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SCIENTIFIC BREAKDOWN OF A FERROMAGNETIC NANOFLUID

IN HEMODYNAMICS: ENHANCED THERAPEUTIC APPROACH

M.M. Bhatti1 and Sara I. Abdelsalam2,3,*

Abstract. In this article, we examine the mechanism of cobalt and tantalum nanoparticles through a
hybrid fluid model. The nanofluid is propagating through an anisotropically tapered artery with three
different configurations: converging, diverging and non-tapered. To examine the rheology of the blood
we have incorporated a Williamson fluid model which reveals both Newtonian and non-Newtonian
effects. Mathematical and physical formulations are derived using the lubrication approach for conti-
nuity, momentum and energy equations. The impact of magnetic field, porosity and viscous dissipation
are also taken into the proposed formulation. A perturbation approach is used to determine the solu-
tions of the formulated nonlinear coupled equations. The physical behavior of all the leading parameters
is discussed for velocity, temperature, impedance and streamlines profile. The current analysis has the
intention to be used in therapeutic treatments of anemia because cobalt promotes the production of
red blood cells since it is a component of vitamin B12, this is in addition to having tantalum that is
used in the bone implants and in the iodinated agents for blood imaging due to its long circulation
time. Moreover, in order to regulate the blood temperature in a living environment, blood temperature
monitoring is of utmost necessity in the case of tapering arteries. The management and control of blood
mobility at various temperatures may be facilitated by the presence of a magnetic field. The current
findings are enhanced to provide important information for researchers in the biomedical sciences who
are attempting to analyze blood flow under stenosis settings and who will also find the knowledge
useful in the treatment of various disorders.

Received September 24, 2021. Accepted October 16, 2022.

1. Introduction

Magnetic nanoparticles are very leading material for a variety of biological fields. Particularly, the heat
generated by these molecules in a magnetic AC field can be exploited for local hypothermia in tumor treatments
[34]. The most basic way is to implant aqueous solutions of these particles directly into the tumors before
introducing the field [19]. Platinum has always worked as a catalyst to hydrogen fuel cells but the greatest con
in using it is its cost that has been an economic challenge. In recent years, a novel catalyzed material based on the
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metal cobalt has been developed as an alternative to platinum, potentially allowing the production of inexpensive
and more lasting hydrogen fuel cells. Cobalt is believed to be the first metallic catalyst with capabilities similar
to those of platinum [28]. Baldi et al. [3] developed different sizes of cobalt ferrite nanoparticles ranging from 5
to 7 nm where they discovered a compound that allows them to fine-tune the average particle size to improve
heat release capabilities at a particular frequency across a wide range. In 2016, Tabish et al. [31] investigated
the in-vivo biocompatibility of the nanoparticles of the cobalt iron oxide using a conventional emulsion method.
They found that at the applied dosage, the chemical compound under consideration has low biocompatibility
and greater cytotoxicity levels in biological systems. The magnetic characteristics of some magnetic particles of
different sizes have been investigated by Moumen et al. [16]. They discovered a reduction in the coercivity of
the particle as a result of the decrease in the diameter of particles from 5 to 2 nm. Nevertheless, the coercivity
has a great impact on cobalt ferrite in mechanical systems as investigated thoroughly by Ponce et al. [21].
The superparamagnetism of the cobalt ferrite was further studied by Ngo et al. [20] in 1999 where it was
found that the magnetization is greater for uncoated material than the others. Tung et al. [32] experimentally
investigated the magnetic characteristics for the ultrafine cobalt ferrite particles where it was found that the
system’s anisotropy is uniaxial, which is attributed to the involvement of intrinsic strain.

Another type of metallic nanoparticles that has very unique properties in terms of size and structural features
is the tantalum nanoparticle. Tantalum is a suitable choice when great corrosion resistance is required. While
tantalum is not a refined metal, it is comparable in terms of resistance. Tantalum nanoparticles are also readily
oxidized in the air due to their high activity. Planar tantalum is a known clinical metal in the laboratories
because of its extremely high biocompatibility which is equivalent to that of other pharmaceutical metallic
materials [14]. As a result, it is vital to widen the scope of tantalum’s biological uses. In 2017, Schoon et al. [29]
shed some light on the usage of porous tantalum in hips arthroplasty highlighting the fact that other alloys, that
includes cobalt, were initially used in setups of artificial joints. The porosity of tantalum was further emphasized
by Mohandas et al. [15] in bone reconstructions and regenerative medicine in order to avoid the corrosion that
happens due to the involvement of foreign body in the tissues. It was found that the porous tantalum also
promotes soft tissue regeneration, including the creation of capillaries, which were discovered to congregate on
the surface and inside the geometry of the porous tantalum. It has been seen that hybrid nanoparticles have been
utilized widely in order to overcome the shortcomings of single-component nanoparticles, to boost functions and
to achieve specific effects for single nanoparticle. The tantalum carbide nanoparticle was, therefore, researched
by Ren et al. [26] along with cobalt and other metal dopants in 2021 where it was concluded that they provide
a promising potential in the modification of the mechanical and catalytic characteristics of ceramic materials.
Zhang et al. [35] conducted an in vitro study to observe the oxidative stress and cytotoxicity of tantalum on
macrophages. They concluded that tantalum-based implants may create a more suitable biological environment
and have a lower risk of contributing to aseptic loosening when used in the replacement of total joints.

It is commonly understood that physiological fluids, including blood, act generally as non-Newtonian fluids
[2, 4, 37]. Many rheological systems have been presented based on the varied rheological properties of non-
Newtonian fluids [1, 27]. Non-Newtonian fluid theory is given more consideration than Newtonian fluid analysis
due to the enormous technical applications such as emulsifiers, oils, bio-fluids in living tissues and therapeutic
fluids. Nadeem and Akram [18] investigated the peristalsis of a Williamson fluid model through an inclined
conduit with magnetic field. They concluded that the magnetic field reduces the size of trapped bolus. Prakash
et al. [22] studied the rheological properties of Williamson fluid in a blood flow through a microchannel with
elastic walls. They also took a uniform magnetic field into consideration where they deduced that it enhances
the axial velocity in the vicinity of the flexible walls. Hayat et al. [9] researched the mass and heat transfer of
an incompressible Williamson model with slip condition via symmetric channel. They observed that the slip
parameter accelerates the flow, unlike the effect of Hartmann number that was seen to decelerate it. Subbarayudu
et al. [30] numerically assessed the thermophoresis and Brownian diffusion for a Williamson fluid with magnetic
field and radiation over a wedge. They found out that as the radiation parameter increases, the temperature is
enhanced. Malik and Salahuddin [13] reported the MHD Williamson model with the boundary layer approach.
The model was solved using Runge-Kutta-Fehlberg method along with the shooting method where they deduced
that the Williamson parameter decelerates the flow. Last but not least, Raza et al. [25] evaluated the impact of
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linear thermal radiation on a Williamson model through a stretchable sheet using the shooting algorithm and
Runge-Kutta-4. They concluded that the Williamson parameter enhances the thermal profile.

Influenced with the above discussion, our target is to investigate the influential effects of cobalt and tanta-
lum nanoparticles embedded in a blood-like fluid presented by a Williamson model through an anisotropically
tapered artery. Three different geometries are examined: converging, diverging and non-tapered arteries. The
lubrication approach is used to derive the physical and mathematical formulations whereas the perturbation
technique is used to derive the appropriate solutions of the governing model. And last, the physical interpre-
tation of the impact of leading parameters are discussed with the physical variables of interest. The current
investigation is sought to be useful in the clinical applications where tantalum is employed as a nanoparticle
that is readily oxidized in the air due to its high reactivity, and in the treatment of microbial infections since
cobalt nanoparticles is nontoxic at lower levels and has less side effects than antibiotics [33].

2. Mathematical and physical modeling of the blood flow

Consider a finite tube having length L filled with non-Newtonian Williamson fluid transporting through a
porous anisotropically tapered stenosed artery. The Williamson fluid model is contemplated to examine the
rheology of the blood. The fluid contains cobalt and tantalum nanoparticles. The fluid is electrically conducting
under the presence of external magnetic field with constant density features. We have used the cylindrical polar
coordinates (r, θ, z), i.e., r, θ are located towards the radial and the circumferential direction, while z is located

along the axis of the artery (see Fig. 1). The effects of heat transfer is also shown by taking T̃1 at the wall of
the artery.

The mathematical expression for the anisotropically tapered artery is defined as

R(z)

R0
=

 tv

(
R0 + τz − δ cosϑ

λ0

{
11− 94(z − d)

3λ0
+

32(z − d)2

λ2
0

− 32(z − d)3

λ3
0

})
; d ≤ z ≤ 3

2
λ0,

tv (1 + τz) ; otherwise
(2.1)

where δ denotes the stenosis height, R(z) is the tapered arterial segment and the artery radius with composite
stenosis, λ0 represents the stenosis length, t denotes the time, R0 denoes the normal artery radius in the non-
stenotic zone, ϑ is the tapering angle and τ = tanϑ represents the slope of the tapered vessel. That is, ϑ < 0
shows the converging behavior of artery, ϑ = 0 shows the non-tapered behavior of the artery, whereas ϑ > 0
shows the diverging behavior of the artery. The time variant tv is described as

tv = 1 + αe−αωt (1− cosωt) , (2.2)

where ω represents the radial frequency of the forced oscillation and α represents a constant value.
The equations governing the flow model can then be written as [7, 17]

∇ · Ṽ = 0, (2.3)

ρhnf

(
∂Ṽ

∂t
+ Ṽ · ∇Ṽ

)
= −∇ · p+∇ · ζ + J× B− µhnf

k
Ṽ + (ρβ)hnf g

(
T̃ − T̃ref

)
, (2.4)

where Ṽ has the components of velocity, B is the magnetic field, J is the current density, J× B = −σhnfB2
0Ṽ,

σhnf is the electrical conductivity of hybrid nanofluid, B0 is the applied magnetic field, βhnf denotes the thermal

expansion coefficient, T̃ is the nanofluid temperature, g is the accelaration due to gravity, Tref is the reference
temperature, p is the pressure, ρhnf represents the density of hybrid nanofluid, k is the porosity parameter,
µhnf is the viscosity of the hybrid nanofluid, hnf in subscript represents the hybrid nanofluid and ζ is the stress



4 M.M. BHATTI AND S.I. ABDELSALAM

Figure 1. Geometrical structure of the blood flow through an anisotropically tapered artery
with the suspension of nanoparticles.

tensor for the Williamson fluid model which is defined as [23]:

ζ =
[
µ∞ + (µ∞ + µhnf ) (1− ¯̇γΓ)

−1
]

¯̇γ,

¯̇γ =

√
1

2

∑
m

∑
n

¯̇γmn ¯̇γmn =

√
1

2
Π,

 (2.5)

where µ∞ is the shear rate viscosity at infinity, Γ the time constant and Π is the second invariant tensor. The
expression for the J× B is found as

The temperature equation reads

(ρCp)hnf

(
∂T̃

∂t
+ Ṽ · ∇T̃

)
= ∇ ·

(
κhnf∇T̃

)
+

J · J
σhnf

+ ζ · ∇Ṽ + ε0, (2.6)

where κhnf and (ρCp)hnf characterize the thermal conductivity and the heat capacity of the hybrid nanofluid,

respectively. Also, ε0 is the heat source(ε0 > 0)/sink(ε0 < 0) parameter. The thermo-physical properties of
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density, heat capacity, dynamic viscosity, thermal conductivity, thermal expansion coefficient and electric
conductivity are defined in the following equations [12, 36]:

i. Density:

(2.7)

ii. Heat capacity:

(2.8)

iii. Dynamic viscosity:

(2.9)

iv. Thermal conductivity:

(2.10)

v. Thermal expansion coefficient:

(2.11)

vi. Electric conductivity:

(2.12)
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where Φ1,Φ2 represent the nanoparticle volume fraction, np1 and np2 represent the nanoparticles of first
(Tantalum) and second (Cobalt) type.

3. Lubrication approach

The proposed governing equation can be modelled using lubrication approach. Therefore, to obtain the
proposed modeling in dimensionless form, the scaled variables are defined as:

r̃ =
r

R0
, τ =

λ0τ

R0
, ṽ =

λ0

uaveδ
v, R̃ =

R

R0
, p̃ =

R2
0

uaveλ0µ
p,

z̃ =
z

R0
, T =

T̃ − T̃ref

T̃1 − T̃ref

, δ̃ =
δ

R0
, λ =

L

λ0
, ũ =

u

uave
.

(3.1)

where uave is the averaged velocity of the whole tube over a whole section. Applying equation (3.1) into
equations (2.4)–(2.6), we obtain the dimensionless equations as (after ignoring the tilde signs):

∂p

∂z
=
α1

r

∂

∂r

[
r
∂u

∂r

(
1 +We

∂u

∂r

)]
− α2Ha

2u− α1

Da
u+Grα3T, (3.2)

α4

Pr

1

r

∂

∂r

(
r
∂T

∂r

)
+ α1Ec

(
∂u

∂r

)2(
1 +We

∂u

∂r

)
+ α2EcHa

2u2 + ε, (3.3)

where We is the Weissenberg number, Ha is the Hartmann number, Da is the porosity parameter, Gr is the
thermal Grashof number, Pr is the Prandtl number, Ec is the Eckert number and ε is the heat source/sink
parameter. They are defined as

We =
uaveΓ

R0
, Ha =

√
σf
µf
B0R0, Da =

k

R2
0

, Gr =

(
T̃1 − T̃ref

)
(ρβ)f gR

2
0

µfuave
,

Pr =
(ρCp)f υf

κf
, Ec =

u2
ave(

T̃1 − T̃ref

)
(Cp)f

, ε =
ε0R

2
0

(ρCp)f υf

(
T̃1 − T̃ref

) , (3.4)

And the reaming parameters α1, α2, α3, α4 are defined as:

α1 =
µhnf
µf

, α2 =
σhnf
σf

, α3 =
(ρβ)hnf
(ρβ)f

, α4 =
κhnf
κf

, (3.5)

The boundary conditions in dimensionless form are defined as:

{
∂u

∂r
=
∂T

∂r
= 0 at r = 0,

u = 0, θ = 0 at r = R.
(3.6)

4. Series solutions via perturbation approach

To determine the solutions of the nonlinear formulated equations (3.2)–(3.3), we have used the perturbation
approach. This perturbation approach was firstly introduced by He [10, 11]. Later, this problem was helpful
to solve various nonlinear problems. Let us define the perturbation for the resulting equations (3.2)–(3.3) with
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their proposed boundary conditions, we have

~ (ū, ε̄) = (1− ε̄) [L (ū)− L (u0)] + ε̄

[
L (ū) +

We

r

(
∂ū

∂r

)2

+ 2
∂ū

∂r

∂2ū

∂r2
− α2

α1
Ha2ū− 1

Da
ū+Gr

α3

α1
T̄ − 1

α1

dp

dz

]
,

(4.1)

~
(
T̄ , ε̄

)
= (1− ε̄)

[
L
(
T̄
)
− L (T0)

]
+ ε̄

[
L
(
T̄
)

+
α1EcPr

α4

{(
∂ū

∂r

)2

+We

(
∂ū

∂r

)3
}

+
EcPrα2

α4
Ha2ū2 +

Pr ε

α4

]
,

(4.2)
where ε̄ represents the artificial embedded parameter.

The following form of linear operator is selected to proceed further

L =
1

r

∂

∂r

(
r
∂

∂r

)
. (4.3)

In view of equation (3.6) and equation (4.3), the appropriate initial guess is defined as:

u0 = T0 =
r2 −R2

4
. (4.4)

Defining the expansion

ū = ū0 + ε̄ū1 + ε̄ū2 + . . . , (4.5)

T̄ = T̄0 + ε̄T̄1 + ε̄T̄2 + . . . , (4.6)

4.1. Zeroth order system

At zeroth order, we obtain the following set of differential equations

L (ū)− L (u0) = 0, (4.7)

L
(
T̄
)
− L

(
T̄0

)
= 0, (4.8)

The solutions of the above both equations can be written as

ū0 = T̄0 =
r2 −R2

4
. (4.9)

4.2. First order system

At first order, we obtain the following set of differential equations

L (ū1) + L (u0) +
We

r

(
∂ū0

∂r

)2

+ 2
∂ū0

∂r

∂2ū0

∂r2
− α2

α1
Ha2ū0 −

1

Da
ū0 +Gr

α3

α1
T̄0 −

1

α1

dp

dz
, (4.10)



8 M.M. BHATTI AND S.I. ABDELSALAM

L
(
T̄1

)
+ L (T0) +

α1EcPr

α4

{(
∂ū0

∂r

)2

+We

(
∂ū0

∂r

)3
}

+
EcPrα2

α4
Ha2ū2

0 +
Pr ε

α4
, (4.11)

The solutions of the above both equations can be written as

ū1 =
1

192α1Da

 3
(
r2 −R2

)(
α1

(
−16Da+ r2 − 3R2

)
+Da

{
16

dp

dz
−
(
α3Gr − α2Ha

2
) (
r2 − 3R2

)})
+16α1Da

(
−r3 +R3

)
We

 ,
(4.12)

T̄1 =
1

28800α4

[
−7200α4

(
r2 −R2

)
+ Pr

{
−18α1Ec

(
25r4 + 8r5We−R4 (25 + 8RWe)

)
− 25

(
r2 −R2

)
×
(
α2EcHa

2
(
2r4 − 7r2R2 + 11R4

)
+ 288ε

) }]
,

(4.13)

4.3. Second order system

At second order, we obtain the following set of differential equations

L (ū2) + 2
We

r

∂ū0

∂r

∂ū1

∂r
+ 2

∂

∂r

(
∂ū0

∂r

∂ū1

∂r

)
− α2

α1
Ha2ū1 −

1

Da
ū1 +Gr

α3

α1
T̄1, (4.14)

L
(
T̄2

)
+
α1EcPr

α4

{
2
∂ū0

∂r

∂ū1

∂r
+ 3We

(
∂ū0

∂r

)2
∂ū1

∂r

}
+
EcPrα2

α4
Ha2ū2

1. (4.15)

The solutions of the above both equations can be written as

ū2 =
1

45158400α2
1α4Da2

19600α2α4Da
2Ha2

(
r2 −R2

) 36
dp

dz

(
r2 − 3R2

)
−
(
α3Gr − α2Ha

2
)(

r4 − 8r2R2 + 19R4
)


+16α2

1

49α4

 25
(
r2 −R2

) (
r4 − 8r2R2 + 19R4 − 36Da

(
r2 − 3R2

))
+48Da

(
−19r5 + 50r3R2 + 25r2R3 − 56R5 + 200Da

(
r3 −R3

))
We+ 3600Da2

(
r4 −R4

)
We2


+A3Da2EcGr Pr

(
1225r6 + 288r7We− 441r2R4 (25 + 8RWe) + 40R6 (245 + 81RWe)

)}
+49α1Da

−32α4

 150
dp

dz

(
−3
(
r4 − 4r2R2 + 3R4

)
+ 32Da

(
r3 −R3

)
We
)

+

α2Ha
2

(
−25

(
r2 −R2

) (
r4 − 8r2R2 + 19R4 − 18Da

(
r2 − 3R2

))
+24Da

(
19r5 − 50r3R2 − 25r2R3 + 56R5

)
We

)


+5α3Gr
(
−80α4

(
r2 −R2

) (
r4 − 8r2R2 + 19R4 − 36Da

(
r2 − 3R2

))
+ 768α4Da

(
3r5 − 10r3R2 + 7R5

)
×We+ 5DaPr (r −R) (r +R)

(
α2EcHa

2
(
r6 − 7r4R2 + 29r2R4 − 59R6

)
+ 576

(
r2 − 3R2

)
ε
))}]

,
(4.16)
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Table 1. Thermo-physical features of Blood, Tantalum, and Cobalt nanoparticles [5, 24].

Blood Tantalum (Ta) Cobalt (Co)

ρ (kg/m3) 3617 16650 8900
κ (W/mK) 0.52 57 100
Cp (J/kg K) 1050 140 445
σ (S/m) 1.33 7.7× 106 1.7×107

T̄2 =
EcPr

90316800α1α4Da

1225A2DaHa2
(
r2 −R2

)−128
dp

dz

(
2r4 − 7r2R2 + 11R4

)
+
(
α3Gr − α2Ha

2
)(

9r6 − 71r4R2 + 181r2R4 − 251R6
)


+64α2

1

−1225
(
2r6 − 9r4R2 + 7R6

)
− 108

(
25r7 − 98r5R2 + 73R7

)
We

+588Da

(
75r4 + 96r5We+ 25r6We2

−R4 (75 +RWe (96 + 25RWe))

) 
+α1


−1225α2Ha

2
(
r2 −R2

) (
9r6 − 71r4R2 + 181r2R4 − 251R6

)
−64Da

(
α3Gr

(
−1225

(
2r6 − 9r4R2 + 7R6

)
−108

(
25r7 − 98r5R2 + 73R7

)
We

)
+1764

dp

dz

(
25r4 + 24r5We−R4 (25 + 24RWe)

)
+α2Ha

2

(
−2450r6 + 1500r7We− 8232r5R2We+ 3675r4R2 (3 +RWe)

−14700r2R4 (3 +RWe) +R6 (35525 + 17757RWe)

))}]
,

(4.17)
The approximate series solutions can be written as

u = lim
ε̄→1

ū = ū0 + ū1 + ū2 + . . . , (4.18)

T = lim
ε̄→1

T̄ = T̄0 + T̄1 + T̄2 + . . . , (4.19)

The flux (Q) can be computed with the help of following expression

Q =
R

∫
0

2ru (r, z) dr. (4.20)

The expression of impedance can be computed utilizing the above expression (4.20), we have

Γ =
1

Q

L∫
0

(
−dp

dz

)
dz. (4.21)

5. Results and discussion

In this section, we are going to discuss the plotted results against all the parameters of interest. The results
have been computed based on the following parametric values [6, 8]: δ = 0.1, Da = 0.5, Ha = 0.1,Pr = 2 , Ec =
0.1, ε = 1, Gr = 0.1,We = 0.1,Φ1 = 0.1,Φ2 = 0.1. In addition, Table 1 presents the thermo-physical values of
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Figure 2. Velocity mechanism against multiple values of Hartmann number.

Figure 3. Velocity mechanism against multiple values of Weissenberg number.

tantalum, cobalt and blood for experimental and numerical computations. The analytical and numerical results
are performed based on the symbolic computational software, Mathematica.

5.1. Velocity mechanism

Figure 2 represents the velocity distribution for various values of Hartmann number Ha for converging, non-
tapered and diverging arteries. It is seen that the Hartmann number has a decreasing effect on the velocity
profile until r = 0.45 from which the behavior is reversed with an increase in Ha. The decrease in the velocity
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Figure 4. Velocity mechanism against multiple values of thermal Grashof number.

Figure 5. Velocity mechanism against multiple values of porosity parameter.

distribution can be attributed to the existence of the Lorentz force that opposes the flow. It is also observed
that the flow of the converging artery is accelerated than that of the non-tapered and the diverging ones until
almost mid of the artery. The latter behavior is reversed for r > 0.45. Figures 3 and 4 depict the velocity profile
for progressive values of Weissenberg parameter We (the ratio of the relaxation time of the fluid and a specific
process time) and thermal Grashof number Gr. It is observed that both We and Gr enhance the flow till r =
0.5 after which the flow is seen decelerating for all types of arteries. It is also seen that the flow of the diverging
conduit has least acceleration when compared to the non-tapered and converging ones until the middle of the
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Figure 6. Velocity mechanism against multiple values of nanoparticles volume fraction.

Figure 7. Velocity mechanism against multiple values of stenosis height.

conduit before the behavior is reversed near to the walls. It is observed that the results for the Newtonian fluid
can be deduced for We = 0. Figure 5 is plotted to explain influence of the porosity parameter Da on the velocity
mechanism through the conduit. It is seen that the flow profiles for the converging and non-tapered arteries are
higher than that of the diverging one. It is observed that Da enhances the flow incrementally for all arteries
till almost mid of the conduit after which the behavior is almost negligible. Figure 6 is plotted to examine the
distribution of velocity with various values of nanoparticles volume fraction Φ1 and Φ2. It is shown that Φ1

and Φ2 have a decreasing effect on the flow in all stenosed segments till midway of the conduit after which
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Figure 8. Temperature mechanism against multiple values of Hartmann number.

Figure 9. Temperature mechanism against multiple values of Weissenberg number.

they weakly affect the flow. Figure 7 depicts the flow mechanism with different values of stenosis height δ. It is
noticed that the flow is accelerated with an increase in δ until almost r = 0.6 before the behavior is reversed.

5.2. Temperature mechanism

Figures 8–14 show the behavior of temperature distribution against the governing parameters. Figure 8
describes the impact of Ha on the temperature profile for various values of the other parameters. It is seen that
the temperature is greatly reduced with enhancing Ha. It is also seen that the temperature of the converging
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Figure 10. Temperature mechanism against multiple values of Prandtl number.

Figure 11. Temperature mechanism against multiple values of Eckert number.

conduit is the least among the non-tapered and diverging ones. Figure 9 is plotted to explain the behavior of
temperature profile with progressive values of We where it is seen that We has exactly the same effect as Ha.
Figure 10 elucidates the effect of Prandtl number Pr on the temperature where it is observed that Pr boosts the
temperature across the flow. Figure 11 represents the temperature mechanism with progressive values of Eckert
number Ec where it is shown that Ec reduces the temperature steadily across the flow. It is also shown that
the temperature of the converging artery is always smaller than that of the non-tapered and diverging ones.
Figure 12 depicts the variation of temperature profile with the heat source/sink parameter ε. It is observed that
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Figure 12. Temperature mechanism against multiple values of heat source.

Figure 13. Temperature mechanism against multiple values of nanoparticles volume fraction.

the temperature is enhanced with enhancing ε for other values of the parameters under consideration. Inversely,
it is noticed from Figures 13 and 14 that Φ1, Φ2 and δ reduce the temperature across the flow greatly.

5.3. Impedance profile

Figures 15 through 19 are plotted to show the behavior of impedance with multiple values of the pertinent
parameters of interest. It is seen from Figure 15 that impedance profile is greatly enhanced with an increase
in Ha. It is similarly shown in Figure 17 that the impedance has the same exact behavior with δ as it does
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Figure 14. Temperature mechanism against multiple values of stenosis height.

Figure 15. Impedance profile against multiple values of Hartmann number.

with Ha. Figures 16 and 18 show the behavior of impedance distribution with progressive values of the porosity
parameter Da and the thermal Grashof number Gr. It it noticed that both Da and Gr reduce the impedance
steadily all the way for the arteries. It is also seen that the diverging artery’s impedance attains the least values
than do the converging and non-tapered ones. Figure 19 depicts that Φ1 and Φ2 boost the impedance profile
greatly. It is generally shown that the impedance profile is higher for the converging artery than that of the
non-tapered and diverging ones for any value of the parameters of interest.
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Figure 16. Impedance profile against multiple values of porosity parameter.

Figure 17. Impedance profile against multiple values of Weissenberg number.

5.4. Trapping mechanism

Trapping is an important process in nanofluid flow that may be investigated by visualizing the trajectories.
Trapping is the formation of internally flowing free eddies in the blood that are surrounded by streamlines.
This process is very important in biology since it aids in the formation of clots in the blood and the pathogenic
movement of germs. Figures 20 through 24 are plotted to show the physical effect on streamlines across the flow
for various parameters under consideration. It is noticed from Figure 20 that by increasing Da, the number of
trapped bolus decreases while the size of bolus is increased. It is observed from Figure 21 that the number trapped
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Figure 18. Impedance profile against multiple values of thermal Grashof number.

Figure 19. Impedance profile against multiple values of nanoparticles volume fraction.

bolus decreases with a decrease in their size by increasing the thermal parameter Gr. Figure 22 shows that the
number of trapped bolus increases significantly with an increase in Ha for different values of the pertinent
parameters. It is depicted from Figure 23 that the volume faction reduces the number of trapped bolus greatly.
Inversely, it is elucidated from Figure 24 that the tapering angle ϑ decreases the number of trapped bolus in
the converging artery and enhances the bolus number in the non-tapered and diverging arteries, respectively.
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Figure 20. Trapping phenomena against multiple values of Porosity parameter (a) 1; (b) 1.5;
(c) 2.0.

6. Conclusions

In the proposed work, we aim to study the effects of cobalt and tantalum nanoparticles embedded in a blood-
like fluid presented by a Williamson model through an anisotropically tapered artery. The converging, diverging,
and non-tapered arteries’ three various geometries are all analyzed. The perturbation method is utilized to obtain
the proper solutions of the governing model, whilst the lubrication approach is used to develop the physical and
mathematical formulations. Physical interpretation of the impact of the leading parameters are discussed with
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Figure 21. Trapping phenomena against multiple values of thermal Grashof number (a) 1; (b)
1.5; (c) 2.0.

the physical variables of interest. The major findings are as follows:

– There is a decrease in velocity due to the existence of Lorentz force.
– The flow of the diverging artery has least acceleration when compared to the non-tapered and converging

ones until the middle of the artery.
– The nanoparticles volume fraction reduce the temperature across the flow substantially unlike their impact

on the impedance profile.
– The porosity parameter and thermal Grashof number reduce the impedance greatly.
– The number of trapped bolus increases significantly with an increase in the magnetic parameter.
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Figure 22. Trapping phenomena against multiple values of Hartmann number (a) 0.1; (b)
1.75; (c) 1.9.

– The tapering angle reduces the number of trapped bolus in the converging artery and enhances the bolus
number in the non-tapered and diverging arteries.

– Results for the Newtonian fluid can be deduced for We = 0.
– The regulation and control of blood mobility at various temperatures may be facilitated by the presence

of a magnetic field.

It goes without saying that the use of magnetic NPs is advantageous and fundamental in the treatment
of several disorders, including cancer. Magnetic medication delivery and magnetic hyperthermia are two very
promising cancer therapy methods. Due to their low toxicity, economic viability, and good biocompatibility,
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Figure 23. Trapping phenomena against multiple values of nanoparticles volume fraction (a)
0; (b) 0.1; (c) 0.2.

cobalt and tantalum nanoparticles offer intriguing biomedical engineering applications. Cobalt and tantalum
nanoparticles have arisen in the antibacterial and anticancer fields of medicine, as well as in the treatment of
diabetes. However, the restrictions are due to the extrinsic magnetic field’s intensity and concerns with tissue
penetration, both of which need to be improved. The current findings also illustrate the laminar flow description.
The presented results should be helpful for experimental research on heat transfer and non-Newtonian models
for magnetized fluid flows.
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6.

Figure 24. Trapping phenomena against multiple values of tapering angle (a) –0.05; (b) 0; (c)
0.02.
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