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Abstract: The present research examines the unsteady sensitivity analysis and entropy generation of
blood-based silver–titanium dioxide flow in a tilted cylindrical W-shape symmetric stenosis artery.
The study considers various factors such as the electric field, joule heating, viscous dissipation, and
heat source, while taking into account a two-dimensional pulsatile blood flow and periodic body
acceleration. The finite difference method is employed to solve the governing equations due to the
highly nonlinear nature of the flow equations, which requires a robust numerical technique. The
utilization of the response surface methodology is commonly observed in optimization procedures.
Drawing inspiration from drug delivery techniques used in cardiovascular therapies, it has been
proposed to infuse blood with a uniform distribution of biocompatible nanoparticles. The figures
depict the effects of significant parameters on the flow field, such as the electric field, Hartmann
number, nanoparticle volume fraction, body acceleration amplitude, Reynolds number, Grashof
number, and thermal radiation, on velocity, temperature (nondimensional), entropy generation,
flow rate, resistance to flow, wall shear stress, and Nusselt number. The velocity and temperature
profiles improve with higher values of the wall slip parameter. The flow rate profiles increase with
an increment in wall velocity but decrease with the Womersley number. Increasing the intensity of
radiation and decreasing magnetic fields both result in a decrease in the rate of heat transfer. The blood
temperature is higher with the inclusion of hybrid nanoparticles than the unitary nanoparticles. The
total entropy generation profiles increase for higher values of the Brickman number and temperature
difference parameters. Unitary nanoparticles exhibit a slightly higher total entropy generation than
hybrid nanoparticles, particularly when positioned slightly away from the center of the artery. The
total entropy production decreases by 17.97% when the thermal radiation is increased from absence
to 3. In contrast, increasing the amplitude of body acceleration from 0.5 to 2 results in a significant
enhancement of 76.14% in the total entropy production.

Keywords: heat transfer; EMHD; entropy generation; stenosed artery; finite difference method

1. Introduction

The scientific and engineering communities have shown significant interest in nan-
otechnology due to its diverse practical applications, particularly in the fields of biology
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and medicine. A wide range of nanoparticles, such as ferrite, silver, gold, copper, and
magnesium oxide, have been utilized in various applications, including protein and nucleic
acid manipulation, drug delivery, water treatment, heat transfer systems, vaccination,
catalysis, antimicrobial activity, and gene transportation [1–9]. Due to their exceptional
biocompatibility, magnetic properties, chemical properties, specific mechanical properties,
and thermal efficiency, these materials have garnered significant attention in academic cir-
cles [10,11]. In the realm of medical applications, silver nanoparticles (atomic number = 47)
and titanium dioxide (atomic number = 38) have been observed to be highly prevalent
compared to other nanoparticles. This is due to their exceptional quenching efficiencies,
imaging capabilities, targeting ligands, probes, and significant surface modifiability, which
make them suitable for ribonucleic acid quantification via optical biosensors and treating
malignant tumors. The utilization of silver (Ag) and titanium dioxide (TiO2) in diverse
medical applications has been investigated owing to their distinctive characteristics and
possible synergistic outcomes. The potential application of Ag–TiO2 nanocomposites in
cancer therapy has been investigated. The nanocomposites possess the ability to function
as photothermal agents, whereby they can effectively assimilate light and subsequently
convert it into thermal energy, thereby facilitating the eradication of cancerous cells. The
incorporation of Ag and TiO2 within the nanocomposite has been observed to augment
the efficacy of the photothermal effect [12]. The utilization of contrast agents in diagnostic
imaging techniques has also been investigated. The coexistence of Ag and TiO2 within the
nanocomposite has the potential to augment contrast in imaging modalities such as CT and
MRI. The evidence suggests that it possesses promising capabilities for use in the context of
wound healing [13,14]. Nanocomposites possess the potential to function as antibacterial
agents and facilitate the processes of tissue regeneration and angiogenesis, the latter of
which pertains to the generation of novel blood vessels. It has the potential to serve as
a vehicle for the transportation of pharmaceutical agents. The incorporation of Ag and
TiO2 within the nanocomposite material has been shown to yield improved drug loading
capabilities and regulated drug release. The impact of the flow of a hybrid nanofluid
consisting of Ag–TiO2 over a slender needle under the influence of a magnetic field and
thermal radiation was investigated by Nazar et al. [15]. The study conducted by Kot and
Elmaboud [16] investigated the flow characteristics of a hybrid nanofluid consisting of
gold and titanium oxide through a vertical artery afflicted with disease, while taking into
account the presence of a catheter tube and heat transfer.

The World Health Organization (WHO) research states that cardiovascular diseases
(CVDs) continue to be the leading cause of mortality worldwide, accounting for an es-
timated 17.9 million (nearly 31%) deaths in 2019. It is anticipated that the prevalence
of cardiovascular diseases (CVDs) will escalate in the foreseeable future owing to demo-
graphic shifts toward an aging population, alterations in lifestyle patterns, and an upsurge
in the incidence of obesity and diabetes. Cardiovascular diseases (CVDs) are a cluster of
medical conditions that impact the cardiovascular system, encompassing the heart and
blood vessels. Numerous risk factors have been identified as potential contributors to the
onset of cardiovascular diseases (CVDs). These include an unhealthy diet, insufficient phys-
ical activity, tobacco use, elevated blood pressure and cholesterol levels, obesity, diabetes,
and a family history of CVDs, among others. Cardiovascular diseases (CVDs) have the
potential to inflict harm upon various components of the cardiovascular system, such as the
heart, blood vessels, and other organs [16–20]. This can occur as a result of conditions such
as coronary artery disease, heart failure, peripheral artery disease, aortic aneurysms, and
arrhythmias [21]. The main cause of such diseases is the accumulation of cholesterol and
low-density lipoproteins within the lumen, which leads to atherosclerosis or the hardening
of the arteries. The formation of a plaque leads to the subsequent constriction of the arterial
area, resulting in hemodynamic stenosis. This stenosis, in turn, causes a reduction in the
blood supply to various organs within the body. The composition of human blood is
characterized by a heterogeneous multiphase suspension of different blood cells, including
erythrocytes, leukocytes, and platelets, which are suspended in plasma. The scientific con-
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sensus is that plasma conforms to the Newtonian fluid model. Nevertheless, suspensions
in whole blood result in non-Newtonian fluid behavior, leading to significant changes in its
rheological properties [22,23].

Energy cannot be generated or destroyed; it can only be transferred or changed from
one form to another, according to the first rule of thermodynamics, often known as the
principle of energy conservation. The aforementioned law is a fundamental principle in
physics and applies to all thermodynamic processes, encompassing those that involve
internal energy, work, and heat. The concept of entropy generation is closely linked
to the first law of thermodynamics, as it quantifies the energy that is dissipated or lost
due to irreversible processes within a given system. Stated differently, the concept of
entropy generation pertains to the fraction of energy incapable of being transformed into
productive work owing to the inadequacies inherent in actual processes [24,25]. The
first law of thermodynamics postulates energy conservation, whereas the subsequent law
acknowledges the dissipation of a portion of this energy due to entropy generation [26].
Entropy generation is a phenomenon commonly linked to irreversible processes that take
place within a thermodynamic system. Such processes include friction, heat transfer across
a finite temperature gradient, and mixing of different substances. These processes result
in a rise in the level of entropy within the system and a reduction in the amount of work
that can be extracted from the system. The concept of entropy generation holds significant
importance in the fields of engineering and thermodynamics, as it serves as a fundamental
constraint on the efficacy of energy conversion procedures [27,28]. In the context of a heat
engine, a portion of the energy input is inevitably dissipated due to irreversibilities. This
phenomenon induces a rise in entropy and a concomitant reduction in the quantity of work
that can be derived from the system. Comprehending and mitigating entropy generation
is of utmost importance in enhancing the efficacy of energy conversion mechanisms and
curbing wastage [29–32].

The present investigation is motivated by the practical significance of nano-drug
delivery methods and aims to address the management of treatment options for arterial
disease through numerical simulations. Numerical blood flow simulations have emerged
as valuable tools for supporting decision-making processes in cardiovascular disease treat-
ment. While conventional approaches typically involve stents or catheters placed inside
the affected artery, there is a growing trend toward targeted delivery of nano-drugs to
specific locations. This approach also involves the initiation of blood clot formation at
narrowed sections of the artery, and computational simulations can be employed to predict
the impact of these post-treatment processes. Numerous previous studies have explored
blood flow in stenosed arteries with variations in shape, size, and other characteristics, as
evidenced by the aforementioned research. In the present investigation, the focus is on
analyzing the analysis and entropy generation of a blood hybrid nanofluid flow containing
silver–titanium dioxide nanoparticles within a tilted cylindrical W-shaped stenosed artery
using electromagnetohydrodynamic principles. Furthermore, the principal applications of
silver–titanium dioxide nanoparticles encompass targeted drug delivery, wound manage-
ment, cancer detection, cardiovascular therapy, and chemotherapy. The current framework
focuses on the flow of a biomagnetic silver–titanium dioxide blood hybrid nanofluid in
a W-shape inclined stenosis artery. The framework takes into account motivating factors
and incorporates time-dependent sensitivity analysis and entropy creation using variable
viscosity and Lorentz force. The two-dimensional governing equations were subjected to
moderate stenotic approximation after normalizing relevant variables. The FTCS method
was employed due to the considerably nonlinear nature of the resulting dimensionless
boundary value problem, necessitating a dependable numerical approach.

2. Mathematical Formulation

This study focuses on a mathematical model that analyzes the flow of a time-dependent,
two-dimensional blood-based hybrid nanofluid. The model specifically examines the flow
of silver–titanium dioxide nanoparticles in a slanted artery with W-shape symmetric steno-
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sis, as shown in Figure 1. The study uses a nanoparticle volume fraction model to analyze
the biomagnetic blood flow. It is important to note that the blood fluid being analyzed
contains both silver and titanium dioxide nanoparticles. The direction of blood flow is
opposite to the direction of the strongest Lorentz force. The arterial radial and axial co-
ordinates are represented by r and z in this modeling, which uses the two-dimensional
cylindrical coordinate system (r, θ, z) [33–37]. The present study focuses on the analysis
of an electrically conducting incompressible unsteady blood hybrid nanofluid. A modi-
fied Tiwari–Das nanoscale model is employed, allowing for the determination of unique
properties of the actual nanoparticles, such as viscosity, thermal conductivity, specific heat
capacity, and density. The flow equation takes into account the influence of body force.
Since the induced magnetic field strength is relatively small compared to the external
magnetic field (resulting in a small magnetic Reynolds number), it is neglected in the
analysis. Additionally, Hall current, ion slip, and Maxwell displacement currents are also
disregarded. Viscous dissipation and joule heating, however, are considered in the energy
equation. Given the unsteady nature of blood flow, pulsatile pressure gradient and wall
slip effects in streaming blood are taken into consideration as well.
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Flow equations are presented by [33–37].
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∂r

)
− 2µhn f (T)

(
u
r2

)
+ ∂

∂z

(
µhn f (T)

(
∂u
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(
ρCp

)
hn f

(
∂T
∂t + u ∂T

∂r + w ∂T
∂z

)
= khn f

(
∂2T
∂r2 + 1

r
∂T
∂r + ∂2T

∂z2

)
− ∂qr

∂r

+σhn f (B0w − E0B0)
2 + Q0

+µhn f

[
2
(

∂u
∂r

)2
+ 2
( u

r
)2

+
(

∂u
∂z + ∂w

∂r

)2
+ 2
(

∂w
∂z

)2
] (5)

Boundary conditions [35–37]:

w(R, t) = wS, ∂w(0,t)
∂r = 0, w(r, 0) = 0,

T(R, t) = 1, ∂T(0,t)
∂r = 0, T(r, 0) = 0.

 (6)

Table 1 discloses the initial and boundary condition of the present model. Table 2
provides the thermophysical characteristics of the base fluid (blood) and the nanomaterials
(silver–titanium dioxide. The nonlinear flow equations governing the system are subjected
to a transformation using appropriate nonsimilar variables, as demonstrated below [33–37].

r = r
R0

, z = z
l0

, p =
R2

0P
U0l0µ f

, u = l0u
δ∗U0

, θ = T−T1
Tw−T1

,

w = w
U0

, R = R
R0

, t = U0t
R0

, d = d
l0

.
(7)

Table 1. Initial and boundary condition of the present model [35–37].

Conditions Velocity Temperature

Initial t = 0 w = 0 T = 0

Boundary r = 0 ∂w
∂r = 0 ∂T

∂r = 0
r = R w = wS T = 1

Table 2. The values pertaining to the different physical parameters [36,37].

Physical Properties Blood Ag TiO2

ρ
(

kg
m3

)
1050 10,500 4250

Cp

(
J

kg K

)
3617 235 686.2

k
(

W
m K

)
0.52 429 8.9538

γ
(

1
K

)
× 10−5 0.18 1.89 0.9

σ(S/m) 6.67 × 10−1 6.3 × 107 2.38 × 106

The utilization of the aforementioned variables in Equations (2)–(5) results in the
following transformed equations:

δ

(
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+
u
r

)
+
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∂z

= 0, (8)
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1
r

∂
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∂r
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)
∂
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−2
(
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)
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(
u
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)
+
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(ργ)hn f
(ργ) f
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ε cos(α)Grθ,

(9)
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(11)

Here, Λ =
ρ fωR2

0
2πµ f

is the Womersley number, U0 mathvariant="normal", M2
a =

σ f
µ f

B2
0R2

0

is the Hartmann number, Gr =
gρ f R2

0γ f (Tw−T1)
U0µ f

is the Grashof number, Re =
U0ρ f R0
µ f

is the

Reynolds number, EC =
U2

0
(Cp) f (Tw−T1)

is the Eckert number, Tw is the wall temperature,

ε = R0
l0

is the vessel aspect ratio, NR =
16σeT3

1
3k f ke

thermal radiation, Pr =
(Cp) fµ f

k f
is the Prandtl

number, and δ = δ∗
R0

is the stenosis height parameter.
The thermophysical properties of hybrid nanofluids and nanofluids are described

in [34,36].

µhn f
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= 1
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)
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,
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(13)

The viscosity of blood within a biological system is subject to fluctuations due to
various factors, such as hemoglobin ratio, the vessel dimension, heat, and axial forces or
radial directions. Differences in viscosity can give rise to diverse physiological phenomena,
including diminished blood viscosity, augmented blood perfusion, decreased coagulation
elements, and improved blood circulation. The present model incorporates the influence of
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temperature on the viscosity of blood nanofluid to effectively capture the aforementioned
phenomena. The determining factor is provided by the temperature of the fluid [36,37].

µ f (θ) = µ0e−β0θ, where e−β0θ = 1 − β0θ,β0 � 1. (14)

The following equation can be used to represent the axial pressure gradient that
appears in the above equation [38].

−∂p
∂z

= A0 + A1t cos
(
2πwp

)
, t > 0, (15)

By using nonsimilar variables, the pressure gradient may be simplified to the following
form:

−∂p
∂z

= (e cos(c1t) + 1)B1, (16)

where B1 = A0a2

µ0U0
, e = A1

A0
, and c1 =

2πawp
U0

.
According to the present paradigm, the human body acceleration is expressed as [39]:

G(t) = ag(cos(ωbt + κ)) (17)

Equation (7) is used to transform Equation (17) into its dimensionless version, which
is as follows:

G(t) = B2(cos(c2t + κ)) (18)

In the equation above, κ stands for the lead angle to the heartbeat, c2 = ωb
ω for body

force, and B2 = ρ f ag
R2

0
µ f U0

for body acceleration amplitude.
The findings indicate that the maximum height of stenosis is relatively small in com-

parison to the radius of the artery. Additionally, the dimensions of the stenotic segment and
the radius of the artery are of similar order of magnitude. Consequently, the dimensionless
equations governing the flow are minimized under the assumption δ � 1 and ε= O(1).
The reduced equations are obtained by utilizing these hypotheses.

∂w
∂z

= 0, (19)

∂p
∂r

= 0, (20)

Re

(
ρhn f
ρ f

)(
Λ ∂w

∂t

)
= B1(1 + e cos(c1t)) + 1

r
∂
∂r

( rµhn f (θ)
µ0

(
∂w
∂r

))
+
(
ρhn f
ρ f

)
B2(cos(c2t + κ)) +

(
(ργ)hn f
(ργ) f

)
Grθ sin(α)− σhn f

σ f
M2

a(w − E1),
(21)

(
(ρCp)hn f

(ρCp) f

)(
∂θ
∂t

)
= 1

Pr Re

( khn f
k f

)(
∂2θ
∂r2 + 1

r
∂θ
∂r

)
+ NR

Pr Re
∂2θ
∂r2

+
(
σhn f
σ f

)
EC M2

a
Re

(w − E1)
2 +

(
µhn f (θ)
µ f

)
EC
Re

(
∂w
∂r

)2
.

(22)

The system of equations has been converted into the radial coordinate (x = r/R(z)) rep-
resentation, as the governing flow equations have been integrated with constraining conditions.

Re

(
ρhn f
ρ f

)(
Λ ∂w

∂t

)
= B1(1 + e cos(c1t))

+
µhn f
µ f

1
R2

(
(1 − β0θ)

(
∂2w
∂x2 + 1

x
∂w
∂x

)
− β0

∂θ
∂x

∂w
∂x

)
+
(
ρhn f
ρ f

)
B2(cos(c2t + κ)) +

(
(ργ)hn f
(ργ) f

)
Grθ sin(α)− σhn f

σ f
M2

a(w − E1),

(23)
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(
(ρCp)hn f

(ρCp) f

)(
∂θ
∂t

)
= 1

Pr Re

( khn f
k f

)(
1

R2

)(
∂2θ
∂x2 + 1

x
∂θ
∂x

)
+
(

1
R2

)
NR

Pr Re
∂2θ
∂x2 + Q

Pr Re
+
(
σhn f
σ f

)
EC M2

a
Re

(w − E1)
2

+
(
µhn f (θ)
µ0

)
EC
Re

(
∂w
∂x

)2( 1
R2

)
.

(24)

Parameters of hemodynamics, such as wall shear stress (τs), resistance impedance (λ),
Nusselt number (Nu), and volumetric flow rate (QF), are formulated mathematically as

τs =
1

R(z)

(
∂w
∂x

)
x=1

,

λ = L

[ (
∂p
∂z

)
QF

]
= L

 B1(1+e cos(2πt))

(R(z))22π

(
1∫

0
wxdx

)
,

Nu = 1
R(z)

(
∂θ
∂x

)
x=1

, QF = (R(z))22π

(
1∫

0
wxdx

)
.


(25)

3. Entropy Generation

Thermal irreversibility, joule heating irreversibility, and fluid friction irreversibility all
contribute to the current model’s entropy creation [33,34].

Eg =
k f

T2
1

[
khn f
k f

+
16σeT3

1
3k f ke

](
∂T
∂r

)2
+
µhn f

T1

[
2
((

∂u
∂r

)2
+
(

∂w
∂z

)2
+
( u

r
)2
)
+
(

∂u
∂z + ∂w

∂r

)2
]

+
σhn f (B0w2−E0B0)

2

T1

(26)

By using a dimensionless variable and a radial coordinate, one may create a dimen-
sionless form of entropy.

Ng =

[
khn f

k f
+ NR

](
1
R

)(
∂θ

∂x

)2
+

(
1
R

)
µhn f

µ f

Br
Ω

(
∂w
∂x

)2
+
σhn f

σ f

M2
a Br(w − E1)

2

Ω
(27)

where Ω = Tw−T1
T1

, temperature difference, Ng =
T1

2R2
0

k f (Tw−T1)
2 Eg dimensionless entropy

generation, and Br =
U2

0 µ f
k f (Tw−T1)

Brickman number.

4. Numerical Method

Deriving analytical solutions for the nonlinear equations is challenging, if not impossi-
ble (Equations (24) and (25)). In order to solve the problem, a suitable numerical approach
is used. This approach is forward in time (FT) and central in space (CS), and it is well
described in [10] with further examples of medical flow applications in [11]. Therefore, in
computational fluid dynamics, it is usually referred to as the FTCS difference algorithm.
The value of w at node xi is designated asωk

i , and the kth time instant is designated as tk.
The finite difference formulation of numerous partial derivatives is provided as follows

in this notation:

Time in Forward : ∂w
∂t

∼=
wi+1

j −wi
j

∆t ; ∂θ
∂t

∼=
θi+1

j −θi
j

∆t

Space in Central :


∂w
∂x

∼=
wi

j+1−wi
j−1

2∆x ; ∂θ
∂x

∼=
θi

j+1−θ
i
j−1

2∆x

∂2w
∂x2

∼=
wi

j+1−2wi
j+wi

j−1
2∆x ; ∂2θ

∂x2
∼=
θi

j+1−2θi
j+θ

i
j−1

2∆x
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Using the aforementioned derivative equations, Equations (24) and (25) are easily
simplified to the following form:

wi+1
j = wi

j +
∆t

Λ Re

(
1−φ2

[
(1−φ1)+φ1

(
ρs1
ρ f

)]
+φ2

ρs2
ρ f

)


+

(
1 −φ2

[
(1 −φ1) +φ1

(
(ργ)s1
(ργ) f

)]
+φ2

(ργ)s2
(ργ) f

)
Grθ

i
j sin(α) + B1

(
1 + e cos

(
c1ti))− σhn f

σ f
M2

a

(
wi

j − E1

)
+

(
1−β0θ

i
j

)
(1−φ1)

2.5(1−φ2)
2.5

(
1

R2

)(
∂2w
∂x2 + 1

x
∂w
∂x

)
− β0

R2((1−φ1)
2.5(1−φ2)

2.5)
∂θ
∂x

∂w
∂x +

(
ρhn f
ρ f

)
B2
(
cos(c2ti + κ)

)


,

θi+1
j = θi

j +
∆t(

(ρCp)hn f

(ρCp) f

)



1
Pr Re

( khn f
k f

)(
1

R2

)(
∂2θ
∂x2 + 1

x
∂θ
∂x

)
+
(

1
R2

)
NR

Pr Re
∂2θ
∂x2

+
(
σn f
σ f

)
EC M2

a
Re

(
wi

j − E1

)2

+

(
µn f

(
θi

j

)
µ0

)
EC
Re

(
∂w
∂x

)2( 1
R2

)


Because the scheme’s stability is wholly contingent on the time increment (∆t) and the

step size (∆x), the ∆t = 0.00001 and ∆x = 0.025 are specified in order to address the stability
constraint. These values have been shown to be appropriate for stability and convergence
of the FTCS method in a number of investigations [36,37,39,40]. Table 3 displays numerical
findings from this mathematical model, which have been validated against the published
results of Ijaz and Nadeem [40]. This table demonstrates that the accepted FTCS code
agrees very closely with the work of Ijaz and Nadeem [40].

Table 3. Comparison of present code (FTCS) with Ijaz and Nadeem [40] when t = 1.2, δ∗ = 0.01,
z = 1.5 & φ = 0.0.

Radius (x) Ijaz and Nadeem [40] Present Results

0.1 0.00 0.00
0.2 0.0317 0.0318
0.3 0.0418 0.0422
0.4 0.0420 0.0426
0.5 0.0366 0.0364
0.6 0.0283 0.0281
0.7 0.0191 0.0195
0.8 0.0109 0.0107
0.9 0.0052 0.0049
1.0 0.0039 0.0037

5. Response Surface Methodology (RSM)

The response surface approach is the most effective statistical model for examining
and enhancing the impact of key flow field variables on the rate of heat transfer. The
face-centered central composite design (CCD) is a prominent technique in the realm of
response surface methodology (RSM), originally introduced by Box and Wilson [41]. The
present investigation focuses on the impact of effective parameters E1, Ma, and NR response
variables, specifically the heat transfer rate (Nu). Table 4 illustrates the range of chosen
influential variables and their corresponding numerical values. The subsequent statement
presents the fundamental structure of correlations established between effective parameters
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and response variables utilizing a three-level, three-factor face-centered central composite
design–response surface methodology.

Table 4. Key parameters, their symbols, and their levels for RSM.

Key Factors Symbols
Levels

−1 0 1
(Low) (Medium) (High)

E1 X1 0 0.15 0.3
Ma X2 2 3 4
NR X3 1 2 3

There exist three distinct variables denoted as X1, X2, and X3. It is noteworthy that the
experimental design utilized in this study comprises 20 sets of runs, with the respective
combinations for each set being presented in Table 5. Moreover, this arrangement considers
six points along the axial plane, ten points along the factorial plane, and six points at
the center.

Table 5. Heat transfer rate experimental design and outcomes.

Order
Code Values Real Values

Nu
X1 X2 X3 E1 Ma NR

1 −1 −1 −1 0 2 1 0.9976488691
2 1 −1 −1 0.2 2 1 0.9658803418
3 −1 1 −1 0 4 1 1.070878107
4 1 1 −1 0.2 4 1 1.048387126
5 −1 −1 1 0 2 3 0.6579508725
6 1 −1 1 0.2 2 3 0.6724322264
7 −1 1 1 0 4 3 0.6931118918
8 1 1 1 0.2 4 3 0.7374430155
9 −1 0 0 0 3 2 0.8565814294
10 1 0 0 0.2 3 2 0.8550546489
11 0 −1 0 0.1 2 2 0.8365974307
12 0 1 0 0.1 4 2 0.9595528161
13 0 0 −1 0.1 3 1 1.113936950
14 0 0 1 0.1 3 3 0.7584564621
15 0 0 0 0.1 3 2 0.9115447848
16 0 0 0 0.1 3 2 0.9115447848
17 0 0 0 0.1 3 2 0.9115447848
18 0 0 0 0.1 3 2 0.9115447848
19 0 0 0 0.1 3 2 0.9115447848
20 0 0 0 0.1 3 2 0.9115447848

5.1. Accuracy of the Mode

The evaluation of the precision of this experimental framework is conducted through
the utilization of the ANOVA analysis and residual plots. The ANOVA test results for
the scenario in close proximity to the wall are presented in Table 6. The significance of
independent parameters is influenced by linear, square, and two-way interactions. The
significance of independent parameter importance can be effectively determined through
the utilization of the p-value. When the p-value is less than 0.05, certain factors are observed
to have a significant impact on the rate of heat transfer. Through the assessment of F and
p values, it is possible to ascertain the variance of the data and to establish the statistical
significance of the regression model. Model terms are considered statistically significant
and are included in the analysis if their F value exceeds 1 and their p value is less than
0.05. Conversely, if these criteria are not met, the model terms are deemed insignificant
and are not taken into consideration. Consequently, the quadratic element of variable Ma,
along with the interaction factors of variables E1, Ma, and NR, have been removed from the
Nu* model. Furthermore, the statistical estimators pertaining to the reduced models for
Nu* have been demonstrated to retain their significance and are displayed in Table 6. The
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model for Nu* can be derived by solely considering the significant regression coefficients
presented in Table 6.

Table 6. Sensitivity values at all levels of the key factors.

Source DF Adj SS Adj MS F-Value p-Value

Model 9 0.316308 0.035145 200.20 0.000

Linear 3 0.295701 0.098567 561.47 0.000
E1 1 0.000001 0.000001 0.01 0.944
Ma 1 0.014354 0.014354 81.76 0.000
NR 1 0.281346 0.281346 1602.65 0.000

Square 3 0.018432 0.006144 35.00 0.000
E1 * E1 1 0.009874 0.009874 56.25 0.000

Ma * Ma 1 0.000858 0.000858 4.89 0.051
NR * NR 1 0.001151 0.001151 6.56 0.028

2-Way Interaction 3 0.002175 0.000725 4.13 0.038
E1 * Ma 1 0.000191 0.000191 1.09 0.321
E1 * NR 1 0.001598 0.001598 9.10 0.013
Ma * NR 1 0.000386 0.000386 2.20 0.169

Error 10 0.001756 0.000176
Lack-of-Fit 5 0.001756 0.000351 * *
Pure Error 5 0.000000 0.000000

Total 19 0.318064

The uncoded coefficients:

Regression Equation in Uncoded Units
Nu = 0.9989 + 0.772 E1+0.1529 Ma − 0.2429 NR
− 5.992 E2

1 − 0.01766 M2
a+0.02046 N2

R
+0.0489 E1 × Ma+0.1413 E1 × NR − 0.00695 Ma × NR

The validation of the model’s accuracy is achieved by employing residual plots for
the responses Nu, as illustrated in Figure 2. The normal probability plot exhibits a linear
trend where all data points are aligned. The presented histogram illustrates that the data
exhibit a degree of symmetry and minimal skewness. This illustrates that the acquired data
are representative. The residual versus fitted plot indicates that the maximum residual for
Nu is approximately 0.0623. Furthermore, the value of S is 0.0132495, the coefficient of
determination (R2) is 99.45%, the adjusted R2 is 99.95%, and the predicted R2 (R2 (Pred)) is
95.52%, indicating a high degree of correlation and a well-fitted model. The aforementioned
particulars provide evidence for the assertion that the chosen model is dependable and
appropriately fitting.

5.2. Response Surface Analysis

Figure 3 discovers the silhouette plots projected to explore the influences of operative
factors (E1, Ma, and NR) on the responses Nu. Figure 3a–c depict the effect of Figure 3a
interaction Ma with E1 with hold NR, Figure 3b interaction Ma with Ma with hold E1, and
Figure 3c interaction NR with E1 with hold Ma on Nu. It is notable that at all levels, the
interaction of two factors is carried out, and the medium value of the third parameter is
fixed as a hold value. The heat transfer rate is increased by the lower Ma and E1 values. In
the cases of Ma and E1, the similar nature is shown. As NR and E1 are increased, the rate of
heat transfer increases. Figure 3a reveals the influence of Ma and E1 on the heat transfer
rate. It is observed that lower levels of Ma (2–3) and all levels of E1 result in a reduction
in the heat transfer rate. However, increasing the magnetic field from 3.5 to 5 leads to a
significant enhancement in the heat transfer rate for all levels of E1. Moreover, analysis of
Figure 3b,c reveals that varying the levels of NR consistently leads to a significant decrease
in the heat transfer rate. However, an increase in Ma within the range of 3–4 and E1 within
the range of 0.05–0.1 effectively enhances the heat transfer rate, particularly when the level
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of NR is relatively low. The comprehensive findings from these figures indicate a clear
correlation between the heat transfer rate of the hybrid nanofluid and the levels of thermal
radiation and magnetic field. Specifically, a lower level of thermal radiation coupled with a
higher level of magnetic field exhibits a pronounced enhancement in the heat transfer rate.
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5.3. Sensitivity Analysis

This section employs independent parameters to ascertain the level of sensitivity of the
heat transfer rate. The utilization of sensitivity functions involves the evaluation of changes
in responses (Nu) in relation to the variables, namely E1, Ma, and NR, which are derived
from the regression equation. These sensitivity functions are employed to determine any
progression or regression in the responses.

∂Nu
∂E1

= 0.772 − 11.984X1 + 0.0489X2 + 0.1413X3,
∂Nu
∂Ma

= 0.1529 + 0.0489X1 − 0.03532X2 − 0.00695X3,
∂Nu
∂NR

= − 0.2429 + 0.1413X1 − 0.00695X2 + 0.04092X3.

It is critical to note that Table 7 displays all values of the other two parameters, and that
the sensitivity is calculated for the medium value of X1 alone. To investigate the sensitivity
of independent factors, Figure 4 is shown. It is obvious that Ma is the positive side and that
NR and E1 have a negative sensitivity.

Table 7. Response sensitivity at the medium value of E1.

Order X1 X2 X3
∂Nuavg

∂X1

∂Nuavg
∂X2

∂Nuavg
∂X3

1 0 −1 −1 −0.0155 0.08020 −0.2028
2 0 −1 0 0.2976 0.07325 −0.16209
3 0 −1 1 0.6107 0.06630 −0.12180
4 0 0 −1 0.0334 0.04488 −0.20933
5 0 0 0 0.3465 0.03793 −0.16904
6 0 0 1 0.6596 0.03098 −0.12875
7 0 1 −1 0.0823 0.00956 −0.21628
8 0 1 0 0.3954 0.00261 −0.17599
9 0 1 1 0.7085 −0.00434 −0.13570
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6. Results and Discussion

This section is intended to demonstrate the heat transfer behavior of EMHD blood-
based silver–titanium dioxide nanoparticles in a tilted cylindrical W-shape stenosis artery
with the entropy generation analysis velocity, temperature, wall shear stress, flow rate,
resistance to flow, and total entropy generation visualized and elaborately discussed. The
moderate stenotic approximation was applied after the two-dimensional governing equa-
tions were translated and normalized using the relevant variables. The FTCS technique was
used since the resulting dimensionless boundary value problem’s substantially nonlinear
nature called for a reliable numerical approach. Comparisons of Ag–TiO2 hybrid nanofluid
and Ag nanofluid in a tilted cylindrical W-shape stenosis are shown using solid and dot-
ted lines, respectively. In accordance with Sharma et al. [25], Gandhi et al. [26], Tripathi
et al. [27], and Basha et al. [28], the graphical outcomes were presented using a specific
combination of parameters: Pr = 14, Re = 2, E1 = 0.1, z = 0.98, Ma = 1, B1 = 1.41,
φ1 + φ2 = 0.05, ws = 0.1, δ∗ = 0.1, c1 = 1, d = 2, B2 = 2, EC = 1, NR = 1,
Q = 0.2, β0 = 0.5, and t = 1.2. The obtained data exhibit consistency between stenotic
blood flows and nanoparticle drug delivery [42].

The velocity and temperature profiles that are dimensionless for different values of
the electric field parameter (E1) are illustrated in Figure 5a, showing that enhancing the
performance leads to an elevation in the velocity profile for both Ag–TiO2 hybrid nanofluid
and Ag nanofluid. Increasing the electric field parameter E1 leads to a noticeable increase
in flow velocity. This can be attributed to the accelerating force induced by the electric
field, which acts in the direction of the applied electric field. Consequently, the momentum
boundary layer thickness expands, resulting in the acceleration of the fluid. The figure
reveals that as the value of E1 increases from 0 to 0.15, the blood velocity shows a significant
rise of 26.83% in the hybrid nanofluid case, similar to a 26.53% increase observed in the
silver nanofluid case. Figure 5b demonstrates the impact of the Hartmann number (Ma)
on the velocity profile of Ag–TiO2 hybrid nanofluids in the blood. It is observed that an
increase in Ma (indicative of a stronger Lorentzian drag force) significantly hinders the
blood flow in the core region, which is located near the artery’s centerline. When Ma = 0,
corresponding to a zero radial magnetic field, the blood behaves as a non-conducting fluid.
When Ma = 2, both the magnetic and viscous hydrodynamic forces are equally influential.
The presence of a stronger magnetic field effectively regulates and attenuates the blood
flow, offering improved control in biomedical procedures through nonintrusive means,
such as the application of an external magnetic field. This parameter also plays a crucial
role in adjusting the fluid velocity. According to the figure, it is evident that an increase in
the values of Ma from 2 to 5 leads to a significant reduction in blood velocity. In particular,
the hybrid nanofluid case demonstrates a substantial decline of 64.19.83%, and a similar
decrease of 64.14% is observed in the silver nanofluid case.

The visualization of the impact of Reynolds number (Re) on blood flow velocity and
temperature profile is presented in Figure 6a,b. It is worth mentioning that the analysis
pertains to extremely low Reynolds numbers, indicating laminar flow; consequently, the
system is governed by viscous forces. The results of the computations indicate that an
increase in the Reynolds number from 2 to 5 has resulted in a noteworthy decrease in
velocity. Similarly, with an increase in Reynolds number, there is a corresponding decrease
in temperature. Despite the fact that the Reynolds number (based on the vessel radius)
causes an increase in inertial force, the primary impact is the deceleration of flow due to
stenotic obstruction and nanoparticles. This results in a considerable impediment to the
streaming blood. At higher Reynolds numbers, temperature suppression occurs and the
profiles exhibit a decreasing gradient. The profiles become attached to the zero line, and
subsequent temperature growth from the wall occurs over longer radial distances. It is
observed that varying the Reynolds number from 2 to 5 results in a decrease in fluid velocity
and temperature. Specifically, for hybrid nanofluids, there is a reduction of 15.72% in fluid
velocity and 85.15% in temperature, whereas for silver nanofluids, the corresponding
reductions are 17.51% and 85.82%, respectively.
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The visualization of the impact of Reynolds number (Re) on blood flow velocity and 
temperature profile is presented in Figure 6a,b. It is worth mentioning that the analysis 
pertains to extremely low Reynolds numbers, indicating laminar flow; consequently, the 
system is governed by viscous forces. The results of the computations indicate that an 
increase in the Reynolds number from 2 to 5 has resulted in a noteworthy decrease in 
velocity. Similarly, with an increase in Reynolds number, there is a corresponding de-
crease in temperature. Despite the fact that the Reynolds number (based on the vessel 
radius) causes an increase in inertial force, the primary impact is the deceleration of flow 
due to stenotic obstruction and nanoparticles. This results in a considerable impediment 
to the streaming blood. At higher Reynolds numbers, temperature suppression occurs and 
the profiles exhibit a decreasing gradient. The profiles become attached to the zero line, 
and subsequent temperature growth from the wall occurs over longer radial distances. It 
is observed that varying the Reynolds number from 2 to 5 results in a decrease in fluid 
velocity and temperature. Specifically, for hybrid nanofluids,  
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Figure 5. Velocity for different values of (a) Electric field (E1) and (b) Hartmann number (Ma) at
Pr = 14, Re = 2, z = 0.98, δ∗ = 0.1, φ1 +φ2 = 0.05, ws = 0.1, EC = 1, Q = 0.2, NR = 1, t = 1.2.
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Figure 6. (a) Velocity and (b) Temperature for different values of Reynolds number (Re) at
Pr = 14, Ma = 2, z = 0.98, E1 = 0.1, φ1 +φ2 = 0.05, ws = 0.1, EC = 1, Q = 0.2, NR = 1, t = 1.2.

The velocity and temperature profiles’ development is illustrated in Figure 7a,b con-
cerning the variation in Ag–TiO2 hybrid nanofluids and Ag nanofluids and wall slip
velocity. The study indicates that an elevation in the wall slip parameter results in a corre-
sponding augmentation of the blood flow velocity in the vicinity of the artery’s centerline.
The velocity profile of a blood nanofluid experiences an increase in the wall slip parameter,
which can be attributed to a multitude of factors. These factors include heightened shear
stress and turbulence in the vicinity of the boundary at elevated velocities, as well as the
intricate interdependence between the fluid properties and boundary conditions. Figure 7b
illustrates that as the slip parameter increases, there is a noticeable rise in acceleration tem-
perature. The imposition of the slip parameter at the inner surface of the arterial wall serves
as a boundary condition. The slip velocity’s existence results in a momentum increase
that aids the blood in the near-wall region and quickens blood flow. However, the impact
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diminishes as the radial distance from the arterial centerline increases. The variation of wall
slip from 0 to 0.3 leads to an increase in both fluid velocity and temperature. In the case of
hybrid nanofluids, the fluid velocity experiences a rise of 64.06%, whereas the temperature
decreases by 84.34%. Similarly, for silver nanofluids, the corresponding enlargement is
65.41% in fluid velocity and 66.33% in temperature.
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Figure 7. (a) Velocity and (b) Temperature for different values of wall slip parameter (ws) at
Pr = 14, Ma = 2, z = 0.98, E1 = 0.1, φ1 +φ2 = 0.05, Re = 2, EC = 1, Q = 0.2, NR = 1, t = 1.2.

Figure 8a,b provide a graphic representation of how the Eckert number (Ec) affects the
blood flow velocity and temperature profile. The research findings suggest that an increase in
the Eckert number (Ec) leads to a proportional enhancement of the velocity of blood flow in the
proximity of the centerline of the artery. The increase in the Eckert number (Ec) is responsible
for the alteration of the velocity profile of a blood nanofluid, and this phenomenon can be
attributed to various factors. Figure 8b illustrates the impact of Ec on the nondimensional
temperature profile. The rise in the Ec value indicates a corresponding rise in the temperature
distribution within the flow zone. This phenomenon is attributed to the accumulation of
heat energy in the fluid due to frictional heating, leading to an increase in the temperature
of the fluid (blood). When the Eckert number is varied from 0 to 1, both fluid velocity and
temperature show a noticeable increase. The elevation in fluid velocity is 13.14% for hybrid
nanofluids and 12.44% for silver nanofluids. Additionally, the temperature experiences a
significant incline of 120.72% in the case of hybrid nanofluids, and a corresponding reduction
of 130.53% is observed for silver nanofluids. The temperature profile is investigated by plotting
Figure 9a,b to examine the impact of heat source parameter (Q) and thermal radiation (NR)
features. The diagram depicted in Figure 9a demonstrates the correlation between the heat
source parameter and the temperature profile. The figure indicates that the temperature profile
rate is augmented by the (Q) settings. The temperature distribution of a blood nanofluid,
subject to a heat source, is contingent on the distinct characteristics of both the fluid and
the source of heat. The fluid’s behavior may be influenced by various factors, including the
concentration and size distribution of the suspended particles, the thermal conductivity and
heat capacity of the fluid, and the geometry and distribution of the heat. By varying Q from 0
to 0.6 and NR from 0 to 3, a noticeable increase in temperature is observed. Specifically, for
hybrid nanofluids, the temperature experiences a significant elevation of 8.17% for Q and
194.47% for NR. Similarly, in the case of silver nanofluids, the corresponding enhancements in
temperature are 9.09% for A1 and 205.42% for NR source. The data presented in Figure 9b
indicate that enhancing thermal radiation (NR) has a positive correlation with the temperature
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profile. The temperature profile exhibits an upward trend as the values of Nr increase. This
phenomenon occurs because of the Inverse relationship between the radiation parameter
and thermal conductivity, indicating that the system dissipates more heat through radiation.
Radiation acts as a source of heat within the bloodstream, and higher radiation levels result in
an elevation of temperature. When nanoparticles, such as gold and alumina, interact with
light of the appropriate wavelength, the free electrons within them undergo oscillations. The
heat generated by these oscillations spreads to the surrounding environment, leading to the
destruction of malignant cells. This discovery holds significant potential in the field of thermal
therapy, offering numerous applications for targeted cancer treatment. Figure 10 shows the
wall shear stress profiles for a variety of factors, including the thermal radiation (NR), electric
field (E1), amplitude of body acceleration (B2), and Eckert number (Ec). Figure 10a illustrates
the impact of (NR) on wall shear stress. As the (NR) values increase, there is an inclination in
the wall shear stress profiles. The phenomenon of thermal-radiation-induced temperature rise
is limited to a specific area, and it may result in an opposing outcome, whereby a localized
temperature increase can trigger a corresponding rise in the viscosity of the blood in that
particular region. The augmentation in viscosity may lead to a rise in the wall shear stress
due to the amplified frictional drag on the surface. Figure 10b demonstrates the influence of
the electric field (E1) on the profiles of wall shear stress. As the (E1) values increase, there
is an inclination in the wall shear stress profiles. For different values of the dimensionless
amplitude of the body acceleration, Figure 10c shows the dimensionless steady state period
at which the minimum blood flow is attained in the wall shear stress profiles. The viscous
drag force that a body experiences when moving in a fluid is what causes the amplitude of
body acceleration (B2) to decrease as wall shear stress increases. Figure 10d shows that the
wall shear stress enlargements as the Eckert number (Ec) increases. The variations in E1, NR,
and Ec have a promoting effect on wall shear stress, leading to values of 41.02%, 14.33%, and
10.05% for the hybrid nanofluid case and 38.45%, 14.29%, and 9.74% for the unitary nanofluid
case. On the other hand, the effect of B2 causes a reduction in wall shear stress, with values of
18.15% observed for the hybrid nanofluid and 15.47% for the unitary nanofluid. From these
figures, it is evident that the unitary nanoparticles yield a significantly higher wall shear stress
compared to the hybrid nanoparticles. This can be attributed to the dominant fluid velocity
behavior exhibited by the silver nanoparticles in the W-shaped stenotic artery.
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Figure 8. (a) Velocity and (b) Temperature for different values of Eckert number (Ec) at
Pr = 14, Ma = 2, z = 0.98, E1 = 0.1, φ1 +φ2 = 0.05, ws = 0.1, Q = 0.2, NR = 1, t = 1.2.
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the wall slip velocities. In the hybrid nanofluid case, the variation of slip velocity leads to 
an increase in flow rate, with a value of 132.55. Similarly, in the unitary nanofluid case, 
the flow rate is boosted with a value of 124.10. Additionally, the effect of Womersley num-
bers results in a decrease of 15.92 for the hybrid nanofluid and 14.07 for the unitary 
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Figure 10. Wall shear stress for different values of (a) thermal radiation (NR) (b) electric field
(E1), (c) amplitude of body acceleration (B2) and (d) Eckert number (Ec) at Pr = 14, Ma = 2,
z = 0.98, φ1 +φ2 = 0.05, ws = 0.1, B1 = 1.41, Q = 0.2, t = 1.2.

The effects of different wall slip velocity (Ws) and Womersley numbers (Λ) on the
volumetric flow rate are shown in Figure 11a,b. The Womersley numbers on the volumetric
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flow rate in the situations of Ag–TiO2 hybrid nanofluids and Ag nanofluids show the
opposite nature, and this quantity likewise greatly rises for the larger values of the wall slip
velocity. The slip velocity at the wall lowers the effective fluid viscosity and causes a thinner
boundary layer, which, in turn, causes the flow rate to drop for higher values of the wall slip
velocities. In the hybrid nanofluid case, the variation of slip velocity leads to an increase
in flow rate, with a value of 132.55. Similarly, in the unitary nanofluid case, the flow rate
is boosted with a value of 124.10. Additionally, the effect of Womersley numbers results
in a decrease of 15.92 for the hybrid nanofluid and 14.07 for the unitary nanofluid. The
effects of different Hartmann numbers (Ma) and Reynolds numbers (Re) on the resistance
to flow are shown in Figure 12a,b. The diagram depicted in Figure 12a demonstrates the
correlation between the Hartmann number (Ma) and the resistance to flow. The figure
indicates that the resistance to flow profile rate is augmented by the (Ma) situations in both
the Ag–TiO2 hybrid nanofluids and Ag nanofluids. Figure 12b also has the same nature for
the higher values of the Reynolds number (Re) in the resistance to flow. The impacts of Ma
and Re on hybrid nanofluids leads to significant enhancements in resistance impedance,
with values of 89.58% and 17.48%, respectively. In addition, for the unitary nanofluid, the
enhancements are observed as 108.05% and 15.83%, respectively.
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Figure 11. Flow rate for different values of (a) wall slip velocity (Ws) (b) Womersley number (Λ) at
Pr = 14, Ma = 2, z = 0.98, E1 = 0.1, φ1 +φ2 = 0.05, NR = 1, B1 = 1.41, B2 = 2, EC = 1, t = 1.2.

Symmetry 2023, 15, 1242 22 of 28 
 

 

situations in both the Ag–TiO2 hybrid nanofluids and Ag nanofluids. Figure 12b also has 
the same nature for the higher values of the Reynolds number ( )eR  in the resistance to 
flow. The impacts of aM   and eR   on hybrid nanofluids leads to significant enhance-
ments in resistance impedance, with values of 89.58% and 17.48%, respectively. In addi-
tion, for the unitary nanofluid, the enhancements are observed as 108.05% and 15.83%, 
respectively. 

  
(a) (b) 

Figure 11. Flow rate for different values of (a) wall slip velocity ( )sW  (b) Womersley number ( )Λ  
at = = = = φ + φ = = = = = =1 1 2 1 2Pr 14, 2, 0.98, 0.1, 0.05, 1, 1.41, 2, 1, 1.2a R CM z E N B B E t . 

  
(a) (b) 

Figure 12. Resistance to flow for different values of (a) Hartmann number ( )aM  (b) Reynolds number 

( )eR  at = Λ = = = = φ + φ = = = = = =1 1 2 1 2Pr 14, 1.0, 0.98, 0.1, 0.1, 0.05, 1, 1.41, 2, 1, 1.2s R Cz E w N B B E t
. 

Figure 13a–f show that the total entropy production has been studied by looking at 
the thermal radiation ( )RN , wall slip velocity ( )sW , electric field ( )1E , Brickman number

( )B r  , amplitude of body acceleration ( )2B  , and temperature difference ( )Ω   through 

Figure 12. Resistance to flow for different values of (a) Hartmann number (Ma) (b) Reynolds number
(Re) at Pr = 14, Λ = 1.0, z = 0.98, E1 = 0.1, ws = 0.1, φ1 + φ2 = 0.05, NR = 1, B1 = 1.41,
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Figure 13a–f show that the total entropy production has been studied by looking at the
thermal radiation (NR), wall slip velocity (Ws), electric field (E1), Brickman number (Br),
amplitude of body acceleration (B2), and temperature difference (Ω) through numerical
integration. Figure 13a shows that increasing thermal radiation (NR) tend to enhance the
generation of entropy. The phenomenon of entropy generation is observed to be directly
proportional to the radiation parameter, as the latter leads to an augmented radiative heat
transfer between the system and its surroundings. This, in turn, causes a significant rise
in the temperature differential, thereby resulting in a greater degree of irreversibility. The
inverse relationship between the entropy generation profile and wall slip velocity (Ws) is
depicted in Figure 13b. The increase in wall slip velocity results in a decrease in entropy
generation due to the reduction in frictional forces and subsequent decrease in the rate of
irreversibility within the boundary layer. The tendency for increasing entropy production
to occur when the electric field (E1) is raised is seen in Figure 13c. The phenomenon of
entropy generation exhibits a positive correlation with elevated levels of electric field due
to the generation of joule heating by the electric field. This, in turn, leads to an increase
in temperature gradient and, consequently, a higher rate of irreversibility. It is observed
that higher values of the Brickman number (Br) to the entropy generation is initially
increasing and reducing, which is shown in Figure 13d. Figure 13e shows that increasing
amplitude of body acceleration (B2) tends to enhance the generation of entropy. The
amplitude of body acceleration has a direct impact on entropy generation, as higher values
of acceleration result in the production of additional mechanical work. This, in turn, leads
to a greater rate of irreversibility and a subsequent increase in the generation of entropy. It
is observed that higher values of the temperature difference (Ω) to the entropy generation
is initially decreasing and rising, which is shown in Figure 13f. Increasing the values of Ω
in the system leads to a reduction in joule heating irreversibility, hybrid nanofluid friction
irreversibility, and heat transfer irreversibility. As a result, the total entropy generation
decreases near the wall. However, the dominant influence of resistive force and electric
field on the behavior of Ω causes an increase in total entropy production near the top
wall. The figures demonstrate a noticeable disparity in total entropy generation between
the top and bottom walls. Specifically, the hybrid nanofluid case shows an increase of
approximately 3019.67% at the top wall, and the unitary nanofluid case exhibits an increase
of approximately 3242.86%.
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7. Conclusions

This section is intended to demonstrate heat transfer behavior of EMHD blood-based
silver–titanium dioxide nanoparticles in a tilted cylindrical W-shape symmetric stenosis
artery with entropy generation analysis. The study draws inspiration from nano-drug
delivery applications in magnetically assisted pharmacological fluid dynamics for the
treatment of arterial diseases. The study incorporates the phenomena of wall slip and heat
generation. The Reynolds exponential model is used in the formulation to replicate the
temperature dependence of blood fluid viscosity. In order to accurately model realistic
flow scenarios, it is necessary to incorporate the unsteady component of pulsatile pressure
gradient. The present study involves the assessment of key hemodynamic parameters,
including velocity, temperature, wall shear stress, and flow rate, in the stenotic region. This
is achieved through the solution of transformed dimensionless conservation equations,
subject to appropriate physiological initial and boundary conditions, using the FTCS
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(forward time centered space) finite difference method. The numerical code is validated
through a comparison with previous hemodynamic studies that were nonmagnetic and
had constant viscosity. The primary outcomes of the current calculations can be succinctly
summarized as follows:

â When an external electric field is applied radially, it leads to a significant promotion of
the axial velocity. Furthermore, a noteworthy decrease in blood velocity is observed
with magnetic field in both hybrid and unitary blood nanofluids.

â By varying the Reynolds number within the range of 2 to 5, it is observed that both
blood nanofluid cases experience a deceleration in axial velocity and a reduction in
temperature magnitudes. The presence of hybrid nanoparticles in the blood results in
a relatively smaller decrease in axial velocity compared to unitary nanoparticles.

â As the Eckert number increases, the nondimensional temperature profiles rise due to
the crisscross movement of particles, resulting in collisions within the fluid. These col-
lisions generate additional heat, contributing to the elevated temperature magnitudes.

â With increasing values of radiation, electric field, and Eckert number, the magnitudes
of wall shear stress experience significant growth. Conversely, the wall shear stress
values decrease as the body acceleration amplitude increases.

â By increasing the thermal radiation, the heat transfer rate of a hybrid nanofluid is
reduced. Conversely, strengthening the magnetic field promotes the heat transfer
rate. The interaction between these parameters reveals that a combination of lower
radiation and a higher magnetic field leads to an elevated heat transfer rate.

â It is observed that the total entropy generation is higher at the top wall compared
to the lower wall. Furthermore, hybrid nanofluids show a slightly increased total
entropy generation away from the wall, while unitary nanofluids exhibit a significant
rise in total entropy generation once they cross over from the center of the artery.

â By employing response surface methodology, it is revealed that combining a higher
level of magnetic field with a lower level of thermal radiation results in a notable
enhancement in the heat transfer rate.

â The statistical test results show that the present model achieves an improved heat
transfer rate of 1.1289 when the parameters E1 = 0.1, NR = 1, and Ma = 4 are fixed.
Conversely, a lower heat transfer rate of 0.6479 is obtained when E1 = 0.2, NR = 3,
and Ma = 2.
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Nomenclature

u, v Velocity components
z Axial coordinate
R0 Radius of the healthy artery
d Distance from the origin of the stenosis
l0 Total length of the stenosis artery
Q0 Constant heat source
B0 Uniform magnetic field
t time
p Pressure
r radial coordinate
T Temperature
Chn f Thermal expansion
g Gravitational acceleration
(Cp)hn f Specific heat capacity
U0 Reference velocity
Ma Hartmann number
Gr Grashof number
Re Reynolds number
Ec Eckert number
Tw Wall temperature
NR Thermal radiation
Pr Prandtl number
A0 Average pressure gradient
A1 Average pulsatile amplitude
c1, c2 Body force
B2 Body acceleration amplitude
Nu Nusselt number
QF Volumetric flow rate
Ng Dimensionless entropy generation
Br Brickman number
Greek Symbols
α Angle
β0 Viscosity constant
δ Stenosis height parameter
θ Dimensionless temperature
Λ Womersley number
κ Lead angle to the heartbeat
σhn f Electrical conductivity
ρhn f Density
ε Vessel aspect ratio
khn f Thermal conductivity
µhn f Dynamic viscosity
τs Wall shear stress
λ Resistance impedance
Ω Temperature difference
Subscripts
hn f Hybrid nanofluid
n f Nanofluid
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