table (2.3) is plotted for different values of the
nanoparticle volume fraction ®. It is observed from this table that velocity starts increasing at
the center of the arteries between the regions —0.4 < r < 0.4, while starts decreasing near the
walls of considered stenosed elastic arteries. This table also indicate that velocity gives higher
altitude for pure blood case (® = 0.00) near the wall of the arteries and gives higher altitude
for nano blood cases (® = 0.02, 0.04) at the center of the stenosed arteries (—0.4 < r < 0.4).
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0 Non-tapered artery Diverging tapering Converging tapering

T $®=0.00 | $=0.02 | $=0.04 | =0.00 | $=0.02 | $=0.04 | $=0.00 | $=0.02 | $=0.04

—h | 0.0000  0.0000  0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000  0.0000
-0.8 | 0.0065  0.0061  0.0057 | 0.0106  0.0100 0.0094 | 0.0027  0.0025  0.0023
-0.6 | 0.0135 0.0127  0.0119 | 0.0176  0.0166  0.0157 | 0.0097  0.0091  0.0086
-0.4 | 0.018 0.0174 0.0164 | 0.0226  0.0213  0.0201 | 0.0147  0.0138  0.0130
-0.2 | 0.0215  0.0202  0.0191 | 0.0256  0.0241  0.0228 | 0.0177  0.0167  0.0157
0.0 |0.0225 0.0212 0.0199 | 0.0266  0.0251  0.0237 | 0.0187  0.0176  0.0166
0.2 |0.0215 0.0202 0.0191 | 0.0256  0.0241  0.0228 | 0.0177  0.0167  0.0157
0.4 |0.018 0.0174 0.0164 | 0.0226  0.0213  0.0201 | 0.0147  0.0138  0.0130
0.6 | 0.0135 0.0127 0.0119 | 0.0176 0.0166  0.0157 | 0.0097  0.0091  0.0086
0.8 | 0.0065 0.0061  0.0057 | 0.0106 0.0100 0.0094 | 0.0027  0.0025 0.0023
h 0.0000  0.0000  0.0000 | 0.0000 0.0000  0.0000 | 0.0000 0.0000  0.0000

Table (2.2): Variations of temperature profile for the nanoparticles volume fraction ®.

w Non-tapered artery Diverging tapering Converging tapering

T $=0.00 | $=0.02 | $=0.04 | =0.00 | ®=0.02 | $=0.04 | $=0.00 | $=0.02 | $=0.04

—h | 0.0000  0.0000  0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000  0.0000
-0.8 | 0.0127  0.0125 0.0124 | 0.0148 0.0146  0.0144 | 0.0076  0.0075  0.0074
-0.6 | 0.0266 ~ 0.0264  0.0265 | 0.0248  0.0248  0.0248 | 0.0277  0.0276  0.0275
-0.4 | 0.0367  0.0369 0.0371 | 0.0322 0.0325 0.0327 | 0.0421  0.0422  0.0423
-0.2 | 0.0428  0.0432  0.0435 | 0.0366  0.0372  0.0376 | 0.0509  0.0511  0.0513
0.0 | 0.0449 0.0453 0.0457 | 0.0381  0.0388  0.0393 | 0.0538  0.0541  0.0544
0.2 | 0.0428 0.0432 0.0435 | 0.0366  0.0372 0.0376 | 0.0509  0.0511  0.0513
0.4 | 0.0367 0.0369 0.0371 | 0.0322 0.0325 0.0327 | 0.0421  0.0422  0.0423
0.6 | 0.0266 0.0264 0.0265 | 0.0248  0.0248  0.0248 | 0.0277  0.0276  0.0275
0.8 | 0.0127 0.0125 0.0124 | 0.0148 0.0146  0.0144 | 0.0076  0.0075  0.0074
h 0.0000  0.0000  0.0000 | 0.0000  0.0000 0.0000 | 0.0000 0.0000 0.0000

Table. (2.3): Variations of velocity profile for the nanoparticles volume fraction ®.
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Chapter 3

Study of radially varying magnetic
field on blood flow through
catheterized tapered elastic artery

with overlapping stenosis

In this chapter a precise model has been developed for studying the influence of metallic
nanoparticles on blood flow through catheterized tapered elastic arteries with radially varying
magnetic field. The model is solved under the mild stenosis approximation by considering blood
as viscous fluid. The influence of different flow parameters associated with this problem such as
Hartmann number, nanoparticle volume fraction, Grashof number and heat source parameter is
analyzed by plotting the graphs of velocity profile, temperature distribution, wall shear stress,
resistance impedance to flow and stream lines. The influence of the radially varying magnetic
field on resistance impedance to flow is analyzed and it is observed that the significantly strong

magnetic force tends to increase in resistance.
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3.1 Mathematical formulation

Fig. (3.1): Geometry of overlapping stenosed artery.

Heat transfer phenomenon is taken into account by giving temperature T; to the wall of the
artery, T, to the wall of the catheter and radially varying magnetic field is applied in the normal

direction of the blood flow. The governing equations for conservation of mass, momentum and

temperature for viscous nanofluid can be written as

ou u  Ow
T T 1
o 7oz 0 (3.1)
ou GOm Low\_ O (0uw 10w Ou_u (3.2)
Pri\or T or TVoz) T or T \o TFor a2 7)) '
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Pri\ ot T or z) ~ "oz M\ o@ Tror T o2

ot
g(p'y)nf(T - Tl) - O'nfBg(r)@’ (3'3)

(3.4)

<8T T aT> Ky <82T 10T 62T) Qo
(PCp)ny (

— tu—tw— | = — + == ,
o or TV oz or?  Tor 0z PCp)nf
in above equations for the given nanofluid model 0,5 denotes the electrical conductivity and

the thermo physical properties with respect to blood and copper nanoparticles are given as

~f l<”f
. apf=——, pPrr=(1—P)p,+ (I)p
2% (1 @)2.5’ nf (70 ) f7 nf ( ) f s?

(pep)ng = (1= @) (pcp)p + P(pcy)s, (pV)ng = (1= @)(py) s + 2(p7)s,

K Ky +2Kp) — 20(K; — K 3($—1>‘P
nf _ (s +2Ky) (Ky = Ks) ong _ i (3.5)
Kp (K, +2Kp) +®(K; - K,) ' oy (z+2)-(z-1)o

In above equation, oy denotes the electrical conductivity for fluid, while o denotes the electrical

conductivity for solid nanoparticle. Non-dimensional variables are defined as,

7 w Lou ep tu,
ro= —w=-—u= y D= ) = )
€0 Uo u05 uoLOMf LO
Qoed €oliop s gvspsed(To — T1)
B = ) Rep = ) G’f‘ = )
(To — 1) Ky [y Uy

. (3.6)

S

T—Tl z of
0 = , z2=—, Hy(r) = By(r)e,, | —, L=

Here H, represents the Hartmann number. Utilizing above Eq. (3.6), mild stenosis case §* =
% < 1, extra condition € = £ ~ O(1) and taking H,(r) = £« the governing Egs. (3.2) to

(3.4) can be written as
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where

K= (iiran coh )

Ky = (G—@+¢$$>ﬂ—®ﬂ%%ﬂﬂzuhﬁ&,

Ky = <1+ 3(%_1)(1) )(I(I))zf)_
(+2)-(5-1)e

The geometry of stenosis in dimensionless form is defined as

h(z, t) = [(Cz+1)—0dcosp(z—d"){11 — 93—4(2 —d*) +32(z — d*)? — %
(2 = d)*HQu (1), r<z<dty,
= ((z+1)Q1(?), otherwise,
with
0* d
5= =2
e’ Lo

Corresponding boundary conditions are defined as

w=0 at r="h(z,t), w=0 at r=¢,

0=0 at r=h(zt), 0=1 at r=ce.

35

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)



3.2 Solution of the problem

The exact solutions of temperature distribution and velocity profile using Eqgs. (3.13) and (3.14)

are written as

S SR N
0 = 4(1nh_ln€)(4(lnh Inr)+ Ki(h*(Inr —Ine) + r“(—Inh +
Ine) + (Inh —lnr)s?)), (3.15)
_ P25
w = dp (1-2) riM(EMrM(gMTQ_EQTM)+h2+M(_82M+

dz (h2M — 2M)(—4 + M?)
1

TZM) + th(52+M — r2+M)) + (h2M — 22MY(—4 4 M2)2(—16 + Mg)(

(—462(—16+ M2)(€MTM(€MT‘2 _ EQT,M) + h2+M(_€2M —|—T‘2M) + h2M(€2+M

KQTiM

—r? M) 4 (4 + M?)(—bg(—16 + M?) (MM (eM? — M) 4 p2EM (—2M
MY L p2M(2EM 24 MYy (g 4 MY (MM (M — oMty gt M(
—g2M y p2My o p2M(ATM R AEMY YY) (B (64 — 20M2 + MA)(R2HM (£2M

—r?MyInp — M (p2M _ p2MY g g (R2M - 2Mp 28 My gy, (3.16)

Flow rate is given as

h
F = /der. (3.17)

)

Using Eq. (3.16) into Eq. (3.17), we get the expression for pressure gradient as follows

dp  4A(F —bs5(2))(h*M — £2M)(—4 4 M?)?
x- 5 e ) (3.18)
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Since F' is constant for all sections between the two coaxial tubes, the pressure drop across the

length of the overlapping stenosis is given as

Ap = O/L <_ffz’> dz. (3.19)

Using above Eq. (3.19), the impedance resistance can be evaluated as

d d*+3 L
Ap
A= NG = /Zo(z) |h:((z+1)Q1(t) dz + / QO(Z)dZ + / E(Z)O ’h:(Cz—l—l)Ql(t) dz ¢, (3.20)
0 d d*+3
where

4(F — bs(2))(R*M — &2M)(—4 + M?)?

olz) = - (1— ®)25Fby(z)

(3.21)

Expression for the wall shear stress is given as

S, = (W*T2M (=2 M) — 2hM M DL 4 p2e2M

MZ)(R*T2M (=2 4 M)? 4+ 8RMe* MM — h2e*M (2 + M)?) — by (=4 + M?)?
(RAT2M (4 4 M) — 2BM MM 4 BA2M (4 + M) — by(64 — 20M2 + M*)

(R2(R*M (=2 4+ M) + M2+ M))Inh — 207> TM M Ing))). (3.22)
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3.3 Appendix

b CBKy A BK1(h? — %) _ (4lnh+ BK1(—h%Ine +£2Inh)
Ty A4(lnh —1Ine) ° (4(Inh — Ine)) ’
by = (—16R2TM2EM N 4 2M (Ao 4 M) 4+ 242 + M)?) + RPM (=Y (=24 M)?
1
48(h2M — e2M)(—16 + M)2(—4 + M?2)3) (
(=4 + M) (16R*TM2HM AL 4 2M (42 + M)? — (2 + M)?) + B2M (h* (=2 + M)?

+e1(2 4+ M)?)), bs = Ko(12b3(—16 + M?)
—4(2 4+ M)?)) + 8by(—4 + MH2(A2n* MM (B2 4 )M 4 M (5(—4 + M)(—2+
M) — R824+ M) (4 + M)) + M (R®(—4 + M) (=2 + M) — 5(4 + M)(2 + M)) + 3by
(=16 + M?)(256h2 M2 M N 4 B2M (4(—6 + M) (2 + M) — hH(—2 + M)3(6 + M))
+e2M (R (=6 4+ M)(2+ M)? — (=2 + M)3(6 + M))) + 12b2(64 — 20M? + M*)
(ShPM2TM A r(Inh 4 Ine) + M (—h*(2 4+ M)?Inh + e* (=2 + M)?Ine)+

RPM (Y (=24 M)?Inh — 4 (2 + M)?Ine)))).

3.4 Thermophysical properties of blood and copper

The experimental values of various parameters are tabulated below,

Physical properties | blood copper
ep(J/kgK) 3594 385
p(kg/m?) 1063 8933
E(W/mK) 0.492 400

v x 1075 (1/K) 0.18 1.67

o (s/m) 6.67x107% | 5.96x107

Table (3.1): Thermo physical properties.
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3.5 Results and discussion

The main purpose of this chapter is to discuss the combined effect of the stenosis with radially
varying magnetic field on the wall shear stress and resistance impedance to flow. The effect of
the important parameters such as the Hartmann number H,, Grashof number G, nanoparticles
volume fraction ® and heat source parameter § for three different types of tapering effects are
discussed in this section through graphical illustrations. These graphs are plotted by keeping
the parameter constant such as ® = 0.00 — 0.09, 5 =0.1, L =3, 6§ = 0.2, I = 0.01, d* = 0.75,
G, =09, a0, =01, w =17854,t =05 H, = 0.9, z =15, ¢ = 0.1. The magnitude of
wall shear stress is plotted between the stenotic segment 0.75 < z < 2.25, which is essential
to understand the arterial disease because of its strong correlation with the constriction of
the arteries. The graphs of wall shear stress along axial displacement z are plotted in Figs.
(3.2) — (3.6) with different tapering effects and observed from these figures that the wall shear
stress having overlapping stenosis gives higher altitude for converging tapering as compare to
the diverging tapering and non-tapered arteries. Fig. (3.2) describe the influence of heat source
parameter 5 on the graph of wall shear stress and it is concluded here that the stresses on wall
of arteries decreases with an increase in internal heat source through metabolic process. The
wall shear stress for different values of Grashof number G, is given in Fig. (3.3). From this
graph of wall shear stress it is analyzed that stresses on the wall of arteries decreases with
an increase in the values of the Grashof number. From Fig. (3.4) it is analyzed that stresses
on wall of the artery increases with an increase in the values of stenosis height . The wall
shear stress for different values of nanoparticles volume fraction ® is given in the Fig. (3.5).
It is depicted that increase in the nanoparticles volume fraction minimizes the stresses on the
considered arterial wall segment. In Fig. (3.6), it is observed that the stresses on the wall of
arteries start increasing with an increase in the Hartmann number H,. It is observed that this
result is attained due to decrease in axial velocity near the throat of stenosis. The variation
of resistance impedance to flow A with stenosis height § is given in Figs. (3.7) — (3.10) for
different values of tapering angle . It is illustrated from these graphs that converging tapering
arteries gives higher results for resistance impedance to flow as comparing to other tapering
arteries. It is important to note that resistance to blood flow is directly proportional to stenosis

height §. From Fig. (3.7), we have observed that with an increase in the Grashof number
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G, the resistance to blood flow decreases with an increase in viscous forces. The effects of
heat source parameter § are given in Fig. (3.8). It is illustrated from this graph that with
an increase in heat source parameter 5 the viscosity of the fluid decreases, that reduces the
resistance impedance to blood flow. Fig. (3.9) is plotted to show that the influence of volume
fraction ® on resistance impedance to blood flow and concluded that the metallic nanoparticles
help to minimize the effects of resistance impedance to blood flow. The variations of Hartmann
number H, are given in Fig. (3.10). It is observed that with an increase in the intensity of
magnetic field the resistance impedance to blood flow increases. It is due to the fact that
when magnetic field is applied normal to the fluid, random motion of the particles within the
considered base fluid gets slower down and hence flow of blood is retarded. The variations
of temperature profile for different values of nanoparticle volume fraction ® and heat source
parameter [ is shown in Figs. (3.11) and (3.12). The variation of temperature profile for heat
source parameter 3 is given in Fig. (3.11) and observed that the temperature profile increases
with an increase in the values of heat source parameter 3. This graph indicates that with
an increase in the internal heat source of the fluid, temperature profile gets higher altitude
(6 > 0). From Fig. (3.12), it is analyzed from this profile that temperature decreases with
an increase in the nanoparticles volume fraction but shows temperature distribution remains
higher for pure blood case ® = 0.00. Figs. (3.13) and (3.14) are strategized versus time ¢
for almost four and three cardiac phases. In these graphs we observed that the scale of first
cycle starts decreasing to obtain its minimum then starts increasing to obtain its maximum
then repeat its form again to obtain the starting point of the second cycle and so on. It is
illustrated from these figures that fluctuation starts decaying as the time ¢ increases. Trapping
illustrates as an interesting phenomenon for the blood flow pattern in an overlapping stenosed
artery with radially varying magnetic field that is discussed through Figs. (3.15) — (3.19) for
non-tapered arteries and trapping for other associated arteries are discussed in Fig. (3.15). In
Fig. (3.15), it is observed that trapping bolus shift towards lower side for divergent tapering
when compared to convergent and non-tapered arteries. The influence of stenosis height ¢ is
given in Fig. (3.16). It is observed from these trapping phenomena that stream lines become
closer with an increase in the stenosis height §. From Figs. (3.17) and (3.18), it is observed that

the number of trapping bolus increases with an increase in the values of Grashof number G,
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and heat source parameter 8. The trapping phenomena for Hartmann number H, are discussed
in Fig. (3.19). It is depicted in these figures that the number of trapping bolus increases with
an increase in the intensity of magnetic field. The tables (3.2) and (3.3) are plotted to show
the variations of velocity profile for different values of nanoparticles volume fraction ® and
Hartmann number H, against radial direction r. Table (3.2) illustrates that the variations of
velocity profile for different values of nanoparticles volume fraction @ increases near the wall
of the catheter between the region ¢ < r < 0.5 (¢ < 0,9 =0), e <r < 0.6 (¢ > 0), while
starts decreasing near the wall of the arteries between the region 0.5 < r < h (¢ < 0,¢ = 0),
0.6 <7 < h (¢ >0). Table (3.3) is prepared for velocity profile for different values of Hartmann
number H, and it is observed from this table that the velocity profile increases near the wall of
the artery between the region 0.5 < r < h, while starts decreasing near the wall of the catheter

between the region ¢ < r < 0.5.
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w Non-tapered artery Diverging tapering Converging tapering

r $®=0.00 | $=0.02 | $=0.04 | =0.00 | $=0.02 | $=0.04 | =0.00 | $=0.02 | $=0.04
€ 0.0000  0.0000  0.0000 | 0.0000  0.0000 0.0000 | 0.0000 0.0000 0.0000
0.2]0.0228 0.0294 0.0354 | 0.0197 0.0273  0.0342 | 0.0274 0.0331  0.0381
0.3 ] 0.0327  0.0397 0.0460 | 0.0282 0.0368 0.0445 | 0.0391  0.0446  0.0496
0.41]0.0362 0.0412 0.0456 | 0.0313 0.0382  0.0442 | 0.0428 0.0461  0.0490
0.5]0.0354 0.0374 0.0391 | 0.0312 0.0349 0.0381 | 0.0408 0.0413  0.0417
0.6 | 0.0313 0.0304 0.0296 | 0.0284 0.0288  0.0291 | 0.0342  0.0324  0.0307
0.7]0.0246 0.0217 0.0192 | 0.0236 0.0213  0.0193 | 0.0238  0.0209  0.0185
0.8 ] 0.0158 0.0125 0.0096 | 0.0174 0.0137 0.0103 | 0.0102  0.0083  0.0066
0.9 | 0.0054 0.0038 0.0023 | 0.0103  0.0067  0.0035 | -0.0061 -0.0045 -0.0032
h ] 0.0000  0.0000 0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000

Table. (3.2): Variations of velocity profile for different values of the nanoparticles volume

fraction ®.

w Non-tapered artery Diverging tapering Converging tapering

r H,=0.3 | H,=0.5 | H,=0.7 | H,=0.3 | H,=0.5 | H,=0.7 | H,=0.3 | H,=0.5 | H,=0.7
€ 0.0000  0.0000  0.0000 | 0.0000  0.0000  0.0000 | 0.0000  0.0000  0.0000
0.2 ] 0.0305 0.0294 0.0279 | 0.0280 0.0269 0.0254 | 0.0346  0.0335  0.0321
0.3 | 0.0405 0.0394 0.0380 | 0.0371  0.0360  0.0345 | 0.0458  0.0449  0.0436
0.4 ] 0.0413 0.0407 0.0398 | 0.0379 0.0372  0.0362 | 0.0464  0.0459  0.0453
0.5 ] 0.0371  0.0369 0.0367 | 0.0344 0.0341 0.0336 | 0.0410  0.0410  0.0409
0.6 | 0.0300 0.0302 0.0305 | 0.0283 0.0284  0.0285 | 0.0319  0.0322  0.0327
0.7 1 0.0215 0.0219  0.0225 | 0.0211  0.0215 0.0219 | 0.0205  0.0210  0.0216
0.8 1 0.0125 0.0129 0.0135 | 0.0138 0.0142  0.0148 | 0.0082  0.0084  0.0087
0.9 | 0.0038 0.0040 0.0043 | 0.0070  0.0074  0.0079 | -0.0045 -0.0047 -0.0049
h ] 0.0000  0.0000 0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000

Table. (3.3): Variations of velocity profile for different values of Hartmann number H,.
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Chapter 4

Examination of nanoparticles as a
drug carrier on blood flow through
catheterized composite stenosed

artery with permeable walls

In this chapter, the influence of copper nanoparticles on blood flow through a composite stenosed
artery with permeable wall is discussed. The nature of blood is discussed mathematically by
considering it as viscous nanofluid. An exact solution of temperature and velocity profile is
obtained by solving the governing equations after using non-dimensional parameters. Hemody-
namic effects of stenosis are discussed through the graphs of resistance impedance to blood flow
and wall shear stress. Results for the effects of permeability on blood flow through composite
stenosis have been also discussed graphically. The considered analysis summarizes that with
an increase in the permeability of stenosed arteries the resistance impedance to blood flow in-
creases. At the end, it is found from trapping pattern that with an impulsion of nanoparticles

in considered base fluid trapped bolus decreases.
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4.1 Mathematical formulation
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Fig. (4.1): Geometry of composite stenosis.

The heat transfer phenomenon is taken into account by giving temperature Ty to the wall of

the catheter. The geometry of composite stenosis in dimensional form is given as

_ 26 L
hz) = €07 (Z=d), d§§§d+70,
b 2 L L
= e0—§(1+cosL—7;(z—d—7”)), d+?°§z§d+Lo,
= e, otherwise, (4.1)

where d represents the position of the stenosis, Ly as the length, while ey and h(z) as the
radius of the stenosed and normal arteries. The governing equations for conservation of mass,

momentum and temperature for viscous nanofluid can be written as
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ou uw Ow
Pni\ar " or " Voz) T o Mi\a Trer T a2 ) '
ow _ow _ow\  Op Pw  1ow | Pw -
P <8t U+ wé)z) =55 T Hns <6rz Tear T 822) +9(p)ng(T = Th), (44)
oT oT  dT K., (0T 10T &°T Qo
et U— 4 W— | = Rt . 4,
(at o *“’az) (bep)ns (f’f Tror az?) T (Pep)ns )

In above equation thermo physical properties are given as

My Ky
Hnf = (1 _ @)2.5’ Qnf = (pcp)nf
(pep)ng = (1 = @)(pep) s + P(pcp)s, (p7)ng = (1 = @) (p7) 5 + 2(07)s5

an . (KS—I—QKf)—Q(I)(Kf—KS) 16
Ky (Ks+2Kf)+®(Kf— Ks) (4.6)

» Pnf = (1- (I)>pf + @ps,

Non-dimensional variables are defined as

7 z w Lou e2p
r = —, z = -, w = —, u = N = s
€g Ly Up U0 b uoLofiy
Lou e3(To — T )
R, — LotoPs o _ 9VsPs 0(10 1)7 ol
Ky Uot £ €0
2 T-T d
6:&’9: Loar=2 (4.7)
(To — Tl)Kf Ty —Th Ly

Using mild stenosis case 6* = % < 1 and taking extra condition € = 72 ~ O(1), the constitutive

Egs. (4.3) to (4.5) can be written as
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oppy _OPw 10w gy (pY)ng
0z iy Or2  m Or  pup (p)f

G0, (4.9)

9% 106 K(1-®)+K;2+®
079 100 (1=D)+ K;2+®) ) 5 _ 4 (4.10)
or?2  ror Ky(1+29)+2K¢(1 - @)
The geometry of stenosis in dimensionless form are defined as
* * % * 1
h(z) =1-26"(z —d"), d"<z<d t5
5 L 1 . 1 .
:1—5(14—(:05271(2—(1—5))7 d+§§z§d +1,
=1, otherwise. (4.11)
The corresponding boundary conditions are given as [11]
w=wp, 0=0, at = h(z), (4.12)
w=0, 6=1, at r=¢, (4.13)
0
a—?j = \/%(wb —wp), at = h(z). (4.14)

where in above equation D, (= %) is defined as the Darcy number, R, as the permeability, s as
the dimensionless slip parameter depending on permeable material within the boundary region
and wp as the slip velocity of the permeable boundary that is obtained from Darcy law in the

presence of the body forces

d
wp = (—Da“fp + 929) , (4.15)
Hon f dz r=h
using (0 =0 at 7 = h(z)), Eq. (4.15) can be written as
d
wp = —Dy LD (4.16)
Hnf dz

o7



4.2 Solution of the problem

The exact solutions of Egs. (4.9) and (4.10) using Eqgs. (4.12) and (4.13) are written as

1
~ 4(lnh —1Ine)
Inh+1Ine) 4+ (Inh — Inr)e?)), (4.17)

0 (4(Inh —Ine) + Bgi(h?(Inr — Ine) + r?(—

dp (1-@)*° 2 2
= —————(r“(Inh —1 he(—1 1
w dz4(1nh—lns)(r (In ne)+h*(—Inr+1Ine) +¢

(—Inh +1Inr)) + m(w(h?(lm —Ine) + 12
(14Inh—Inr)(—Inh+1Ine)+ (Inh —Inr)(1 +Inh —
Ine)e?) + Bgr(r*(Inh)? + (A% — r?) Ine(4h? 4 (3h% — r?)
Ine) + Inr(—4h* + (=3h* + 4h?*r?) Ine) + In h(h?(4r? +

(3h% — 4r2) In7) + (=3h* 4+ 4h%% — 2rY) Ine) — 4(r3(In h)? —
2h2Inr + (h? —r? +r2Inr)Ine + Inh(h% 4+ 1% — r*(Inr +

Ine)))e? + (Inh —In7r)(4 4+ 3Inh — 3lne)et)) —

(Inr — Ine)wy

4.18
(Inh —1Ine) ’ (4.18)
where by using Eq. (4.18) into Eq. (4.14) slip velocity is given as
wy, = ! (dl’\/D (1—®)*5(h*(—=142Inh —
4hs(Inh —1Ine) — 4D, dz '
1
2Ine) + 4hs(—Inh +1Ine)\/ D, +€2) + @(\/Dagg(lwﬂ(l
3
—Inh+1Ine) — (1 +1Inh—Ine)e?) + Bgi(—h (4 — TInh +
4(Inh)? + (7 —8Inh)Ine + 4(Ine)?) + 4h%(2 — Inh + In¢)
€2+ (=4 —3Inh + 3lne)et))). (4.19)
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Flow rate is given as

h
F = /rwdr.
€

(4.20)

Using Egs. (4.18) and (4.19) into Eq. (4.20), we get the expression for pressure gradient as

follows

dp F —gs(z)

dz  ga(2)

The pressure drop can be defined as

7 d
Ap = / (—;Z) dz.
0

Using Eq. (4.22), the impedance resistance can be evaluated as

A d d*+3 d*+1 L
A= ?p = /91(2’) ‘hzl dz + / Ql(z)dz + / Ql(z)dz + / 91(2) ’hzl dz,
0 dr dryl d*+1

where

2= (5 57):

Using Eq. (4.24) into Eq. (4.23), we get

d*+3 d*+1
A= (L—-1)(2) |p=1 + / Q1 (2)dz + / Q1(2)dz.
d* dx+1

2

The wall shear stress is evaluated by using Eqgs. (4.18) and (4.19), which is given as
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(4.22)

(4.23)

(4.24)

(4.25)



dp (s(1 = ®)*5(—4Dy + h*(=1 + 2Inh — 2Ine) + %)) N 1
dz (4hs(Inh —Ine) — 4y/Dy,) 6493
(592(16(R*(1 —Inh +1ne) — 16(1 +Inh — Ine)e? 4 Bgy (—h*

Srz — *(

(4—7Inh+4(Inh)? + (7 —8Inh)Ine + (4(Ine)?) + 4h>

(2-Inh+Ine)e® + (-4 —3Inh +3ne)c?)))). (4.26)

4.3 Appendix

( K(1-®)+K;(2+®) B Ps7s
g1 = <KS(1 +20) + 2K (1 — <1>)> » 92 =Gr ((1 —o)+ (I)pf’yf>

(1—®)%® g3 = (Inh —Ine)(hs(Inh —Ine) — \/D,),
~1

9= 16(hs(nh —Ine) — VD))

—2Ine) +&2) 4+ /Dy(h*(3 — 4Inh + 41ne) — 4h%c? + &*) + hs(h?

(1 — ®)*5(4hsD,(h*(—1+2Inh

(=14+1Inh —1Ine) +2h%% + (=1 — Inh 4+ Ine)e?))),

gs (92(2hs(6(h*(—4 +3Inh — 31Ine) + 4h*(2 +Inh — In¢)

~ 76893
-4 +g; Inh+4(Inh)? — (7 +81Inh)Ine + 4(Ine)?)et) + 28
(B —?)(h*(6 —9Inh + 4(Inh)* + (9 —8Inh)Ine + 4(Ine)?)+
4h* (=3 + (Inh —Ine)?)e® + (6 + 9Inh + 4(Inh)* — (9 + 8Inh)
Ine +4Ine)?)e?)) + v/ Da(12(h*(9 — 8Inh + 8(Ine) — 4h?)(3+
2Inh —2Ine)e?(3+4Inh —4lne)e?) + g1 (—h8 (27 — 46 In h+
24(In h)? +2(23 — 241Inh) Ine + 241n¢)?) + 9n* (7 — 4In h+

4Ine)e® —9h3(5+2Inh — 2Ine)e? + (9 + 8Inh — 81ne)eb)))).

4.4 Results and discussion

The momentous influence of different emerging flow parameters on the blood flow with copper
nanoparticles is discussed through graphs of wall shear stress, impedance resistance to flow,

temperature profile and stream lines. The graphs are plotted by keeping parameters constants
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such as 6 =0.1-0.2,d* =1.0, z=15,¢=0.1,  =2.0, F =0.5, G, = 0.1, D, = 0.01 — 0.9,
s =0.1-09, L = 3. Figs. (4.2) to (4.6) are plotted for wall shear stress versus z in the
stenotic region 1.0 < z < 2.0. It is observed from these figures that wall shear stress starts
increasing from the initial projection of the stenosis (at z = 1.0) and then starts decreasing
from the upstream of the stenotic throat (z = 1.5) to the end of stenotic region (at z = 2.0).
It is concluded from these figures that stresses on the walls of stenosed artery are maximum
at the throat z = 1.5. Figs. (4.2) and (4.3) are plotted to analyze the influence of stresses on
the stenotic wall for Grashof number G, and heat source parameter 3. The graph of wall shear
stress for different values of Grashof number G, is plotted in Fig. (4.2). It is depicted that the
stresses on the wall of arteries decreases with an increase in viscous forces. One can observe
from Fig. (4.3), that stresses on the wall of arteries decreases with an increase in the internal
heat source parameter. The wall shear stress for different values of Darcy number D, and slip
parameter s is given in Figs. (4.4) and (4.5). It is depicted from Fig. (4.4) that wall shear stress
starts increasing with an increase in the values of Darcy number D,. It is depicted from this
figure that the stresses on the wall of arteries increase due to increase in the permeability of the
stenosed artery. The variation of wall shear stress for slip parameter s is given in Fig. (4.5).
It is observed that wall shear stress increases near the throat of stenosis for Cu blood cases
(1.15 < 2 < 1.82,1.10 < z < 1.85) and for pure blood case (1.08 < z < 1.88), while the opposite
trend is observed in the rest of the stenotic segments. The variation of wall shear stress versus
z for different values of stenosis height § is given in Fig. (4.6). It is analyzed from this figure
that the wall shear stress increases with an increase in the values of stenosis height § due to
the pressure distribution behavior in the pre and post stenotic regions. Figs. (4.7) to (4.10) are
plotted for impedance resistance to flow against stenosis height §. Figs. (4.7) and (4.8) are
plotted for heat source parameter § and Grashof number G,. It is observed from Fig. (4.7)
that viscosity of the fluid decreases with an increase in internal heat source that minimize the
effects of resistance impedance to blood flow. The variations of Grashof number G, from Fig.
(4.8) shows that due to decrease in stresses on the wall of stenosed artery resistance to blood
flow decreases. The resistance impedance for different values of Darcy number D, is given in
Fig. (4.9). It is analyzed from this figure that with an increase in the D, resistance to blood

flow increases. Such an increase is due to increase in permeability of the artery which result
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into damaged, dilated or inflamed arterial wall thickness and tend to increases in resistance.
From Figs. (4.10), It is observed that resistance to blood flow decreases with an increase in the
values of slip parameter s. It is obtained from this figure that the damage of arteries due to
stenosis could be decreased by introducing slip effects and may be exploited for better function
of diseased artery. The variations of temperature profile against radial direction r for different
values of heat source parameter 5 and stenosis height ¢ are plotted through Fig. (4.11) and
(4.12). It is observed from these figures that temperature profile increases with an increase in
the values of heat source parameter 3, while decreases with an increase in the values of the
stenosis height §. These graphs also indicate that temperature is higher for pure blood case
(® = 0.00) as compared to the Cu blood cases. It is also concluded that the efficiency of heat
transfer rate from the flowing blood to the walls increases with increase in thermal conductivity
of nanoparticles. Trapping represents an interesting phenomenon and has been plotted here
through Figs. (4.13) to (4.17). From Fig. (4.13), it is observed that with an increase in
stenosis height number of trapped bolus increases between the catheter and stenotic walls. The
trapping for Darcy number D, and slip parameter s is discussed in Figs. (4.14) and (4.15). It
is depicted from this flow pattern that the number of trapping bolus increases with an increase
in the permeability of the stenosed artery, while shows random behavior for different values
of slip parameter s. Stream lines for different values of the catheter size ¢ and nanoparticles
volume fraction ® are plotted through Figs. (4.16) and (4.17). It is analyzed from these stream
lines behaviors that the number of trapping bolus increases with an increase in the radius of
the catheter € and decreases with an increase in nanoparticles volume fraction ®. Tables (4.1)
and (4.2) are plotted for velocity profile against radial direction r to discuss the different pure
and copper blood cases. From tables (4.1) and (4.2), it is observed that the velocity profile
for different values of Darcy number D, and slip parameter s increases near the wall of the
catheter between the interval ¢ < r < 0.7 and decreases near the wall of the artery between
the interval 0.7 < r < h. The tables show that the velocity profile gives higher magnitude for
copper blood case near the wall of the catheter, while the opposite trend is observed near the

wall of the artery.
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Fig. (4.2): Variation of wall shear stress for different values of Grashof number G,.
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w Pure blood (® = 0.00) Copper Blood(® = 0.01) Copper Blood (¢ = 0.02)

T Dy=0.6 | D,=0.7 | D;=0.8 | D;=0.6 | D,=0.7 | D;=0.8 | D;=0.6 | D;=0.7 | D;=0.8
e | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000
0.2 | 0.49485 0.49672 0.49834 | 0.50736 0.50885 0.51012 | 0.51919 0.52033 0.52127
0.3 ] 0.76553 0.76808 0.77030 | 0.78003 0.78207 0.78379 | 0.79369 0.79526 0.79653
0.4 | 0.93971 0.94231 0.94456 | 0.95153 0.95360 0.95536 | 0.96264 0.96423 0.96553
0.5 | 1.05820 1.06037 1.06226 | 1.06508 1.06682 1.06830 | 1.07153 1.07287 1.07396
0.6 | 1.13983 1.14120 1.14238 | 1.14108 1.14217 1.14310 | 1.14222 1.14306 1.14375
0.7 | 1.19529 1.19550 1.19568 | 1.19144 1.19161 1.19175 | 1.18782 1.18795 1.18805
0.8 | 1.23152 1.23025 1.22915 | 1.22429 1.22327 1.22242 | 1.21751 1.21672 1.21609
h 1.26176  1.25749 1.25379 | 1.255564 1.25212 1.24924 | 1.24967 1.24704 1.24491

Table (4.1): Variations of velocity profile for different values of the Darcy number D,.

w Pure blood (® = 0.00) Copper Blood (® = 0.01) Copper Blood (¢ = 0.02)

T s =0.10 | s =0.15 | s =0.2 | s =0.10 | s =0.15 | s =0.20 | s =0.10 | s =0.15 | s =0.20
€ 0.00000 0.00000 0.00000 | 0.00000 0.00000  0.00000 | 0.00000 0.00000 0.00000
0.2 | 0.49979 0.49593 0.49013 | 0.51122 0.50371  0.49242 | 0.52205 0.51117 0.49481
0.3 | 0.77228 0.76701 0.75910 | 0.78530 0.77505  0.75965 | 0.79760 0.78275 0.76044
0.4 | 0.94657 0.94122 0.93317 | 0.95689 0.94647  0.93081 | 0.96661 0.95151 0.92882
0.5 | 1.06395 1.05946 1.05272 | 1.06958 1.06085  1.04773 | 1.07486 1.06222 1.04321
0.6 | 1.14344 1.14063 1.13639 | 1.14390 1.13842 1.13018 | 1.14432 1.13638 1.12444
0.7 | 1.19584 1.19541 1.19476 | 1.19187 1.19103  1.18977 | 1.18814 1.18692 1.18509
0.8 | 1.22817 1.23078 1.23471 | 1.22167 1.22676  1.23441 | 1.21556 1.22294 1.23402
h 1.25048 1.25928 1.27250 | 1.24673 1.26384  1.28957 | 1.24314 1.26794 1.30521

Table (4.2): Variations of velocity profile for different values of the slip constant s.
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Chapter 5

Impulsion of nanoparticles as a drug
carrier for the theoretical
investigation of stenosed arteries

with magnetic effects

In this chapter, hemodynamics of stenosis is discussed to predict effect of atherosclerosis by
means of mathematical models in the presence of uniform transverse magnetic field. The
analysis is carried out using silver and copper nanoparticles as a drug carrier for the theoretical
investigation of blood flow through inclined artery with composite stenosis. Exact solutions
for the fluid temperature, velocity and pressure gradient are obtained under mild stenosis
approximation. The expressions of current density distribution and axial induced magnetic
field are also computed. The results indicate that with an increase in the magnetic Reynolds
number and Strommers number resistance impedance to blood flow increases. Moreover, it is
concluded from graphical results that hemodynamic effects of stenosed arteries minimize more

effectively for Ag case when compared to other cases.
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5.1 Fundamental equation of induced magnetic field

The system is stressed by an external magnetic field of strength % and the total magnetic
field will be HY (H,(7, 2) + @, 0,H.(7, %)), where H, and H, are defined as the radial and
axial components of total magnetic field. The steady governing equations are

1. Maxwell equations are

vH" = 0, VE=0, (5.1)

V xH" = J, where J = o0 {E+ p.;(V x H)}, (5.2)
_ oHT

X /"Lef 8t Y ( )

2. Continuity and Navier Stokes equations are

V.V = 0, (5.4)

oV o _ - -
pnf <f)t + VVV) = _Vp + lL[/an2V + pnff + /’Lef('] X H+)7 (55>
From Egs. (5.2) to (5.4), we have

oH* _ 1 _
—— =Vx{VxH"} + ——V?H". (5.6)
ot Onfhef
in which E is defined as the induced electric field, J as the electric current density, V as the
velocity component, f as the body force and p as the pressure. For the proposed nanofluid

model o, represents the electrical conductivity, ., is the magnetic permeability, p,,¢ is the

density and p,,¢ is the nanofluid viscosity.
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5.2 Formulation of the problem

Fig. (5.1): Geometry of composite stenosed artery.

Consider the laminar and the incompressible blood flow in an inclined tube of length L. Let
us consider the velocity vector as V = (u,0,w), where % and w are defined as the velocity
components in the r and z directions respectively. Heat transfer phenomenon is taken into
account by giving temperature 77 to the wall of the catheter and Ty to the upper wall of the

inclined artery. The geometry of composite stenosis in dimensional form is given as

— 20 L
h(z) = e —+(z—d), d§2§d+70,
0
2 L L
— - o(ltcos—(z—d—22), d+2<z<d+ L,
Ly 2 2
= eo, otherwise, (5.7)

where d represents the position, Lo as the length, ¢ as the height, h(z) as the radius of the
stenotic segment, ey as the radius of the non-stenotic segment (normal artery), e as radius of

the catheter and 7 as the inclination angle. The governing flow equations for nanofluid in the

7



presence of induced magnetic effects can be written as

on u  ow
oH, H, OH.
o 7 T Y (5:9)
*@_F*@ — —@‘i‘ @‘Fl@‘i‘@_g + _8ﬁz
Pi\"or "oz ) T Tor M\ or Trar "oz #2) M\ or
0 (Hyoh —\\ — _
b (B4 ) VB o= Ty oy, (510
*aj_’_*aj — _@_’_ 827@4_182_}_627@ + Hioﬁ_’_ﬁ
Poi\"or "Woz) T Tz "M \o Tror Ta2) TH\F r
0H, 0O (H,h — — .
< = _0,2( = +Hr>> + 9(pY)ng(T — Tp)sinn,  (5.11)

o ( 0H. 9 (Hoh — (9 9\ (Hh  —
g (ot (2 ) = () (5 7)

— 0w = Oow
H,) i H, 55 (5.13)
o7 _oT T\ K.y (0T 10T 9T\  Qp
(775 %) = oy (5 * 50 Y 52) Ty O

For the proposed nanofluid model thermo physical properties are given as
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:U’nf . 1 :U’ef . 1 o
Tf - (1 — @)2.57 Lt - (1 — @)2.57 pnf - (1 - Q)pf + @psa

(PV)ng = (1 =@)(p7)s + (p7), (pcp)ns = (1= @)(pcp)s + (pcp)s,

Os
Knp _ (Ko +2Ky) — 28(Ky — K) Inf _ 3(3 1)@
Kf (K +2Kp) +®(K; - K)oy <&+2)—(ﬁ—1)q>’
of of
Ky 1
anf=-——, &up = . (5.15)
" (oep)ng” M upties
The non-dimensional variables are defined as
T w Lou e3p Qoed
r = — w=—, u= , p= , =
eo Up U0 UoLopty (Ih — T5)Ky
d eol (T, —T. T_-T
= 2 R, = 0 Opf’ GT:g’YfPf 0( 1 o), 9 — 0’
LO Mf ’U,(),u,f T1 - TO
z H2u H H
- £ g2_0Fe @mp _r p 22 po_ ) 5.16
S pu2 " T, TR T, T T 0T oke (5.16)

In the above equations S? represents the Strommers number and R,, is the magnetic Reynolds
number. Using Eq. (5.16), mild stenosis case §* = % < 1 and taking extra condition € = 7% ~

O(1), the constitutive Egs. (5.9) to (5.14) take the form

0H, H,
o 1
o + - 0, (5.17)
9p
L 1
ar 07 (5 8)
2
Oty _ 0w 10w, gp (h + Hr) (am) By Pef |
0z iy s or r or r or ) fnyp He
Ky (PY)ng G,0sinn, (5.19)

g (P7)f
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CH)- o)) e

o0 106 K
or?  ror Ky

p=0, (5.21)

where x = W The boundary conditions and geometry of stenosis in dimensionless form

gf  He
are defined as

h(z) = 1-25(z—d), d*gzgd*Jr%,
= 1—52*(1—‘1-00827T(Z—d*—;)), d*—l—%gzgd*—i—l,

= 1, otherwise. (5.22)

w = 0, §=0, and H,=H, =0 at r = h(z), (5.23)

w = 0, =1, at r=ec. (5.24)

5.3 Solution of the problem

The solution of Eq. (5.17) shows that H, = 0, substituting into Eq. (5.20) we get

OH, _ Bmhw . (5.25)

J: p—
0 or X T

Since Jy = 0 at » = h from Eq. (5.25), gives ¢; = 0, then replace it in Eq. (5.19). The exact
solutions of Egs. (5.19) — (5.21) using Eqgs. (5.23) and (5.24) are directly written as

~ Inh—Inr K(1-®)+K;2+®) I6]
O = Wh—mme <Ks(1 +20) + 2K (1 — @)) (4(lnh—ln6)> ((=r*+&%)
Inh+ (h—¢)(h+e)lnr + (—=h? + &%) Ine), (5.26)
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dp (1—@)*° VE(2VE(_~VE . 2Ky . VENE, —VE
dz(_4_|_K)(h2\/?_52\/?)T (WY 5 (=r + V) 4 rVReV R (—r

2 2_ VK 2+vVEK( 2VK _ _2VK Gr(1 - ‘I))2'5 _ Pss
e+ reVt)+h (r 5 ))+72(—4+K)2 (1 <I>)+<I>—pf’yf
8xor? 2372 2114 N a4 2xo12
Sy o iy e Ty L oy o &
)rVE(=hVE 4 VRNV VE (g5 4+ wg)r VE (RVE - p2VE)VE

nr)+

(905 — T

), (5.27)

2p2 . .
where K = % and flow rate is given as

h

P / rwdr. (5.28)

3

Using Eq. (5.27) into Eq. (5.28), we get the expression for pressure gradient as follows

_ _ PsTs
@ _ F $8$7((1 (I)) -+ (I)Pf’Yf) (5 29)
dz (1 — ®)25z4 ' ‘

The pressure drop from above Eq. (5.29) can be defined as

Ap- Oj(gg) 0

Using Eq. (5.30), the impedance resistance can be evaluated as

d* d*+3 d*+1
Ap
A= - = Da(2) |p=1 dz + Qa(2)dz + Qa(2)dz+
0 d* d*+3
L
[ 92() i (5.31)
d*+1

where
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o ) B l —F 4+ x8x7((1 — @) + @%) (5 32)
T F (1 — @)25a ' '
Using Eq. (5.32) into Eq. (5.31), we get
d*+5 d*+1
Ap

A= - = (L—=1)Q2)2 |p=1 + Q(z)2dz + Q(z)2dz. (5.33)

d* dx+1

2

The expression for axial induced magnetic field H, and the current density distribution Jy can
be obtained using Eq. (5.27) into Eq. (5.25) and from some straight forward calculation we

have

Je _ 1 dp((l - (I))Q,Shr—l—\/?Rm(hQ\/F(TQ'F\/E_

(—4 + K)(hzﬁ — 62\/?))( dz
52+\/K) + 7"‘/f<€\/f(7°‘/f€2 + 7“25\/?) + hQ’L‘/f(—rz\/f + 62\/f)))—|—

TohR,, 8xor? 2x37? 2zt X VK
— — 2350

STV S iy o i wray - Ty U
(25 — 26)r VE(=h2VE 4 p2VEY (g5 4 gg)r VE(—p2VE 4 p2VEK)

(h2\/R _ 52\/R) (hzx/f? _ 52\/?)

2xor?lnr

AT K (5.34)

1 dp 2.5 VK VK
H, = 1-®)*°(—4+ K)h Ry, (h
2t )R (VK Vi dz T Jhr (

rVE (=202 VE 4 BVE (R (~2 + VE) + VET?)) + 2(hVE - rVE)?
2VE | (Cop2VE L VE (22 1 V) — VEr2)e2VE)) 4 Lotm

4x
wa(=12+ K)(h—7)(h+7)  x1(=h*+7?) dxs5(1 - hﬁr*ﬁ) N
(—4+ K)? —16+ K JE
25 — o)V (WK — rVEP9(ag - ag)r K (0YE V)
VE (WK — eVE) VK (hVE + eVE)
2(x3(h —7)(h +7) + 22h?Inh — 2972 lnr)' (5.35)
(—4+ K)
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The wall shear stress is obtained by using Eq. (5.27) in following expression,

Sy, = —tnf <8w> , (5.36)
Ky or r=h

or

o _ (@ (h2+2VE (=2 4 VE) — 20VEVEVE 1 p2(2 + VE)e2VE)
" dz h(—4 + K)(h2VE — 2VE)

(2z3(—4+ K) + z2(4 + K))

ZT9 4{E1h4 h2
* h(1—<I>)2~5(_—16+K aosVE (—4+ K)2

T5 — Tg h\/F\/E T5 + Xg hﬁ\/f 2x9h%Inh

( ) - (5.37)

(—h2VE 4 e2VE)  (p2VE p 2Ky A+ K )] '

5.4 Appendix
[ Ks(1—-®)+ K;(2+®) . _ Bz, . _ —4+ Bro(h—e)(h+e)

CTAN\K,(1420)+2K,(1—-®) ) "t 4T 4(Inh — Ine) ’

. 1 2 2 . 1‘3h2 l‘lh4
x3_4(lnh—lnz—:)(ﬂxoe 4Inhlnh — Bx,h”Ine), x4 = 4—K+16—K+
12h?(4+ (=4 + K)Inh) e r36? N rpet 12624+ (=4 + K) Ine)

(4— K)? " T 4K T16—- K (4— K)? ’

_ 1 ((1 N @)2.5(_16h2+\/?m62+\/? + €2+\/?(h4

(4(—4 + K)2(h2VE — c2VEK))
2+ VE)? = (=24 VE)%) + BVE(—rY (=2 + VE)? + (2 + VE)2Y)),
1, 48h2xs 48¢%x¢  3(—20+ K)(h* —eYwy  12(h* — Y3

m7:@(_2+\/f 2+ VK 2+ VK —4+ K
8(=hS +e8a1  48(h —e)(h +e)(ws — wg)hVEVE  48(h% + €)(xs5 + z6)hVEVE
—16 + K (—4 + K)(hE — eVE) (—4 + K)(hE — eVE)

12z9(h*Inh — etlne) P PsY
, g = (1 — ®)*°G,sinn, xg = 25((1 — ) + P—=2).
S = (1= 975G, (1-o) @)
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5.5 Results and discussion

In order to discuss the implementation of the extended set of Navier-Stokes equations with
additional nanoparticle contributions and induced magnetic field we have plotted the graphs
of the axial induced magnetic field, current density, wall shear stress, impedance resistance
to blood flow, temperature profile and stream lines. The graphs are plotted with the help of
different emerging flow parameters by keeping constants such as ® = 0.07, R,, = 2, .S = 0.8,
=09 L=3 2=1506=02 F =003 R, =1,G, =2,d"=10,7n=0,7%, 5
(vertical, horizontal, inclined arteries). Figs. (5.2) to (5.7) are plotted for wall shear stress
investigation along z in the composite stenotic region. We observed here that for the stenotic
curve (1.0 < z < 1.5) wall shear stress starts increasing from the beginning of the stenosis
until a maximum constriction (i.e., throat) is obtained then decreases to reach the end of the
stenotic segment (1.5 < z < 2.0). Fig. (5.2) is plotted to show the effect of stenosis height §
on the wall of stenosed arteries. It is analyzed from this figure that with an increase in stenosis
height § stresses on the wall of stenosed arteries increases. The wall shear stress for different
values of inclination angle 7 is given in Fig. (5.3). It is found that the stresses on the wall of
horizontal composite stenosed arteries are higher when compared to the inclined and vertical
composite stenosed arteries. The graph with different variations of Strommers number S and
magnetic Reynolds number R, are discussed through Figs. (5.4) and (5.5). The influence of
the Strommers number S and magnetic Reynolds R,, on wall of the inclined stenosed arteries
depicts that the magnetic field become stronger with an increase in these parameters. Moreover,
these figures also show that the significantly strong magnetic field increases the stresses on the
wall of inclined stenosed arteries. Figs. (5.6) and (5.7) are plotted for different values of the
heat source parameter 8 and Grashof number G,. It is depicted from these figures that the
stresses on the wall of inclined stenosed arteries start decreasing with an increase in internal
heat source parameter and viscous forces. The resistance impedance to blood flow is important
to discuss the disease section properly and plotted here from Fig. (5.8) — (5.12) against the
stenosis height §. The resistance impedance to blood flow for different values of Strommers
number S and magnetic Reynolds number R,, is given in Figs. (5.8) and (5.9). It is depicted
from these figures that resistance impedance to flow increases because magnetic field becomes

more stronger with an in the values of the Strommers number S and magnetic Reynolds number
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R,,. This increase in the resistance is due to the fact that when magnetic field is applied to
the fluid the Lorentz force will oppose the flow, which tends to retard the flow of blood. The
effects of Grashof number G, and heat source parameter S on the wall of inclined stenosed
arteries are discussed in Figs. (5.10) and (5.11). It is observed from these graphs that with
an increase in Grashof number G, and heat source parameter 3 the resistance impedance to
blood flow decreases. In Fig. (5.12), it is observed that resistance to blood flow is little higher
for horizontal stenosed arteries as comparing to the vertical and inclined stenosed arteries. The
variation of current density distribution Jy along r (radial direction) is discussed through Figs.
(5.13) and (5.14). Fig. (5.13) is plotted to show that the influence of magnetic Reynolds number
R,, on current density distribution and concluded that strong magnetic field tend to decrease
in current density distribution between the region ¢ < r < 0.58, while tend to increase between
the region 0.58 < r < h. The effects of Strommers number S on current density distribution are
given in Fig. (5.14). It is depicted from this graph that current density distribution increases
between the region ¢ < r < 0.58, while the opposite trend is observed in the rest of the region
0.58 < r < h. The graphs of axial induced magnetic field are plotted through Figs. (5.15)
and (5.16). The variations of magnetic Reynolds number R, are discussed in Fig. (5.15). It
is observed from this figure that the axial induced magnetic field increases between the region
e < r <0.38, while decreases between the region 0.38 < r < h. Further, this graph also shows
that the axial induced magnetic field increases throughout the inclined stenosed arteries for pure
blood case with an increase in the values of the magnetic Reynolds number R,,. Fig. (5.16)
is plotted to discuss the effects of Strommers number S and observed that the axial induced
magnetic field decreases between the region ¢ < r < 0.38, while the opposite trend is observed
between the region 0.38 < r < h. The variations of temperature profile against radial direction
r are plotted through Figs. (5.17) — (5.18) for different values of interest. The temperature
profile is plotted for different values of the heat source parameter $ and nanoparticle volume
fraction ®. It is observed that temperature profile increases with an increase in the values of the
heat source parameter S and decreases for different values of the nanoparticle volume fraction
®. Stream lines by trapping represent an interesting phenomenon for blood flow patterns of an
internally circulating bolus between the catheter and the artery wall. This flow pattern has been

discussed here through Figs. (5.19) to (5.24) for silver and copper nanoparticles. The trapping
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phenomenon shows that the size of trapping bolus increases for the copper nanoparticles case.
Figs. (5.19) and (5.20) are prepared to discuss the effects of stenosis height § and it is observed
from this blood flow pattern that the number of trapping bolus increases by the closed stream
lines. From Figs. (5.21) and (5.22), it is observed that the significantly strong magnetic field
tend to increase in the size of trapping bolus with an increases in the values of the magnetic
Reynolds number R,,. The effects of Strommers number S are given in Figs. (5.23) and
(5.24). It is depicted from these stream lines patterns that with an increase in the values of
Strommers number S magnetic effects enhance the trapping phenomenon. The tables (5.1) and
(5.2) are illustrated to show the variations of velocity profile for different values of the magnetic
Reynolds number R,, and Strommers number S against radial direction r. Tables (5.1) and
(5.2), shows that with an increase in the values of the magnetic Reynolds number R, and
Strommers number S velocity profile decreases near the wall of the catheter between the region
e < r < 0.5, while increases near the wall of the inclined composite stenosed arteries between

the region 0.5 < r < h.

| Pure Blood
= = = CuBlood

rz

Fig. (5.2): Variation of wall shear stress for different values of the stenosis height 4.
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Fig. (5.4): Variation of wall shear stress for different values of magnetic Reynolds R,.
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Fig. (5.6): Variation of wall shear stress for different values of the heat source parameter [.
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Fig. (5.7): Variation of wall shear stress for different values of the Grashof number G,.
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Fig. (5.8): Variation of resistance impedance for different values of Strommers number S.
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Fig. (5.9): Variation of resistance impedance for different values of magnetic Reynolds R,,.
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Fig. (5.10): Variation of resistance impedance for different values of Grashof number G,.
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Fig. (5.11): Variation of resistance impedance to blood flow for different values of heat

source parameter (3.
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Fig. (5.12): Variation of resistance impedance to blood flow for different values of inclination

angle 7.
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Fig. (5.13): Variation of current density distribution for different values of magnetic

Reynolds R,,.
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Fig. (5.14): Variation of current density distribution for different values of Strommers

number S.
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Fig. (5.15): Variation of axial induced magnetic field for different values of magnetic

Reynolds R,,.
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Fig. (5.16): Variation of axial induced magnetic field for different values of Strommers

number S.
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Fig. (5.17): Variation of temperature profile for different values of the heat source parameter

3.
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Fig. (5.18): Variation of temperature profile for different values of the nanoparticle volume

fraction ®.
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Figs. (5.19): Blood flow pattern (Cu nanoparticles) for (a) § = 0.25, (b) 6 = 0.27, (c)

0 =0.29.
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Figs. (5.20): Blood flow pattern (Ag nanoparticles) for (a) 6 = 0.25, (b) 6 = 0.27, (c)
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Figs. (5.21): Blood flow pattern (Cu nanoparticles) for (a) R,, = 0.36, (b) R, = 0.38, (c)

R, = 0.40.
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Figs. (5.22): Blood flow pattern (Ag nanoparticles) for (a) R, = 0.36, (b) R,, = 0.38, (c)

R, = 0.40.
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Figs. (5.23): Blood flow pattern (Cu nanoparticles) for (a) S
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=3.9, (b) S =4.0, (c) S =4.1.
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Figs. (5.24): Blood flow pattern (Ag nanoparticles) for (a) S = 3.9, (b) S =4.0, (c) S =4.1.
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w Pure blood (® = 0.00) Copper Blood Silver Blood

r | Rp=20| Rp,=3 | Rpy=4 | Rn=2 | Rp=3 | Ryn=4 | Rp=2 | Rp,=3 | R,=4
e | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000
0.2 | 0.05591  0.05048 0.04605 | 0.07880 0.06873 0.06099 | 0.08854 0.07717 0.06842
0.3 | 0.08465 0.07889 0.07405 | 0.11071 0.10024 0.09190 | 0.12168 0.10997 0.10065
0.4 | 0.09883 0.09489 0.09145 | 0.11919 0.11218 0.10634 | 0.12759 0.11986 0.11344
0.5 | 0.10151 0.10001 0.09861 | 0.11162 0.10912 0.10682 | 0.11565 0.11299 0.11055
0.6 | 0.09417 0.09491 0.09545 | 0.09301 0.09450 0.09552 | 0.09237 0.09412 0.09534
0.7 | 0.07789 0.08010 0.08197 | 0.06770 0.07172 0.07496 | 0.06343 0.06792 0.07153
0.8 | 0.05356  0.05609 0.05832 | 0.03983 0.04430 0.04805 | 0.03420 0.03912 0.04323
h 0.00000  0.00000 0.00000 | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000

Table (5.1): Variations of velocity profile for different values of the magnetic Reynolds R,,.

w Pure blood (® = 0.00) Copper Blood Silver Blood

r 5=03 | S=0.6 | S=09 | S=03 | S=0.6 5=09 | S=03 | S=0.6 | S=0.9
€ 0.00000 0.00000 0.00000 | 0.00000 0.00000  0.00000 | 0.00000 0.00000 0.00000
0.2 | 0.06872 0.06176 0.05288 | 0.10537 0.09041  0.07310 | 0.11852 0.10165 0.08211
0.3 | 0.09764 0.09067 0.08146 | 0.13690 0.12238  0.10484 | 0.15099 0.13473 0.11511
0.4 | 0.10726 0.10281 0.09667 | 0.13557 0.12667  0.11530 | 0.14571 0.13585 0.12330
0.5 ] 0.10432 0.10290 0.10070 | 0.11654 0.11401  0.11026 | 0.12090 0.11821 0.11421
0.6 | 0.09218 0.09330 0.09460 | 0.08853 0.09112  0.09387 | 0.08721 0.09018 0.09338
0.7 | 0.07295 0.07559 0.07911 | 0.05779 0.06326  0.06995 | 0.05235 0.05847 0.06594
0.8 | 0.04816 0.05101 0.05495 | 0.02940 0.03507  0.04231 | 0.02269 0.02895 0.03693
h | 0.00000 0.00000 0.00000 | 0.00000 0.00000  0.00000 | 0.00000 0.00000 0.00000
Table. (5.2): Variations of velocity profile for different values of the Strommers number S.
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Chapter 6

Nanoparticles analysis on blood flow
through tapered catheterized elastic

artery with overlapping stenosis

The main purpose of this chapter is to examine the analysis of blood flow between an arterial
stenosis and a uniform catheter by using Buongiorno’s model. The nature of blood through
coaxial tubes is considered as nano viscous fluid. The mild stenosis approximation and corre-
sponding boundary conditions are used to obtain analytic expressions for axial velocity, temper-
ature distribution, nanoparticles concentration, wall shear stress and resistance impedance to
flow. The model is also used to study the consequence of thermophoresis parameter and Brown-
ian motion number on the blood flow through stenosed arteries by plotting graphs of wall shear
stress and resistance to blood flow. This considered phenomenon presents that the thermal
conductivity of the nanofluid enhanced only due to increase in Brownian motion number and

hence also useful to minimize the hemodynamic effects of stenosis.

6.1 Fundamental equation of Buongiorno’s model

The heat and nanoparticles concentration phenomenon is taken into account by giving tempera-
ture T, and concentration C, to the wall of the catheter, while temperature 77 and concentration

C1 to the wall of the artery. Expression of the law of conservation of mass, temperature and
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nanoparticles concentration is given as

divV =0, (6.1)
A 9 — —

Prgr = VP + VIV + prgou(T = T1) + pygac(C — Cy), (6.2)

dT k : (pC) |: g : <DT) : _:|
- = V2T + 2\ DpVC VT + | =L ) VT.VT|, 6.3
dt  (pc)y (pe)s [7F Ty 03

ac T2/ Dy 2

= =DV C+<T1>VT, (6.4)

in which Dg is defined as the Brownian diffusion coefficients and D7 as the thermophoretic

diffusion coefficient respectively. Also, 7 = Ep )p

Pe) f
capacity in the case of nanoparticle material and heat capacity of the fluid.

describes the ratio between the effective heat

6.2 Mathematical formulation

The governing equations for nano viscous fluid by using Egs. (6.1) to (6.4), can be written as

o u  ow
P (6:5)
@4_*@4_*@ _—@4‘ 82ﬂ+1@+82ﬂ_ﬂ (66)
Pi\ei "or T8z ) T Tor T\ TFor 92 =) '

ow _ow _ow\ Op (0w 10w Ow — —
Py (at +U§ +U)62> = *£ + <37‘2 + %ﬁ + 8Z2> +Pf9at(T*Tl) +pfgac(cfcl)7
(6.7)
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oF oz /) o2 FOr 072 or or | 0z 0z
— 2 — 2
Dz | (0T oT
i { (5) +(5) } ’ (05)
ﬂ@+w@ = D= 8276+1@+82£ +& 8224_1@_’_822 (69)
oF 0z ) TEB\orr TFor 022 T, \or2  7or 0z2)° ’

For the above equation oy describes the coefficient of thermal expansion and «.. as the coefficient

of thermal expansion with nano concentration. Non-dimensional variables are defined as

7 z w Lou _ e2p . tu,
r — J— Zz = — w = — u = fry = -—_—
eo’ Lo’ Uo Ul uoLop’ Ly’
L T-T Cc-C DTy — T
Rep = OUO,O’ 0= 1, o= 1, N; = (pC)p T< 0 1)
1% Tg — T1 C() — C'l Tl(pc)foz
o = _F N, = (pc)pDp(Co — Cl), B — pgaced(Co — 01),
(pc)y (pc) s [t
2(Ty — T
g, = uado=h) (6.10)
[t

Here Nj defined as Brownian motion parameter, B, as the local nanoparticle Grashof number,
G, local temperature Grashof and Ny as the thermophoresis parameter. Using above Eq. (6.10),
mild stenosis case 0* = % < 1 and extra condition € = % ~ O(1), the constitutive Eqgs. (6.6)

0 (6.9) can be written as

op
or

== (o (5
N R ) SR
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CEEENRCER) e

The geometry of stenosis in dimensionless form is defined as

4 2
h(z, t) = [(Cz+1)—dcosp(z —d*){11 — 9g(z —d*) +32(z — d*)? - %
3
(z = d)* Y (), & <z<d+3,
= (Cz+1)Qi(t), otherwise, (6.15)
where corresponding boundary conditions are defined as
w=0 at r="h(z), w=0 at r=c¢, (6.16)
0=0 at r=h(z), 6=1 at r=¢, (6.17)
c=0at r=~h(z), o=1 at r=c¢, (6.18)
where in above
0" d
0=—, d" =—. 6.19
Ca- (6.19)

6.3 Solution of the problem

For the solution of Egs. (6.13) and (6.14), HPM suggest that we can write these equation as

follow

H(X,0) = (1 -%)[[(0) - T(010)] + X

T(6) + N, (gf) @;) + N, (giﬂ o (6.20)
H(S,0) = (1 - %) [[(0) — T(010)] + & [F(a) + ]]\\g (iaar Ggi))} . (6.21)
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The linear operator and the initial guesses are chosen and defined as

10 0 10 0
B0 =5 <a> Do =25 <a> ’ (6.22)

Dro(r, ) = — (2:3) Coro(r ) = — <2:’;) | (6.23)

According to HPM, we may define as

0 = 6Op+301+...,

o = oo+X01+.., (6.24)

Making use of Eq. (6.24) into Eqgs. (6.20) and (6.21) for ¥ — 1, the expressions of temperature

and nanoparticles concentration are written as

r—nh 1
h_e 4(Inh —Ine)(h — 5)2(
(r?(Inh —Ine) + h2(—In7 +Ine))(Ny + Ny) — 4((h +7)

0 =— 4h(rlnh — hlnr+ (h —r)lne)—

Inh —2hInr + (h—r)lne)e + (Inh — Inr)(4 + Ny + Np)e?), (6.25)

r—nh N (Ny+ Ng)(rlnh — hlnr + (h—r)lne+ (—Inh +Inr)e)

h—e (Inh —Ine)Ny(h —¢) (6:26)

o=

Using Eqs. (6.25) and (6.26), we can find exact solution for axial velocity of Eq. (6.12)
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dpr?*(Inh —Ine) + h*(—Inr +Ine) + 2(—Inh+Inr) N
dz 4(Inh —Ine)

1 9 )
T T — 36 h(16 9c3h))1 —h*(36c1 —
(i h — gV (36¢1 = 36ca +R(16cz +9esh)) Inr + (=h7(36e1
36¢c4 + 16coh + 903h2) + 36(c1 — 04)7“2 + 16¢27> + 9csr + 36¢472 In r)
Ine — Inh(r?(36¢; — 36¢4 + r(16c2 + 9csr)) + 36¢4((—h? + 72) Inr +

h%Ine)) + (Inh — In7)e(36(c1 — cq4 + calne) + 16¢oe + 9eze?)). (6.27)

Flow rate is given as

h
F = /rwdr. (6.28)

)

Using Eq. (6.27) into Eq. (6.28), we get the expression for pressure gradient as follows

dp F —ce(z2)

= o0 (6.29)

Since F' is constant for all sections between the two coaxial tubes, the pressure drop across the

length of the overlapping stenosis is given as

Ap = O/L (-jﬁ) dz. (6.30)

Using above Eq. (6.30), the impedance resistance can be evaluated as

d* d*+3 L
A
A= 7]) = /23(2) |h:((z+1)Q1(t) dz + / Qg(z)dz + / E(Z)g ‘hz((z+1)Q1(t) dz s (6.31)
0 d d*+3

where
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3(z) = ;(W) (6.32)

Y3(2) = Q3(2)|h=(c2+1)Q1(1)- (6.33)

Expression for the wall shear stress is given as

dp 1 ) 2
- T4z —1+2Inh—21
Srz dz l44h(]nh _ lng) (36(h ( +2Inh HE) +e )) +

1
(144h(Inh —Ine))
(6c1 — 6¢q4 + 4cah + 3csh? + 6c41n h) +12(6¢1 — 3cq + 4coh + 3cs

(h%(36¢; — 36¢4 + h(16¢ + 9csh) — 121Inh

h? 4 6cylnh)Ine) — %(36(c1 — ¢4 + calne) + 16cae® 4 9eze?)). (6.34)

6.4 Appendix

1
(4(Inh —Ine)Ny
Ine +e2Inh) + Ny(4(B, + G,)(h —e)*Inh + G, Ny(=h%Ine + £21n h))),
B.N, —Go(Ny+ Ny) 1
N Ah—e)2 4T 4mh—Ine)Ny(h— <)
(4B, Ny(—h + &) + G.NE(h + €) + Ny(—4(B, + G,)(h — ) + G, Ny(h + ¢))),
1
" 16(Ink — Ine)
1
~ 2880(Inh — Ine)
c1 — 105¢4 + 4h(8ca + Hegh) + 60cy In h) — 3(60c; — 45¢4 + 4h(8co + Sesh)+

(4B, Ni¢(h —€)(hlne —elnh) + GTNE(—h2

Cc1 =

(h — 5)2, c3 =

C2

(R*(1 —Inh +1Ine) — 2h%% + (1 +Inh — Ine)e?),

Cs

ce (h*(=5(36¢1 — 36¢4 + h(16¢3 + 9esh)) 4+ 3(In k) (60
60csInh)Ine) + €2(5h%(72¢1 — T2¢4 + h(16¢o + 9czh) + 36¢4(In h+

Ine)) + £(80coh? + e(45(—4cy + 4eq + c3h? + (Inh)(—4ey + 3¢4 — degIne)+
(Ine)(4er — Teqg +4eqlne)) — 16c2(5b +61Inh — 61lne)e — 15¢3(3 + 4Inh—

41ne)e?)))).
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6.5 Results and discussion

In order to understand the quantitative effects of thermophoresis parameter N; and Brownian
motion number Ny, we have plot the graphs of wall shear stress, impedance resistance to flow,
nanoparticles concentration, temperature distribution and axial velocity by considering three
distinct arteries. The graphs are plotted by keeping the parameter constant such as B, = 2,
L=3,§=02 F=001d =0.75,G, =2, ap =01, w="7.854, z=1.5,t = 0.5, Ny = 2.0,
N, = 2.0, ¢ = 0.1. Figs. (6.1) and (6.2) are plotted to observe the influence of axial velocity
w on blood flow through overlapping stenosis. From these figures, it is observed that velocity
profile increases near the wall of the catheter (0.1 < r < 0.65 (¢ < 0), 0.1 <r <0.70 (¢ > 0),
0.1 <7 <0.67 (¢p = 0)) with an increase in the values of Brownian motion number N}, and
decreases with an increase in the values of thermophoresis parameter N;, while the opposite
trend is observed near the wall of arteries in the segments between (0.65 < r < h (¢ < 0),
0.70 < r < h (¢ >0), 067 <7 < h (¢ =0)). The variations of temperature distribution 6
for different values of thermophoresis parameter N; and Brownian motion number N} are given
in Figs. (6.3) and (6.4). It is analyzed that temperature profile increases with an increase in
the values of thermophoresis parameter N; and Brownian motion number Ny near the wall of
arteries between the interval 0.35 < r < h, while the opposite trend is observed between the
interval ¢ < r < 0.35. This temperature profile pattern shows that the random motion of the
nanoparticles is dominating near the wall of the arteries then near the wall of the catheter.
The variations of nanoparticles concentration profile o for different values of thermophoresis
parameter N; and Brownian motion number N, are presented in Figs. (6.5) and (6.6). It is
observed from Fig. (6.5), that nanoparticles concentration profile o increases with an increase
in Brownian motion number ;. This result justifies that with an increase in random motion of
particles the density of fluid increases which also enhance the mass flux and hence nanoparticles
concentration profile increases. From Fig. (6.6), it is depicted that nanoparticles concentration
profile decreases with an increase in thermophoresis parameter N;. At the end, it is concluded
from these results that for thermophoresis parameter and Brownian motion number temperature
profile possess same behavior, while opposite trend is observed for nanoparticles concentration
profile. In Figs. (6.7) and (6.8) the variations of wall shear stress versus z is plotted between

the stenotic segment 0.75 < z < 2.25 to understand the development of arterial disease with
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different flow parameters. We can see that wall shear stress gives higher results for convergent
tapering as associated with other tapering arteries. The variation of wall shear stress for
different values of Brownian motion number N and thermophoresis parameter N, versus axial
distance z is given in Figs. (6.7) and (6.8). It is illustrated from these graphs that stresses
on the wall of arteries decreases with an increase in NV, and this increase in random motion
of nanoparticles accelerates the flow of blood to minimize stresses, while opposite behavior
is taken into account for thermophoresis parameter N;. Figs. (6.9) and (6.10) presented to
observe the variation of the resistance impedance to flow along the maximum height of stenosis
0 for different values of tapering angle ¢. It is analyzed that resistance impedance to flow gives
higher results for converging tapering as comparing to other tapering arteries. Fig. (6.9) is
plotted for different values of thermophoresis parameter N;. It is observed from this graph
that resistance impedance to flow increases with an increase in Vy. The resistance impedance
to flow for Brownian motion number N is plotted in Fig.(6.10). This figures depicts that the
random motion of particles enhanced the thermal conductivity of the nanofluid due to which
resistance to blood flow decreases. Figs. (6.11) and (6.12) are plotted versus time ¢ for almost
four and three cardiac phases. In these graphs we can see that the magnitude of first cycle starts
decreasing to obtain its minimum then starts increasing to obtain its maximum then replicate
its form again to obtain the starting point of the second cycle and so on. It is also observed
that these graphs decay as the time ¢ increases. The trapping phenomenon for the blood flow
in an overlapping stenosed artery is discussed through Figs. (6.13) to (6.15). The stream line
phenomena for tapering effects are plotted in Fig. (6.13). It is observed from this flow pattern
that trapping bolus shift towards lower side for divergent tapering, while shift towards upper
side for convergent tapering. The trapping for thermophoresis parameter N; and Brownian
motion number Ny is discussed through figs. (6.14) and (6.15) and it is observed that trapping
increases with an increase in the values of Brownian motion number N, and thermophoresis

parameter N;.

110



= = = .Diverging tapering
«e«<<--« Converging tapering
Non-tapered artery

0.2 04 0.6 08 !
r

— = — -Diverging tapering
+e«<---« Converging tapering
Non-tapered artery

0.2 0.4 0.6 08 1
r

Fig. (6.2): Variation of axial velocity for different values of thermophoresis parameter Ny.
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number Np.
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Chapter 7

Single wall carbon nanotube
(SWCNT) examination on blood
flow through a multiple stenosed
artery with variable nanofluid

viscosity

In this chapter, the theoretical model which deals with the analysis of variable viscosity and
thermal conductivity of a single wall carbon nanotube within the considered base fluid flowing
through multiple stenosed arteries is presented. A mathematical model is presented for the mild
stenosis case and then solved by using symmetry boundary conditions to determine the exact
solution of temperature, axial velocity and pressure gradient. The main hemodynamics due to
multiple stenosis are also computed under the influence of an SWCNT. Numerical simulations
are presented for the SWCNT with different values of nanoparticles volume fraction. The
behavior of fluid flow for blood based SWCNT is discussed through graphs and streamlines. It
is found that the resistance to blood flow increases for SWCNT case as compared to the pure

blood case.
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7.1 Mathematical formulation

Fig. (7.1): Geometry of multiple stenosed artery.

The axis-symmetric geometry of stenosis in dimensional form is given as

>
—

I
~—

I

el = (LY Nz —d;) — (Z—di)")] di <% <d;+ Lo,

= eo, otherwise, (7.1)

where (i = 1, 2, 3) the radius of the non-stenotic arterial segment is eg, length of stenosis is
L,, d; measures the location of the stenosis and n > 2 determines the shape of stenosis. The

parameter n* is defined as

5nn21
e 7.2
K eoL?(n—1) (72)

The governing equations for conservation of mass, momentum and temperature for variable

viscous nanofluid for a vertical stenosed artery can be written as,
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ou uw ow
5 % % =0, (7.3)
O 0p 10 (w0 ( (0w 0w
P\ "or T Yoz o ror \" Mo ) T oz \I'i\ a7 T or
u
Pnf 7 z) = oz ror M\ 5z " or oz \“Hni oz
+9(pYV)ng (T — To), (7.5)

_ _ _ - _ -
<887‘5 +ﬂ%§ i wZZ) B (Pi:;if @W:g i %%Z i 80§> (pgo())nf' =
In the above equations for the proposed nanofluid model f,,; is the variable nanofluid viscosity,
Ky is the thermal conductivity, p, is the density, 7, ¢ is the thermal expansion coefficient
and (pcp)ny is the heat capacitance. The thermo physical properties with variable nanofluid

viscosity is given as,

1y (0) Koy
= = — =(1-o P
K f (1 — @)2_57 Qnf (pcp)nf, Pnf ( )pf R f S

(pcp)nf =(1- (I))(pcp>f + (I)(pcp)SWCNT7 (pV)nf =(1- (I))(P’Y)f + @0V swenrs

. k kswonTtky
an _ (1—-®)+29 ks;g/]\%v—ka In 2%, ‘
Kp (1= ®) 4+ 205t In SOt

(7.7)

For the base fluid p; is the density, us is the viscosity, v is the thermal expansion coefficient,
(pcp)s is the heat capacitance and kf is the thermal conductivity, while for single carbon

nanotubes p. . is the density, is the thermal expansion coefficient, (pcp)

rySWCNT SWCNT

is the heat capacitance, kgywont is the thermal conductivity and ® is the volume fraction.

Reynolds model’s of viscosity is defined as
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s (6) = 1o, (78)

where « is defined as coefficient of Reynolds model’s of viscosity. Non-dimensional variables

are defined as

T w Lu e2p Qoed L
r=—w=—u=—F(, p= ) = 7L:77
€o Ug U0 UoLofh, Toky Lo
2 = _
eol ed 1 T-T,
Ren — 0 Opf’ . — gf}/fpf 0 0’ 9 _ O’ y = i' (7'9)
Ho Uo Mo T L,

Using the mild stenosis case §* = % < 1 and taking the extra condition € = %‘1 ~ O(1), the

constitutive Eqgs. (7.4) to (7.6) can be written as

dp

E — 07 (7-10)
Op 10 (pap(0) [ Ow (PYV)ns
dz  ror ( Lo "or * (p)f Gif, (7.11)

0%0 100 K
A Ny Rk

or?  ror K, f =0 (7.12)

Boundary conditions and geometry of stenosis in dimensionless form are defined as

hMz)=1-n((z—0i)) —(z2—0))")] 0 <z<o0;+1,

=1 otherwise. (7.13)
w=0, =0, at = h(z), (7.14)
ow 00

270 = = = 1

o 0, 5 0 at r =0, (7.15)
where
St 5 d;

= 0= df = . 1

7] (n _ 1) Y 60 ) 1 Lo (7 6)



7.2 Solution of the problem

The exact solutions of Egs. (7.11) and (7.12) using Eqgs. (7.14) and (7.15) are written as

(1— @)+ 20|y bswonrthy

2 2
r—h kswenT—ky 2k
=8 ( ) , (7.17)
)| (- )+ adp o iy e

w = @(1 — $)2° <m3(r2 — %) malr” h4)> + <(1 — D) + @(pV)SWCNT>

dz 4 8 (P7)s
2 _ .2 4 _ .4 6 _ .6
Go(1— @)% ms(h® — 1) N me(h* — 1) n myz(h® —1r°) . (7.18)
2 4 6
Flow rate is given as
h
F = /rwdr. (7.19)
0

Substituting Eq. (7.18) into Eq. (7.19), we obtain an expression for the pressure gradient as

follows

dp T - mo(a)(1 - @) ((1- @) + @psment ) s

e N R — (7.20)

The pressure drop between the segment z = 0 to z = L through the stenosis that is calculated

from above Eq. (7.20) can be defined as

. j(gg) o

Using Eq. (7.21), the impedance resistance can be given after simplifying all the stenotic and

non-stenotic segments as
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o1 o1+1 o2

A
A:F?:/Q4(z)|h1dz+ /94(z)d2+ /94(z)|h1dz+
0

o1 o1+1
oa+1 g3 o3+1
/ Qu(2)dz + / Qu(2)prd + / Qu(2)dz+
o2 o2+1 03
L
/(24(z)]h:1dz,
o3+1

where

| (me(2)(1 - ®)%3 (1 - @) + e hsmenr ) it p
mg(2)(1 — ®)25h4 )

Substituting Eq. (7.23) into Eq. (7.22), we have

A o1+1 o2+1 o3+l
A= ?p = (L —3)mio + / Qa(2)dz + / Qu(z)dz + / (2)dz.
o1 o2 g3

Expression for the wall shear stress is given as

Srz = Mnf <aw>
o \OT ) .1

Substituting Eq. (7.18) into Eq. (7.25), we have

C(1-®)28 ms*m4h2 <

—msh — mgh® — m7h®) + —p
d

()¢
(1-)*°

5 (msh — m4h3)> .
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7.3 Appendix

ky kswenT+ky
I (1-2@)+ 2Py one =k T ag, ma () = B ma(2) Bh%m,
° _ k kswenT+ks | ? T4 = 4
(1—-®)+ 2¢kSV§ZV]$;kaf In 2%,
ma(z)ms(z ma(z)my(z
ma(2) = 1+ ama(z), ma(2) = am(2), ms(z) = T2 (o) mEImaE)
mi(z)ms(z mo(z)my(z m mah? m
me(z) = — it )4 3(2) _ maf )2 4l ), mg(z) = —1—634-7244 , mo(z) = G, (?54-

meh?  mrh?
12 16

), m10:Q4(z)|h:1701:d’{, O'QZdT‘i“d;“i“l, UgZdTer;er?;‘FQ.

7.4 Thermophysical properties of blood and SWCNT

Some experimental values of parameters useful for next section are given as

Physical properties | blood | SWCNT
cp(J/kgK) 3594 | 425
p(kg/m?) 1063 | 2600
K(W/mK) 0.492 | 6600

v x 107%(1/K) 0.18 | 1.5

Table (7.1): Thermo physical properties.

7.5 Results and discussion

For evaluating reliability and accuracy of our exact solutions numerical measures of the pertinent
parameters are lighted through graphs in this section of chapter 7. The graphs of temperature,
wall shear stress and resistance impedance to flow are plotted for the heat source parameter
B, Grashof number G,, viscosity parameter «, stenosis shape n and height of the stenosis §
respectively. These graphs are considered for pure blood and SWCNT (& = 0.04, & = 0.07)
cases by keeping parameters constant such as g = 2.0, G, = 2.0, § = 0.1, F' = 0.06, n = 2,
di = dj = d3 = 0.5, « = 0.01, z = 2.5, L = 5. The magnitude of wall shear stress is very
essential to understand arterial disease because of its strong correlation with constriction of the

arteries. The graphs of wall shear stress along axial displacement are plotted in Figs. (7.2)—(7.6)
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for different cases. It is observed from these figures that wall shear stress having stenosis gives
higher results for SWCNT case when compared to the pure blood case. From these figures it
is concluded that for the first stenotic region the wall shear stress starts increasing from the
beginning of the stenosis until a maximum constriction (i.e., throat) is attained, then start
decreasing to reach the end of the stenotic section (0.5 < z < 1.5). This statement is also true
for other stenotic segments of multiple stenosis (2.0 < z < 3.0) and (3.5 < z < 4.5). Fig. (7.2),
It is interesting to note that symmetry of considered stenosis is destroyed with an increase in
stenosis shapes. The wall shear stress for different values of the stenosis height § is plotted
in Fig. (7.3). It is observed that the significance of wall shear stress is directly proportional
to the maximum height of stenosis. Figs. (7.4) — (7.5) are plotted for different values of the
heat source parameter 5 and the Grashof number G,. The stress on the wall of the arteries for
the different cases decreases with an increase in the values of the heat source parameter 5 and
the Grashof number G,. The wall shear stress for different values of the viscosity parameter «
is plotted in Fig. (7.6). It is important to note here that the significance of wall shear stress
decreases with an increase in the values of the viscosity parameter a. Stresses on the wall of the
arteries are higher for constant nanofluid when compared to the variable nanofluid viscosity.
The resistance impedance to flow is plotted against the maximum height of stenosis in Figs.
(7.7) —(7.10). These graphs depict that resistance impedance to flow increases with an increase
in the maximum height of stenosis and gives higher results for the SWCNT case as compared
to the pure blood case. The resistance impedance to flow for different values of Grashof number
G, and heat source parameter 3 is given through Figs. (7.7) — (7.8). Resistance impedance
to blood flow decreases with an increase in the values of Grashof number GG, and heat source
parameter 5. In Fig. (7.9) we observe that resistance in blood flow through diseased arteries
decreases with an increase in the values of the stenosis shape n. The variations for different
values of viscosity parameter a for pure blood and SWCNT are depicted in Fig. (7.10). it is
analyzed that resistance to blood flow decreases with an increase in the viscosity parameter
a and resistance to flow is higher for constant nanofluid viscosity then for variable nanofluid
viscosity. It is concluded from this result that viscosity of the fluid plays significant roll to
circulate the flow properly during diseased state of the artery. The temperature profile for

different values of the stenosis height § and the heat source parameter 8 are given in Figs.
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(7.11) and (7.12). Temperature profile decreases with an increase in the values of stenosis
height §, while increases with an increase in the values of heat source parameter 8. Trapping,
describing an interesting phenomenon for the blood flow pattern in an artery having stenosis
is discussed in Figs. (7.13) — (7.16). In Fig. (7.13), we observe that the symmetry of trapped
bolus destroyed with an increase in the values of stenosis shape n. The trapping phenomenon
for stenosis height § is given in Fig. (7.14). The number of trapping bolus increases with the
closed stream lines. The important significance of nanoparticles volume fraction ® is discussed
in Fig. (7.15). The trapping bolus decreases with an increase in the nanoparticle volume
fraction as compared to the pure blood case ® = 0.00. Fig. (7.16) shows the effects of viscosity
parameter « and observed that the trapping bolus increases for variable nanofluid viscosity as
compared to constant nanofluid viscosity. Tables (7.2) and (7.3) illustrate for different values
of stenosis shape n, velocity profile and temperature profile give maximum results at » = 0 that
is the axis of symmetry. From table (7.2), it is observed that the temperature profiles increases
throughout the stenosed artery between —h < r < h. The table (7.3) shows that the velocity
decreases at the center of the arteries with an increase in values of the stenosis shape n between

the region —0.6 < r < 0.6, while the opposite trend is observed near the wall of the arteries.
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Fig. (7.2): Variation of wall shear stress for different values of stenosis shape n.
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Fig. (7.3): Variation of wall shear stress for different values of stenosis height 6.
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Fig. (7.4): Variation of wall shear stress for different values of Grashof number G,.
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Fig. (7.5): Variation of wall shear stress for different values of the heat source parameter 3.
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Fig. (7.6): Variation of wall shear stress for different values of the viscosity parameter a.
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Fig. (7.7): Variation of resistance impedance for different values of the Grashof number G,.
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Fig. (7.9): Variation of resistance impedance for different values of the stenosis shape n.
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Fig. (7.12): Variation of temperature profile different values of the heat source parameter f.
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0 Pure blood (® = 0.00) SWCNT (¢ = 0.04) SWCNT (¢ = 0.07)

r n =2 n=7 |n=11 | n=2 n=7 |n=11 | n=2 n=7 |n=11
h 0.00000  0.00000 0.00000 | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000
0.8 | 0.09405 0.11108 0.11912 | 0.05423 0.06405 0.06869 | 0.04043 0.04775 0.05121
0.6 |0.23405 0.25108 0.25912 | 0.13496 0.14478 0.14942 | 0.10061 0.10793 0.11139
0.4 |0.33405 0.35108 0.35912 | 0.19262 0.20244 0.20708 | 0.14360 0.15092 0.15438
0.2 |0.39405 0.41108 0.41912 | 0.22722 0.23704 0.24168 | 0.16939 0.17671 0.18017
0.0 | 0.41405 0.43108 0.43912 | 0.23875 0.24857 0.25321 | 0.17799 0.18531 0.18877
-0.2 | 0.39405 0.41108 0.41912 | 0.22722 0.23704 0.24168 | 0.16939 0.17671 0.18017
-0.4 | 0.33405 0.35108 0.35912 | 0.19262 0.20244 0.20708 | 0.17799 0.15092 0.15438
-0.6 | 0.23405 0.25108 0.25912 | 0.13496 0.14478 0.14942 | 0.10061 0.10793 0.11139
-0.8 | 0.09405 0.11108 0.11912 | 0.05423 0.06405 0.06869 | 0.04043 0.04775 0.05121
—h | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000
Table (7.2): Variations of temperature profile for different values of the stenosis shape n.

w Pure blood (® = 0.00) SWCNT (¢ = 0.04) SWCNT (¢ = 0.07)

T n=2 n=7 |n=11 n=2 n=7 | n=11 n=2 n=7 |n=11
h 0.00000  0.00000 0.00000 | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000
0.8 | 0.00668 0.00704 0.00716 | 0.00701 0.00742 0.00756 | 0.00735 0.00781 0.00799
0.6 | 0.02483 0.02473 0.02468 | 0.02503 0.02491 0.02485 | 0.02522 0.02509 0.02503
0.4 | 0.04383 0.04339 0.04323 | 0.04346 0.04296 0.04277 | 0.04307 0.04252 0.04229
0.2 | 0.05765 0.05702 0.05677 | 0.05675 0.05603 0.05575 | 0.05582 0.05501 0.05468
0.0 | 0.06266 0.06196 0.06161 | 0.06155 0.06075 0.06044 | 0.06040 0.05951 0.05915
-0.2 | 0.05765 0.05702 0.05677 | 0.05675 0.05603 0.05575 | 0.05582 0.05501 0.05468
-0.4 | 0.04383 0.04339 0.04323 | 0.04346 0.04296 0.04277 | 0.04307 0.04252 0.04229
-0.6 | 0.02483 0.02473 0.02468 | 0.02503 0.02491 0.02485 | 0.02522 0.02509 0.02503
-0.8 | 0.00668 0.00704 0.00716 | 0.00701 0.00742 0.00756 | 0.00735 0.00781 0.00799
—h | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000 | 0.00000 0.00000 0.00000

Table (7.3): Variations of velocity profile for different values of the stenosis shape n.
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Chapter 8

Influence of metallic nanoparticles
on blood flow through arteries

having both stenosis and aneurysm

In this chapter, the main objective is to discuss the blood flow analysis through inclined arteries
by treating its nature as viscous fluid. The effects of both dilatation and constriction are con-
sidered to investigate the behavior of the both abnormal wall segments with variable nanofluid
viscosity. The nonlinear momentum equation for proposed model is simplified by considering
the non-dimensionless parameters to find the exact solutions of the formulated problem. The
main hemodynamic effects of stenosis and aneurysm are discussed for different values of the in-
terest by plotting the graphs of wall shear stress and resistance impedance to flow and opposite
behavior is observed for both cases. The results also reveal that the nanoparticles with high
concentration are important to reduce the resistance impedance to blood flow. The graphs of
stream lines show the formation of bolus appears in the aneurysm segment but no formation is

observed or seen in the stenotic segment.
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8.1

Mathematical formulation
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Fig. (8.1): Geometry of the problem.

Consider an incompressible and laminar nanofluid flowing through a vessel of finite length L

and inclined at an angle n to the axis. Also heat transfer phenomenon is taken into account by

giving temperature Ty to the wall of the artery. The geometry of the arterial wall is defined as

=

2 L; 2
= ((Z+ep), otherwise,

(z) = ((Z+eo) [eo—(si<1—|—cos%<z—ai—[/i>>}, a; <z < B,

(8.1)

where in above equation h(z) is define as the radius of the abnormal arteries, d; as the maximum

distance of the i*" abnormal segment projects into the lumen and is negative for aneurysms and

positive for stenosis, L; as the length of the i*" abnormal segment, a; as the distance from the

origin to the start of the it abnormal segment and is given by

oy = Z(d] + LJ) - LZ',
j=1

140



and $3; as the distance from the origin to the end of the i*" abnormal segment is given as

B; = i%(dj + Lj), (8.3)
iz

in which d; is the distance separating the start of the i abnormal segment from the start of
the segment if ¢ = 1. In above geometry eq is defined as constant radius of the normal artery
in the non-stenotic region, ¢ as the tapering angle, L1 and Ls as the lengths of aneurysm
and stenosis, §; and 5 as the critical heights of the aneurysm and stenosis, ( =tan¢ as the
slope of the tapered artery. The possibility of different shapes of the arteries are defined as the
converging tapering (¢ < 0), as the non-tapered artery (¢ = 0) and as the diverging tapering
(¢ > 0). The governing equations for conservation of mass, momentum and temperature for

viscous fluid for an inclined artery can be written as

o uw ow
e T T A4
or 7 0z 0, (84)
O o\ ap 10 (o ow\ 0 ( (on 0w
Pri\"or "%oz) T Tor Tror \" o) oz \'\az T or
M _
~24nsg = 9(pY)ng (T —T},) cosn — gp,, s cos, (8.5)
*@_‘_*@ — _@4_12 ra @4_62 _|_g 2 8@
Prf\"or "oz ) T Tz T ror M\ oz T or oz \“Hni oz
+9(pY)ng (T — Tp) sinn + gp, s sinn, (8.6)

(8.7)

oT +787 n _oT Ky 0°T n 10T n 0*T n Qo
—+Uu— 4w | = — + = .
ot or 0z (pcp)ny \OF% T OF  0z2 (pCp)nf
In above equations the thermo physical properties with respect to blood and copper nanopar-

ticles are given as
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0 K,
(pep)ns = (1= @)(pcp)r + P(pcp)s, (pV)ng = (1= P)(p) s + 2(p7)s,

an - (Ks + 2Kf) — Q(I)(Kf — Ks)

_ 0) = u e . 8.8
Ky (K + 2Ky) + 0k, — Ky MO = e (88)
Non-dimensional variables are defined as
T w Lu e2p tu,
r = —wW=—U=—=,p= =, t=—=,
€0 Uo U0 uo L, L
2 F el 2T,
ﬂ = QOeO 5 H = d 5 Ren — 0 Opf, Gr = g’}/fpf 09
ToKy Ren Ho U Mo
T-T, z u? L
TO ) Z L ) T geo )] L ( )

Here & represents as = max(d1, d2), LasL = min(Ly, Ly) and F, as the Froud number.
Utilizing above Eq. (8.9), by assuming € = %0 ~ O(1) and taking mild stenosis and aneurysm

condition the governing Egs. (8.5) to (8.7) can be written as

dp

5 =0 (8.10)
8]9 N 10 :U’nf(a) ow (p’y)nf . Pnf Rep sinn
= v (5, (157)) + Gy Gromns GLEERL o)

9% 100 Ky

2 T rar VO,

= 0. (8.12)

The geometry of the arterial wall in dimensionless form is defined as

h(z) = (C*z—l—l)[l—(g(l—i—cos%‘r(z—af—A))} for af <z < fj,

= (C*z+1), otherwise. (8.13)
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where

‘ i L;
LR Y (8.14)

Corresponding boundary conditions are defined as

w=0 at r=nh(z), 88—1::0 at r =0, (8.15)
00
0=0 at r=h(z), EZO at r=0. (8.16)

8.2 Solution of the problem

The exact solutions of temperature distribution and velocity profile using Eqgs. (8.15) and (8.16)

are written as

1 K, (1—®)+ Ks(2+®)
6 =3P —h%) (KS(1+2<1>)+2Kf(1—<1>))’ (8.17)

dp (h = r)(h -+ T)(1 = D=6 k(=) = 3H(2 + r)lu(2))

YT @ 241
1
agr (= 1)k +7)(2H sin (6ks(2) + 3(h? + r)kg(z) + 2(R* +
R2r? 4 1Y kr(2)) Ag + 6(1 — ®)*Psinn k3(2) Az + 3(1 — ®)%°
(h? + 72)sinn ky(z)A3). (8.18)
Flow rate is given as
h
F = /rwdr. (8.19)
0
Using Eq. (8.18) into Eq. (8.19), we get the expression for pressure gradient as follows
F — hisi
dp ( h*sinn kg(z)) (8.20)

dz ~ hA(1— ®)25kg(z)
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Since F' is constant for all sections, the pressure drop across the length of the abnormal artery

is given as

A= 0/(;1;) - o1

Using above Eq. (8.21), the impedance resistance can be given after simplifying the i abnormal

segment from ¢ =1 as

aj B aj B3
A= % = /Eg,(Z)dz + /Q5(z)dz + /Z5(2)dz + /Qg,(Z)dZ—}—
0 af Ieh as
L
Y5(z)dz o, (8.22)
B3

where

F — htsinng ko(z
lx) = (h4F(1 - q»)zﬁzjs((z))) ’ (8.23)

25(2) = Q5(2) [n=(c*2+1) - (8.24)

Using Eq. (8.18) expression for the wall shear stress is given as

5. - 1 dp —h(1 — ®)%5(—6Hk3(z) — 6h2Hky(2))
T (1= ®)25(ks(2) + h2ka(2)) (G 12H a
%(h(QH sinn(6ks(z) + 6h%ke(2) + 6hik7(2)) Az + 6(1 — ®)?siny
k3(2)As + 6(1 — ®)?°h%sinnks(2)A3z)). (8.25)
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8.3 Appendix

( K(1-9®)+ Kp(2+®) B . |
4= <Ks(1 +20) + 2K (1 — @)) , A2 =Gy ((1 - @)+ q)%c) (1—®)*°
A= (=)0 ) () = T date) = A o) = 1+ a ko),
ka(z) = —a ka(2), ks(2) = ’““2“) ko(2) = _’f1<z>4ks<z> N k2<z>2k4<z>7
ko) = —BERE) ) - BB 2R,

 (H(6ks(2) + 4h*ke(2) + 3h*k7(2)) Az 4 (1 — ®)25(3ks(z) + 2h%k4(2)) As3)
bl = 18H :

a] =di, Bl =di +v1, a5 =d] +d3+ vy, B3 =d] +d5+ v+ v

8.4 Results and discussion

In this present model computer codes are used to calculate the results obtained for the resistance
impedance to flow and the wall shear stress distribution in order to perceive the quantitative
effects of the heat source parameter 3, the Grashof number G.,., the nanoparticles volume fraction
®, the viscosity parameter «, the critical height of the aneurysm d; and the critical height of
the stenosis 0o respectively. The graphs are plotted by considering three different types of
tapering effects for mild stenosis and aneurysm cases by keeping the parameters constants
such as ® = 0.01, F, =09, 8 = 20, a = 0.1, 8 = 0.9, 6; = 0.15, 62 = 0.15, F = 0.7,
G, = 20,d] =d; = 0.5, vy = vy = 1.0, n = 7 (inclined arteries), Re, = 1. Since the
aneurysm and stenosis are the contraction and expansion of the lumen respectively, so the
projection of aneurysm into the lumen is considered as negative and considered as positive
projection for stenosis to plot the graphs of the obtained expressions. The magnitude of wall
shear stress is very essential to understand the arterial disease because of its strong correlation
with the constriction or expansion of the arteries. The graphs of wall shear stress along axial
displacement are plotted in Figs. (8.2) — (8.7) with different tapering effects. For the case
of aneurysm segment between 0.5 < z < 1.5, it is important to note that wall shear stress
starts decreasing towards the downstream of the aneurysm segment (0.5 to 1.0) to approach its

minimum value (at z = 1.0) and then starts steeply increasing from its minimum value towards
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the end of the aneurysm segment (1.0 to 1.5). Now, for the case of stenosis wall shear stress
between the stenotic segment 2.0 < z < 3.0 starts steeply increasing towards the upstream of
the stenotic segment (2.0 to 2.5) to approach its maximum value (at z = 2.5) and then starts
rapidly decreasing from its maximum value towards the end of the stenotic segment (2.5 to 3.0).
Figs. (8.2) and (8.3) are plotted for different values of the heat source parameter § and the
Grashof number G,. These figures show that the stress on the wall of arteries under the different
tapering effects start decreasing with an increase in the values of the heat source parameter
and the Grashof number G,. In Fig. (8.4), it is observed that the stresses on the wall of arteries
start decreasing with an increase in the values of the inclination angle 7. The wall shear stress
for different values for the viscosity parameter « is plotted in Figs. (8.5). In this graph of wall
shear stress along axial displacement depicts that the stress on the wall of arteries decreases
for the viscosity parameter . The wall shear stress for different values of the nanoparticles
volume fraction ® is plotted in Fig. (8.6) and observed that the significance of wall shear
stress increases with an increase in nanoparticles volume fraction. The graphs of the wall shear
stress along axial displacement for different values of the critical height of the aneurysm ¢§; and
the critical height of the stenosis d5 is plotted in Fig. (8.7). It is analyzed in the Fig. (8.7)
that the stresses on the wall of arteries decreases with an increase in the values of the critical
height of aneurysm d; between the interval 0.5 to 1.5, while the stresses on the wall of arteries
increases with an increase in the values of the critical height of stenosis d5 in the stenotic section
between the interval 2.0 to 3.0. To investigate the resistance impedance to flow containing two
diseased portion of wall in proximity three dimensional surfaces is utilized to characterize that
how the resistance impedance to flow varies with different combination of disease section. The
resistance impedance to flow is plotted for non-tapered arteries from Figs. (8.8) — (8.13), while
Fig. (8.14) is plotted for diverging and converging tapering effects. These graphs depict that
resistance impedance to flow decreases with an increase in the critical height of aneurysm ¢,
while increases with an increase in the values of critical height of stenosis d2. The resistance
impedance to flow for different values of Grashof number G, and heat source parameter S is
given through Figs. (8.8) — (8.9). It is observed from these figures that resistance impedance
to flow decreases with an in the values of Grashof number G, and heat source parameter (.

In Fig. (8.10), it is observed that resistance in blood flow through diseased inclined arteries
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decreases with an increase in the values of the viscosity parameter . Fig. (8.11), shows that
the resistance impedance to blood flow increases with an increase in the Froud number. The
variations for different values of nanoparticles volume fraction ® and inclination angle 7 are
depicted in Figs. (8.12) and (8.13). It is observed that the resistance to blood flow decreases
with an increase in the nanoparticles volume fraction and also decreases with an increase in the
values of inclination angle n. The tapering is a substantial aspect in the mammalian system
and is discussed in Fig. (8.14). It is depicted in this graph the resistance impedance to flow
gives higher results for converging tapering when compare to other tapering arteries for both
the aneurysm and stenosis segments. Trapping described an interesting phenomenon for the
blood flow pattern in an inclined artery having aneurysm and stenosis that is discussed through
Figs. (8.16) — (8.19) for non-tapered arteries, while other associated arteries are discussed in
Fig. (8.15). Fig. (8.15) is strategized to show converging and diverging tapering effects on
the arteries. It is depicted that trapping bolus moves toward right side of the inclined arteries
for converging case by the closed stream lines, while for diverging case trapping bolus moves
towards left side of the inclined arteries when compared to the non-tapered arteries panel. In
Figs (8.16), it is observed that with an increase in the critical height 0; the trapped bolus
increases in the aneurysm segment (0.5 < z < 1.5), while stream lines become wider with an
increase in the critical height d5 in the stenotic segment (2.0 < z < 3.0). From Fig. (8.17), it is
observed that no bolus is seen for horizontal stenosed arteries when compared to the panel of
vertical and inclined stenosed arteries. The possessions of nanoparticles volume fraction @ is
discussed in Fig. (8.18) and observed that the trapping bolus decreases with an in increase in
metallic nanoparticles when compare to the panel of pure blood case ® = 0.00. The trapping
phenomenon for the viscosity parameter « is discussed in Figs. (8.19) and it is depicted from
these figures that the trapping bolus shows random behavior for different values of viscosity

parameter o.
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Variation of resistance impedance for different values of the Grashof number

Fig. (8.8)
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Fig. (8.10): Variation of resistance impedance for different values of the viscosity parameter

a=0.0,a=0.5, a=0.9.

Fig. (8.11): Variation of resistance impedance for different values of the Froud number

F,=0.1, F, =0.3, F, = 0.9.
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Fig. (8.12): Variation of resistance impedance for different values of the inclination angle

n = 0 (horizontal arteries), n = 7 (inclined arteries), n = 5 (vertical arteries).

Fig. (8.13): Variation of resistance impedance for different values of the nanoparticle volume

fraction ® = 0.00 (pure blood), ® = 0.05, ® = 0.09.
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Fig. (8.14): Variation of resistance impedance for the different tapering effects ¢ = 0.00,
¢ =0.01, ¢ = —0.01.
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Fig. (8.15): Blood flow pattern for different values of the tapering angle, (a) diverging
tapering ¢ > 0, (b) converging tapering ¢ < 0, (c) non-tapered artery ¢ = 0.00.
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Fig. (8.19): Blood flow pattern for different values of the viscosity parameter (a) a = 0.0,
(b) «=0.5, (¢) a=0.9.
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Chapter 9

Theoretical examination of
nanoparticles as a drug carrier with
slip effects on the wall of stenosed

arteries

The main purpose of this chapter is to deal with the effects of nanoparticles on the characteristics
of the blood flow through the bell shaped stenosed arteries by using a suitable mathematical
model. Investigation is carried out using copper and silver nanoparticles as a drug carrier. The
velocity and thermal slip effects are incorporated on the wall of stenosed artery. The governing
equations are considered for viscous nature of blood model and then solved by using mild
stenosis approximations to calculate the hemodynamic effect of stenosis. It is observed that
the impedance resistance to blood flow decreases with an increase in the values of thermal and
velocity slip parameters. Therefore, the present analysis is able to conclude some important

features of interest in some biomedical applications.
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9.1 Mathematical formulation

Fig. (9.1): Geometry of bell stenosed artery.

Consider an incompressible flow of viscous nanofluid inside an inclined bell shaped artery having
angle of inclination is 1. The heat transfer phenomenon is taken into account by giving tem-
perature Ty to the upper wall of the artery. The geometry of bell shape stenosis in dimensional

form is given as

I Z| < Lo,

= 1, otherwise, (9.1)

here Ly represents the length of the stenosis, ¢ is the height of stenosis, € is the relative length
of the stenosis that is defined as the ratio of the radius to half length of the stenosis i.e.,
e = eg/Lo, m is the parametric constant or bell shape stenosis parameter, while eg and h(z)
as the radius of the stenosed and normal arteries. The governing equations for conservation of

mass, momentum and temperature for viscous nano fluid can be written as
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(9.2)

(9.7)

Using mild stenosis case §* = % < 1 and taking extra condition € = 7> ~ O(1), the constitutive

Egs. (9.3) to (9.5) can be written as
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- 0, (9.8)
op _ 10 (kng(0) (0w (Vs 4 g
% = o < " rw + Ty G,0sinn, (9.9)
%0 100 Ky
-7 =0. 1
or? +r(97"+ﬁan 0 (9.10)

Boundary conditions and geometry of stenosis in dimensionless form are defined as

h(z) = 1 — 6* exp[-m?2?], |z| < Lo,
=1, otherwise. (9.11)
w—i—ﬁ:lZlof?: =0 and 9—1—72? =0, at r=h(z), (9.12)
(Zz: =0 and gi =0, at r=0, (9.13)
where k (= %) and v (= g) are defined as the velocity and thermal slip parameters respec-

tively.

9.2 Solution of the problem

The exact solutions of Egs. (9.9) and (9.10) using boundary conditions Eqgs. (9.12) and (9.13)

are directly written as

(R —1?+2hy K,(1-®)+ K2+ ®)
05( 4 ) <K5(1+2<1>)+2Kf(1—q>)>’ (9-14)

w = é%((l — 3)25(2a3(—h% + ) + ag(ht — 1)) — 4hk) + 4%
<(1 — )+ @ps%) sinn)((1 — ®)%5(6a1(2az(h — r)(h + 1) + (14(—h4 +
pray

™)) + ag(3az(—h* + 1) + 2a4(h® — r°))) — 12h(—2a;1 + azh?)rk). (9.15)

(G,
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Flow rate is given as

h
F = /rwdr. (9.16)
0
Using Eq. (9.15) into Eq. (9.16), we get the expression for pressure gradient as follows

— 3 — PsTs ) gj
dp _ F —ag(2)h <GT ((1 Q) + <I>pﬂf> sin 7]) 9.17)
dz as(z)h? ' '

The pressure drop through the stenosis that is calculated from above Eq. (9.17) can be defined

Ap = /L <_ZZ> dz. (9.18)

as

Using Eq. (9.18), the impedance resistance can be evaluated as

—L, L, L
A
=2 /Qﬁ(z) lher dz+ /Qg(z)dz + /Qﬁ(z) ey dz, (9.19)
—L —L, Lo

where

Q6(z) = ! . (9.20)

Using Eq. (9.20) into Eq. (9.19), we get

Lo
A\ = % =a7(L — L) + / Qe(z)dz. (9.21)
7Lo

Using Eq. (9.15) expression for the wall shear stress is given as,

(—2a1h + azh?) PsVs \ . h dp
__ (-3 + 0l napy. 9.22
5. ( ; G (1= @)+ 020 Yy ) + 35 (9.22)
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9.3 Appendix

Ba,

(h2+2’yh), as = 1

_ Ks(l_(b)+Kf(2+CI)) . _/3@0
- KS(1+2<I>)+2Kf(1_<I>) » 1=
1
o= -bam, o0 =, 05 = (31~ gl 20— Bt
1
= @((1 — @)2-5h(12a1a3 — 4(a2a3 + 2@1@4)h2—|—

3a2a4h4) + 24(2@1 - a2h2)(a3 — a4h2)m), a7 = 296(2)|h:1-

12ka3 + 12h%kay), ag

9.4 Results and discussion

This section is devoted for the study of copper and silver nanoparticles with the help of some
different emerging flow parameters on the characteristics of blood flow through the graphs of
wall shear stress, impedance resistance to blood flow, temperature profile and stream lines. The
graphs are plotted by keeping the parameters constants such as ® = 0.00 — 0.2, k = 0.0 — 0.9,
v=00-09, aa=00-09,L,=15,L=30,0=02,2=1.5, F=0.3, =20, G, =2.0,

T T
v 40 2

m=2,n=0 (vertical, horizontal, inclined arteries). Figs. (9.2) to (9.8) are prepared for
wall shear stress analysis versus z in the bell shape stenotic region. All of these figures show
that stresses on the wall of inclined arteries start steeply increasing towards the upstream of the
stenotic segment and then start rapidly decreasing towards the end of the bell shape stenotic
segment —1.5 < z < 1.5. Moreover, it is analyzed that the altitude of stresses on the wall
of stenosed arteries for pure blood case is little higher when compared with the nanoparticles
cases. The wall shear stress for different values of the Grashof number G, is given in Figs. (9.2)
and observed that the stresses on the wall of inclined stenosed arteries start decreasing with an
increase in the viscous forces. From Fig. (9.3), it is noted that stresses on the wall of arteries
decreases with an increase in internal heat source parameter (8 > 0). Figs. (9.4) and (9.5)
describes the effect of stenosis shape m and stenosis height § on the wall of inclined arteries. It is
obtained from these figures that stresses on the wall of inclined arteries are directly related with
the stenosis height § and inversely related for the stenosis shape m. Figs. (9.6) and (9.7) are

prepared for different values of the thermal slip v and velocity slip parameters k. It is observed

form these figures that the stresses on the wall of inclined arteries give the higher altitude for
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pure blood case when compared to the other cases and decreases with an increase in thermal and
velocity slip parameters. It is found that the stresses on the walls are high for no slip condition
when compared to slip condition. The graph with different variations of inclination angle 7 is
given in Fig. (9.8) and show that the stresses on the wall of stenosed arteries are higher for
horizontal stenosed arteries when compare to the vertical and inclined arteries. The variation
of wall shear stress versus z for different values viscosity parameter « is given in Fig. (9.9) and
observed that the stresses on the wall of inclined arteries decreases for variable temperature
dependent viscosity «. It is also analyzed that the stresses on the wall of inclined arteries are
lesser for variable nanofluid viscosity then for the case of constant nanofluid viscosity. The
influence of nanoparticles volume fraction ® on wall shear stress is given in the Fig. (9.10). It
is observed that the stresses on the wall of inclined arteries decrease with an increase in the
nanoparticles volume fraction. To discuss the disease section resistance impedance to blood flow
is important and plotted from Figs. (9.11) — (9.18) against the stenosis height . It is important
to note here that the addition of silver nanoparticles reduces the resistance impedance to blood
flow slightly more when compare to the copper nanoparticles. The resistance impedance for
different values of Grashof number G, and heat source parameter [ is given in Figs. (9.11)
and (9.12). It is observed from these graphs that resistance impedance to flow decreases with
an increase in the values of Grashof number G, and heat source parameter 5. Figs. (9.13)
and (9.14) are prepared for different values of the thermal v and velocity « slip parameters. It
is analyzed from these figures that the impedance resistance to blood flow decreases with an
increase in the values of the slip parameters. So, taking slip condition at the wall of stenotic
artery is important and justify that resistance to blood flow decreases more effectively for slip
case when compare to the no slip case (v = k = 0). The resistance impedance to blood flow
for inclination angle 1 is given in Fig. (9.15). It is observed that the resistance is higher for
horizontal stenosed arteries when compare to the vertical and inclined stenosed arteries. From
Fig. (9.16), it is depicted that the resistance to blood flow decreases with an increase in the
values of viscosity parameter . The variation of stenosis shape m is given in Fig. (9.17) and
observed that with an increase in the values of the stenosis shape m the resistance impedance to
blood flow decreases. Fig. (9.18) is prepared to show that the influence of nanoparticle volume

fraction ® on resistance impedance to blood flow and concluded that the nanoparticles helps to
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reduce the resistance impedance to the blood flow. The variations of temperature profile against
radial direction r are plotted from Figs. (9.19) and (9.20). The temperature profile for different
values of the heat source parameter (3 is given in Fig. (9.19). It is observed that the temperature
profile increases throughout the inclined stenosed arteries with an increase in the values of the
heat source parameter 8. Fig. (9.20) is plotted for different values of the nanoparticle volume
fraction ®. It is analyzed that the heat transfers rate throughout the inclined arteries decreases
with an increase in the nanoparticle volume fraction. A stream line represents an interesting
phenomenon for fluid flow of an internally circulating bolus and has been discussed here for
silver and copper nanoparticles through Figs. (9.21) to (9.28). The trapping phenomena show
that more bolus appears for the silver nanoparticles case when compare to other cases. The
blood flow pattern for stenosis shape m is given in Figs. (9.21) and (9.22). It is observed from
these stream lines that with an increase in the values of stenosis shapes the size of trapped
bolus reduces and then enhance the trapping. Figs. (9.23) and (9.24) are plotted for different
values of viscosity parameter «. It is observed from these blood flow patterns that no bolus
appear for constant nanofluid viscosity, while number of trapping bolus decreases for variable
nanofluid viscosity with an increase in the values of parameter «. The trapping phenomena
for the thermal v and velocity « slip parameters are discussed through Figs. (9.25) — (9.28).
These graphs depict that the number of trapping bolus increases for thermal slip parameter,
while decreases for velocity slip parameter. The tables (9.1) and (9.2) are plotted to show the
variations of temperature profile and velocity profile for different values of the thermal v and
velocity k slip parameters against radial direction r. Table (9.1) illustrates that the variations
of temperature profile increases throughout the stenosed inclined arteries between the region
—h < r < h, which shows that temperature of the considered fluid increases with increase in the
thermal slip parameter. Table (9.2) is prepared for velocity profile and observed that velocity
decreases between the region —0.8 < r < 0.8, while the opposite trend is observed between the

regions —h <r < —0.8 and 0.8 < r < h.
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Figs. (9.21): Blood flow pattern (Cu nanoparticles) for different values of (a) m = 1.0, (b)
m = 2.0, (c) m = 3.0.
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Figs. (9.22): Blood flow pattern (Ag nanoparticles) for different values of (a) m = 1.0, (b)
m = 2.0, (c) m = 3.0.
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Figs. (9.23): Blood flow pattern (Cu nanoparticles) for different values of (a) a = 0.0, (b)
a=1.5,(c)a=1.T7.
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Figs. (9.24): Blood flow pattern (Ag nanoparticles) for different values of (a) o = 0.0, (b)
a=1.5,(c)a=1.T.
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Figs. (9.25): Blood flow pattern (Cu nanoparticles) for different values of (a) v = 0.0, (b)
v =0.02, (c) v=0.04.
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Figs. (9.26): Blood flow pattern (Ag nanoparticles) for different values of (a) v = 0.0, (b)
~v =0.05, (c) v = 0.09.
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Figs. (9.27): Blood flow pattern (copper nanoparticles) for different values of (a) x = 0.0,
(b) kK =0.01, (¢) Kk = 0.015.
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Figs. (9.28): Blood flow pattern (silver nanoparticles) for different values of (a) x = 0.0, (b)
k= 0.01, (c) k = 0.015.
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o Pure blood (® = 0.00) Copper Blood (¢ = 0.09) Silver Blood (® = 0.09)

r ~v=0.00 | v=0.05 | v=0.09 | =0.00 | v=0.05 | v=0.09 | v=0.00 | v=0.05 | v=0.09
—h | 0.00000 0.04519 0.08135 | 0.00000 0.03488 0.06279 | 0.00000 0.03488 0.06279
-0.8 | 0.08853 0.13373 0.16989 | 0.06834 0.10322 0.13113 | 0.06833 0.10322 0.13113
-0.6 | 0.22853 0.27373 0.30989 | 0.17640 0.21129 0.23920 | 0.17639 0.21128 0.23918
-0.4 | 0.32853 0.37373 0.40989 | 0.25359 0.28848 0.31639 | 0.25358 0.28846 0.31637
-0.2 | 0.38853  0.43373 0.46989 | 0.29991 0.33479 0.36270 | 0.29989 0.33477 0.36268
0.0 | 0.40853 0.45373 0.48989 | 0.31534 0.35023 0.37814 | 0.31533 0.35021 0.37812
0.2 | 0.38853 0.43373 0.46989 | 0.29991 0.33479 0.36270 | 0.29989 0.33477 0.36268
0.4 | 0.32853 0.37373 0.40989 | 0.25359  0.28848 0.31639 | 0.25358 0.28846 0.31637
0.6 | 0.22853 0.27373 0.30989 | 0.17640 0.21129 0.23920 | 0.17639 0.21128 0.23918
0.8 | 0.08853 0.13373 0.16989 | 0.06834 0.10322 0.13113 | 0.06833 0.10322 0.13113
h 0.00000  0.04519 0.08135 | 0.00000 0.03488 0.06279 | 0.00000 0.03488 0.06279

Table (9.1): Variations of temperature profile for thermal slip parameter ~.

w Pure blood (® = 0.00) Copper Blood (¢ = 0.01) Silver Blood (® = 0.01)

r k=0.00 | k=0.01 | k=0.02 | £=0.00 | k=0.01 | k=0.02 | £=0.00 | k=0.01 | k=0.02
—h | 0.00000 0.00059 0.00114 | 0.00000 0.00032 0.00061 | 0.00000 0.00021 0.00041
-0.8 | 0.00757  0.00790 0.00821 | 0.00559 0.00577 0.00593 | 0.00487 0.00499 0.00510
-0.6 | 0.02548 0.02540 0.02533 | 0.02423 0.02419 0.02416 | 0.02379 0.02376 0.02373
-0.4 | 0.04281 0.04244 0.04210 | 0.04506  0.04486 0.04468 | 0.04588 0.04574 0.04562
-0.2 | 0.05507  0.05452 0.05401 | 0.06062 0.06032 0.06005 | 0.06263 0.06243 0.06225
0.0 | 0.05947 0.05885 0.05829 | 0.06630 0.06599 0.06569 | 0.06880 0.06858 0.06838
0.2 | 0.05507 0.05452 0.05401 | 0.06062 0.06032 0.06005 | 0.06263 0.06243 0.06225
0.4 | 0.04281 0.04244 0.04210 | 0.04506 0.04486 0.04468 | 0.04588 0.04574 0.04562
0.6 | 0.02548 0.02540 0.02533 | 0.02423 0.02419 0.02416 | 0.02379 0.02376 0.02373
0.8 | 0.00757 0.00790 0.00821 | 0.00559 0.00577 0.00593 | 0.00487 0.00499 0.00510
h 0.00000  0.00059 0.00114 | 0.00000 0.00032 0.00061 | 0.00000 0.00021 0.00041

Table. (9.2): Variations of velocity profile for velocity slip parameter x.
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Chapter 10

Conclusions

In this chapter we have summarized the main findings about the theoretical analysis of a blood
flow through arteries. The parametric studies and key findings of the entire thesis are stated

as:

10.1 Heat and mass transfer results

e The temperature profile decreases with an increase in the nanoparticle volume fraction,
which means high thermal conductivity of nanoparticles plays a key role in quick dissipa-

tion of the temperature.

e [t is noted that the temperature inside the stenotic artery increases for heat source para-
meter (5 > 0). This result is obtained due to increase in internal heat source of the fluid

i.e. through metabolic process.

e Temperature profile gives higher results for diverging tapering (¢ > 0) as comparing to

other tapering.

e The temperature distribution shows random behavior for Brownian motion number NV,

and thermophoresis parameter Vy.

e The nanoparticle concentration increases with an increase in Brownian motion number

Ny and decreases with an increases in thermophoresis parameter V.
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10.2 Hemodynamic theoretical results

10.2.1 Nanoparticles effects

e It is concluded that copper and silver nanoparticles with their high thermal conductivity
characteristics are useful as drug carriers to minimize the wall shear stress and resistance

impedance that is experienced by blood flowing through stenosed arteries.

e The Ag nanoparticles are more helpful as drug carriers to minimize resistance as compar-

ing to the Cu blood case.

e The wall shear stress phenomenon gives higher altitude for the pure blood case then

compare to the Cu blood case.

e Increase in Brownian motion number reveals that the thermal conductivity of the base

fluid enhances and reduces resistance to blood flow.

e It is observed that the hemodynamic effects possesses same behavior for thermophoresis

parameter N; and Brownian motion number N, parameters.
e The magnitude of stresses on the wall of arteries and resistance impedance to flow shows
higher results for the SWCNT case than for the pure blood case.
10.2.2 Permeable wall and slip effects

e Increase in permeability of the artery through Darcy number results in damaged, dilated

or inflamed arterial wall thickness and tend to increase resistance.

e [t is also noted that resistance to flow decreases with an increase in the values of the

permeable slip parameter s and hence accelerate the blood flow.

10.2.3 Magnetic effects

e [t is observed with an increase in the intensity of magnetic field resistance impedance
to flow and wall shear stress increases. This result is concluded from the fact that the
external magnetic field slows down the random motion of nanoparticles and hence also

tends down the blood movement.

188



e Hemodynamic of stenosis increases with an increase in the magnetic Reynolds number
R,, and Strommers number S. This increase is due to increase in Lorentz force which
tends to retard the flow of blood. It is concluded from this result that magnetic effects

can be used to regulate or controlled the blood flow.

10.2.4 Thermal and velocity slip effects

e The amplitude of resistance to blood flow is higher for no slip case (y = k = 0) and

amplitude is smaller for slip case (y = k # 0).

e The hemodynamic effects of the stenosed arteries decreases with an increase in the ther-
mal and velocity slip parameters. Therefore, slip effects are important to heal up the

consequences of diseased artery.

10.2.5 Variable nanofluid viscosity effects

e For variable nanofluid viscosity resistance to blood flow decrease as compared to constant
nanofluid viscosity (o = 0). So, considering variable nanofluid viscosity is useful for the

blood to flow through diseased artery to minimize the coagulation factors.

e [t is obtained from graphical illustration that stress on the wall of diseased arteries are
also decreases for variable nanofluid viscosity case when compare to the constant nanofluid

viscosity case.

10.2.6 Combination of aneurysm and stenosis effects

e The resistance impedance to blood flow decreases with an increase in the critical height of
aneurysm §; and increases with an increase in critical height of stenosis d2, which means
that resistance impedance to flow has an opposite behavior for the aneurysm and stenosis

cases.

e The wall shear stress in the aneurysm segment is observed to decrease rapidly towards its
minimum value and then starts steeply increase to the end of aneurysm segment, while
the opposite trend of wall shear stress is observed in the stenotic segment as compared

with the aneurysm segment.

189



10.2.7 Other important findings

e The increase in resistance to flow creates more stresses on the wall of stenosed arteries
and vice versa. From graphical illustration it is noted that the stresses and resistance im-

pedance to blood flow possess same behavior for tapering and other fluid flow parameters.

e Amplitude of resistance decreases for vertical stenosed arteries as compared to the hori-

zontal and inclined arteries.

e The wall shear stress and resistance impedance to flow possess same variation against ¢

and this oscillation is decaying as the time ¢ increases.

10.3 Axial velocity results

e The velocity profile increases near the wall of the artery and decreases near the wall of

the catheter with an increase in the Hartmann number H,.

e The axial velocity possesses opposite results for Brownian motion number Ny and ther-

mophoresis parameter V.

10.4 Trapping results

e The number of trapping bolus increases with an increases in the values of Ny, Ny, 9, €,

H,, Ry, S, v, @ and 7, while decreases with an increases in the values of ® and k.

e The blood flow pattern shows that the trapping bolus appears in the aneurysm segment,

while no formation is observed or seen in the stenotic segment.

e The variable nanofluid viscosity phenomena shows that more bolus appears for the Ag
nanoparticles case, while constant nanofluid viscosity phenomena shows trapped bolus

increases for the copper nanoparticles case when compare to other cases.
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